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2.1. Material Characterisation
The materials used in this study were Grain Oriented Electrical Steel (GOES), supplied by Cogent Power in Newport/UK. Three different chemical compositions of GOES were used for comparison.  Each alloy was hot rolled at C, cold rolled, primary annealed at 600 degrees in H2/N2 environment, then secondary annealing conducted at 800 C for 30 Hours in a dry hydrogen environment. Laser scribing process was done on experimental sample surface by fibre laser applying pulse and continuous regime of 1064 wavelengh.
Specimens from each alloy were prepared for Scanning Electron Microscopy (SEM) and Electron Backscatter Diffraction (EBSD) characterisations. Samples of fully processed commercial GOES were cut in RD-TD plane of the steel sheet and mounted using SimpliMet 3000 with Conducto-Mount which is a conductive mounting component. Then, the specimens were grinded using EcoMet 300 Pro auto grinding polisher machine. The samples were grinded for one minutes on 800, 1200 and 2000 grits in complementary rotation with a base and head rotations of 150 rpm and 50 rpm, respectively, using a force of 15 N. This followed by polishing for 2 minutes using 9 μm, 6 μm and 3 μm water based diamond suspension in counter rotation with a base and head rotation of 250 rpm and 50rpm, respectively, using 15 N force. The final polishing procedure was performed using VibroMet vibration polisher machine. The specimens were polished for 6 hours using 0.04 μm colloidal silica suspension. For domain imaging, the specimens were further polished by means of Hitachi IM-4000 ion beam milling machine. The ion beam milling was conducted following [15] and the polishing steps shown in Table 2  it worth to mention that the main purposes for using Ion Beam was to remove the surface defects created by previous grinding and polishing steps. However, as the Ion Beam milling can cause some surface damage, thus, further vibrating polishing was carried out using 0.04 μm colloidal silica for 4 hours to remove the surface topography created by the ion beam.
Following sample preparation SEM and EBSD characterisation were carried out using JEOL FEG SEM 7800F equipped with Oxford EDS/EBSD system. During EBSD data acquisition, the sample were tilted to 70° and an acceleration voltage of 20 kV with a probe current of 14F was applied. The working distance was varied between 13 to 17mm with. Furthermore, Oxford Aztec software was used for EBSD and EDS mappings using variant step size depending on the grain size and study purposes.
2.2 Domain Imaging
As discussed in Introduction part, Section 1, the magnetic domain observation of Type II magnetic contrast (an electronic scanning microscope that either accelerates voltage of 200 Kv taking advantage of   contrast domain or subjects low voltage low voltage with the careful preparation of samples reducing surface topography and image enhancement techniques are used to increase the image contrast [15]). usually takes place that can be obtained through electronic scanning microscope in two different conditions. First is the subjection of high acceleration voltage i.e., 200 kV in Transmission Electron Microscope (TEM) taking advantage of the contrast of magnetic domain [16]. The seconds condition can be achieved via the subjection of low voltage, i.e, in SEM, using careful sample preparation in order to reduce surface topography. In this condition the image enhancement techniques should be used to increase the image contrast as reported in [15]. In the current study low voltage condition was applied to image the domain patterns and configurations.  Here the magnetic domains were observed using FSD (forescatter detectors) for NOES soft magnetic materials. The type II magnetic contrast is applied during the process of observing magnetic domain using FSD. Backscattered electrons in which has high energy are affected by the local magnetisation in the sample. Tilting the sample enhance the backscattered electrons deflection by the local magnetic induction of the sample, the electrons then deflected into the surface or away from the surface. Since the contrast is weak, a 30kV acceleration voltage is used to enhance contrast in the current study. To increase the scattering geometry, the sample is tilted by 70° in which increases the coefficient of backscattering of the deflected electrons. It is then the FSD which is attached to EBSD system collects the backscattered electrons [15],[14]. Forescatter domain imaging are powerful able to image the surface magnetic domain by help of SEM. It involves the rotation of (110) plane RD. thus enhances the derivation of alpha and beta angles in EBSD mapping that obtain amount of texture characterization along with magnetic property.  
Figure 1 shown some examples of domain imaging using forscatter detectors under low voltage SEM condition using …? kV, WD? And ….? current probe. As shown in the figure, using this methodology, the domain pattern and transfer between wavy low angle grain boundary, Figure 1a; not flat high angle grain boundary, Figure 1b: across small isolated island grain within large recrystallised grain, Figure 1c; and three different oriented grains with high angles boundary, Figure 1d, could be clearly imaged. It is evdiance from Figure 1, that this domain imaging methodology is an effective way of studying domain pattern and configuration as well as its transfer even without applying external magnetic flux. This is vital to observe the original  domain structure before magnetisation process. Figure 1a, show the domain pattern divergence across the wavy low angle grain boundary and small precipitates within the grain, see highlighted dashed square.  Figure 1b, shows the domain fragmentation during it transfer to a different oriented grain through high angle grai boundary. Figure 1c shows narrow spaced parallel domain pattern crossing a small island gain without significant diversion. Figure 1d shows a narrow and a very wide spaced domain patterns in different oriented grains separated by high angle grain boundaries. 

2.3 α and β Deviation Angles Determination

In order to study the magnetic property of NOES, there are two main deviation angles between crystal direction and sample geometry should be considered. This is critical as the magnetic properties in each individual grain is directly related to its crystallographic alignment with NOES sample coordinate system. Also the angle between the RD and the projection of the crystallographic direction into the plane that is parallel to ND and RD As shown in Figure 2, in the current study, these two angles namely α and β are defined as: α is the angle between <001> crystal direction and in-plane rolling direction (RD) of the NOES sheet, and β is the angle between <001> crystal direction and out-plane rolling plane or normal direction (ND).
The α and β deviation angles for each individual grain were calculated using EBSD raw data. From EBSD data, the three Euler angles of individual grain (i.e, crystal coordinate system) and sample geometry (i.e., sample coordinate system) can be obtained in order to calculate the exact α and β angles. 

The α and β deviation angles were calculated following Equations 1 and 2 [17]. The angles are calculated for all <100> symmetrical directions and denoted as <>. 

…………………….Eq. 2
Where  are the orientation matrix. angle , out of plane angle and  are calculated for each of the six directions as shown in Eq. 1 and Eq. 2.  


	Voltage
	Angle of Incidence
	Time

	6 kV
	10°
	30 min

	4 kV
	10°
	60 min

	2 kV
	8°
	120 min


Table 2: Hitachi IM-400 Ion Beam Polishing Steps followed for domain imaging.


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

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

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

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


Table 1 showing chemical composition of fully processed commercial GOES samples.



