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The effect of acid-soluble aluminum content on precipitates and magnetic properties of grain oriented silicon steel 
was researched by optical microscopy and zeiss ultra 55 Scanning Electron Microscope (SEM) technique respec-
tively. The results show that the number of precipitates increases with the increase of acid-soluble aluminum con-
tent, and the size of precipitates is relatively large after hot rolling. Under the low hot rolling temperature, the 
number of precipitates in the samples is large and the size is small, moreover, the grain size of the primary recrystal-
lized grain is small. The matching of process parameters under different production process lines is the key to obtain 
good magnetic performance. The effect of nitriding on magnetic properties of the samples is related to the acid-
soluble aluminum content of the samples. Too much acid-soluble aluminum can deteriorate the magnetic proper-
ties.
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INTRODUCTION
Grain oriented silicon steel which is known as cold 

rolled transformer steel is prepared by the principle of 
secondary recrystallization[1]. The purpose of preparing 
oriented silicon steel is to obtain sharp {110}<001> tex-
ture during secondary recrystallization. The secondary 
recrystallization process of grain oriented silicon steel 
inhibit the normal growth of primary recrystallized grains 
through the pinning of the second phase particles, so that 
the {110}<001> oriented grains can swallow other grains 
and grow abnormally, obtaining excellent magnetic prop-
erties[2-4]. It is reported that AlN particle which has the 
strong pinning force precipitate mainly during normaliz-
ing process[5,6]. Therefore, it is very significant to clari-
fy the relationship between the precipitates and the mag-
netic properties during the preparation of grain oriented 
silicon steel. The effect of hot rolling process parameters 
on microstructures and textures of the grain oriented sili-
con steel was studied in previous studies [7,8], and the 
effect of acid-soluble aluminum on precipitates and mag-
netic properties will be researched in this paper.

EXPERIMENTAL MATERIALS AND METHODS
Grain oriented silicon steel was selected as the ex-

perimental material with different acid-soluble alu-
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minum content, and of which the main components are 
0,053 % C, 3,18 % Si, 0,11 % Mn and 0,05 % Sn. The 
samples designated as A1, A2, A3 and A4 were pre-
pared by hot rolling, normalizing, cold rolling, decar-
burization annealing, nitriding treatment (with different 
amount of ntriding) and high temperature annealing. 
The main process parameters and the magnetic proper-
ties of the finished products were exhibited in Table 1. 
The lateral section of the hot rolled and normalized 
sheets were polished. Then the microstructure was ob-
served by using optical microscopy technique. The 
characteristics and distribution of precipitates during 
hot rolling and normalizing were observed by using 
ZEISS ULTRA 55 Scanning Electron Microscope 
(SEM) technique.

Table 1 �Main process parameters, nitriding process  
and magnetic properties of the samples

Sample A1 A2 A3 A4
Als content / % 0,04 0,027 0,03 0,025
Hot rolling temperature / °C 1 150 1 200
Normalizing temperature / °C two stage

1 100+920
two stage
1 120+900

Nitriding temperature / °C 800~850 850~900
Nitrogen content during 
nitriding / 10-6

230 260 190 180

Magnetic induction, B8/ T 1,577 1,876 1,795 1,792

RESULTS AND ANALYSIS

Figure 1 shows the precipitates of the hot rolled 
sheets with different acid-soluble aluminum content. 
There are less precipitates can be seen in the samples on 
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the whole. The number and size of precipitates in sam-
ples with high aluminum composition are larger. In con-
trast, the number of precipitates in samples at low hot 
rolling temperature is large and the size precipitates is 
relatively small. The main reason is that the solid solu-
tion temperature of AlN is higher than the heating tem-
perature of the continuous casting billet, and there are 
coarse AlN particles in the hot rolled sheet that cannot 
be solidly dissolved completely. The number of AlN 
particles in the continuous cast billet increases with the 
increase of hot rolling temperature, and the peak tem-
perature of AlN precipitation is lower than the finishing 
temperature, resulting in more redissolved AlN parti-
cles not being able to precipitate at 1 200°C.

Figure 1 �Precipitates of hot rolled sheets. (a) A1-sample;  
(b) A2-sample; (c) A3-sample; (d) A4-sample

Figure 2 �Precipitates of normalized sheets. (a) A1-sample;  
(b) A2-sample; (c) A3-sample; (d) A4-sample

Figure 3 �Microstructures of decarburized strips.  
(a) A1-sample; (b) A2-sample; (c) A3-sample;  
(d) A4-sample

Figure 4 �Macrostructures of finished products. (a) A1-sample; 
(b) A2-sample; (c) A3-sample; (d) A4-sample

 Figure 2 illustrates the precipitates of the normal-
ized sheets with different acid-soluble aluminum con-
tent. It can be seen that the number of precipitates in the 
samples increases significantly compared with that in 
the hot rolled sheets after normalizing. The number of 
precipitates of A1-sample with high aluminum compo-
sition is higher than that of A2-sample with low alu-
minum composition, and the size difference of precipi-
tates is not obvious. By comparison, there is little differ-
ence in the number and size of precipitates between 
A3-sample and A4-sample, and more large size precipi-
tates can be found in A3-samples. The reason is that the 
solid solubility of the particles is high at 1 120 °C dur-
ing the normalizing process, which makes the differ-
ence between the number of precipitates in the two sam-
ples little. Moreover, some large size precipitates solu-
bilizes incompletely during hot rolling process, so a 
certain amount of large size precipitates can be seen in 
normalized sheets of A3-sample.

Figure 3 demonstrates the microstructures of decar-
burized strips. According to the statistical results, the 
average primary recrystallized grain size of the four 
samples is 19,06 μm, 20,34 μm, 15,48 μm and 15,58 μm 
respectively. It can be recognized that the acid-soluble 
aluminum content has little effect on grain size of pri-

mary recrystallized grain, while the hot rolling tempera-
ture exerts great influence. By comparison, the primary 
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recrystallized grain size of the samples with more acid-
soluble aluminum content is smaller under the same 
production process.

Figure 4 indicates the macrostructures of finished 
products. Secondary recrystallized structures can be 
seen in A2-sample of which the magnetic property is the 
best, while a large number of fine grain structures can 
be seen in A1-sample. It can be recognized that the ef-
fect of nitriding on magnetic properties is related to the 
content of acid-soluble aluminum in the samples. Al-
though the A1-sample contains the most acid-soluble 
aluminum, the magnetic properties of it is the worst. 
The reason is that too much acid-soluble aluminum 
leads to excessive inhibition.

CONCLUSIONS

The grain oriented silicon steel with different acid-
soluble aluminum content are prepared under different 
process conditions, and the conclusions are as follows:

The number of precipitates increases with the in-
crease of acid-soluble aluminum content, and the size of 
precipitates is relatively large after hot rolling.

Under the low hot rolling temperature, the number 
of precipitates in the samples is large and the size is 
small, moreover, the grain size of the primary recrystal-
lized grain is small.

The matching of process parameters under different 
production process lines is the key to obtain good mag-
netic performance. The effect of nitriding on magnetic 
properties of the samples is related to the acid-soluble 
aluminum content of the samples. Too much acid-solu-
ble aluminum can deteriorate the magnetic properties.
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