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Abstract 

 

The first Si-Fe electrical steel was produced in 1905, and the grain-oriented steel was discovered in 

1930 after Goss demonstrated how optimal combinations of heat treatment and cold rolling could 

produce a texture giving Si-Fe strip good magnetic properties when magnetised along its rolling 

direction. This technology has reduced the power loss in transformers greatly and remains the 

basis of the manufacturing process today. Since then many postulations reported on the 

mechanism on abnormal grain growth (AGG) which is the key for Si-Fe superior magnetic 

properties, however, none have provided a concrete understanding of this phenomenon. Here, we 

established and demonstrated a new theory that underlines the fundamental mechanistic 

approach of abnormal grain growth in 3% Si-Fe steel. It is demonstrated, that the external heat 

flux direction applied during annealing and Si atom positions in the solid solution disordered a-Fe 

cube unit cell that cause lattice distortions and BCC symmetry reduction are the most influential 
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factors in the early stage of Goss AGG than what was previously thought to be dislocation related 

stored energy, grain boundary characteristics and grain size/orientation advantages.  

 

Keywords: Abnormal Grain Growth, Electrical Steel, EBSD, Heat Flow, Goss Texture, Geometrically 

Necessary Dislocation, Neutron Texture Analysis. 

 

1. Introduction:  

Silicon steel was originally designed to replace iron-wrought alloy in transformers and the first 

commercial strip was produced in 1939 [1], after the Goss patent [2]. Henceforth, grain oriented 

electrical steel (GOES) has been widely used for transformer’s core due to its excellent magnetic 

properties. The magnetic performance of GOES is highly dependent on the Goss {110} <001> 

oriented grain that can abnormally grow during steel processing [3, 4]. Thus, understanding the 

abnormal grain growth (AGG) of Goss grains is vital in reducing the power losses and increasing 

permeability in GOESs, that have great impacts on global power consumption and CO2 reduction 

[3]. To achieve the optimum physical properties in GOES, meticulous thermomechanical 

processing and annealing must be implemented. Commercially, GOES production starts from 

conventional steelmaking, then continuous casting, followed by hot rolling, hot band annealing 

and cold rolling. The cold rolled sheet is then decarburised, i.e., primary annealing, at 850°C in a 

wet hydrogen atmosphere. Final annealing to grow Goss grains abnormally, which is falsely so-

called “secondary recrystallisation” is carried out at 1100-1200°C for ~ 10 days [4-6]. We strongly 

believe “Secondary Recrystallisation” should be replaced with “Secondary Annealing” in literature 

as the recrystallisation stage is already completed (or partially) in the primary annealing process 

and the grain growth is the main phenomenon in the secondary annealing stage. The secondary 

annealing process is responsible for eliminating the AlN grain growth inhibitors, which originally 

acted to pin the grain boundaries during primary annealing [7-9]. It is also believed that in the 
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absence of these grain growth inhibitors, only normal grain growth occurs [10, 11]. However, the 

mechanism of AGG phenomena in which a specific orientation grows abnormally during secondary 

annealing is still disputed in literature and is the subject of this investigation. 

 

The AGG for Goss oriented grains attracted numerous investigations and different mechanisms of 

AGG are reported [3, 7-32]. Some suggested the initial Goss grain size and orientation advantages 

over other orientations for AGG occurrence [10, 15, 24]. Others proposed that the coincidence site 

lattice (CSL) boundary promotes the AGG phenomenon [16, 25, 26]. They assumed that Ʃ7 and Ʃ9 

boundaries have the highest mobility/energy and support Goss AGG. However, some argued the 

significance of CSL role in AGG and suggested a bigger role of high angle grain boundary (HAGB) 

misorientation of (20°-45°) in Goss grain’s AGG [13, 14, 17, 30, 31]. However, criticism of this 

concept grew when it was experimentally demonstrated that only a few grains underwent AGG, 

although more the 50% of the grain boundaries had 20-45° misorientation angles [11, 19]. Other 

researchers applied the solid-state wetting theory for Goss AGG [20-23, 32]. They claimed that if 

one of the grain boundaries around Goss grains has higher energy than the sum of the other two 

grain boundaries at the triple junction, the Goss grain can grow by liquid phase wetting in the 

direction of the highest energy boundary. Others theorised the AGG of Goss grains to be 

correlated to the stored energy via dislocation accumulation during cold rolling [33-37]. It is 

hypothesised that the Goss grains have low Taylor Factor values, i.e., low stored energy, and 

consumes the surrounding grains with high Taylor Factor values [5]. However, both latter 

postulations are also contested as many orientations other than Goss were found to have low 

Taylor Factor and satisfied the solid-state wetting condition, but they did not grow abnormally. 

Here, we examined most of these theories and proposed a new mechanism for Goss oriented 

grain AGG during secondary annealing.  
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2. Experimental Procedures: 

 

2.1 Materials: Commercial 3.2% Si-Fe grain-oriented silicon steel was supplied by Cogent Orb in 

Newport-UK. Specimens through each processing stages were provided, including; hot rolled, cold 

rolled, primary annealed and secondary annealed samples. The chemical composition of the final 

stage supplied GOES is show in the Table 1.  

 

 Table 1: Chemical composition (wt.%) of the final GOES product used in this study with the remaining of Fe. 

 

2.2 Processing: All steel sheets were processed following standard Cogent Orb grain oriented 

electrical steel (GOES) industrial processing routes. Initially, Cogent Orb received the GOES from 

the Direct Sheet Plant where thin slabs are cast and passed directly into a tunnel furnace where a 

low reheat temperature of ~1130oC is applied. The received sheets were then hot rolled to 2.3 mm 

thickness. A hot band is then annealed at 1050°C for a very short period before cold rolling. The 

decarburisation process, i.e., primary annealing, is performed at 850°C in a wet hydrogen 

atmosphere. After decarburising the strip passes into the nitriding section where ammonia is 

dissociated into H and N with the N being injected into the surface of the strip increasing the 

concentration from 70ppm to 250ppm. The commercial secondary recrystallisation annealing was 

conducted at 1200°C in a dry protective atmosphere. The results reported here were from the 

interrupted and continuous primary and secondary annealing conducted at Swansea University 

laboratories and the in-situ annealing at the ISIS neutron diffraction facility at Harwell, UK.  

 

2.3 Characterisation tools: Various nano/microanalytical tools were used in this study including 

Scanning Electron Microscope (SEM), Electron Backscatter Diffraction (EBSD) and neutron 

Si C N Mn P Al Cu Ni Cr Sn Pb 
3.2 0.0017 0.0011 0.089 0.025 0.005 0.006 0.005 0.12 0.052 0.002 
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diffraction. For the microstructure investigation and characterisation, a JEOL 7800F Field Emission 

Gun Scanning Electron Microscopy (FEG SEM) equipped with an HKL EBSD and Oxford Energy 

Dispersive Spectroscopy (EDS) systems. The samples were prepared using 800, 1200 and 2000 grit 

grinding papers, followed by 5 min polishing using 6 and 3 μm water-based diamond suspension. 

Colloidal silica suspension 0.04 μm final polish was carried out for 15min. During EBSD data 

acquisition, the samples were tilted to 70° and an acceleration voltage of 20 kV was applied. The 

working distance was varied between 13 and 17 mm. Furthermore, the Oxford Aztec software was 

used for EBSD and EDS mappings using a variant step size depending on the grain size and 

investigation purposes. The EBSD row data were then analysed using ATEX [41], HKL Channel 5 

software and MATLAB-MTEX (MTEX is a free Matlab toolbox for analysing and modelling 

crystallographic textures by means of EBSD data)[42,43]. In-situ annealing was conducted using 

neutron diffraction facility at GEM (general materials diffractometer) beamline which is suitable 

for structure and texture analysis. The obtained data at different annealing temperatures were 

then analysed to generate Orientations Distribution Functions (ODF)s and calculate the 

precipitates volume fractions, lattice expansion and Dd-spacing variations from the peak shifting 

measurements. MATLAB-MTEX and MAUD software packages were used for peak fitting, peak 

position determination and lattice/d-spacing expansion calculations. MAUD (Material Analysis 

Using Diffraction) based on the Rietveld RITA/RISTA method, developed by L. Lutterotti, H.-R. 

Wenk, S. Matthies and others [44].   

 

2.4 Annealing Trials: Various annealing trials were conducted for different investigation purposes 

including interrupted annealing and in-situ annealing. CARBOLITE furnace was used to study Goss 

abnormal grain growth behaviour at different annealing temperatures and time at Swansea 

University laboratories. Sample characterisation was carried out after cold rolling, hot rolling, 

commercial decarburisation annealing, laboratory annealing at various temperatures and times 
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using different heating rates. In-situ annealing was conducted at GEM beamline (experiment 

numbers: 1910029 and 1820052). The in-situ annealing was conducted using different heating 

rates while the neutron diffraction data were collected from RT up to 1100°C. From the obtained 

diffraction peaks, the shift in diffraction peaks for lattice expansion calculations was measured and 

ODF plots throughout the annealing was recorded. The data were then used to determine the 

precipitates volume fractions during in-situ annealing of 3.2 % Si steel.   

 

3. Results and Discussion: 

 

3.1 Argument 1: Goss Grain Size and Orientation Advantages during AGG  

The first set of experiments was designed to validate the size and orientation advantages of Goss 

grains during AGG. Following the complete microstructure characterisations of a primary annealed 

specimen, the sample was then annealed interruptedly at 1030°C/10s and 1070°C/8 min. These 

selected temperatures were below the secondary annealing temperature in order to capture the 

early stage of grain growth. Figure 1a-c show the overall volume fraction (V.F %) of each texture 

components. It should be noted that the data were obtained from a very large EBSD scan area of ~ 

7´7 mm, counting over 50,000 grains, see an example in Figure 1d. It is evident the g-fibre V.F was 

the highest during all three annealing conditions. However, the Goss grain V.F was rather low even 

when is compared to Cube grains. Moreover, the Goss V.F unexpectedly decreased with increasing 

annealing temperature as illustrated in Figure 1a. In order to separate the early stage of normal 

grain growth with AGG, the V.F data were then sub-sectioned to grain sizes smaller and larger 

than 40 µm, in Figures 1b and 1c, respectively. According to [19] the average grain size in a 

primary annealed sample is ~ 20 µm and they used a threshold of 40 µm for large grains and 

initiation of AGG. This definition was also true is our case, see Figure 1e, and 99% and 94% of the 

grains in the primary and 1070°C annealed samples, respectively, were < 40 µm. We, therefore, 
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used the same threshold for AGG early stages in our calculations. A similar V.F progression trend 

with annealing temperature was found for Goss and other grains < 40 µm to that in (a). 

Nonetheless, this trend is changed by increasing V.F after 1030°C and reduced after 1070°C 

annealing for the Goss grains > 40 µm. This was a clear indication of the randomness of Goss 

oriented grains V.F evolution at the early stage of AGG. This random trend was conclusive for 

other orientations considering the overall and sub-sectioned data; thus, no preference was 

featured Goss grains at this stage of AGG.  

 

This is further demonstrated via microstructure observation in Figure 1f. As shown in the figure, a 

selected area of a primary annealed sample was characterised by EBSD. The sample was then 

annealed at 1070°C/8 min, prepared metallographically again and EBSD scan is performed in the 

exact same area. The individual grain growth was observed using such a method and it appears 

there was no size preference of Goss grains as they have similar ~ 20 µm size in the primary 

annealed sample. It was also evident, that the Goss grains with a critical size, i.e., > 40 µm, in the 

primary annealed sample had completely disappeared and eliminated after the annealing at 

1070°C/8min, see the dashed blue and red areas in Figure 1f.  Some Goss grains remained 

relatively constant in size, see Point A and some had grown dramatically from a non-Goss nucleus, 

see Point B. However, there is a possibility of Goss formation from a very fine Goss nucleus, but 

this cannot be verified due to the EBSD resolution limitation and 2D observation utilised here. 

Unexpectedly, the majority of the Goss grains that were larger than surrounding grains were 

either diminished or unchanged after annealing. Whereas, the majority of the increased grain size 

over 60 µm, in Figure 1e, originated from unpredicted areas where Goss was absent, see Figure 1f. 

We also examined the grain size distribution and it was clear from Figure 1e, no significant 

disparity in the grain size distribution was found between primary annealed and 1070°C samples. 

As expected, due to the grain growth, the grain size in the range of 10-20 µm was reduced after 
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the 1070°C annealing and an increase was observed for the grains > 20 µm. It is therefore 

concluded that the grain growth was not exclusive for Goss grains at the early stage of AGG as 

previously thought, as there was insignificant texture alteration after annealing. Moreover, the V.F 

and grain size for each texture components were randomly distributed following annealing trials.  

 

3.2 Argument 2: Grain Boundary (GB) and CSL effect on Goss Grains AGG  

In addition to the set of experiments discussed in Argument 1, two extra sets were conducted to 

examine GB and CSL boundary effects on AGG. For the sample annealed at 1030 and 1070°C, the 

percentage of CSL boundaries did not change significantly as presented in Figure 2a. To validate 

this finding, the primary annealed sample was further annealed at 1000 and 1100°C for 20 min to 

observe the evolution at the later stage of AGG. The result was identical, see Figure 2b. This was a 

clear indication that CSL boundary evolution was rather random and no specific CSL increased 

remarkably. The small variations between different CSL percentages was rather dependant on the 

original microstructure and initial texture. The increased frequency of å9 in Figure 2b was due to 

its high amount in the original sample and its changes during annealing was negligible. The effect 

of grain boundary angle on grain growth was then investigated through characterising low (< 15°) 

and high angle (> 15°) grain boundaries, see Figure 2c. It was clear that high angle grain 

boundaries (HAGB)s > 25° in primary and secondary annealed samples at 1100°C/20 min were 

well fitted the Mackenzie random curve as indicated by the black lines over the bar charts. This 

grain boundary’s random distribution was not changed during AGG even at 1100°C. 

Microstructurally, we identified all the Goss grains (blue) in the EBSD maps, see Figures 2d1 and 

2e1, in the primary annealed sample and plotted the GB’s angles ranges values and CSL (å9 - å15) 

V.Fs (%) surrounding each texture components, see Figures 2d2 and 2e2.  
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It is apparent from Figures 2d1 and 2e1, microstructurally, and 2d2 and 2e2, statistically, that Goss 

grains show no distinct behaviour at this stage. The Goss grains, similar to other orientations were 

randomly surrounded by <10°, 10-20°, 20-45° and 45-60° grain boundary misorientation angles. 

The 20-45°GBs % V.F around Goss grains was even lower than that for Brass oriented grains in an 

EBSD scan area of over 10,000 grains; see Figure 2d1-2. Clearly, this observation does not support 

the 20-45° HAGB effect on Goss grain AGG phenomenon as previously thought. A similar 

observation was found concerning CSL boundaries. As can be seen in Figure 2e1, microstructurally, 

and 2e2, statistically, the CSLs boundaries around Goss grains were rather random and in fact the 

å7 and å9 which thought to be responsible for Goss AGG, were lower than that for Cube, Copper 

and Rotated Cube oriented grains. Furthermore, the calculated energy differences between å5, 

å7, å9, and å11 in literature are very small and it is unreasonable to suggest that this insignificant 

energy dissimilarity is responsible for Goss growth in a range of a few millimetres or even 

centimetres in some cases. Finalising this argument, we can assertively state that grain boundary 

characteristics and CSL types around Goss grains have insignificant effect on Goss grain growth at 

the early stage of AGG.  

 

3.3 Argument 3: Dislocations, Stored Energy and Taylor Factor effects on Goss AGG 

A set of experiment was specifically designed to study the effect of deformation degree, 

dislocation density and stored energy on Goss AGG. A cold rolled 3.2% Si steel (Figure 3a) was 

annealed interruptedly for 3, 4 and 5 minutes as presented in Figures 3b-d. The calculated 

Geometrically Necessary Dislocation (GND) maps are shown beneath each IPF//RD maps and the 

average GND values for each texture component are presented in Figure 3f. The a-fibre contains 

higher GND density than the g-fibre in the cold rolled specimen, see Figure 3a1-a2. This has 

continued during subsequent annealing and the majority of GNDs were accumulated in the 

Rotated Cube texture component that is part of the a-fibre, see Figure 3 b-d and 3f. It appears 
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that the g-fibre recovered (dislocation annihilation process) and recrystallised considerably faster 

than the a-fibre during annealing. The GND maps/chart (in Figures 3a-d and f) as well as the Tayler 

Factor (T.F) map/chart (Figure 3e and g), clearly show that GND and T.F values of different 

oriented grains are distributed and evolved rather randomly with annealing time. The Goss grains 

did not exhibit the lowest GND or T.F as previously believed in literature but were very similar to 

other orientations. The insignificant difference of Goss grains average GND and T.F values with 

other grains and its random changes during primary annealing cannot be responsible for AGG or 

early Goss growth.  

 

To rationalise the assumption that Goss (low T.F and GND) surrounded by high GND and T.F grains 

is responsible of AGG, we plotted (Figure 3e2) and calculated (Figure 3h) the Goss neighbouring 

grain volume fractions. It was evident that this assumption was not correct as reported in 

literature as the Goss grains were equally neighbouring high and low T.F grains irrespectively. 

Moreover, Goss grains seems to have larger numbers of Goss neighbours than Rotated Cube (high 

GND) or Rotated Goss, Cube and Copper (high T.F values). This set of experiments clearly showed 

that Goss’s low Taylor Factor and GND can change during primary annealing and its differences 

with other orientations are insignificant for Goss AGG.  

 

3.4 Theory 1: Heat Directional Growth; Heat Flow Direction effects on Goss AGG  

Three different geometrical annealing configurations were designed to investigate the effect of 

heat flow and direction on Goss AGG: standard free flow heating (Figure 4a), direct exposure to 

heat flux on one side only (Figure 4b) and directional heating in a specific targeted angle (Figure 

4c). From Figure 4a, it is clear that the AGG has occurred at both right (R) and left (L) hand sides 

(HS) of the sample when exposed to heat flow on both sides. However, the AGG was not observed 

from the top and bottom sides of the samples as the furnace heating direction was horizontal 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 11 

along RHS and LHS directions, see the enlarged images in Figure 4a. A slight stronger AGG 

observed in the RHS, may be due to stronger external heat flux in this particular side and the 

furnace condition. However, for all the tested samples using this condition the AGG direction was 

observed to be parallel to heat flow direction. The 2nd annealing condition was conducted by 

covering the RHS of the sample using a thermal insulator of Vermiculite treated silica cloth and 

Fiberfrax, see Figure 4b. It is clear from the figure and magnified images, that the AGG is only 

occurred in LHS of the sample and normal grain growth in the RHS. It appears that other 

orientations were grown on the edge of the sample’s LHS, but only Goss grains finally won the 

competition and grew abnormally. The 3rd condition was designed to monitor the AGG at specific 

angles of heating flow direction, an example is shown in Figure 4c. The AGG of Goss grain along 

(110) plane and the heating direction is evident when the sample was rotated by 45° to control 

the Goss AGG direction. At the early stage of AGG, the Goss predomination among other 

orientations was visible in the magnified image in Figure 4c. Moreover, a few, but not all, Goss 

grains could grow abnormally along two (110) planes. This is well matched with FCC Silicon crystal 

growth direction along (110) plane and (110) <100> orientation [38-40] and it appears to be also 

true for Fe BCC structure. The Goss AGG continues benefiting from grain size and orientation at 

this stage.  

 

It is also established that the thermal conductivity increases with increasing grain size [39, 40] and 

this will further strengthen the continuation of Goss grain AGG. From the directional heating/AGG 

trials, we established that at the initial stage of AGG, Goss grains grew and annexed other oriented 

grains as the (110) planes expanded and grow dramatically when it was parallel to the heat flow 

direction depending on the heat flux amount. At the later stage of AGG, Goss was benefiting from 

its own orientation and size advantages as the thermal conductivity along (110) plane increased 

with increasing grain size.  
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The temperature gradient across the overall sample is anticipated between the edge and the 

centre of the sample. However, considering the sample size and steel conductivity, the 

temperature gradient cannot play a significant part in AGG mechanism as the entire sample was 

heated well above AGG temperature. The faster growth rate of Goss grains at the edge of the 

sample compared to other oriented grains shown in Figures 4, demonstrate that temperature 

gradient within individual grains is more influential parameter for AGG to occur than overall 

sample temperature gradient. It appears that the temperature flux was the driving force for the 

Goss grain growth superiority to other oriented grains at the edge of the sample at the first nano 

second of the exposure, allowing Goss grains to advance early. Furthermore, the temperature as a 

single parameter was not the critical factor for Goss AGG, as only Goss grains grown abnormally, 

whilst all other orientations have grown normally which subjected to the same temperature at the 

edge of the sample. Moreover, only Goss grains grow abnormally when the heat flow was aligned 

with a particular <110> as shown in Supplementary Figure S1. In S1, all 6 (110) slip trace was 

plotted for the maps shown in Figure 4. It is clear from the figure in S1 that the Goss grain growth 

direction was parallel to the heat flow direction and it is aligned perfectly with one or 2 of <110> 

directions. 

 

3.5 Theory 2: Heating Rate and Precipitate Dissolution effect on Goss Grains AGG 

In-situ annealing using neutron diffraction was conducted to investigate the lattice expansion of Fe 

BCC (Figure 5a-b), and texture evolution (Figure 5c), and AlN precipitate V.F changes (Figure 5d), 

using different heating rates. The first set of neutron experiment was performed through heating 

the primary annealed GOES from RT up to 1070°C with a heating rate of 50°C/min. The diffraction 

data were obtained every 2 minutes. Figure 5a-b only show 4 sets of data, where the dramatic 

changes occurred during the in-situ test. The peak shift was calculated using original RT peak 
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position as a reference point. The figure shows all Fe d-spacings have expanded gradually with 

increasing temperature. However, the lattice expansion rate was reduced after 1020°C. It is also 

evident from Figure 5b, that (110) d-spacing during BCC lattice expansion was the highest among 

all other planes, followed by (200). This (110) superior d-spacing expansion, has significantly 

maintained the growth of Goss grains along the heat flux direction during AGG as discussed in 

Theory 1 and will be demonstrated in Theory 3 (Section 3.6). Importantly, the high thermal 

conductivity in the (110) plane allowed the dissolution of AlN on Goss grain boundaries faster than 

in other orientations and promoted Goss AGG and success in the growth competition with other 

orientations. However, this type of thermal lattice expansion and grain growth need ultra clean 

materials with 0% precipitates as the precipitates can pin the grain boundary and restrict its 

movement. Thus, a second set of neutron experiments were conducted to measure AlN 

precipitates V.F % and texture evolution using different heating rates. As can be seen in Figure 5c, 

the overall texture remained constant up to 1040°C using high 50°C/min heating rate. At that 

point, the V.F of AlN precipitates was dropped due to sharp dissolution of AlN on the GBs, see 

Figure 5d. When the V.F of AIN reduced dramatically at 1070°C to 0.001, a clear texture change 

was observed. The a*-fibre and g-fibre (indicated on the ODFs) are completely disappeared at 

1100°C, where AGG of Goss grains is completed before final gradual elimination of AlN.  

It appears that using a fast heating rate, e.g., 50°C/min, dissolved the precipitates that pin the 

grain boundaries at high rate, and promoted AGG of Goss and other orientations, including 

Rotated Cube as shown in Figure 5c. This was further proved when we observed the texture 

changes during slower heating rate of 10°C/min at 1030°C and complete disappearance on a*-

fibre at 1040°C that lead to strong Goss texture generation at 1070°C, see Figure 5c. More gradual 

AlN elimination was achieved with a lower rate, up to 1040°C and a very sharp dissolution rate 

after 1040°C; see Figure 5d, that facilitated a GB precipitates free for Goss AGG. It is therefore, 
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recommended to perform secondary annealing at a low heating rate to produce stronger Goss 

texture.  

 

It should be emphasized here that Figure 5b, shows the difference in Dd-spacing and not d-spacing 

where the lattice planes expansion was compared to a reference point (strain free at RT). It is well 

established that a uniform expansion of the cubic lattice leads to differential absolute expansions 

of the different d-spacings with (110) d-spacing increases more than the (002) d-spacing by a 

factor of 2.03/1.43. However, from Dd-spacing variation data in Figure 5b, it is clear that the 

materials transformed to a lower symmetry, as it is indicated by the peak shifting in Figure 5a. To 

further clarify this further, Dd/d versus temperature was plotted in Figure 6, to check the validity 

of a higher-rate increase of d(110) in absolute values. Figure 6a shows (110) expansion was ~ 

similar to other planes up to 1070 C where the Goss AGG is started. This is has led to strong Goss 

texture in the Si steel annealed using low heating rate, see Figure 5c. However, this is not the case, 

when the same material annealed at high heating rate, see Figure 6b. It is clear from the figure 

that (200) has the highest expansion rate at all temperatures, leading to strong ~ Cube texture, see 

Figure 5c. This clearly indicates on the effect on particular lattice plane expansion ratio on texture 

development during AGG. As discussed previously this is dependent on alignment of specific plane 

direction along the heat flow to promote the expansion a particular lattice plane over others in the 

same crystal system. This is only valid if the BCC symmetry is reduced, which will be discussed in 

Section 3.6     

 

3.6 Theory 3: The effect of Si on a-Fe lattice distortion  

In general, cubic crystalline materials including BCC and FCC structures, have equal thermal 

expansion coefficient in all three principle directions. It is also well established that thermal 

expansion and thermal conductivity are symmetric second rank tensor and not directionally 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 15 

dependant. Thus, here we assume that ideal Goss grain with prefect crystal structure, same as any 

other oriented grains, is elastically expanding at high temperatures equally in all X, Y and Z 

directions based on its BCC unit cell isotropic property. However, different lattice plane 

expansions within same unit cell as observed in Figure 5b is crystallographic probability. It is 

believed that the BCC lattice is slightly distorted by the addition of Si atoms to a-Fe unit cell in Fe-

3%Si steel. The Si atoms that occupy substitutional sites in BCC unit cell, has 0.2 nm atom 

diameter, whereas a-Fe has 0.248 nm. This slightly smaller Si atoms make the Fe BCC lattice to be 

contracted according to [45,46]. The lattice parameter, aa, decreases with increasing Si content: 

 

aa = 0.2861 - 0.00015 %Si (aa in nm and Si < 5 wt.%)…………………… [45] 

 

According to the commonly accepted phase diagram of iron–silicon alloys, there are three basic 

phases (α, α1, α2). These phases are solid solution disordered (the case in this study with 3.2 wt.% 

Si) or with a short-range order (α), and structures with a long-range order of the DO3 type (α1) and 

the B2 type (α2) [47]. Although, the addition of Si in BCC iron was investigated by many 

researchers to improve the magnetic property of Si steel, however, the effect of Si atoms on 

lattice distortion is rarely studied. Instead most studies focused on nano structural materials or 

ordered structures in order to study the magnetic properties with very high Si content [48-50]. 

Nonetheless, they established the fact that with increasing Si contents, the lattice distortion 

increases. Moreover, F. Lin, et al. [51] claimed that with increasing temperature up to 500°C, the 

(220) peak has shifted from 44.8° at RT to 45.3° at 500 °C. N. Overman. et al., [52], studied Fe-Si (3-

8 wt.%) physical property, and they demonstrated that with increasing Si content, the lattice 

distortion increased and caused peak shifting even without altering the a-Fe BCC crystal structure. 

Similar finding was reported in 4.9 -5.8 % Si single crystal a-Fe in [53].  
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It should be emphasized here that this different plane expansions reported here and in literature 

is not necessarily to be observed as an overall bulk expansion in the three principle directions. The 

(110) lattice expansion superiority over the other lattice planes demonstrated in the current study 

is also observed in BCC beta titanium with addition of hydrogen as a solid solution of the BCC 

structure [54]. S. Shantilal [55] also used X-ray diffraction to measure thermal lattice expansion of 

Fe BCC at low temperatures. He claimed that the influence of impurities on Fe lattice parameter 

increases with increasing temperatures. S. Kim, et al [56] claimed that the thermal expansion 

coefficient of Fe BCC is very low, however, the volume variation may be considerable. Moreover, 

Z. Feng [57] applied Vegard’s law [58] and concluded that the unit cell lattice parameter of an 

alloy, at a given temperature, changes linearly with the concentration of the substitutional 

elements. In general, depending on the substitutional element, the lattice expansion was observed 

in α-Fe at various temperature ranges. Figure 7 show the lattice parameter increased with 

increasing temperature, which is in agreement with the previous literature. It is recognised that 

the elements in the periodic table to the left of Fe, expand α-Fe lattice spacing due to their bigger 

sizes compared with Fe atoms. However, the elements in the periodic table to the right of Fe, that 

are smaller than Fe atoms (the case of Si), also displayed a lattice expansion due to the exchange 

repulsion between nearly filled d shells [57, 59]. It is postulated that with decreasing atoms 

distance, the electron clouds approach each other further, and their electronic charge 

distributions overlap. This leads to a reduction of electron density between the atoms due to the 

Pauli exclusion principle [59]. The atoms nuclei that are positively charged will not then be 

shielded completely from each other and create a repulsive force between them, causing lattices 

expansion [57-59]. This is also in agreement with Figure 8 where Si atoms is smaller in size 

compared with Fe atoms. 

 

Rationally, we think there are two major evidences of the influence of Si atoms on Goss AGG: 
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(i) Goss grains do not grow abnormally or preferentially in other alloys including Ni, Cu, Al 

alloys as well as BCC steels with no Si and Al contents (Chemical Composition and 

Lattice Structure Factors).  

(ii) Not all Goss grains in the same deformation band in the cold rolled as well as in the 

primary annealed electrical steel sheets can grow abnormally (Selective Goss AGG).  

  

This leads us to emphasise that the Si atom position in Fe BCC is a key in Goss AGG in Si Steel, see 

Figure 8. Thus, we further considered the effect of Si content on the peak shifting observed in the 

current study, Figure 5a. It was clear from Figure 7 that the lattice expansion, i.e., lattice 

parameters, increased with increasing temperature. It was also evident that the d-spacing of the 

individual crystallographic lattice planes were changed differently, see Figures 5b and 6. It should 

be emphasised here, this type of peak shifting along with peak broadening is also reported in 

other BCC structure during high temperature exposure [60, 61] and polycrystalline FCC [62]. It 

should be also remembered that (110) has a larger d-spacing (2.323 Angstrom) in an ideal a-Fe 

BCC structure than that for (100) at RT [63] and it appears here that its D d-spacing increased with 

increasing temperatures (especially above 1070°C) at higher rate than other planes, see Figure 5b.  

 

Further observation of Figure 5a revealed that peaks splitting, and broadening occurred after 

1070°C, where dramatic AGG starts. Some areas of the diffraction peak in Figure 5a and beyond 

1070°C are enlarged for further clarifications. For instance, Figure 9, show peak boarding of (110) 

peak from initial FWHM of 0.002147 at RT to 0.018126 A at 1070°C. The raw data with simple 

peak fitting is shown in the same figure. Figure 10 shows (110) peak partial splitting that occurred 

at 1070°C and further progressed at 1100°C and 1200°C. The figure shows the critical breaking 

points on the (110) peak that are formed and increased with increasing temperature, indicating on 

further split of the (110) peak with increasing temperature. It should be emphasized here, only 
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partial and not fully peak split observed in the current study. Furthermore, the peak splitting was 

also apparent in (200) peak as shown in Figure 11. It is well established that peak broadening 

might be correlated to strain, dislocation density, grain size as well as symmetry reduction [64, 

65]. However, it our case, the material was fully annealed, thus, most of the peak broadening may 

be related to grain size changes during grain growth as well as BCC symmetry reduction at high 

temperatures. It is also well established that, peak splitting is an indication of phase 

transformation to a lower symmetry. For example, from cubic to tetragonal, or from tetragonal to 

orthorhombic [66, 67]. These observations indicate that at 1070°C, where the dramatic AGG 

started, the Goss grain did not grow symmetrically, and it changed to much lower BCC symmetry 

when further annealed to 1100°C and 1200°C. It should be noted that peak splitting can also 

occurs as a result of substructure and sub boundary formation as reported in [68]. However, the 

data obtained in the current study was above AGG condition for 3% Si steel where the grains were 

fully recrystallised, and the Goss grain grown abnormally, thus no sub boundary could be created 

in such a condition.    

 

From our basic Si atomic position calculations, we assume that in the disordered solid solution a-

Fe cubic structure if Si atoms occupy 2 or more of the 8 corners (e.g., (1,1,1 and (0,0,0) cubic 

atomic positions), replacing Fe atoms substitutionally, see Figure 8c, this atomic configurations will 

make 2 out of the 6 (110) plane d-spacings slightly even greater than that for other 4(110), (001) 

and other principle planes. However, if Si atom occupy only the centre position (½, ½, ½) or 1 or 2 

non-opposite corners of the a-Fe cubic unit cell, the superiority of (110) D d-spacing variation will 

not occur at the very high temperatures, see the atomic configurations in Figures 8a and 8b. Thus, 

it is reasonable to assume that not all the Goss grains in Fe-3% Si steel can abnormally grow in the 

same sheet or the deformation band unless Si atoms occupy the right positions to unbale only 2 of 

the 6 (110) planes expansion possible. This clearly explains the Goss grain AGG in two of (110) 
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planes in Figure 4c. In fact, we strongly believe that the lattice distortion occurrence due to Si 

additions in a disordered a-Fe unit cell, provides a great crystallographic advantage for Goss grain 

AGG.  However, further study and appropriate atomic simulation are needed to identify the exact 

Si atoms position in a-Fe unit cell that can satisfy the preferable lattice distortion and atomic 

configurations for Goss AGG.  

 

3.7 Closing Theory for AGG of Goss Orientation  

Figure 12 depicts the Goss AGG mechanism in GOES. Initially the addition of Si contents into a-Fe 

unit cell can distort the ideal BCC lattice parameters in favour of 1 or 2 of the 6 (110) planes 

expansion and superior ∆ d-spacing during thermal exposure. Based on the Si atoms position and 

configuration in a-Fe BCC unit cell, not all Goss grains can grow abnormally. Thus, only limited 

number of Goss grains will satisfy the (110) superior ∆ d-spacing condition and can grow 

abnormally, consuming other orientations including other Goss grains with unfavourable unit cell 

configurations as described in Section 3.6. In the early stage of AGG 2 or less of the 6 (110) planes 

have the highest expansion among other crystallographic planes which results in highest ∆ d-

spacing. This assists greatly in accelerating the heat flux along (110) planes to reach the Goss GB 

first and dissolve AlN faster than in any other orientations. This clean, i.e., precipitate free, GB 

increases Goss GB mobility in the heat flow and growth directions to win the growth competition 

with other oriented grains. At a later stage of AGG, as the thermal conductivity increases with 

increasing grain size, the Goss grain grows dramatically along (110) planes where the heat flows 

rapidly in the Goss growth direction.  

 

4. Conclusions: 

We concluded that Goss oriented grains do not have size, orientation and grain boundary 

characteristic advantages during the early stage of AGG as they grew in a very similar manner to 
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other orientations (Figures 1-3). However, at the later stage of AGG the large Goss grain increases 

the thermal conductivity as they have proportional correlation (Figure 4). The dislocation 

accumulation, stored energy and T.F values are not correlated to Goss AGG (Figure 3) but rather to 

recrystallisation stage. It is demonstrated here, that the Goss AGG mechanism can be theorised via 

heat flow directional control of the grain growth (Figures 4 and 12) and lattice distortion via Si 

addition to a-Fe BCC unit cell (Figures 5-8). From in-situ trials using neutron diffraction it was 

evident that the heating rate has a direct influence on the texture control through retarding and 

advancing the dissolution of precipitates that effect Goss AGG. For manufacturing and industrial 

benefits, it is recommended to use a low heating rate to obtain sharp Goss texture to reduce 

power loss in power transformation. Finally, the heat flow induced Goss AGG, will require a 

change in the current GOES manufacturing route if the concept is industrialised.  
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Table Captions: 

 

Table 1: Chemical composition (wt.%) of the final GOES product used in this study with the 

remaining of Fe. 

 

Figure Captions: 

 

Figure 1: The volume fraction (%) of each texture components (Cube, Goss, Brass, Copper, a-fibre,  

g-fibre) in primary, 1030°C/10s and 1070°C/8min annealed specimens in (a), for only the grain size 

< 40µm in (b) and for the grains > 40µm in (c). The graphs show that Goss grain (average as well as 

40µm > Goss > 40 µm sizes) were behaved similarly to other orientations during early stages of AGG 

and they do not have size or orientation advantages. (d) EBSD Invers Pole Figure (IPF) // Rolling 

Direction (RD) map of primary annealed sample showing an example of the large EBSD data set used 

for the statistical volume fraction calculations to plot the graphs in (a-c). (e) showing grain size 

distribution of both primary and 1070°C/8min annealed samples. (f) EBSD texture component maps 

for the same area that is marked in the primary and 1070°C annealed samples to observe the 

evolution of each oriented grains during early stage of AGG, the same colour specification for each 

texture components is used in the graph in (a-c) and (f) for comparison purposes. 

 

Figure 2: Overall volume fraction (%) of CSL boundaries for primary, 1030°C/10s and 1070°C/8min 

annealed specimens in (a) and for primary, 1000°C /20min and 1100°C/20min annealed specimens 

in (b). Grain boundary distribution of primary and 1100°C/20min annealed samples is shown in (c), 

the Mackenzie plot (thick black curve) is fitted the HAGBs indicating of their random distribution. 

The Goss oriented grains are highlighted in “Blue” within the EBSD grain boundary map in (d1) and 

CSL boundary Map in (e1). The grain boundary misorientation degree and CSL type volume fraction 
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(%) surrounding each orientation are plotted in (d2 and e2) showing their random distribution 

around Goss and other oriented grains. Area 1 and Area 2 indicated in (d1 and e1) are magnified to 

show examples of CSL and GBs types boundaries around Goss grains.  

 

Figure 3: (a1, b1, c1, d1) show EBSD Inverse Pole Figure IPF// Rolling direction (RD) for cold rolled, 

annealed for 3 minutes, 4 minutes and 5 minutes, respectively. (a2, b2, c2, d2) show the calculated 

GND maps for the EBSD maps in (a1, b1, c1, d1). The (µm/µm3) unit for GND density is used. The GND 

maps showed a speedy recovery and recrystallisation of g-fibre compared to a-fibre. (e1) shows 

EBSD calculated Taylor Factor map for (b1). (e2) shows the Tayler Factor maps for only the grains 

that neighbouring Goss grains. This map shows the Goss grains are surrounded randomly with high 

and low Taylor Factor grains. (f) shows the average GND dislocation density values for each texture 

components for the samples annealed at 850°C for 3 minutes, 4 minutes and 5 minutes. (g) shows 

the average Taylor Factor values for each texture components for the samples annealed at 850°C 

for 3 minutes, 4 minutes and 5 minutes. (h) shows statistical distribution of Goss neighbouring grain 

volume fractions (%). The graph shows that the Goss grains have more Goss neighbours than Cube, 

Rotated Cube, Rotated Goss and Brass and Copper grains.  

 

Figure 4: Three different geometrical annealing configurations: (a) standard free flow heating on 

both RHS and LHS of the sample, (b) direct exposure to heat flux only on one side of the sample, (c) 

directional heat targeted in a 45° angle to the sample. In all cases the heat flow was parallel to Goss 

growth direction, i.e., (110) planes. Magnified images are shown for both RHS and LHS in (a) and (b), 

but only for LHS in (c) as the RHS in (c) was identical to the RHS in (b) where only normal grain growth 

occurred.  
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Figure 5: The diffraction data obtained during in-situ annealing at ISIS neutron diffraction facility 

from RT up to 1070°C using primary annealed GOES material is shown in (a). A magnified (110) peak 

is shown beside (a) to signify the lattice expansion (d-spacing changes) at high temperatures. The 

change in lattice parameters, i.e., interplanar d-spacing in Angstrom, with temperature is shown in 

(b) for different lattice planes. (c) showing the texture evolution with temperature at different 

heating rates, the texture represented in j2 =45 Orientation Distribution Function (ODF). (d) 

showing the evolution of AlN precipitates with temperature in a table, the dissolution rate vs. 

temperature is also plotted for different heating rates.  

 

Figure 6: Dd/d versus temperature graphs during in situ annealing using (a) low heating rate of 

(10°C/min) and (b) high heating rate of (50°C/min). 

 

Figure 7: The lattice parameter (a) in cubic BCC vs. temperature calculated using neutron diffraction 

data during in-situ thermal exposure trails. The figure shows the lattice parameters increased with 

increasing annealing temperatures.  

 

Figure 8: (a1, b1, c1) and (a2, b2, c2) showing Fe (brown balls) and Si (grey balls) atomic configurations 

of disordered solid solution a-Fe cubic unit cell in (100) and (110) plane views, respectively. (a1, a2) 

showing small Si atom occupying the substitutional Fe atom in the centre position (½, ½, ½). (b1, b2) 

showing small Si atom occupying the substitutional Fe atom in one corner (1, 1, 1). (c1, c2) showing 

small Si atoms occupying the substitutional Fe atoms in (1,1,1) and (0,0,0) cubic atomic positions. 

 

Figure 9: (110) peak broadening occurrence at high temperatures. The FWHM unit is in Angstrom. 

The broadening mostly correlated to the Goss grain growth and BCC symmetry reduction. 
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Figure 10: (110) peak splitting at 1070°C and progressed at 1100°C and 1200°C. The critical 

breaking points on the (110) peak are shown, indicating on partial split of the (110) peak with 

increasing temperature. Goss grain did not grow symmetrically, and it changed to lower BCC 

symmetry when further annealed to 1100°C and 1200°C.  

 

Figure 11: (200) peak splitting and broadening indicating on the reduction of BCC symmetry. 

 

Figure 12: The mechanism of Goss AGG in GOES. The initiation of AGG is shown in GOES during 

secondary annealing at 1070°C/8min.  

 

Supplementary Caption: 

 

S1: Slip Trace Maps (a,b,c) for the EBSD maps shown in Figure 4 (b and c). The Goss abnormal grain 

growth was parallel to heat flow and one or 2 <110> directions. 
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