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10 Abstract: The flow behavior of Fe-6.5wt.%Si alloys during hot compression was investigated at
11 temperatures 650-950 °C and strain rates 0.01-10 s. The results showed that the flow stress
12 depended distinctly on the deformation temperatures and strain rates. The flow stress and work
13 hardening rate increased with the decrease of temperature and the increase of strain rate. The
14 activation energy under all the deformation conditions was calculated to be 410 kJ/mol. The
15 constitutive equation with hyperbolic sine function and Zener-Hollomon parameter was
16 developed. The peak stress, critical stress, and steady-state stress could be represented as
17 0=A+BIn(Z/A). Dynamic recrystallization occurred under the deformation conditions where the
18 values of Z were lower than 10%. Processing maps were established to optimize the processing
19 parameters. The power dissipation efficiency decreased in the high temperature and low strain rate
20 region, increased in the high temperature and high strain rate region, and remained unchanged in
21 other regions with the increase of true strain. Furthermore, the unstable area expanded. The true
22 strain of 0.7 was the optimum reduction according to the processing map. Based on the analysis of
23 surface quality, microstructures, and ordered structures, the optimized processing parameters for

24 the Fe-6.5wt.%Si alloys were the temperature and strain rate of higher than 900 °C and 0.01-10 s,
25 respectively, or 800-900 °C and lower than 0.4 s, respectively.

26 Keywords: Fe-6.5wt.%Si alloy; hot compression; processing map; microstructure; optimized
27 processing parameter
28

29 1. Introduction

30 Fe-6.5wt.%5i alloy has been considered as a potential material for application in high-frequency
31  fields, such as transformers, power generators, and electric relays, as it is an excellent soft magnetic
32 material with high electrical resistance, high relative permeability, nearly zero magnetostriction, low
33 coercive force, and low iron loss [1-3]. However, ordered structures such as B2 (Pmsm) and D03 (Fmsm)
34 areformed in this alloy [4, 5], which result in the strengthening of lattice resistance and formation of
35  anti-phase boundary. These lead to room-temperature fragility of the alloy. In order to avoid
36  room-temperature embrittlement, various techniques have been developed, such as chemical vapor
37  deposition [6], hot dipping [7], spray forming [8-10], rapid solidification [11-13], and direct powder
38  rolling [14]. Moreover, a hot-warm-cold rolling method combined with proper heat treatments was
39  reported for the fabrication of sheets of thickness 0.03-0.05 mm [15-17]. As indicated in previous
40  reports, the rolling parameters, including temperature, rolling reduction, and strain rate, control the
41 flow behavior [18] and microstructural evolution [19]. Moreover, other factors such as the degree of
42 ordering [20] are important in the rolling process. These factors determine the deformation
43 mechanisms of the alloy during the rolling process.

44 Generally, softening mechanisms such as dynamic recovery (DRV) and dynamic
45  recrystallization (DRX) often occur during hot deformation such as rolling. Recently, Niu et al. [21]
46  reported that the softening mechanisms of the Fe-6.5wt.%Si alloy were DRV and DRX during hot
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47  compression. Liang et al. [22] observed that DRX was the main softening mechanism above 900 °C,
48  whereas DRV was the main softening mechanism below 700 °C. However, the correlation between
49  the deformation mechanisms and rolling process should be clarified via further experiments. The
50  processing map (PM) technique based on the dynamic materials model (DMM) could be one of the
51  choices. PMs have been considered a useful approach to distinguish the feasibility of rolling process,
52 investigate the transformation of microstructures, and observe the formation of textures. Therefore,
53 these techniques can be used to optimize the rolling parameters and control the microstructures and
54 textures. PMs have been employed to evaluate the processing technology of various alloys, e.g.,
55  austenitic steels and Al-Cu-Mg-Ag alloys [23, 24]. However, there are no researches about the
56  processing map of the Fe-6.5wt.%Si alloys for simulating the rolling parameters. Thus, it is necessary
57  to analyze the flow behavior characteristics and processing map and to simulate the rolling
58  parameters to ensure the rolling stability for the industrialized production of the Fe-6.5wt.%Si alloys.
59 In this study, the effect of deformation conditions on the flow behavior and microstructural
60  evolution of the Fe-6.5wt.%Si alloy during compression was investigated. The constitutive equations
61  were established. PMs were generated to investigate the feasibility of the rolling process and observe
62  the microstructure corresponding to each region of the PM. Based on the analysis of the surface
63  quality, microstructures, and ordered structures, the optimized processing parameters were
64  obtained.

65 2. Materials and Methods

66 Fe-6.5wt.%5i alloy ingots were cast in a vacuum medium-frequency induction furnace by
67  melting pure iron (Fe=99.5 wt.%) and metallic silicon (Si=99 wt.%) above 1500 °C. The chemical
68  composition is presented in Table 1. After homogenization at 1050 °C for 50 h, the ingots were
69  die-forged into square billets with a cross-section of 24x24 mm? at 800-1100 °C.

70 Table 1. Chemical composition of Fe-6.5wt.%5i alloy (wt.%).
C Si Mn S P Ti B Fe
0.009 6510 0.015 0.0009 0.054  0.005 0.0004 Bal
71
72 Cylindrical specimens of ®6 mmx12 mm were machined from the square billets with equiaxed

73 grains. Isothermal compression tests were conducted using a Gleeble™ thermo-mechanical test
74 frame (Gleeble-1500) at temperatures ranging from 650-950 °C and strain rates ranging from 0.01-10
75 s1. The height reductions were 50% and 80%, and hence, the corresponding true stains were 0.7 and
76 1.6, respectively. The specimens were heated to the required temperature at 20 °C/s, maintained for
77  180s, compressed at a specified temperature, and finally quenched in water.

78 The compressed specimens were polished and etched with a solution of 5% HNO3 in deionized
79  water. The microstructures of these specimens were observed using an Ernst Leitz Wetzlar optical
80  microscope.

81 The ordered structures of the specimens after deformation were observed using X-ray
82  diffraction (XRD, D/max2550HB+/PC). An electron backscattered diffraction detector (EBSD)
83  mounted on a ZEISS SUPRA 55 scanning electron microscope was used to detect recrystallization
84  fractions of the specimens. HKL Channel 5 programs were used for processing the data.

85 3. Results and Discussion

86  3.1. Flow behavior characteristics

87 The true stress—true strain curves of the Fe-6.5wt.%5i alloy at a total true strain of 1.6 under
88  various deformation conditions are shown in Figure 1. It can be observed that the flow stress
89  increased rapidly at the beginning of deformation, reached a steady state after a stress peak, and

90  increased slowly at the end in most of the curves e.g., in the curve indicating deformation at the
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91 temperature of 750 °C and strain rate of 0.01 s (Figure 1la). It is also observed that the flow stress
92 depended distinctly on the temperature, strain rate, and strain. The flow stress decreased with the
93  increase of deformation temperature, and increased with the increase of strain rate. A peak stress
94  was evident in most of the curves e.g., in the curve indicating deformation at the temperature of 650
95  °C and strain rate of 0.1 s (Figure 1b).
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96
97 Figure 1. True stress-true strain curves of the Fe-6.5wt.%Si alloy under various deformation
98 conditions: (a) 0.01 s%; (b) 0.1s%; (¢) 1 s7; (d) 10 s
99 Hot compressive deformation is influenced by work hardening and dynamic softening. At the

100 beginning of the deformation, dislocation multiplication leads to work hardening. It exceeds
101  dynamic softening, which causes the increase of the flow stress. DRX begins when the strain reaches
102 a critical value. This leads to dynamic softening and causes the decrease of the flow stress. As the
103 deformation progresses, the dynamic softening offsets the work hardening, and consequently, the
104 flow stress remains stable. This is called the DRX mold, as observed in the curve indicating
105 deformation at the temperature of 750 °C and the strain rate of 0.01 s'. However, as the deformation
106  progresses, the flow stress increases slowly or is in the steady state, and DRV but not DRX occurs,
107 which is called the DRV mold, as observed in the case of the deformation at the temperature of 950
108  °C and the strain rate of 0.01 s. In contrast, the flow stress continues to decrease beyond peak stress,
109  asin the case of the deformation at the temperature of 650 °C. The reason for this phenomenon is
110 that the degree of ordering decreases gradually with deformation, and a disordered alloy is finally

111 obtained. The deformation-induced disordering and DRV are the main softening mechanisms [20].

112 The work hardening rate during compression can be calculated using the equation (8 = %0 )
& & p & q delre

113 [25]. Notably, the effects of work hardening and softening mechanisms are considered during the
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114  plastic deformation, and it is necessary to remove the elastic stage of the flow curves [26]. Figure 2

115 shows the 6—¢ and 6—0 curves of the Fe-6.5wt.%Si alloy at the true strain of 0-0.6.
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117 Figure 2. 0—¢ and 0-0 curves of the Fe-6.5wt.%5i alloy: (a) 6—¢; (b) 0-0.
118 The positive values of 0 indicate that the work hardening exceeds the dynamic softening. The
p g y g

119 peak stress and corresponding strain can be obtained from the flow curve, whereas the true peak
120 stress (o},) and strain (g,,) can be calculated from the 6—¢ and 6-0 curves when 6=0 [26], as presented
121 inTable 2.

122 Table 2. Peak stress (MPa) and corresponding strain of the Fe-6.5wt.%5i alloy.

Strain rate 650 °C 750 °C 850 °C 950 °C
0.01 s 251.8(0.2799)  75.2(0.1302) = 22.9(0.2173) -
0.1s! 370.7(0.1776) 139.2 (0.1490) = 38.3(0.3759) -

1st 437.6(0.2481) 207.4(0.5935)  98.7(0.5020) = 42.4(0.3641)
10 s1 543.2(0.1728) 285.1(0.2274) 134.2(0.3410) | 84.9(0.4121)

123

124 It can be observed that the work hardening rate increased with the decrease of temperature and
125  increase of strain rate, as shown in Figure 2 (a). Similarly, the peak stress increased with the decrease
126  of temperature and increase of strain rate, as shown in Figure 2 (b).

127 The DRX was initiated before the flow stress reached a peak. The critical stress (o) and
128  corresponding strain (g.) could satisfy the condition ;—6(— %) =0 [27]. The critical stress and

129 corresponding strain are listed in Table 3.

130 Table 3. Critical stress (MPa) and corresponding strain of the Fe-6.5wt.%Si alloy.

Strain rate 650 °C 750 °C 850 °C 950 °C
0.01 s 250.4(0.2022)  75.2(0.1302) = 22.5(0.1490) 4.1(0.3072)
0.1s! 370.7(0.1776) 139.2 (0.1490) = 35.7(0.1256) 17.9(0.3819)

1st 430.5(0.1302) 188.3(0.2123)  73.9(0.1073) ' 35.5(0.1209)
10 s 542.7(0.1584) 270.8(0.0983) 120.9(0.1073) ' 70.8(0.1119)

131 3.2. Constitutive equation

132 A constitutive equation is usually used to describe the relationship among the flow stress,

133 strain rate, and temperature.

134 &= AcMexp (— &), (1)

RT.
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135 ¢ = Aexp(Bo)exp (—2), @)
136 ¢ = A[sinh(ao)]"exp (— R&T), 3)

137 where ¢ is the strain rate, o is the flow stress, A1, A2, A, n1, 3, a (=n£), and n are constants, R is the gas
1

138  constant (8.314 Jmol’K), T is the deformation temperature, and Q is the activation energy of the
139 deformation. The value of Q reflects the relationship between the work hardening and dynamic
140 softening during the hot compressive deformation, and it also describes the formability of the alloy.
141 The above three constitutive equations correspond to various conditions, i.e., the power
142 function (1) corresponds to low stress, the exponential function (2) corresponds to high stress, and
143 the hyperbolic sine function (3) corresponds to a wide range of flow stresses [28-30].

144 In addition, the relationship between the strain rate and temperature during compression can

145  be represented by the Zener—Hollomon parameter [31].
— QY _ Afqi n
146 7 = gexp (ﬁ) = A[sinh(ao)]". 4)

147 These constants and the activation energy are calculated using the peak stress, steady-state
148  stress, or another stress at a certain strain. The peak stress is usually favored, because it is useful in
149 industrial production [32]. In this study, not all the peak stresses could be obtained. Therefore, the
150  steady-state stress was also used. Applying logarithm on both sides of Equations (1), (2), (3), and (4),

151  the new equations can be derived as follows:

152 Iné = nyIno + InA; — R%, (5)
153 Iné = Bo + InA, — -, (6)
154 Iné = nin[sinh(ac)] + InA — %J (7)
155 In[sinh(ao)] = n%T + ilné - lnTA. (8)
156 The slopes of curves of Iné vs. Inoc and o represent the values of n; and {3, respectively, as

157  shown in Figure 3 (a) and (b). The value of a (=n£) can also be calculated. The slope of curve of
1

158 In[sinh(ao)] vs. In¢ is the value of n, as shown in Figure 3 (c). The slope of curve of In[sinh(ao)] vs.

InA

159 % is %, and the intercept is %lné ——as shown in Figure 3 (d). Therefore, the values of Q and A can

160  be obtained, as listed in Table 4.
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Table 4. Constants and activation energy of the Fe-6.5wt.%Si alloy.

Parameter Value
a (MPa) 0.01
N 3.02
A (s1) 8.24x101°
Q (kJ/mol) 410

The value of Q was 410 kJ/mol in the present study. Liang [22] reported that the activation
energy of the Fe-6.5wt.%5i alloy varies from 211 kJ/mol (at 800-1100 °C) to 478 kJ/mol (at 500-700
°C), depending on the crystalline structure and deformation temperature. Therefore, the constitutive
equation with the hyperbolic sine function, Equation (3), and Zener-Hollomon parameter, Equation

(4), is written as

£ = 8.24 x 10"[sinh(0.016)]3 2exp (— ‘wi”), )
Z = texp (“22) = 8.24 x 10"°[sinh(0.015,,)] """, (10)

However, Kim [33] indicated that the peak stress could be expressed better as a function of %
than as a function of Z. Moreover, the critical stress (oc) for DRX [34] and the steady-state stress (0Oss)

[33] could be also expressed as functions of %. Figure 4 shows the relationship between stresses and

ln(%) of the Fe-6.5wt.%Si alloy. The stresses are expressed as a function of ln(é), and the

d0i:10.20944/preprints201802.0083.v1
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175  relationships can be expressed using linear equations. When the value of ln(%) is higher than -2.5,

176  the relationship between these stresses and the value of ln(i) can be written as

177 o, = 88 + 33In(3), (11)
178 oc =91+ 33In(3), (12)
179 Ogs = 95 + 28In(3). (13)
180 When the value of In(3) is lower than 2.5, the equations can be written as

181 op = 68 +10In(9), (14)
182 o = 48+ 5In(3), (15)
183 Ogs = 49 + 5In(3). (16)

600

i 7
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L ZAl R=0.998
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/i
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1 L 1 1 1 n 1 n 1 L 1
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184 In(Z/A)
185 Figure 4. Linear form of compression stress as functions of ln(é) for the Fe-6.5wt.%Si alloy.
186 When the value of ln(é) was lower than -2.5 (the shadowed areas of Tables 2 and 3), the

187  dynamic softening offset the work hardening, and the flow stress remained stable without a peak,
188 ie. in the DRV mold, as observed in the curve indicating deformation at the temperature of 950 °C
189  and strain rates of 0.01 s and 0.1 s, as shown in Figure 1 (a-b) and Table 2. According to Equations

190 (11)~(16), ocand oss could be expressed using op as o, = 65 = 0.76,, (In (E) < -25), 0or 6, =0, =

191 o (In (%) > —2.5).

192 3.3. Relationship between microstructures and Z parameters

193 Figure 5 shows the microstructures before and after the deformation at the true strain of 1.6
194 under various deformation conditions. The original grains were equiaxed with the grain size of 400

195  um, as shown in Figure 5 (a). When the specimen was deformed at the true strain of 1.6, temperature
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196  of 650 °C, and strain rate of 0.01 s, a few serrated boundaries (indicated by a black arrow) appeared
197  in the deformation zones, and fibril-shaped vimineous grains also appeared. The elongated grains
198  were spread across all the deformation areas, as shown in the inset of Figure 5 (b). With the increase
199  of temperature to 750 °C, the content of the fibrous grains decreased. Some dynamically
200  recrystallized grains appeared inside the elongated grains (indicated by a red arrow) and along the
201 serrated boundaries (indicated by the black arrow) after deformation at the strain rate of 0.01 s, as
202 shown in Figure 5 (c). With the increase of strain rate to 0.1 s at 750 °C, the degree of DRX
203 decreased, and the grain sizes of the dynamically recrystallized grains became refined. Moreover,
204  the elongation grains and serrated boundaries remained unchanged, as shown in Figure 5 (d). The
205  specimen was deformed at the temperature of 850 °C and strain rate of 1 s, some fibrous grains
206  disappeared, and irregular grain boundaries emerged, which indicated the initial stages of DRX
207  [35]. The nucleated fine grains (indicated by the red arrow) appeared, and some dynamically
208  recrystallized grains could be observed as shown in the inset of Figure 5 (e). Moreover, a few
209  elongated grains still existed in the Fe-6.5wt.%Si alloy. Figure 5 (f) shows the microstructure of the
210 specimen deformed at the temperature of 950 °C and strain rate of 10 s, which is similar to that
211 deformed at the temperature of 850 °C and strain rate of 1 s1. The elongated grains and dynamically
212 recrystallized grains co-existed in the specimen. The serrated boundaries and straight boundaries
213 simultaneously existed in the deformation areas. In summary, higher temperature and lower strain

214 rate are beneficial to recrystallization.
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1000um
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200pm

215 - — 200m;

216 Figure 5. Microstructures of the Fe-6.5wt.%Si alloy (a) before and after deformation at the true strain

217 of 1.6 under various deformation conditions: (b) 650 °C and 0.01 s7; (c) 750 °C and 0.01 s; (d) 750 °C

218 and 0.1 s; (e) 850 °C and 1 s7; (f) 950 °C and 10 s.

219 The Z parameters under various deformation conditions are listed in Table 5, which are

220  obtained from Equation (10). The values of Z in the frames correspond to the deformation conditions

221 discussed above (in the box in Table 5) and demonstrate that DRX occurs under certain conditions.
222 The dynamically recrystallized grains grow in the gray areas, which are zones of low Z values. It can
223 be concluded that, when the values of Z are lower than 102 (the shadowed area in Table 5), DRX
224 occurs in the deformation areas. Especially, a lower value of Z usually corresponds to a higher
225  degree of DRX.

226
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227 Table 5. Z parameters under various deformation conditions.
Strain rate 650 °C 750 °C 850 °C 950 °C
0.01 s [1.52x102] 8.26x10'8 1.13x1017 3.13x105
0.1s? 1.52x102 8.26x10" 1.13x1018 3.13x101e
1s1 1.52x10% 8.26x10% 1.13x10% 3.13x10"7
10 s 1.52x102* 8.26x10% 1.13x1020 3.13><101;|
228  3.4. Processing map
229 A PM based on the DMM is a very useful technique to investigate the deformation

230  characteristics of metallic materials and alloys. PMs combined with microstructure evolution are
231  Dbeneficial to investigate the deformation mechanism, optimize the processing parameters, and
232 control the microstructures. PMs are created with a power dissipation map and an instability map.
233 The power dissipation map is drawn based on the value of power dissipation efficiency (n) at
234 various deformation temperatures and strain rates. The value of n can indicate the deformation

235  mechanism, such as DRV and DRX [36]. It can be calculated using the following equation:

236 n=-2 17)

m+1’

237  where m is the strain rate sensitivity parameter and is given as

dlno
238 M = Sl (18)
239 Generally, the microstructure transformation become more stable and secure and the

240  workability is improved with the increase of the value of 1. Therefore, the deformation condition
241  with the maximum value of 1 is usually adopted in the processing. Processing instability may
242 become increasing during hot deformation. Prasad’s criterion [37] is an effective method to

243 distinguish whether an unstable flow occurs, and is given by

244 £(e) = Qolm/mtl 4 1 < 0. (19)
dlné
245 If £<0, the unstable flow occurs during the hot deformation, which is harmful to the material

246  processing. Depending on the value of £ at various deformation temperatures and strain rates, the
247  instability map can be obtained. The optimized deformation temperature and strain rate can be
248  derived from the PMs based on the power dissipation map and instability map. The PMs at various
249  true strains are shown in Figure 6. The power dissipation efficiency is represented by the black line,

250  and instability levels are indicated by the colored areas.
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252 Figure 6. PMs of the Fe-6.5wt.%Si alloy at various true strains: (a) 0.2; (b) 0.4; (c) 0.6; (d) 0.7; (e) 0.8; (f)
253 1.0. The contour lines represent the values of the power dissipation efficiency. The colored areas and
254 bar charts represent the instability levels.
255 A high value of 1) is observed in the regions with high temperatures, and the unstable area lies

256  in the regions with low temperatures and high strain rates (Figure 6a). With the increase of strain
257  from 0.2 to 1.0, as indicated from Figure 6 (a) to (f), the value of 1] decreased in the region with high
258  temperatures and low strain rates, increased in the region with high temperatures and high strain
259  rates, and remained unchanged in the other regions. Furthermore, the unstable areas expanded, and
260  the unstable flow occurred even in the region with high temperature and low strain rate (Figure 6f),
261  when the reduction ratio increased. Notably, the unstable areas were relatively smaller in the PM at
262 the true strain of 0.7, and the values of | were between 0.4 and 0.6 in the stable regions, which can
263  be adopted in the rolling processing. The true strain of 0.7 corresponds to the reduction ratio of
264  approximately 50%, which is usually adopted in our rolling Fe-6.5wt.%Si alloy sheet because it
265  provides a relatively high possibility of achieving good quality in statistics. These results
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266  theoretically prove that the rolling reduction of 50% is favorable to the rolling stability of the
267  Fe-6.5wt.%Si alloy.

268 The PM at the true strain of 0.7 can be divided into five domains, as shown in Figure 7. The
269  deformation temperatures and strain rates corresponding to the five domains are presented in Table
270 6. The hot deformation is unstable (£<0) below 800 °C and above 1 s! (Domain 1), and the
271  representative sample was compressed at the temperature of 650 °C and strain rate of 10 s
272 Conversely, some regions above 900 °C and below 0.1 sare stable (£>0), where the values of 1 are
273 the highest, i.e., less than 0.6 (Domain 2, 5). These regions are considered as reasonable regions for
274  processing. The typical samples were deformed at the temperature of 950 °C and strain rate of 10 s’
275 (Domain 2) and the temperature of 950 °C and strain rate of 0.01 s* (Domain 5). The values of n] also
276  exhibited a peak in the temperature range of 800-900 °C and the strain rate range of 0.1-0.4 s
277  (Domain 3), and reached 0.55; further, the typical sample was compressed at the temperature of 850
278  °C and strain rate of 0.2 s'l. Other regions (Domain 4) below 800 °C and below 0.1 s were also
279  stable, but the power dissipation efficiency was lower (11<0.35), and the specimen was deformed at
280  the temperature of 650 °C and strain rate of 0.01 s.
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282 Figure 7. Labeled PMs of the Fe-6.5wt.%Si alloy at the true strain of 0.7.
283 Table 6. Temperatures and strain rates corresponding to the five domains.
Domain 1 2 3 4 5

Temperature (°C) 650-800 900-950 800-900 650-700 900-950
Strain rate (s) 1-10 1-10 0.1-04 0.01-0.1 0.01-0.1

284 3.5. Optimization of processing parameters

285 The optimized processing parameters can be obtained depending on the PM. The processing
286  parameters are chosen from the region with high power dissipation efficiency and stability.
287  However, micro-cracking often occurs when the power dissipation efficiency is excessively high
288  (11>0.6). In general, DRX is the best choice for hot deformation in order to acquire good mechanical
289  properties and proper microstructure. As the power dissipation efficiency is suitable (0.5<n<0.55, for
290  high stacking fault energy materials), and hot deformation is stable [37], the deformation conditions
291  in Domains 2, 3, and 5 are the theoretically optimized processing parameters for the Fe-6.5wt.%Si

292  alloy, according to Figure 7. The corresponding temperatures and strain rates are above 900 °C and
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293 0.01-10 s, respectively, or 800-900 °C and below 0.4 s, respectively. However, the ordered
294  structures and ordering degree also influence the mechanical property [38]. Therefore, the surface
295  quality, microstructures, and ordered structures should be investigated to verify the validity of the
296  theoretical parameters.

297 Figure 8 shows the specimens before and after deformation at the true strain of 0.7 under
298  various deformation conditions (corresponding to the five domains). It is observed that the
299  specimen was distinctly unstable during hot deformation at the temperature of 650 °C and strain
300 rate of 10 s? (Domain 1, the unstable region). The shape of the specimen was barreled after
301  deformation at the temperature of 650 °C and strain rate of 0.01 s (Domain 4, the region with low
302  power dissipation efficiency), but the compression surfaces were non-parallel. Others (Domains 2, 3,
303  and 5; the region with high power dissipation efficiency and stability) deformed stably, and no crack
304  or deformation instability appeared.

305

306 Figure 8. Specimens before and after deformation at the true strain of 0.7 under various deformation

307 conditions.

308 Figure 9 shows the XRD patterns of the specimens after deformation at the true strain of 0.7
309 under various conditions. The peak corresponding to (200) is a characteristic reflection peak of the

310 B2 structure. It is observed in Figure 9 that the B2 ordered phase and A2 disordered phase were

311 present in all the specimens, whereas the D0s ordered phase was not formed. Li [39, 40] reported
312 that the D0s ordered phase is extremely harmful to the mechanical property of the Fe-6.5wt.%Si
313 alloy. However, the B2 structures have little effect on the mechanical property. Therefore, the five
314 kinds of deformation conditions are considered feasible from the analysis of surface quality and

315 ordered phases.

oA g g ]
o I I
VB2 n} ] o
=3
=
Q
> v
g —— M basoﬂc-o.msj4 ' N
Q | f
E [ J \_650°C-001s" | |
e 850°C025" J| A
— jlj __950°C-10s" | '
L — 65000-105"J L «j
1 1 1 N 1 i | L 1

20 30 40 50 60 70 80 90

316 20, dgree

317 Figure 9. XRD patterns of the Fe-6.5wt.%Si alloy after deformation at the true strain of 0.7.
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318 The Z parameters corresponding to the five domains are listed in Table 7. As the previous
319 discussion and conclusion indicated, with the values of Z lower than 102, DRX occurs in the
320  deformation areas. A lower value of Z often indicates a higher degree of DRX. Theoretically, very
321  few dynamically recrystallized grains would appear in Domains 1 and 4, according to Table 7.
322 Owing to the values of Z lower than 102, DRX occurs in Domains 2, 3, and 5. The investigation of

323 each domain is described in detail as follows.

324 Table 7. Z values corresponding to the five domains.
Domain 1 2 3 4 5
Sample 650 °Cx10s? 950°Cx10s? 850 °Cx0.2s1 650 °Cx0.01 s 950 °Cx0.01 s
Z 1.5x102 3.1x1018 2.3x1018 1.5x1021 3.1x1015
325 Domain 1 indicates low power dissipation efficiency (0<n<0.2) and very high instability

326  (£&<-0.2), and is a highly unstable region in the PM. Figure 10 shows the corresponding
327  microstructure and recrystallized fraction at the true strain of 0.7. The elongated grains were spread
328 across all the deformation areas, and no DRX was observed in the inset of Figure 10 (a). The content
329  of complete recrystallization (high-angle grain boundaries, misorientation angle 6 >15°) was
330  approximately 0, as shown in Figure 10 (b). The content of partial recrystallization (low-angle grain
331  boundaries, 15° 6 >3°) occurring in the marginal area reached only 2.37%. The deformed grains
332 occupied almost the entire region. Thus, the deformation conditions of Domain 1 are not
333 appropriate for the Fe-6.5wt.%Si alloy.
e =05 — 11100

Frequency, %

3 3 4 Bl Deformed [ |Partial Il Complete
335 Figure 10. (a) Microstructure; (b) recrystallized fractions of Domain 1 at the true strain of 0.7.
336 Domain 2 indicates high power dissipation efficiency (0.4<n<0.55) and low instability (£>0),

337  andis a very stable region in the PM. Figure 11 shows the microstructure and recrystallized fraction
338  of the specimen deformed at the true strain of 0.7, temperature of 950 °C, and strain rate of 10 s.
339 The deformed grains almost disappeared, and DRX occurred in the deformation area, as shown in
340  Figure 11 (a). However, a small number of elongated grains still existed in the deformation region.
341  The recrystallized fraction including complete and partial recrystallization reached 68.62%, and the
342  content of deformed grains was almost 30%, as shown in Figure 11 (b). Therefore, these

343  deformation parameters (Domain 2) are applicable for the Fe-6.5wt.%Si alloy.
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345 Figure 11. (a) Microstructure; (b) recrystallized fractions of Domain 2 at the true strain of 0.7.
346 Domain 3 also indicates high power dissipation efficiency (0.4<n<0.55) and low instability

347  (&0), and is a very stable region. The specimen was deformed at the temperature of 850 °C and
348  strain rate of 0.2 s1. Figure 12 shows the microstructure and recrystallized fraction of the specimen
349  at the true strain of 0.7. The deformed grains could be observed in the center area (indicated by the
350  black arrow), and a few fine recrystallized grains were formed in this region (indicated by the red
351 arrow), as shown in Figure 12 (a). The DRX fraction was 31%, and the content of deformed grains

352 reached 70%, as shown in Figure 11 (b). These deformation parameters of Domain 3 are applicable
353 for the Fe-6.5wt.%Si alloy.
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355 Figure 12. (a) Microstructure; (b) recrystallized fractions of Domain 3 at the true strain of 0.7.
356 Domain 4 reveals a medium power dissipation efficiency (0.2<n<0.35) and low instability (£>0),

357 and is a stable region. Figure 13 shows the microstructure and recrystallized fraction of this
358  specimen. The microstructure of this specimen was similar to that deformed at the temperature of
359 650 °C and strain rate of 0.01 s. It can be observed that the center region was filled with elongated
360  grains, and small deformation grains occupied the corner region, as shown in Figure 13 (a). The
361  complete DRX fraction in Domain 4 was similar to that in Domain 1, but the partial DRX fraction
362  was 20%, which occurred in the marginal area. The content of deformed grains reached 80%, as

363  shown in Figure 13 (b). Hence, Domain 4 is not applicable to the Fe-6.5wt.%Si alloy.
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365 Figure 13. (a) Microstructure; (b) recrystallized fractions of Domain 4 at the true strain of 0.7.
366 Domain 5 indicates high power dissipation efficiency (0.45<n<0.6) and low instability (£>0),

367  and is a very stable region in the PM. Figure 14 shows the corresponding microstructure and DRX
368  content at the true strain of 0.7. It can be observed that no deformed grains appeared in this region,
369  which was filled with DRX grains, as shown in Figure 14 (a). The content of complete DRX was
370  21%, and the partial DRX fraction reached 66%, as shown in Figure 14 (b). The degree of deformed
371  grains was only approximately 10%. Thus, the deformation conditions of Domain 5 are very
372  favorable to the Fe-6.5wt.%Si alloy.
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374 Figure 14. (a) Microstructure; (b) recrystallized fractions of Domain 5 at the true strain of 0.7.
375 Based on the analysis of surface quality, microstructures, and ordered structures, it can be

376  concluded that the Fe-6.5wt.%Si alloy is unstable under the deformation conditions of Domain 1.
377  The order of Z corresponding to the five specimens is 3.1x10'> (Domain 5) <2.3x10'8 (Domain 3)
378  <3.1x10®8 (Domain 2) <1.5x10?! (Domain 4) <1.5x10% (Domain 1), and the order of the DRX fractions
379  is 88% (Domain 5) >69% (Domain 2) >31% (Domain 3) >21% (Domain 4) >3% (Domain 1). DRX
380  occurred in the deformation areas where the value of Z was lower than 102. The processing
381  parameters of Domains 2 and 5 are very favorable to the Fe-6.5wt.%Si alloy, and those of Domain 3
382  are applicable. Therefore, the optimized processing parameters for the Fe-6.5wt.%Si alloy are the
383  temperature and strain rate of more than 900 °C and 0.01-10 s, respectively, or 800-900 °C and less
384  than 0.4 s7, respectively, according to the PMs and the analysis of the surface quality, ordered
385  phases, and microstructures.

386 4. Conclusions

387 The flow behavior of the Fe-6.5wt.%Si alloy during hot compression was investigated at
388  temperatures ranging from 650-950 °C and strain rates ranging from 0.01-10 s1. PMs were
389  established at various true strains. The following conclusions can be drawn:
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390 (1) The activation energy of the Fe-6.5wt.%Si alloy was 410 kJ/mol at 650-950 °C. The constitutive

391 equation with the hyperbolic sine function and Zener-Hollomon parameter is written as: Z =
392 gexp (“22%) = 8.24 x 10%°[sinh(0.010;,)]**".

393 (2) A linear relationship between the flow stress (op, 0¢, 0ss) and the value of ln(%) was derived. In
394 addition, ocand o could be expressed using op as o, = a55 = 0.76,, (In (%) < —25),0r 6. =0, =
395 o5 (In(5) > -2.5).

396  (3) DRX occurred at the deformation areas with the values of Z lower than 10%. Especially, a lower
397 value of Z usually corresponds to a higher degree of DRX.

398  (4) The value of 1 decreased in the region with high temperature and low strain rate, increased in the
399 region with high temperature and high strain rate, and remained constant in other regions with
400 the increase of true strain. Furthermore, the unstable areas expanded.

401  (5) The microstructure and formability of the Fe-6.5wt.%Si specimen were consistent with the PM.
402 The unstable areas were relatively small in the PM at the true strain of 0.7, and the values of 1)
403 were relatively high (0.4<0.6) in the stable regions. Very high DRX contents were observed in the
404 stable regions with high power dissipation efficiency.

405  (6) This study demonstrated that the true strain of 0.7 corresponds to the optimum reduction for
406 compressing the Fe-6.5wt.%5Si alloy. The optimized processing parameters are the temperature
407 and strain rate of more than 900 °C and 0.01-10 s, respectively, or 800-900 °C and less than 0.4
408 s, respectively.
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