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ABSTRACT In the martensitic transformation of an ultrahigh carbon steel (UHCS) containing
1.58%C, a kind of jujube–stone–like martensite has been observed in addition to lath and twinning
martensites. The substructure of the jujube–stone–like martensite is high density dislocation with
1013/cm2 and no twin has been found. Theoretical analysis based on a disc–like martensite grain
shows that the strain energy is not relative to the critical thickness of the disc (2t∗0) but relative to the
critical diameter of the disc (2r∗0), and the critical nucleation energy ΔG∗ is inversely related to the
square of the critical aspect ratio, t∗0/r∗0 , of martensitic grains. When t∗0/r∗0 <1, martensitic nucleus is
disc shape, t∗0/r∗0 >1, the nucleus is jujube–stone–like and t∗0/r∗0 �1, the nucleus is rod shape.
KEY WORDS ultrahigh carbon steel, martensite transformation, martensite morphology,

dislocation, twinning, carbide
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+#;)�<=��������5����*+$, ,
,%-$������ [2−6]. ",, �./-&%.#.
Sunana % [7] '&�$� (ultrahigh carbon steel,
UHCS) '0<=41Æ( �����. Zhu % [8] '

� 1.4%C ��4&1Æ/%Æ(, )0&��1*+�
)*. &�$�� C  2� (1.2%—2.0%), <=4%(
 '($3$. �+$3$>?,��3��1-(, �
,&�$�,��34�1&,. )@�1*+5-, �
�6.��*7+/2.,�, /�*7+/2,�-3
(���6.7+/2,�-3, 0A',�1�$�4
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�!��������� [8]. %2547, )@�1*+
5=Æ385-6=38, ���� 54, 76,��
� 7> [9−11]. 8 Fe–31.5Ni ��., )�1*+5
60 μm 5-6 0.6 μm, 76,�� 5 5%(�?��)
7>D 74%[11]. /290���:8;947, ,��
�1&,�, :9���:8<=@��592 [12,13].
NiTi >�5A?+;���:8�25�<=;947,
�1*+-� 50 nm 4, :>�!��� [14]. <=B6
47, ;'�.?@�1*+, <�1*+-�=?@E
�, :8>2C-,�, 8A:>1*���:8. 87;
947, ,���1*+D���:8FA����� 
%2()*. ",, @%8A>?,���1*+,36
��E94, ���������&FG8 [15]. @8>
?A'&�$�41Æ��G�������BH5�
��.

1 HIJK
25:C�&�$�3D!� (6 ��, %) � C

1.58, Cr 1.49, Al 1.65, Si 0.40, Mn 0.43, Fe 6 . EC
&�$��B��CCD�%�( '($3$>A,
��3��1-(. +;4>; Cr E8I?<F3; >
; Al %C�FL=5$3$*!. &�$�;9�B>
? Sherby ;9-/%!��&�$�, J8A [7]. CG
GK/H@I&�$�, �CHLI!MJ 50×50 mm2

�ÆK, "4AJ!ML 18 mm �D�, KM-B3C
0E<D$3$B3. C0NL� 815 F (N��>A�
,��N8:>EG A1) HE 20 min, "48 1 F/min
�OF-3OD 750 FIHGO. JB3�&�$�>
N!ML 15 mm×15 mm MOGN. GN' 860 F>A
50 min ,��34OO'0OK���<=. 860 F!
� A1 �HI,��3EG Acm ;), E�,��>J
$�+:K, <=4%( '($3$E>A,���1
-(. �=, �$�LL'=EGK)'0. '04MK
�1*+� 4—5 μm. CMPNQ (SEM) ���ONO
NPP3Q (HREM, JEM–2100F)PP�������
��.

2 HIQRSTU
&�$�M-AJ�B3E<4�<=PQ 1 :R.

EJ, <=�&,%VS��Q�7�Q@B5$3$.
CMQRMKS����1*+� 4—5 μm, �@��
1RR$3$S1�TU*+�S� 0.7 � 0.3 μm, $
3$S1)V 0.3—2.0 μm. GN' 860 F'0�<=
PQ 2 :R. Q4 C �'($3$, T ������,
L ������, W7TRBHN����C J 4R. Q
2 4%( '($3$, ���TSL'$3$9!�K
TR, ���-G� 0.5—1 μm. LLU�W-����
�-G%�U>,���1ML, ,' 860 F'0<=4

X 1 ����V�WSTYZ�X
Fig.1 SEM micrograph of the ultrahigh carbon steel con-

taining 1.58%C (UHCS) after spheroidizing at 815U/

20 min, 1U/min cooling to 750U, A.C., carbide par-

ticles distributed in ferrite matrix

X 2 U 1.58%C ���� 860 VWSYZ TEM �X
Fig.2 TEM micrograph of the UHCS oil–quenched af-

ter austenitizing at 860 U (C—undissolved car-

bides, T—twin martensites, L—lath martensite, J—

jujube–stone–like martensites)

�����1-G (0.5—1 μm) V-�,���1*+
(W 5 μm). ��X�( UY�Q�'($3$SLA
����1*+.

'($3$Z�5����LJ��$�P3<=,
�!������BH5�����$����:8�
VL<=. 8A [7, 8] [>?-&�$�4IÆ���
��, U��GÆ(Z�1,3%W. 8A [15] >?A�
(0.5%—1.2%)C �$�'0<=4IÆABH5���,
X<�25�X:S, 'PMBH5�������. =
4K,%W�=YZ�Y�X;9>?. @251Æ�B
H5����Y[��RPQ 3 :R. EJ, BH5��
��-LY-�Z\�5����-LY, ,],%4Z,
ZLL�$�4��5���:�. �AY�XZ^BH
5����_[��, 'NONQ�([GE9R`NN
[PPD��. Q 3a � b 4[A� J �BH5����
�����, 4#:D�\#a-VNA 22◦, ����
�H\:8, 47BH����_[����.-�bB
�, ,:�NQ5\��5.
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Q 4a �BH5������ONQ (HREM) R,
^Q� HREM R� Fourier 8]Q, ;ONPd�Æ
]T^����� [001] Æ]. �D�^R@^_, [E
_ Fourier 8]Q4� 4 .Q@`O` (Q 4a �^Q
4MÆ[A) Y^ Fourier ^8], *!K*R, PQ 4b
:R, ^Q�K*R� Fourier 8]Q. �]\�[A
' HREM R�K*R4. E8WI, K*R�`OQZ
HREM R�`OQ:� (e7'C HREM R�Q@`

OY^ Fourier ^8]*!K*R�-a4, :��H\
:8, [�TbAaf, K*R� HREM R�G2Vb).
5Q 4b E8WI, K*R4�^�g:M, ]%c_`
cd_a�KT, �+KT4�^�gd]`h; a._
aKT4.%�.\_.��. b(_���.�i>�
�, ^;�eUPJ� (110)� (110), �+J.� bcc�
��UPcdJ. Q 4b 4 A K�X�' (110) 6.J7

� 2 .eb��6., D^;eUPJ.96��TJ,
�!��.G�f; G�f^9UPjf, �^d]`h.
Q 4b 4 B K��.�^`g, `gZ [110] Æ]! 45◦

[. �G`gW7T:R�X��\��he. Q 4b k
TfElS��c% 49 ., ��cGW 10×1012/cm2,
Z��gh8�4���cG:< [16,17], V��LL�
����4���cG (0.3—0.9)×1012/cm2[18]; i.
kT4W:6��. �E>�X���cGm�0A/8
>m�, DK�*:>1*.

�A@^_gPP��di, dQ 4b 4 C KdD K

e()Pf!=^, �SPQ 5a � b :R. 5Q 5a E
8WI, �� 1, 2 � 3 di'Z [110] Æ]g[hÆ 45◦

�Æ]7, '�.Æ]7�j��Ddi��D�:j_
C>.�W � [19]. �� 1 � 3 �� (110) 6.J7,
��Deb��, �!��j. �� 2 �� (110) J7,

X 3 U 1.58%C ���� 860 VWSYZÆ��"	��k`kT	 TEM �X

Fig.3 TEM photographs of a jujube–stone–like martensite grain in the steel quenched at 860 U before (a) and

after (b) rotating 22◦ about its long axis

X 4 ��"	�� HREM l!� 4 k�hmn: Fourier l
li�	n l

Fig.4 HREM image of jujube–stone–like martensite (shown by J in Fig.3) with [001] orientation and its Fourier

diffractogram (a) and processed image obtained by inverse Fourier transformation of the four spots marked

in the inset of Fig.4a and its Fourier diffractogram (b) (A—vacancy string, B—kink band, analysis of C and

D see Fig.5)
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X 5 mmo 4 Æ C, D pnn	���jqoo

Fig.5 Schematic drawings of the dislocation arrangements corresponding to the marked regions C

(a) and D (b) in Fig.4

ro'�� 1 ��� 3 �/2k4, Y�Xo �.��
j�/8>. Q 5b 4% 2 .��j: �� 4 � 5, ��
6 � 7; 2 .��j.Z [110] Æ]! 45◦ g[. �Gdi
D 2 .��j�/8> �sp:jlq��/8>.

3 ab
@25:C��� C  �m 1.58%, ' 860 FHE

60 min 4,��4� C � E�� 1.0%[20]. prZ\
;tDpl, =�'0�!��������/� 100%
�� [1]. ,@25'=�X�PP6�GBH5���,
-LY� 3 n 1—5 n 1, V ��$�4L/E<�X
� (>AEGq�d�)q-) �5����-LY [1,11];
=#, BH5���������cG��, ,sL�$
�4�5����������. &�$�'0\�<
=ZDs�$��]=KS�,���1&,]�%(
 '($3$. '0����TSL'$3$;), ��
��1rL,, � 0.5—1.0 μm. �����:8o*q
Æ(�c=U�.

su���H��.ML 2r0, tG 2t0 �M�, :
8�'M�4%�.7+/8 γ. prA2D�-, �!
M�5���H�, Gibbs dX>4mv� [1]

ΔG = −4
3
πr2

0t0ΔGv + 2πr2
0σ +

4
3
πr0t

2
0γ

2μ (1)

v4: ΔGv �p��?���:8�3D592, X,�
�Z���� Gibbs dX>�qE��; σ �p�J?

@J>; γ �+/8; μ �7+_ . v4rrs�s�5
92, sYs�4J>, s_s�/8>, 4+s����
:8>2. Dv (1) 48 r0 � t0 �Swt0�, )u
D%�v, i<4K6?@E r∗0 � t∗0

r∗0 =
4σμγ2

(ΔGv)2
(2)

t∗0 =
2σ

ΔGv
(3)

dv (2) � (3) t;v (1), �!���:<�W-
> �

ΔG∗ =
32π

3
σ3

(ΔGv)4
γ4μ2 (4)

Zwu�uvtI��!B��H:�, ���:8
�?@>ΔG∗ Z7+/8 γd4J> σ �dX>q ΔGv

%W. v (3) b8v (2) EKtLY

t∗0
r∗0

=
ΔGv

2μγ2
(5)

dv (5) t;v (4) K

ΔG∗ =
8π

3
σ3

ΔG2
v(t∗0/r∗0)2

(6)

Xv (6) E8WI, �5���?@�Hv ΔG∗ Z
�����tLY%W, wZtLY�YwÆ!VY. X
�x*����*+SL',���1R, �1*+5-
� r∗0 &d5-. PxtLY:8, ,���15-D�
�aG�, M��tGdrL-, DSG� 1 nm. xtL
Y� 1/40[1], u r∗0 � 40 nm, ,���1ML� 80 nm.
�.*+E>��!����W-,���1*+, /=
y5'PP6P=y����M�. Xv (3) E8WI,
?@tG t∗0 X4J> σ �dX>q ΔGv ��, ,Z/
8>vW. �wy@tG t∗0 �Zzx%W�L�, yXz
x�tx�-OG��; < C � �-OG���, t∗0 z
�z��. <,���1*+5-�, t∗0/r∗0 �Ed7(,
prv (6), ?@�Hv ΔG∗ do , w���:8�>
{do , ���:8{yY^. < t∗0/r∗0 <1 �, �H{
M��, ΔG∗ q�; < t∗0/r∗0 >1 �, ΔG∗ q , �H{
BH5; < t∗0/r∗0 �1 �, �H{D5. |�ÆJ, Xv
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(2) E8WI, r∗0 Z/8%W. D�M�5, < r∗0 'z.
eLÆ]��5-�, M�dH\M�. ",, ���:8
�;'{zJ��*%CÆ]\6.%CÆ], w|'�
�.TJR, 'z.Æ]7�8�&F�::%�. �=,
r∗0 :�':%Æ]% 5-, ,F�!bM (eV- r1

� r2), WF�!��5� t∗0 < r1 < r2. < r1 5-D
hÆ t∗0, �58!-bB�, w�254PP6BH5�
��.

4 Qb
(1) �$�4���������bZ C � %

W#, |Z,���1*+%W. <�1*+5-DW
5 μmd'($3$)VW 1 μm �, '0<=4bA��
��5���, |1ÆABH5���.

(2) BH5���������cG��; _���
�+!��j, ��}QZ6.JRQ! 45◦ [. BH5
���4��cG�m 1013/cm2, 'IÆ��.

(3) ?@�Hv (:8>{)ΔG∗ Z����HtL
Y t∗0/r∗0 �YwÆ!VY. t∗0/r∗0 <1 �, ���H{M�
5, ΔG∗ q�; t∗0/r∗0 >1 �, �H{BH5; t∗0/r∗0 �1
�, �H{D5, ΔG∗ q�!Ds���H� .
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