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ABSTRACT The low carbon bainitic steels gain increasing attention due to their high strength,
high toughness, and good weldability. To improve the toughness and weldability of this kind of steel the
carbon concentration is usually deduced to below 0.06% (mass fraction). As a result the hardenability
of the steel is decreased and the ferrite usually becomes the first phase formed during the cooling process
before the austenite transforms to the bainite. To decrease the nucleation activation barrier the grain
boundary ferrite prefers to nucleate at the prior austenite grain boundaries, which are also potential
nucleation sites for the bainite. The prior austenite grain boundaries are occupied by the ferrite,
meanwhile ferrite/austenite interfaces are formed, which may influence the following nucleation of
bainite. To understand the effect of grain boundary ferrite/prior austenite interface on the nucleation
of bainite, a low carbon Fe–C–Mn–Si steel was investigated using optical microscope and electron
back–scattering diffraction (EBSD). The grain boundary ferrite and bainite were formed during the
two–step isothermal holding. By combining metallographic observation with orientation measurement,
two kinds of interfaces were found between grain boundary ferrite and bainitic ferrite: one is non–clear
interface, and another is clear interface. The analyses show that grain boundary ferrite has nearly the
K–S orientation relationship with the prior austenite on the non–clear interface side, at which bainite
nucleates and grow with an orientation similar to the grain boundary ferrite, while the grain boundary
ferrite has a random orientation relationship with the prior austenite on the clear interface side, and
large misorientation exists between bainite and grain boundary ferrite.
KEY WORDS low carbon steel, grain boundary ferrite, bainite, interface, nucleation,

orientation relationship
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� 6 " hP-� : ��5N-"�}�/��j�"���j�X%~�I 681�#P#��JW. *Æ)}b 2�8`� G7P, +g�8X�`�,  p)���7P� C We, �b9T7� C We{
X�* 0.06% (Me'w) �=. t CWe���b}7�j `�?��, ���((i�l�V<UTPj>XA�G&H5, *�g��0tV<UTP, ^���l�(Y&+�l�twl�. �>E7���+��^\hR��>e,*��l�/$^\, {#��o/$�aON�sJ, ���bE�o/$\L, /SYp7'��l�/$,  SxJ�l�4!*9V.K^\; n{#�/$����\LH\gY����/�l�G$, 9<$� ?��g��l�^\H\�K.�(Æar [1] LEz�l�*��l�/$\�>^\, j+mÆl5 [2] =a��l�/$�9P��`E��K�l��&�e,, tÆ)�����/��l�$���l�^\��Kg!}/2�. Babu ^
Bhadeshia[3] /l5U/$�����l�^\��K,/D+��l�/$R����B�XAg��l�^\, /g*;[����^Q. ?�+��, Quidort ^
Brechet[4] *arP A, /$����^QSYg�g�l�^\�&�$, mg*g�l��^Q. 9VA|y�� S*�, /$����^Q��l�Y&��KE��`(Q'|/$����\L	d [5−7], YH�/$���/��l�$� G [3] ���ÆJ. t%:��KwLÆ)E21Z, 9Tui�+arRk*{VN�g�g*{5�l5. q>, �GiA��.', 2�iA?	��C^�Zb}*�,iALEP��=�l��a�^\	. ATu�i, �Æt�`(7P<��l����pHm0, �b, b�=���/��l�$�� G, ~b*�V2M=���/��l�$�/+Æb��<��l�Bk*, t�ar���CL, � W�3 (TEM) P=9PwG8C�<,���, ����}z��`� S.+=���/��l�$��K�l�^\�wL, 7buF+}Æ<��l��4�, =���/��l�$� G�|�l��^\.K. �1;��Æ Fe–

C–Mn–Si 7*_g��`Dm, *Q'^B\X�X�#�, �Ig��� Mn, Æ�ibG&^iA,E��sk, ��HL����\L�s^^Qe, /�8j `�!�*V<UTP^Q&0iA, �_+!�^QZÆ�, m�Ig{e� Si; ;����0B\Xi+g}z/$�����l��r`iA, �UHL���^Q0�,eb���-2�Æ���l�/$, ,E�SY��l�/$��l�^\��K, �$A�s�Bq/$���/��l�$���l�^\��K. *4!}z<��l��2M=, �1�ULE�����l��^{|%G�9P, BEg���/��l�$��

	�|�l��^\	, /�ug/$�����l�^\��K.

1 %>v����;�� Fe–C–Mn–Si 7Q' (Me'w, %) +: C

0.05, Mn 2.94, Si 1.78, P 0.01, S 0.009, Fe 94.761. �:Gv_}z� 20 kg V��QI 10 mm×60 mm ×

500 mm �7�, �m�fp�V+iA. ?g�t ,:Q 15 mm× 15 mm×100 mm �[/:G(M, *
1300�?%k\X 48 h. ;�E,:�t ,Q 7 mm×

7 mm×10 mm �I[t , (d(Mg, * 1250—

1300 ��l�k, (2 725 ��0 1 h ^ 340 ��0
1 h gyV. ���0B\XH# 1 �f. /$�����l�',* 725 ^ 340 ��0_^Q. +g��, n&�?%kg�t * 1250—1300 ��l�k, ',*
725 ��0 1 h ^ 750 ��0 24 h gC�yV, �}z/$���^wl��r`iA.;�Oi?)3 (OM)�I WP��3 (SEM) ^�a�NWqW (EBSD) �t *_iALE^9P'7. I[(Gt 2UwW
��/`g*_iALE,/`Gy+ 3% (�x'w) �R�4y�`Gy. +!�wW�O+Q��℄BE�� EBSD ZZ�3�, t 
�H*�!<g*m0=*_�!�O, ?g�R�61/`, �}z4�℄�*�, *_ EBSD '7. �!�OyQ'+ 10% (�x'w) 8r�61Gy, �j
20 V, �O_	"+ 10 s.

4 1 b��A[We�"
Fig.1 Schematic diagram of two–step isothermal heat

treatment

2 %>�	
2.1 ��2+0|=�# 2 + Fe–C–Mn–Si ot 1300 ��l�k 4 h, (* 725 ^ 340 ��0 1 h g}z�(GiA. E�AX,	Q��[��� (725 ��0_^Q) -2g=p7'���l�/$; v�iA+�l� (340��0_^Q),i�l���^ M/A viQ�GiA, M/A v2^d�'4*�l���P, %�jÆ{�#P`. *A8�w=LE,  A/$�����l�?	�$�Æ�R2��^{, H# 3 �f. # 3a P, /$���{>�Gl�l�?	�$�tz,�,`, RA+19^d
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4 2 Fe–C–Mn–Si 6) 1300 ��k�j 4 h f|) 725℄ 340 �>�/ 1 h xU�'Fh�
Fig.2 OM image of the Fe–C–Mn–Si steel austenitized at

1300 � for 4 h, isothermally held at 725 and 340 �
for 1 h, respectively, followed by water–cooling (the

bright areas are the grain boundary ferrite (GF), and

the dark areas are bainite, consisting of bainitic fer-

rite and M/A islands)�"$, �n{>�Gl�l�?	}Æ19^d�$�,Gi0�l�P�2^d M/A vpJFQX%'$E; *# 3b P, /$���>$��b19, /$���>�Gl�l���?	�Æ�?$�; �*# 3cP, /$���>�Gl�l����?	�}Æ�?$�, Tu�U2^d M/A vP4'9RiA. 2��, *�we9� 120 �/$���P, GÆ{>$�19����3 80%, >$��19�3 15.8% ^>$��219�3 4.2%; �*n{<�l�k��TÆ2� (1250 ��l�k 1 h) �t P, � 164 �/$���*_��, %G�� S',+ 83.5%, 9.7% ^
6.8%.

2.2 ��2+0|��x�*�e/$����L�_, (Gt ���U�pb/$����*LL��a�L�p. +g,E��T��U���K, �(�=R2��e#! [8,9] Pj+J��i, B\X)�t �DQ��[, /*�l�kUTPb/$_C�t *�, 9tG&g���*LL�+%:aL�, {
�et PjL����;��L�P��.eÆ℄i [10](%P, �X/$���E�P>��l��\L). n&�{RL,SG#! [11,12] i, �U{BB�
:t *�/	5G, ?g#N\X, �t �L,[�#SGXP. 
E�ÆU�!���U���K, =����a�L�. j+�L,SGl5 [13]*�, ��t }z�iA^\LÆ℄i2��I[t ,9E�i�+��t P�l�/$Æ{�,�`, /�K�g����G&. EÆ, ���e����L�, L,SG#!j1=, ti9R#!%_%℄, �ewÆ$JÆC, ��"	���\L�;{.�ar;9o��l�/${	; (+ 20 µm) �

4 3 " 2 �e Fe–C–Mn–Si 6�h�OKQ1��.#�~�#��℄z
Fig.3 Higher magnified images of the microstructure in

Fig.2, showing three kinds of GF, clear interface on

one side (a), clear interfaces on both sides (b) and

non–clear interfaces on both sides (c) (after statisti-

cal counting, the ratios of the 1st, 2nd and 3rd cases

are 80%, 15.8% and 4.2%, respectively. In the bai-

nite, the bright areas are bainitic ferrite (BF), and

the dark particles are M/A islands)e{d/$���L�, /���Æw9�#!P�e.9R#!�2�!���U�, ti**_w9��_,���\=��AG,. �e�}�/$���*LL�H# 4 P�#I�f, %P�w9	2!i\X (HL�+ 5.0—5.9 µm ?	�w99%!?Dm+���L�,G�XA�dwG�m+XA�s, }dT%), �Æw9	�!?D+ 31.5 µm, #P�!i6E+��w�`6E. �R�w9Wg2�$�T\i`��Æ/$���. n&, �"$�?219�/$����w9s�*_g��, H# 4 P�L�^�f. �9RT\��
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m4 4 " 2 �e Fe–C–Mn–Si 6�h�O.#�~�)KK��&3
Fig.4 Measured distributions of apparent width of grain

boundary ferrite in the specimen shown in Fig.2

���3�Z�U, +}z��`� S, *�eL�_e9gA��nI. ��9Tw9, 9T����!?L�+ 10.7 µm, �?T�;7/$����!?D, z�9RT\����\L�s�x.

2.3 ��2+0B8�q)0#;| EBSD x�;� EBSD #!�eg# 3a �fT\��/$����Gl�l���?	�9PG, # 5a +%P{�/$���* EBSD 	d=� SEM N. E�Az, /$����Gl�l���?	{>Æ19�$�, �n{>}Æ19�$�. # 5b +# 5a G��� EBSD9P'7 S, 2�mQr*2�9P (%P, tQr*
EBSD -�''XP�7', + M/A v; /$���+_Q, Æ{>�Gl�l����mQ$J�+, z�
~�9Pv�G�). # 5b PCE a2, b2, c2, d2 _C℄/$���, �U EBSD E�eoE=	�9P,9 4 �CE�{�',.� 4 <2�9PmQ��l�$�. # 5c +o# 5b PCE d2 �}�9PG'46E, 6ER=	�9PGD+b\*�!P�k�&	\�*�!P?	��. E�Az, /$����k>Gl��l���?	9PG+ 45.4◦, ���>Gl��l���?	9PG* 2.5◦ ��.�/$����%>�l�?	�9PG��e SH* 1 �f. /$���P=�( 1, 2 ��4,<����#Z (%P, #Z a2—d2 �+# 5 P�f���), a—d ',r*2�.K, 9PG~*9V.KRo_C�/$���#P�e�}z� S, H# 5bPE��f.  S*�, /$�����l�Æ19$��{>9PG{
p� 15◦, jp�8l 53.3◦; ���l�}Æ19$��{>9PGp�wT� 1.5◦.

2.4 ��2+0B�)0G|�!�t * 725 ��0gC�yV, bS-Y&+/
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m4 5 Fe–C–Mn–Si 6) 1250 ��k�j 1 h, 725 ℄
340 �&+�/ 1 h f|y�.#�~�{�k��
SEM M, EBSD 8O&3O�"{n" 5b OBD d2|y�F�8OF5D

Fig.5 SEM micrograph (a) and EBSD orientation map (b)

of a grain boundary ferrite and contiguous bainites

in the Fe–C–Mn–Si sample austenitized at 1250 �
for 1 h, isothermally held at 725 and 340 � for

1 h, respectively, and then water cooled. Lines a2, b2,

c2 and d2 in the map cross four bainite packets, and

showing the relative misorientation profile (c) along

the line d2 left ends of lines (the relative misorienta-

tion is the angle between the normal of the measured

position and that of the left starting position of the

line, B—bainite, F—ferrite)$������l�C�Y&+wl�, H# 6 �f. �# 2 P��l��?2�, wl�+#P`�*���iA, �$Tv[�iA, wl����L, JN℄��l�/\, 9i�+wl�\L�s�J+Q�. #mE A, /$����Glwl�?	�$E�hei19�
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Table 1 Relative misorientations at different positions be-

tween two grain boundary ferrites and their contigu-

ous bainites

(deg)

Grain Position Clear interface Non–clear

boundary ferrite side interface side

Ferrite 1 a1 19.5 0.6

(no photo given) b1 51.2 0.2

c1 53.3 1.5

d1 20.0 0.9

Ferrite 2 a2 32.1 1.3

(Fig.5b) b2 17.2 0.6

c2 21.4 1.7

d2 45.4 2.5

4 6 .#�~��Fkvk�� OM ℄z
Fig.6 OM image of grain boundary ferrite and contiguous

martensites in the sample austenitized at 1250 �,

isothermally held at 725 � and then water cooled

(the observation under higher magnification shows

that the interfaces on both sides of grain boundary

ferrite are always clear)�RiA�?'�.

3 -�
3.1 ��2+0|$y"'

Guo � [14] /�{ 0.04C–3.0Mn–1.85Si 7P�℄�00��℄8, ����0\LÆ℄i \!&. 0���_, ����\LTu C ONHL, \L�s�J;u0�℄8_, `(�� \ON�('�, ����\L� Mn �`(���ONHL, �`(���ON�s� C ON�s��<we�, ��pxJ����\L�s};�� [15]. # 7 +�t �l�kg*
750 ��0 24 h g}z�iA. E�1Z�Az, ��l�/$R'4℄	Q�����B. �?�0_	�L,t� 725 ��0 1 h ����G� (Æ# 2), 750 ��0}z����L��?�1, %�x'ww�?�T. �1;�`(Q'�1B [14] P� 0.04C–3.0Mn–1.85Si7G+, ��%���Y&E���, * 725 ^ 750 �?	k*{<���\L C ONHLY+`(��ON

4 7 750 ��/ 24 h ℄P�.#�~�ÆA
Fig.7 Thin grain boundary ferrite formed in the sample

isothermally held at 750 � for 24 h after austenitiz-

ing

4 8 .#�~�/�k��#�S[���k�.#�I;
Fig.8 Morphology of ferrite at intersecting prior austen-

ite boundaries, no ferrite on the right boundary, two

styles of interface clearly exhibited as grain bound-

ary ferrite/bainite interface and the grain boundary

ferrite/prior austenite interfaceHL�Y&	, 725 ��0^Q����\L C ONHL, \L�s�J, � 750 �^Q����\L`(��ONHL, \L�s�x.

3.2 �J��2+0/q)02+0�!|.~# 8 ?Xg*LC/$R/$����'4�^{,%P{�/$R}Æ���, �b, E�1Z''/$���$����l�/$?	�G�.K. E�AX, /$���19>$�+J�(~�$�, �219�{>$�.K���l�/$�+, z�9{>����/�l�$�*G&UTP(~�s�x. pe�(GLE=a, /$����\LTu19{>�$�~ÆP'Q, H# 8 P���f. �/$���*\LUTP((SYg��l�/$�ay, ��������\L#P, �b*�(Gu���e���P, J�X/$���P>�\L, /9%L�� 1/2 P��%.eÆ℄i. �9�l5� S A, 80% �R�/$����GÆ{>$�Æ�?~Æ, �b*��%.eÆ℄i_,
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3.3 ��2+0BDo)0|#;�6l5 [3,16] *�, /$���*^\_, +g��^\hR, {
�{>��l�Q Kurdjumov–Sachs (K–

S) t Nishiyama–Wassermann (N–W) J<, ����n{>�l��V{�9PJ<, ((*A+�w9P (tN49P). �91B [16] �{, k*9PJ<�/$���/��l�$�(~nx, �49PJ<�$�(~�s�J. *�DmP, �U(GLE��/$���/�l�$��-�/$���62���l�/$�G�.K,  A/$���219�{>$�(~�s�x, �19�{>$�(~�s�J.  `1B [16] �{� S, E�%�, 219�{>$�R�����l�Q9PJ<, �19�{>$�R�����l�2Q9PJ<. /$����L��e Sw?f, >$�?219�/$���L��?T�;7/$����!?L�, z�9T$��~Æ�s�T, *`>?���l�Q{9PJ<�\L�	.n{#�, �(�ar [2] =a�l�*^Q_w��l�Q+| K–S J<, ~�{�l�/\��=�l�v?+*` K–S 9PJ<�&�. u/$���^Gl�l�v�9P{J_, E���/$����b�l�v+�{<&�, �b, /$��� ?�9{>���l�Q9PJ< [2].  `(GiALE^ EBSD �9P S'7, E�Az/$���/�l�$�219i/$�����l�9Pv�{J+Q�, ��l�*^Q_��l�Q K–S J<, /$����9{>���l�w ?k* K–S J<. �b, 4ui/$���/��l��G$�(~�s, mi/$�����l�?	�9P, ��fX/$���/�l�$�2199{AQ, 9*�/$����b>���l�k*9PJ<.

3.4 ��2+0/Do)0�!�<�q)0=�|A:�91B [1] �{, �l�{
*��l�/$^\.*�DmP, 725 ��0 1 h gHS=p�w��l�/$���/$���-2, �|* 340 ��0_, /$���/��l�$� ?��l��^\qP�K. ar S?f, 80% �R�����Æ{>$�219, /.219$�>�/$���^�l���9Pv�G�, e�sRE���: 9{>��l�i* 340 ��0_, e/$���/��l�$�^\/P�l��7\L, �2ie,\^\Lpg�b$��?G�. 9R2MT|�����z ^\. �9z ^\�Xu [17,18],���E�*���/�l�$�Rz ^Q, ^\����������9P#�+, ���/����$��#�, 9������^\#ÆY, �b, ���/�l�

$�R��z ^Q9P�+����. E�XH, *Æ9P����/�l�$�R, J�l��V����G+�9P, 9tE�b$��,E����, ÆY��l��^Q. 9<UT����z ^\G|, Gi���z ^\i*�80� \, z ^\�YG����v����+G�G, ��l�\Q0���, z ^\�YG�l��v����+2�G. d`�R'7D+,�l�E�*k*9PJ<�/$���/��l�$�RC�^\, .�����V{J9P.z ^\H\�J�i�+���/����$����b}<��e��, �b, *Æ9P�{>/$���/��l�$�R, 9P�/$���#�+, �l�^\bF+�hR#�. e�eRA, *9T$�R^Q9P�/$���GG�p��l���, i2E� \�.*arPL�zÆV/$����Gl{>��l�?	k*�p�9PG, E�Æ<��. q>, J�l�C�e/$���/��l�$�^\, -/$����9{>���l�?	bE�49PJ<, �9R��'7, Jk*9PJ<, ���^Q/�#P�/$���{J��l�. u�l�*9R49P�$�R^\_,�+ ��l��V{�9PJ<, ���l��/$����9P ?2� (H* 1 �f19$�>9PG), �J*Oi?)3=E�Az�?$�. 9R^\#d2��z ^\, ,M^\G��G:ÆG�/� G.%d, �l�*%
�#^\\L, ?g�9{>�/$���/��l�$�G�. *9R2M=, 4!�9^{P��/$���/��l�$�T\.

Babu ^ Bhadeshia[3] /;� C We+ 0.4%, Mn^ Si We���t G|�`(l5/$������l��^\�m�. 	~ A, */$R^Q����B,E�:Y��l�/$���l�^\�g*m�, /./$���/��l�$�2Y��l�^\, e�ÆU�gFg�l�Y&, g*g;[����^Q. *�arPE�1Z�Az, �l�E�*/$�����l�Q9PJ<�{>$�^\. 9� Babu ^ Bhadeshia� S2�, E�i�=L<��+Q�. (1) `(� CWe��, �b, �l�G&7Æ℄�p, ÆY�F+^\hR. � Babu ^ Bhadeshia ;��`( C We�8, *;��0��0_/$����\L('�8�!d	dTx [19], TEM Q''7 Sw=a: G&_
Mn �� \gSY'�. � Mn *�l�PON�x,  ?xJ/$���/��l�$�)o� Mn We�8. Mn i�l�2k��, Mn We�.���� Bs (�l��Y&	) 0�, 2Y��l�*G$�R�^\. (2) `( C We)+ 0.05%, H)�'7�, /$���* 725 ��\L�s 8�('�	d=�\L�s, \Lt C ONHL, `(��}Æ 



�686 &�u�f�� � 45 <\('�, �b, ���g�l�*/$���/�l�$�R�^\�K2p. (3) �t �L�#!. Babu^ Bhadeshia �t B\X)2Upj=e�0L, �b, t P�AGE��G&P����^�l��^\�\L�Æ�K.

3.5 ��2+0B�)0G|�!t 725 ��0gHSC�yV, � C We�,<��l��Y&+wl�. �?wl�w��l�Q
K–S t N–W J< [20], ti��l�Y&G�, wl�G&7Æ℄Ap, ^\\L�sAJ. *Oi?)3=E�AzC�yVt P/$���>�$����19 (# 6), z�wl��/$���?	9PG�p. 9E�i�+wl�Y&7Æ℄p, 4beG$�^\, E�e�G�V�	^\\L, ?g�/$���G�, �b, 4!e/$���/wl��$�^{P��/$���/��l�$��GJZ:.

4 ���U���0, * Fe–0.05C–2.94Mn–1.78Si7P�_}zg/$���^�l�, /$�����l�?	�$�'+R: {R19, "9PG�p; {R219, "9P{J. 2��, 80% �R�/$����i{>$�19, {>219. '7*�, */$���/�l�$�219{>, /$������l��V9PJ<, �l�*9T$�^\\L, .9P�/$����V{J; �*/$���/�l�$�19{>, /$������l�49PJ<, .$�l+��l��/$���?	9PG�p.
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