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Effect of Heat Treatment on Hydrogen Attack Resistance
of 0.5Mo Steels
Ryuichi CHIBA, Keizo OHNISHI, Kunio ISHII and Keikichi MAEDA
Synopsis :

In order to evaluate hydrogen attack resistance and to manifest factors contributing to intergranular
cracking of 0.5 Mo steels, metallurgical studies were carried out relating to manifestation of the cause of
many damage due to hydrogen attack in 0.5 Mo steel heat exchangers, pipes and its fittings which had
been used in a hydrogen environment below the operating limit curve shown in the NELsoN chart revised
in 1983.

Effects of stress relief heat treatment, normalizing and tempering conditions on susceptibility to inter-
granular cracking and critical temperatures in methane generation of materials taken from a heat exchanger
head and a reactor shell plate were investigated by conducting hydrogen exposure tests at 300 to 440°C
under 9.81 MPa (100 kgf/cm?). Identification of carbides in residue extracted from the heat-treated
materials was also performed by using X-ray diffraction method.

It was confirmed that high resistance to intergranular cracking due to hydrogen attack and higher crit-
ical temperatures in methane generation could be obtained by elevating temperatures in heat treatment
for stress relief and tempering after normalizing, owing to precipitation of such stable carbides as M,,Cq
and Mo,C. Normalization at temperatures below 950°C and tempering at 625 to 650°C were found to be

beneficial for ensuring higher resistance to hydrogen attack of 0.5 Mo steels.
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Table 1. Chemical composition of materials tested.  (wt %)
No. Spec. C |Si |[Mn| P S Ni Cr [Cu [Mo Al

1D | ASTM A 204 Gr. B[0.12(0.24|0.54 0,012 (0,015 [ 0.093|0.057 0. 21 |0. 53 [ <0. 005
2% | ASTM A 204 Gr. B|0.24{0.31|0.77]0.009 [0.013|0.13 | 0.10 |0.20 }0,53 | <0, 005

1) 30 mm (1.2 inch) thick plate for channel head of heat exchanger
2} 70 mm (2. 76 inches) thick plate for reactor

A. Stress Relieving

T°C
T : 650, 675, 700
FC
5h FC : Furnace Cooling
B. Normalizing, Normalizing + Tempering (Stress Relieving)
T1°C
T1 ¢ 850, 900, 950, 1000
(» 0
CC : Controlled Cooling
1h Cooling Rate (°C/h) : 200
T2°C
[¢)) AC T2 : 650, 675, 700
after (1) 2h AC : Alr Cooling
T3°C
3
after norm. FC 13 : 625, 650, 675, 700
from 950°C
in (1) sh FC : Furnace Cooling

Fig. 1. Heat treatment conditions of materials
used for hydrogen exposure tests.
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Table 2. Hydrogen exposure test results of heat-treated channel head steel.

% Hydrogen exposure conditions e d
ray Crack detection**
No. | Heat treatment diffraction | P, Temp. Hold. time | by microscope
MBa| T h
320 (608) 300 d
1 As-received M,C 9,81
400 (752) 300 ®
320 (608, 300
2 | 650C (1202°F) | M,C, M.Cy*|9.81 €8 °
5h, SR 400 (752) 300 ®
320 (608 300
3 | 675°C (1247°F) | MsC, M,Cy*{9.81 ) 2
5h, SR 400 (752) 300 o)
320 (608 300
4 | T00C (1292°F) | M;C, M:Cy*|9.81 (%9 ©
5h, SR
. 400 (752) 300 e}
900°C (1652°F
1 h,(Norm. ) 320 (608) 300 o
5 650°C (1.202°F) M,C 9,81
Sh, Temp. 400 (752) 300 d

* Unidentifiable precipitate

*+ (O): None detected, @: Intergranular cracks detected

Photo. 1 {3 850, 900, 950 s X ¢ 1000°C T —
AF A PMEBEBEAKE LIy = A 1 7 el AR
LidoC, 850 X0 900°C CH—AF+ 1 EL
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<AL F 1 rAED LRI

¥ Ak DR LB EREO X BEY (Cr
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850 s L U° 900°C CTHEELR M Lok, SLIUTh%
650°C ¢ 2h BEL L L& L7cdbd No. 1, 2, 5 %
FU86) it MG & M,C, 2l Xh, 950 % XU
1000°C oBetE, ¥ L0%Fh% 650°C ¢ 2 %7203 5h B

. b1
= A,

Photo. 1. Microstructures of shell steel
normalized at 850°C (A), 900°C (B),
950°C (C) and 1000°C (D).
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Table 3. Hydrogen exposure test results of heat-treated shell steel exposed to hydrogen

for 300h under 9.81 MPa.

Detection of fissures and bubbles?® ®

No. | Normalising Tempering ¥ty dieacton | Bxposed | Exposed | Exased | Bresee

(608°F) | (680°F) | (752F) | (824F)
1 | 850°C (1562F) - M;C, M:GCy O O © o
2 | 900°C (1652F) - MsC, M:Cy o) o © °
3 | 950C (1742F) - M,C o} o © [
4 [1000°C (1832F) - M,C o) o) © ®
5 | 850°C (1562F) | 650°C (1202°F) x2h, AC | M;C, M:Cy O O ] O
6 | 900°C (1652F) | 650°C (1202°F) x2h, AC | M,C, M.C, (@) O O O
7 | 950°C (1742°F) | 650C (1202°F) x2h, AC M;C O O ©) O
8 [1000°C (1832°F) | 650°C (1202F) x2h, AC M;C e} O © ®
9 | 950°C (1742F) | 625°C (1157F) x5h, FC M,C e} e} O ©
10 | 950°C (1742°F) | 650°C (1202F) x5h, FC | M.C, M:Cy O O O ©
11 | 950°C (1742°F) | 675°C (1247F) x5h, FC [ M;C, M:Cy O O O ©

1) Cooling rate: 200°C/h (360°F /h)

2) Examined by Optical and Scanning Electron Microscopes
3) O: None detected, ©: Bubbles detected, @: Cracks detected

» €7 4 ORERMIL Photo. 2 WiRT & 35b T, ik

¥FETELLIELL (Photo. 2A), F7:8Ed K LIRED
EREEBEHE BB L, 675°C SR Lo rhit s
X T Th ot (Photo. 2B~2D).

B S TR Sh iR R el Photo. 3 iR
Xo5boThHol. FTickhh, 1000°C 7 b HEE % i
L7zd @ (Photo. 3A) & 1000°C 5,884 650°C
T 2h BEH L LEHLIcb D (Photo. 3B) b bHh
cElL, HAE L7 251 OB RTINSO TREL
to. ToEhL 40°C TRBESIRLBACREE LD
DTHAHH, FEHETORBEC X % 850, 900 ks xrv
950°C THEEELS X 51z 650°C THED & LA HE LAk

Photo. 2. Bubble cavities detected in shell
steel normalized at 950°C (A) and sub-
sequently tempered at 625°C (B), 650°C
(C) and 675°C (D) for 5h, Exposed to
hydrogen at 440°C for 300 h under 9.81
MPa.
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FE D~y N MC RIEOZRRIE I hicZ &
b, BT RO RELCHE U o By EER -
NixE&hicholel EABEEL, ¥FREEITIROBRY
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ANEEORBTX x v v O TRIOERHE KEE
9.8 MPa, {RE 320°C) TR EINAFEAE LIchH,
THNKFET 2 » 2CEATHENNLE 5D, £l AR
vRIGEORABEECK LETEAROREYH LT
IO, KEBRBRCERT S 2 2 vOoofixirok.
Fig. 2 iz~ Fif (ZAREE) & =$f (920°C
THEEETFDOLD, BIUEh% 675°C € 5h e &
LEELIcDD) o\, ESH 9.81 MPa, R 300
~400°C © 300h KEBBIRTBACHELL A2
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i, ~y VMO 2 2 v REOBKREEL Y = AN
TEL, FRREBEREO LR A 4 2 v OBIMEIL >
S AMHNTELLS Dk, Fig. 2 mbxx v 3
HDORRBELRRDD ZEHTE, ~, FHIZOWTiL
315°C, = LM OBEEF D DIoV-TUL 335°C,
BedEEE L, L LS DRDOWTIL 395°C ThH o AE
BAREE N, ~ ., FHIZB\WTIE 320°C LAFTA & v
RIGORZHZEMNEBEL DT, 1oy YROFEHRE
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PLEDRBRRERN D, Pl T ¥ ORE TR LBIMER
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Photo. 3. Intergranular cracks detected in
shell steel normalized at 1000°C (A) and
subsequently tempered at 650°C for 2 h(B)
after exposure to hydrogen at 440°C for
300 h under 9.81 MPa.
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_ M,C, &= xM+yC
DRIGICHT HAREDORIGAMEI I B e, KE
EREBLOREHET LB b L Ebh 5.

foks, —Akic 500°C [l ko X 5 eEiBREBOKEY
ADREE & Bl Lo BAiE, EAN lam 0 B4
THRAPR B D 2 2 v HEIRET B, AEBRIE
OB SERBOKELRALIBED £ 2
v R4 300~400°C G i . L—F LicbDTHD,
B » 2 v RBRABRRBERITECRN/IKET 2 9 712
T AR RENFERBERE S ZIF KL TWHZ L0
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Exposure Temperature , °F
572 608 644 680 76 752
1800 T T T T

£ |6°° I~ T
a i Channel Head Steel
- 1400 I As-received .
§ \\
g 1200 |- ]
©
£ 1000 |- .
£ 4
‘§ 800 1
08- Shell Steel
O 600 | As-norm. A
3
g 400 |- 1
g Shell Steel
| Norm. and Temp.
200 at 675°C forSh
o N\

300 320 340 360 380 400
Exposure Temperature , °C

Fig. 2. Methane content produced in reaction
with hydrogen after keeping for 300 h under 9.81
MPa, Analyzed by using gas chromatograph.
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Channel Head Steel
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e " S ﬁ o

Shell Steel tempered at 675°C
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Fig. 3. Results of X-ray diffraction of residue

extracted from channel head steel and shell steel

in case of diffraction by using Cr target (Arrow

marks show peaks of unidentified precipitates) .

Normalized from 950°C,
Tempered at 675°C for 5h

1 L 1 i 1 1
Diffraction pattern of FesC

f lllllll‘LUA 1. R -

Diffraction pattern of CrasCs

Intensity

R il
40 50 60 70 80 90 i
Diffraction Angle, 2 theta
Fig. 4. Results of X-ray diffraction of residue
extracted from shell steel in case of diffraction
by using Co target.
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Tempering Temperature, °F
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1 1 1] T
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2z . o ]
=l "’_‘,—y‘ ° j
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Asrecsveg0) 625 650 675 700
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Fig. 5. Molybdenum content in residue extracted
from channel head steel tempered for 5 h and shell
steel normalized at 920°C-tempered for 5h.
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Fig. 6 WiRLX 57— 2 0RENEERD.
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ZHETEEIRTWS. Thbb, #@PCfALCKE
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T5 &, Gl BN AREE R FesC o X 5 7Rk
MOHNRE KFEEDRIGHOED X 5 Bl CHET T
5.

Photo. 4. Acicular precipitates detected in ferrite
matrices of channel head steel stressrelieved at
675°C for 5h.
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Fig. 6. Time-temperature relation on carbide
precipitation in stress relief heat treatment showing
hydrogen attack resistance of channel head steel.
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