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High temperature mechanical properties and hot working properties
of high magnetic orientation silicon steel

Shi Pengzhao', Li Jiangbo™', Qiao Jialong', Guo Feihu', Qiu Shengtao'

(1. National Research Center of Continuous Casting Technology, Central Iron and Steel Research Institute, Beijing
100081, China; 2. Technology Center, Hunan Valin Lianyuan Iron and Steel Co., Ltd., Loudi 417009, Hunan, China)

Abstract: In this paper, Gleeble3800 thermal simulation test machine was used to conduct high temper-
ature tensile and high temperature compression experiments on high magnetic induction oriented silic-
on steel billets. The influence of temperature on high temperature mechanical properties (tensile
strength and section shrinkage) of high magnetic induction oriented silicon steel, and the hot working
properties of high magnetic induction oriented silicon steel were studied. The results showed that the
temperature of the first brittle zone of high magnetic orientation silicon steel was around the melting
point ~ 1200 °C, and the temperature of the third brittle zone was about 750 C, and there was no
second brittle zone. The fracture mechanism of the sample at 750 C is intergranular brittle fracture, and
there are Al, Si and other oxidation inclusions at the fracture surface. When the shape variable and tem-
perature are constant, the deformation resistance of the specimen increases with the increase of strain
rate.

Key words: highly magnetically oriented silicon steel, mechanical behavior under high temperature, hot
working property, brittle zone, deformation resistance
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Table 1 Main chemical composition of samples %

C Si Mn P S Cr

0.05~0.06 3.0~3.3 0.08~0.1 0.02~0.03 0.005~0.009 <0.15

12 TR

SIS v R SRR ) Fe 0 v L D A M RE AN BN T
PERE, 050 8 Hi-B U Ak A5 B = I s R =
B SNVl D ] ) S =B & VA L WL gD 93 N0 e
TLEE, P A fe B RSB LA 20 °C/s
A 1250 C, PR 30 s JFAHARRREERYS), #E2L 5 °C/s
R AR, TR 30 s J5, Bt
FETE 650 ~ 1200 °C, B:AHNE 50 C Sh— MR
SRR VAT PRI, R AR BN 3%107° s
TSRS [RGB 25 iR B Thi iR B R,
I 55 TSR S T I T 1 R/ IN R T T 4 R,
FEULER A HT IR W TR S, DLKCR F 4 F e A
TS BT A Je 22 R 525,

TR TR A R A TRLRE BIE AR BE o i e IR
[ EE AN IR AR S LA 10 C/s TR E 1150 <C,
R 5 min J5 M RER B 5], BELL 10 C/ls B IR
AR AR TR BE , AU 3 min LA, 0 B AE 850 ~
1150 °C, BEAHRE 50 °C R—ANR B S5 A% iR
HEAT R ARG, RN B BE N 60%, 28I N A8 1 58
YRIR 1.5 s AR R TR RAL

2 RBERTRELHN

2.1 EiRPLARLSEE R
2,11 PrdisE S Wi IcE =
i RO 1) v TR A G TR RO AR il 3k



4 1)

WP, 25 o B fe it = PR BE S A Tk A - 137 -

B, BN S RIS, SR HOE (A
G 45 % . Gleeble3800 P IR IGAIL M 32k 7 fif
RIS R L 2,

Fz2 hRIRIEHE
Table 2 Tensile tests data

WHAIREE/C WS SR /mm W 4R 3/ % Hihisi e /MPa

650 124.93 67.60 106.7
700 124.95 68.27 76.4
750 123.53 53.76 78.2
800 125.21 70.66 56.3
850 127.49 83.66 42.2
900 127.34 82.22 35.7
950 127.56 86.86 259
1000 127.20 82.60 27.8
1050 124.83 74.41 16.8
1100 124.42 72.09 15.0
1150 124.35 72.35 11.7
1200 122.54 45.73 8.2
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Fig. 1 Variation of tensile strength and section shrinkage
with temperature

F SCHk [14—15] AT AL 78 IR AR ZE 2 600 C
T EE D[], TR HAE T AR A B A I PR I R X
B, mEX (1200 C~ WAHL) I T Mtk f
TRIX (900 ~ 1200 °C) A% IRtk X (KR X (700 ~
900 °C) A EE T 1 X, 3 — ff P X J2: 5 40 Y
y—o BRI o AN A | SR Y A T
G S 0 = AR MEE X, = AN X 3k
AT AEA Rl B M, A e R 2 % AR i

X ) B I

M 1 T E H AR SASE A XAT,
R PRI T2 600 ~ 1250 °C Y2 T BN, B
T 750 °C 11200 C WA A 18T 60%, Wr
T fHL 48 050N 53.76% F1 45.73%, 111 HAB 6L 15
AT 2R 4 97E 60% L) L, Hi 850 ~ 1 000 °C
T EEE FE N IR s, Y95 T T 80%, Hir 950 <C
A SR i, W TR AR 28R ) 86.86% . HH KTTHI 4R
SRIRGG L5 T LIS, R R i R AR B 2R T M
DR R 124 1 200 °C, ANFETE W] 50046 11 etk
X, 28 T Jfa vk X IR o0 750 °C BFFT . R, ZEH13T
G A HIRIEE R T LA B S %, il
PR TE B 3 TR T DY, SRE TR IR X, By 1%
PR A . A 2 T R, i i 8 A
A 3k 3 280 B VR BE (ZST) , {H ph Bt o i J38 (7 ) 240,
1200 °C DA AR

FTFR N R RN 2R LAY, SR
22 0 X TR R TR AR ZR, 75 s
JEIBL I E AR FE A TRARER IR T, 2970 1 509 °C, [#
MHLIRIE Ts 28 1467 Co H 3.25%Si-Fe AHEF
2 A LA, FEER ) REBIOC R S a2 iR
MIRAHZE (1 509 C)FFARZRHET T R, BN RAHFF 1R
AR o REAR, BEA IR EEARSERE] 1 250 <C
LA, FEUR K AR 4y o A )y AR AR 5 R R A
1150 C, B y AH L3k 21 fe KA, F-Bif o 10 38
K, v AH EL B2 b . YRR S N FEE] 750 °C
FeAiit 2 L y—atFe,C $478, T AN AR Y8 1
FIHR AN — 3K, 7E —AHAS B X, 1A AR
HESLABARME, T REE 1 750 °C BHARE AR
WA AR % . B TR PRI, y— ot FeyC 7 AR SE AL,
B A a+Fe,C I, B4R XA Tt o

1500

1300

A\
0.07%C)
£ 1100} J) o ¢
= A 00190 N\

8 / i
900 atyFe,C (0.079%C)

700 a+Fe,C s

Fe 1 2 3 4 5 6
We/%
B2 8 CXxtFe-SitHES o Fy HHLEHFMW
Fig.2 Effect of a small amount of C on a and y phase lines
in Fe-Si phase diagram



- 138 - UK TN 2023 4E5 44 4
2,12 WrrIBSREs RS 00 FEWE T 4 R85k, X536 2 s R et it

i R A R AL RE R B L AN [R] A 284,
SR FL 1 W AR B AN [ 1 2 T
FHESOF AT 2P AR T
(AT 1 Z AT ROMTE AR AN 3 ~ 4 7R, LR

SE AR, FLE iR T O 3T LI 7 34
FEIPEWRIZE . 7E 950 °C F| 850 °C Z51F T R W
FUEIAF A 2L, I 4, 5 AT, 750 °C Wigd
i P T 1T 550 S B PAORER:, Sy L 78 P 0 o i 2 DRI 24

A, U W TR RN R 53.76% . H. BRI
SRR LA B, W T IXSAE AR AL Si YA L)
7%, HOWHRRE R SR 2 Y

BT 153 A e i

HeTe
(@)

3 mm

(a) 1 000 °C;
(b) 950 C; 20 um 100 pm |
() 900 °C;
(d) 850 C;
(a) 1 000 °C;
i e (©750C (b) 950 °C;
s o e y 900 C;
B3 AR ELRE R QR R e T
Fig. 3 Macroscopic morphology of the specimens pulled at 100 pm 0 mn (e) 750 C

\

different temperatures 2
B4 SXEEREIRERETRE OMRERE R
Fig. 4 Fractograph of the samples pulled at different tem-

MK 3~ 40T LLFE H, BUFER R B 1000 ~

850 °C M, Pt A v B A 58 440, Bl peratures
9800
7800
Si
5900
27,
= 39001 | ‘
2000 |
Fe || Fe Fe
[ S N " N " M " " N "
1 23 456 7 89101112
HE it /keV
Si0, e 24
3600
29001,
2100
i Fe
#1400
0 “
700 ﬁe -
LY Y .
1 23 456 789101112
Bt /keV

AL, J& 74

El5 750 C BHRXAEET O SRIAmER RER A S HETE
Fig. 5 SEM images and energy spectrum of the fracture morphology at 750 °C

IS4
2

22 ERE4ERRLE R
SR TR SR ELAN T 2 B2,

NASER AL, AR I RN A A R T
SR E B A BB NI, DR R ik

iS4
2

1M et ST ) R AR R AT R TAERE R — 1
HAY AR AR AR T, 7
% FEHAEA RN BE VAR R R IEATL R

BTE R RIS AR, X S BR AR
A TP EL T T A S B IBRIL AL T 2 5
HRE



HaW I, 25 e BRI A RE A s i 2 PR e S P T fg - 139 -

22.1 ASRIREASEARE X SRASE B R REAASTERT ) R S E R BN, B A R
AL H N R R L, MASRE kT AR YA IR B R i TH i i, 4@ AR E 7]
GV INERUNOIPS I 73 BT s S WA W 8 AR 0855, At T 42 JB BT TRI A 45 5 1 AR,
K6 AR AR R (1s ' f1 S s )E&M PR 4@ AsR e ARt AR, [ASIE P IR, A
R ARTEHL T AR M ZR FIFHATIBIEA L . [N, EREEESA T8
M & 6 AN, B ST IR Bt 850 C THE B MRLERAASIENT, SRS R A N R ML A,
1150 °C, 76 s M ARl R AR TR HL W (el Wl R T B i T 98 kA8 1 T 7= A 4 Jn T4k,
186.3 MPa [#{X% 52.9 MPa, 1fi 5s ' BAEHR T mIEASEHU AR IIE A & B A RHE S PEAR T I 1Y)
AT H 1 WA By 306.8 MPa B 1% %] 116.1 MPa, H. T AL ELS
T A R B2 I Bt A8 JE B 0 ~ 10 mm A3, 3

1150 C 320
L] “
2001 4 1100 ¢ 300 1
41050 °C
v 1000 C 250 |
1501 4950 «C
& 4900 C £ 200}
= | »850C =
S 100 = 150f
100 |
50
50|
of ol
0 2 4 6 8 10 0 2 4 6 8 0 12
7RI 4 /mm AR At /mm
(a)ls! (b)5s!

6 1s'f5s' NTRFTEHENZREHMANETLL
Fig. 6 Variation curves of high temperature deformation resistance at strain rates 1 s~ and 5s~'
2.2.2  WASEAN AT B L 1) e A 7 AN () 78 T R [ ) A2 A T
G B MRHER T (AR TR IR BE R, AR (850 ~ 1150 °C), ZZFE (0 ~ 10 mm) T YR g 4%
WOES| Z Wi NN 3 DI i o1 A | 44l

350

300} =557 250 200
& 250 =15 200 150
S 200 150 100
}(5)8 100
= 50 %
0 0 0
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
AR /mm AR 4 /mm A i /mm AR 8 /mm
(2) 850 °C (b) 900 C (c) 950 °C (d) 1000 C
180 180
160 160 120f o5 g
£ 140 140 100} -1 ¢!
= 120 120 30
5100 100
S 80 80 60
2 60 60 2
40 40
20 20 20
0 0 0
0 2 4 6 8 10 0 2 4 6 8 10 12 0 2 4 6 8 10 12
AR /mm 75T /mm AR 18 /mm
(e) 1050 C (f) 1100 C (g) 1150 C

E7 AERTEEFEEEI DT s

Fig.7 Variation curves of high temperature deformation resistance at different strain rates



. 140 - W ek #8K

2023 45 44 45

& 7 a1, AR R AR BT R AR,
P 1 s™ AR R AN 5 s iy 28 AR IR I A 25
Y1, BASI IR EARIRIAT, 587 RIAR R 1s ' h
RUST STV ol N URUS I Z /DAL Ly N & 1S by B VA
FRARST, AT R ) S e A2 AR TR () A R S ] sk /N,
ZE I 1] 5 A K I RIS, Sh A4S S sl
152 AR I D, B TE o e b B TR AL B 4K
SRAFAE, N ASIEST i3 . HAE 850 ~ 1 150 C
AR BE 22 6], AR IR 1 W I EAE 850 C HK, H
N S (E IR F) 310 MPa. ZE4 kA, A8 & AW AR
BR—EIEOLT, MR TR, AP0 KRR,
Jr TR ELE F1 /0N A R R —E BT, BER AR
HCRIE R AT BT H KRR R, B GL i K

3 &#

K Gleeble3800 #MLHLIX IR AL, WF5T T i
AT AN Y s TR T PR RE ARG TR, 75 DA

SEH

T45ie:

1) 7o R SRR B 1) e A Ak () BRI PE AR X 4, 7
E PRI T2 600 ~ 1250 °C R ETEE P, R
T 750 °C 1 1200 °C 1y Wi W4 % A KT 60%,
At 7L 55 T TR MR 4 R A I7E 60% LA L, Hi
850 ~ 1000 °C &G H N ¥R, HETET
80%, I ve B TR ) R O 585 T v DX TR BE g i
241200 °C, AR AOEE 1T HEtEDC, 55 A IX
TR K 750 °C B,

2)IRELE 750 °C W 24T i K 11 1 5 5 30 vk om
AR, Ay ST PV b Y P DT TR SRR ) BT 1 i
BINK 53.76%, HAEK O IX 7S Al Si %4k
Yrdedy, HohAREm A %

3) A% et RN AR TR — 2 IR G0 T, 1R B
FE T, ARTEAT ) KRR, B 5L 80N 2578
7 g AR RE — 2 AOTE DL T, 13RS5 384 K, AR
I ZAWApN = I DA N

[1] He Zhongzhi, Zhao Yu, Luo Haiwen. Electrical steel [M]. Beijing: Metallurgical Industry Press, 2012.
(far &gy, B, BESC i M. e st 164 Tl i hikE, 2012.)
[2] Duan Weiping, Yuan Hang, Li Jingshe. High temperature mechanical properties of 30CrMo fine blanking steel continuous

casting slab[J]. Special Steel, 2021, 42(5): 4.

(BT, i, Z2ntad, 45 30CrMoks AN R 20 iR 2 MERE ISR (0. RR4N, 2021, 42(5): 4.)

[3] LiLi, Du Yizhe, Wang Qinzheng, et al. Mechanical properties of Q345 steel continuous casting billet under compression at

high temperature[J]. China Metallurgy, 2021, 31(4): 5.

(5T, Fh—37, TEENEL, 45, Q34SHOEHE AR AR T iy il /2= PEREL]. W ER 82, 2021, 31(4): 5.)

[4] Yuan Hang, Yang Shufeng, Wang Tiantian, ef al. Research progress of transverse crack at corner of continuous casting slab in
subperitectic microalloyed steel[J]. China Metallurgy, 2020, 30(10): 1-8.
R, A, T TH S5, A AR e NI AR M A R SR SO I S ik JRe [0, Pl 6, 2020, 30(10): 1-8.)

[51 MaJingchao. Cause analysis of transverse crack in abnormal corner of slab[J]. China Metallurgy, 2021, 31(6): 77-81.
(Ehiftl. ARRAR IE# AR R E0™ A BN T 0], PR 4, 2021, 31(6): 77-81.)

[6] Lan Peng, Tang Haiyan, Ji Yuan, et al. Thermal plasticity and fracture mechanism of Fe-22Mn-0.7C TWIP steel[J]. Journal of

Engineering Science, 2016, 38(6): 795-804.

(209, RifEte, 205, 4%, Fe-22Mn-0.7C TWIPHIIAIEPE SIWTRHLEI[T]. TRERLEE4R, 2016, 38(6): 795-804.)
[7]1 Pei Yinghao, Zhang Chen, Chen Qi 'an, et al. High temperature mechanical properties of oriented silicon steel[J]. Special

Steel, 2010, 31(4): 3.

(g, SRR, BRILZ, 55, BRI RERI Y w1 £ RED]. 455K, 2010, 31(4): 3.)
[8] Hou Zewang, Zhang Chen, Xiang Li, et al. Study on thermoplasticity of common oriented silicon steel[J]. Iron Steel

Vanadium Titanium, 2010, 31(4): 5.

(fEPERE, B AR, TR, A5, e MR ) e A B AR PRI ST (D). AN ERBLER, 2010, 31(4): 5.)
[9] Chi Hongxiao, Xu Huixia, Fang Feng, et al. High temperature mechanical properties of M2 high speed steel[J]. China

Metallurgy, 2016, 26(1): 31-34.

GRS, VR, J7ig, 45, M2s SN I = TR A PERE D). TR 42, 2016, 26(1): 31-34.)
[10] Zeng Xiangqun, Liu Runzao, Zhu Rong, et al. Research on hot working properties of high nitrogen steel[J]. Industrial

Heating, 2016, 45(2): 1-4,11.

CRERERE, X, JRR, 25 W AU TAEBERSE D). Tk, 2016, 45(2): 1-4,11.)


https://doi.org/10.3969/j.issn.1003-8620.2010.04.016
https://doi.org/10.3969/j.issn.1003-8620.2010.04.016
https://doi.org/10.3969/j.issn.1003-8620.2010.04.016
https://doi.org/10.3969/j.issn.1002-1639.2016.02.001
https://doi.org/10.3969/j.issn.1002-1639.2016.02.001
https://doi.org/10.3969/j.issn.1002-1639.2016.02.001

55 4 1 U7, 45 2 G JERLIE) E A i  7 2 Sn T R - 141 -

[11] Lin Lin. Research on hot working performance of duplex stainless steel[J]. Engineering Technology Research, 2017, (7).
89-91.
AR, SURT AR SEAN A PN T AERERTSE[)]. TREBORBISE, 2017, (7): 89-91.)

[12] Wen Sheng, Han Chao, Bao Ze, et al. Flow behavior characteristics and processing map of Fe-6.5%Si alloys during hot
compression[J]. Metals - Open Access Metallurgy Journal, 2018, 8(3): 186.
GIEUYE, 6, B, 5. Fe-6.5%Sim &M RAE BT FE[)]. €, 2018, 8(3): 186.)

[13] Yuan Pengfei, Wu Huajie, Yue Feng, ef al. Study on mechanical properties of Nb-Ti-V microalloyed ship plate steel at high
temperature[J]. Iron Steel Vanadium Titanium, 2012, 33(1): 76-81.
(TCH &, SRAETR, R, 55 Nb-Ti-Via S M M ml g #PERERTIE ()], S8k LER, 2012, 33(1): 76-81.)

[14] Wang Jianfeng, Deng Shen, Rao Jiangping, et al. Study on mechanical properties of niob-titanium and niob-vanadium
titanium microalloyed steel at high temperature[J]. Steelmaking, 2011, 27(1): 46—49.
(CE -, XBUR, BV, 5. PRk MR FUER TG 42 MM Bl 1 A PR REBFSE[I]. AR, 2011, 27(1): 46-49.)

[15] Cai Kaike. Quality control of continuous casting billet [M]. Beijing: Metallurgical Industry Press, 2010.
(FEFFR}. I IR HIIM]. ALt 164 Tolk th i, 2010.)

[16] Ai Xi, Sun Yanhui, Zeng Yanan, et al. Effect of low temperature brittle zone on surface transverse crack of S355 J2 steel[J].
Steelmaking, 2014, 30(3): 69-73.
P4, PNERE, BV, 5. S355 J2ARAIRIELIGE 1 DX R IR LB SE R BT FE (D], #4540, 2014, 30(3): 69-73.)

[17] Kong Wei, Chen Yingfeng, Cang Daqgiang. Effect of different hot rolling parameters on deformation resistance of non-
oriented silicon steel[J]. Science Technology and Engineering, 2018, 18(34): 6.
(LA, PR, G, AL SEOS T m i B AR BT BRI [T]. BlAHoR 5 TR, 2018, 18(34): 6.)

[18] Wang Dongchen, Ruan Shipeng, Wang Ningtao, et al. Effect of Si content on deformation resistance of medium carbon cold
heading steel[J]. Steel Rolling, 2021, 38(4): 5.
(EASR, Brb, 7, 55, Si X i SUNAS DT RS2, 5L, 2021, 38(4): 5.)

[19] Ma Menghan, Huang Ting, Shen Yongfeng. Effect of rolling process on microstructure and mechanical properties of D6A
steel[J]. Materials Science and Technology, 2021, 29(1): 7.
(TH2ERG, #0, W B0, FLH T X DOA BT A 23N ) 4 M RE A2 I [0]. M RERLA 5 T2, 2021,29(1): 7.)

[20] Zhang Wendong. Simulation of temperature field and rolling force of H-beam hot rolling [D]. Kunming: Kunming University
of Science and Technology, 2010.
(KSR, HALS AL RE 37 B S LT AU D). BB B E T K%, 2010.)

S EH

T T BT T BT T BT T BT BT B BT B T BT B T BT BT BB T BTSN T BTSN T BT B T B TS T B TS T BT BT BT BT BT BTSN B TS B T BT BT B TSI B TS T BT S

NENERAESSEEME HIEEME A d

20234F 8 1 1 H, J/RRAEEIREE A A FRA R (LU BIFRRAETE ) B R G S aamis kG
S AR A e 1 HE M I B A 2ETES AR T WL JAE R AR L F R X247, 200 H 55 S 5 42
JG, WA R AR E 8.3 147G, LREHHIERIL 1.1 14T,

P, WA AES R TPl s E N KRS S Al i, [FIRE, or kA 4
LM IIERE, AL E RS HEAR I GIESE RS % . 1000 H A SIEANE L& S Rk S A b il T2
AR BRASESE TS TZEARKEEL A& H, AREAR 2P Ml ARRN TR, Fis
PRULE TR R A S, A RN B SORITRIZE Y & e 5t

## B https://www.cnmn.com.cn/ShowNews1.aspx?id=446192

(


https://doi.org/10.3969/j.issn.1671-1815.2018.34.005
https://doi.org/10.3969/j.issn.1671-1815.2018.34.005
https://www.cnmn.com.cn/ShowNews1.aspx?id=446192

	0 引言
	1 试验材料及方案
	1.1 试验材料与设备
	1.2 试验方案

	2 试验结果讨论与分析
	2.1 高温拉伸试验结果
	2.1.1 抗拉强度与断面收缩率分析
	2.1.2 断口形貌结果与分析

	2.2 高温压缩试验结果
	2.2.1 变形温度和变形程度对高温变形抗力的影响
	2.2.2 应变速率对高温变形抗力的影响


	3 结论
	参考文献

