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Abstract:

Keywords:

The effect of combined addition of V and Mo on hydrogen trapping was investigated using tempered
martensitic steels (0.3%C-1.2%Cr-0.5%Mo-0.4%V, 1.5%Mo0-0.2%V or 2.0%Mo-0.1%V in mass%), for the
purpose of improving hydrogen embrittlement strength. The trapped hydrogen content and the hydrogen
trapping energy were evaluated under various tempering conditions and compared with the single ad-
dition 0.2%V and 1.0%Mo steels in the previous paper. The trapped hydrogen content and the hydrogen
trapping energy of 0.5%Mo-0.4%V and 1.5%Mo-0.2%V steels were higher at 650°C tempering tempera-
ture for 1 hour than at 600°C. On the other hand, those values of 0.2%V and 1.0%Mo steels were lower
at a tempering temperature of 650°C than at 600°C. This was presumed to be due to the some interaction
between V and Mo at a tempering temperature of 650°C. In the 0.5%Mo-0.4%V and 1.5%Mo-0.2%V
steels at tempering temperatures of 600°C and 650°C for 1 hour, the plate-shaped Cr enriched cubic
(Mo, V)C fine carbides with a width of about Inm and a length of about 20nm or less were precipitated,
and there was no significant difference in the number density. The V/Mo peak ratio of the fine carbides
by EDS analysis was higher at a tempering temperature of 650°C than at 600°C and the length of fine
carbides was slightly longer. The 2.0%Mo-0.1%V steel was estimated to have less trapped hydrogen con-
tent at a tempering temperature of 650°C than at 600°C, similar to single addition steels, because of the
smaller V/Mo mole ratio.

martensitic steel; hydrogen trapping; vanadium carbide; molybdenum carbide; thermal desorption analy-
sis; hydrogen embrittlement.
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Effect of Combined Addition of V and Mo on Hydrogen Trapping in Tempered Martensitic Steel
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A NOREEBLLUOKREL T v T RILF=DENEAIC
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TR LIRS 600°C 12 5\ TGRS M H 3 5 nm A —
B —DMCHRIBAIITH 5, 72 & Z21E, HHIBIR (v, X) C
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BAITKE L 79 74 b EGH LU ZERSSED R E2
TREL R B EELLND,

BEIZ, B> TV & O'Mo & HE MR L 72 0.3%C-
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PAEIRL 72, &k, %idVThEEE%Z/RT. fRE
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72, 0.39%C-0.15%Si-0.7%Mn #lil {Z 1%Mo-0.1%V ¥ & U 1%Mo
I L 7228 D K RIEEE DO WAL = L — 13K R &
HIZ K %56 kI/mol ¥ & 1M42 kI/mol 12K § 3 Z & i
XNTWBEY, 72, 0.10%C-2.0%Mn %X — Z & L7=8T
BERALY (V, Mo) COIRAAKFE 7 v 7 EIFH MR
PIVCIZHNRTEWERE I TWE Y, ZThblRVEBLT
Mo B VRIS T HOMURINE (2 T, KR 7 o THRHER
BB AREMEZ/RIE L TV 5, 128 Vi X O Mo AT
INg it A Z M 5 & O Mo-Ti-V B4 MM 1 Mo-Ti-V
REARH L T 52 Zen@EIh T3,

ZZC, KBOHMZEM EEEAV B LU Mo & #HE
BIMUBRL~LT V34 FOKE LT v TR A
MR & L, Vs X O Mo DM EAEH 2 /a4 % Z
ETh D, BRI O b 5 v 7RE R KOKRE
b7y TZANE—ICKITTHR LS RE, W) o
WA S MIT 5, ZHUIBER LM & 0 Friikies
EHOKRZEL T v TRUENPELT 5720 Th b, £/, W
AT 5 BALI O TEMBISRIZ L D Z OB EZ W] 5
MIZT B, 77, CSRTIEIC & B NGRS B & OV
YA 2 NREDORAKZRIZKIETVE X O Mo EA TR
HDOKF L T v TRIREHE 22T 5,

2. ABRFE

2.1 #EH

A 1E Table 1IZ/R L 72 VE K U'Mo 2 AR L 72
D, B3 X UF & 1 72, Y 0 0.3%C-1.2%Cr D A il
12 D13 0.5%Mo-0.4%V, Efifid1.5%Mo-0.2%V ¥ K U°F i
132.0%Mo-0.1%V & &K 4RI L T3, &k, Bl LU
CHNIRTMDOV B X U Mo HMIBIIE T 5., £ 72, KE b
7 v THRMEZV I & U Mo Rl R (L4 O B B 23 B ER 5
L5EEBEZLNDB10, ZOVIE XU Mo DEIL %D (V
+MoENL%) BELUIMoDTEIL%IZHTEVDEILYD
o (VMo L) % Table 21/, ks, A u v Ii3mERNM
TdH b 50 kg BLZZVE R & i 1200°C O 24 88 T ff
32 mm DAEIZIM L L, 920CHEZE 5 L %6 & 18760 CHk AL 24
AP Z 170, 812 mm, £ & 12 mm B L OE X 30 mm DB
ANGRBRF 2 EBL U 72, BEANIRIE 13925CTH D, BER
LU JE 12550, 600 % & UV650°C F6 & OVBEER L BEfEIX 1 h T

Table 1. Chemical compositions of steels used (mass%).

Steel C Si Mn P S Cr Mo \%
A 033 005 030 0.006 0.003 1.22 — —
B 033 005 031 0.005 0002 1.22 — 0.20
C 033 0.06 030 0.003 0.001 1.21 1.00 —
D 033 006 031 0007 0001 119 049 041
E 033 005 030 0.005 0002 119 149 021
F 034 006 030 0.005 0.002 119 201 0.11
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BHTH B, R Uil 600°CI35ER LU IER 5 h36 &L UF24 h
Eir- 72,
2.2 KFBS/EER

AKFE M eI MR 10 mm, £ 210 mm ¥ L OJE X2 mm
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E L, 300C L TITi S h 2 I EARE R 2R 72, FiR
S IZ 100, 300, 600, 13003 KT 1800°C/h TIT - 72,
2-3 xItHBE

Dl K EMOBER LiliE 600°C ¥ L UHEER LEERT 1 h
B X O 650°C, 1 hadkk & F v TRl ik 1k o TEM #
AN 5 72, BUEEARNIMIN Y =« » MBI & 0 /R
L 7z, TEM #5213 200k V 8 55 1 25058 i v - BH I EE 2 Fl
7oo 77, HICHWAZEDS 70 — 713 nm b K OE T
BT 70 — 7RI 3I m TH %, B AR T HANZ[001]o
TIiT-> 72,
24 EBhBIEHR

Dl ¥ X O'E oD CSRT ¥:12 & 5 BN BHEAER 4 1T - 7=
R I Fig IR L 72 U] D R EEE 6 mm 5 K OUI O K
EP1£0.25 mm OELRYT O R Z 5B & O 72, BEA R
JE132925CTh D, BER LRI 600°C 5 L OB U KR
%1 h, [650C, 1 h3 &V600C, ShD3E&MFETH 5., %
7z, PNB DEEE 10 mm O TEIROMWIH T v /1 — 2l
X &M U7, MEIE2.94 N T 5 £0HE LB % 5k 72,
A & [/ C i F v — Y k% v, EH%EIE0.025 mA/
cm’ 205 0.2 mA/em’ DEENE, F v — VL 120 h TAE
EUWIMU 728218 5125 [HGEE 1 mm/min THIRFAERE 2170,
BRI & AR R R OBR %K 72, RFERITOEW R ICE S
2 5 R E10mm OB 200 L, #2ru< L

Table 2. V+Mo mol% and V/Mo mole ratio in steels used.

Steel V+Mo V/Mo
A 000 -
B 0.22 %
c 0.58 0.00
D 0.73 1.58
E 1.09 0.27
F 1.28 0.10
025reY,  MI0xLS5
pd S
3 2
40.0
80.0

Fig. 1. Specimen (dimensions are in mm).
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Fig. 2. Hydrogen evolution rate profiles of steel D, E and F tempered at 600°C (a), (b) and 650°C (c), (d) for 1 h at each heating rate
100°C/h, 1800°C/h and (e) steel A, B and C*¥ tempered at 600°C for 1 h as comparison.
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650°C 35 K U AU 1800°C/h 12 351 T & [AlkkIZ AR Bk
=2 E7FonThb, &k, AP IUORHROKER
Dppm T T G B/ ppm 8T KRBHHFRO Y — &
WEEINS y TEOMAETFLE —DEENRKE L, D
IANLF —=HPREL BAUTERIC A 5 Z EAME S Tun
% VI X U Mo ARG O K FE B o ¥ — 2 7
726 22 B BRNTHMR N & 22 0 Vis KU Mo
WHRALMDAREZE L T TZFILE—-DHiNKRENT &
BELZEND, 72& ZF, $hbd 2 X5 ISR (Mo,
V) COVE L UMD RILAGAHT S &I2XDAKRE T
Ty TIAINK - M EATHMRENEL 6N,
ZOV B LU Mo RO ARFE b 7 o THFEE
B CREXD L 72 & 51215 & = KBkt 2 5 LR o &
D IZEHI U 7z Hritn st & % 354 O KL H AT
D2 WA OKERG BB AT AR b 5 v T OKRFEK
HHESRANEE U 72720 &ARE U C, [6l—H-idg comi
Y & 5 SO ARFH R S HrH 23 200 A S DK
TR A2 22 LE1< 2 & TRMONIIARE L 7 v TDK
KB A SR 72, FEERIE (9) &% 2 TEMOT Y
KFE 7w AN K B ARFBH RO AR 53 5k &
55— 2iRE (Tp) &R0, FiEHE (o) & ¥ —riEE
(Tp) DOBATR & 0 AKFRMEHEAS KR % ML U 7= Bale e
F2D A LA E L T Choo-Lee DX & FIWV T & DA 1
F7 9 FITAINF— (Ea) #2FM L7z, 2T, RIFAAE
BTHhs,

F/o, BWO LTy TARER HY) K FREE TRD
7T HIARZEE 5 v 7 ORERHEIBED 300°C F TSR
EN DMK DA E W72, ok, Atk kO
HIFRTIE300C F CIThiti S N B RFEEBRTIEHB LT
WIRHEARFR E U, ZOIEMEARED S 5V 5 LU Mok
PHIBALDIZ L 59 TENEZEDE b Ty TARELERL
720 300CLL MICAREHI Y — 7 # 3 % VCEDOMC B jx
Lz b 5y FENABRRLHEAEZETH 5 Z LR

Table 3. Diffusible and trapped hydrogen content of hydrogen
evolution rate profiles at a heating rate 100°C/h for steel
D, E and F tempered at 600°C and 650°C for 1 h shown
in Fig.2 (a) and (c) (mass ppm).

Tempering temp. 600°C 650°C
Tempering time lh lh
Hydrogen content | Diffusible | Trapped | Diffusible | Trapped
Steel D 2.08 1.76 2.85 2.72
Steel E 5.54 5.22 5.85 5.72
Steel F 3.25 293 4.54 4.42
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Fig. 3. In(ep/Tp’) vs. (1/Tp) plot in (a) steel D, (b) steel E and
(c) steel F tempered at 600°C and 650°C for 1 h. Ea is
hydrogen trapping energy and o is standard deviation.
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600C, 1 hiZHART T v TKEER DL, KEP T
TIINF =K, 2O EH 56 BR LIRE650C k6 &

UWERR LR 1 hiZ 30TV I & UTMo 12 il 5 5 D BLAF:
b 5 e shs,
Fig.5 (a) & BER LB hick T 32 VE XU Mo AR

I 3 X OHMRIIHO + 5 v FTKEREV+HMoEIL %
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Fig. 4. Effect of tempering temperature on (a) trapped hydrogen content and (b) hydrogen trapping energy. o is standard deviation.

Table 5. Diffusible and trapped hydrogen content in tempering time for 1 h shown in Fig.4 (a) (mass ppm).

Tempering temp. 550°C 600°C 650°C

Hydrogen content Diffusible Trapped Diffusible Trapped Diffusible Trapped
Steel D 2.37 2.22 2.41 2.09 3.79 3.62
Steel E 3.10 2.94 4.22 3.90 5.42 5.25
Steel F 2.52 2.36 4.00 3.68 3.06 2.88
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WS> TEL B 5, £77, BER LI 600C 12 550C 12 HbR
TET 9 TKRERPEENLZ O, ZHUE, PF v THA b
kf;év:rootUMo;M"Kz%IHMt%O)iﬁUEEﬁSVJrMo%)L
%N KE VD B VIEBER LILE 600C DY §<f4:%>7t
WEeEFEZENDS, K, V+Moa‘:1u%fm.o9 (Ed) o
5y FAREREIZFE 1.28 (Fi) 1IZHANTRRL 0N, b Ty
TKREENRSHDV+HMoEILY% T -2 EHT 3735
AT, — T, BER LIS 650CIX600CIZERT T v
TREEDDENEDEL VDR D 5, Fig.s (b) 135t
R LU 600CH 5 650C D F T v 7 REROZEREE V/
Mo E N D BIR &R T, Sl OGBSO HiPH T, BER
LIE 650C D b 7 v T AREFREA600CIZH L TL DI
V/Mo B LA 035 5 1.6 DEATRMETd %5, Fili
V/Mo EILHEAY0.1 & /N X W72 8 Mo HMZRING 1 =y Ak %
FT oy TRIEAR L, R LEE650CD T v TKERE
600 CIZHNRTARNWEEZ NS, HIH, KR L
650C ¥ L UWBER LHER 1 hiZd W\ TV I LU Mo DA HAE
IZ&DAKE L 7 v TRMED LT 5 DI V/IMo B IL A
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IZHARTE T 9 TARFEENEL, mibivflfwwﬁ—

A, BER UHERTS hid 1 hiZ X T Mo BRI
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R FE =B KEL T 9 THA L eELZENRD, ThL
Sz E BEE LEERT 1 hic 3 2 DA O BERE LIS 600°C 1%
10 nm 2> 5 B 100 nm OFIR D Fe,C 43, BEE LilLE 650C
138010 nm DKL Fe,C A3 2 < M3 %, B DBER L e
600°C # K T*650°C I I E 10 nm 2> 5 #9300 nm D KK &
B WVIIHIRFe,C 21 % < Blg & h, BEE K2R S

PIRL LT I AMHDKFENT 9 TRV B XU Mo HATRMIO

10 nm %* 5 300 nm D RLIR H 5 WVIZHEIRD Crs LUV MR
1t L 725 diMo,C g filisi e b,

Fig. 71Dl ¥ K OB D BERE LI E 600°C 5 & U BER
L1 hds K ORI 650°C, 1 h D #fl R (b )% i % 1 9
WHEEZRT, WTNEMEY1 nm, £ X820 nmBL T
BORDOH I Bl S h 5, BRI L D WFhd T
FEaTH Y, (00D)afiiZ[100]a 7 HE L TH D, Baker-
Nutting D /(7 BI#R % HD NaCIRURAL ™ L 2 51 5,

Fig.8 1% Fig.7 DM AL D EDS 73 & k¢, wWEh
Cr, MoB K U'VOE — 27 BRI, CraRLL 72 (Mo,
V)CEEZOLNS, EDSHMDOMoY — ZfEIZK T 5V

Fig. 7. TEM micrographs of (Mo, V)C precipitate in steel D tempered at (a) 600°C and (b) 650°C for 1 h and in steel E tempered at (c)

600°C and (d) 650°C for 1 h indicated by arrows.
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Fig. 8. EDS analysis for (Mo, V)C precipitate in steel D tempered at (a) 600°C and (b) 650°C for 1 h and in steel E tempered at (c)
600°C and (d) 650°C for 1 h shown in Fig.7.
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¥ — 27D (VIMo ¥ — 2 1) % 2 3O il ik {bmiz >
WCHIE U 72555 % Table 6 12773, BER LIRE 650°C DY
HRALHID VIMo ¥ — 2 i A 600°C 12 b X T D #1349 1.6
i <, ESIZR 13/5E0. 72, D# ORI D v/
Mo ¥ — 7 JUZ ESZ bR THRI2 550 Ay, 23U DRk
DO VMo ELIEAEIIZ IR THSEEW & LM% b
3LEZb6N%, WHIRLIO VMo & — 2 Hid (Mo, V)
COVEXIUMoDRIICHABRL TR EELZObN S, #
BRI BER Ui B KO RHMHD viIMo B L IIZ & 5 T
AR Mo, V) COVE LU MoD BEIEMNZEN L T
BLEZOND, KB, VMo Y — 2 01 KW\ b 5
W IEFR RIS < BT & A MoC & 5 W iE VeI
HTWEEERTEEL N5,

Table 6. V/Mo peak ratio of (Mo, V)C precipitate by EDS
analysis of steel D and E tempered at 600°C and 650°C

for 1 h.
Tempering temp. 600°C 650°C
V/Mo 1 2 3 JAvg. | 1 2 3 | Avg.
Steel D 0.82]0.62 | 0.62 | 0.69 | 1.29 | 1.07 | 0.98 | 1.12
Steel E 0.35]0.34|035|035| 041052047047

Fig. 9 I Dl ¥ KX U E DO BER Uil 600°C #5 & UBER L
R 1 h 3 K ORI 650°C, 1 h DIGHREME 2R3, FAIE I
WAL (Mo, V) CTH D, WThd LD
AT L THE D, BEEIZKE R RIER0 6 s, il
i 12 BER U IRJE 650°C 132 600°C I HE R THGILIR L D £
ENRRRESRELTWS, &k, Mi#HOVE XU MoH
BRI Bl ¥ & U8 C 8l b TR AR L O BUE S 13 %0
RE0,

HDRDAKFE + T TR TV B & U Mo A RNIO D §i
B L OEMMITHIGEMMN & 220, BER LEE650C & &
OBERR UHER 1 hiZ[Al600°C, 1 hiZHRT T v 7AERE
MELPDKEL T v TTRILF =RENT &h 5 HR
LI 650°C 12 B\ TV I L O Mo l2 i % 5 O F FAE 2
bHBEHTE SN, EME TS TR Uil g
650°C #5 & U'600°C A2 2 A s DM R ALY (Mo, V) C
FribhLCh D, BB IS A LRI BN, VE
KU Mo DA AFH OBERE LI & 2 Tld Ay, BER Uil
J¥ 650°C OB (Mo, V) CDEDS 53 #1 D V/Mo ¥ —
7 I 600CIZRTEL B> THB Y, MillR{LmHhov
ERELS A->TWbELEELZONS, 12720, VMo —2

Fig. 9. TEM dark field images for [011] (Mo, V)C (200) diffraction spot in steel D tempered at (a) 600°C and (b) 650°C for 1 h and in

steel E tempered at (c) 600°C and (d) 650°C for 1 h.
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