IERZEFR

Chinese Journal of Engineering

FeMn(A)CTR 5 B SMERORAL B BT S35 R

vk TR REFR AP H KRS

Research progress toward hydrogen embrittlement microstructure mechanism in Fe—-Mn—(Al)—C high-strength-and-
toughness steel

ZHANG Xiao—feng, WAN Ya—xiong, WU Xue—jun, KAN Zhong—wei, HUANG Zhen-yi

FIHASL:

w3, AR, B, BUTRR. FeMn(ALC 5 B P B0 S ROWHL ] AR5 ERELD]. TRERR A4, 2020, 42(8):
949-962. doi: 10.13374/j.issn2095-9389.2019.11.05.005

ZHANG Xiao-feng, WAN Ya—xiong, WU Xue—jun, KAN Zhong—wei, HUANG Zhen-yi. Research progress toward hydrogen

embrittlement microstructure mechanism in FeMn(Al)C high—strength—and—toughness steel[J]. Chinese Journal of Engineering,

2020, 42(8): 949-962. doi: 10.13374/j.issn2095-9389.2019.11.05.005

TEZE IR View online: https://doi.org/10.13374/1.issn2095-9389.2019.11.05.005

LR ARG HoAh S

Articles you may be interested in

XTORELAN e SRR A E AL T A0 S i

Hydrogen embrittlement susceptibility of the X70 pipeline steel substrate and weld in simulated coal gas containing hydrogen

environment

TAERF2AR. 2017, 39(4): 535 hitps://doi.org/10.13374/1.issn2095-9389.2017.04.008
TR AN BRI R S

Research progress and prospect of medium manganese steel

TARRE243]. 2019, 41(5): 557 https://doi.org/10.13374/j.issn2095-9389.2019.05.002
TR T R DR R Al 4 T e 2 R I v

Detection of nonmetallic inclusion in high—strength gear steel with high cleanliness

TRRIE2H. 2020, 42(7): 912 https://doi.org/10.13374/j.issn2095-9389.2019.07.15.005

FeMnAIC R H N AT BUR 5 A SR i 57

Research progress and prospect of FeMnAIC medium Mn steels
TRERL2E2EHR. 2020, 42(7): 814 https://doi.org/10.13374/j.issn2095-9389.2019.08.27.002

Br b s A5 28 iR A /R Fe—24Mn-3Si-3 A1 TWIPHIE JCid A Hh g4 FIBL

Mechanism of precipitation strengthing and twinning strengthing in annealing process of Fe—24Mn-3Si-3Al TWIP steel
TRERRF2A. 2017, 39(6): 854 https://doi.org/10.13374/j.issn12095-9389.2017.06.006

BRI 1 525 AL FENS C-Mn SRR AR EAE M) DX 2 2L BT A 2 )
Influence of Ti-rare earth addition on microstructure and toughness of coarse grain heat—affected zone in C—Mn steel

TRERF2E2AR. 2017, 39(6): 846  https://doi.org/10.13374/j.issn2095-9389.2017.06.005


http://cje.ustb.edu.cn
http://cje.ustb.edu.cn
http://cje.ustb.edu.cn//article/doi/10.13374/j.issn2095-9389.2019.11.05.005
http://cje.ustb.edu.cn//article/doi/10.13374/j.issn2095-9389.2017.04.008
http://cje.ustb.edu.cn//article/doi/10.13374/j.issn2095-9389.2019.05.002
http://cje.ustb.edu.cn//article/doi/10.13374/j.issn2095-9389.2019.07.15.005
http://cje.ustb.edu.cn//article/doi/10.13374/j.issn2095-9389.2019.08.27.002
http://cje.ustb.edu.cn//article/doi/10.13374/j.issn2095-9389.2017.06.006
http://cje.ustb.edu.cn//article/doi/10.13374/j.issn2095-9389.2017.06.005

TRERMFAA R, 5 42 45, 5 8 1: 949-962, 2020 4F 8 J]
Chinese Journal of Engineering, Vol. 42, No. 8: 949-962, August 2020
https://doi.org/10.13374/j.issn2095-9389.2019.11.05.005; http://cje.ustb.edu.cn

Fe~Mn—(Al)—C =7 5 )P0 6 GOULHIL il 39 B 58 1F e

FAOEIE, FERAD, RFED, AEHD, FRE

DHEETRSRESGAHZHA ESLRE (CHTARY), Bkl 243002 2) T K246 4 TRE2EBE, DL 243002
IKIE {7 fE# , E-mail: egzxf@ahut.edu.cn

H B MEERFAPEE R, SR b R IR AR R AN R Y2 Brhia R 1000 MPa 955 — . =R EH
AR AR S, AT A L AR A0 R Ak S A R R A 3K, AR SR R B BB, T BN A IR AR 2 A ok S
Nk, 5 AR /N B AT RS M. Fe-Mn—C & . Fe-Mn-Al-C Z55 & Mn i &5 IR E S5 N 285 e i,
AN B e T HAR B MENLE], X AR ME e A B, 7E Fe-Mn—C Z TWIP #RI L3600 L, I Iin 1 Al o &, B AL
Fe—Mn—(Al)—C 4, A ALREFRAR AL 25 5, S A1 RS, DX AL G2 028 TN RO SO E SO i, — e TR 4 Al fS:
B, (A2 AlE RSN, BRI EN, RS EME R, il E L, SEEARBURETE R E. AN
Fe-Mn—(AD)~C SR B PEN A H LU . 55 ZAH . ARG SRR &, 288 T H 7E Fe-Mn—(Al)-C W 085 | I A L
708, H 5 ZE A8 B Al . A% BRBA 1938 BAE F, H AR B b i /A AL . e pL] . S PP F RO 55, JF PR T
Fe—-Mn—(A1)—C 75 3% 3] 14 40 S ) AL J (W AH SCIF o TAE NI 3 & SR sh 38, 38 il i 28 — M B3 L 2 F sl 1 2R
B SR TN AR | = 2 R TR S B S S0 AH 25 1 5 2 DA ROV 2 T 480 7S 12 5 90 4 UM AT L 1) oA Sl & T 1l

XA IR TWIP; UM, SA% B R s SOUL ]

HES TG142.1

Research progress toward hydrogen embrittlement microstructure mechanism in
Fe-Mn—(Al)-C high-strength-and-toughness steel

ZHANG Xiao-feng'?™, WAN Ya-xiong'?®, WU Xue-jun'?, KAN Zhong-wei'?, HUANG Zhen-yi'?

1) Anhui Province Key Laboratory of Metallurgical Engineering and Resources Recycling (Anhui University of Technology), Maanshan 243002, China
2) School of Metallurgical Engineering, Anhui University of Technology, Maanshan 243002, China
X Corresponding author, E-mail: egzxf@ahut.edu.cn

ABSTRACT With the rapid development of the automobile industry, the development and application of lightweight automobile steel
are increasingly extensive. The second- and third-generation automobile steels with a tensile strength of over 1000 MPa are usually of
duplex structure. Through solid solution strengthening, precipitation, deformation, fine grain strengthening, and other strengthening
methods, a large number of defects are formed in the matrix, which makes the steel more sensitive to hydrogen in the service process and
prone to hydrogen embrittlement under very small hydrogen dissolution conditions. The high-Mn content steels Fe-Mn—C and
Fe—Mn—AI—C steels have high stacking fault energy, which not only influences their strength and toughness but also significantly affects
their service performance. Based on the composition of twinning-induced plasticity (TWIP) steel of the Fe—Mn—C system, adding a
small amount of Al element to form Fe—Mn—(AI)—C steel can not only reduce the steel density and improve the steel strength and
toughness but also change the steel microstructure to a certain extent; the effect on the microstructure reduces the steel susceptibility to

hydrogen embrittlement. However, when the Al content is high, low-density steel with a more complex structure is formed, and the
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precipitates are more, which leads to a more significant sensitivity to hydrogen embrittlement. In this paper, the permeation, dissolution,

and diffusion behavior of H in Fe~Mn—(Al)—C high-strength-and-toughness-steel; the interaction between H and the matrix structure, the

precipitated phase, and lattice defects; the model of H in steel; the hydrogen embrittlement mechanism; and the methods of hydrogen

embrittlement evaluation were summarized based on the structure, second phase, and crystal defects of Fe-Mn—(Al)—C high-strength-

and-toughness steel. The related research work and the latest developments of the hydrogen embrittlement of Fe—Mn—(Al)—C high-

strength-and-toughness steel were reviewed. The development direction of the hydrogen embrittlement microstructure mechanism of

high-strength-and-toughness steel was revealed by combining first-principle calculations, molecular dynamics simulation, and physical

experiments such as hydrogen atom microprinting technology and three-dimensional atomic probe analysis.

KEY WORDS low-density steel; twinning-induced plasticity; hydrogen embrittlement; lattice defect; microstructure mechanism
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Fig.1 Hydrogen embrittlement phenomena and mechanisms
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Table 1 Crystallographic characteristics of a-Fe, y-Fe, and g-Fe structures

Type of crystal structure ~ Lattice constant/ nm Atomic radius, #/ nm

Size of tetrahedral Size of octahedral Hydrogen atomic radius/

FCC a=b=c=0.344 r=V2a/4=0.1216
BCC a=b=c=0.286 r=V3a/4=0.1238
HCP a=b=0.245, ¢/a=0.1584 r=a/2 =0.1225

interstice/ nm interstice/ nm nm
0.225r=0.0274 0.414r=0.0503 0.037
0.2917=0.0360 0.154r=0.0191

0.225r=0.0275 0.414=0.0507

(T) &4 °F, 15 1 & fE BCC., FCC Ml HCP fiA& iy
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Fig.2  Three crystal structures of iron'™): (a) face-centered cubic
structure; (b) body-centered cubic structure; (c) close-packed hexagonal
structure; (d) diagrams of H in octahedral and tetrahedral interstices
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Fig.3 Migration path of hydrogen atom in BCC, FCC, and HCP crystalline lattices
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Table 2 Migration energy of hydrogen diffusion in BCC, nonmagnetic FCC, antiferromagnetic FCT, and HCP

Path Migration energy/eV

Type of crystal structure
1# 2# 3# 1# 2# 3#
BCC T,—T, T,—0—T; 0.088 0.123 —
FCC(Nonmagnetic) O0,—T—O0;, 0,—O0;3 — 0.64 1.08 —
FCC(Antiferromagnetic) 0,—T—0; 0,—0;4 0.44 0.84 —
FCT O0,—T—O0; 0,—0, 0,—O0; 0.44 0.72 1.07
HCP 0,—0, O0,—T—O0;3 0,—O0; 0.72 0.77 1.26
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Fig.4 Schematics of stacking faults in an FCC crystal described by stacking operators®**%: (a) an infinite stacking fault; (b) a terminated stacking fault

bounded by two partial dislocations
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Fig.5 Schematics describing the factors affecting hydrogen trapping at the deformation twin boundaries (TB: twin boundary)®™: (a) stress concentration

at a tip of a deformation twin; (b) strain field at the steps formed by the dislocation—twin intersection; (c) lattice distortion due to pseudo-twin formation;

(d) nanoscale structure of deformation twins, including dislocations and nanotwin plates
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Table 3 Elements and vacancy in steel and selected trap sites binding energy values of H in steel

Atom and vacancy Binding energy between H atom

Binding energy between H atom

defect sites and point defect/ eV Trap sites and dlérfl:c’ tzl/lr(ia]c fl’_lzl(illl)lme References
H with vacancy 0.57 Substitutional Ni in Fe 7.7-9.7 [25, 48]
H with solid solution atom 0.57-0.60 Dislocation / Dislocation cores 19.2-26 / 58—(62.2+0.3) [25, 48—50]
H with carbon atom 0.09 Grain boundaries 20—46 [25, 48—49]
H with aluminium atom 0.04 a/y interface =52 [25, 48]
H with copper atom 0.06 a/cementite interface 8.4-13.4 [25, 48]
H with nickel atom 0.01 Incoherent carbides >97 [25, 48]
H with manganese and — Incoherent particles in Fe 67.5-96.5 25, 48]
silicon atom
Inclusions 79 [49]

Twin boundaries 62 [49]
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Table 4 Activation energy values of H in steel

Trap site Steel Activation energy/(kJ-mol ") References

Grain boundary Pure iron 17 [50-51]
Elastic field of edge dislocation Pure iron Martensitic steel Austenitic steel 27-35 [50-52]
Micro-void Pure iron 35 [50-51]
X3 twin boundary Austenitic steel 62 [51-52]
Dislocation core Martensitic steel 58 [51, 53]

k-carbides Austenitic steel 76-80 [51]

&5 BCC., FCC Fl HCP AR R 9 208 e
Table 5 Formation energy of H in different sites of BCC, FCC, and HCP Fe crystal

Type of crystal ~ T-site/ O-site/ Formation energy of Formation energy of T-site near a single O-site near s single

structure eV eV substitutional /eV vacancy /eV vacancy /eV vacancy /eV
BCC -3.17 — 2.61 2.44 — -3.24
FCC —2.68 —-3.24 2.39 —-3.705 -3.717
HCP -2.79 -3.30

B8 BRFEI . ST 2 R A TR o Fm R 19

Fig.8 Schematic of the sequential process of defect formation, hydrogen segregation, twinning-induced stress concentration, and cracking!
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Fig.9 Crack initiation from a triple junction of grain boundaries and a grain boundary intercepting deformation twinning"*: (a) a triple junction of the

grain boundaries; (b) a grain boundary intercepting deformation twinning
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Table 6 Calculated values of hydrogen diffusion at grain boundaries

Grain size, Grain boundary area per unit volume, Content of diffusible hydrogen, Hydrogen mass per unit grain boundary area,
d/ym S, /(m*m™) xa/107° YSB /(gm™)
37 5.4x10* 3.30 4.8x107*
23 8.7x10° 4.58 4.1x10°7°
0.85 2.4x10° 7.10 2.4x107°
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Fig.14 Schematic sketches showing hydrogen-assisted cracking and crack propagation in the steel”": (a) strain localization occurring particularly on

grain boundaries; (b) diffusible hydrogen moving to the strain localization regions along the grain boundaries; (c) formation of micro-voids on the grain

boundary intersecting strain localization bands; (d) micro-voids coalescence and subsequent propagation along grain boundaries
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