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Abstract: The main objective of this work is to fabricate high-silicon electrical steel with an 

optimised microstructure for magnetic applications through additive manufacturing (AM) routes. 

Traditional thermomechanical manufacturing routes, such as hot and cold rolling operations, have 

struggled to produce non-oriented electrical steel (NGOES) components with more than 3.4 wt.% Si 

contents. However, the need for efficiency improvements requires an increase in silicon contents up 

to 6.5 wt.%, leading to compromised mechanical properties through conventional manufacturing 

techniques resulting in technical limitations on the production of these alloys. AM is a promising 

manufacturing approach that can address this challenge through near-net-shape fabrication. 

Optimisation process conditions in AM provide flexibility and enable better, more precise control 

over the microstructure. This study explores the microstructure and texture development of FeSi 

6.5wt% NGOES using the laser metal deposition (LMD) technique. The influence of process 

parameters on microstructure has been investigated. The optimisation of the manufacturing process 

involved precise adjustments to processing parameters, specifically modifying the melt pool's shape 

and size by altering laser power and scanning speed during the process. The resulting fabricated 

samples exhibit elongated grain structures characterised by a strong <001>//BD fibre texture. 

Moreover, increasing laser energy density from 60 to 69.75 J/mm² enhances cube texture, 

improving NGOES magnetic properties. Higher laser power (400 to 465W) increases grain sizes, 

favouring <001> texture, highlighting the importance role of both energy density and laser power in 

shaping microstructure and texture of NGOES. 
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1. Introduction 

Non-oriented grain electrical steel (NGOE) finds primary application as core material in various 

fields, including transformers, generators, and electric motors. This preference is due to its 

significant magnetic properties, including high permeability, saturation magnetization, low core 

loss, and cost-effectiveness [1]. For decades, ongoing research efforts have focused on enhancing 

the magnetic properties of NGOES through texture development. However, using conventional and 

traditional methods for optimising texture through cold rolling and annealing treatment were usually 

exhibiting a hard magnetic direction such as <111>  known as (γ) and <110> known as (α) fibres, 

which is not desirable for magnetic properties. To improve the magnetic performance of NGOES, 

the desirable texture such as <001> (θ-fibre) known as an easy magnetic direction is required [1] . 

On the other side, NGOES with a high silicon content up to 6.5% demonstrate improved magnetic 

properties, including enhanced electrical resistivity and reduced magnetic anisotropy. These 

characteristics are desirable for improving the efficiency of electric motors in electric vehicles. 

However, with increasing silicon content, the formability of NGOES sheets decreases due to the 

formation of two brittle intermetallic phases, namely B2 and DO3 [2] which presents a limitation in 

the manufacturing process of these alloys using conventional methods. To address all these points, 

additive manufacturing (AM) provides numerous advantages. These include design freedom, 

material flexibility, precise control over processing parameters, and high solidification rate, all of 

which facilitate the desired microstructure and texture properties while minimising the occurrence 

of such phases in NGOES. As demonstrated in a prior study [3], parts with a composition of 6.9 

wt% FeSi were manufactured using selective laser melting, resulting in the absence of these phases. 

This outcome can be attributed to the high cooling rate during processing, which effectively 

suppressed the formation of B2 and DO3 phases.  

A uniform columnar grain shape in the building direction (BD) is highly desirable for FeSi, 

particularly for enhancing magnetic properties and texture along the <001> direction [1] , as well as 

for promoting Goss texture where the grains align with the magnetic flux directions [4]. However, 

there is considerable debate surrounding the optimal average grain size for enhancing the 

microstructure and texture of electrical steel. Some researchers have suggested a range between 50 

to 150 μm [5], while others have supported for a size of 150μm [6, 7], 220μm [8], or even a broader 

range covering 536–615μm [9]. Despite these varied findings, significant uncertainty exists 

regarding the correct relationship between grain size and magnetic properties. 

In addition to that, the microstructure and crystallographic texture of FeSi still require improvement 

to reduce core losses and enhance the magnetic permeability of NGOES thin sheets. A uniform 

columnar grain shape in the BD is desirable for FeSi, particularly for enhancing magnetic properties 

and texture along the <001> direction  and Goss texture where the grains aligned with the magnetic 

flux directions. This alignment enables the orientation of magnetic moments in the BD, thereby 

maximising saturation magnetization. Additionally, it makes FeSi more responsive to magnetic 

fields in the BD and reduces hysteresis losses when grains are aligned in the BD, as the majority of 

domains are already aligned with the applied field direction, consequently reducing the energy 

required for alignment [10, 11]. Moreover, magnetic permeability is enhanced in the BD due to the 

alignment of grains, making it easier for FeSi materials to be magnetized by an applied magnetic 

field [12]. It has been reported that alternative AM processes such as laser metal deposition (LMD) 

Al-Mg alloy [13], Ti–6Al–4V [14], stainless steel 316L [15] offer a distinct advantage in the 

development of columnar grains aligned with the BD. This is attributed to significant thermal 

gradients and solidification behaviours during the process, which promote rapid nucleation, grain 

growth, and directional solidification. When higher energy input is applied, these conditions favour 

the formation of columnar grains aligned with the BD. Such grain structures have the potential to 

enhance magnetic properties and promote a favourable texture in NGOES sheets.  

Hence, this study seeks to investigate how the LMD process contributes to the development of the 

desired microstructure and crystallographic texture in high-silicon electrical steel. Evaluation of the 

microstructure and texture evolution utilizes optical and electron microscopies. Furthermore, the 



study examines the influence of LMD processing parameters, including laser power, scanning 

speed, and energy density, on the formation of the microstructure and texture. 

2. Materials and experimental procedure 

2.1 Sample processing 
All samples in this study were manufactured from high silicon electrical steel gas-atomised powder 

(FeSi 6.5wt%) with a size range of 45-110 μm with a mean particle size of 77.5 μm, a Hall 

flowmeter measurement of 19.0 s/50g, and an apparent density of 4.06 g/cm³ supplied by MSE 

Supplies LLC company. The chemical composition of NGOES used in this study is (wt%: 92.9 Fe, 

6.6 Si, Al 0.46, 0.005 C, 0.005 S, 0.009 O, 0.004 N) with size distribution of D10: 34.5 μm, D50: 

78.5 μm, D90:116 μm. Hybrid LMD technologies were utilised, incorporating a 3+2 axis CNC 

Milling machine, a 1.5kW Ytterbium Fiber laser, and localised argon shielding from a nozzle. In 

this investigation, only localized shielding was employed for depositing thin walls measuring 20 * 

30 * 1.5 mm³ to examine microstructure and crystallographic texture. A 1 mm spot size and a 

powder feed rate of 2.5 g/min were maintained for all depositions. The spacing between scan track 

centrelines within each layer, referred to as tracking space or hatch space for foundation layers, was 

set at 0.6 mm horizontally, while the vertical distance or thickness between each layer, known as z-

step along the BD, remained fixed at 0.45 mm. The samples were processed with a variety of 

processing parameters such as laser power (P:400 to 465W), scan speed (V:380 to 440mm/sec), 

energy density (E:60 to 69.75 J/mm
2
). The X axis is also referred to as the BD and samples were 

removed by wire electrical-discharge machining due to their size, precision cutting, and the minimal 

mechanical stress that can be achieved in this cutting process.   

2.2 Sample preparation, optical microscopy and EBSD 

Thin-wall samples were prepared for both optical microscopy and EBSD by hot mounting, followed 

by grinding and polishing. To assess microstructure features, optical micrographs were taken of the 

XY plane using Hirox and Leica microscopes. The samples were retained in Bakelite for EBSD 

analysis. EBSD analysis was performed utilizing a FEI Quanta 650 scanning electron microscope 

equipped with an Oxford Instruments Symmetry EBSD detector. The analysis was conducted at an 

accelerating voltage of 25 kV with a step size of 3 µm, and the sample was tilted 70 degrees to the 

laser beam. EBSD data was captured using the Aztec software by Oxford Instruments, with FeSi 6.5 

wt.% indexed based on the library parameters for α-iron body centred cubic (BCC). Singular phase 

detection was achieved with an indexing rate exceeding 99%.  

3. Results and discussion  

3.1 Microstructure evolution during LMD of FeSi 6.5wt%  

The microstructure of as-deposited LMD FeSi 6.5wt% was examined to better understand the 

changes in microstructure that occur throughout the LMD process. As it can be seen in Figure 1 

microstructure consisted of columnar grains up to several millimetres in length aligned in the BD. 

However, fine equiaxed were observed after first, and last layers as well as some area in long edges 

of FeSi 6.5wt% deposited. This behaviour is also observed in development of texture NGOES steel 

[16]. This observation is primarily due to a substantial temperature gradient within the melt pool, 

resulting in a rapid growth of columnar grains and decreasing the likelihood of new sites nucleating 

during the solidification process. Additionally, it can be observed that fine grains nucleated and 

formed at first layer, along the long edges, and at the  last layer possibly due to the substrate acting 

as a thermal sink when the first layer of FeSi was deposited and being exposed to the atmosphere on 

both side (along edges) and three sides (top) of the samples cause to increase cooling rate and 

forming fine grains at these areas. This strategy exposes these areas to less laser time, resulting in 

lower heat accumulation due to the laser's travel time, thus promoting the development of new fine 

grains. 



 

Figure 1. The optical graph of etched specimen consisting of  different sections of the sample. 

It is worth mentioning that optimising processing parameters such as appropriate laser power during 

the AM process can avoid defects such as keyholing and porosity at the bottom of melt pool [17]. It 

is desirable that to have melt pool in conduction mode with no defects such as entrapped gas 

porosity and keyholes. However, at high laser power, it is likely these types of defects will be 

present due to turbulence in the melt pool [18]. Characteristics of the melt pool such as thermal 

phenomena as well as heat transfer (conduction, convection, radiation) are key players in the 

stability of the melt pool during the additive manufacturing process [1, 19]. The schematic of the 

thermal phenomena, melt boundary, and columnar grain development of FeSi 6.5wt% during the 

LMD process can be seen in Figure 2. 

 

Figure 2. Schematic of melt pool boundary, thermal phenomena and columnar grain development occurring during LMD 

process. 

To investigate and understand the evolution behaviour of the microstructure during the layer-by-

layer deposition process in the LMD process, an optical macrograph image has been obtained with 



the layer bands, as shown in Figure 3. In this case, the melt pool size is notably large as observed in 

[20], primarily resulting from the high laser power’s influence in the LMD process. This effect 

outweighs other factors such as feed rate and powder mass flow. Additionally, the melt pool size is 

further increased due to the preheating of the substrate. According to [21] preheating will lead to an 

increase in melt pool depth in conduction area and resulting in a larger melt pool.  Furthermore, as 

depicted in Figure 1 and Figure 3 numerous layer bands are observed, similar to the reported 

findings of [22] and [23]. This observation may be attributed to the superheating effect, which 

initiates melting in the previous layer's pool, forming a narrow band with a temperature exceeding 

the solidus temperature. However, due to limited time, the material remains in the solid phase. As 

can be seen in Figure 3 

 

 

Figure 3 the formation of a shallow melt pool with a curved surface occurs during the LMD 

process, where the melt pool is in motion. Additionally, the solidification substructure 

predominantly develops parallel to the BDthe BD and due to high thermal gradient, which is 

perpendicular to the melt pool, and it is noticeable, in this case that the melt pool is tilted towards 

the laser movement. Overall, this caused the growth of preferential direction grains of {001}mainly 

in the  BD which will be covered in more detail in the EBSD case studies in section 3.2 [24].  

 

 

Figure 3. Optical graph of the direction of maximum thermal gradient with respect to the melt pool geometry. 

It is worth mentioning that defects such as pores can be detrimental for microstructure development. 

It is possible that pores can act as a thermal sink and absorb all heat provided by the laser not 

allowing the heat to distribute through the normal conduction across the sample and cause the 

temperature to rise in the melt pool Figure 4. This abnormal temperature in the melt pool led to the 

formation of  two different areas of equiaxed and elongated grains. At the tip of the pore, equiaxed 

grains form due to the presence of an air gap that blocks heat conduction distribution. This lack of a 

heat source and higher cooling rate contribute to the formation of smaller grains. Also, in the 



absence of defects, the above equiaxed grains, due to higher heat input, rapidly change in 

temperature across the sample, and directional solidification inherent in LMD, the grain starts to 

grow in specific direction and leading elongated grain structures. 

 

Figure 4. Effect of pore on microstructural development. 

During the solidification process in BCC materials such as FeSi, as materials transition from a 

liquid to a solid state, it is easy for atoms to stick to the less closely packed planes such as {001} 

due to their low energy configurations. These planes have  favourable orientations for the growth of 

crystals <001> and become more prominent during solidification process [25]. As can be seen in 

Figure 5 the schematic illustrates the development of crystal orientation <001> in the BD for high 

silicon electrical steel 6.5 wt% deposited by the LMD process. This phenomenon was also reported 

in other AM research [3, 15] where grains with preferred crystal growth direction such as <001> 

formed along the BD compared to other weakly oriented grains. This alignment occurs because it 

closely follows the thermal gradient direction where rapid solidification happens. In other words, 

the grains with <001> direction aligned more closely to the vertical thermal gradient direction 

which is the BD and these preferred grains orientation grow easily and dominate. Since epitaxial 

growth requires minimal undercooling to occur, cellular and columnar grains grow in an epitaxial 

manner from the substrate grain and creating a columnar grain growing perpendicular  in the BD 

during directional solidification phenomenon [26].   

 

Figure 5. Development of crystal orientation <001> in build direction of FeSi 6.5 wt% deposited by LMD process 

3.2 Effect of laser power on <001> texture development  
FeSi 6.5wt% was manufactured using the LMD process. EBSD was conducted on the XY 

plane for all samples. The obtained EBSD map was utilised to analysis the crystallographic texture 

of LMD-manufactured high silicon electrical steel (6.5wt%) in the BD-TD plane and confirm the 

presence of the <001> texture in the BD. As can be seen in Figure 6, the EBSD map of two 

different samples TW1 (a) and TW2 (b) with energy densities of 60 and 69.75 J/mm
^2

, respectively. 

This illustration indicates that the samples contain a <001> texture along the BD direction, as well 

as columnar grains. Moreover, the EBSD maps of samples TW1 (P:400W, V:400mm/sec) and TW2 

(P:465W, V:400mm/sec) aim to provide an overview of the correlation between grain morphology, 



energy density, and <001> texture along the BD. As it can be seen for sample TW2 the front view 

showed that majority of the long columnar grains preferentially orient their axes along the BD. This 

result illustrates the hypothesis of epitaxial grain growth along the BD direction as the laser energy 

density increased from 60 to 69.75 J/mm
2
. Hence, in TW1, a smaller portion of the grains appears 

red compared to TW2 due less deviation along the BD as laser energy density increased. This 

suggests that varying energy density inputs during FeSi deposition can induce differences in heat 

distribution and cooling rates within the materials, consequently resulting in different thermal 

gradients across the deposited materials. These variations can significantly impact the 

microstructure and texture of FeSi parts [27, 28]. The dependency of crystallographic texture 

intensities and morphology on laser energy input in direct energy deposition processes like LPBF 

has been reported in research studies [3, 29-31]. These studies revealed that not only does 

increasing laser energy density lead to elongated grains, but also increasing the size of the melt pool 

causes the <001> fibre texture to shift towards a cube texture. In other words, increasing laser 

power from 400 to 465W causes a larger melt pool and partially remelted grains with 

crystallographic direction of <001> along the BD which can serve as a foundation for the newly 

process materials to solidify in an epitaxial manner. This results in enlarged oriented grains as well 

as stronger texture intensities.   

 

Figure 6. EBSD maps (a and b) and IPFs for TW1 and TW2 in build directions. 

The orientation distribution functions (ODFs) of the scanned areas are presented in  

 

Figure 7. While all samples exhibited texture, significant differences were observed in both 

the type and intensity among them. As the laser power increases from 400 to 465W, while 

maintaining a constant scan speed of 400 mm/sec, the intensity of the texture also increases, rising 

from 26 of a random distribution (MRD), to a maximum intensity of 64 MRD. In the ODF section 



φ2 = 0
°
, with the increase in laser energy to 465W, the components Goss texture (001)[100] and 

near rotated Goss texture (011)[0  1] transition to a significantly strong cube texture. Additionally, 

in the ODF section φ2 = 45
°
, as the laser energy reaches 465W, texture components close to 

(113)[1  1] and Goss (110)[001] transform into a strong cube texture (001)[100], and with a weak 

texture of (113)[0  1]. Notably, there is an absence of <111>//BD (γ-fibre) or <110>//RD (α-fibre) 

orientations, which are detrimental to the magnetic properties of high silicon electrical steel. It can 

be concluded that the texture is predominantly dominated by a cube texture which is ideal texture 

for NGOES used as core lamination for electric motors. It is noteworthy that producing this cube 

texture poses significant challenges in electrical steels through conventional rolling and annealing 

methods, particularly when the steel composition exceeds 3.4wt% Si [6, 32]. However, utilizing 

LMD offers a viable solution to achieve this desired texture. 

 

Figure 7.Macrotexture of FeSi 6.5wt% shown on φ2 = 0° and 45° ODF sections for sample TW1 (a) and sample TW2 (b).  

3.3 Effect of laser power on grain size evolution   
The effect of the laser power on grain development of FeSi 6.5wt% was investigated. To 

have a representative value for overall grains size, the weighted average equivalent circle diameter 

was used to measure the average grain size. The results show that by increasing laser power from 

400 to 465 W, the weighted average equivalent circle diameter increased by approximately 220% 

(from 500 to above 1600 µm) Figure 8. 

 
Figure 8. Effect of the laser power on grain size. 

Several factors contribute to the increase in grain size, especially in the LMD process. One 

such factor is the high thermal gradient experienced by the metal during rapid heating and cooling, 

affecting grain nucleation and growth. This phenomenon results in larger grain sizes, particularly in 

areas where heat accumulates, as noted in the BD [33]. Adjusting the thermal gradient during the 

manufacturing process, as suggested in [34], can alter the texture, while increasing laser energy 

density can lead to intensify <001> texture. Additionally, the solidification rate plays a crucial role 

in influencing grain size. For instance, altering the local solidification conditions by adjusting the 

building orientation can influence the morphology of grains, leading them to become either 

equiaxed (smaller) or columnar (larger). In simpler terms, changing the solidification process can 

modify the appearance of grains, a characteristic closely tied to the undercooling conditions. 



Undercooling, in turn, depends on the thermal gradient (G) and the rate of solidification interface 

movement between solid and liquid (R). Consequently, a low (G/R) ratio results in increased 

undercooling, which is advantageous for forming equiaxed solidification morphology [35]. 

Moreover, as the solidification rate decreases, there is more time for atoms to migrate and form 

larger grains, resulting in coarser and larger grain sizes [36]. In this scenario, a high thermal 

gradient and rapid solidification have led to the formation of columnar grains along the BD, aligned 

with the heat flow. Consequently, the combination of these factors not only promotes the elongation 

of grains but also contributes to an increase in grain size. 
 Also according to [37] residual stress induced during the LMD process also impacts the microstructure. In regions with 

higher residual stress, preferential grain growth may occur such as <001>, leading to larger grain sizes. However, contrasting results 

were reported by [38] where the small grains formed when there is low residual stress existing. Additionally, process parameters like 

laser energy density can influence the thermal profile and cooling rate, consequently affecting the formation of columnar grains on 

the side and top planes. This can also lead to an increased depth of the molten pool and a transition from a crystallographic <001> 

fibre texture to a cube texture [3, 29]. Thus, laser energy density plays a crucial role in the microstructural evolution, particularly in 

grain growth during the LMD processes. For example, as can be seen in  

Figure 9

 

Figure 9 (a) and (b) provided bar charts compare two samples, TW1 and TW2, in terms of 

grain size distribution and the effects of different laser power settings used in their preparation. 

Sample TW1, prepared with a laser power of 400W and a scan speed of 400mm/min, illustrates a 

grain size distribution predominantly within the 0 to 2000 µm range. Specifically, approximately 

71% (area weighted fraction) of the grains fall within the 0 to 500 µm range, 22% between 500 to 

1000 µm, and 7% between 1000 to 2000 µm. This indicates a narrow grain size distribution with 

negligible grains beyond 2000 µm. In contrast, sample TW2, prepared with a higher laser power of 

465W but the same scan speed of 400mm/min, exhibits a broader and more varied grain size 

distribution. In TW2, about 26% of the grains are within the 0 to 500 µm range, 14% between 500 

to 1000 µm, 17% between 1000 to 2000 µm, and a significant 43% at the 5000 µm mark. This 

indicates the presence of much larger grains in TW2 compared to TW1. The comparison highlights 

that the increase in laser power from 400W in TW15 to 465W in TW2 results in a substantial shift 

in grain size distribution. TW2 shows a reduction in the fraction of smaller grains (0 to 500 µm) 

from 71% to 26%, a decrease of approximately 63.4%, and an increase in the proportion of larger 

grains (5000 µm) to 43%, compared to none in TW1. In other words, by increasing the energy 

density, the grain size increased by 177.78%. This notable grain growth is also apparent in Figure 6 



 

Figure 6. EBSD maps (a and b) and IPFs for TW1 and TW2 in build directions. 

. These findings highlight the influence of higher laser power on promoting larger grain 

growth, leading to a broader and coarser grain size distribution in Sample TW2. 

 

Figure 9. Grain development based on area weighted fraction of different samples (a) TW1, (b) TW2. 

4. Conclusion 

Based on the detailed investigation into the microstructure and crystallographic texture 

evolution of FeSi 6.5wt% using LMD, several key findings emerge. Firstly, the LMD process, 

coupled with varying laser power, scan speed, and energy density, demonstrates significant 

influence over the microstructure and texture development of high silicon electrical steel. Through 

careful optimisation of these parameters, it is possible to tailor the microstructural characteristics to 

achieve desired properties. The analysis reveals a strong correlation between laser power and the 

development of <001> texture along the BD. Increasing laser energy density from (60 to 69.75 

J/mm
2
) promotes a more intense texture, with a notable shift towards cube texture, which is 

desirable for enhancing the magnetic properties of NGOES. This highlights the importance of 

precise control over processing parameters in achieving the desired crystallographic orientation. 

Furthermore, the investigation into grain size evolution reveals the complex relationship between 

thermal gradients, solidification rates during the LMD process. Increased laser power from 400 to 

465 W leads to increased grain sizes, with larger grains favouring the formation of <001> texture. 

This highlights the critical role of energy density in dictating microstructural characteristics and 

texture evolution. 



Overall, these findings underline the potential of LMD technology in advancing the 

microstructure and texture of high silicon electrical steel, offering opportunities for enhanced 

magnetic properties and improved performance in applications such as transformers, generators, 

and electric motors. By further refining our understanding of the complex relationships between 

processing parameters and material properties, we can unlock new avenues for optimising the 

performance of electrical steel in various industrial applications. 
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