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ABSTRACT The strain–induced martensitic transformation (SIMT) is considered to be an effective
route to enhance the mechanical properties of metastable austenitic steels. Recently, it was found that
the SMIT was favourable for the formation of nanocrystalline microstructures in some austenitic steels
and titanium alloys, by using the technique of severe plastic deformation (SPD) for grain refinement.
It is well known that austenitic stainless steel is sensitive to martensite transformation under plastic
deformation at low temperature. However, the mechanisms of SIMT in austenitic stainless steel (AISI
304 series) under SPD, particularly the transformation mechanisms in small grains with sizes of submi-
cronmeter and nanometer, are still lack of investigation. Equal channel angular pressing (ECAP) is one
of the popular methods of SPD, which can produce bulk nanostructured metallic materials without any
reduction in the cross–sectional area of specimen. It has been clarified that the shear deformation im-
posed by ECAP was the most effective route to trigger SIMT in austenitic stainless steel in comparison
with uniaxial tension and compression. In this paper, the SIMT in 304L austenitic stainless steel was
investigated under ECAP deformation at room temperature, in order to reveal the mechanisms of nucle-
ation, growth and crystallography of strain–induced martensite. The microstructures of strain–induced
martensite during ECAP deformation were carefully examined by X–ray diffraction and transmission
electron microscope (TEM). It was found that in the case of coarse austenitic grains, the strain–induced
marteniste nucleated at the intersection of deformation bands (including the bundles of stacking faults,
deformation twins and platelets of epsilon phase) and kept the K–S (Kurdjumov–Sachs) but not the
Nishiyama–Wassermann orientation relationships with austenitic grains. While in the case of small
austenitic grains with sizes of several hundred nanometers, the strain–induced martensite preferred
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to nucleate at grain boundaries and grew up via swallowing the matrix of austenite. The marten-
sitic grains followed the K–S crystallographic relationships with austenite too. Furthermore, the new
nanocrystalline martensitic grains were easily rotated against each other by shear deformation, which
prevented the coalescence of martensitic grains and was beneficial for the formation of nanocrystalline
structures. According to the K–S orientation relationship, the {110} planes of martensite are converted
from the {111} planes of austenite, keeping the 〈11̄0〉 direction of martensite parallel to the 〈1̄11〉 direc-
tion of austenite as well. The difference and mechanism of SIMT occurring in coarse austenitic grains
and submicron austenitic grains were discussed in detail.
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vd�xs��*Y+�*_^�, 6G=
�%WU� [1]. p'It��*�, 
�%WU����z)�_�3�p$;R 50% �k,A6= TRIP

(Transformation–Induced Plasticity)[� [2,3]. y��} [4,5] �3, 
�%WU�1	��;O5Jt��*�_���6>�, Gu℄L�f'
Y*It UT_8k. D8, 85Jt)�_N�R, �f�
%WU�p�-)�_t�J6
�2"��. Zhang b [6] /#�1A℄�68 304 ��*%j�_�1<\�t�:K1
10 nm _+�*fH. Huang b [7,8] r�&Ey, 8b/[^bJx�
 (ECAP, �S|U�f�
}z [9])#8R, /#%1t�:K_��*t� (304L) xs
�%WU��<\t�:K1 75 nm _+�*fH. �Y, 
�%WU�%q�'
5Jt��*��f_�%}z, 1v
��S"[_t�J6}~.
�%x+�*U�_4~Y�'?k�������$�F�f�
}~b�
+[. y��. [10,11] E3: SY
p)<NT
M, γ(fcc)→ ε(hcp)→ α′(bcc)U�#8���*%j� (e 304 I ) _?�U�4~. _u, 9M"�8 ECAP CWQ�
4~M_U��}�2[y, & �T��*_t�:KXZYK	:0v, +�*_
'&D�4P}~)U�t*ub!%,S�.���} 304L ��*%j�8 ECAP �
Mxs+�*U�_:�&D, "$IPt�)z:0t�xs+�*U�v_�1):�A�.

1 ��ywy� �= 304L ��*%j�, 6u7� (O���, %) =: C 0.007, Cr 18.46, Ni 11.82, Si 1.61,

S 0.008, P 0.018, Mn 0.29, Fe (�. `<
)x
1150 �/2 h 6;/, <|��*t�:K= 100—

400 µm, e5 1 ��. ℄A℄R�\Y_Iz 8 mm,4 45 mm _-
 ' ECAP �
y�.

ECAP 4�/[Iz 8 mm, �/[Ob Φ=90◦,8e#l-1 ψ=30◦. �FJx_b[ von Mises �� ε ≈1.02. ECAP Jx8�?Mrd, 	E�Jx 1—

4[F.-[FJx/, 		�U1}Yo^ 90◦ rdM�

� 1 ;{��^oT>B
Fig.1 Metallograph of initial sample[FJx [9].Jx/_	E* Rigaku D/max–2400` X nR�n� (XRD, CuKα) rdU�E. :�i�8 JEOL–

2000FX II ) H–800 3nhaN:y (TEM) k�.,�jhx 200 kV. * h;4QY.k= 0.5 mm _�C	E, _/ SiC hL�6M 40 µm .k, !f7Iz 3 mm _Z-C, g/ MTP–1 `�AX��X�,\Y TEM �. �5	E.

2 �����Æ�
2.1 X 
�{�5 2 =<| ) ECAP 	E_ XRD H. !5 2a�Y, <| =SU��*fH; x ECAP �
/, 
7�P�_ α′ +�* (bcc i�). p� γ ) α′ �n�_UpOkxO: �Jx[F_;R, γ U$�X\^
, u
α′ U$�\;R. i��E�3, x 1 [F�
/	ER+�*_*B��1= 16%, x 4 [F�
/$�
N
52%. ��_, Shin b [12] 1	* XRD L��}xO, ECAP _CWQ�
�
x�<Nb�
}~��'Cx+�*U�.y�7xO, 8x 1 [F�
_	ER? α′ +�*�n�8, 7" ε U (hcp i�) _�n� (10.1), e5
2b ��. �n�_UpOk�3, ε U$�d α′ +�*l. xr[F�
/, 	ER�?��.%Y ε U_�n�. TEM�.:r�&�3, ε U8/n[F_�
RX\^�7� α′ +�*. !D�Y, 304L ��*%j�8�? ECAP �
M�>x#� γ → ε → α′ ) γ → α′A 2 �U�#8.
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Fig.2 XRD patterns of the initial and ECAP samples (a) and magnified XRD pattern of 1 pass ECAP

sample (b)

2.2 ���}�s
2.2.1 "/43 5 3 ��= ECAP 	E_ TEMXFLqX�nH. x 1 [F�
/, 8	ER
7��5_�
fH, ��:WQR�
�&t)
�+�*, e5 3a ��. Jx 4 [F/, t�\YN[J6, 
7F�t�:K1 160 nm _5JtfH, e5 3b ��. p�_qX�nH�3, 5JtfH= γ ��** α′ +�*f7_�UfH. 5Jt+�*Z�Æ.'�'�: �'�=It��*8 1, 2 [FJxv^�7_+�*, 6x

3, 4 [F�
uJ6M5Jt, "�'�:!�J6Mz:0_��*t�^�uÆ [8].

2.2.2 (*+-" 5 4a��=8x 1[F�
/	ER�.Y_ 2 ++�*R (5RZ2�J) _ TEMX. ℄��*t�_ [110] tRW^MFd'ha�fn}Y�p~'rd~P�., L
,Xe5 4b��. 8C-i�RT>O�e5RZ2�J_%�:i�. p�'�i�rdqX�n�E, p��nHe5 4c��. x�i,��nH= γ ?*��
&t�ε U) α′ +�*_�+�nH (5 4d). �UtRW_�I= [1̄10]γ//[11̄0]twin//

[112̄0]ε//[11̄1]α′ . 5 4b R�+_C-! γ ?*��
&t�ε U�Cf7, uZ2�J%�:i�= α′ +�*.�Y, α′ +�*Z�
'':&t)U�D=U3`
_d}. ��tRW_�I��℄i γ ?*�ε U) α′ +�*g�GT_t*u�I= {111}γ//{0001}ε//{011}α′,

〈1̄10 〉γ//〈 112̄0 〉ε//〈 11̄1 〉α′ . LR, α′ +�*) γ ��*GThv K–S (Kurdjumov–Sachs) �I [1,10,13],G {011}α′//{111}γ, 〈11̄1〉α′//〈1̄10〉γ . Huang b [8,14]_�}J>: ��*%j�8 ECAP �
#8R�xs
γ → α′ ) γ → ε → α′ �S4~_U�#8; ε U (hcpi�) j=RTU���C
~G γ ?*_ {111}1E>, u%�:'ns_ γ C-, �Jx[F_;R, ε U℄X\^�7 α′ +�*.8 Fe–Cr–Ni +p+�*U�R, α′ * γ GT7J

� 3 w 1 ZE( 4 ZE�b^ ECAP �D^ TEM WEKpW�mG
Fig.3 Bright–field TEM micrographs of samples after 1

pass (a) and 4 passes (b) ECAP deformation, the

inset in Fig.3b is corresponding SAD pattern8"�St*uYY�I= {111}γ//{110}α′, 〈1̄12〉γ//

〈110〉α′, GGj (Nishiyama—Wassermann) �I [1,15,16]. 5 5a ��="� α′ +�*_ TEM 
,X. 5 5b =5 5a R-Z'�_qX�nH. x�i,

γ ?** α′ +�*tRW_�I= [1̄12]γ//[110]α′, e5 5c ��. �DtRW, e α′ +�** γ ?*GTJ8Gj�I, :�nHR α′ +�*_�n
 (11̄0)α′ �* γ ?*_�n
 (1̄11̄)γ U+. _u, yNk (11̄0)α′* (1̄11̄)γ 7 30◦ b (5 5c), /5>Gj�I) TEM �4m_D/{; (< ±5◦)[1,15−17]. �D, 8 ECAP +[
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� 4 �ZE�DQHOs�wrb�$V γ → ε → α
′ *�)T�^*�)Q^ TEM WEpW�mG

Fig.4 Strain–induced martensite transformation in coarse–grained austenite (γ → ε → α
′)

(a) TEM image showing martensite bands

(b) TEM image with high magnification, arrows showing the irregular α
′ martensites

(c) corresponding SAD pattern of Fig.4b with a zone axis [1̄10]γ//[11̄0]twin//[112̄0]ε//[11̄1]α′

(d) indexed pattern of Fig.4c

� 5 HOs�wr γ → α
′ *�)℄�^ TEM 20WEo�^pW�mG

Fig.5 Strain–induced martensite transformation in coarse–

grained austenite (γ → α
′)

(a) bright–field TEM micrograph

(b) corresponding SAD pattern with a zone axis

[1̄12]γ//[110]α′

(c) indexed pattern of Fig.5bM, ^E>_ α′ +�** γ ?*GT!%hvGj�I.5 6a =5Jt��**+�*�UfH_ TEM31X. ���>, 8z:0��*_tkV;
7�P�_:0t+�*. 5 6b�5 6aR_ γ1 ��*) α′

1 +

�*_qX�nH. 5 6c �5 6a R_ γ1 ��*)
α′

1�α′

2 +�*_qX�nH, α′

2 Up' α′

1 o^�1 9◦, α′

1 ) α′

2 GT_ASPYY/eK�v�_+!. x�i (5 6d), 5 6b ) c ��_�nH= γ1��*�γ1 �
&t) α′

1 +�*_�+�n, tRW�I= [1̄10]γ//[11̄0]twin//[11̄1]α′ . !D℄i, γ1 ��*) α′

1 +�*GT_t*u�I=: (111)γ//(011)α′ ,

[1̄10]γ//[11̄1]α′ . N_, α′ +�*) γ ��*GThv K–S _U��I [1,10,13], G {011}α′//{111}γ,

〈11̄1〉α′//〈1̄10〉γ. 5 6e � α′

1, α
′

2 ) α′

3 _ TEM �1X, N�g�=j�_+�*t�. 8 ECAP _PWQ��M, α′ +�*_o^�
eK��.U3GT_+!4P, Gu"�'
7:0tfH.5 7 ��=
''��*t� γ1 _�
&t*tk_`9B_ α′ +�*tÆ. qX�ntRW=
[1̄10]γ//[11̄0]twin//[11̄1]α′ . ���Y, ^
'_ α′ +�*K0B>M, /#7w�
&tC-Y��*t=s4,e5RZZ2�J.��d, p'It��*, α′ +�*r
''t=:R_`
B [10,11,18]. A�_:R��-M���
&t�C- ε U (hcp i�) ):WQR [10,11,18]. 
''1���*t=_ α′ tÆ!'* γ ?*�9�i_�Æ�I
(K–S�I), �D, T 2 � α′ tÆU,v�'+!7��P_ α′ +�* [10,19]. ��, 8��j M, It��*R_ α′ +�*/#%m_
'�FU3T_+!u4P.

Huang b [8] 8�} 304L ��*%j�8 ECAP #8
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Fig.6 Strain–induced martensite transformation in

submicron–grained austenite

(a) bright–field image

(b) corresponding SAD pattern encloses grains γ1

and α
′

1

(c) corresponding SAD pattern encloses grains γ1,

α
′

1
and α

′

2

(d) indexed pattern of Figs.6b and c with zone axis

[1̄10]γ//[11̄0]twin//[11̄1]α′

(e) dark–field imageR_t�J6vxO, α′ +�*_
'*4Pb_hvk�?��#. ��_�.:r�&Ey: 8 ECAP �
M, γ → α′ U�8t*ukhv K–S �Iu%�Gj�I. T��*_t�:KXZMz:0v, !'8t=<�
7:R_`
, �D α′ +�*^u
''��*

� 7 b&&�b%s)sj_8A^ α
′ *�)

Fig.7 Martensite nucleated at the intersection of deforma-

tion twins and grain boundary (corresponding SAD

pattern in zone axis [1̄10]γ//[11̄0]twin//[11̄1]α′)t�_tkB=�
&t*tk_`9B. A\
''tkB_ α′ tÆq"'�k1*��*?*�9�Æ�I,R:Kr=Kt:0, 8��M�'o^�
 (tk5�)t�o^�:0t_U��
}~ [20]). �D, α′ tÆ<�+!4P, u�x=7�"j�YY_:0t (5 6a) e).8z:0��*t�xs+�*^�#8R, α′ +�** γ ��*GT�9 K–S _t*u�I. �(k,8 K–S �IR, 7U��*_ {111}1^�7+�*_
{011}1,1v�9 〈11̄1〉α′//〈1̄10〉γ _tY�I [10,13,21].�� Bogers–Burgers �U4` [21,22], U�k87U��*_ 2 � {111}�lt1k� rd afcc/18[112] )
afcc/16[112](a =fB2�) _Q��
, 
7 4—5 �fB>M	k_[P. �D, Staudhammer b [18] M�J>, xs+�*U�v, α′ +�*_!kt':K= 5—

7 nm. �y��.R, 8z:0��*t�=
7_:&tC-.kr=K:0M 20 :0 (5 6 ) 7). Tr�&tC-*tkrd`
/>�
7��+�*
'�k_!k[P:K.

3 ��8�?b/[^bJx�
}~M, 304L ��*%j�xs
�%W+�*U�. 8IP��*t�R, ^U α′ +�*
''
�&t) ε U�D=U3`
_d}, U�hv K–S �I, u%�Gj�I. *It��*U�, z:0��*t�xs
�%W+�*U��"�M&D: ^U α′ +�*rV'8��*tkB
'; 8��j M, α′ +�*tÆ�'o^�
, GueK�tÆGT_+!4P; α′ +�**7U��*GThv K–S_U��I.r���
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