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 H2S ��
� ���� �� ��� �-� ���� ������  !"#$. %& ��	

' SUS 310, SUS 316, Inconel 600
 Hastelloy X($. )�� �* +,- ./ 50 mm� 01 23���*4 ��56

( 789:$. 400oC*4 700oC;.� <= >?*4 56( (@A:�, BC� ��� 1D� "� C89 H2S ��E

FGH N2(dry), N2(wet), CO2(dry), CO2(wet) �� BC�*4 568I$. �� J�K� LM8� C89 X-ray NO�


P%)QRST B0� 8I$. 1.7% H2S, 600oC (8 =� >?*4U ��� ��	 V Hastelloy X
 �� ��	 V

SUS 310 < �WX ��	( Y' ���� Z[�\$. ���� ]��*^.U 68-157 kJ/mol� _� �:$. 0.3-4.99%

H2S̀ � aC*4 H2S̀ � b�* cd4 SUS 316� Te 6-314 mg/dm2fday, Hastelloy X� Te 5-336 mg/dm2fday�

����U Wg h�i\$. H2S�� `�* jH ����klU 1.48-1.91� Z[m$. �� no*U ����, ���

pq( r�i\$.

Abstract − The sulphidation reactions of Fe-based alloys and Ni-based alloys have been analyzed in the point of the gas-solid

reaction kinetics. The alloy specimens were SUS 310, SUS 316, Inconel 600, and Hastelloy X. All the specimens were tested

cyclically every 8hr during 48hr in the isothermal temperature from 400oC to 700oC with various gases conditions: H2S in

N2(dry), N2(wet), CO2(dry), and CO2(wet) gas condition. Corrosion products on the surface were identified by X-ray diffrac-
tion and scanning electron microscopy. Fe-based high chrome alloy, SUS 310 and Ni-based high chrome alloy, Hastelloy X

showed good corrosion resistance up to 600oC and 1.7% H2S condition. The activation energys for the sulphidation reactions

tested in the N2(dry) condition were 68 to 157 kJ/mol. The corrosion rate was greatly increased with increasing H2S gas con-

centration in the range of 0.3-4.99% H2S, that is, from 6 mg/dm2fday to 314 mg/dm2fday for SUS 316, and from 5 mg/dm2f

day to 336 mg/dm2fday for Hastelloy X. The reaction orders for H2S concentration were about 1.48 to 1.91. The main cor-

rosion products on the surface was indicated as(Fe, Ni)sulphides.
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�� ����� ���� ��� ���  �� !"#. �� $� �

% &' �� ()��* H2S� +,, �� ()��� SO2� -".

/0�� 1
 23 4#. ��� ��� 5678, ����� 9:�

	
 ;< => ?:� @�A "� BCD E4#. ����� 9:�

� ����� F5G �HI �J�K�� ��
H LM =N ?:

G OI P' /0 QR� S".T 700-1,000oC UV� 	
 �2W

XL(Ni-50Cr)�8 YZ[8 \] =N^� $0�G _�"* `C�

8ab#[1]. cd8 Bakker e[2]� fg h� �� �K� Ji� �

�� j�� k�^ 12.4 MPa lm� Ji�� LM nD ��* 300-

700oC UVo `C� pqr#. Meadowcrofts Manning[3]� fg�

�* H2S 1% �", 300-500oC �� ()�� ferritic stainless steels�

	
 $0�� 
tI `C� 8ab#.

����� uXvw(Integrated coal Gasification Combined Cycle

IGCC) 9: x� ���� �� yz {|� f}".�* H2S 0.34%,

650-700oC�� Inconel 671� AISI 310SS =N� 	
 ~' ��(24-

48 hr) $� �' Ji �QG 8a$�� ��� ��A ��".� I
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244 �������
#. �`' 650-700oC�� Ni/NiS 9��� ��+, �� {9G �

C�� �� ��G j�". �' Ji �Q� v�"��, �� � L

M =N' �H"� �"�#[4]. �U� 	�� 6�h� IGCC� 5

��' ��:� 9:� ��� 350oC��* ��� ��"� c �

� 600oC��* ��� ��� [[I `C� pqr�, � Y ¡ L

M� ¢v £¤� 650oC �"�� ¥w"* `� 	�¦o `C� 8

ab#[5]. ��� �� yz {|� 	
� 9:��� 600oC �"�

§¨�3 +©#.

ª$� 	
 ���«�	 ��� ¬­". ®¯} ��9:[6], _

�° ��f%9:[7] e��� /0� ±I QR� �Z,r�, ��

���s f¬".�* � e[8]� ��� ��{ ?:G O". SUS

316� ±". 2.8% H2S, 800oC� �� /0 QRG S"�#. cd8

�' /0�C� SUS 316 =N' �H� ²�³I `C� h´�©#.

µ fg� ¶¦' ����� 9: x x� ·O(Intermediate temperature)

�� 5 ¸t ��
�8 LM ��� =N� �H ¹ t k* º}s

»¼} $0 XL½� ±I /0 ¾�G l¿"�, À �O {�� Á

ÂG ÃÄ Å* `�#. ¨Æd XL½� H2S {� ��� /0��G

{-� �Ç��C� �@"� ��M�´¦C� 7�"�#.

2. � �

2-1. ��

µ fg� �H4 LMXL½ =N' º}5� »¼}5� F= ÈH

�� $0 =>� ÉH+� k* SUS 310, SUS 316, Inconel 600,

Hastelly X�Ê, c �Ç �6' Table 1� Ë#.

�Ì 2-3 mm� �Í m=A �H". 20Î40 mm 2{� �ÏG Ð

Ñ� �Ï ��±� ��"{ O". $	 8 mm� gÒG Ó©#. �

�ÏG 400-1,000 grit� SiC fÔ�� jÕ� Ö¨ ×/� �� Ø�

G �Ù"�, ��Ú HÛ� Ü� ®ÝÞ ßà"�#. �Ï' )( �

á�â��� Å¬". �H"�#.

 

2-2. �� � ���	

�� H2S�� /0 QR' Fig. 1� Ë' $	 50 mm �Á ãäA

�HI /0 QR ;<�� "�#. ãä ×/* 3 kW Lindberg ãä

� w{�(LHTF322C)� å<+, ��� (æ+©�, ãä $/ ��

* K� 5w±A �H". ç:"�#. _è t�{ é' ê�( $�

{ë ìG å<". _è ��s íÌ ë�+* t�{ éG îï".

�H"�#. t�{ ð� �* �o ��(340 W)A �H". ñ èg

/6�� �5". t�{� �òG ó�"�#. CO2��* 99.99%�

nô ��A �H"��, H2S��* 4.99%(N2 {ô) õX��A �H

"�#. À ��* _ï}A Ùö ��{ "/�� ÷- õX4 � ñ

$/� _è+©#. ��� øù ��* zinc acetate ë�HÛG Ùö

×/� úû+©#.

�Ï ��±* ü	 6 mm �Á ýG �H". 8þ� �>� ���

ÿ¡�� ̂ �©#. �� �> � /0 �Ï� nD ���� �oG O

". Siemens D5005 X-ray ̧æ{A �HI XRD 6�G "�#. c

QR ()C�* Cu K-α a��, X-ray¬ wJ 40 kV, 35 mA, c¡�

scan M�* 3o/min�©�, 2θ·O* 10-80o�� 6�� �Z,r#.

nD [ß(ü� �% 6ëA Þ�"{ O". EDX(Oxford SIS)� /

�4 @�wÐF[	(JEOL JSM-6400)G �H"�#.

2-3. �� 
�

�Ï� 2{* 	», 
¡��A �H". ç:"�� �3� 
ï

"�#. 
ï4 �ÏG �Ï ��±� ÿ� �Ï ��±A w{� $�

O<��#. �� N% ��A �� ñ $� 9{A N% ��� ±�

��D� ��A �"* QR ���� ����#. QR��� ��"

D :".z ��� H2S��s 6O{ ��A �¡D� /0QRG 8

�� �E }M"�#. �£ À ��� _ï' �� ()� �� ��

��^ � _è �� _ï' � 140 ml/minA _�"�#. 1̧  QR�

ø8D H2S��s 6O{ ��� 9�G x���� È�C� �À�

�#. �À � �Ï ��±A ñ ×/� 6¡��� À �Ï� �3A


ï"�#. � 6̧  QRG ". 48�� �E� /0 QRC� "�#.

�[9]' .d �� {ôG �H". /0M�A 8a$©*á, µ fg

��* �Ï nD¦G {ôC� I �3  �� 8a$©#.

��  � QR' �:I H2S�� �� ()�� 400, 500, 600, 700oC

e� ()�� S".r#. H2S�� ��  � QR' �� 500oC�

� H2S�� �� 0.3, 1.7, 4.99%  � ()�� �Z,r#.

6O{ ��� ±I ÁÂ QR' ���� 500oC�� S"�#. CO2

�� 6O{ QR' CO2A 6O{ ��� ". H2S ��A õX".

QR"��, t�{� ÁÂG QR"{ O". 6O{ ��o N2s CO2

��A {ëì� ë��� ��{� _è"�#.

w� QR()� À 6O{ ����� {� ��* Table 2s Ë#.

500oC ()��� �� 
�Èt(K=6.596×1013)s CO2, H2S� nô

�� ��Øs nô����� Gibb’s free energyA {ôC� I 500oC

()��� 
�Èt(CO2: K=5.22×1026, H2S: K=1962.6)A �H".

[10], O� QR ()� ±I �% 6J� & 6J� ·OA Nakagawa

e[11]� vnI @� �6� È
��� 8a$, ÅD Fig. 2s Ë#.

Table 1. Chemical composition of the alloys(wt%)

Alloy Ni Cr Fe Si Mn C S P

SUS 316 12.1 17.5 Bal. 0.75 0.10 0.07 0.03 0.04
SUS 310 19.96 25.29 Bal. 0.85 0.08 0.15 0.05 0.02
Inconel 600 Bal. 15.5 8.0 0.65 0.52 0.08 0.01 0.01
Hastelloy X Bal. 21.22 17.50 0.30 0.52 0.06    0.001   0.012

Fig. 1. Schematic diagram of the system for the high temperature cor-
rosion test. 
1. Qualtz tube 4. Water bottle
2. Furnace 5. Flowmeter
3. Zinc acetate soln

Table 2. Experimental conditions for the high temperature corrosion tests

Reaction temperature(oC) 400, 500, 600, 700
H2S concentration(%) 0.3, 1.7, 4.99
N2 balance condition(wet)(%) H2S(1.7), H2O(4.7), N2(93.6)
CO2 balance condition(dry)(%) H2S(1.7), N2(31.6), CO2(66.7)
CO2 balance condition(wet)(%) H2S(1.7), H2O(4.7), N2(30), CO2(63.6)
���� �41� �2� 2003� 4�
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3. �� 	 
�

3-1. �
��� ��

Fig. 3� 0.3% H2S, N% 6O{��� SUS 310 �Ï� ±I �3

 �A 8a$©#. XL½� H2Ss� ��� �". LM &��� �

�+�� �3� ��"�#. .{� ���� 600oC��* �^I &

�/0� 8a8* `G   t k#.

Hastelloy X� 	
� 600oC��* �dI /0 FÈ� !z¦C�

v�+©#. cd8 Cr í_ï� 20% �"o SUS 316� Inconel 600

� 	
 600oC��/� �MI /0 FÈ� 8ab#. ¾� SUS 316

� 	
 700oC�� 24�� 	� � �� /0 °� �¡ FÈC� }

M¦o QR� ²�³"�#.

Fig. 4� 500oC��� XL "#� �$ /0  �A 8a$©#. SUS

310� Inconel 600� _�I /0 ¾�G 8a$©� SUS 316� 	
�

/0� �; 23 8ab#. cd8 600oC� 	
 SUS 310, SUS 316,

Hastelloy X� -". Inconel 600' ��I /0 ��� 8ab#.

�� À 48�� �E� �3  �A {ôC� /0M�A /0��

8a% t k#. 500oC��* SUS 310' 2.77 mg/dm2«day, Inconel

600' 3.95 mg/dm2«day�Ê, Hastelloy X* 4.76 mg/dm2«day, SUS 316

' 6.13 mg/dm2«day�©#. 600oC��* SUS 310' 5.09 mg/dm2«day,

Hastelloy X* 14.2 mg/dm2«day�� SUS 316(34.15 mg/dm2«day),

Inconel 600(395.3 mg/dm2«day)� -�". 
tI =N� Í�+©#.

700oC� �� ·OA �± & 	
 SUS 310� 60.14 mg/dm2«day�

Hastelloy X(398.36 mg/dm2«day)� -". /0�� 1
 §¨ -�

�Ï x �; 
tI =N� Í�+©#.

�� /0M�� ±I ��� ÁÂG :ï� ". Arrehenius plotA

c�ÅD Fig. 5s Ë#. .{� &��� É�����A g". ÅD

Inconel 600' 157 kJ/mol, SUS 316'76 kJ/mol, SUS 310' 73.65 kJ/

mol, Hastelloy X* 68 kJ/mol� 8a8 Inconel 600� 	
� ���

Fig. 2. Experimental region in thermodynamic phase stability diagram
for main alloying elements at 500oC(�: experimental region).

Fig. 3. The effect of temperature on the weight change for SUS 310 at
0.3% H2S. 

Fig. 4. The effect of alloy types on the weight change at 500oC and
0.3% H2S.

Fig. 5. The effect of alloy types on the corrosion rate at 1.7% H2S. 

Fig. 6. The effect of H2S concentration on the weight change for SUS
316 at 500oC.
HWAHAK KONGHAK Vol. 41, No. 2, April, 2003
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±I ÁÂG �; 23 '* `C� 8ab#.

3-2. H2S �� ��� ��

Fig. 6� ���� 500oC, N% 6O{��� .d H2S ��� ±I

SUS 316 �Ï �3  �A 8a$©#. H2S �� 0.3%� 	
 E:I

/0 ¾�G 8a$©C8 1.7%��* ()I /0 ¾�G 8a$*

`G Y t k#.

�A 48�� �E� �3  �A {ôC� I /0M�� 8a$,

ÅD, H2S �� 0.3%� 	
 /0M�* 6 mg/dm2«day(SUS 316),

5 mg/dm2«day(Hastelloy X)C� E:I /0 �*A 8a$©C8, H2S

�� 1.7%��* 275 mg/dm2«day(SUS 316), 163 mg/dm2«day(Hastelloy

X), H2S �� 4.99%��* 314 mg/dm2«day(SUS 316), 336 mg/dm2«day

(Hastelloy X)� /0M�A 8a$, H2S ��� �� ()I /0 ¾

�G 8a$* `G Y t k#.

&�/0 M�A H2S ��� íto r=kXH2S
a � n�& t kC��

.d XL½� H2S ���  �� �$ &�/0M�  �A 8a$D

Fig. 7� Ë#. .{� /0M�� ±I &�t% �� jt a* Inconel

600' 1.91, SUS 310' 1.63, Hastelloy X* 1.56, SUS 316' 1.48�

8a8 Inconel 600� 	
� �; H2S��� ÁÂG 23 '+#.

����� 9:�� ��+* ����* �>� �È�8 ���

�A �%8 9{A �H",-� ��� g� �6� ����, (�

Ji�8 ��, ��/H2O .è- e� f¬+,�� ��z#. ±þ 9

{A ����� �H"* 	
 H2(9-13%), CO(10-25%), CO2(8-13%),

CH4(1-5%), H2O(4-17%), N2(balance)� g�4#. �%A �����

�H"* 	
 H2(30-40%), CO(35-50%), H2O(5-15%), N2(2%)� g�

4#. H2S��* �> �� $� & �6� é� �� ����^ 0.6%

:�� í_4#[12]. ��� Q� 9:G /�� 0 	
� =N ?1

� 2' #% 3,N t k#.

3-3. ��� �� ��� ��

���� 500oC, H2S 1.7% ()�� º} XL½� t�{� ÁÂG

ÃÄÅD Fig. 8� Ë#. SUS 310� 	
 t�{ ð�� �� /0 4�

� ¾�G 8a$©C8 SUS 316� 	
 t�{ ð�� 	
 �' /

0 �� FÈG 8a$©#. cd8 »¼} XL½� 	
�* Hastelloy

Xs Inconel 600 	
 m� /0� �� ��"* `C� 8ab#.

���� 500oC, H2S 1.7% ()�� »¼} XL½� CO2 �� Á

ÂG ÃÄÅD Fig. 9s Ë' h�A 8a$©#. �2W »¼½o

Hastelloy X� 	
 ®{ /0' N% 6O{�� Å# �� ��"8

!j /0G 4�"* ¾�G 8a$©#. �D Inconel 600� 	
*

CO2 6O{�� /0� ��"* ̀ C� 8ab#. º} XL½ x SUS

310� 	
 Hastelloy Xs _�I /0 ¾�G 8a$©C8, SUS 316

� 	
 CO2 �� 6O{ � 	
 /0G 23 5z"* ¾�G 8a

$©#. �`' & {�s �% {�� 6J� �� #% j�� 8�

^ Si, Cr, Al, Ti* ��� �*(MO)� Å# 63 7="�, Fe, Ni,

Co, Mn, W, Mo* &�� �*(MS)� Å# 63 7=I#. CO2 6O

{��* ��� �*� _�� H�"�� �2Wo SUS 310�

Hastelloy X� 	
 Cr2O3 �*� Ø�� �� +, /0 4� ¾�G

8a$3 4#[13]. H2O {� ÁÂ� CO2 {� ÁÂ� #% j�� 8

* `' CO2 6O{� 	
 CO2 ��� 66.7%�8 t�{ ð�� 	


 H2O 4.7%� #% �% 6J� §C�� Cr� $ /0� Ø� ��

� #% §{ £¤o `C� �À4#.

Fig. 10� ���� 500oC, H2S 1.7% ()�� º} XL� CO2s

H2O 6O{��� /0 ¾�G 8a$©#. .{�V8 SUS 310� 	


 CO2s H2O ð� � )( 6O{��Å#* /0� )%+©#. SUS

316� 	
�� CO2 ^G @èI 	
Å# CO2� t�{A õXI 	


� /0� )%+* ¾�G 8a$©#. cd8 N2(dry) 6O{��

Å#* /0� #% ��"* h�A Å�#. Inconel 600 	
�* CO2

^G @è"* `Å# CO2� t�{A õè I 	
 /0' ��"�

#. Hastelloy X� 	
�� CO2 ^ @è �Å#* CO2� t�{A @

èI 	
 #% /0� 23 8abC8, N% {�� t�{ @è 	


Å#* /0� §3 8a8 CO2* t�{� /0 �� ¾�G #%

Fig. 7. The effect of H2S concentration on the corrosion rate at 500oC. Fig. 8. The effect of H2O gas on the weight change for Fe-based alloys
at 500oC.

Fig. 9. The effect of CO2 gas on the weight change for Ni-based alloys
at 500oC.
���� �41� �2� 2003� 4�
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��"* `C� 8ab#.

º}� »¼}� -". $0�� 
tI `' [ï �6� ÁÂ�

¬."* `C� Y�T k#. Stroosnijder� Quadakkers[14]* MnG

ð�& 	
 LM Mn' ��M�� 1
 �� MnS* 59Ç¦C� E

:"��, XL� $0�� 8: ÁÂG [<3 4#� "�#. Lai[15]

* Si* XL� $0�G ÂÈ��*á 1
 ��¦�,�, � Cr� Ni-

CoXL� 2.75% SiA ð�& 	
 Cr ��� ° nD� Si� ;.� $

&��� 
t"3 +©#. Table 1�� ÅD º}� Mn í_ï� »

¼}� -". È±¦C� §�, Si í_ï� �� �' ̀ � º}� $

0�� »¼}� -". �' `� �_� å¿¹ t k#.

3-4. �� �� ��

Fig. 11� 500oC, 1.7% H2S ()�� t�{ @è ()�� ��4

/0 nD� ±I SEM 6� �z� k#. À 	
� &� »¼� &�

º� <D�g((Nickel-Arsenide structure)� ��+* `G   t k

©#. ¾� Inconel 600� 	
 = v�4 /0 h: (üG   t k©

#. EDX 6� h� Table 3� Ë' h�� 8>#. .{� �� /0

�X�' ±/6 Fe, Ni &��� �Z,r� ¾� »¼} XL½� 	


 nD� Cr�6� Ù� ?* `C� 8ab#. Lai[13]* �2W X

L½�� ��2W °� �Ï nD� %� LM ��� ��+, k,

»¼� ºLM� nD�� ��M�A 4�"�� $0�G 23 ^@

* `C� å¿"�#. Birkss Meier[16]� Cr XL� 	
 /0 Ø�

G AI �� ��� �M�� �}o `G pB#.

500oC, 1.7% H2S, CO2(dry) 6O{��� /0 h�* t�{ @è

�Å#* h: 2{� C3 8ab� ¾� Hastelloy X� 	
 �� h

:� �M� C¨ z `G   t k©#. XRD 6� h� Fig. 12s Ë

� CO2(dry) 6O{��� SUS 310 �Ï�* Cr2S3� ��DG �o

"�#. cd8 SUS 316� 	
�* FeS� ��DG �o"��

Hastelloy X��* NiSs FeNi2S4� ��+* `G �o"�#.

4. � �

H2S �� 6O{�� SUS 310, SUS 316, Inconel 600� Hastelloy X

XL½� /0 ¾�G QR". #Ý� Ë' h´G E©#. 

600oC �" �� ()��* »¼} XL½ x Hastelloy Xs º}

XL½ x SUS 310 e �2W XL½� x�() IGCCH %= LM

Fig. 10. The effect of H2O and CO2 gas on the weight change for Fe-
based alloys at 500oC.

Fig. 11. The surface morphologies of specimen corroded in the N2(wet), H2S 1.7% condition. 

Table 3. Element analysis of surfaces at 500oC, N2(wet) condition

S Cr Fe Ni Si

SUS 310 33.62 2.57 44.78 18.78 0.25
SUS 316 36.39 0.54 53.74 19.33 -
Inconel 600 33.74 - 3.37 62.89 -
Hastelloy X 30.45 - 14.73 54.82 -
HWAHAK KONGHAK Vol. 41, No. 2, April, 2003
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C� 
t"�#. /0��� ±I É�����* Inconel 600'

157 kJ/mol, SUS 316' 76 kJ/mol, SUS 310' 73.65 kJ/mol, Hastelloy

X* 68 kJ/mol� 8a8 Inconel 600� ��  �� �; F ÁÂG '
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