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ABSTRACT Commercial pure titanium sheet was rolled by means of asymmetric rolling in
order to obtain nanocrystallines in the top–surface layer, the microstructural evolution was ex-
amined by using different experimental techniques. Experimental results show that, after the
asymmetric rolling, equiaxed nanocrystallines of about 30—60 nm in size form in the top–surface
layer of sheet. The research work indicates that the surface nanocrystallization can be realized for
large–dimensional metal sheets during the rolling process by using the asymmetric rolling. The
asymmetric rolling induced surface nanocrystallization mechanism was summarized as follows: upon
the application of repeated loads, dislocation cells/sub–micro–grains form through slips, annihilations
and recombinations of high density of dislocations; with the increment of rolling pass and reduc-
tion, high density of dislocations in the refined cells/grains developing in above route lead to the
reduction of grain size and the increment of misorientations between the refined grains, and finally
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equiaxed nanocrystallines with medium to large angle grain boundaries form. A gradient–structured
surface layer of about 30 µm thick was observed to form in the initial stage, its thickness increases
with increasing rolling reduction, and the hardness variation along the depth was found to relate to
the grain size.
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 [1], ,a+h5�S�7WEt\ (/�pm-FvWE [1]�A=�� [2]����� [3]�Ahd�KXj [4] SA=�pPj [5] �), "Æ>E�[ST��80�S�k – �ko��>. �X#p�F(3�v���kamE [6−9] S�Ni"���>|6�A�p<SE"Q� [5,10−12], d�f�3�v��kaEbF(�5�, [X#pS��ka�lqY�St�. )�, �ulyx��7�E�#�)Pqy>r0V�WE, �`��p�ka�lqp<Zf<�.�[
0q|D, 5+�rpn��p�kaWE�lq�Mr. g)��u��p�kaWE� (/�pm-FvWE) |�0t\�T:`0�S.uX�pn���p��k�>��s [13], w�7ST;a,W�y��WED}?SWEp*�Æq. Ay{�#M�F( [14] �t, ��M�
�Yq:Æ�[
05v��p�ka, )O�k – �ko��>8�Z���u (ly�AM
�Yq) #�WE�Q�*. v)�[
0s�0i�, |f1�Æ�0NJ4Æ
0�pB{��M, *u:�H�
0��p�ka, �Æ�t�0t\4, f)�0u�7:�6.f)�0O`�G�d�$�C�ARm���0#�, .u�0AM*�#�5SPT�0�s/A�s�m
. sy5��G�d�$y, eÆ�
�3!�3FX8j�!, j�!�5��G|
0"}x-M�#(!!, d�Æ
0�p3FX��M [15]. `�F( [16,17]��, f)�0
0"KNiX��y)�0*, <,1$X�kB\ (/��G�p�5eaWE��{d��):J"KNi	�,C�kQs, t��M.uf�"K�a�Yq. ga, )R���p�kal��E8uf)�0;a, *u:�J�[�
�p"KÆ�0NJ4�X)�a,�kQs. �a, �;Y<$;V_ Ti
0�5f)�0, Æ
0�pi��k"S$, wNV�pq$y:���BS$B9So�6S, F(�MYq#Mq���B�3#M��ka5�S�po�83FNJ�m#.

1 �%trHM1qZ�� 2.4 mm �;V_ Ti 
. �
0�7F 30 mm×100 mm×2.4 mm �Q�, �q 400 P�!3*ov�p, J�p�LX��e3�, `%(�0

NJ4�pS�o_"�{�G|
0"}�x-M; �q 3%(rn'`) Df)#.W��pW%�WE, "\q�b^\���p.9,�p�kal��E8uf)�0;a, l���/�: f)�0
0�p�kak9�++�We6�3AR�y��M, ga, l�Q�{�G|
0�p�e3�Sd�`�{��M; ��!�p�ka���Yq�#(6�R�, !Y~"}9�$y��0#(,`Je6�3�?H$y#(�?; Y,�MYq�,6�R�, �0~lP?�. ,a8�f)�02`�:d� 1.31, ~ 20 , OA�Q 83%, 
0U6Z�
0.4 mm. �yf)�0NJ4�[
0Z�#(�e6^��G$�C'&, !Y~"}
0!��G�#(49/�, vRU	�Æ, wR5��Æ. ÆA�Q' � 21%, 42%, 63% S 83% D, �5$Q'�.Gq AxioCam ERc5s 0�!��& (OM) B9Q��V�pS$. Gq JEM–2100F =�7z7L��& (TEM) �A�Q' � 21%, 42%, 63% S 83%Q���pS$SA�Q� 83% Q�$y:� (20, 40S 60 µm) �S$�5B9. �[�u0�NJ/�: m-Fv�p,��:� (B9�pS$�9a)>), �d[X4 (r�p) m-Fv, 50 µm Z���	; Gq
Ganta �;��\��	d�pv, 10 µm Z�; Gq
GL–6960 DL��\d�pv4DL��,X<, �qa�W�D}apDL��, `%TQ�0�NJ4Æ�p3F�PauS�*.�SF(�po�8�3FNJ, Gq MVK–H3 �� Vickers o�u6Q�0Q�o�H:��'&. 6Q�Æ�0Q����p (rs�(|V(SF�p) 5�5, �q 2000P3*Fv��p,u6:�, �5yQ�6Q. B{�Q� 25 g, {�D}� 15 s, g6S 5 
,$�4&.

2 �%�{
2.1 ~�Æ�!2/{ 1 ��Lq%N$yA�Q�f)�0
0V�p� OM&. �L
0s�="SF, "KNi�y 20—

60 µm, "K�+:�u}ga" ({ 1a). Æf)�0�R� (21% A�Q), "KHJ�0#(C?"�?t��a, yDgÆX,�%�p, �AROsym-a?k-; 
0Z�#(5�aS$$4, �4�p-��"KNit��/+*, G�So�'& ({ 1b); iJA�Q



� 5 � \ 0� : d'�.℄ Ti ���n}i �1D 601���{, "KH�0#(w;C?�Niw;�*, 3F^�0S$, �|�lrA�Q�0
0!y, yD�p-��"KNi,*y/+ ({ 1c—e).

2.2 Æ�d��q2/o TEM zh{ 2 �f)�0NJ4
0�p�0S$� TEM&S�l�<!LI7 (SAED) Æ. yA�Q� 21%D, 
0�pARsC�kN���m/C�"SF, ��+,gÆJ5m��m, �l� SAED Æs�E��I7�SF, �t��S$℄gÆ*��$(; ({ 2a).

iJA�Q��{, ��S$4C�"�`Q$��{�Ni$��*, �l� SAED Æs�GbH�I7�SF, �t��S$$(;���r ({ 2b). �7K�iJA�Q��{�L;�5, Æ 63% A�QD, 
0�p℄3FX,�k" ({ 2c). yA�Qn| 83% D, 
0�p℄�&s�=H�k"SF, "KNi�y 30—

60 nm, �l SAED ÆsGbH'&�I7�SF, �t�k""}gÆJ4�|r��$(; ({ 2d).$%N 83% A�Qf)�0�
0, B9:�#(

� 1 �Kp$M#x��P�e(�/	/U�o� OM %
Fig.1 Cross–sectional OM images of the original sheet (a) and the sheet after asymmetric rolling for 21% (b), 42%

(c), 63% (d) and 83% (e) reductions

� 2 e(�/MI3	/�o� TEM %R�k� SAED 
Fig.2 TEM images (a—d) and corresponding SAED patterns (insets) of the top–surface layer of the sheets after

asymmetric rolling for 21% (a), 42% (b), 63% (c) and 83% (d) reductions



�602 ��X�=�� � 49 2�S$K�, �K/{ 3 kN. |�p!�, Æ0�p�
20 µm :�, "KNiuk�{, �y 80—150 nm "}, �l SAED Æ5I7�g,GbH'&, w℄��D2, �t��S$�$(;℄�* ({ 3a). Æ0�p�
40 µm :�, ��S$sNi�y 100—300 nm �C�"SF, SAED Æ5I7��X)D2 ({ 3b). iJ0�p:�w;�{,� 60 µm D, ��S$,`C�"�A, yDgÆX,�m, | 40 µm :�S$!�, C�"/�m�Niq SAED Æ�a$r ({ 3c).

2.3 (q$�qo`�%N$yA�Q�f)�0\, 
0:�#(o���a/{ 4 kN. yA�Q� 21% D, �po�U5, iJ:��{, o����	, "Æ0�p� 30 µm :� yW�. iJA�Q�w;�{, /+o��r"�� yW�&, ��po��L;A5, yDo�8�Z��r, , 83% A�QD, o�8�Z��� 40 µm.

� 3 ��P� 83% Ce(�/	//�o#x9�R#�
TEM %R�k� SAED 

Fig.3 TEM images (a—c) and corresponding SAED pat-

terns (insets) of the microstructures at about 20 µm

(a), 40 µm (b) and 60 µm (c) deeps of the sample

after asymmetric rolling for 83% reductions
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Fig.4 Variation of hardness along the depth of the sheets

after asymmetric rolling for different reductions

3 v�*�	f)�0�, 
0�p3FS�k"S$, "H:�#(3FSo��>, !tGqf)�0J�[
0Æ�0NJ4H��p�kaO:5�. |x��7#M!�,f)�0�{�#MÆ,
, `���M�YqSm#qsa�3���B�3#M��ka5�S�po�8�3FNJ�Y`'�.

3.1 ��xj��3)�0#M�, Yqy
05��M�BZ%y
p��0M (�AM) S�5y
p (s�G|
p"}<?)�x-M. �4, �0MARJ
0�?�re6�3, ��p<�mm�1�k9�++�3, ga, s�0Mi��
0�r"K�au� (�kQs); x-MARYqy
0��p-�, .uÆ
0�pv��We6�3"H��ka��M, w�7�M�(O'�d|�0#MuA.y)�04, �GEd!y, �
5�p�46
ÆX84Ip5, Æ
0S�G5L�V�0=W|4Ip"}, g
0�[^d*y�G�;d�, 
05��p�x-M4'(4Ip#(; �Æ4Ip|
0S�G~D�V�S=W"}, g
0�[^dry�G�;d�,
05��p�x-M'(4Ip#(. �QÆX8~��04, 
04IpO4��peW|#(2O!!�x-MYq. f)�04, 
0�px-M�'&/{
5 kN. |�5+�G�ddG, �+G�?dG, sy5��G�Ed$y, �
5�p�46
 P1 S P2 "$ÆX84Ip5, �Q*eÆ 2 84Ip"}3FX8j�!, �4j�!`�!} (r0=W| P1 q P2 |S=W"}) x-M�Yq#(|y)�0!y, �j�!�
05��p�x-M#(�O!!, d�Æ
0�5��p3FS��M. F( [18,19] �t, ��MÆ
p-�i��u+l��ryx-M, ��YqARo4Æ�p-�. ga, )RPy�{�0~, "/�$y~
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Fig.5 Schematic illustration showing the distribution of

friction and shear stress between the sheet and the

rolls in the asymmetric rolling process (R—radius

of the rollers, v1, v2 and P1, P2—circumferential ve-

locities and neutral points of upper and lower rollers,

respectively)"}��0#(, r:P�p�ka�{�#M�++6��,6S�#(6�R�.

3.2 �z`#u�+Æ���o�pf)�0
0�p�k"�3FNJ:F�/�: Æ�0~SA�Q (21%)4Æ*D, �p%N�,�We6�3�3FS5m���m, y�mm�n|X�J�D, �?S[rS:S, 3FSC�kN���m. g�"0V�"K$($y, Æ�MYq�:`5��_[�`{S$y, d��F�mm��;f, sy"K�aOwN�m	�H��, �4.u�_[�5��$(�"K��?r��a [14], 3FC�", ga, �0R��p��S$�.u*��$(;��m/C�" ({ 2a).iJ�0~SA�Q��{, �mm�w;�r, �m�_[�[rS:SX#pJ�mE��$(;L;�r�C�", [X#peJ�m�K�Æ℄�a�"K�+�?, J"K�X)�a, ga, ��S$g),��m/C�", w�Ni℄t��*, "5LS��k", yD$(;�$��r ({ 2b S c). U6Æ�~SrA�Q�, 
0�p3FS�=H�.u4�|r��"���k"S$ ({ 2d).f)�0
0�p�k"�3FNJ|x��7_
Ti "KNi!��S$l�!y [20], $y"WARÆO8#p, �XOÆf)�0
0�p
S�m-a?, �Æx��7_ Ti �:8'S�S, �7;fAR:Fgy���3t��$y. x��7_ Ti m-a?�?t�O: "KNiÆr�l�QSl�d`4Æ*��3�_Ær�:8, �f)�0
0�p�l�t�O: Æ�0R�*g1W��m	�SK���?S�B�"K�a��pl�Q5LDÆ*wl�d`'X%Ær��p�3�_Æ*�_[by�5, sa:�, f)�0
0�p"$.��?m-a?�t�, )u
0:8Æ�

0R�.�m-a?�?�t� ({ 1b). ��O"�s*��(r��E��NJÆd, H/, y"K�a,�kQsD, x��7_ Ti �l� SAED Æ�4�'&�I7b, �f)�0
0�p�GbH'&�I7�. �7;f|�MYq#MuA, x��7#M�, x�`5
`|�[�p�?im�F, sa�i��5
`��#(�,e6�3uGyr��"��3F; �Æf)�0#M�, �C!Y~"}/��0#(uDy$y#(e6�3��?, wg�0~u�, ���MYq#(�/�S)OÆ�0#(5, ga, �v��e6�3��#(6|x��7#M!�"$O'.

3.3 Æ�qgo#j|k%Nf)�0\, 
0�p-����>So�4G�o��a. �Cv!0V�p�kaWEi��o��{:��y"K�aS{;oa 2 7+l, wrQF( [5,10,11] ℄%!t, Æ�k|�ks"���"KNi|o�"})T Hall–PetchA�, ga, s:�#(o���a:F(o��>8�3FNJ.9,{ 4 o�"���am
, :�f)�0
0'F 2 +', ro�l�!y�/+So����*��po�8. 
0/+t�J�0MYq�
0�r�?��a. �0R�, /+o�iJA�Q��{��r, �AROsy�0MJ
0�?S�r4�e6�3, d�v�"K�aS{;oa; sy�0MÆr, bJ�m�??0D_["Æ"�W[r, �mm��`$��{"J"K�?�X)�a, yD, g�m_[WQ�<?�{;oan|X�J�D, ei�._[��5�, ga,yA�Qn|X�J�D, /+o� yW�.�po�8yDW�0MS��M�Yq, �4�0Mi���a|/+!y, ���MeÆalU5i��X)�a. syj�!5��MH:�#(���*, s�i����>So�SG�So��a. s{ 4 :`6S, �po�83Fy�0R�, Z��� 30 µm; iJ�0~SA�Q��{, �po�8�Z����r, ÆA�Q� 83% Dn|� 40 µm. Æ�po�8�, �po�iJA�Q��{�$��r, �AROsyÆ�,����0#(���M�Yq��p"KNiL;�*k- ({ 2); o�H:���	OO�iJ"KNi�$��r ({ 2d S 3); yo�H:� yW�D (H/f)�0A�Q� 83% D, 
0s 40 µm | 60 µm :�), "KNiSl�!y, )O.ut�B��r��"�uk�6 ({ 3b S c). sa:�, o��a|"KNi"}uJm���lA�.

4 �	
(1) %Nd� 1.31, ~ 20 , OA�Q 83%, !Y~��0#(�f)�0\, ;V_ Ti �p3FS



�604 ��X�=�� � 49 2�=H�Ni�y 30—60 nm ��k"S$, !tf)�0:`JrNi�[
0Æ�0NJ4H��p�ka.

(2) f)�0
0�p�k"�3FNJ�: Æ�M�!,Yq�, �mm�A5, "wN_[�[rS:S3FSC�kN���m/C�"; iJ�0~SA�Q��{, 5m��m:,5^NJJ"KNi$��*�$(;L;�r, U63F�=H�.u4�|r��"���k"S$.

(3) �po�8Æ�0R�3F, iJA�Q��{,�po�8�Z����r, A�Q� 83% Dn|�
40 µm, �po�8�o�|"KNi��am�!A.f�� 
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[13] Lü A Q, Zhang Y, Li Y, Liu G, Liu C M. Acta Metall Sin,

2005; 41: 271

(_��, � N, F \, ℄ 1, ℄[s. �Z?�, 2005; 41:

271)

[14] Liu G, Mo C G, Wu B L, Zuo L. Iron Steel, 2011; 46: 70

(℄ 1, yE1, ��X, V N. 3u, 2011; 46: 70)

[15] Mousavi S A A A, Ebrahimi S M, Madoliat R. J Mater

Process Technol, 2007; 187–188: 725

[16] Jiang J H, Ding Y, Zuo F Q, Shan A D. Scr Mater, 2009;

60: 905

[17] Kim W J, Yoo S J, Jeong H T, Kim D M, Choe B H, Lee

J B. Scr Mater, 2011; 64: 49

[18] Ji Y H, Park J J, Kim W J. Mater Sci Eng, 2007; A454–

455: 570

[19] Ji Y H, Park J J. Mater Sci Eng, 2008; A485: 299

[20] Zhu K Y, Vassel A, Brisset F, Lu K, Lu J. Acta Mater,

2004; 52: 4101

(D>49: B?7)


