
� 45 � � 3 � Vol.45 No.3

2009 � 3 � � 292—296 � ACTA METALLURGICA SINICA Mar. 2009 pp.292–296

��������	
��������� ∗

��� 1) ��� 1) ��� 2) � � 3) �� 2) !"# 1)

1) ���������, �� 710072

2) ������������$�, �� 710072

3) ����������, �� 710072

% & �����'�������	�		�, 
��
��� (AKV) ������ Si, Mn �
		�
��	��

���� (LUHSSS). TEM, SEM � AFM �
��: LUHSSS �������	� (F) �	���	�����

���
(���� (AR) ), ��(��� AR ����
�; �����
)� F ������, ���� 75—

100 nm. �	��*, ������Æ���� (<17 nm) ����(��. ��)���������	��� ��
��� (σb>1400 MPa) ���, AKV !����+ 200 J ��. �
��(��� LUHSSS ������'.

,-. ����, �	�, ����, ��
, �
���, �(��
/01234 TF761.2, TG142.1, TG113.25 56789 A 5:;4 0412−1961(2009)03−0292−05

INFLUENCE OF SUPER–FINE SUBSTRUCTURE ON
TOUGHNESS OF LOW–ALLOYING ULTRA–HIGH
STRENGTH STRUCTURE STEEL

WANG Liuding 1), DING Fucai 1), WANG Baimin 2), ZHU Ming 3), ZHONG Yingliang 2),
LIANG Jinkui 1)

1) School of Science, Northwestern Polytechnical University, Xi’an 710072
2) Training Center for Engineering Practices, Northwestern Polytechnical University, Xi’an 710072
3) School of Materials, Northwestern Polytechnical University, Xi’an 710072

Correspondent: WANG Liuding, professor, Tel: (029)88431664, E-mail: wangld@nwpu.edu.cn
Supported by National Natural Science Foundation of China (Nos.50771082 and 60776822)
Manuscript received 2008–09–19, in revised form 2009–01–04

ABSTRACT A series of low–alloying ultra–high strength structure steels (LUHSSS) which contain
Si, Mn as the alloying elements are developed through controlling the transformation temperature,
cooling rate and tempering parameters. The observations on the microstructure by means of TEM,
SEM and AFM show that LUHSSS are composed of very fine and close ferrite (F) lathes and retained
austenite (AR) of thin film shape with high stability, and no blocky AR and cementite are observed
in steels. The discontinuous F lathes consist of several shear units and their thickness range is 75—
100 nm. During low temperature tempering, the dislocations in the shear units move and finally form
a number of homogeneous cell substructures with the diameter less than 17 nm. Under the condition of
ultra–high strength (σb>1400 MPa), the multi–scale, multi–level and double–phase of microstructure
significantly increase the impact absorption energy (AKV≈200 J). Furthermore, the mechanism of
toughness improvement caused by cell substructures is analyzed.
KEY WORDS ultra–high strength steel, ferrite, retained austenite, shear unit, impact absorption

energy, cell substructure
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LUHSSS ��;4=�0#��45 [1−3].  / 7%
# Ni �56# Mn 7��#��;)�0 (<867
> AKV=120 J), )���6�8 (≤825 MPa)[4], 1 Ni
#9?:�, '$#/.:-4.  /� C, � Si 9�"
#':;;=<=�, >�?@= (F) >AB;& 20—
40 nm, ���% 2500 MPa[5], ),$1%- �0)
2;C%&%D-0, 3��#@4*5E, �@��A
F Si #0)2;6?B-G�.

4HA LUHSSS I�);-)2;�$1%- ,
�"�@�2�AB<78CJD=.#E0��, /�
����)C��#923>:K:#L0, ?F>F 
Si �@1@4��#2;#M. 34GCNH)OÆI,
</P=>�����)C5Æ#NH(D, !A0C�
DJB��#E0��5+�K>%=CD�267D.

1 EFGHIJKLM
0)2;&;)E>& Mn &5E#/=<=N

EFQR� Bs F:.EO#�;�L, 1A��GM'
NP4 [6];  Cr 7HGQO= (P) �=<= (B) NE
C ?S#)I;  Ni '��H8I<= (AR) #TF�
P�#/R�' [7]. J)264�#;(-)JK 1.

264UK LUHSSS L49L@AM. FBQRM
F --NRNCV:P Charpy V ;DO<8V:. 9
�V:1 950 O ×15 min(<@) I<=;Q=*)'(
(S' 8 O/min �L' 5 O/min) '%&=<=NER

S 1 PTEUPVWXY>QZ
Table 1 Chemical composition of LUHSSS

(mass fraction, %)

Sample C Si Mn Ni Cr

1 0.20 1.56 2.31 0.30 1.21

2 0.21 1.52 2.30 0.35 1.20

3 0.21 1.58 2.32 0.32 1.18

4 0.20 1.60 2.26 0.31 1.15

5 0.26 1.72 2.30 1.26 1.46

6 0.24 1.80 2.46 1.28 1.52

F (360—500 O), WQ5R&RQ, S' (- 1) SL
' (- 2) @XR, ?Q/ 300—360 OCJA@5R#
<31%, �L=�"':;;# F >APGT AR #

T0UA [8,9].
NCEB< AKV SF)(/ CMT 4304 [VY'

V6(< JBC–300 [VSU<8V6(HA@. AR #

=V)ZL4T�)OP X ISCI (XRD) $S6 (2
C)O$# A[U)(D1 0.3 % P 0.5 %).

�)V\I[VENW (HRTEM) V:�SJ\2
("KL]�XD& 20—30 μm, E@4 MTP–IA T

UM^]N[,XÆFA@WY, [,G! 10 % �O^

+ HXT0G, -PAZ![I 50 V2[P 50 mA2R
�Y?/ −20—−30 O. WYQQ.V:, 4'_HX
R`. / 200 kV  ([I�4 JEM–2100F Z_I;

HRTEM HS LUHSSS #ENUA.
SJ\V:@4SW�KF("LO, E4'_HX

+3% J^TG`UQ, 4 INCA 300 ;VW[VENW
(SEM) P SPM–9500J3 ;KVUENW (AFM) HS
3UA��.

2 JKXY
2.1 Z[\]

U(�'SV�LJK 2. �I[- [1,10](V: 5
P 6)  9, - 1(V: 1 P 2), - 2(V: 3 P 4) L
1$1%- aA10)M@);-9, /��C5E�
#X[�, AKV Ga���@ 200 J b1.
2.2 ^_`abc

b 1 !V: 4 # SEM ENUABÆ. Lb7J, �
#KQI<=\]BD, N5CJ 6—10 μm, Y0\]
)-��>Ac, cR^\)\, dMU:G. c" F >

AGdZ@, FLGT AR cF, c#@] <5 μm. UA
"'*TF#_T AR �[:=.

b 2 !V: 4 # TEM 5Ze2OFCI (SAD) \
�NF. +b 2a 7=`&, B]# F>A (]� 75—100
nm) Z@^K, 3R^/=.#GT AR. b 2b P c #
CI\<3NFK5�e?@=� AR )&^/ K–S P
N–W dM,U, f5��\] (a F >A) @]"&;

S 2 LUHSSS b>P_Q AR gcZh
Table 2 Mechanical properties and volume fraction of retained austenite (AR) of LUHSSS

Sample Heat treatment σb, MPa σ0.2, MPa δ, % ψ, % AKV, J Volume fraction of AR, %

1 Process 1 1430 1132 16.5 69.5 190 12.5

2 1410 1100 17.5 66.0 195 12.6

3 Process 2 1410 1089 15.0 69.5 200 13.2

4 1400 1070 16.5 70.5 210 13.8

5 Conventional[1,10] 1460 1190 14.0 68.0 123 10.2

6 1460 1170 16.0 68.5 119 11.0
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)B; (LKI<=\]2̀ <=c@]B;&?@=>

A@])[11]. �a[WCI\S2�e'[:=O..
b 3!V: 4# HRTEMe<3�be1% (FFT,

a`, d FFT) Q#\?e. �Hj [12] ek, b 3c
#\?eE3.�e^/G6da (DTb1). A�a

�)VeEeQ;ZFQZ=, "&da]��% 4.03×
1016/m2. 1GJ)da11bTU��#bc1.

b 4 !V: 2 # AFM e. 7=`&, F >A^K

f]1*2+)d, Z=e� 2.5 μm (b 4a e 1 1!
3.8 μm, 2 1! 1.3 μm). Y0>AVL��$B k2
@] 1#cTJE0M (db 4b e]lWS9m) f

f 1 nX 4 ���)�
Fig.1 SEM image of the sample 4, showing fine and close

ferrite lathes and AR films between the lathes

]fe'-, ]�Y!bTU��@]# 2—3 3, 1QZ
#Z=S� <18 nm. Lf7J, bTU��#^/� F
>A"JUAA0C'B;.

b 5 *V: 4 # AFM e. �b 4 #F(*: F >
AJÆ1e�U[JG (b 5a e 1, 2 1#>Ae�)(
! 5 P 1.5 μm), >A"JE0MgggT. U-JE0
M#bTU��^Kd], Z=@] (<17 nm) BD (b
5c e 1, 2 1)(! 15.7 P 17.5 nm). �,f#���
L [1]  9, F >A^KJ f]2@]J BD, 1(*
bTU��@]XD 3 nm =H.

3 hiIjk
Hj [1, 13] \., I�);0)2;�@A$1%

- =7@4�#����0. )Og!: LUHSSS �
��);#Æ#K,/1/R E�<3�he'[:
=O.2GT AR #=V)Z�TF�EO��=<\
]"JUAA0C'B;.

A LUHSSS  /0)M@#C4K]*: ^?hD
Si #g6=;Y_D[:=O. [14], �L*`h�#�
�#/; �0-o#$1%- , @4:�R�� Si iA
C /I<=e#HiPA AR hT�;

[15] #K%,  /
56 Mn �@1hT�;2B\�;, #/� – jNER

f 2 nX 4 ia)�� TEM p�bjjlcklÆ	k�
Fig.2 TEM micrograph of sample 4 (a), SAD pattern (b) and its indexing (c), subscript FK and FN in Fig.2c

representing K–S and N–W orientation relations, respectively

f 3 nX 4 ���lp, FFT lÆmmnik�jlp

Fig.3 HRTEM graph of sample 4 (a), FFT pattern of square area in HRTEM graph (b) and lattice

image obtained by filtered treatment and IFFT (c), circles showing a large number of dislocations

(4.03×1016/m2)
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f 4 nX 2 �dlk��lp
Fig.4 AFM images of sample 2

(a) the average length of F lathes is very short, as shown as double arrows 1 and 2

(b) each lath consists of regular shear units, of which the thickness, as shown as double bend

lines, is two or three times of cell substructure’s dimension

f 5 nX 4 �dlk��p
Fig.5 AFM images of sample 4

(a) the average length of F lathes is very short but the length difference is larger, as shown

as arrows 1 and 2, and each lath is composed of some shear units of prism shape

(b) the shear units arrange regularly along their flanks

(c) the diameter of the cell substructure is less than 17 nm, as shown as arrows 1 and 2

�,���#o\�< AKV P%m�� KIC
[11]. f$, Si

� Mn '��m#/`<=NEFQR� Ms
[16], �@1

� AR #g6<3TF�. 0)AeKV/ E�<3
�hen=_.Hi [17−19], YS>N8CJUA�U(
�'#=.�PTF�. ,f, LUHSSS #�� (>1400
MPa) ��� (AKV≈200 J) %&mB-0.

/ ER�CJ, 5R@E'%(o, 7iA F M
AR ;)^ C,EO� > AR #TF�

[20]. A HRTEM
e�be1%Q#\?eA@;Z)O�"�eda]
��% 4.03×1016 /m2, �Hj [21]  9�.0nZ6
�. L1 F e C KVÆ#no/�]�dab1 [22], �
F eg C 6e�1Zop� [5], pTF> AR, ViA
> C A F #hT�;=<Ada3^#pfP4, `h
LUHSSS �����EO��. �A0C@A'%(o
�WQR�, ������07"&J=#@4.

#/ ER�&XD F >A#]�, K3!c">
AZ+� [23]. +b 1 P 2a 7=`., F >AZ=

]� <100 nm. dfBD#>A@]�daqg#Z=
nLhXD, +'YS> LUHSSS #2;�� [3]. #/
LUHSSS g C 6�0);Æ' ER� [16] '��>A

F =V)Z, ,'�@1hp*TF#_T AR, � G
T AR #TF�.

Lb 4 P 5 7J, F >A*2+2e�*.1^Kf
]. e�:e#G1 3 μm, 'r#qqgGnJE0M,
)s)1t*"JbTU��@]=.. iC��H#�
@�2�AB�78CJD=.�* LUHSSS ���4
=�0#u4K,.

F >Ae�*.* E�heBv�eG�h (
rj#�L. KQvqeGrf, r C Fk@]:G, U
-Y0>A#JE0M)CeG, /so0F#("TF
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;AZ�, 3JE0MZ+�, ,'>A:e; � E#A
@, lvqb1Fk#:mB- F >AnUZP4, g C
6:�1CJD, �LQfB-#>A@]XD.  ER
�o/, >A@]oD, o�@1XDda3^#Z=n
LhF��GT AR )d#ti�, i2* LUHSSS <
867>-3��#p#K,.

B;\]')&� �����. )R\]@] <20
nm &, \s=V)Z!"� , �da�p(Du�, 1
vq:.q�uT3r. I�`/GTw C # AR 7t

si0Ds [24]. 4H�D# LUHSSS 2*I�GTw
C # AR tst,\]B;`h\s=V)Z� 'u

d�'�##. b 3, 4b P 5c K5, F >A"#bTU
��)d=., 13"Jda]�:/, �?@=Cuw
��, qbc*da]ov�#NDFk. ,f,  (v
�#�]�dabcx�0)M@ (Æ#* C) pnx�
;=<U��TF$, yh&U\s#P4 [25], i*bc
�\s#Æ#F(. �\s 9, bcda(DFCu�.
Lf7J, bTU��#B-� LUHSSS #�����
)C��, 1(A AKV #P4r!EO.

4 Xk
(1) A LUHSSS, I� /56 Si, Mn .0)M@,

��hD ER�2'%(o�<3wZ, ;YKy_D
[:=O., Ga�� AR =V)Z�TF�, �"�
@�2�AB�78@�D=.#E0��. /'���
(σb>1400 MPa) AZ�, q����EO@4, 1(*
AKV(≈200 J) -3��.

(2) /I<=\]BD (6—10 μm) #CDH, F >
A]�hD/786� (75—100 nm), JE0M"bT
U��@]J BD (<17 nm), Lfu=t#N82U
N8 E��uA&78vk.

(3) L1bTU��#.3, da]�*=.=<b
ch&U\s#P4, �@1�����#)C��.
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