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Study of the heating rate effect on the oxidation Kinetics
of the corrosion-resistant rebar

Wang Baoshan, Zhang Hongliang, Ma Jian, Feng Guanghong
(Metallurgical Technology Institute, Central Iron and Steel Research Institute, Beijing 100081, China)

Abstract: The oxidation behavior of corrosion-resistant rebar at various heating rates in air was studied
by thermogravimetric analysis and microstructural observation, and the results were compared with
those of isothermal oxidation. It is showed that there were no significant microstructural differences at
different heating rates, but the oxidation thickness increased with the decrement of the heating rate.
Meanwhile, the oxide scale displayed a two-layer structure when the heating rates were under 10 °C
/min, but there was almost a single layer of the oxide at the heating rate of 20 °C/min. A new calcula-
tion method for the oxidising activation energy was established through the constant heating rate tests.
The relative errors of the heat rates of 5, 10 °C/min, and 20 °C/min were 4.14%, 5.12%, and 32.13% re-
spectively, compared to the values obtained by the isothermal oxidation tests. Thus, in order to ensure
the accuracy of the new method, tests should be carried out at comparatively low heating rates.

Key words: corrosion-resistant rebar, oxidation kinetics, heating rate, oxidising activation energy, iso-
thermal oxidation
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Table 1 Chemical composition of the rebar %
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Fig.1 Optical microstructure of the rebar
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Fig.2 Optical microstructure of the rebar with different heating rates
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Fig.3 Oxidation kinetics curves of the experimental steels at various heating rates
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Fig. 4 Isothermal oxidation weight gain curves of the ex-
perimental steels at various temperatures
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Table 2 Oxidation rate constants in different stages
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AF I 6L 96 PRI Y, 1n(m/S)+1n(d(Z’;S))5%aq
KA 7 R,

1000 °C 950 C

-8 L 5 °C/min y=6.48—18 244.44x
A 2
? - R*=0.985 8
S b@ -10 + 10 °C/min
St

900 C 850 C 800 C

= y=4.61-16 622.70x
¥ -12 + R?=0.986 1
@
S * y=—4.10—11 890.59x
£ -l4t R*=0.973 1
20 °C/min
_16 1 1 1 1 1 1
7.8 8.1 8.4 8.7 9.0 9.3
1/Tx10000/K
. d(m/S)\ 1
7 AREMBRZETHIn(m/S) +1In -?923%
d(m/S 1
Fig. 7 Relationship of In(m/S )+ln( ( d7/" )) and T at

different heating rates
2.3.3  N[A) IR RE R T AL RERY 25 5
ANEPIEGEIEE T, [mEH RIS L RE a5k 3 i

S Mk

7, MARE AL RE B R/ N I T T Es o > B >
E o cimin > Eno cmins 178 NG AT, Ikt 2
B A A2 0 0 ) SR AR B T B 5,
10, 20 °C/min FYANFAEART, PR A EALIGILRE S
SRR TR BE, AR 224300 4.14% . 5.12%.
32.13%, X R A E R I = a4 A 6 AL e
I, S CRAE DN S B, 5 2R 80 ) st = (A
SCH<10 C/min), PMEA: 55 g il A AL w3 4 F A
SURIDESR =
®3 TESEHRERGHIELEE
Table 3 Activation energy obtained under different test-
ing conditions

SR IPGER/(C-minT)  ELAE/(KT-mol ™) AEXTR2E/%

BT 145.66

R 5 151.68 4.14
IEBVS 10 138.20 5.12
fE 20 99.86 32.13

3 &%

1) 18 PG R T, HRB400aE #92 [fi 2 52 4%
N EACZ RN 2, BAMEALZ a2 th
I AT, HRB400aE J¥ WL AL 23 30, (0
AL e R N EALE

2)HRB400aE N7EANFNEAGEEE R (5 ~20 °C/min)
B O A 2O A7 W I 25 57, oM ZH 24 25 i
AN]SR A AR Fe 25 S ) F R A

3) hn A R N R AR AL 1 B R, D
(m/S)s ¢min > (1M/S )10 ¢ pmin > (M/S )ag ¢ jmins (EWIIEZET)
2, 5 °C/min A1 10 °C/min BYIIEVE I, A fb i
B4 W TR, 1M 20 °C/min B0t 2 b & Ak
RN — F A

4) AN R AGE 28N AR SR AR 1 1S AL BRI Sy
Es <¢min > E1o ymin > E20 ¢ mins HE%{Eﬁfflﬁﬁtgﬁ*ﬁ It,
5. 10, 20 °C/min W75 A9 4840 5 T BEAE X 15 22 43 31)
N 4.14%. 5.12%. 32.13%, >R JHHE 52 I #as R 0 E
SEALTEALRES, BRI NG

[1] Yu Wei, Wang Jun, Liu Tao. Evolution and application of oxidation and surface quality control of hot rolled steel products[J].

Steel Rolling, 2017, 34(3): 1-6.


https://doi.org/10.13228/j.boyuan.issn1003-9996.201700Y4

- 170 - W gk Pl K 2023 A5G 44 5

[31]

[4]

[5]

[71]

[8]

[10]

[11]

[12]

[13]

[14]

[15]

[18]

[19]
[20]

(A, AR, X AELIR A b 2 B P BOR B9 S | St D). 5L, 2017, 34(3): 1-6.)
Du Xin, Luo Xiaoyang, Zhao Xiaolong, et al. Analysis and control of oxidation color of 590 MPa manganese steel strip by
BAF[J]. China Metallurgy, 2019, 29(8): 30-33,70.
(KRBT, 22 2R, B8/, 4. 590 MPai Rl gl B xUl i AL B S # I 10]. w4, 2019, 29(8): 30-33,70.)
Zhang Di, Guo Yunxia, Yu Shuai, ez al. Effect of descaling process on the structure of oxide scale during the finishing rolling
of medium and heavy plate[J]. J. of Anhui University of Technology (Natural Science), 2021, 38(1): 18-23.
(5itlt, Rz Pk, T, 2. v JREAROR FLad A v BRI T 20X Ak B 25 M R 2R D). BT R4l (A AR B ), 2021,
38(1):18-23.)
Bai Yin, Liu Zhengdong, Xie Jianxin, et al. Effect of pre-oxidation treatment on the behavior of high temperature oxidation in
steam of G115 steel[J]. Acta Metallurgica Sinica, 2018, 54(6): 895-904.
CEURR, XUTEAR, B, 45, PRt B G S A s i 28 VA AT M Y2 [T]. B2 Jm 7412, 2018, 54(6): 895-904.)
Qi W, Wang J, Li X, et al. Effect of oxide scale on corrosion behavior of HP-13Cr stainless steel during well completion
process[J]. Journal of Materials Science & Technology, 2021, 64: 153—164.
Cheng Lei, Sun Bin, Gao Wei, ef al. Effect of oxidation time and chromium content on high temperature oxidation behavior of
Fe-Cr steel[J]. Heat Treatment of Metals, 2021, 46(7): 65-71.
(P, P, M, 5. AU TR B) R8s &t X Fe-Crild Ml A b AT M A2 R [T]. 4@ #ub 28, 2021, 46(7): 65-71.)
Zhao Xiaolong, Wang Yongqi, Tang Xingchang, ef al. Review on the oxidation mechanism and its research of steel billet in
heating process[J]. Steel Rolling, 2019, 36(6): 66—68,82.
GBUNIE, EFEW, B, 55 A9ERTE Ml B2 ) AL A RS £iAR 0. L5, 2019, 36(6): 66—68,82.)
Yuan Q, Xu G, Liang W, et al. Effects of oxygen concentration on the passivation of Si-containing steel during high-
temperature oxidation[J]. Corrosion Reviews, 2018, 36(4): 385-393.
Li Zhifeng, He Shuai, Xing Shuqing, et al. Effects of chromium addition on high temperature oxidation behavior of hot rolled
low carbon steel[J]. Iron and Steel, 2021, 56(9): 110-117.
(Zae, B, THOIRGR, 5. B OCERUS X LR i il A AT RO R2mA ()], 4198k, 2021, 56(9): 110-117.)
Zhang Yingbo, Zou Dening, Wei Tongyu, et al. Effects of Al on high temperature oxidation behavior of a ferritic heat-
resistant stainless steel[J]. Iron and Steel, 2021, 56(4): 70-75,92.
(TRITUE, ARTET, BT, 45, AR ERR AR RN M il A AT W RO R mA D] 498K, 2021, 56(4): 70-75,92.)
Jiao Junhong, Li Xin, Liu Zhenyu. Effect of rare earth Ce on high temperature oxidation behavior of 310S austenitic heat-
resistant stainless steel[J]. Heat Treatment of Metals, 2022, 47(1): 120—124.
(FRZE2L, 26, XIRT. i 1 CeXd 310S H FRIATH N4 s i S A T M AU [)]. xR RAL B, 2022, 47(1): 120-124.)
Bai Yin, Chen Zhengzong, Liu Zhengdong, et al. Effect of steam temperature on oxidation behavior of G115 steel[J]. Journal
of Iron and Steel Research, 2020, 32(1): 52—59.
CHAR, BRIESS, XIIEZR, 45, Z80GIBEXT G SHIEARAT M A2 M [)]. AR T 2441, 2020, 32(1): 52-59.)
Bian Meihua, Peng Jianning, Yin Liqun, et al. Relationship between pickling kinetics and scale structure of silicon steel at
different cooling rates[J]. China Surface Engineering, 2019, 32(2): 88-97.
(ete, LR T, FAArfE, 5 AR A AN i B AL B 540 S IR Uk 5l ) 27 G 2R (0], v IR 3R 11 T 7%, 2019, 32(2):
88-97.)
Cao G, Li Z, Tang J, et al. Oxidation kinetics and spallation model of oxide scale during cooling process of low carbon
microalloyed steel[J]. High Temperature Materials and Processes, 2017, 36(9): 927-935.
Yuan Q, Xu G, He B, ef al. A method to reduce the oxide scale of silicon-containing steels by adjusting the heating route[J].
Transactions of the Indian Institute of Metals, 2018, 71(3): 677—684.
Hou Qingyu, Ding Jing, Liao Zhencheng, et al. Effects of Nb on oxidation weight gain of 65SiCrV6 spring steel [J]. Iron and
Steel, 2022,57(11):144-156.
(BRI T, THEL BIRAL, 55 HEXF65SiCrVe R i il A ML A R [J]. $98K,2022,57(11):144-156.)
Jiao Yang, Liu Chunfeng, Zhang Jie, et al. Malfunctions analysis and maintenance of STA449F3 simultaneous thermal
analyzer[J]. Analytical Instrumentation, 2021, (5): 124—129.
(R FH, XUFRIR, 5K78, 45, STA449F 3[Rl L ARG (s i s Ar S8 BRAES [0]. 20 Wi, 2021, (5): 124-129.)
Zhai Jinkun. High temperature corrosion of metals [M]. Beijing: Bei Hang University Press, 1994: 53-63.
G, G FrifB M. bRt JEatzs iR R, 1994: 53-63.)
Hidayat T, Shishin D, Jak E, ef al. Thermodynamic reevaluation of the Fe—O system[J]. Calphad, 2015, 48: 131-144.
Li Meishuan. High temperature corrosion of metals [M]. Beijing: Metallurgical Industry Press, 2001: 91-100.
(Bt R A ERRE IR M]. JERT6 4 Tl kA, 2001: 91-100.)

wmE EH


https://doi.org/10.13228/j.boyuan.issn1003-9996.201700Y4
https://doi.org/10.11900/0412.1961.2017.00377
https://doi.org/10.11900/0412.1961.2017.00377
https://doi.org/10.13251/j.issn.0254-6051.2021.07.013
https://doi.org/10.13251/j.issn.0254-6051.2021.07.013
https://doi.org/10.13228/j.boyuan.issn1003-9996.20190010
https://doi.org/10.13228/j.boyuan.issn1003-9996.20190010
https://doi.org/10.1515/corrrev-2017-0077
https://doi.org/10.13228/j.boyuan.issn0449-749x.20210072
https://doi.org/10.13228/j.boyuan.issn0449-749x.20210072
https://doi.org/10.13228/j.boyuan.issn0449-749x.20200345
https://doi.org/10.13228/j.boyuan.issn0449-749x.20200345
https://doi.org/10.13228/j.boyuan.issn1001-0963.20190134
https://doi.org/10.13228/j.boyuan.issn1001-0963.20190134
https://doi.org/10.13228/j.boyuan.issn1001-0963.20190134
https://doi.org/10.11933/j.issn.1007-9289.20181017003
https://doi.org/10.11933/j.issn.1007-9289.20181017003
https://doi.org/10.1515/htmp-2015-0248
https://doi.org/10.1007/s12666-017-1200-0
https://doi.org/10.3969/j.issn.1001-232x.2021.05.026
https://doi.org/10.3969/j.issn.1001-232x.2021.05.026
https://doi.org/10.1016/j.calphad.2014.12.005

	0 引言
	1 材料及试验方法
	2 试验结果与讨论
	2.1 不同加热速率下的氧化层结构
	2.2 不同加热速率下的氧化动力学规律
	2.3 不同加热制度下的氧化活化能
	2.3.1 等温氧化的活化能
	2.3.2 恒速率加热时的活化能
	2.3.3 不同加热制度下活化能的差异


	3 结论
	参考文献

