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[bookmark: OLE_LINK2]Abstract- Stress is the crucial factor of ferromagnetic material failure origin. However, the nondestructive test methods to analyze the ferromagnetic material properties’ inhomogeneity at microstructure scale with stress have not been obtained so far. In this paper, magnetic Barkhausen noise (MBN) signals on different silicon steel sheet locations under in-situ tensile tests are detected by a high spatial resolution magnetic probe to evaluate material properties. Domain wall (DW) motion, grain, and grain boundary are detected by magneto-optical Kerr (MOKE) image. The time characteristic of MBN signals on different locations is characterized by using time-response histogram as proposed in this work, which shows different DW motions inside grain and around grain boundary under tensile test. In order to separate the variation of magnetic properties affected by grain and grain boundary under stress corresponding to MBN excitation, time-division is carried out to extract the root-mean-square (RMS), mean, and peak in the optimized time interval. The time-response histogram of MBN evaluates the silicon steel sheet’s inhomogeneous material properties, which provides a theoretical and experimental reference for inhomogeneous other ferromagnetic material properties under stress. 
Index terms- Time-response histogram, Magnetic Barkhausen noise, Stress evaluation, Grain/Grain boundary, Domain wall motion 
1. Introduction
Stress and residual stress in a service component are critical parameters that can lead to early fatigue failure and minor damage [1-3]. Jun et al. reported that component is vulnerable because of crack initiation caused by the generation of high tensile residual stresses and large thickness of heat affected zone [4]. Lee et al. assessed the fatigue life of welded repaired rail based on the welding process and contact stresses [5]. 
In most cases, the material is considered to be homogeneous in the macro-level analysis; however, mechanical research is necessary to connect with the microstructural properties to analyze material properties and stress state. Donegan et al. used a convolutional neural network to predict which regions of a microstructure are susceptible to forming stress/residual stress hot spots and serving areas of local damage accumulation [6]. Zarei et al. found that by considering the various orientations and shapes of the grains, the finite element model of DP steel microstructure causes a better prediction of stress-strain curve than the homogeneous models [7].  Zhao et al. proposed an automatic 3-D simulation to simulate metallic materials' microstructure and investigated each grain's stress for polycrystalline material [8]. Pagan et al. used ‘slip system strength curves’ to calculate each grain's average stress tensors over the applied deformation history [9]. Johnson et al. used high-resolution electron backscatter diffraction to show the intersection between material properties’ variation and grain boundaries for crack initiation process analysis [10]. Zhang et al. investigated the relationship between stress and carbon nanotubes' microstructure to quantify load partitioning using in-situ neutron diffraction [11]. Analysis of the inhomogeneous material properties and stress state affected by the grain and grain boundary is usually carried out in a simulation or destructive manner [12]. For this reason, it would be beneficial to propose a reliable nondestructive technique designed for the purpose above. 
The variation of nondestructive test and evaluation method is used to characterize the macro electromagnetic properties for industrial materials state evaluation. Magnetic Barkhausen noise (MBN) is a microstructure sensitive technique for on-line inspection of structures to characterize both micro and macro stresses of ferromagnetic material in industrial applications [13-14]. The MBN signal is found in domain wall (DW) motion, detected by a pick-up coil wound around the ferromagnetic sample [15-16]. The microstructure and the stress affect the alignment of the DWs, whereas lattice defects drive the free path of DW motion [17-19]. MBN nondestructive determinate both micro-and macro-residual stresses in silicon steel, steel weldments, and lightly deformed AISI 1070 steel [20-23]. 
[bookmark: OLE_LINK7][bookmark: OLE_LINK10]MBN signals are combined with microstructure observation methods performed by magneto-optical Kerr (MOKE), atomic force microscopy (AFM), scanning electron microscopy (SEM), etc. to analyze the relationship between the inhomogeneous material properties and mechanical properties [24-25]. The peak value of MBN signals is calibrated as a function of the microstructure expressed in dislocation density [28]. MBN distinguishes the variable character of the microstructure and stress state for tool steel X210Cr12 [26]. The smaller grain size leads to more MBN emissions under the same applied field conditions [27]. Due to the MBN phenomenon observation for grain-oriented steels, a division of MBN time-Frequency investigates the various factors affecting anisotropy distribution [29].
[bookmark: OLE_LINK5][bookmark: OLE_LINK6] However, the quantitative analysis of material properties’ inhomogeneity on the grain and grain boundary is the key to the microscopic nondestructive characterization of stress for ferromagnetic material [30]. There is no reliable method for evaluating micro-magnetic properties affected by the grain and grain boundary with different average stress via MBN. 
In this paper, the DW motion and MBN of silicon steel sheet under in-situ tensile test are detected by a MOKE and MBN detection device. By combining the time characteristic of DW motion and MBN signal on different location, the time-response histogram of MBN and its feature extraction are carried out to quantitatively analyze the effect of grain and grain boundary on the magnetic properties’ inhomogeneous. time-division is used to separate the variation of magnetic properties affected by grain and grain boundary. The proposed work will analyze the inhomogeneous material properties on the grain and grain boundary for other ferromagnetic material with stress via MBN in industrial applications.
1. Experimental procedure and methods
MOKE and MBN detection device with the high spatial resolution are used to observe DW motion and Barkhausen noise signal of a silicon steel sheet. Relating to DW motion and MBN signals, the time-response histogram method is carried out to evaluate the inhomogeneous material properties with different average stress on the grain and grain boundary. 
A. Sample preparation 

Table Ⅰ. Chemical composition of silicon steel sheets expressed as weight percentages
	Fe
	Si
	C
	Mn
	P
	S
	Al

	Balance
	3~5
	0.06
	0.15
	0.03
	0.25
	5.1~8.5



The grain-oriented silicon steel sheet [31-32] is investigated to analyze the correlation of DW motion and time-response histogram on the grain and grain boundary with stress state. The average grain size of the selected silicon steel sheet is over 10 mm, which is visible for DW motion and MBN signal detection on grain and grain boundary. The sample with dimensions 300 mm × 30 mm × 0.2 mm (Length × Width × Thickness) is applied to a tensile load from 0 N to approximately 740 N. Grain-oriented silicon steel sheet has the characteristics of high magnetic induction and low iron loss [33-34]. The chemical composition of the silicon steel sheet is found in Table Ⅰ. The Sample is mechanically polished for microstructure and micromagnetic properties observation.
B. Experiment setup
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Fig. 1. (a) Experimental set-up for DW and MBN observation, (b) Schematic illustration of load, DW observation and MBN detection, (c) Schematic for high spatial resolution MBN probe (about 3 - 4 mm) and MBN detection device.
The experimental setup for MOKE and MBN observation for inhomogeneous material properties under the in-situ tensile test are shown in Fig. 1. MBN and longitudinal MOKE microscopy capture the MBN signal and DW motion of the silicon steel sheet. This system includes a high spatial resolution MBN probe, MBN detection device (including signal amplifiers, filter, acquisition card, MBN signal process), a digital CCD camera for DW observation, driving coils, and applied tensile load [35]. The applied excitation field is in the tensile load direction. The Driven coil with 355 turns wound around the sample can provide AC to magnetize the sample for periodicity.  A digital CCD camera C8484-03G02 with a sampling rate of 16.3 Hz is used to observe the microstructure and DW motion directly. DW motion images and MBN signals are in the same setup, which can bridge the correlation of micro-macro magnetic parameters and stress on the grain and grain boundary. The excitation is a triangular wave, in which the magnetization frequency and amplitude are 0.5 Hz and 1 kA/m, respectively. This magnetic field strength was greater than the maximum sample material magnetic saturation level (about 0.9 kA/m). The magnetic domain image is about 16.2 mm × 13.6 mm with 450 × 360 pixels, showing the microstructure and DW motion directly. The tiny magnetic head with the high spatial resolution is enough to analyze the magnetic parameters’ variation on the grains and grain boundaries. The high spatial resolution MBN probe sensitively detect MBN signals on the grain and grain boundary, linking the micromagnetic properties observed by MOKE. This system analyzes the difference of the time-response histogram of MBN affected by grain and grain boundary, which interpret the effect of grain and grain boundary on the inhomogeneous material properties measurement with different average tensile stress.
C. The model of the time-response histogram 
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Fig. 2.  The approach of the time-response histogram to evaluate the inhomogeneous material properties on grain and grain boundary.
The method for time-response histogram on grain and grain boundary with different stress state is outlined in Fig. 2 to analyze the effect of grain and grain boundary on inhomogeneous material properties. 
The DW motion and MBN signal of the silicon steel sheet are observed by a MOKE and MBN detection device.  Tape type probe is also designed as MBN sense to get the high spatial resolution of MBN signal on the grain and grain boundary.  The combination of DW motion and MBN can analyze inhomogeneous material properties considering the influence of the grain and grain boundary.
Grain boundaries are important microstructural elements that can affect DW motion, leading to a change in the differential susceptibility at all field strengths, thereby changing the time characteristics of MBN [36-37]. Time-response histogram is proposed to divide the entire time range of MBN activities into a series of equal intervals, showing the micromagnetic properties’ variation along time. Thus, the time-response histogram is modeled to analyze the variation of magnetic properties affected by grain and grain boundary with different stress. 
The mean, RMS, and peak are extracted from the time-response histogram to quantify the time characteristics of magnetic properties on different positions. Based on the correlation among applied field and magnetic time characteristics on the grain and grain boundary, time-division is carried out to analyze the time-response histogram features in the optimized time intervals. Besides, the difference between the RMS, mean, and peak with load and without load is carried out to reduce the slight difference of time-response histogram before tensile test. The feature extraction and time-division quantitatively analyze the inhomogeneous material properties affected by the grain, grain boundary, and stress. 
 When the load is applied to the material, the time-response histogram and its features quantitatively analyze the variation of magnetic properties, reflecting material properties’ variation affected by stress, grain, and grain boundary. Time-division is carried out to extract the histogram features in the optimized time interval to separate the variation of magnetic properties affected by grain and grain boundary under stress. The difference elimination of magnetic parameters without load is helpful to reduce the influence of material microstructure on the initial material properties before the tensile test, improving the results of time-division. 
1. Experimental results 
To analyze the influence of grain and grain boundary on the inhomogeneous material properties, the results of the time-response histogram are investigated to analyze the variation of magnetic properties. 
A. The relationship between the time-response histogram and DW motion on grain and grain boundary
Based on the observation of DW motion and MBN of silicon steel, the time-response histogram is used to investigate the influence of grain and grain boundary on the micromagnetic properties. In Figs. 3 and 4, when the tensile load is 0 N and 740 N respectively, DW motion, hysteresis loops, and time-response histogram are analyzed on grain and grain boundary. The distribution of the grain and grain boundary is shown in Figs. 3 (a) and 4 (a), S1-g1 and S1-g3 denote two adjacent grains, S1-gb13 denotes the grain boundary between grains S1-g1 and S1-g3.   
The microstructure and stress can affect the distribution of magnetic domain and the behavior of DW motion around the grain boundary [38]. When the tensile load is 0 N, DW motion is almost synchronous. When the tensile load is 740 N, the average value of the grain-oriented silicon steel’s tensile stress is 123 MPa. Tensile stress aligns the magnetic domains parallel to stress direction and makes the magnetization process easy when excitation is in stress direction [32]. The formation of  DW increases.  The stable state of the magnetic domain structure is that magnetic domain’s orientation makes the fewer free pole appear on grain interface to reduce the magneto-static energy [39-40]. The branch domain appears on the grain boundary S1-gb13 under 123 MPa to minimize the magnetic- static energy on the grain boundary affected by the load. Thus, the distribution of DW more complex on grain boundary S1-gb13 than these on grain S1-g1 and S1-g3. Since stress makes  DW distribution more complex on the grain boundary, the DW motion becomes different on different locations with stress. The intensity value for every pixel in the magnetic domain image is calculated to analyze the hysteresis loops on the different location, as shown in Figs 3 (b) and 4 (b).  When the tensile stress is 0 MPa, the hysteresis loops are almost the same in S1-g1 S1-g3, and S1-gb13. When the tensile stress is 123 MPa, the hysteresis loops are quite different in S1-g1, S1-g3, and S1-gb13. 
The DW motion in magnetization occurring over a given time interval relates to MBN activity [41-42]. In particular, the change rate of magnetization occurring as Barkhausen emissions  is expected to be proportional to the change rate of magnetization occurring as magnetization changes . The time-response histogram is modeled to divide the entire time range of MBN activities into a series of equal intervals. Each bin of the histogram is represented as the magnetization change with the dimensionless term  . The time characteristic of Barkhausen noise is distributed as:
                               (1)
where  denotes the external magnetic field. In this paper, the histogram quantifies the Barkhausen activity by dividing the noise signal into an equal interval (the interval is 0.1 s). Each bin of time-response histogram identifies the amplitude of MBN activity per 0.1 s. 
Grain boundary can affect the movement of DWs and lead to different magnetization processes under load in the previous research [43]. The magnetization intensity  is calculated by adding the intensity value for every pixel in the magnetic domain image ， given as . The relationship among the difference of MBN activity , the difference of the magnetic domain images , and the difference of magnetization intensity  on different locations satisfies: 
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Fig. 3. Different time-response histogram of sample 1 in different locations when the tensile load is 0 N: (a) denotes the locations of S1-gb13, S1-g1 and S1-g3; (b) denotes the different hysteresis loops on different locations, (c) and (d) show the similar DW motion on the different locations; (e), (f) and (g) show the related similar time-response histogram of MBN. 
                       (2) 
When the tensile load is 0 N, the difference of time-response histogram on S1-g1, S1-g3, and S1-gb13 is small. When the tensile load increases, MBN signals on these locations become much more extensive. The time-response histogram’s bins are quite different. When the tensile stress is 123 MPa, the histogram on S1-g3 is the smallest, and histogram bins are the largest under 123 MPa than these on grain S1-g1 and S1-g3.  Based on time-response histograms on different locations, the time interval p1, p2, and p3 highlight the various activities of MBN along time, as shown in Figs. 3 and 4. When the tensile stress is 123 MPa, the magnetic saturation is reached earliest on the grain S1-g2 (from 0.3 s to 0.7 s, denoted as time interval P2), and  magnetic saturation is reached latest on the grain boundary S1-gb12 under 123 MPa (from 0.1 s to 0.9 s). The different DW motion affects the time-response histogram on different locations. The variation of MBN activity on different locations is highlighted in the time interval p1 (0 – 0.3 s), p2 (0.3 s - 0.7 s), and p3 (0.7 s – 1 s). 
Thus, the time-response histogram of MBN affected by stress on different locations is quite different, consistent with the phenomenon of DW motion and hysteresis loops. Each bin of the time-response histogram  is proportional to DW motion velocity  [36-37], where  denotes the number of histogram bins. The relationship between the DW motion and time-response histogram’s bin on different locations satisfies: 
                                 (3)
where  and  denote the difference of time- response histogram’s bin and difference of DW motion velocity under stress on the grain and grain boundary.
Based on studying the DW motion and magnetization process, the time-response histogram quantifies the micro-magnetic, reflecting the variation of material properties on the grain and grain boundary under stress.  When load applied to the materials, due to the microstructure of grain and grain boundary, the micromagnetic parameters’ variation degree on the grain boundary is greater than these inside the grain.
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Fig. 4. Different time-response histogram of sample 1 in different locations when the tensile load is 740 N: (a) denotes the locations of S1-gb13, S1-g1 and S1-g3; (b) denotes the different hysteresis loops on different locations, (c), (d) and (e) show the different DW motion on the different locations; (f), (g) and (h) show the related quite different time-response histogram of MBN. 
B. Time-response histogram for evaluation of magnetic properties on different grains and grain boundaries  
To further analyze the influence of grain and grain boundary on material properties, the variation of the time-response histogram on different locations under tensile test is analyzed. 
Fig. 5 shows the grain and the grain boundary distribution of the sample 1. The sample is divided into 15 parts () by a dotted grid. The area of each grid area is . The X-coordinate and Y-coordinate define each part’s location, as shown in Fig. 5 (a).  Due to the high spatial resolution magnetic probe, time-response histogram of MBN is detected on each part by scanning the sample, as shown in Fig. 5 (b). The magnetic domain and MBN are analyzed to investigate material properties on different locations. 
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Fig. 5. The Sample is divided into 15 parts () by a dotted grid: (a) illustrates the grain distribution of the sample and the coordinate of each part; (b) shows MBN detection in each part by scanning the sample (Note: S1-g1, S1-g2, and S1-g3 denote three adjacent grains of the sample; S1-gb12 denotes grain boundary between grain S1-g1 and grain S1-g2; S1-gb13 denotes grain boundary between grain S1-g1 and grain S1-g3; S1-gb23 denotes grain boundary between grain S1-g2 and grain S1-g3)
DW motion varies with the increased load on different locations. From Fig. 6, there is no difference for the DW motion on the grain and the grain boundary under 0 N, while the DW motion becomes different with the increase of load. When the tensile load is 740 N, the average stress is 123 MPa, the DW distribution is more complicated on the grain boundary than this on the grain. The branch domain form around grain boundary S1-gb13 and S1-gb12 to reduce the increasing total energy caused by the tensile stress. Especially, on S1-gb12, magnetic field lines are mostly continuous across the grain boundary to reduce free poles on the grain interface under 123 MPa. Due to increasingly complex domain reorganization around S1-gb12, the energy loss is higher on this location [44]. Due to the different time-response of DW motion on different locations under the tensile test, the related time-response histograms of MBN are different. Figs. 7 and 9 show the time-response histogram on every part under the tensile test. From Fig. 9, when tensile stress is 0 MPa, since DW motion is the similar on the grain and grain boundary, time-response histogram on these locations is similar (such as Fig. 9 (a), (b), (d), (e), (f), (g), (i), (j), (k), (l), (n), (o)). However, due to residual stress and material manufacturing, time-response histograms on different locations exhibit a slight difference. When tensile the stress increases, the time-response histograms become much larger, the difference of the histogram on different locations becomes much larger. Besides, since the strength of the external magnetic field required to make material achieve saturation magnetization is much larger on the grain boundary (S1-gb12 and S1-gb13) than these on grain (S1-g1, S1-g2, and S1-g3), the amplitude of the time-response histogram become bigger on grain boundary (S1-gb12 and S1-gb13) than these on grain (S1- g1, S1- g2 and S1-g3). 
The high spatial resolution MBN probe is sensitive for magnetic properties characterization, reflecting the grain and the grain boundary’s material properties. The time-response histogram on each part is consistent with DW motion results, proving the reliable repeat of correlation between DW motion and time-response histogram inside the grain and around the grain boundary. The material properties are inhomogeneous on different locations, the grain boundary and adjacent grains affect mechanical behavior [8, 45]. Figs. 7, 8, and 9 reflect that the magnetic properties and material properties on the grain boundary change greater than these on the grain under stress. The time-response histogram of MBN has enough sensitivity to characterize the grain and grain boundary effect on inhomogeneous material properties.
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  Fig. 6. The magnetic domain and DW motion on each part of the sample with the different tensile loads.  The average stress is from 0 MPa increase to 123 MPa. When the tensile load increases, the difference of magnetic domain and DW motion increases on the grain and grain boundary. 
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Fig. 7. Time-response histogram on different locations when the tensile load is 740 N. The time-response histogram increases with the increase of tensile load and the difference of MBN histogram on each part become much large.
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Fig. 8. Time-response histogram on the different locations when the tensile load is 320 N. The time-response histogram increases with tensile load.
[image: ]
Fig. 9. Time-response histogram on different locations when the tensile load is 0 N. The Time-response histogram under 0 N exhibits a slight difference, including the slight difference of material properties affected by the residual stress, material manufacturing and etc.  before the tensile test.
1. Discussion 
[image: ]
Fig. 10. The curves for the RMS, mean, and peak value of time-response histogram on different locations reflects the inhomogeneity of material properties on different locations. (Note: FD denotes the fitting data, ID denotes the original data.)
RMS, mean, and peak value are extracted from time-response histograms to quantify the inhomogeneity of material properties affected by microstructure under stress. In order to separate the variation of material properties affected by grain and grain boundary under stress, the time interval is adjusted to highlight the different time response of MBN signal affected by the stress or microstructure, respectively. Then, time-division is carried out to extract the root-mean-square (RMS), mean, and peak in the optimized time interval after the slight difference elimination without load. 
A. Time-response histogram’s feature extraction for magnetic properties quantitative analysis with different stress 
The time-response histogram of MBN reflects the variation of material state on different locations. MBN characteristic parameters such as RMS, mean value, and peak value have a high correlation with stress in the previous studies [29]. RMS, mean, and peak value on the grains and grain boundaries are extracted from the histogram on each part to investigate the time-response histogram’s statistical properties, which quantitatively analyzes the material properties. In this paper, the magnetization frequency is 0.5 Hz. The interval of the time-response histogram bin is 0.1 s. The number of histogram bins is 10. Thus, the feature exaction for the quantitative method can be defined as:
                               (4)
                  (5)
                              (6)
where  denotes the number of histogram bins and  denotes the amplitude of each bin.
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Fig. 11. The images for the mean of Time-response histogram on different location to reflect the inhomogeneous material properties on different locations. The size of images is 16.2 mm × 13.6 mm
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Fig. 12. The images for the RMS of Time-response histogram of on different location to reflect inhomogeneous material properties on different locations. The size of images is 16.2 mm × 13.6 mm
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Fig. 13. The images for the peak value of Time-response histogram on different location to reflect inhomogeneous material properties on different locations. The size of images is 16.2 mm × 13.6 mm
When the tensile load is from 0 N to 740 N, the sample’s average tensile stress is from 0 MPa to 123 MPa. However, due to the grain and grain boundary, the material properties on different locations is not uniform. Fig. 10 shows the curve of the three features of the time-response histogram.  Figs. 11, 12, and 13 show the two-dimension images for RSM, mean, and peak value of the time-response histogram on different locations. A clear positive correlation between measured tensile stress state and the corresponding MBN is verified in the previous study [36]. These features quantify the micromagnetic properties on different locations, quantifying the inhomogeneous material properties. The mean, RMS, and peak values have the same increase tendency with the increase of stress. However, these features are higher on the grain boundaries than these on grain. Due to the higher time-response histogram and its features on the grain boundary, grain boundaries are more susceptible to external tensile load. Especially since the time-response histogram is much higher on the grain boundary S1-gb12, material properties increase dramatically on S1-gb12. The minor failure is more likely to occur on the grain boundary S1-gb12 [10, 44].
 [image: ]
Fig. 14. The difference elimination of material properties before tensile test. (Note: FD denotes the fitting data, ID denotes the original data.) 

MBN emission increases along with tensile stresses and decreases with compressive stresses, especially for uniaxial loading and elastic regime [12]. The time-response histogram and its features show that the material properties under tensile load are affected by grain and grain boundary. The varying degree of material properties is much higher on the grain boundary than other locations. The grain boundary is more unstable, and the material properties on the grain boundary are more susceptible to the influence of tensile load. The total tensile stress acting normal to the grain boundary during elastic deformation is a sum of the internal stress due to the applied load, resolved onto the grain boundary plane [10]. The domain walls motion in the case is a function of micro-stresses (the function of grain and grain boundary microstructure) [12]. The micro stress is higher on the grain boundary than grain, making grain boundary more prone to the early minor failure formation on the grain boundary [8]. The time-response histogram and its features characterize time characteristics of DW motion to quantitative analyze the inhomogeneous material properties affected by the stress, grain, and grain boundary.

B. The difference elimination of magnetic properties before tensile test
The magnetic properties under 0 N exhibit a slight difference as shown in Figs. 10, 11, 12, and 13. There are many factors contribute the difference before tensile test, including the residual stress, material manufacturing, etc. It is better to reduce the difference before the tensile test to further analyze and separate the inhomogeneous material properties affected by the grain, grain boundary and tensile stress, as shown in Fig. 14. The difference between these features with load and without load is carried out to remove slight difference of material properties before tensile test.  The definition of the difference of histogram features is shown in following:
[bookmark: _Hlk55526421]                        (7)
                     (8)
                      (9)
where , and denote RMS, mean, and peak value with load, , and denote RMS, mean, and peak value without load.
Compare with the results of Fig. 13,  , , and  are almost uniform on the different locations when the tensile stress increase from 0 MPa to 53 MPa. It means that the difference of histogram features removes the difference of magnetic properties before tensile test. When the tensile stress increase from 0 MPa to 123 MPa, ,  , and   on the grain boundaries are higher than these on the grains. As the time-response histogram on the grain boundary is more susceptible to the tensile load, , , and   reflects the inhomogeneity of the material properties affected by stress,  grain, and grain boundary.  When the tensile stress increase 123 MPa, which makes the degree of material properties inhomogeneity much more significant on the grain boundary than this on the grain. The time-response histogram becomes quite different. The difference elimination of magnetic parameters without load is helpful to reduce the influence of material microstructure on the initial material state before the tensile test.
C. Time-division to separate the magnetic properties’ variation affected by grain and grain boundary
Due to load transfer on the grain and grain boundary, the magnetic properties and material properties are inhomogeneous [11]. The time-division is carried out to optimize the time interval to separate the material properties’ variation affected by the grain and the grain boundary. 
The main factor of time-division is how to localize the time bands [46]. The time-division has high time resolution and less redundant information for material properties’ variation separation. In this paper, the optimal time-division is in line with the excitation and hysteresis loops, which is shown in Figs. 3 and 4. Based on the time-response histogram on different locations shown in Figs. 3 and 4, the time-division with three-time bands is enough to separate the material properties affected by stress, grain and grain boundary. The time bands p1 (0 – 0.3 s) and p3 (0.7 s – 1 s) identify the material properties’ variation affected by the tensile stress and microstructure. The time bands p2 is 0.3 - 0.7 s, which determines the material properties’ variation affected by the tensile stress. 
As shown in Fig. 15, the time-division is used for the feature separation, analyzing on each part of the sample. For the time band p1 and p3, the difference of time-response histogram features (,  , and ) on the grain boundary increases much higher than these on the grain under 123 MPa. However, the variation of these features for time band p2 is almost uniform. 
When the tensile stress is 53 MPa, the material properties on the grains and the grain boundaries is uniform. When the tensile stress increases to 123 MPa, due to the influence of stress and material microstructure, material properties on grain boundaries vary significantly, reflected by the time band p1 and p3.  However, for time-band p2, the variation of time-response histogram features is almost uniform from 53 MPa to 123 MPa. 
The optimal time-division is based on the correlation of applied field and magnetization processes on different locations. When the load increases, the distribution of DW on the grain boundary becomes more complicated. It takes more time on the grain boundary to reach magnetic saturation during the magnetization process. As a result, the MBN activities last longer, and the time-response histogram features are larger on the grain boundary. After the slight difference elimination of material properties without load, the time-division separate the material properties affected by the grain and the grain boundary. The time band p1 and p3 highlight the different variation of micro-macro magnetic properties affect by the microstructure and stress, while the time band p2 removes the variation of material properties affected by the microstructure. Based on the approach proposed in this paper, the standard sample of the other ferromagnetic material without external load will be used as a reference to reduce the slight difference of material properties without load to improve the results of on inhomogeneous material properties evaluation affected by the grain, grain boundary, and stress [47]. Besides, the time-division will be used to analyze inhomogeneity of material properties with other grain size for other ferromagnetic material.






1. Conclusion and future work
 In this paper, based on the combination of DW motion and MBN, the time-response histogram of MBN is established with a high spatial resolution to nondestructively characterize silicon steel sheet’s inhomogeneous material properties affected by the grain and grain boundary with the stress. The main conclusions are summarized as follows: 
[bookmark: OLE_LINK13][image: ]
Fig. 15. The time-division to separate the material properties affected by grain and grain boundary. The histogram features in p1 (0 – 0.3 s) and p3 (0.7 s – 1 s) identify the variation affected by the tensile load; the histogram feature in p2 (0.3-0.7 s) identify the variation affected by the tensile load and microstructure. (Note: FD denotes the fitting data, ID denotes the original data.)
1) The time-response histogram characterizes DW motion in the same interval to investigate the time response of magnetic properties on different locations. The time-response histogram become different on different locations with stress, characterizing the inhomogeneous material properties on the grain and grain boundary. 
2) The varying degrees of material properties are much higher on the grain boundary than the grain with the stress state. Especially, MBN signals on the grain boundary S1-gb12 are much higher than other locations, reflecting the fact that the grain boundaries are more susceptible to external tensile load.
3) The RMS, mean, and peak value are extracted from the time-response histogram to quantify the material properties’ variation on the grain and grain boundary. These three features have the same tendency on different locations under stress. 
4) The time-division separates the variation of magnetic properties affected by grain and grain boundary after difference elimination of magnetic properties without load. The time intervals p1 and p3 highlight the different variation of magnetic properties affected by the microstructure and stress, while the time band p2 removes the variation of material properties affected by the microstructure.
The study provides a theoretical and experimental for a better understanding of the effect of grain, grain boundary on inhomogeneous material properties evaluation of other ferromagnetic material (especial Q235, steel. etc.) by using MBN [48-49]. Besides, the relationship between mechanical properties and magnetic properties during the elastic deformation and plastic deformation will be investigated to analyze the influence of inhomogeneity material properties on the mechanism of failure development [50].  
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The DW motion and MBN of the silicon steel sheet under tensile test are observed by MOKE and MBN
sensing with high spatial resolution.
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