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Abstract: Cylindrical Fe-6.5wt.% Si bars with 7.5 mm in diameter were successfully fabricated from 11 
as cast ingot through three rolling stages within 10 passes: rough rolling at 850–900 °C and 8–10 12 
m/min, medium rolling at 800–850 °C and 10–15 m/min, and finish rolling at 800–850 °C and 12–18 13 
m/min. The evolution of microstructure, texture and ordered structure, and the mechanical 14 
property are investigated. The results showed that the grains were refined by the hot bar rolling. 15 
Area fractions of the {100}<011> oriented grains and the {011}<100> oriented grains decreased to 0 16 
during the hot bar rolling. Whereas, the {100}<001> component, the {011}<211> component and the 17 
{112}<110> component increased, and γ fiber with {111}<110> component was dominant. DO3 18 
ordered phase were suppressed, and B2 ordered domains were refined after the hot bar rolling. 19 
Ductility of the as rolled bar was higher than that of the rotary swaged bar, due to the absence of 20 
the DO3 ordered phase and the fine grains in the rolled bar. Hence, the hot bar rolling technology is 21 
an excellent process to fabricate the Fe-6.5wt.% Si bars. 22 

Keywords: Fe-6.5wt.% Si alloy; hot bar rolling; microstructure; texture; mechanical property 23 
 24 

1. Introduction 25 

Fe-6.5wt.% Si alloy has excellent soft magnetic properties such as high electrical resistance, high 26 
relative permeability, nearly zero magnetostriction, low coercive force, and low iron loss, which 27 
make this alloy promising in high frequency fields, such as transformers, power generators and 28 
electric relay [1, 2]. However, it is very brittle at room temperature because of ordered structures 29 
such as B2 (Pm3m) and DO3 (Fm3m) forming in this alloy [3, 4]. Various techniques have been 30 
developed to produce plates to avoid the room-temperature embrittlement, e.g., chemical vapor 31 
deposition [5], hot dipping [6], spray forming [7-9], rapid solidification [10-12], direct powder rolling 32 
[13]. Moreover, a hot-warm-cold rolling method combined with proper heat treatments was 33 
reported to fabricate the sheets of thickness 0.03‒0.05 mm [14-16].  34 

Recent patents [17] revealed that transformers can be constructed by coiling silicon steel wires 35 
on a copper conductor. This suggests that the high silicon steel wires with outstanding soft magnetic 36 
properties can be a good choice for industry application. Previously, Fe-6.5wt.% Si wires with 37 
diameter of 1.6 mm were prepared through die forging, hot rotary swaging, and hot drawing 38 
process [18]. However, the coarse and inhomogeneous grains, and the poor surface quality of the 39 
rotary swaging bars result in the low productivity of wires. This hinders the production of the 40 
Fe-6.5wt.% Si wires. These problems mentioned above can be solved by bar rolling [19]. In fact, 41 
rolling is an efficient way to produce bars and wires from as cast ingots. Because the Fe-6.5wt.% Si 42 
alloy exhibited low formability in sheet rolling [20], systematic research on optimizing 43 
microstructure, surface quality and mechanical property need to be carried out to improve the bar 44 
productivity. 45 
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Recently, a lot of researches [21, 22] involve the texture evolution of rolling process of the 46 
Fe-6.5wt.% Si sheets. However, there are few reports on bar rolling. The bar rolling technology 47 
differs greatly from the sheet rolling technology in temperature, rolling force and rolling torque. 48 
Hence, it is also necessary to investigate the texture evolution during hot bar rolling. 49 

In this paper, a series appropriate parameters for hot bar rolling the Fe-6.5wt.% Si alloy were 50 
determined. The evolution of microstructure, texture and ordered structure were investigated, and 51 
the mechanical property of the Fe-6.5wt.% Si bars was studied to obtain the excellent mechanical 52 
property to improve the drawing efficiency of the Fe-6.5wt.% Si wires. 53 

2. Materials and Methods  54 

2.1. Starting materials 55 

Fe-6.5wt.% Si alloy ingots were prepared by melting pure iron (99.5wt.%) and metallic silicon 56 
(99wt.%) in vacuum through induction heating. Figure 1 shows a process flow chart of various 57 
shapes of the starting Fe-6.5wt.% Si alloy. The ingots were forged into square billets (cross section of 58 
24×24 mm2) and rods (diameter of Φ13 mm) at 800–1100 °C. Subsequently, the as forged rods were 59 
hot rotary swaged into thin bars (diameter of Φ6 mm) at 850–950 °C. The chemical composition is 60 
listed in Table 1. 61 

 62 

Figure 1. Process flow chart of various shapes of the Fe-6.5wt.% Si alloy. 63 

Table 1. Chemical composition of Fe-6.5wt.% Si alloy (wt.%). 64 

C Si Mn S P Ti B Fe 

0.009 6.510 0.015 0.0009 0.054 0.005 0.0004 Bal 

2.2. Rolling equipment 65 

Fe-6.5wt.% Si bars were prepared by Φ 120 Hot Rolling Mill. The Fe-6.5wt.% Si alloy were 66 
heated by WX3–75–9 Heat-treatment Furnace (Dotrust Exact Science, Beijing, China). 67 

2.3. Microstructures and mechanical properties characterization 68 

Specimens of the Fe-6.5wt.% Si bars were polished and etched with a solution of 5% HNO3 in 69 
deionized water. Microstructures were observed by an optical microscope (Zeiss, Jena, Germany). 70 
Micro-hardness of the corresponding sample was examined by 402MVD micro-hardness indenter 71 
(Wolpert Wilson Instruments, Shanghai, China). 72 

Texture of the specimen was detected by Electron backscattered diffraction (EBSD) detector 73 
mounted on the ZEISS SUPRA 55 scanning electron microscope (Oxford Instruments, Oxford, UK). 74 
HKL Channel 5 programs were used for processing the datum such as orientation distribution 75 
functions (ODFs) and texture components of the specimens with a deviation of 15°. 76 

Ordered structures during the hot bar rolling were investigated by Tecnai G2 F30 transmission 77 
electron microscopy (TEM) (Thermo Fisher Scientific Inc., Hillsboro, USA). The specimens were 78 
made by electropolishing in a solution of 5% perchloric acid and 95% ethanol at a voltage of 30 V at 79 
-20 °C. 80 
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Tensile ductility of the Fe-6.5wt.% Si bar was measured by DDL50 high temperature electronic 81 
universal testing machine (Sinotest Equipment Co., ltd., Jilin, China). The tensile tests were carried 82 
out at strain rate of 5×10-4 s-1 and at temperature ranging of 600–800 °C 83 

3. Fabrication of Fe-6.5wt.% Si bars by hot bar rolling technique 84 

Rolling temperature, rolling pass, and rolling groove are major parameters in the shape rolling 85 
design process [23, 24]. The design of these parameters referred to the achievement of predecessors 86 
[19, 25]. Figure 2 shows a process flow chart of hot bar rolling for the Fe-6.5wt.% Si alloy. 87 

 88 

Figure 2. Process flow chart of hot bar rolling for the Fe-6.5wt.% Si alloy. 89 

3.1. Rolling temperature and rolling pass 90 

The rolling temperature depends on the high-temperature mechanical property of the Fe-6.5wt.% 91 
Si alloy. The rolling pass can be calculated, according to the shape and size of the forging and the 92 
bar. Φ7.5 mm bars were prepared through three rolling stages with 10 passes: rough rolling at 850–93 
900 °C and 8–10 m/min, medium rolling at 800–850 °C and 10–15 m/min, and finish rolling at 800–94 
850 °C and 12–18 m/min. 95 

3.2. Rolling groove and deformation ratio 96 

The rolling grooves are determined by the deformation ratio and the flow stress. The hot bar 97 
rolling parameters including rolling pass, groove system, and deformation ratio are listed in Table 2. 98 
The hexagon-square-oval-square sequence was used as the rough rolling stage to obtain rapid 99 
reduction of sectional area. According to our previous study [26], a 50%-deformation was chosen in 100 
order to obtain stable and secure microstructure transformation, and improve the workability. The 101 
oval-square-oval-round sequence and the medium deformation ratio of 30% were designed as the 102 
medium rolling parameters to improve surface quality. The oval-round sequence and the 103 
15%-deformation were used to achieve exact dimensions during the finish rolling. 104 

Table 2. Chemical composition of Fe-6.5wt.% Si alloy (wt.%). 105 

Rolling stage Pass Groove Area (mm2) Elongation coefficient Deformation ratio  

‒ 0 Square - S0=576.0 ‒ ‒ 

Rough rolling 

1 Hexagon S1=409.5 μ1= S0/ S1=1.41 L0/ L1=41% 

2 Square S2=269.0 μ2= S1/ S2=1.52 L1/ L3=52% 

3 Flat oval S3=182.8 μ3= S2/ S3=1.47 L2/ L3=47% 

4 Square S4=136.9 μ4= S3/ S4=1.33 L3/ L4=33% 

Medium rolling 

5 Flat oval S5=102.6 μ5= S4/ S5=1.33 L4/ L5=33% 

6 Square S6=81 μ6= S5/ S6=1.27 L5/ L6=27% 

7 Flat oval S7=64.5 μ7= S6/ S7=1.26 L6/ L7=26% 

8 Round S8=56.7 μ8= S7/ S8=1.14 L7/ L8=14% 

Finish rolling 
9 Flat oval S9=49.1 μ9= S8/ S9=1.15 L8/ L9=15% 

10 Round S10=44.2 μ10= S9/ S10=1.11 L9/ L10=11% 
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3.3. Rolling gap 106 

The rolling gap also influences the rolling stability and the shape of materials. In the rough 107 
rolling stage and the medium rolling stage, the rolling gap was adjustable, and the profile geometry 108 
was variable, which were conducive to reducing the risk of metal twisting. At the stage of the finish 109 
rolling, the rolling gap decreased to 0 to ensure the shape and the surface quality. 110 

4. Results and Discussion 111 

4.1. Microstructure evolution 112 

Figure 3 shows microstructures of the as forged Fe-6.5wt.% Si alloy along radial direction (RD) 113 

and axial direction (AD). The coarse grains were inhomogeneous, and the grain sizes along RD and 114 

AD were similar before the hot bar rolling, as shown in Figure 3a and 3b. It indicates a full 115 

recrystallization and grain growth due to the long tempering time during the forging. 116 

 117 

Figure 3. Microstructures of the as forged Fe-6.5wt.% Si alloy along (a) radial direction and (b) axial 118 

direction. 119 

Figure 4 shows microstructure evolution of the Fe-6.5wt.% Si alloy along RD during various 120 

rolling passes. The coarse and inhomogeneous grains were refined, and the grain size decreased 121 

with the increase of the total deformation. The small deformation along RD and the high rolling 122 

temperature (> 800 °C) result in the appearance of the dynamic recrystallization [27], which lead to 123 

the grains refining. 124 
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 125 

Figure 4. Microstructure evolution of the Fe-6.5wt.% Si alloy along radial direction during various 126 

rolling passes: (a) the 4th pass; (b) the 6th pass; (c) the 8th pass; (d) the 10th pass. 127 

Figure 5 shows the microstructure evolution of the Fe-6.5wt.% Si alloy along AD during various 128 

rolling passes. The coarse grains were deformed and elongated along AD after the rough rolling, as 129 

shown in Figure 5a. At the stage of medium rolling, the elongated grains at the edge were 130 

recrystallized, whereas the deformed grains kept elongated at the center, as represented in Figure 5b 131 

and 5c. It indicates that dynamic recrystallization occurs at the edge, owing to the large deformation. 132 

However, the small deformation cannot meet the conditions of the dynamic recrystallization, and 133 

the recrystallization will not occur at the center. In the finish rolling stage, the equiaxed grains 134 

instead of the elongated grains existed in the Φ7.5 mm bars due to the full dynamic recrystallization, 135 

as shown in Figure 5d. 136 
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 137 

Figure 5. Microstructure evolution of the Fe-6.5wt.% Si alloy along axial direction during various 138 

rolling passes: (a) the 4th pass; (b) the 6th pass; (c) the 8th pass; (d) the 10th pass. 139 

Figure 6 shows the variations of the grain sizes and the micro-hardness during the hot bar 140 

rolling. It was observed that the grains were refined, with the size decreasing from 285 to 98 μm 141 

along RD, and from 300 to 108 μm along AD, as represented in Figure 6a. The micro-hardness along 142 

both RD and AD decreased slightly from 400 HV during the bar rolling, and then increased to 400 143 

HV, as shown in Figure 6b. Specially, the value (AD micro-hardness ‒ RD micro-hardness) increased 144 

from 3 HV to 17 HV, and then decreased to 3 HV. 145 

 146 

Figure 6. Variations of (a) the grain sizes and (b) the micro-hardness of the Fe-6.5wt.% Si alloy during 147 

the hot bar rolling. 148 

4.2. Texture evolution 149 

Figure 7 shows the φ2 = 0° and φ2 = 45° ODF sections of the Fe-6.5wt.% Si alloy during the hot 150 

bar rolling. Figure 8 summarizes the typical texture components with a deviation of 15°. Combining 151 
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Figure 7a and 8a, the sample exhibited α fiber with {100}<011> component (Rotation‒cube texture), γ 152 

fiber with {111}<110> component, and η fiber with {011}<100> component (Goss texture) after the 153 

rough rolling (the 4th pass). Furthermore, the area fractions of α oriented grains, γ oriented grains, 154 

and η oriented grains were 15.7%, 22.8% and 17.7%, respectively, as shown in Figure 8a.  155 

After the medium rolling (the 8th pass), the most striking feature of the texture was that γ fiber 156 

was the dominant component with a peak at {111}<110>, as shown in Figure 7b. There also existed 157 

other textures such as α fiber with weak {100}<011> component, and η fiber with weak {100}<001> 158 

component (Cube texture). The area fractions of α oriented grains, γ oriented grains, and η oriented 159 

grains were 8.7%, 35.9% and 10.0%, respectively, as shown in Figure 8b. 160 

Various kinds of textures existed in the finished rolling specimen (the 10th pass), such as α fiber 161 

with {112}<110> component, γ fiber with {111}<110> component, η fiber with {100}<001> component, 162 

and weak {011}<211> component (Brass texture), as represented in Figure 7c. It was observed that the 163 

area fractions of these textures were 14.5%, 12.7%, 9.2% and 7.5% in sequence. 164 

According to the cubic crystal symmetry and the nearly orthotropic symmetry of the hot bar 165 

rolling specimens, α fiber, γ fiber, and η fiber are the most relevant deformation textures for bcc 166 

metals during hot rolling [28, 29]. In addition, slip occurs along <111>‒type directions within the 167 

{110} planes during deformation, and the grain orientation evolves the {100}<011> orientation. 168 

Finally, the {100}<011> orientation of the grains rotates to the {112}<110> orientation [29]. Hence, the 169 

fractions of the {100}<011> component decreases, and that of the {112}<110> component increases. 170 

The high rolling temperature and low deformation ratio results in the full recrystallization and the 171 

grain growth for the Fe-6.5wt.%Si alloy in the finish rolling stage, which makes the γ fiber slightly 172 

weaken [30, 31]. 173 

From the above indications, the area fractions of the {100}<011> oriented grains and the 174 

{011}<100> oriented grains decrease to 0%, however, the area fractions of the {100}<001> component, 175 

the {011}<211> component and the {112}<110> component increase during the rolling. Notably, γ 176 

fiber with {111}<110> component is dominant during the hot bar rolling. 177 

 178 
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Figure 7. φ2 = 0° and φ2 = 45° ODF sections of the Fe-6.5wt.% Si alloy during hot bar rolling: (a) 179 

rough rolling; (b) medium rolling; (c) finish rolling. 180 

 181 

Figure 8. Texture components of the Fe-6.5wt.% Si alloy with a deviation of 15° during hot bar 182 

rolling: (a) rough rolling; (b) medium rolling; (c) finish rolling. 183 

4.3. Ordered structure evolution 184 

Figure 9 shows the diffraction patterns with [011] zone axes and the dark field image for B2 and 185 

DO3 in the as forged Fe-6.5wt.%Si alloy. The diffraction pattern indicates that there exist B2 and DO3 186 

ordered phases in the as forged sample, as represented in Figure 9a. The B2 domains and the DO3 187 

domains were visible in the dark field image using the (200) superlattice diffraction spot, and the 188 

(111) superlattice diffraction spot, respectively [32-34]. The size of the coarse B2 domains was 300‒189 

500 nm, and the fine DO3 ordered domains with 20‒40 nm were observed, as shown in Figure 9b and 190 

9c. Furthermore, smoothly curved a /́4 <111> anti-phase boundary (APB) was clearly observed in the 191 

Figure 9b [35]. 192 
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 193 

Figure 9. TEM micrograph of the as forged Fe-6.5wt.% Si alloy: (a) diffraction patterns with [011] 194 

zone axes; (b) dark field image for B2 using (200) diffraction spot; (c) dark field image for DO3 using 195 

(111) diffraction spot. 196 

Figure 10 shows the diffraction patterns with [011] zone axes and the dark field image for B2 in 197 

the rolled bar. Only the B2 diffraction spots were observed in the diffraction patterns. The 198 

characteristic diffraction spots of the DO3 ordered phases became so weak that its dark field image 199 

could not be obtained, as shown in Figure 10a. Moreover, the B2 ordered domains were refined, and 200 

its size was 40‒80 nm, as represented in Figure 10b. It indicates that the degree of order decreases 201 

after the hot bar rolling. 202 

 203 

Figure 10. TEM micrograph of the Fe-6.5wt.% Si alloy after finish rolling: (a) diffraction patterns with 204 

[011] zone axes; (b) dark field image for B2 using (200) diffraction spot. 205 

 206 
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4.4. Mechanical property 207 

Figure 11 shows the stress-strain curves for both the rotary swaged and hot rolled bars of 208 

Fe-6.5wt.% Si alloy at a strain rate of 5×10-4 s-1 and temperatures of 600–800 °C. The corresponding 209 

elongations and yield stresses are represented in Figure 12. The stress rarely increased with the 210 

strain after the yielding during the tension in all stress-strain curves (Figure 11). The elongation and 211 

the yield stress of the rotary swaged and hot rolled bars were similar at 600 °C, the values of which 212 

were almost 40 % and 320 MPa, respectively.  213 

At 700 °C, the stress remained constant (rotary swaging: 140 MPa, hot bar rolling: 125MPa) after 214 

the yielding (rotary swaging: 136 MPa, hot bar rolling: 120MPa). Similarly, the stress of the rotary 215 

swaged sample maintained the value of 30 MPa at 800 °C, and the stress of the hot bar rolled 216 

specimen kept a constant value of 21 MPa (Figure 11). These indicate that the dynamic softening 217 

offsets the work hardening, and, consequently, the stress remains stable during the tension at 700–218 

800 °C. Generally, as the deformation progresses, the dislocation proliferation takes place, and it 219 

subsequently leads to the increase of dislocation density. This results in the work hardening. 220 

However, due to the high temperature during the deformation, the dislocations cross slip and climb 221 

easily for high stacking fault energy materials such as the Fe-6.5wt.% Si alloy, which can reduce the 222 

dislocation density, namely, the dynamic recovery occurs. All of these lead to the dynamic softening 223 

offsets the work hardening [36]. Hence, the stress remains stable during the tension at 700–800 °C. 224 

The yield stress of the rotary swaged and hot rolled bars were similar, with the values of 130 225 

MPa (at 700 °C) and 20 MPa (800 °C), respectively. However, the elongation of the rotary swaged 226 

specimen was lower than that of the hot bar rolled sample at 700–800 °C, as shown in Figure 12a. 227 

Yang et al. [37] fabricated non-oriented Fe-6.5wt.% Si bars by hot rotary swaging, and the size of the 228 

coarse grain reached 800 μm. Coarse B2 ordered phase (500–1000 nm) and DO3 ordered phase (40–80 229 

nm) existed in the sample. More importantly, the DO3 ordered phase and the coarse grain make the 230 

ductility reduce [38]. Although most of the grains in the as rolled bars are no orientation, fine grains 231 

are obtained, especially, the DO3 ordered phase is suppressed. All of the factors result in higher 232 

ductility of the hot bar rolled specimen than that of the rotary swaged sample. Thus, the hot bar 233 

rolling is the better way to fabricate the Fe-6.5wt.% Si bars, compared with the rotary swaging. 234 

 235 

Figure 11. Stress-strain curves for both the rotary swaged and hot rolled bars of Fe-6.5wt.% Si alloy at 236 

various tensile temperatures. 237 
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 238 

Figure 12. (a) elongation and (b) yield stress for both the rotary swaged and hot rolled bars of 239 

Fe-6.5wt.% Si alloy at various tensile temperatures. 240 

Based on the design of the hot bar rolling technology and on the analysis of microstructures, 241 

textures, ordered structures, and mechanical property, the Fe-6.5wt.% Si bars with fine equiaxed 242 

grain were successfully fabricated. With the absence of DO3 ordered phase and the fine grain in the 243 

as bar rolled sample, a higher ductility of the as hot rolled bar can be obtained, compared with the 244 

rotary swaged bar. The hot bar rolling is a better method to fabricate the Fe-6.5wt.% Si bars to 245 

improve the processing efficiency of the Fe-6.5wt.% Si wires. 246 

5. Conclusions 247 

The hot bar rolling parameters of the Fe-6.5wt.% Si alloy were designed. The evolutions of the 248 
microstructure, texture and ordered structure were investigated, and the mechanical property of the 249 
Fe-6.5wt.% Si bars was studied. The following conclusions can be drawn: 250 
(1) The Φ7.5 mm Fe-6.5wt.% Si bars with fine equiaxed grain were successfully fabricated through 251 

three rolling stages: rough rolling (hexagon-square-oval-square) at 850–900 °C, medium rolling 252 
(oval-square-oval-round) at 800–850 °C, and finish rolling (oval-square-oval-round) at 800–850 253 
°C. 254 

(2) During the hot bar rolling, the area fractions of the {100}<011> oriented grains and the {011}<100> 255 
oriented grains decreased to 0, however, the {100}<001> component, the {011}<211> component 256 
and the {112}<110> component increased. Notably, γ fiber with {111}<110> component was 257 
dominant. 258 

(3) DO3 ordered phase were suppressed, and the B2 ordered domains were refined, leading to the 259 
decrease of ordering degree after the hot bar rolling. Higher ductility of the hot rolled bar was 260 
obtained, compared with the rotary swaged bar. Hence, the hot bar rolling technology is the 261 
excellent process to fabricate the Fe-6.5wt.% Si bars. 262 
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