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Introduction
[bookmark: _Hlk507204431]Grain-Oriented Electrical steel (GOES) is an iron-silicon alloy constructed to provide less core loss with high permeability needed for enough and economical electrical transformer. It  is widely used as the core of electric transformers because it has low power loss and a good magnetic property [1]. During magnetisation, the rearrangement of magnetic domain(ferromagnetic material in which magnetic moments aligns to each other due to interactions to each other)  results in a significant effects on magnetic properties in silicon steel as well as other soft magnetic materials. The magnetic domain alteration observation allows better understanding of the core loss and magnetic permeability correlation with the alloy microstructure [2]. It is generally believed that magnetic loss, iron loss, eddy current and hysteric loss are significantly affected by microstructural characteristics including micro-texture and grain size [3]. It is well established that abnormal grain growth phenomenon during final high temperature annealing at the end of GOES manufacturing process would leads to large grain with desired crystal orientation i.e., {110} <001> Goss texture [4]. The generation of strong Goss texture during secondary recrystallisation process contribute greatly to the reduced power core loss in GOES [5]. The importance of Goss texture, i.e. (110) [100] attributed to the low magnetic losses during magnetisation when the GOES sheet is subjected to a magnetic field in the rolling direction [6],[7]. This is critical as the magnetic domain patterns in highly oriented and GOES are aligned in paralleled to the rolling direction whereby the rate of movement of 180 degrees domain wall is uniform. [8],[9]. In contrast, the dynamic observation also regard as the static event detectability of commercial products, has been seen as the domain wall( interfaces that separates magnetic domains) movement that doesn’t occur uniformly and is affected by structures/pattern of magnetic defects. The (110) [001] orientation present in the surface plane has deviate from the ideal orientation. When grains deviate from such ideal orientation, surface closure domain(ferromagnetic domain that responsible for ensuring the self-closure of flux line between the adjacent domains)   having 90° domains acts as a flux that returns forming sub-domains thus, minimizing magnetostatic energy. The generation and annihilation of 90° closure domains during magnetization increases magnetic losses i.e anomalous eddy-current loss and hysteresis loss [8]. At a normal temperature lamellar domain sectioned by 180 degrees and closure domain of 71 degrees and 109 degrees wall are consistently observed on (110)-plane since there is easy inbuilt directories of magnetization in the plane. Complex domain patterns are revealed by observers formed by closure domain arrays. At a high temperature special furnace that was developed allows the observation of domain using MOKE between normal temperature and that of Curie point (575 degrees). Mechanical scratching, spark ablation, plasma irradiation and laser scribing were different techniques refinement that were used. The mechanism normally induces tresses which refine magnetic domain because of thermal strain or mechanical strain introduction. Thus static hysteresis loss increases because of generation of internal stress due to dislocations caused by the mentioned techniques. Larger dynamic loss than the increase in static loss for distinct frequency of AC field, the loss of core can be reduced. The core reasons for the study was to know the definitions and modelling ways or procedures leading a wonderful power loss estimation in electrical machines, also to know the material, and methods used. 
The increase in the angle of inclination of the [00l] axis is directly proportional to increase in the surface closure domains. This generates a condition where the number of surface closure domain becomes zero when [00l] axis’s angle of inclination becomes zero thus presenting only a simple 180° wall structure [2],[10],[11]. Whereas the formation of surface closure domains relaxes the magnetic poles formed as a result to the inclination in [001] axis [12]. 
The auxiliary domains formation having magnetization components either in [l00] or [0l0] direction as a result of when the degree of inclination of [00l] axis of magnetization is 0.5° or more with the rolling plane. With The reduction in sheet thickness, the area of surface closure domain is also reduced [12] 
In the studies carried out, the thickness range had an effects on the productions of currents, the longitudinal magnetostriction drastically increases with increasing thickness. Thickness below 0.2 mm, experiences greater decrease of core loss and tensile stress becomes greater for thickness that were small. Above 0.25 mm core loss together with tensile stress decreases greatly. Reductions in core loss together with tensile stress is mainly due to a reduction in 90 degrees domain volume. The losses observed in grain-oriented silicon steel sheets of conventional thickness are dominated by eddy current loss. The amount of loss coheres with the spacing between 180° walls where we can observe a decrease in eddy current with width reduction of the magnetic domain [10]. If the main domains are considered without the surface closure domains, the decrease in domain wall spacing results in the reduction in core loss [12]. Since it must accommodate the transverse domains associated with the supplementary structure. Supplementary structure is formed by transverse domains which are flux closed at the sheet surface [2].
For maintaining a continuous domain structure across the grain boundary, the difference between the domain magnetisation direction and the grain boundary normal has to be minimum for adjacent grains in which the surface density magnetic free poles is minimum [13],[14],[15]. The magneto-static energy basically becomes the driving force for formation of magnetic domain. The energy is accompanied by shape and dimension of the materials. The stiffness energy, energy of magnetic anisotropy

Magnetic domain of a sample can observed using scanning electron microscopy for imaging magnetic domains structure, the concept of Type II magnetic contrast i.e. the magnetic resonance  is relying on the effect of internal magnetic fields on backscattered electrons (BSEs) causing it to deviate resulting in either pulling the electrons into the sample or away from the sample where contrast difference is seen on the sample [14], [15]. The aim of the study, the laser scribing intend to decrease the core loss in industrial large scale. Increase in laser energy reduces the core energy and exacerbation of damage coating damage surface.

Materials and Experimental Methods

Magnetic domain observation of Type II magnetic contrast usually takes place through electronic scanning microscope in two different ways. First is the subjection of high acceleration voltage i.e., 200Kv taking advantage of the contrast of magnetic domain [16], Another way is the subjection of low voltage with the careful preparation of samples reducing surface topography and image enhancement techniques are used to increase the image contrast [15].
Samples of fully processed commercial grain oriented silicon steel (GOSS) were cut and mounted in RD-TD plane using SimpliMet 3000 with Conducto-Mount which is a conductive mounting component to be used in SEM and EBSD. EcoMet 300 Pro auto grinder polisher machine is used to prepare the samples. The samples ground for one minutes with 800, 1200 and 2000 Grits in complementary rotation where the base rotation is 150 rpm and the head is 50 rpm and force of 15 N and polished for 2 minutes with 9 μm, 6 μm and 3 μm water based diamond suspension in counter rotation where the base is rotating at 250 rpm and the head rotation 50rpm with 15 N force. The final polishing procedure explained in [15], were VibroMet, vibration polisher machine is used for 6 hours with 0.04 μm colloidal silica then Hitachi IM-4000, ion beam milling machine is used for further polishing, steps shown in shown in Table 1[15] and the chemical composition of the samples are shown in shown in Table 2. Vibration Polishing also used to remove minor defects of grinding and polishing processes.
	Voltage
	Angle of Incidence
	Time

	6 kV
	10°
	30 min

	4 kV
	10°
	60 min

	2 kV
	8°
	120 min


Table 1 Hitachi IM-400 Ion Beam Polishing Steps.

	Sample
	Si
	C
	N
	Mn
	P
	Al
	Cu
	Ni
	Cr
	Sn
	Pb

	1
	3.32
	0.0017
	0.0011
	0.089
	0.025
	<0.005
	0.006
	<0.005
	0.12
	0.052
	0.002

	2
	3.11
	0.0026
	<0.001
	0.058
	0.001
	<0.005
	0.12
	0.062
	0.028
	0.013
	<0.001

	3
	3.33
	0.0022
	-
	0.069
	0.009
	-
	0.098
	0.005
	0.024
	0.01
	0.004


Table 2 showing chemical composition of fully processed commercial GOSS samples.
The reason for Ion Beam is to remove is any surface defects created by previous grinding and polishing steps. After Ion Beam polishing, another vibration polishing is carried out with 0.04 μm colloidal silica for 4 hours to remove any surface topography created by the ion beam[15].
SEM and EBSD analysis were carried out in JEOL FEG SEM 7800F equipped with Oxford EDS/EBSD system. For EBSD, the acceleration voltage is set to 20KV with probe current of 14 and working distance between 13 to 17mm with 70° tilt. Oxford Aztec software is used to acquire data and mapping acquisition with variant step size.
Magnetic domains also observed using FSD (forescatter detectors), as soft magnetic materials type II magnetic contrast or backscattering contrast is applied. Backscattered electrons in which has high energy are affected by the local magnetization in the sample. Tilting the sample enhance the backscattered electrons deflection by the local magnetic induction of the sample, the electrons deflected into the surface or away from the surface. Since the contrast is weak, a 30kV acceleration voltage is used to enhance contrast. To increase the scattering geometry, the sample is tilted by 70° in which increases the coefficient of backscattering difference of the of the deflected electrons. It is then the FSD which is attached to EBSD system collects the backscattered electrons  [15],[14].
The correlation between the crystal orientation and the angles of deviation α: angle between <001> and in rolling plane, and β: angle between <001> and out of the rolling plane, where studied and calculated using electron backscatter diffraction (EBSD). Figure 1 showing a schematic presentation of the deviation angles.
From EBSD, Euler angles were obtained and α and β were calculated. The deviation angles are calculated for all <100> symmetrical direction and denoted as <>, the calculation of deviation angles shown in [17]. Where angle , out of plane angle and  are calculated for each of the six directions as shown in Eq.1[17]:
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Where  are the orientation matrix entries and can be found in [18], [19].

Results and Discussion
In figure 2a, a FSD image of sample 1 shows the magnetic domains where the black arrow is pointing to the rolling direction. The Different Back Scatter electrons intensity which is caused by crystal orientation difference shows the grains in different contrast[14]. The magnetic domains in this sample having simple strips pattern in which they pass through the grain boundary smoothly with no disturbance.  In plane angle α and out of plane β are calculated for both grains and shown in figure 2b IPF, α equals to 4.8° from RD for grain (a) and 0.85° for grain (b). As for out of plane angle β, it is equal to 2.8° for gain (a) and 6.1° for grain (b). Both α and β angles are slightly deviated from the surface for grains (a) and (b) which results in strip pattern. Even though it has been reported that with β greater than 0.5° the magnetic structure shows lancet domains pattern, sample 1 did not show any signs of lancet domain structure as shown in figure 2c while α has minimum effect on the magnetic pattern [12],[20]. A possible cause is that with tension, at the end the production line, lancet domain disappears and the width of magnetic domain reduced, in which magnetic losses also reduced [10].  The grain boundary angle shown in HKL software equals to 5°, which is a low angle grain boundary (LAGB). The angle difference of grain boundary normal and magnetic domain structure for grain (a) is 3.8° and 1.8° for grain (b) which justifies the continuation of magnetic domain with no disturbance [13],[14],[15]. EBSD orientation map in RD-TD plane showing GOSS component shown in figure 2b. ODF and IPF (inverse pole figure) shows sharp GOSS texture as expected with the low deviation angles.
Sample 2 magnetic domain structures shown in figure 3a where the behaviour of magnetic domain is observed at a triple junction. Grain (a) with β equals to 1.6° out of surface and α equals to 15.4° from RD showing large slab pattern that aligned parallel to the grain boundary shared with grain (c). Domain wall forming a 90° angle from the main slab domain indicating a connection to internal transverse domain circled in figure 3c. The very wide slab like domains results in large anomalous eddy-current losses[10][12][21]. While Grain (c) shows a complex domain structure that is aligned parallel to both grain boundaries with gain (a) and (b), receiving the flux from both grains. Grain (c) domain structure seems to be affected by neighbouring grains with β equals to 2.2° and α equals to -6.9° and do not follow the easy magnetization direction. Grain (b) with β equals to -1.5° and α equals to 7.25° shows a complex domain structure with dagger or lancet patter circled in figure 3a in which also known as supplementary magnetic domains. The flux distributed to antiparallel domains in the other surface or to nearby domains with opposite direction by these lancet patterns. The internal domains are formed and joined to prevent magnetic stray field energy[14].  Branching magnetic pattern observed in grain (b) at the grain (c) boundary, the compensating lancet domains. The grain boundary between grain (a) and (b) is angle grain boundary (HAGB) 13° while grain (c) boundaries are 22° with grain (a) and 17° with grain (b) which is also HAGB. The angle difference of grain boundary normal and magnetic domain structure for grain (a) 5.4°, 35.2° for grain (b). As for grain (c), the angles are calculated with respect of the easy magnetization direction in RD, and it equals to 25.4° with grain (B) and 29.6° with grain (a). Figure 3b showing ODF of sample 2 shows a gradient in texture from GOSS to {110} [112] with maximum intensity at GOSS whereas IPF in figure 3d shows the deviation of the grains from GOSS.
Grain (a) sample 3 shown in figure 4a has two easy magnetization directions due to the fact it has a cube orientation with β equals to 4.8° out of surface and α equals to 2.4° from rolling direction. The FSD image showing magnetic domains with branching patter perpendicular to RD, branching pattern connecting wide domains to two or more narrow magnetic domains in TD which is common in two easy magnetization directions crystals[14]. Grain (b) has wide strip domains pattern and low out of plane deviation angle, β equals to 1° and in plane angle α of -5.1°. Grain (c) has low deviation angles with β and α equals to 1.7° and 1.5° respectively, where the magnetic domains are a wide slab pattern. Grain (d) having a large out of plane deviation angle compared to other grains whereas β equals to 6.9° and α equals to 0.5°. In grain (d), the magnetic domains do not follow the easy magnetic direction and domains are perpendicular to RD and fairly parallel to grain (a) domains near the grain boundary shared with grain (a), while having a complex magnetic domain pattern near grain (a), (b) and (c) boundaries region as shown in figure 4a and 4c. the magnetic structure in grain (d) showing signs of transition stage stress magnetic structure, such magnetic structure reported in [22],[23]. Sample 3 ODF shown in figure 4b, where GOSS texture in sample 3 not as sharp compared to sample 1, whereas IPF in figure 4d shows high misorientation from GOSS for grain (a) . Grain (a) is surrounded by HAGB. Where the angles are 36° with grain (d), 32.5° with grain (b) and 25.8° with grain (c) while grain boundary between grain (b) and (c) is LAGB 8.9° and grain (b) and (d) is 8.2°. The grain boundary angle between grain (c) and (d) is HAGB of 11.3°, the grain boundary angles of sample 1, 2 and 3 shown in table 4.
	
	Grain Boundary
	Angle

	Sample 1
	
	

	Grain a-b
	LAGB
	5.0°

	Sample 2
	
	

	Grain a-b
	HAGB
	13.0°

	Grain a-c
	HAGB
	22.0°

	Grain b-c
	HAGB
	17.0°

	Sample 3
	
	

	Grain a-b
	HAGB
	32.5°

	Grain a-c
	HAGB
	25.8°

	Grain a-d
	HAGB
	36.0°

	Grain b-c
	LAGB
	8.9°

	Grain b-d
	LAGB
	8.2°


Table 3 showing sample 1, 2 and 3 with grainboundary angles and type.
Grain boundary type and geometrical shape found to be different, in sample 1 large portion of grain boundary is parallel to the magnetic easy direction and the domain pattern continuation is undisturbed. The normal to boundary makes a small angle with domain patterns, 5° for grain (a) and 1.5° for grain (b), a small portion of the grain boundary makes 50° and 54° while the rest of the samples grain boundary runs parallel in the easy magnetisation direction. It also has 5° low grain boundary angle. The normal to grain boundary make a large angle with domain pattern in sample 2 as well as high angle grain boundaries, which might cause the disturbance of magnetic pattern continuation, the angles are 8° and 32° for grain (a) to (b), as for grain c the magnetic domain structure us too complex to be calculated. Sample 3 having complex geometry and magnetic structure, thus normal to grain boundary with magnetic domain structure difficult to calculated, while it has some high grain boundary angles it also has complex domain structure that plays a role in  the higher magnetic losses as shown in table 4 [21].
To further understand the effect of deviation angles on magnetic performance, additional samples from 4 commercial products with different thickness analyses alongside the samples, 18 to 20 grains for each sample is used to calculate deviation angles from Euler angles. Magnetic losses and B800 of the samples in this study measured by the supplier and shown in Table 4.
	Sample
	Magnetic losses W/kg
	B800
T
	Thickness
mm

	1
	0.82
	1.94
	0.23

	2
	1.17
	1.85
	0.27

	3
	1.11
	1.86
	0.23

	4
	0.88
	1.92
	0.23

	5
	0.92
	1.93
	0.27

	6
	1.4
	1.83
	0.35

	7
	1.09
	1.84
	0.23


Table 4 magnetic performance of Seven comercial samples from different manufacturers, showing magnetic losses and permeability.
The deviation from GOSS was not considered in this study as it has been shown in previous studies that the relation between permeability and Goss deviation is not clear [17]. Gaussian distribution function is shown in Figure 5, as it is difficult to compare some samples using this method, another visual method is used orientation quality investigation.The samples angular distribution of β and α against magnetic losses and against B800 shown in figure 6 and figure 7 respectively. Figure 8 shows the distribution of angular deviation from the average values of α and β against magnetic losses and B800 which is represented by the statistical standard deviation of both angles. The closer the angular distribution range to the zero value for both deviation angles α and β, and the shorter the line indicates better orientation quality. figure 6 and figure 7 represent the spread of deviation angles in the samples, S1 has the smallest spread in both β and α and has lowest magnetic losses and highest B800, even though β is not as close to zero value as the other samples, it has a very tight spread from the average as well as smaller distribution range in both deviation angles. Same criteria can be applied to S4, which has best magnetic losses second to S1. Even though it is close to the zero value, which means zero deviation, it has wider spread compared to S1. S5 is shown in figure 8 to have relatively small spread from its average value as well as tight angular deviation spread as seen in figure 6 and figure 7. In term of magnetic performance, S5 which is 0.27mm in thickness has higher B800 value than all the samples except for S1, even higher that S4 due to the smaller distribution and closer to zero in α as well as a tight spread for both angles around there average, where α is found to have linked with higher permeability [24]. Lower losses compare to some of the thinner samples such as S3 and S7 shows the effect of distribution and spread deviation angles. As for magnetic losses, S5 has higher losses compared to S4 in which the thickness might be the cause since S5 is 0.27mm while S4 is 0.23mm. S7 has a very close distribution and spread compared to S5, yet it has a lower permeability. As for thicker S6, it has tighter spread in both deviation angles and fairly tight spread form the average value compared to some of the thinner samples. Even with better angular deviation spread compared to S2 and S7, S6 has a very poor magnetic performance which is directly link to the thickness that results in high Eddy current losses and lower permeability [25].

Conclusions

In this paper, we have studied the effect of angular deviation out of plane angle β and in plane angle α on magnetic domain structure and magnetic performance. It was noticed that even with deviation as high as 2.8° or even 6.1° out of plan, β, the sample did not have any supplementary magnetic domains while other samples with lower β, simple supplementary to complex patterns, whereas the deviation angles difference in adjacent grains could affect the magnetic structure. There are many different factors affecting the supplementary magnetic domain presence. Also, the grain boundary misorientation angle influence on the continuation of the magnetic pattern, where low angle grain boundary seen permitting the pattern to pass undisturbed between adjacent grains. The majority of grain boundaries in samples with lower magnetic performance are high grain boundaries, in which it might be contributing in higher magnetic losses. Statistical tools used for orientation quality comparison, linking range of distribution and deviation from the average angular deviation to magnetic performance. Samples with tight distribution around low average value and lower distribution range have better magnetic losses and permeability. The confirmation of in-plane angle α to have a higher impact on permeability than out of plan angle β as it was previously reported. It was noticed that even with good orientation quality, sample thickness affects the magnetic performance due to larger Eddy loss specially thicker grades, while slightly thicker sample 0.27mm, can outperform thinner samples 0.23mm with tight distribution around the average angular deviation and lower distribution range.
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