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Figure 3a shows a FSD imaging for sample A. The Rolling Direction (RD) is Y-Axis as indicated in the Figure 3. The magnetic domain within individual grains is clearly imaged using FSD method. As shown in the figure the variations of backscatter electrons intensities in different grains caused by crystal orientation led to different colour contrast in each grain, see Grain 1 and Grain 2. This observation is in agreement with the recent observation in [14]. The magnetic domains in Sample A have straight simple strips pattern in which they transfer from Grain 1 to grain 2 through the grain boundary smoothly without any distortion in magnetic pattern. A high magnified area in Grain 1 is shown in Figure 3b. As described in Section 2.3, in-plane angle (α) and out of plane (β) angle are calculated for both grains and shown in Figure 3c. It appears there are a significant difference between α angles in the 2 grains with α value of 4.8° in Grain 1 and 0.85° in Grain 2. The correction is that deviation angles is not magnetic pattern deviation, magnetic patter deviation should be changed. Moreover, there is a noticeable variation between β angle values for Grain 1 and 2 with 2.8° and 6.1°, respectively. It appears that both α and β angles are slightly deviated from the surface for the grains which results in strip pattern. In a normal situation, deviation in beta angle should result in more complex pattern, meaning that the higher beta deviation the more complex domain pattern is. It is recently claimed that a grain with greater β angle than 0.5° showed lancet magnetic domains pattern structure [12],[20]. However, in the current investigation it appears that Grain 1 and 2 in Sample A did not show any signs of lancet domain structure and they both have β angle values greater than 0.5°, see Figure 3d. Furthermore, it seems that α value has a minimum effect on the magnetic domain pattern structure. A possible explanation is that the tensile loading parallel to RD applied during electrical steel thermal flattening in which takes out stresses as well as tension coating at the end of production line caused the lancet domain to disappear and the width of magnetic domain reduced. This width reduction has some advantages as it leads to magnetic losses reduction as reported in [10]. The grain boundary angle between Grains 1 and 2 is 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) justifies the continuation of magnetic domain with no disturbance.  [13],[14],[15]. Furthermore, the Inverse Pole Figure (IPF) in Figure 3c and Orientation Distribution Function (ODF)s in Figure 3d showed that both Grain 1 and Grain 2 have very similar orientation with a strong GOSS texture component. The sharp Goss texture with low angle grain boundary between the 2 grain is assisted in low deviation in plane angle (α) and out of plane (β) angles (OK, but why?). By the way, we still donor know what is teat exact orientation in Grains 1 and 2! 
Figures 4a and 4b show magnetic domain structures in three neighbouring grains and the domain transfer at a triple junction in Sample B. Figures 4c and 4d, show IPF and ODFs of the area in Figure 4a, respectively. The values of α and β in each individual grain are shown in Figure 4c. A shown in the figures, G1 with 1.6° β and 15.4° α shows a large slab pattern that aligned parallel to the G1/G2 grain boundary. As highlighted in Figure 4b and indicated by a dashed red rectangular shape, the magnetic domain wall has formed at a 90° angle from the main slab domain structure which clearly indicate in a strong connection to internal transverse domain. It is widely reported that wide slab like domains, similar to that for G1 in Figure 4a,b, results in large anomalous eddy-current losses[10][12][21]. Whilst, G3 in the same figure, shows a complex domain structure that is aligned perpendicular, to G1/G2 grain boundary. Moreover, G3 domain structure seems to be affected by neighbouring grains with 2.2° β and -6.9°α angles. It is evidence from Figure 4a, that the magnetic domain structure do not follow an easy magnetization direction, i.e. G2 (Grain (b) on the other hand have -1.5° β and 7.25° α and shows a complex domain structure with dagger or lancet patterns. circled in figure 3a in which also known as supplementary- additional magnetic. It appears that the magnetic flux was distributed to anti parallel domains in the other surface of the magnetic flux or to nearby domains of the grains with opposite direction by these lancets patterns in G2. This might be due to the internal domains formation and joining in order to prevent magnetic stray field energy in an agreement with [14]. Furthermore, discontinuation and branching magnetic domain pattern is observed in G2 at the G2/G3 grain boundary see Figure 4a. This might be due the compensation or the replacement of the existing lancet domains. As shown in Figure 4c, the grain boundary between G1 and G2 is 13°, 22° between G1 and G3 and 17° between G2 and G3a. The grain boundaries between these grains are high angle grain boundaries (HAGB). The angle difference of grain boundary normal and magnetic domain structure for G1 is 5.4° and 35.2° for G2. As for G3, the angles are calculated with respect of the easy magnetization direction, i.e., parallel to RD, and it is 25.4° with G2 and 29.6° with G1. It is clear from the ODFs in Figure 4d, that there is larger Goss {110} <001> texture component deviation toward {110} [112] with a high intensity. However, this is expected at G1 has larger orientation discrepancy with G2 and G3 as shown in the IPFs in Figure 4c.

Figure 5a show a relatively small grain (G1) in the size of Microns in diameter in Sample C. It is evident from the figure that this grain (G1) has two easy magnetisation directions due to the fact it has a cube orientation with 4.8° β out of surface and 2.4° α angle from rolling direction. The FSD image shows magnetic domains with a branching pattern perpendicular to RD (indicated), branching pattern connecting wide domains to two or more narrow magnetic domains in TD which is common in two easy magnetisation directions crystals [14] G2 in a very small grain in the size of microns with a relatively wide strip domains pattern and low out of plane deviation angle, 1°β  and in plane angle α of -5.1°. Moreover, G 3 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. Meanwhile, G4 has a large out of plane deviation angle compared to other neighbouring grains where β equals to 6.9° and α equals to 0.5°. It is clear Figure 5a, 5b and 5c, that G4 has a magnetic domains do not follow an easy magnetic direction of the deviations of domains are perpendicular to RD and fairly parallel to G1 domain patterns near the G1/G4 grain boundary, whilst having a complex magnetic domain pattern near grain G4/G3, G4/G2 grain boundaries (please check these statements with the new figures). The magnetic structure in G4 shows signs of transition stage of its deviation and stress magnetic structure such magnetic structure reported in [22],[23]. The ODFs in Figure 5d, show the GOSS texture component in overall sample C is not as sharp compared to sample A. Whereas IPF in figure 5e shows large orientation difference between G1 and other neighbouring grains. Furthermore, G1 is surrounded by HAGB, see Figure 5e. G1 is separated from G4 by 36°; by 32.5° with G2 and by 25.8° with G3, while the grain boundary between G2 and G3 is 8.9° LAGB and 8.2° between G2 and G4. Moreover, the grain boundary angle between G3 and G4 is HAGB with 11.3 
A shown in Table 3(at the end of the paper), and Figures 3-5, the grain boundary type and geometrical shape found to be different between Sample A, B and C. As shown in Figure 3. In sample A large grain boundary segment is parallel to the magnetic easy direction of the domain pattern and its continuation is undisturbed. The normal to boundary makes a small angle with domain patterns, 5° for G1 and 1.5° for G2, 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 of the grain boundary. 
Sample C 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 (alpha and beta) on magnetic performance, 7 additional samples from commercial products with different thickness were analysed alongside the previous samples, i.e., A, B and C. It should be emphasised here that ~ 20 grains in each sample is used to calculate deviation angles from EBSD Euler angles. The Magnetic losses of the samples in this study measured by the Cogent Orb Electrical Steel 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 behaviour of each commercial sample was totally different from the others.
The samples angular distribution of β and α against magnetic losses and against B800 shown in Figure 7 and Figure 8, respectively  Figure 9 shows the distribution of angular deviation from the average values of α and β versus magnetic losses and B800 which is represented by the statistical standard deviation of both angles? Not clear what you did and how is calculated at all? Please clarify. 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 which is sharper texture with minimum deviation from surface. Figures 7 and 8 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 (what are they? And why 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. As shown in Figure 9, S5 ( to have relatively small spread from its average value as well as tight angular deviation spread as can be seen in Figures 7 and 8. 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 
















Table 3, summary the grain mis-orientation angle between the identified grains in Sample A, B and C.
	
	Grain Boundary
	Angle

	Sample 1
	
	

	Grain a-b
	LAGB
	5.0°

	Sample 2
	
	

	G1
	HAGB
	13.0°

	G3
	HAGB
	22.0°

	G2
	HAGB
	17.0°

	Sample 3
	
	

	G1
	HAGB
	32.5°

	G3
	HAGB
	25.8°

	G4
	HAGB
	36.0°

	G2
	LAGB
	8.9°

	G4
	LAGB
	8.2°


Table 3 showing sample 1, 2 and 3 with grainboundary angles and type.

