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ABSTRACT The continuous network of brittle proeutectoid carbide will formed along the grain
boundaries when cooled slowly from austenite in hypereutectoid steels. Steels with such high–carbon
content have been neglected in industry because of they are inherently brittle. By properly processed,
such as hot and warm working (HWW), isothermal warm working (IWW), divorced eutectoid trans-
formation (DET) and divorced eutectoid transformation with associated deformation (DETWAD), the
steels will exhibit ultrafine microduplex structure with fine spheroidized cementite (θ) particles dis-
persed in fine–grained and equiaxed ferrite (α) matrix (grain size is less than 1 µm). This microduplex
structure shows superplasticity at elevated temperature and exhibits better mechanical properties at
room temperature. However, these processes are relatively complicated and should break the proeu-
tectoid cementiets firstly. By warm deformation of martensite, a simple process and the ultrafined mi-
crostructure can be obtained easily. In the present work, the effects of Al on the microstructural ultra–
refinement and mechanical properties of hypereutectoid steel during warm deformation of martensite as
well as tempering of martensite were investigated by uniaxial hot compression simulation experiment.
The results indicate that the warm deformation accelerates the martensite decomposition compared to
tempering, leading to the formation of ultrafine (α+θ) microduplex structures. The microstructure evo-
lution of martensite during warm deformation involves the precipitation and coarsen of cementite parti-
cles, and the dynamic recovery and dynamic recrystallization of ferrite, while tempering of martensite,
the precipitation and coarsen of cementite particles, static recovery and grain growth of ferrite occurred,
but no recrystallization of ferrite occurred. With the addition of Al, the decomposition of martensite
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is impeded during warm deformation and tempering, the microduplex structure is refined, and its
strength is improved, while the elongation is not decreased.
KEY WORDS hypereutectoid steel, martensite, warm deformation, ultrafine microstrcture,

mechanical property, Al addition

*�r�_4 tey�r�FNT
$N, y�r�FN,|n9a��", ��`K�dY. y[�, |G9u{)Q��*�r�`�3)#�V. 9�K$K{I�D��~, �y\F{f�� (hot and warm work-

ing, HWW)[1−3]�mf~ (isothermal warm work-

ing, IWW)[4]��B�r�� (divorced eutectoid trans-

formation, HWW+DET)[5,6]�
<��`�B�r�� (divorced eutectoid transformation with associated

deformation, HWW+DETWAD) [7,8]�
$N�fY\B [9−11] 0*��&NoD�� [12,13] , �=D^4v:`	U7N0�'��FN�8` (α + θ) 
� t, �}Bh-`)#�V0,-`49���V) [14];79�K, QY3uX7 Al �=OÆA~a��FN`�8 [15,16], v:��B^`4v:
� t [13]. V�0`{I�D��?, �5"V*��`=a��FN�Jx
$N`p:, C{�hS`F�0Eh1�[`7�\B(V^[�^`4v:
� t. {A&N" C Z�b α–Fe �`*0 �N, xQA&N�, C `�"G#>r[q#>rp"�^`. !X C ,0F�`)� [17−19] �N, $KA&N�fY\BEA&Nm���D^24v: (α + θ) 
� t, �?:�℄U. Vbk�)��, �h�N3uX7 Al x4v:
� t`�80)#�VH�`G>, �nbEGC�, x, Al0!, Al .�*�r�$KA&Nm��D^24v:
(α + θ) 
� t, X�x�2)#�V+*, �5G>
Al x4v:
� t`�80)#�V`H�.

1 J`20)�K'5`:#8��� 1 B� (2 .�b 1 .�`GC�QY Al). �l�F96+8 40 kg `�l, `� 1100 ��m 1.5 h 7u8u�e 10 mm `�5 (�umre 850 �, u7pB), !7Y�8u�e
6 mm, 1e 15 mm `[*3x�{PX�1.U	&��1b Gleeble 1500 {PXI�x�. �n~ [20] B�>OY�`*3b��j�9�Y{y�) 1 �0J)�q�_9"7�

Table 1 Chemical compositions of hypereutectoid steel

(mass fraction, %)

Steel C Si Mn P S Al

1 0.97 0.26 0.31 0.0056 0.004 –

2 1.00 0.27 0.31 0.0056 0.004 0.95

&N:mr (1 .�e 870 �, 2 .�e 970 �), �m
5 min 7MM, ^[^v`A&N t. <7MB^[`A&Nb Gleeble 1500 {PXI�= 10 �/s `Y{8<��Y{y 600, 650 0 700 ���, F�8< ε̇ e
0.01—1 s−1, F�0 ε e 0.11—1.61, ��7*3%P=�4�x; A&N`>Bb��j�9�x�, MBB^`A&NY{y>Bmr 650 �, �m 1—720 min7��. ��m��0>B7`*3,��	�	a, xe��x� t�r: $K ZEISS–Supra 55 .}
�Lj� (SEM) x�{ t#,, o��Lh℄0
Image–Tool [��r�a, Ki�~ [14] +0U7N|'>O0�FN�'S, �YSUjKKT�FN'�30.m��7Y�8	5e 1.5—1.8 mm, �#�	e
4 mm×12 mm `	��*3, b Reger 3010 _V�I�x��, �8<e 0.6 mm/min.

2 J`�8
2.1 GMPT'℄:-ghe,XI=> Al /b[�1��MB7^[^v`A&N t (_[ 1a 0
b), r7= 10 �/s `8<Y{y��mr (650 �) *<�`A&N;}�$��m (_[ 1c 0 d), bU7NGN�rBS0_�\6`t��E�'�F:o. T 1 .���, 2 .�A&N;yb�8Y{*<�7}�2�m, VG[ 1d ��=ÆB, E��FN'�rB0h	,l>Ov, �N 2 .�A&N�mhC. <7b 650 �,

0.1 s−1 `m��*<�, h�m`A&NU��m, {;�m`A&N}���, WF�y 0.92 �, 1 .�;�8L4v:`	U7N0H��"`�FN�'�8` (α+θ) 
� t (_[ 2a), U���y 1.61 �, 
� t�`�FN'�}�9mI:, UjKKT�FN'�30N{^	, U7N|'=O1S (_[ 2c); {xQY Al ` 2 .�, WF�y 0.92 �, U7N$�}�	:, �FN'�vl�"!�, WF�y 1.61 �, X37�824v: (α + θ) 
� t, lE�`
� t�U7N|'>O0�FN'�>O�Q 1 .�.�1�A&N��b 650 �, 0.1 s−1 m��0
650 �m>B*<�UjKKT�FN'�30 N `�:,�[ 3B�. G[��=ÆB, m��*<` (α+θ)
� t� N vN{�Qm>B*<. <��[`+1, m��0m>B*<� N v�b!vf^	, lm��*<��FN'�30`^	8<N{�Qm>B*<; X�, xQm��0m>B`o�*<, 2 .



g 6  5 fa : ?$Lk��2t8(�pÆ 699�

R 1 -�)�q�_LA�s/< 10 �/s Xzx 650 ��_�s
Fig.1 SEM images of martensite structures of steel 1 (a, c) and steel 2 (b, d) quenched in oil (a, b) and martensite

decompositions after heating to 650 � at a rate of 10 �/s (c, d), showing cementite refined by addition of Al

R 2 )�q�a 650 �, 0.1 s−1 R`w W��/_�s
Fig.2 SEM images of steel 1 (a, c) and steel 2 (b, d) deformed to ε=0.92 (a, b) and 1.61 (c, d) at 650 � and

0.1 s−1, ultrafine (α + θ) double phase structure formed�` N v��Q 1 .�.*�r�A&Nm��*<�, bF�y 1.61 �`��mr0F�8<x4v: (α+θ) 
� t`�8�O9mH�, �[ 4 B�. WF�8<9m�, <���mr`K�, 4v: (α + θ) 
� t�`U7N|'_
�>O0�FN'�_�>O�bdY (_[ 4a); W��mr9m�, <�F�8<`ee, 4v: (α + θ) 
� t�`U7N|'_�>O0�FN'�>O7�bdY (_[ 4b); lb�X`��mr0F�8<Sax, 2 .��`U7N|'>O0�FN'�>O�Q
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Fig.3 Evolutions of total amounts N of cementite particles

per unit area in steel 1 and steel 2 during tempering

at 650 � and warm deformation at 650 � and ε̇=

0.1 s−1

1 .�.

2.2 ,XI=4Zhe/C_^H> Al /b[KQ)#�V+*`�1�A&N�m��
(650 �, ε̇=0.01 s−1, ε=1.61) 0m>B (650 �,�m 180 min) 7�^[ (α + θ) 
� t, �[ 5 B�;�"`In*0�U7N|'_�i� Lα, |n�FN'�_�>O dgb, |T�FN'�_�>O dgi, UjKKT�FN'�3 N N)#�V3��� 2 B�; �
� t`�<F) – F�t��[ 6 B�. �_, m��B^4v:
� t`krN{�Qm>BB^`
� t ([ 6), Ve+<xN{eQm>B t,{lxQm��0m>B.�!X�?B^` (α + θ)
� t, Al `Y���1K�b!ee�+< δtal`m�x, u�kr σy 0��kr σb �^[S�r`K� (� 2).
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Fig.4 Effects of deformation temperature at strain rate of 0.1 s−1 (a) and strain rate at 650� (b) on the ultrafine

(α + θ) microduplex structure (ε=1.61)

R 5 ���0i_ (α + θ) 	��s�D
Fig.5 Microduplex structures of steel 1 (a, c) and steel 2 (b, d) tempered at 650 � for 180 min (a, b) and warmly

deformed at 650 �, ε̇=0.01 s−1 and ε=1.61 (c, d) before tensile test
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Table 2 Characteristic parameters and mechanical properties of the two tested steels

Process Steel Lα dgb dgi N σy σb δ δtal n

µm µm µm µm−2 MPa MPa % %

Warm deformation 1 1.23±0.46 0.32±0.11 0.13±0.04 2.95 681 843 9.7 11.6 0.117

(650 �, 0.01 s−1, 1.61) 2 0.79±0.25 0.26±0.08 0.11±0.03 5.32 919 1008 7.8 12.6 0.082

Tempering 1 2.50±0.75 0.58±0.15 0.18±0.05 1.56 353 504 15.1 19.0 0.167

(650 �, 180 min) 2 1.52±0.51 0.32±0.10 0.17±0.04 1.89 513 725 13.8 20.2 0.138

Note: Lα—the size of ferrite grain, dgb—the size of cementite at grain boundaries, dgi—the size of cementite at grain

interiors, N—total amounts of cementite particles per unit area, σy—yield strength, σb—tensile strength, δ—

uniform elongation, δtal—total elongation, n—work hardening index of Hollomon analysis[14]
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Fig.6 Engineering stress–engineering strain curves of two

steels in Fig.5

3 NDA&N" C b α–Fe �`*0 �N, LQ�"�8�x*<, A&NT$�O9m`jPIr, �=#e C Z�`��V\{O$Q�FN`rB [18], X�LQA&N�Nby�nK, �Z��&N|n�1n��n0	Snw�, �=#e�FN'�rB`O$j|, C{, bY{*<�A&NP?$8}��m [21]. �b9m`mrSax`xA&N�Y��, b�� t�D��`jP, dY tT$`jPIr,��FN'�rB`j|dy, JxA&N�m [18], CE, m��*<� (α + θ) 
� t�UjKKT�FN'�rB30N{�Qm>B*<, �[ 3 B�.A&N�mB^[`U7NGN0�FN'�b<7`m��*<��5�"2.��K` t.�. 9�K,U7NGNT$!v-�jP, X�jP}�h:, V*x���\*<}�oD>
, �8'|n, PLQ�FN'�`ke#K, '|nV*�o{�}	:, P}�*�`oD`k| [22,23]; {bm>B*<�, U7NGN�5V*�D>
0|'`1S�eej

PIr0^	nKV, LQ�FN'�`ke#K, bbV�F�A&N>B*<�!V}�U7N`k| [24].79�K, e2ee tT$`U7N/�FNnKV, �FN'�}�I:, k"LQ Gibbs–Thomson ÆF, Y{�FN'�`I:"='����S'�1S��x�`.bm��*<�, ��!vD��jP, Jx2A&N`�m, ;yb<7U7N`oD>
*<�, jPIr?ee, VLQm�� t�S0�FN'�`Nb,�=kejP���U7NoD>
`x�, C{��� t����=�9m`jPIr, O$Q C Z���0�FNI:, �
� t�UjKKT�FN'�30b��*<�B}�8xe`q! (_[ 3). {bm>B*<�, <�>B�[`+1, A&N�m^[`U7NGN}��D>
, �jPIrxe�C Z���V\^	, C{�FN'�I:8<<C (_[ 3). 7℄, ��*<�!vD�`jPY�2U7NoD`k|`}�,Jx2	U7N|'`�8.*�r�A&Nm���"`U7NoD`k|	:0�FN'�I:�e{L�*<, �,��mr0F�8<`H�. K���mr, � Fe 0 C Z�`��s3dY [25],Jx�FN'�I:�U7NGN`*�oD`k|	:N1Sx< (_[ 4a). {eeF�8<,9�K^	�� tT$`jPIr, !$Q Fe 0 C Z�`��; 79�K+12���[, O$Q Fe 0 C Z�`?��� [26]. b��1Sax, F�8<`ee��� t�	U7N|'>OdS0�FN'�I: (_[ 4b).T 1 .���, 2 .�LQ3uX7 Al `Y�, ee2 C `�rs3, K� C Z�bU7N�`�mr, ���FN'�`rB [27], G{�m>BTm��*<`A&N�m8<^C (_[ 1). E℄, xQ!X`��mr T , F�8< ε̇ 0BxF`�v σm "s [28] e
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ε̇ = Kσl

mexp(−Q/(RT )) (1)��, K, l �e/0, Q e��L�V, R egN/3,����1B^3�, L� (1) S:B 1 .�`��L�Ve 333.60 kJ/mol, TeF�bU7Nr��`��L�V (300 kJ/mol)[28] �y, { 2 .�`��L�Ve 387.57 kJ/mol, �Q 1 .�. {y, kT3uX7 Al`Y��K� Fe Z�`��L�V0ee Fe Z�`���s3O" [29,30], X� Al `Y�;�� C Z�`�� [27,31]. LQk.�K`�3#K, OÆ��2
� t��FN'�`I:0U7N|'`	:T1S*< [13], B=bm��0m>B*<�, 2 .�B^4v: (α + θ) 
� t`U7N|'>OQ 1 .�, lUjKKT�FN'�30�Q 1 .�.A&Nm��0m>B�8`4v: (α + θ) 
� t���In*0T)#�V`"s, �[ 7 B�.G[ 7a ��q, 
� t`kr (u�kr σy 0��kr σb) TU7N|'_�>O Lα 0|n�FN'�>O dgb r[��3 Hall–Petch "s, P<� Lα E dgb`^, ekr σy 0 σb �K�; {xQ|Tv`�FN'�, W dgi dS�, O$Q
� tkr`K� (_[
7a). xQ
� t`�9�, G[ 7b ��q, <� Lα
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Fig.7 Effects of characteristic parameters on strength (a)

and uniform elongation δ (b) of microduplex struc-

ture

`^, Ej N `dY, pf[2�
� t`�^+< δ NY�I:w3 n xe`#K. L[ 7 `"s�q,LQA&Nm��B^ (α + θ) 
� t� Lα 0 dgb�Qm>B, l N dy, C{ekr7N{�Qm>B t, V δ �m>B t`e. 3uX7 Al `Y�, !vf[ �k:`#K, {l��5`"v:2*�r��m��0m>BB^`4v: (α+θ) 
� t, �eb!ee�+<`m�x, σy 0 σb �ON{K�, �3)#�V^[9m<r`��.

4 �D
(1) *�r�A&Nm��*<�, A&NbY{*<�;��m, bU7NGN�rBS0`�FN'�.U���*<�,  t4v:.��"�FN'�`rB0I:NU7NGN`oD>
0oD`k|. {bm>B*<�, U7N�5}��D>
0|'1S, �FO}�`k|}�.

(2) bm���, <���mr`K�EF�8<`ee, Fe 0 C Z�`��?�l8<Y�, �U7N*�oD`k|0�FN'�`I:<rdY, ^[`	U7N|'0�FN'�`_�>OdS{�FN'�30^	.

(3) *�r�A&Nm�� (650 �, ε̇=0.01 s−1,

ε=1.61) B^ (α + θ) 
� t`kr�Qm>B
(650 �, �m 180 min) B^
� t`kr, V�^+<N{eQm>B. 
� (α + θ)  t`krTU7N|'_�>O0|n�FN'�>Or[�B� Hall–

Petch "s, |T�FN'�>O`dYO$Qkr`K�; 
� t`�^+<NY�I:w3 n <U7N|'`^EUjKKT�FN'�30`dy{ee.

(4)3uX7 Al`Y�,b*�r�m>B0m��*<�A~A&N`�m, ���FN'�`I:0U7N|'`1S, dYUjKKT�FN'�`30. X�, Al `Y��*�r�4v: (α+θ) 
� tb!ee�+<`m�x, kr^=N{K�.*AUY
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