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Abstract: An Nb-containing grain-oriented silicon steel was produced through double-stage cold
rolling in order to investigate the effect of the heating rate during intermediate annealing on primary
recrystallization and decarburization behavior. The microstructure and texture were observed and
analyzed by an optical microscope and an electron backscatter diffraction system. A transmission
electron microscope was used to observe the precipitation behavior of inhibitors. The decarburiza-
tion effect during intermediate annealing was also calculated and discussed. The results show that
primary recrystallization takes place after intermediate annealing. As the heating rate increases, the
average grain size decreases gradually. The textures of {411}<148> and {111}<112> were found to be
the strongest along the thickness direction in all of the annealed specimens and are mainly sur-
rounded by HEGB and HAGB (> 45°). A large number of inhibitors with the size of 14~20 nm pre-
cipitate are distributed evenly in the matrix. The above results indicate that the higher heating rate
during intermediate annealing contributes to both an excellent microstructure and magnetic prop-
erties. From the calculation, as the heating rate increases, decarbonization tends to proceed in the
insulation stage, and the total amount of carbonization declines.

Keywords: Nb-containing grain-oriented silicon steel; intermediate annealing; heating rate;
primary recrystallization; decarburization

1. Introduction

Grain-oriented silicon steel, which is mainly used as the core material of transform-
ers, is the only product manufactured through a secondary recrystallization process in the
steel [1]. The ultimate purpose of its production is to obtain the sharp {110}<001> Goss
texture, which possesses the qualities of high magnetic induction and low iron loss, even-
tually guaranteeing the excellent stability and magnetic properties of finished products
[2]. The key technology used to produce grain-oriented silicon steel with the sharp Goss
texture is effective control of the inhibitors [3-5]. The most commonly used inhibitors in
traditional grain-oriented silicon steel are MnS and AIN [6-8], whose higher solution tem-
perature (> 1350 °C) results in a higher slab reheating temperature before hot rolling, in-
evitably resulting in many bad consequences, such as larger energy consumption, severe
equipment damage and higher costs [9]. As such, it is imperative to develop new types of
inhibitors to realize slab reheating with a low temperature. The researchers in this study
turned their focus to Cu sulfides, which mainly exist in the form of compounds, however,
related reports do not express a consistent viewpoint about their specific types and pre-
cipitation mechanisms [10-12]. Taking Cu sulfides as the main inhibitor, the slab temper-
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ature of grain-oriented silicon steel still needs to be reheated to above 1250 °C [13]. Re-
cently, niobium carbide/nitride is found to have a number of similar features to common
inhibitors, such as the particle size, number and dispersity, and belongs to a kind of stable
phase with a slow coarsening rate and low solution temperature, possibly playing a role
as the inhibitor in the grain-oriented silicon steel to achieve the goal of slab reheating at a
low temperature [14]. Therefore, the element Nb was added into traditional grain-ori-
ented silicon steel and the content of other elements was adjusted accordingly in order to
obtain a new type of inhibitor composition on oriented silicon steel with Nb(C,N) as the
main inhibitor, and, finally, to realize the slab reheating temperature at under 1250 °C
[15,16].

The main inhibitor has changed to Nb-containing grain-oriented silicon, so it is nec-
essary to study the solid solution precipitation behavior of Nb(C,N) in each stage and its
influence on the microstructure, texture and magnetic properties. B. Liu et al. analyzed
the microstructure and texture of hot rolled Nb-containing grain-oriented silicon steel
[17]. F. Fang et al. investigated the effect of Nb on the microstructure, texture and magnetic
properties of strip-cast grain-oriented silicon steel [18]. In our previous works, the effect
of different slab reheating temperatures was systematically studied, and 1220 °C was
found to be the best reheating temperature for Nb-containing grain-oriented silicon steel
[16,19].

The decarburizing annealing process in the production of grain-oriented silicon steel
is very important for forming good magnetic properties [20]. To date, the reports related
to the intermediate annealing of grain-oriented silicon steel are mainly focused on its heat-
ing temperature, holding time and annealing atmosphere [21-23], but studies on the heat-
ing rate are rarely seen. In general, intermediate annealing is normally used for partial
decarburization, while decarburizing annealing after secondary cold rolling is always car-
ried out to ensure that the final carbon content is controlled within 8 x 10-> [24]. After-
wards, W. Guo et al. found that full decarburizing during intermediate annealing in com-
bination with recovery treatment after the secondary cold rolling can achieve a similar or
even better decarbonization effect [25]. The effect of intermediate annealing parameters
on the primary recrystallization microstructure, texture and magnetic properties of Nb-
containing grain-oriented silicon steel has not been reported, and thus it is not clear
whether the same rule is shown with traditional grain-oriented silicon steel. On the basis
of Guo’s idea, the different heating rates of intermediate annealing were chosen to first
study their effects on the microstructure, texture, characteristic grain boundary and inhib-
itors of primary recrystallization, and then discuss the decarbonization effect, which ulti-
mately helps in determining the best heating rate of Nb-containing grain-oriented silicon
steel.

2. Materials and Methods

The material used in this work is the first cold-rolled plate of Nb-containing grain-
oriented silicon steel with thickness of 0.75 mm. Its chemical compositions are listed in
Table 1. The reduction of the first cold rolling is 70%. Before the first cold rolling, the as-
cast billet was first reheated to 1220 °C and held for 20 min in a nitrogen atmosphere, and
then hot rolled in six passes to 2.3 mm in thickness with finishing rolling temperature of
870 °C. Subsequently, two-stage normalizing annealing was followed.

Table 1. Chemical compositions of Nb-containing grain-oriented silicon steel (wt%).

Element C Mn Si S Cu Al Nb N P Fe
Content 0.041 0.04 3.2 0.0075 0.085 0.023 0.055 0.0085 <0.008 Bal.

The intermediate annealing was conducted in a KBF11Q (Tianjin Zhonghuan Exper-
imental Electric Furnace Co., Ltd., RPC) rapid thermal annealing furnace under a wet at-
mosphere of 25% Hz + 75% N2, with the water bath temperature of 60 °C. The specimens
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which were taken from the first cold-rolled plate were first heated to 840 °C at a heating
rate of 10 °C/s, 15 °C/s, 20 °C/s, 25 °C/s and 30 °C/s, were then held for 10 min, and subse-
quently air cooled to room temperature. During the cooling process, H2 and N2 were
stopped from flowing into the furnace. After intermediate annealing, the annealed plates
were cold rolled for a second time, with a rolling reduction of 60%, and were recovered at
550 °C for 2 min, followed by high temperature annealing at 1200 °C for 8 h, with a heating
rate of 50 °C /h and air cooling.

The carbon content of the specimens before and after intermediate annealing with
different heating rates was measured by a LECO CS744 (LECO, USA) high frequency in-
frared carbon sulfur analyzer. The carbon content of the specimens, which were just
heated to the intermediate annealing temperature (840 °C) and then immediately
quenched in water, was also measured. Because the decarburization process stops due to
a lack of access to gas during the quenching process, the carbon content of the water-
quenched specimens was approximately considered as that of when the temperature had
just reached 840 °C.

The microstructures of the plate surface and thickness direction of annealed speci-
mens were observed by an Axiovert 200 MAT optical microscope (OM, ZEISS, Japan). The
microstructures were characterized with a Zeiss optical microscope and a FEI Quanta FEG
650 field-emission scanning electron microscope (SEM, FEI, USA), equipped with an elec-
tron backscattering diffraction (EBSD, AMETEK, USA) device and TSL OIM Data Collec-
tion Software. The grain size analysis, the boundary analysis and the texture analysis of
each sample were all calculated from EBSD. The scanning step size was 1.5 um. The clean-
up procedures are as follows: the clean-up type is grain dilation, the grain tolerance angle
is 2, and the minimum grain size is 3. The EBSD analysis of each sample is all calculated
based on the data of more than 400 grains. The average grain size is calculated using the
method of “grain diameter”. The {001} pole figures of specimens after high temperature
annealing were measured using a Bruker D8 Discover X-ray diffraction and CuKa radia-
tion (A = 0.15406 nm, 40 kV, 40 mA) was used for the measurement. Here, the thickness
layer was defined by the parameters S = 2a/d, where a represented the distance away from
the center layer and d was the whole sheet’s thickness. S=0, S =0.5 and S = 1 represent
the surface, subsurface and center layer, respectively.

The observation of inhibitors in the annealed plates was carried out on a JEM-2010
transmission electron microscope (TEM, Nippon Optical Limited, Japan). The specimens
for TEM were, first, mechanically ground to 0.05 mm in thickness, and then thinned by a
twin-jet electropolishing device at 25 V in a mixture of 5% perchloric acid and 95% ethyl
alcohol, with the solution being cooled to about -25 °C with liquid nitrogen. For different
heating rates of intermediate annealing, 10 random TEM fields of view with a magnifica-
tion of 19,500 were chosen to do the quantitative analysis regarding the particle size, num-
ber and density. The average particle size was measured by the Image-Pro Plus software.
The iron loss P17 (W/kg) and magnetic induction Bsw (T) of the high temperature an-
nealed plates were measured by a MATS-2010SA (Hunan Lianzhong Technology Co., Ltd,
RPC) alternating magnetic measurement device in a single sheet tester, using the perme-
ameter with the size of 30 x 100 mm?2.

3. Results
3.1. Characteristics of First Cold-Rolled Plate

Figure 1 shows the microstructure, texture and grain boundary characteristics along
the thickness direction of the original first cold-rolled plate. In Figure 1a, it can be seen
that the first cold-rolled plate, with 70% reduction, is characterized by the banded struc-
ture distributed along the rolling direction, and the width of the banded structure is not
uniform along the thickness direction. The above phenomenon is attributed to the obvious
gradient microstructure which exists in the normalized plate finally being preserved after
the first cold rolling [26]. In addition, a certain number of carbides were observed at the
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grain boundaries, and some shear bands were also found inside the grains. From Figure
1(b), the texture types of the surface and subsurface layer for first cold-rolled plate are
mainly composed of an a-fiber and y-fiber texture, with an especially strong intensity of
{111}<112> texture transformed from the Goss texture in the normalized plate rotating 35°
along two opposite directions [27]. The main texture of the center layer is the rotation cube
texture {001}<110> in the a-fiber inherited from the microstructure in the normalized plate
due to its higher stability, which also becomes the main type in the surface and subsurface
layer. It is also found that there almost exists no Goss texture along the thickness direction
of the first cold-rolled plate. Figure 1c is the grain boundary misorientation distribution
of the first cold-rolled plate, in which the green, red and blue line, respectively, represent
the low-angle grain boundary (LAGB), with a misorientation angle of < 15°; the high en-
ergy grain boundary (HEGB), with a misorientation angle of 20°~45°; and the high-angle
grain boundary (HAGB), with misorientation angle larger than 45°. Researchers around
the world have done a lot of work on the characteristic grain boundary of the grain-ori-
ented silicon steel, and HEGB theory and coincidence site lattice (CSL) theory have grad-
ually become mainstream among the existing theories. HEGB is a kind of HAGB with a
misorientation angle of 20°~45° [28,29]. This theory considers HEGB to have the highest
energy and migration rate, followed by HAGB with other misorientation angles. In this
paper, HAGB is regarded as having a misorientation angle larger than 45°. Both HEGB
and HAGB can quickly get rid of the pinning effect of inhibitors, which are beneficial to
the abnormal growth of Goss grains during high temperature annealing.

During cold rolling, the equiaxed grains in the normalized plate are pressed into the
band structure under the rolling force, but the deformed grains are still surrounded by
HAGB. Inside the grain, apart from some HEGB, a great deal of subgrains appear due to
the movement of multiple slip systems, which results in a high amount of LAGB existing
with high deformation energy. Because of the internal stress of the cold-rolled microstruc-
ture, the confidence index of EBSD collected in the area with large internal stress is low
and the boundaries of these points with lower confidence indices are marked as HEGB
and HAGB as shown in the lower right corner of Figure 1c, which is inaccurate.
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Figure 1. Microstructure (a), orientation distribution function (ODFs) at ¢? = 45° section (b) and
grain boundary misorientation distribution (c) along the thickness direction of first cold-rolled plate.

3.2. Characteristics of Intermediate Annealed Plate

3.2.1. Effect of Heating Rate of Intermediate Annealing on the Microstructure of Primary
Recrystallization

Figure 2 shows the microstructure of the plate surface and thickness directions after
intermediate annealing with a heating rate of 30 °C/s, from which it can be seen that the
specimen is recrystallized, and the microstructure consists of single ferrite grains. From
Figure 2a, the size of the recrystallized grains varies along the surface direction, which is
directly related to the energy at the grain boundary of the original cold-rolled plate. The
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average size of the recrystallized grains, with different heating rates along the surface di-
rection, is measured and listed in Table 2. It is found that the higher heating rate corre-
sponds to relatively small and uniform grains. Gradient microstructure along the thick-
ness direction can be observed, as shown in Figure 2b, with smaller grains in the surface
layer and larger ones distributed in the center. During the intermediate annealing process,
the carbon content of the surface drops rapidly, and the C atoms continuously diffuse
from the center to the plate surface, keeping a high carbon content on the surface for a
long time, which restricts the rapid growth of the nuclei through the pinning effect. From
Table 2, it can be seen that as the heating rate increases, the average size of the recrystal-
lized grains along the thickness direction gradually decreases, and the downward trend
is the most obvious.

Figure 2. Microstructure of (a) plate surface and (b) thickness direction after intermediate annealing
with heating rate of 30 °C/s.

Table 2. Average grain size of primary recrystallization.

Heating Rate (°C/s) 10 15 20 25 30
Surface 31.25 2933 2891 25.1 14.85
Thickness  32.44 2818 27.04 2538 13.78

Average grain size (um)

The grain morphology along the thickness direction was observed and the grain as-
pect ratio was obtained from the EBSD results. From Figure 3, it can be seen that with the
increase of the heating rate, the grain number with different aspect ratios tends to be even
higher, and the aspect ratio of the grains with the largest proportion becomes smaller. The
microstructure of the first cold-rolled plate along the thickness direction is known to be
the banded structure, and thus the grain aspect ratio is much less than 1, as shown in
Figure 1. When the deformed grains are recrystallized, they evolve into equiaxed grains
with the aspect ratio being approximate to 1, which is easy to fully grow. However, the
grains with larger sizes obtained during primary recrystallization are not beneficial to the
abnormal growth of the Goss texture. Therefore, it can be concluded that a certain degree
of flatness for the grains after intermediate annealing should be maintained, as this is the
most favorable for the subsequent process.
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Figure 3. The grain aspect ratio after intermediate annealing with different heating rates along the
thickness direction.

3.2.2. Effect of Heating Rate of Intermediate Annealing on Texture of Primary Recrystal-
lization

Figure 4 shows the orientation distribution functions (ODFs) at ¢2 =45° section of the
surface, subsurface and center layers after intermediate annealing with different heating
rates. From Figure 4, it can be seen that the texture type for the surface layer of the an-
nealed plate is basically the same at different heating rates, as well as that of the subsurface
and center layers, only with certain differences in texture intensity. At the same heating
rate, the surface layer has the weakest texture with the type of dominated vy-fiber
{111}<112> and {111}<110> texture, weak o-fiber {001}<010> texture and Goss texture
{110}<001>. The types of subsurface layer are similar to those of the surface layer com-
posed of strong y-fiber texture, cube texture {001}<010> and Goss texture, and the overall
texture intensity is significantly higher than that at the surface. Compared with the tex-
tures in the surface and subsurface layer, the texture type changes in the center layer, with
the y-fiber texture disappearing gradually and the Goss texture becoming obviously
weaker than that of the subsurface. Compared with the cold-rolled texture, as seen in Fig-
ure 1b, the texture of the annealed specimen distributes more dispersedly and with a
lower intensity due to the occurrence of primary recrystallization, however some cold-
rolled textures are still retained in the surface and subsurface layers after intermediate
annealing.
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Figure 4. ODFs at ¢? = 45° section of surface, subsurface and center layer along the thickness direc-
tion after intermediate annealing with heating rate of (a) 10 °C/s, (b) 15 °C/s, (c) 20 °C/s, (d) 25 °C/s
and (e) 30 °C/s.
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Figure 5 illustrates the orientation image maps along the thickness direction of the
annealed plates with different heating rates. From Figure 5, it can be seen that the main
texture of the annealed plates includes light green {111}<110>, blue {111}<112>, dark green
{411}<148> and red Goss {110}<001> textures. The content of the main textures was meas-
ured and is listed in Table 3, from which {411}<148> texture is found to be the strongest
texture in all of the annealed specimens with different heating rates. When the heating
rate is 30 °C/s, the proportion of {411}<148> texture is the highest, at 26.3%, while the low-
est reaches up to 21% with a heating rate of 25 °C/s. The content of the textures in the y-
fiber is also high, especially the {111}<112> texture, which is second only to the {411}<148>
texture. When the heating rate is 25 °C/s, the content of the {111}<112> texture is 17.1%,
which is comparable with that of the {411}<148> texture of 21%. The Goss texture exists in
all of the annealed specimens along the thickness direction, and with the increase of the
heating rate, its content also rises.

Table 3. Texture content after intermediate annealing.

; o Texture Type (%)
Heating Rate °C/s) - — 1100 110 S (11<110>  {411}<148>  (110}<001>
10 106 14 255 22
15 14.7 7.1 217 3.9
20 115 75 26.2 53
25 17.1 85 21.0 5.1
30 132 7.4 26.3 6.1

Cj@oH1-10]
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Figure 5. Orientation image maps of several main orientations along the thickness direction after
intermediate annealing with heating rates of (a) 10 °Cs, (b) 15 °C/s, (c) 20 °C/s, (d) 25 °C/s and (e) 30
°C/s.

3.2.3. Effect of Heating Rates of Intermediate Annealing on Characteristic Grain Bound-
ary of Primary Recrystallization

Figure 6 shows the grain boundary misorientation distribution along the thickness
direction of the annealed plates with a heating rate of 30 °C/s. From Figure 6a, it can be
seen that the main textures {110}<001>, {111}<112> and {411}<148> in the annealed plate
are mainly surrounded by HEGB and HAGB. From the statistical results regarding the
grain boundary, as can be seen in Figure 6b, the proportion of LAGB is the highest with
the heating rate of 25 °C/s, while HEGB is at 30 °C/s, and HAGB is at 20 °C/s. When the
heating rate is 30 °C/s, the number fractions of HEGB and HAGB are the largest, and the
number fraction of LAGB is the least.
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Figure 6. Grain boundary misorientation distribution after intermediate annealing with heating rate
of 30 °C/s (a) and LAGB, HEGB and HAGB (> 45°) fractions with different heating rates of interme-
diate annealing (b).

CSL theory considers the X9 boundaries to have lower energy and higher migration
rates than general grain boundaries, and as a result they are less strongly inhibited by
Zener drag [30], and then even less so by the 5 and £3 boundaries. The X9 boundaries
refers to the boundaries with a misorientation angle of 35° between two adjacent grains,
while X5 and X3 boundaries are 36.9° and 8.5°, respectively. The main CSL boundary is
r3~X11, and X3, L5, 9 boundaries are focused on in this paper. By analyzing the statis-
tical results in relation to the X3, £.5, 9 boundaries after primary recrystallization, one
can briefly predict the growing of the Goss grains during high temperature annealing.
Figure 7 shows the CSL boundary distribution along the thickness direction of the an-
nealed plates, from which it can be seen that the proportion of X3 is the highest in the
annealed specimens, with a heating rate of 10 °C/s, 15 °C/s, 20 °C/s and 25 °C/s, and then
followed by L5 and X9. When the heating rate is 30 °C/s, the proportion of X9 is the high-
est, and is much higher than that of other heating rates.
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CSL Boundary

Figure 7. CSL boundary distribution after intermediate annealing with different heating rates.

3.2.4. Effect of Heating Rate of Intermediate Annealing on Inhibitors of Primary Recrys-
tallization

In the Nb-containing grain-oriented silicon steel, the main inhibitor is Nb(C,N) with
a lower precipitation temperature, and the assistant one contains MnS, AIN, Cu sulfides,
whose combination can realize the slab reheating with a low temperature [16]. Figure 8
shows the TEM morphology of inhibitors and the statistical results of the mean size and
volume fraction of the inhibitors. In addition to the common inhibitors AIN and MnS that
occur in traditional grain-oriented silicon steel, Nb (C,N) is also formed due to the addi-
tion of Nb in the steel, as shown in Figure 8g—i. The morphology of Nb(C,N) and MnS is
mainly spherical or ellipsoid, while the morphology of AIN is mainly square.
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Figure 8. TEM morphology of the inhibitors after intermediate annealing with heating rate of (a) 10
°C/s, (b) 15 °C/s, (c) 20 °C/s, (d) 25 °C/s and (e) 30 °C/s, and (f) statistical results of the mean size and
volume fraction of the inhibitors, the electron diffraction patterns of inhibitors (g) Nb(C,N), (h)AIN
and (i) MnS.

From Figure 8a—e, after intermediate annealing, a large number of inhibitors with
small size precipitates disperse and distribute evenly in the matrix. Furthermore, it is also
found that with higher heating rates, there still exists a certain dislocation line in the ma-
trix (see Figure 8c—e, on which some inhibitors are also observed to precipitate due to the
higher energy). From Figure 8f, it can be seen that the average size of the inhibitors is
located in the range of 14~20 nm, which meets the size requirement of the inhibitors play-
ing the inhibiting effect. As the heating rate increases, the average diameter of the inhibi-
tors shows a slow rising trend in general, but the volume fraction is in decline. It is only
the presence of these inhibitors that can prevent the normal growth of the first recrystal-
lized grains, shown in Figure 2, and ensure the smooth subsequent secondary recrystalli-
zation.

3.3. Decarbonization Effect During Intermediate Annealing

In the grain-oriented silicon steel, there is always a certain amount of carbon in the
matrix, which has two main functions. One function is to enlarge the y phase area, refining
the microstructure during hot rolling. On the other hand, the austenite-containing element
C can prevent the abnormal growth of secondary recrystallized ferrite during high tem-
perature annealing, leaving some other oriented grains in the plate and finally reducing
the magnetic properties of the finished products. Therefore, it is very important to decar-
bonize completely during intermediate annealing.

During intermediate annealing, the furnace is filled with H2 and N2. A weak oxidative
atmosphere is formed in the furnace by heating water vapor with H> and Nz. In the grain-
oriented silicon steel, decarbonization is accomplished through the reaction between C in
the matrix and water vapor. The reaction equation is as follows:

C+H:0=CO+H )
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H: and N2 are allowed to pass through the furnace during the heating and insulation
stage only, and are stopped from doing so during cooling process, when the decarboniza-
tion also ends. As such, decarbonization mainly occurs in the heating and insulation stage
of the intermediate annealing.

Table 4 lists the decarbonization amount in the heating stage. It can be seen that as
the heating rate increases, the decarbonization amount decreases gradually. Further stud-
ies also found that the decarburization amount is approximately inversely proportional
to the heating rate. The expression is as follows:

v =f/AC 2

where v the heating rate, AC is decarbonization amount in the heating stage, and f is the
constant.

From Equation (1), the f value, corresponding to different heating rates, can be ob-
tained. As shown in Table 4, five groups of f values fluctuate around 0.20.

In the insulation stage of intermediate annealing, the initial carbon content is consid-
ered to be the final carbon content in the heating stage, i.e., Cssoec in Table 4. During the
actual decarburization process, the reaction rate is mainly controlled by two parameters.
One is the coverage of oxygen on the surface of the plate, namely the degree of oxidation
0o, which is determined by temperature function and partial pressure ratio between water
vapor and Hz in the mixed atmosphere. o can be expressed by:

- KyBiro / By @)
1+ Ky Byso / By

0

where Ko is the temperature function, and Przo/Pr2 is the partial pressure ratio between
water vapor and Ho.

Considering the volume fraction and flow of Hz and Nz, as well as some constants,
such as water bath temperature, humidity, dew point temperature and the saturated va-
por pressure, the partial pressure ratio between water vapor and Hz is deduced as 1.176.

Table 4. Original carbon content Co before the intermediate annealing, carbon content when reach-
ing the intermediate annealing temperature of 840 °C Cssc and decarburization amount AC in heat-
ing stage. f is constant in Equation (2).

Heating rate (°C/s) Co (%) Csaoec (%) AC (%) f
10 0.040 0.021 0.019 0.190
15 0.040 0.027 0.013 0.195
20 0.040 0.030 0.010 0.200
25 0.040 0.032 0.008 0.200
30 0.040 0.033 0.007 0.210

The other parameter that affects the reaction rate of decarburization is the kinetic
constant of the surface decarburization reaction rate k (cm/s):

k =5611000exp(-197000/ RT) ()

According to Fick’s first law, the carbon flux J«(x =0, t) (cm/s) in the gas-solid reaction
interface of Nb-containing grain-oriented silicon steel can be obtained:

Jc(x:O,t):—Dd—C:kXHOxC(x:O,t) 5)
dx
where D is the diffusion coefficient of carbon in ferrite, D = 2.2exp(-123000/RT).

The carbon diffusion inside the Nb-containing grain-oriented silicon steel is con-
sistent with Fick’s second law:
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2
dc _ d’c
dr dx?

(6)

The decarbonization kinetics of Nb-containing grain-oriented silicon steel were cal-
culated and analyzed using a finite-difference iterative method according to the above
equations, and the carbon content at different times is listed in Table 5. From Table 5, it
can be seen that as the decarbonization time prolongs, the carbon content first decreases
rapidly, and then gradually slows down. After 10 min of decarbonization, the carbon con-
tent is basically unchanged, which meets the standard for industrial production. If the
decarbonization time continues to extend, it would be no good for decarbonization, and
the production cost would also increase. Meanwhile, insulation for a long time leads to
grain growth, which is not beneficial for secondary recrystallization. Comparing the de-
carbonization amounts at different stages from Tables 4 and 5, it can be found that as the
heating rate increases, decarbonization tends to proceed in the insulation stage, and the
total amount (AC + AC’) declines. In addition, from the calculated and measured decar-
bonization amount, the deviation exists within the tolerance range, which indicates the
applicability of the selected equations and the accuracy of the calculation.

Table 5. Calculated and experimental carbon content and decarburization amount AC” in the insu-
lation stage of intermediate annealing.

. o Experimental
Rliia(tsgi) Calculated Results (%) Results (%) AC’ (%)
05 (Cswec) 120s 240s 360s 480s 600s 600 s
10 0.021 0.013 0.008 0.005 0.004 0.003 0.002 0.019
15 0.027 0.014 0.010 0.006 0.005 0.004 0.003 0.024
20 0.030 0.017 0.013 0.010 0.008 0.006 0.005 0.025
25 0.032 0.020 0.014 0.010 0.008 0.006 0.006 0.026
30 0.033 0.025 0.018 0.012 0.009 0.007 0.007 0.026

3.4. Characteristics of High-Temperature Annealed Plates

The specimens with different heating rates of intermediate annealing after high tem-
perature annealing are all characterized and the characteristics of specimens with 30 °C/s
are shown in Figure 9. From Figure 9a, it can be seen that secondary recrystallization oc-
curs after high temperature annealing, with coarse recrystallized grains distributing on
the plate surface on the centimeter scale, but with some grains being small in size, indi-
cating that they did not grow up completely. From the pole figure in Figure 9b, it can be
seen that the grains on the plate surface are mainly Goss texture. Apart from this, there
are still some grains with other orientations, such as {411}<148> texture in Figure 9¢c, which
were not totally swallowed by the Goss grains. Furthermore, inhibitors also change sig-
nificantly after high temperature annealing compared to those in Figure 8. From Figure
9d, it can be seen that the density of the inhibitors reduces greatly, and most of them dis-
solve into the matrix, which enable the Goss grains to break the pinning effect and achieve
abnormal grain growth. However, some undissolved inhibitors can also be found with a
size larger than 100 nm, which shows that the inhibitors happen to coarsen and fail to
cause a pinning effect, finally being preserved in the plate. After high temperature anneal-
ing, the magnetic properties of specimens with different heating rates were measured and
are shown in Table 6. It can be seen that when the heating rate is 30 °C/s, the magnetic
properties are the best, with the magnetic induction of 1.88 T and iron loss of 1.34 W/kg.
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{411}<148>

Figure 9. Macrostructure (a), {001} pole figure (b), EBSD orientation image map (c) and TEM mor-
phology (d) after high temperature annealing with heating rate of 30 °C/s.

Table 6. Magnetic induction Bsw and iron loss P1.750 after intermediate annealing.

Heating Rate (°C/s) Bsoo (T) P73 (W/kg)
10 1.63 1.42
15 1.80 1.39
20 1.72 1.36
25 1.83 1.37
30 1.88 1.34

4. Discussion

In order to investigate the effect of different heating rates during the intermediate
annealing process, the recrystallized microstructure, texture, grain boundary characteris-
tics and inhibitors are discussed below.

As the heating rate increases, the average grain size along the plate surface and thick-
ness direction tends to decrease and is less than 15 pum, especially when the heating rate
is 30 °C/s. In addition, when the heating rate is within 10~25 °C/s, the differences in the
grain sizes do not exceed 5 um with every 5 °C/s rate. However, when the heating rate
increases from 25 °C/s to 30 °C/s, the differences in the grain size are all larger than 10 um
(see Table 2). This shows that the obtained grains are extremely small after intermediate
annealing, with a heating rate of 30 °C/s. Moreover, with the increase of the heating rate,
the aspect ratio shows a declining trend, which can effectively prevent recrystallized
grains growing oversized and contribute to the abnormal growth of Goss grains during
high temperature annealing.

From the point of view of obtaining high magnetism of grain-oriented silicon steel,
generally, the best texture distribution after primary recrystallization is strong y-fiber tex-
ture and Goss texture distributing in the surface and subsurface, as well as some Goss
grains being preserved at the center [31]. Among the recrystallized grains in Nb-contain-
ing grain-oriented silicon steel, HEGBs are formed between Goss grains and y-fiber
{111}<112>/{411}<148> grains. It has been reported that the orientation between {111}<112>
and Goss grains are close to X9 relationship, and {411}<148> grains are related to Goss
grains by X9 orientation relationship (rotate along RD axis) [32]. Therefore, both
{111}<112> and {411}<148> grains are beneficial to the secondary recrystallization of Goss
grains, thus contributing to the useful texture. When the heating rate is 30 °C/s, y-fiber
and Goss textures in the surface and subsurface layer have a higher intensity compared
with other heating rates, and {111}<112> orientation is relatively more accurate. In con-
trast, the y-fiber texture has undergone a marked deflection with a heating rate of 10 °C/s
and 15 °C/s (see Figure 4). Meanwhile, the intensity of the {411}<148> texture at 30 °C/s
nearly reaches the largest value in the surface, subsurface and center layers. It is also found
that the {111}<112> texture has the highest content at 25 °C/s, but both the content of
{411}<148> texture and total content of the useful textures {111}<112> and {411}<148> are
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the highest at 30 °C/s (see Table 3), which demonstrate that the obtained texture after pri-
mary recrystallization with a higher heating rate is the most favorable for the growth of
Goss grains.

In consideration of characteristic grain boundary, the total content of HEGB and
HAGSB is the highest, while LAGB is the lowest after intermediate annealing with a heat-
ing rate of 30 °C/s (see Figure 6). Additionally, the content of ©9 boundaries reaches the
maximum value at 30 °C/s and is much higher than those of other heating rates, followed
by X3 and L5 boundaries (see Figure 7). The above results show that the overall migration
speed of the grain boundary is the fastest with a heating rate of 30 °C/s.

Generally, the inhibitors first dissolve into the matrix during the heating and insula-
tion stage of the intermediate annealing, and then precipitate from the matrix during the
cooling process. If the heating rate is fast, which means that the time for the heating pro-
cess shortens accordingly, the inhibitors are not able to dissolve into the matrix com-
pletely, resulting in the amount of precipitation dropping inevitably during the subse-
quent cooling process. In addition, some inhibitors precipitate and center on the undis-
solved particles, forming the composite precipitations with a larger size. Finally, the num-
ber of the obtained inhibitors is relatively low and the size is relatively large (see Figure
8). However, the results from using the faster heating rate show the better characteristics
of primary recrystallization and the magnetic properties of the final product, which indi-
cate that the inhibitors formed during primary recrystallization do not just require a large
quantity and small size. Therefore, how to control the precipitation of inhibitors and max-
imize their role needs further investigation.

In conclusion, the specimen annealed with higher heating rate possesses the best pri-
mary recrystallized microstructure and texture, which guarantees the abnormal growth
of Goss texture after high temperature annealing and results in the best magnetic proper-
ties.

5. Conclusions

(1) First recrystallization occurs after intermediate annealing. The size of the recrystal-
lized grains varies along the surface direction, and the gradient microstructure pre-
sents along the thickness direction. Both the surface and subsurface layers are com-
posed of strong y-fiber texture after intermediate annealing, while the Goss texture
becomes weaker in the center. The {411}<148> and {111}<112> textures are found to
be the strongest along the thickness direction in all of the annealed specimens with
different heating rates.

(2) The useful texture {111}<112> and {411}<148 >, as well as the Goss texture in the an-
nealed plate, are mainly surrounded by HEGB and HAGB (>45°). When the heating
rate is 30 °C/s, the proportion of X9 is the highest, the total content of HEGB and
HAGSB is the largest, and the content of LAGB is the least.

(3) Alarge number of inhibitors with a size of 14~20 nm precipitate disperse and distrib-
ute evenly in the matrix after intermediate annealing. As the heating rate increases,
the average diameter of inhibitors shows a slow rising trend in general, but the vol-
ume of the fraction is in decline.

(4) The decarburization amount is approximately inversely proportional to the heating
rate in the heating stage of the intermediate annealing process. In the insulation stage,
as the decarbonization time prolongs, the carbon content first decreases rapidly, and
then gradually slows down. As the heating rate increases, decarbonization tends to
proceed in the insulation stage, and the total amount declines.
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