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ABSTRACT Improved mechanical properties of ferritic stainless steels (FSSs), such as toughness
and high temperature or creep resistance, have been attained through the addition of stabilizing
elements such as Nb and/or Ti. Therefore, stabilized ferritic stainless steels are good candidates to
replace the conventional Cr–Ni austenitic stainless steels for specific applications to save the higher
price of Ni. As compared to austenitic stainless steels, however, ferritic stainless steels possess lower
formability which is closely depends on the γ–fiber recrystallization texture. Hence, improvement of
formability is desired for further wide applications of FSSs. The stabilizing effects of alloying elements
work by consuming not only the interstitial atoms in solid solution but also forming the carbide and
nitride precipitates such as TiC, TiN and NbC. The precipitation takes place in steel making processes
such as slab reheating, hot rolling and coiling. The parameters involving these processes have their
effects on the size, shape and distribution of the precipitates that influence the γ–fiber recrystallization
texture. Many papers intended to clarify the effect of precipitates. However, there were differences
concerning the effect of precipitates, which may hinder further improvement of formability. In the
present paper, precipitate size and dispersion were changed by controlling hot rolling processes
and the effect of precipitate size and dispersion on the development of recrystallizaton texture in
a 17%Cr ferritic stainless steels was investigated. Mechanical properties were measured by tensile tests.
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The characteristics of precipitate were observed by transmission electron microscopy, and X–ray diffrac-
tion was used to characterize texture evolution processes. The results show that low temperature finish
rolling promotes the formation of a large number of fine and dispersed TiC precipitates in the hot band.
After rolling and annealing, the state of fine and dispersed precipitation can be inherited in the cold
rolled and annealed sheets. Strong γ–fiber recrystallizaton texture is developed in the specimen with
sparsely distributed and coarse precipitates. Fine and dispersed precipitates promote the nucleation of
randomly oriented grains, strongly suppress the growth of recrystallized grain, and thereby weakening
γ–fiber recrystallizaton texture and impairing the formability of the cold rolled and annealed sheets.
The precipitates have significant effects on the nucleation of randomly oriented grains and pinning
grain boundary mobility during recrystallization annealing after cold rolling, which plays an important
roles in controlling the γ–fiber recrystallizaton texture in a ferritic stainless steels.
KEY WORDS 17%Cr ferritic stainless steel, precipitate, texture, recrystallization

17%Cr fM^$>";_>� Ni 4�p8�k$>", '�zn9inN;|', �<�sy�C�L� [1−5]. Zhang n [5] M Almagro n [6] ��`{ TiM Nb n�|Y
M, /�#fM^$>"k�9nd09,  �(�syL�__�<^$>". "/
Mk`{$�7|G^;k C M N }��Q, ��68G_/ TiN, TiC n NbN nG".)H^;kWY
�`Y
nG"H}e�Y[yy, Zi�.qz����x����7�, Q�}e17^�?BXM���-6k[y. 8�fM^$>";G"����-6ku$, �gyE �7GI$. Raabe n [7−11] ��, �,kG
���'�A�9x\[y, U�G���-6�u) {334}〈483〉 pL,o���-6kA�9-4;U. Sinclair n [12,13] [G,��J�, Ti(C, N) U�����?�d, m�68S^k�?T, $=� γ �����-668. �> [14] hD17fM^$>";G"kGE��, G"�=���t_D<; γ ���)k68,  �">u$�bL28s
, 4h γ �����-6�{.a;, fM^$>";G"����7�n-6u$kI$%$C�, �V��|, "DW;|�$EI$DW�;UvQ�-6�n&Eko(v! (TEM):.,  �*y��sÆ"?QBXn�'�7k��3P�&, ��Ww�)�I$. �/[g 17%CrfM^$>"�3P)H, hD/i17G"kBXn�'Z&, I$G{�t_D<;���7�n-6ku$.

1 ���znl3PUyk)H��3P>XBk 17%CrfM^$>", {YE8� (8E�F, %) �: C 0.006, N 0.006,

Cr 17.2, Si 0.19, Mn 0.25, Ti 0.14, V 0.11, Fe �E.��D<;k{/b�/g�Eu$W-;W`Y
 (�
TiC M NbC) kG7�. �17G"�'Z&, *y�� 2 >$j�7/i: (1) 2=/i CP(conventional

process), (�oH� 1200 �Æ� 1 h S��. {;, S�+���� 1050 �, ��+���� 900 �, <��

�� 820 �,  7 fO��2 5 mm. ��S�{8S=y52N9ÆM4�;}oG92��+���S��.

(2) G17/i PCP (precipitation controlling pro-

cess), (�oH*y�$E2=/i"jk��Æ��S�/inF�=<. S�{8S, �;}oG92 800 �S�� �2 5 mm, <���� 730 �. 2 >/ihek��
*� 900 �Æ� 7 min {8��t_. ��t_
O�S, *y 80% k9�F�2 1.0 mm. X<,  
900 �Æ� 2.5 min he9�t_
.9�t_
9ik~+;� CMT7000 4~e17vQ|i3Pe$�7k; UskT�\W- 5 g

CuSO4+20 mL HCl+20 mL H2O �℄�0S, � LE-

ICA DMIRM �1i;E�~! (OM) $:.; *y
Tecnai G2 F20 o(vQ�~! (TEM) �7G":.,  *yiE" X (�;ve (EDX) �|G"k8�; *y Bruker D8 Discover X (�K(e (XRD)hD+EUs;3,k {110}, {200}M {112} 3 (${'iqvQ�)�'HF (ODF) heQ:-6. *y�M� ZEISS ULTRA–55 1�(!℄v! (SEM) $k
Oxford EBSD �m�Us�$jt_Æ�W-;����?"�sk-6.

2 ��|w� 1 7GG$j/i9�t_
ke09i. |�/(, 9�t_
 CP M PCP '�$jke09i. �9�t_
 CP "�, 9�t_
 PCP k r /pp. q 17GG$j/i9�t_
kW-. |q/(, 9�t_
 CP M PCP ku*�?BX��� 27.8 M 23.5 µm.�I$$j/i�t_D<;���7�ku$, 9�
g 25—30 �/s kNQ{�2 500—900 �Æ�
2.5 min S2NG92>�. q 2 7GG�$Et_D<;Us;3,kw��Y. |q/(, Us CP kw�� 500 �/+5�Y,  � 600�g$t_/TO��k�{, w�+5�E��, � 750 �/[e{��Y. Us PCP kw�� 600 �g$/�-�Y,  � 650 �g$+5�E��, � 775 �/[e{��Y. �{����*S, Us CP kw�Sp� PCP k, "� 2 >/i
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Table 1 Mechanical properties of cold rolled and annealed sheets after different processing

Spencimen Rp, MPa Rm, MPa Yield point r r ∆r

elongation, % r0◦ r45◦ r90◦

CP 230 405 0.78 1.68 1.40 1.95 1.61 0.41

PCP 240 420 0.77 1.56 1.29 1.71 1.46 0.35

Note: Rp—yield strength; Rm—tensile strength; r—anisotropy index (the ratio between the strain in plane

and the through–thickness strain in the tensile tests); r0◦ , r45◦ and r90◦—the r value in the direction

of 0◦, 45◦ and 90◦ to the rolling direction; r—(r0◦+2r45◦+r90◦)/4; ∆r—(r0◦–2r45◦+r90◦)/2

Æ 1 #i.ha��8�s^	jV,
Fig.1 Microstructures observed on the TD (transverse direction) planes of the cold rolled and annealed

sheets CP (a) and PCP (b)
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Æ 2 s^C;:#i.h8�	jv��X
Fig.2 Changes in hardness of cold–rolled samples after dif-

ferent processes during annealing (CR—cold–rolled

sample)b��9�t_
��k/�"� [15].q 3 7GG��t_
 CP G"k TEM '. |q/(, ^;V�)>BXn74kG". QBX$/��g�C>: _>;� 20 nm g$, 6N)nkG". hD EDX ���, DW;_/G Ti kG",� TiC(�q 3a, {;, C, Ti, Fe n Cr k�Q�F��� 51.94%, 45.06%, 2.04% n 0.93%) a Ti(C, N)(�q 3c ;�A�, {;, C, N, Ti, Fe n Cr k�Q�F��� 0.06%, 2.21%, 4.03%, 77.4% n 18.58%). M_>;
10 nm Y�kZqG", �q 3c ;�B�. q 4 7G

Gq 3c ;ZqG"k HRTEM(high–resolution

transmission electron microscopy) '. hD Fourier�[/(, �G"� fcc �6, {�'2F� 0.430 nm,�|� TiC. |g$�/(, ^;kG"DW�_/�J9��6�a�4�6�k Ti kW`Y
, "/G"DW;�XBn{/D<;68k. ���|9%k Ti(C,N), DW�I{XB/℄Vn
JD<n%���}z�68; � TiC DW�)����n)�D<;_/�^u$g�^k���G����Zn�Jz�6KG.q 57GG��t_
 CPM PCPG"k TEM'. |q/(, ���t_
 CP "�, ��t_
 PCP;G"kBX�,, �'X . "/�,�X kG"DW; TiC. �mv$j/i��t_
;G"k�', =yqq����2& 5 ��^�F� 7000 k
TEM qq;kG"�7�. q 6 7GG��t_

CP M PCP kG"BXmv�'. |q/(, � CP"�, ��t_
 PCP G�^EBX�,kG". ��t_
 CP M PCP ;G"u*BX��� 41.6 M
14.2 nm, ?Q[���� 3.03 M 32.14 µm−2. q 7 7GG9�t_
 CPM PCPG"k TEM:.. ��,�9�t_
 CP "�, 9�t_
 PCP ;G"BX�,, �'X . "���t_
;G"k�'=P"�, �_ 9�nt_SG"k�'Z&hebL.
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Æ 3 ��s^	 CP �F!j TEM &
Fig.3 Bright field images (a, c) and dark field images (b, d) of precipitates obtained formed in the hot

rolled and annealed band CP (A— Ti(C, N), B—TiC)

Æ 4 bYp�F!j$�� TEM &m Fourier J'p
Fig.4 HRTEM image of a nanometer–sized precipitate at

Fig.3c

(a) HRTEM image of a nanometer–sized precipitate

(b) corresponding fast Fourier transformed (FFT)

diffractogram

(c) schematic illustration of FFT

Æ 5 ��s^	 CP L PCP �F!j TEM &
Fig.5 TEM images of precipitates formed in the hot rolled

and annealed bands CP (a) and PCP (b)
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Æ 6 ��s^	 CP L PCP j6w�F!AWlu�&
Fig.6 Statistical size distribution of precipitates in the hot

rolled and annealed bands CP and PCP

q 87GG$j/i�7nt_-6kM��3. |q 8a M e /(, ��-6g α ��-6�D,  �� γ��-6. �2=/i"�, G17�7�=�heDW-6W�,��|n���Yk α ��-6, ���Yk γ ��-6.  ��t_S, -6g α ��-6�D,�����k γ ��-6 (q 8b M f). �2=/i"�, G17�7�=��Y��t_ α ��-6k�� [% γ ��-6k"���.  80% 9�F�S, -6g α ��-6�D, �����k γ ��-6 (q 8cM g). �2=/i"�, G17�7�=��Y9� α��-6k��, [% γ ��-6k"���.  900 �Æ� 2.5 min S, 9�t_-6g$*Æ γ �����

Æ 7 8�s^	 CP L PCP �F!j TEM 9-
Fig.7 TEM images of precipitates formed in the cold rolled and annealed bands CP (a) and PCP (b)

Æ 8 #i.ha��,5L� (ϕ2=45◦)

Fig.8 Texture evolution of CP (a—d) and PCP (e—h) after hot roling (a, e), hot rolling and annealing (b, f), cold

rolling (c, g) and cold rolling and annealing (d, h)



r 10 w # �m : 17%Cr dK\"< 9ir �+4 1171�-6�D. *y2=/iMG17�7/, γ �����-6�u����� 13.12 M 10.71(q 8d M h), "�$j/i9�t_
ku* r /k�Y"�.

3 o���
3.1 a�s�j�e�qb	�h��q 9 7GG��
 CP M PCP G"k TEM :.. |q/(, ���W-;�gM�Zn����*V��,G", {{;���
 PCP ;V�ZqkG", �q 9 ;�nU0. $j/ik��
'�$jG"�'Z&. ���
 CP "�, ��
 PCP kG"BX�,��'X . q 10 �=y Thermo–CalcvQk���Y�3P";uP�VW-;)"GEnG" M(C,N) ;)
MGEku$. �Nq 10a M
b /(, ��N`{ Ti M V k 17%Cr fM^$>";,68kG"g Ti kW`Y
�D, "�$EG":."_3. o Ti k`{$�U�G^; C M N GE

k�p, j/Y68G TiC n Ti(C,N)nG", "/G"k68`6�{/D<;k��. � N��|.Bk
TiN DW;Q℄"�����+568 .e 1220 �.�� 1220 �g�, DW68 TiC 57|}��Q.�3P)H���UE, 2 >'�$jG"Z&k��
; "j/ikS�S292 2 >$jk����, o 900 M 800 �, �7��hek. |��%�7��"�, p����7/�V\��)�p, �Z[��{���W-�Y���FE�{, "/*�6��G"[2G,��.6K�4 [16−18]. M_�\, p��b���Q4 NQnG"4^NQp, 3G��
 PCP ;G"BX,��,. j/, 2 >�{/D<k$j*J;� 900 �g��7k, TiC ;X/i68kG", o 2 >��
;G"Z&k/�DWk;� TiC $. pN���
 CP "�, ��
 PCP ;G" TiC BX�,��'X , �q 9 U7.

Æ 9 ��	 CP L PCP �F!j TEM 9-
Fig.9 TEM images for the precipitates formed in the hot rolled bands CP (a) and PCP (b)

Æ 10 Thermo–Calc uPjS���X2O!jtO!V�m M(C,N) �F!:	LFDj�X
Fig.10 Equilibrium phase constituents (a) and elements content of precipitate M(C,N) (b) in the experimental steel

as a function of temperature calculated by Thermo–Calc
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 (q 5 M 6),   9�nt_SX<hgÆN29�t_
 (q 7), o9�t_
 PCP ;BX�FZ�.rZ}k��6�G" TiC FE�, �'X �[k.

3.2 �e�qb	�j�}~!uh��y�9�-6k68�9�������t_n9�n/i[�"8 [5,19−21]. $jk�����t_n9�/i*℄68$j9�-6, �q 8c M g U7. |�5M 17%Cr fM^$>"���D<;$i�- γ/α "�n�V���, pNI{g^Ek {001}〈uvw〉 FN�U42=/ik��
 CP ;68�k {001}〈110〉—

{114}〈110〉 W�. j/, |�G17�7/����p, �H�he,��|k α M γ ��-6W� (�
{112}〈110〉, {111}〈110〉 nW�)[22,23], Q��Yn�|Y�� α ��-6, �Y γ ��-6.  "jk��t_n9�/iS, -6kbLZ9�U4">$jk��-6Z&bL29�
. �2=/ik"�, G17�7S9� α ��-6���Y, γ ��-6k"����{. 9�t_S, �2=/ik"�, G17�7k
γ �����-6���Y. "�_���Yk9� α��-6n"��Yk γ ��-6�_|<�$$=�
γ �����-6���Y, "�LmfM^$>"k-6M�=P"\ [19,20,24−26]. {/i�$j/ib��V��E/nkG"�'Z&�8. �N, �Qg�r�\�H_$jG"�'Z&����7�ku$e7.

3.2.1 1+3A0 $j/i�Eu$t_D<;9�
�Y7�, �q 2 U7. 9�
 PCP kw��
600 �/�-�Y,  � 650 �g$t_/TO��k�{9�
kw�+5�E��; a9�
 CP kw��
500 �g$/�-�Y,  � 600 �g$+5�E��.9�
 PCP ,%k�Y+5���_{\�7��el7.�%k���Æ�/, \�k�-DW;hD�Zk��, U4�5��6^;�'�Rk�Z)OpiENVA2�'MmI8G�. �� [14] ��, �fM^$>"���Ey, hD�ZkndM	Vd, U4G�N , ,����)^����L�n����Kk68.q 11 7GG9�
 CP �t_D<;k TEM :.. Qq;/_�,G, G"��Z'��kz�[y (�q 11 ;�nU0). pN, �,�X kG"/hDz��Z, l7,����68MG�68n4^, u$\�7� U�fM^$>";����Kk68.q 12 7GG9�
 CP M PCP ����Ey�

Æ 11 8�	 CP�s^C;:�F!��Yy�Zxj TEM9-
Fig.11 TEM observation of the pinning effects of precipi-

tates on dislocation in the cold rolled sheet CP dur-

ing annealing���Kk-6. |q/(, ����Ey, 9�
 CPM PCP ;*z�68 γ �)�K, "�fM^$>" γ�����-6k�)6Ke7"_3 [19]. � PCP k"�, CP ;����Kk-6�, "�_���Ey9�
 PCP ;V��kTe�)�K. Satoh n [27]����6D<;, �,�X kG"�H�$*Æ~:�~W-k68. �9�
 CP k"�, '��,�X G"k9�
 PCP ;V��k$*Æ~:�~W-. Huh n [28] I$�_, ����D<;$*Æ~:W-m�68Te�)k����K, "�q 12 k:.�B"_3. pN, �,�X kG"U����D<;Te�)�?k6K, �Y γ �����-6.

3.2.2 C4557(&' �����?k4^D<;, G"���kz�[y3����?k4^jU�eG"ku$. ����?k4^DW�g�C>74:

(1) ����?��6^;4^������?��6^;4^, 	�� Fm TOG"u*" r k�,n^h�F f k�{��p [29−31]. My, Kubodera n [29] I$�_, ����?��6^;4^/, �,�X kG"�0-�Ekz�.s. pN, ��6^;4^/, �Us PCP k"�, Us CP k����?k4^	�� Fm ^, ,�m4^.

(2) ����?w "K����?4^��w "K����?k4^, Zener n [32] ���ND<;k	�� Fg �
Fg = 2σV/R − 3σV f/(2r) (1)6;, σ �����?k�\i, R �����?k",

r �G"ku*", V �`�^h. |6/(, 	�
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Æ 12 Tr CP L PCP ����Dx����Jj,5
Fig.12 Nucleation textures at the early stage of recrystal-

lization of samples CP (a) and PCP (b)� Fg jUTO r k�,n f k�{��p. b� σ=6×10−7 J/mm2, V=7.18×10−3 mm3/mol M
R=7.5×10−3 mm /, *%$E��t_
;G"kmv�'/(, Us CP M PCP k Fg ��� 0.890 M
0.384 J/mol. ��, b^;	G"/	�� Fg �
1.150 J/mol. $j/ib�� 0.506 J/mol k	��
Fg /�$/TS. pN, �w "K����?4^kD<;, �,�X kG"�0-,��Ekz�.s, l7����?k4^. o�Us PCP k"�, Us CPk����?k4^	�� Fg ^, ,�mw B��?�4^.|N/�, t_/����?��6^;4^aw "K�?kD<;, �,�X kG"�0-�Jkz�.s, l7����?k4^.q 13 7GG���SyUs PCP ;,BX
(10 µm g�) n^BX (10 µm g$) ����?"sk-6. |q/(, ���SyUs;k����?�g
γ �)�?�D; �,BXk"�, ^BX�?k γ �����-6�. "/i;|�����Ey {111}�Kkz�68 '�_|kBXz9, �"_z9����

Æ 13 ���RxTr PCP :+AWm℄AW����>!rj,5
Fig.13 Recrystallization textures for the fine (a) and coarse

(b) grain of the sample CP at the later stage of re-

crystallization�Sy�?4^kD<;hgÆN, 3^BX����?k-6� [33].����Ey, '�% Taylor pQn"s%6�Iik {111} �)9��6�?�z�68 {111} �)�K (q 12); �TSk���D<;, "/�K�hD*I γ a α �)�6^54^, a"/z�4^k^BX {111} �)����? (q 13) �w B�BX,k����? [33,34]. a|G"�'Z&k$j�q}z�.sk/n��Eu$����?k4^.�*I γ a α �)�6^54^kD<;, Us
CP ;z�6Kk {111} �)����?4^k	��
Fm ^, ,�m��6^;4^. �����?w B�����?kD<;, '�����-6k^BX�?�w '�����-6k,BX�?. q 14 7GG9�t_
 CP t_D<;k TEM :.. Qq;/,G, W-;kG"���0-�Jk	U[y3��z� (�q 14 ;�nU0), �_G"��"_D<;0-�Jkz�[y. Us CP ;^BX {111}����?hDw B�,BX����?4^k	��^,
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Æ 14 8�	 CP �s^C;:�����>v�C;:�F!jy���j TEM 9-
Fig.14 TEM observation of the pinning effects of precipi-

tates on the grain boundaries during the eating stage

of recrystallized grians in the cold rolled sheet CP

during annealing,�m4^. pN, ����D<;, |�G"BX�,��'X , Us PCP ; {111} ����?k4^�e�kl7[y, $=�9�t_
���-6k�Y.X<, R�'�� α ��-6n"�� γ ��-6k9�
 PCP /he� γ �����-6, a;|�$jG"Z&�t_D<;\�M����?6Kn4^n7�k$j[y, 39�t_
 PCP k
γ �����-6k���� CP k. |N/(, �17fM^$>"���7�kD<;, G"�Te�)�?6Kk[yn���dkz�.s;AWkpM.

4 |�
(1) ��G Ti M V k5M 17%Cr fM^$>",W-;kG"g Ti kW`Y
�D. �p�����=�BX,{�,��',{X G"k68. X<,  9�nt_S">G"�'Z&�9�t_
Uw=.

(2) S^��BG"kUs'��k γ �����-6; �,�X kG"�H����D<;Te�)�?k6K, l7����?k4^nw B��?,Q��Y γ �����-6, 	Y9�t_
869i.

(3)G"�Te�)�?6Kk[yn���dkz�[y, ;17 17%Cr fM^$>"���-6kAWpM*_.d���
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Res, 1993; 64: 359

[9] Raabe D. J Mater Sci, 1996; 31: 3839
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