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Synopsis

The hydrogen trapping of 'V and Mo carbide precipitates were investigated using tempered martensitic steels (0.3%C-1.2%Cr
and 0.2%V or 1.0%Mo), for the purpose of improving hydrogen embrittlement strength. The effect of tempering conditions
on hydrogen trapping energy and trapped hydrogen content was studied. The trapped hydrogen content of V or Mo carbide
was maximum value at the tempering temperature of 600°C for 1 hour and the trapped hydrogen content in Mo carbide was
more dependent on tempering temperature than V carbide. In cases where the tempering time exceeded 1 hour at a tempering
temperature 600°C, the trapped hydrogen content in Mo carbide decreased remarkably. At the tempering temperature of 600°C for
1 hour, the hydrogen trapping energy in V carbide was about 57 kJ/mol, which was a little higher than in Mo carbide. The V and
Mo carbide at the tempering temperature of 600°C for 1 hour were identified cubic VC and MoC by TEM observation, respectively.
The both form were plate-shaped with a width of about Inm and a length of about 20 nm or less. At a tempering temperature of
650°C for 1 hour or 600°C for 24 hours, MoC was significantly reduced and precipitated rod-shaped hexagonal Mo,C. It was
presumed that this was the cause of the decrease in the hydrogen trapped content of Mo carbide under these tempering conditions.
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Table 1. Chemical compositions of steels used (mass%) .

Steel C Si  Mn P S Cr Mo \
A 033 005 030 0006 0003 122 - -
B 033 005 031 00050002 122 - 020
C 033 006 030 0003 0001 121 100 -

025reY,  MI10x15
= oﬁ
[an] N te) .
s &l
40.0
80.0

Fig. 1. Specimen (dimensions are in mm).
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Fig. 2. Hydrogen evolution rate profiles at a heating rate

of 100°C/h tempered at (a) 600°C, (b) 650°C for
1 h and (c) 600°C for 5 h.

Table 2. Diffusible and trapped hydrogen content of hydrogen evolution rate profiles at a

heating rate of 100°C/h shown in Fig.2 (ppm).

Tempering temp. 600C 650C 600C
Tempering time 1h 1h 5h
Hydrogen content | Diffusible | Trapped | Diffusible | Trapped | Diffusible | Trapped
Steel A 0.17 - 0.20 0.39 -
Steel B 1.05 0.88 1.07 0.87 2.14 1.75
Steel C 2.25 2.08 0.59 0.39 1.16 0.77
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Fig. 3. Evaluation method of hydrogen evolution rate
profile trapped by carbide precipitates.
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Fig. 4. (9/Tp®) vs. (1/Tp) plot tempered at (a) 600°C, (b)
650°C for 1 h and (c) 600°C for 5 h. Ea is hydrogen

trapping energy and o is standard deviation.
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__% 102 12? Fig. 5. Effect of tempering temperature on (a) trapped
8 Mo carbide 104 | 129 | 134 | 147 | 148 | 166 hydrogen content and (b) hydrogen trapping
96 127 167 energy. o is standard deviation.

Table 4. Diffusible and trapped hydrogen content in tempering time for 1h (ppm).

Tempering temp. 500C 550C 600C 650C

Hydrogen content | Diffusible | Trapped | Diffusible | Trapped | Diffusible | Trapped | Diffusible | Trapped
Steel A 0.33 - 0.17 - 0.30 - 0.17 -
Steel B 0.53 0.23 0.81 0.67 145 1.18 0.84 0.67
Steel C 0.28 0.00 1.06 0.90 1.84 1.57 045 0.29
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Fig. 6. Effect of tempering time on (a) trapped hydrogen
content and (b) hydrogen trapping energy. o is
standard deviation.
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Fig. 8. TEM dark field images for (a) [011] VC (200)

Fig. 7. TEM micrographs of (a) VC precipitate in steel B diffraction spot in steel B and (b) [011] MoC (200)
and (b) MoC precipitates in steel C tempered at diffraction spot in steel C tempered at 600°C for 1 h.

600°C for 1 h indicated by arrows.

i 50nm 50nm

Fig. 9. TEM micrograph of Mo,C precipitates in steel C
tempered at (a) 650°C for 1 h and (b) 600°C for Fig. 10. TEM micrographs of VC precipitates in steel B
24 h indicated by arrows. tempered at 650°C for 1 h indicated by arrow.
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Table 5. Lattice misfit ratio of V and Mo carbide.

Fe VC MoC

Lattice parameter (A) 2.87 4.17 428
Crystal structure bce fcc fcc

Lattice misfit ratio - 0.027 0.055

3. 3 EhBIREE
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Fig. 11. Relationship between diffusible hydrogen content
and (a) fracture stress, (b) current density obtained

by conventional strain rate test.

Fig. 12. SEM fractographs of fracture origin in steel B with diffusible hydrogen content (a) 2.7 ppm, (b) 2.1 ppm and

steel C with (c) 2.9 ppm, (d) 2.1 ppm.
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3. 4 RAKFRE
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Fig. 13. Change of diffusible hydrogen content as a function of

cyclic corrosion test cycles.

4. & R

03%C-12%Cr-02%VBLU03%C-12%Cr-10 %

Mo BER L~ VT v A MElIZHAMEST 3 2 V iRk

W8 £ Mo AL DOKFE b T v THEIZOWTLUT O

K157

(1) BER LIEE 1 hCld VAL B X O Moji b3t 12
R LIRE 500T 25 650C O#iPHIZ BV CIF 600C T
N7 v TRFEEPRD L, KA1 2ppmB LU 16
ppmTdH 5. Mo LW DT H 25 VikALWiZlb~<T
N T v TREEICRITTHER LIREOKREES KX
VO BER LIEEE 600T TIIBER LEFIAS 1 he B2 5
& MoBALI D ™ T v TKFREITKE KT T 5

(2) BER LiRE 600C, HERE LEEH 1 hTOKEF T v
TIZAINF—1E Mo LA 53 kI/mol, VAL
MR E L 57 K/mol TH 5. BER LB 1 h Tl
MoRALMNZ AT VIRALM OKRFE ~ 7 v T4V
F—3RRw <, TR LIREDMER VT EKE T
A AV 7% Bl =AY

(3) BER LIWEE 600C, #ERE LM 1 hTid VIRILW B
L O MoALIZIIZ 2D VEB L T MoCTH
5. TE# 1 nm, BE20mmll TOBIRTH Y, THE,
RESBIUHEE RS RERITFEO SN,
—7, PR LILE 650C, BEE LK 1 hd 5 0id
[6 600C, 24 hCid MoCiZ k& <A L, IEH 5~
20 nm¥E 010 nmOBEEIRASF i Mo,CAWT T 5.
FBER L& Tl Mo b OTEELZILL, MK
IbT5Z2E2ED NTy T A ME LTOERMED
BKTEL, by TREEMETLAEHES NS,

(4) BERE LIREE600C, HER LRI hT VIRINiis L O
Mo DR AKFZEDB & OB IHEEEE (2 B
HBERNHEDO LN W, ZOLEMTIR ViRIt &
Mo At DOKFZE NS v TZANF—BLO T v
TIKEEDEIN/NE P27z LHEESNS.
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