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ABSTRACT There exist poor work hardening capacity under medium or low stress condition in
conventional Hadfield steels. This poor work hardening capacity together with their low yield strength
result in a serious plastic deformation in initial service. To address these two problems, a mechanism
had been put forward to explain the unusual work hardening ability of conventional Hadfield steel
under heavy stress or high load impact. The formation of deformation twins and its concomitant
serious lattice distortion is responsible for their unusual work hardening ability due to the existence
of interstitial C atoms. Based on the fact that the same effect can be produced after the formation of
stress–induced ε martensitic transformation, a high silicon high manganese steel Fe–17Mn–6Si–0.3C
was designed. In this alloy the stress–induced ε martensitic transformation easily took place under
low stress. The mechanical properties and microstructure evolution of the high silicon high manganese
steel and a conventional Hadfield steel were studied by OM, XRD and TEM under both static
tension and dynamic impact loads. The results showed that under the tension load the high silicon
high manganese steel had higher strain hardening rate than the conventional Hadfield steel. Under
dynamic impact load the high silicon high manganese steel had lower impact deformation but higher
surface hardness than the conventional Hadfield steel. The preferential occurrence of stress–induced
ε martensitic transformation accounted for this difference. This result also indirectly confirmed
that the formation of deformation twins and its concomitant serious lattice distortion due to the
existence of interstitial C atoms led to the unusual work hardening ability of conventional Hadfield steel.
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deformation twin, stress–induced martensitic transformation�j�$ Mn ! (1.0%—1.4%C, 11%—14%Mn,HO�x) ��:Soy1	Y�JH$oCa3S, 4�{Cv=<����p��>B��[Hi
reJZ�K [1−3]. /�`OoZlH1?�� t, $ Mn !��+$�J6'��P:Soy1	Y, Kt�J6oy1	Y�J"$�G. �W}w��~1?�g, $�J1?$ 5%. �W, $ Mn !o'���t, EV℄�W}1POo�O, 5M�ONB℄J�o2�?S, �T$ Mn !o��W�qj=G. Xv�r, �:$ Mn!W�tB�z� 120 	�, d�:Sy1	YoQoeGB�5j��vo4[.z�Qo�By< CrHMor��J�Yl6z�YC�$Q�$ Mn !o'���. ;.?o ZGMn13–

4l ASTMKo C!�D� 2%h�o Cr, ZGMn13–5l ASTM Ko E–1 !KD� 1% h�o Mo[4]. 5I��og`-e:S/yQJ�o;�, �W\
YQJ�o3S. &Q�$$ Mn !+Kt�J6oy1	Y�J, z�Qo�B�t Mn H C DO, ℄�,oK Mn!+Kt�J��6�P γ → α′ ej�Y�. dK Mn!o3SK�"t�$ Mn !, �W$ C o α′ ej�3S0, �TK Mn !�f��t�Jo7w� [5].g,of)�$ Mn !o�3y1	Y�J=��J�� γ → α′ ej�Y� [6], dPCof)�;$ Mn!n℄+ –196 �6�e,|o [1,7]. 5vaQoeÆ1LDWlno� C �D. &QÆg$ Mn !�3oy1	Y�J, 2m8P�GQO�_�	Y [1,8]�~	��WH [2,9]�_� + Mn–C �_�.;o�U$�8g� [10] H Fe–Mn–C �_��+$�Uw3�~odIH'\(~od� [11], {l r{o�H��O;o9w [12]. d={�CQo� 2 M$�o_u9w, n~	��WHHO�_�	Y. ~	��WHo9w$�Æg+t( –100 �$�Pt:~	��WHW, J���.�.$oy1	Y�J [8]. Adler r [8] of) t, +
–100—250 �(��$��OW, $ Mn !3^�P_��O, �_�oxO��OOo/`�/y, d/y�℄�(�Q$`#6�. �T�_��h�xo�Y�Æg$Mn !oy1	Y�J�(�Q$��to;F. W

o�!?Goe, O�_�oO;℄�(Ko	r�{4'E�;Q}r�{4, �1,	r�{4o C �_Æ�C$lw~�1,}r�{4'E. }r�{4oÆ&
(0.225r, r & Fe �_oÆ&) :SG�	r�{4oÆ& (0.414r), �T_�O;P�hDOo�(g�, :S/y�'\�~HUwodJ. �T, :{4&_�oO;l�� C �_Z+hDoO�(g�e$ Mn !.��3y1	Y�Jo��.f) [13−15]  t, f-\�+ 18—60 mJ/m2 :{W_���O;, �_�O;oV��J�-\�o/y�Q$; f-\� ≤18 mJ/m2 W, �G��J�� fcco γ �j� →hcp o ε ej�Y�. �_�oO;A�, �J�� γ → ε ej�Y�oV��J.t. W��_D6, ε ej�oO;q^℄	r�{4'E�;}r�{4. �oJ�KZ+Oo{4�_ C, ε ej�o�(q^Z+Oo�(g�. C e:S/yJ�-\�o��, ���t C DO�:S�tJ�o-\�, �G��J�� γ → ε ej�Y�o�P, d��>�(g�. Si $�e:S�t�j�-\�o��, qe:S�Y�o��, l/y 1%Si(HO�x) ���:�$ 50 MPa[16]. ,T, �1j+Q�$ Mn !oJD,:S�t C DO, /y Si DO, JrQvM Fe–17Mn–

6Si–0.3C $ Si $ Mn !, {��Bt�J6 ε ej�oO;, CÆ1Q�$ Mn !Kt�J6y1	Y�JtH'���thDoEV℄�W�O`o-.

1 �,q�
ywZl)�1sS Fe, yÆ Mn H�t Si {lUx&�S, +`�[#6��7L��W. �lV{ 1100 �3'Y�_ 15 h P, � 1100 �1�;=&& 15 mm o �. �.	 � 1100 ��( 40 min PzX. $ Si$ Mn !HQ�$ Mn !oY_�1;�; 1 �a.ALZl+ WAW 300B yt~� �lleD�Q. ,,?� GB/T 228–2002 �68	 �y1;AL�=&& 10 mm oALln, +k(6�QALB�T,AL��& 1 mm/min. &Qlj.�-oALA, ln 0.008 ��O�o�O)��Lr,O. Ca3SZlp 1 K�pZ`<�IK`T�
Table 1 Compositions and mechanical properties of alloys

Alloy Composition (mass fraction, %) Mechanical property

Mn Si C Fe σ0.2, MPa σb, MPa δ, % Ak, J

High silicon high manganese steel 17.13 5.71 0.32 Bal. 227 816 17.3 170

Conventional hadfield steel 13.08 1.23 0.96 Bal. 372 904 37.8 >300

Note: σ0.2—yield strength; σb—tensile strength; δ—elongation; Ak—impact toughness
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2007�68Po �y1; Charpy UM*<ln, lnA[& 10 mm×10 mm×55 mm, *<M�& 2 mm. CaZl+aGo�R`CalleD�Q. �68	 �?�&;=& 14 mm, 4 11 mm oCaln, + 100 J�O6�!�Q 50 H 100 VCa. lnoCa�OO
η=(h0 − h)/h0×100% (�K, h0 H h �!&lnCa�Po$�). J�Ca�P r	�o,O+ HR 150AMj	�rD�Q. &Q���	, �lj	�>,, GB/T 1172–1999 YY& Vickers 	�.�A9/+ OLYMPUS CK40M M;_:#%
(OM) D�Q. Q�$ Mn !ln AA^wPo8�QeJ�;, �P+ 80 g Na2CrO4+420 mL CH3CO-

OH 8tK�QyÆ�X. $ Si $ Mn ! AA^wP=�+ 10%HClO4+90%C2H5OH(�h�x) 8tKyÆ�;. &Q$�$�oA, )�*��A�G�$ Si$ Mn !o�Aln, *��A�Xp& 1.2%K2S2O5+

0.5%NH4HF2(HO�x)8Æ+zK.J�o#9f<9/+ JEM 2010 M�Gy% (TEM) D�Q, y�ya&
200 kV. y%n eJHY_��P, yÆy
O;G;, yÆy
t& 10%HClO4+90%C2H5OH(�h�x)8t. J�o0A|O|,+ X’Pert Pro M X G?iGx (XRD) D�Q. &Q�I<4r�B��, |Or�)�	?��.

2 �,��
2.1 ��v����*��s�'v�/�*� 1 +GQ Fe–17Mn–6Si–0.3C $ Si $ Mn !HQ�$ Mn !oALJ_S�HCa3S. $ Si $ Mn!o σ0.2 �& 227 MPa, "t�Q�$ Mn !; $ Si $
Mn !oCa3S Ak >& 170 J, �t�Q�$ Mn !,d�Ca3Sz�5f1?��.� 1 +GQ Fe–17Mn–6Si–0.3C $ Si $ Mn !�Q�$ Mn !+ 100 J �O6�!Ca 50 H 100 V�Po r	��Ca�OO. $ Si $ Mn !68	o	�& 244 HV, $�Q�$ Mn !o 191 HV. 2 MJ�oCa�OOH r	���\CaVxo/y�/y. Ca 100 VP, $ Si $ Mn !o r	�℄j 360 HV, Ca�OO�& 4.9%; �Q�$ Mn !oCa�OO$℄
12.1%,  r	��℄j 315 HV.� 2 +GQ$ Si $ Mn !HQ�$ Mn !o7�J – 7��&?. � 3 +GQ�� 2 ox,!hljo 2MJ�oy1	Y�℄ – 7��&?. +��t� 0.15W, $ Si $ Mn !oy1	Y�℄:S$�A��O6oQ�$ Mn !. +�OE� (ε <0.02), $ Si $ Mn !HQ�$ Mn !oy1	Y�℄����o/ym/6�; f��5B 0.02 P, $ Si $ Mn !�Q�$ Mn !
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Fig.1 Surface hardness and impact deformation (η) of high

silicon high manganese steel and conventional Had-

field steel before and after different times impact un-

der energy of 100 J
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Fig.2 True stress (σ)–true strain (ε) curves of high silicon

high manganese steel and conventional Hadfield steel

(The elastic stage and the non–uniform plastic defor-

mation stage are removed)
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�1156 ��r�\�� u 48 0oy1	Y�℄o6���5^�℄. df��5B 0.05P, Q�$ Mn !oy1	Y�℄���o/y�DQ,�$ Si$Mn!oy1	Y�℄���o/y℄g6�.

2.2 ��v#�52� 4 +GQ$ Si $ Mn !68	l+ 100 J �O6Ca 100 VP ro�Af<. $ Si $ Mn !68	I�j���, \Z+`O1�� ε ej� (L�?�), CaP rP;Q`Oo ε ej� (?�[ ε ej�4`PY�&
���[). � 5 &$ Si $ Mn !+
100 J �O6Ca 100 V�P ro XRD �. $ Si $
Mn !+Ca�OB?KIP;`O ε ej��, \P;QEOo α′ ej�. TEM Ohl[$y_iGA (�
6) q�v%9ZQ$ Si $ Mn !CaP+ ε ej�o�.L1PQ α′ ej�.� 7 &Q�$ Mn !+ 100 J �O6Ca 100 V�P ro XRD �. :�, 68	Q�$ Mn !+Ca�P3&vo�j�, dCaPoiG�=�:S/y.� 8 &Q�$ Mn !+ 100 J �O6Ca 100 V�P ro�Af<. CaP�H�O;Q`OoO�_�f<, �� 8b KoL�?�.� 9 +GQ$ Si $ Mn !+"	AL�OW*A

" 4 # Si # Mn  * 100 J �N5B` 100 U�On"8e;
Fig.4 Microstructures of high silicon high manganese steel

before and after 100 times impact under energy of

100 J
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Fig.5 XRD patterns of high silicon high manganese steel

before and after 100 times impact under energy of

100 J
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Fig.6 TEM images and selected area diffraction of high

silicon high manganese steel after 100 times impact

under energy of 100 J

(a) bright–field image

(b) selected area diffraction of circle region in Fig.6a

(c) dark–field image



u 10 � )�Sq : " Si �hÆ" Mn �w/�WP%jdFmd' 1157�

35 40 45 50 55 60 65 70 75 80 85

(b)

2 , deg

In
te

ns
ity

, a
.u

.
  

(a)

 

 

11
1

20
0

22
0

" 7 P�# Mn  * 100 J �N5B` 100 U�O�qn
XRD �

Fig.7 XRD patterns of conventional Hadfield steel before

and after 100 times impact under energy of 100 J

(a) solution treatment (b) after impact
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Fig.8 Microstructures of conventional Hadfield steel before

and after 100 times impact under energy of 100 J

(a) solution treatment (b) after impactDO���okY. f��t� 0.05 W, ε ej�oO���o/y=?S/y, α′ ej�oOoQ& 0. ��5B 0.05 P, ε ej�oO�$�, � α′ ej�oO���/y=?S℄g/y.

3 z&��
Si oy<�:S�t Fe–Mn J�o-\� [17], �
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Fig.9 Phase compositions of high silicon high manganese

steel before and after different tensile deformation

Si j�A�, C oy<�:S/yJ�o-\� [18]. �Q�$ Mn !A�, Fe–17Mn–6Si–0.3C $ Si $ Mn !Æ� Si DOo:S/yH C DOo:S�t, �-\��:St�Q�$ Mn !. ��, $ Si $ Mn !+t�J6:}�P�J�� γ → ε ej�Y�, � σ0.2 ZH&�J�� γ → ε ej�Y�oV��J. 5e$ Si$ Mn !'���:St�Q�$ Mn !o�� ( 1).+CaW, $ Si $ Mn !o8�P�J�� γ → ε ej�Y�. 5MY�v�r�2n`OoCa�O; Xv�r, Y�o10 ε ej�KZ+Oo�(g�, ��j��1P:So�Y. 5e�Ca�OO:St�Q�$ Mn !, � r	�,:S$�Q�$ Mn !o��
(� 1). ��Q�$ Mn !, f) [19]  t, +��Ot�
0.05 W, ��OQoe'\oUw; f��$� 0.05 {DW, O�_�'5^�P. �$ Si $ Mn !+�Ov5^*��J�� γ → ε ej�Y��P, �T��OE� (ε <0.05) oy1	Y�℄:S$�Q�$ Mn !
(� 3). f��$� 0.05 {DW, Q�$ Mn !oy1	Y�℄���o/y�DQ, 5QoeÆ�M�ro��hDo: v�reO�_�oO;℄�(Ko	r�{4'E�;Q}r�{4, �1,	r�{4o C �_Æ�C$lw~�1,}r�{4'E, hDOo�(g�; Xv�r�\�OOo/y, Q�$ Mn !K_�xO$�/y, NB\^O;v'EoO�_�, "�vv'EoO�_�1P�., ℄J��P�v%	Y [20].�{, _�oO;l�� C �_Z+hDoO�(g�eQ�$ Mn !.��3y1	Y�Jo��. �$
Si $ Mn !+��$� 0.05 W, ε ej�DO"��H
(� 9), TWo�OQoÆ'\UwC�b, 5*hD�y1	Y�℄���/y���t.&Q�v%�1$ Si $ Mn !oy1	YeG, G�	YuM��	YQ&�QQf). Liang r [21] 4&
γ → ε ej�Y��J�y1	Y�℄ (θ) o3<: 
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θε =
CNGb

2t
f (1)`K, C e ε ej�o1P��J���Q$o	Y3x, N & γ/ε �rL�hoÆ3'\x, G &~�uO,

b & Burgers \Ou, t & ε ej��oÆ3N�, f & εej�o�h�x. �� 9 K ε ej�oO���kY&?�Q�J, :l:







f = 0.038 + 12ε (ε ≤ 0.05)

f = 0.632− 0.122ε (ε > 0.05)
(2)

$ Si $ Mn !+�OE�, IQ ε ej�oj��, J�o�Y\�'\p�o/y�7. Mecking H Kocks[22]4&, J�+�OW'\Uw�7�Jo3<&:

σdis = αGbρ
1/2
dis (3)`K, α &3x, (>�$& 0.25—1.00; ρdis &'\p�. Hutchinson H Ridley[23] �$ Mn !O�B?Ko'\p��QQ,O, 4&'\p� ρdis HM9��O ε=?S73, n

ρdis = Kε (4)`K, K &3x. �` (4) a<` (3), :l:

σdis = αGbK1/2ε1/2 (5)�` (5) M�7� ε #�, :lÆ'\Uw��oJ�y1	Y�℄&:

θdis =
dσdis

dε
=

1

2
αGbK1/2ε−1/2 (6)J��OB?K, Æ γ → ε ej�Y�H'\Uw��oby1	Y�℄&:

θε+dis = θε + θdis =
CNGb

2t
f +

1

2
αGbK1/2ε−1/2 (7)

$ Si $ Mn !+AL�O 0.05 {�, α′ ej�oO�3E (� 9), �T:G�` (7) ���oy1	Y�℄ – 7��&?�Q�J. �JB?K*+xo(>�!& N=48[24], G=70 GPa[23], b=0.25 nm[21], t=

300 nm[21], α=0.5[22], K=1.7×1016 [23]. � 10 &$ Si$ Mn !Zty1	Y�℄ – 7��&? (X?) �G�` (7) r�o�JA (Z?). ,,�J&?:lj,$ Si $ Mn !K ε ej�o1P��J���Q$o	Y3x C & 1.66, :S$�+< [21] K Fe–30Mn J�o C > (0.5). 5:�eÆ�$ Si $ Mn !D�	$DOo C �_.;o. C j&{4�_, �Z+℄lP;o
ε ej��(g��3O, /�QJ�o	Y�J. �
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Fig.10 Comparison between experimental work hardening

rate (θ)–true stress (ε) curve and calculated curve

using Eq.(7) of high silicon high manganese steel

C=1.66 a<` (7), :{lj θε+dis +J��O5B
0.05 Po&? (� 10 KwV?). f$ Si $ Mn !o�O5B 0.08 {P, θε+dis t�J�oZty1	Y�℄,5eÆ�J�+�OB?K1PQ α′ ej�f<. α′ ej�&	HA, �1P�U��v%/�J�oy1	Y�J.

4 ��
(1) Fe–17Mn–6Si–0.3C $ Si $ Mn !+Kt"	H~	)F6�.��Q�$ Mn !.Eoy1	Y�J. "	ALW, +��t� 0.15 W, $ Si $ Mn !oy1	Y�℄:S$�A���6oQ�$ Mn !. $

Si $ Mn ! 100 J �OCa 100 VPo r	�℄j
360 HV, Ca�OO�& 4.9%, �Q�$ Mn !oCa�OO$℄ 12.1%,  r	��℄j 315 HV.

(2) Si DOo:S/yH C DOo:S�t℄l
Fe–17Mn–6Si–0.3C $ Si $ Mn !o-\�:S�t.-\�o:S�t℄l$ Si $ Mn !�OW�J��
γ → ε ej�Y�o8�P. γ → ε ej�Y�o�PH C �_hDo ε ej��(oOg�e$ Si $ Mn!y1	Y�J:S$�Q�$ Mn !, �Ca�OO:St�Q�$ Mn !o��.

(3) _�oO;l�� C �_Z+hDoO�(g�eQ�$ Mn !.��3y1	Y�Jo��.r�%(
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