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ABSTRACT The thermomechanical treatment processing was simulated by thermomechanical simula-
tion instrument for the T91 ferritic heat-resistant steel. The effects of immediate quenching after different
degrees of deformation in 650–850 �, locating in the austenite non-recrystallization region, on the mi-
crostructural formation and mechanical properties of T91 steel were studied. Optical microscopical and
TEM observations showed that the adopted thermomechanical treatment could not only refine structure
but also form more nano-sized MX carbonitride precipitates, as compared to the specimen after conven-
tional normalizing and tempering treatment. Tensile tests showed that the thermomechanical treatment
could effectively increase the strength of T91 steel which increases service temperature.

KEY WORDS metallic materials, thermomechanical treatment, ferritic heat resistant steel, nano-sized
carbonitride, strength

T91 ��� Cr ��� !������, "

�������#�$�%���$�&�� !

��!�!'�����!��"#$, %&���

 !, '�((��!�( 590 � [1−5].  �)!

* ��)*+� � 50401003),�"#*"-#*$+% �
200335, $!%)*+� � 07JCZDJC01200 �".&�#
$*%� 0546620015 ,-%�.

2007 / 7 & 11 '(�+%; 2007 / 10 & 19 '(�'&%.

,#0)*: 1(-, '+

),.�$*/2�(3-4./, 0)*+,5-

0..1�+,26)1�/-1-., -�071

!23/82� 6%–7%. 091:071!��(
��!�(324& 600 �. 4 T91 �3��;(

�34, 5$55���(466 [6,7]. !$5 T91

775 1.00%–2.50%�W,8#-W /�W–Mo

89:6;;, �����;(�9 T91, (��!
�(4 610 �. '�7�87<�%9:<;;�

$�5&<=. 4=7>�5��48#� Laves6

�? Fe2W, ���=>�$�?; [8−12]. 5@@A



192 � � � � � � 22Æ192 � � � � � � 22Æ192 � � � � � � 22Æ

>:?;B�#<A�;;=@AB>BC?78

;;� ODS� (oxide dispersion strengthened steels),

�/92�D��� !����;(� !�(,

'<A;;=@A��#C1:C�9D�8D�

�"E@ [4,7,13,14]. >;A�E7!<,B%�EC

�?=,5>C�DEFFG7@G<,B%&�E

C�(;(5�, 4EF�?H�IGH! [15−17].

$H5 T91 ���;;.JII�J@1, ��8

�!AJ< T91 �(F.G>�$�<=.

1 0123
>H! T91 ��KI;�#I (JLÆI�,

%)  Fe–0.09C–0.35Si–0.45Mn–9Cr–0.9Mo–0.2V–

0.08Nb–0.05N. T91 ��;A!AJ@@ 1060 �

<, +760 �K,, <,.G BJEC�, K,G

 K,EC�.G.

T91 ��8�!AJ5 Gleeble1500!MNKH

.1L#.MLK��>C�;, ?�78=6�, 9

DL�:6; ��>C�EFF�( 900 � [18],

M�OP&>C�DEFFG (600–850 �) LK�

8; 8�G (Q-58��(C�MDNN) N><

,, �8�>C�4� EC�. (@@1� : -

3 �/s �O�P(7!O 1250 �, C� 10 min G

- 5 �/s �OPIEOP&>C�DEFFG�

( 850�750 � 650 �, R! 30 s GLKP4L 

0�15%�30%�50% � 70% �8�, QG- 3 �/s O

P&R�. <8� 0 �KQLK;A!AJ.

 D��8�!AJ@@< T91 �R��$�

<=, <!;A!AJAO (Traditional Heat Treat-

ment, THT) 4F� T91 ��5 850 ��750 ��

650 ��8LIE 15%�20% � 30% �8�!A

J (Thermal Mechanical Treatment, TMT) G� T91

�LKSS>H.

5 WDW–100 T.T405UV$KH.1L
K;(GK.! C–35AOLYMPUSP�GTULKD

?QH,! TecnaiG2F20RI-WXWU05GTU
LK�IJ�.GII.

2 6789:
< T91�LK;A!AJ,%&�K,EC�.

GSEC�BJ�I.�YK;=.# [7,19,20]. "

�8V T>C�FALIR#STEC�M, EC

�MSUZWK�EC�[.#, EC�[XIN;
WKYZ�EC�BJ. I.�78=/1S\9
BJ)�T>C�F)O/P<�QRS� M23C6

(M /1� Cr) RY;=@A>C?IN9BJJ

�OA<�<A� MX R Nb/V YK;=@A.
# [7,20]. 0��<�EC�BJ�<F;;�I.

�YK;=�78;;VUD T91 �������

$,V(�78;;� T91�>BD��� !�-

.]1���$�MTWW,'578@A7M23C6

R5��4X[9U;6�, B-<2� !���

�;(=!5Q. 4<AC?� MX 5��4$�

VNNC�.G^W�, =52���;(�_N,

\&DXX\Y�>Z\YY[�=!, \4LM]

2� !�����$,� T91���;(�Z1C

[. '(Y�;;/Z> MX �#I[L�C?(

�A5RS�\. 4-`;A�AJAO\$� T91

7EC�BJ<;&MW^(, V(�578=78

#�]� M23C6 R@A, 4 MX RYK;=@A

�L?<1a, RS]Q, IN5R] [7,8,19,20]. ^

_, ^�;A�#RB^>.J�#57R]<;�

EC�BJ�_Q$]�<AC?IN� MX R@

A, �2� T91 � !�(��/_^.

b 1 `.D;A!AJ, 750 �4�8 15%�

30%�50%�70%, 850 �4�8 50% � 650 �4

�8 50% �8�!AJG� T91 ��GT.G.

c`�BJEC�.G, '(8VaE�Q, 8�!

AJG�EC�BJ=;A!AJ�57R]<;.

;A!AJG�.G7WKYZ�EC�BJ.#
EC�[, _TEC�[_N-Qa(F)I`, B

JRSQA5M, aE�Q (b 1a); 5?_��8�

(48�!AJG�EC�BJQP4L�`7?
ba9R]<;, EC�[�b(?bcA, EC�

BJ�%R]<A (b 1b-e); 5?_��8L4, Q

;�8�(�H!, EC�BJ�Td�<;ae,

Æ�1aE5Q (b 1f, d, g).

8�!AJGEC�BJR]<;, ^ EC�

8d�M�5R]8dB^, Fd�5>c?7b5

�2a�\�\b8#� [21]. ;B<c^f>C�

�DEFFGLK8�, MA>�>C�FAdg,

�/`78�>C��F)�8�c�\YdF�

2a [6,21], \4 EC�2eD5]�8d\b, ?

=0d2ae$>fEC��VQ. eMA>, S9

T917[�QL�9DL�, 4!�g4@-"� 
�h YK;=�I.?�YK;=OC?<IN,

<EC�BJVQi"�>Z=!, �FA%&LM

]<;.

b 2a–2d IEGhD;A!AJ� 850 �4�

8L 50%�750 ��8L 30%�50% �8�!

AJG� T91 �7I.�78=fg. 5;A!A

J� T91 �7b5j]/P<I.=, QA5 100–

200 nm _N (b 2a), fieAI.=�$hIIF

Z (b 2e)�I, 0dI.= M23C6 R,(7 M /
1 Cr; fifBk�I.=O5gl�@A<, R



2 � igjh:mikj�h T91 iAnjolkpq 1932 � igjh:mikj�h T91 iAnjolkpq 1932 � igjh:mikj�h T91 iAnjolkpq 193

B 1 T91 ikjkAn
Fig.1 Microstructures of T91 steel after (a) traditional heat treatment, (b) thermal mechanical treat-

ment, 750 l, deformation 15%, (c) thermal mechanical treatment, 750 l, deformation 30%,

(d) thermal mechanical treatment, 750 l, deformation 50%, (e) thermal mechanical treatment,

750 l, deformation 70%, (f) thermal mechanical treatment, 850 l, deformation 50%, (g) ther-

mal mechanical treatment, 650 l, deformation 50%.
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Fig.2 Morphologies of carbonitride precipitates in the investigated T91 steel after (a) traditional heat

treatment, (b) thermalmechanical treatment, 850 l, deformation 50%, (c) thermalmechanical

treatment, 750 l, deformation 30%, (d) thermalmechanical treatment, 750 l, deformation

50%, (e) EDS analysis results of the precipitate indicated by arrow o of (a), (f) EDS analysis

results of the precipitate indicated by arrow p of (a), (g) EDS analysis results of the precipitate

of (b), (h) EDS analysis results of the precipitate of (c), (i)EDS analysis results of the precipitate

of (d).
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B 3 T91ixmikj�xxkwyyyz (750l{

imz 50%)

Fig.3 High density dislocations generated in the mi-

crostructure of the T91 steel by thermalme-

chanical treatment (750l, deformation 50%).

B 4 mqz{{x|k T91 ik{y|y

Fig.4 Yield strength (MPa) of the investigated T91

steel at various experiment conditions

15%�20% � 30% �8�!AJ (Thermal Mechan-

ical Treatment, ! TMT �h) G� T91 �LKG

K. b 4  5_AJJz4� T91 ��}6;(|.

\b7IGQ{8�!AJ@@;B�; T91 �

�.GQIG2�(;(|. 4=8�!AJ@@

�< T91 �\@@1LK.G�;, (u��&�

$5|} T92�T911 d�^879DL�43&<

=, B-8�!AJQ-�/92� T91 ��F9
�$.

3 6 :
>;A�!AJAO?=, 8�!AJ@@�

T91 ��GT.G-�GD�R]<;, 5EC�B

JJ�7"��QL\Y MX RYK;=@A�

I.2e5]�8d\b, �#5]�5<A�C?

IN� MX RYK;=, � T91 ����;(�(

��!�(IG2�.

G H % I
1 M.Yoshizawa, M.Igarashi, Long-term creep deformation

characteristics of advanced ferritic steels for USC power

plants, Inter. J. Pressure Vessels & Piping, 84(1-2),

37(2007)

2 J.M.Beér, High efficiency electric power generation: The

environmental role, Progress in Energy and Combustion

Science, 33(2), 107(2007)

3 G.Gupta, Z.Jiao, A.N.Ham, Microstructural evolution

of proton irradiated T91, J. Nuclear Mater., 351(1-3),

162(2006)

4 S.Ohtsuka, S.Ukai, M.Fujiwara, Nano-mesoscopic struc-

tural control in 9Cr–ODS ferritic/martensitic steels, J.

Nuclear Mater., 351(1-3), 241(2006)

5 Y.Yi, B.Lee, S.Kim, Corrosion and corrosion fatigue be-

haviors of 9Cr steel in a supercritical water condition,

Mater. Sci. Eng. A, 429(1), 161(2006)

6 M.Taneike, F.Abe, Creep-strengthening of steel at high

temperatures using nano-sized carbonitride dispersions,

Nature, 424(17), 294(2003)

7 R.L.Klueh, N.Hashimoto, P.J.Maziasz, Development of

new nano-particle-strengthed martensitic steels, Scipta

Mater., 53(3), 275(2005)

8 Y.Chen, K.Sridharan, T.Allen, Corrosion behavior of

ferritic–martensitic steel T91 in supercritical water, Cor-

rosion Science, 48(9), 2843(2006)
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