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ABSTRACT The W coatings prepared on structure materials (V–4Cr–4Ti) as plasma facing mate-
rials, not only can release impinging thermal power but also can resist erosion under plasma particles
bombardment in international thermonuclear experimental reactor. The electro deposition of W in
Na2WO4–WO3 melt as a promising technique was studied in this work. The effects of current density
on microstructure and mechanical properties of W coating were investigated, and the results show that,
with the increasing of the current density, the trend of crystal growth is promoted and the grain size of
W coatings increased. The nucleation easily occurs on V–4Cr–4Ti alloy substrate for W atom, and af-
ter that, the growth of crystal nuclei is the most important factor for the formation of coatings. When
the current density increases to 100 mA/cm2, the metallographic structure of W coatings presents
columnar or stripy structure, and tooth–like grains were presented in microstructure as current density
is lower. The Vickers micro–hardness of W coatings is decreased as increasing current density, and the
adhesive strength of the coatings is greater than 59.36 MPa by the tensile test. Although the thickness
of tungsten coatings is 10 µm as current density is 10 mA/cm2, grain size is less than 5 µm, Vickers
hardness, current efficiency and the coatings adhesion are all maximum, and the values are 628.42 HV,
99.71 % and 96 N respectively.
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�746 2����� � 49 J5� W IH(<<{\��)�, �<{F����, /	ir{��3UHi℄{wÆK��}r℄{Pd�wÆ�), 7^ W 86IHT#{:D, `(EA��W4�r,E���WRl{86�W6�-|�Xod��{�-} [1,2]. 2|, FK5� W rW
<�~*��/	<{Q}b�,Q�)o}, $DbW�WaG�� (ITER, international thermonuclear experi-

mental reactor) �(E%HD�{�n}b�,�)�-|0�A{ �-| [3,4]. f�K>$-|, V–4Cr–

4Ti FKIH'<{<HF��~{W):o7���/m{w}�), ��
(G��{o
.L-| [5]. �n}b�,-| W O.L-|p({fP�D�aG�-|�iH�"{45, �b V–4Cr–4Ti �,l�C�
W 86�)�~a W  V–4Cr–4Ti p({Hu	�.�K� W {�D�a, ��℄(H�℄�z)xtMI3~/ 5�{Mg5, zHb\�,W�/T/�C�U℄5� W[6]. BH#0D{\��/�{(2, $D:D'�{Hda\�,W: �wP,W [7,8]��wP –�wPzgP,W [9,10] �wP,W [11]. FK�wP,W�wP – �wPzg,W�G'q�{F��.�{"Li<, ��wP�/�,WIH����,(�8, _2��\�2('[�, 7�bU�u9:D�iHD� [12]. �y} [12] g℄: [13] -?� Na2WO4–WO3–ZnO dS,W{\����}x W 86iMy'EgY{�D, �U ZnO T/�q#~\�{\�#)<����, p� ZnO _2O5� W )2C�t�,l, >j W 86{�)�	C� [14]. Liu } [15,16] eP,�Dy Na2WO4–WO3 ,W, �G,"b3g5�,~{w;�,l�C�y|�℄ W 86, #G}xn�i 1 mm {E686. ov�D �, \��C��� W 86�)�(<Hu{%�. $D, W':�K0D\��C���b V–4Cr–4Ti�,l�� W 86xR��D, 7^, ��D0D\��C���, jDw��Vb V–4Cr–4Ti �,l�C���y W 86, #W4�Dy�����w��C� W86_A.L�){>j.

1 av�>~��0D,Q℄ Na2WO4·2H2O  WO3, /
Na2WO4 � WO3=3 � 1(!��) 9~Fu, 6dzgL[pbUBB*[vH{ 900 �. �~��℄ W Y
(15 mm×10 mm×6 mm) (E���, ~{w V–4Cr–

4Ti(15 mm×12 mm×3 mm) (EG(��, ��,"? h�/SXd, `DH�℄Qb��JU6B. Eyxt ��u/	�w�)E�{5� W 86, 'Dbw��{K\[, ����{�w� V–4Cr–4Ti �,�C� W 86_A.L�){>j. �~��y

�w��V, 8�����` 10 mA/cm2 *_g�t
160 mA/cm, g0E 30 mA/cm2, �C�|�E 1 h.!zgp{U|'a�!��, vHt 900 �, kH
30 min. p(℄G(�����p, 9~�C�. �C�.�p!G(��PU, ��'a NaOH ℄(Qb���JU, QV �\�. 0D Rigaku D/MAX–RB

X od�o, (XRD, CuKα /o)  LEICA DMRSÆ_AA, � W 869~Pf*�#v{,Q. b
JSM–6480LV {f��Al, Q7y W 86{ �}�*�}�. Ey5�\��C� W 86{oÆ�), ��  �? /p9~y��.go3�. _A��3��D LEIKA CMHT ��,, __ 100 N, Æ_
10 s. uh~�0D MFT–4000 �H)-| ��)��,, ^r~�b WDW–20CD A�X���;)~��l9~.

2 avOE{Y
2.1 i27lpBm5� W H 3 �.La{, ,"� α–W, β–W 
γ–W. >�, α–W �K�<{, �K bcc .L, β–W ��K<{, k% A15 <?, β–W zHbH�{.�[/)Ua, %b 630 �/[�K�{, �b 630 �/le�wE α–W, �Go)[L�(T*{. γ–W �K fcc .L, 7�ab o%S{6N�} W �; 700 �|��E α–W[17]. 5 1 E(2����[}x W 86{ XRD :. T/OU, b 10 mA/cm2 t 160 mA/cm2"C'LT/�C�℄ W 86, #GLE bcc { α–W.o).Y��, 0D Na2WO4–WO3 \�,W, T/b
V–4Cr–4Ti �,l�C���U W 86.

2.2 _u94M W 7KUb\��C�{[L�, 8�lC�{ W {b�V
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Fig.1 XRD spectra of W coatings with different current

densities



� 6 ; e�v| : ���Æ� V–4Cr–4Ti e3�*j�A� W 64℄?,Jy<h 747��"_�K�� W, %�{�w��Id�PW. b\Z{ Na2WO4–WO3 �T)db{M�BE WO2−
4 

W2O
2−
7 , %�db`[{4jPW:

W2O
2−
7 +O2− = 2WO2−

4 (1)q:���y�t��l, ���u{ :E:

W0
− 6e → W6+ (2)

W6+ 9at\Z��, �u`[{ ::

W6+ + 4O2−
→ WO2−

4 (3)BH�y} [12] g℄: [13] {�DS�8�l�u{��[LE)) 6 ���{�T*[L:

WO2−
4 + 6e → W0 + 4O2− (4)o�8�x 6���{ :x/(�9~, �7E��5� W (Eb�V(��&P W b�, Æqy W )M�jC�t8�l. ~��D��a, ��W {�u"x��"lK8�C�{ W 86�u, U7T)�bl�{[L�, W6+ \"O O2− .gG WO2−

4 p, /�u)) 6 ���{xU :, 2|5�b<H\��xT)y℄/)*,, ovU7r|{5�"x�Uy���u
#~. 7^, b\��C�[L�, ������u
}1�� W 86{.LO�)H'l{>j.

2.3 9W℄;= W i2��t[7yr5 2 �(2����[�C�{ W 86 �{
SEM m. `5�T/OU, 86z,|�, �HQ7t}JWX. !�����{g�, 864L<mOfgl. q����E 10 mA/cm2 |, <mOfrK 5 µm,�G 3 �z,Ss (5 2a). q����g�t
40 mA/cm2 	Dl|, 86<mOfb 20—30 µmt�, G<mlr(L[ (5 2b—d). 5 3 E(2����[#C� W 868�5fm2. F5T�, !�����g�, 86{n�$
�g�, q����E
40 mA/cm2 |, 86n�E 20 µm, ����g�t
160 mA/cm2 |, 86n�Tit 50 µm, p����il|86 �(L[, ("b� {�%Xy>U�_{r�<. 86<mOfn�!�C�����g��gl{aoO Liu } [16] �u{b3g5�,l�� W86{.Y)|, Go).Y�"�FK5�b�<aGa�
<au>�
{86#|. )	XE, 5�b�b��lxUE “R3U�” tp, x��?hFn�
“R3U�” #vGE<,{�)[L%)}G5�C�6, �o�[L�)�b�;>j[9~{.<[L, NFE�.< [18]. �.<|,s�)	9~, .<az{}G.<a{u>, <a{}G�
<a}Gp{u>�
K�y#x.<{aY. `Y<a{uG��'Z,�<auGpu>���, euG<a�$'�, <mY

g 2 '1����|w W 75z SEM l
Fig.2 Surface SEM images of W coatings with different current densities

(a) 10 mA/cm2 (b)40 mA/cm2 (c) 100 mA/cm2 (d) 160 mA/cm2



�748 2����� � 49 JY;  t<m'a [18,19]. T�b4<H,W�C�5�
W |, ����{gl9y W <a{u>, ����gl|<m{Ofgl.F5 3 T�, ����'r| W 86�8�I���#v, ����gl9<a>l, <mI��.�.L. FK�n}b�-|{ W "?�<W2_{Q�, T>W {<mIZw �{��.L, o )�bW2_{(D[}J{℄i%n (�<m{u>%n), `��m � W 86FK}J�r|{�Æ [20,21]. (:
V–4Cr–4Ti�,{ W <mOfz,Yr, }atp�_x	>l, Wb�,:C W 86{<mOfil, W U��y}a>l, I��.L. U7� W U�D_2b
V–4Cr–4Ti�,l}a, �b�C�{ W l��y}ap<a(�>l, oO Koji } [22] b KF–B2O3–WO3\�,W�y} [12] b Na2WO4–WO3–ZnO Z�,W�, Cu �,l�C� W �D#x.f)|.

2.4 9W℄;= W i2z;7yr5 4 AUy W 86{ Vickers ��!����{�wOd. q����E 10 mA/cm2 |, 86 �{<mOfrK 5 µm, >��y<i 628.42 HV; ����glt 40  70 mA/cm2 |, <mOfb 10—

20 µmt�, p��y[#t 446.52 427.18 HV;�	gl����, <mOfb 20—30 µm t�, ���yb
430 HV &IGMKK�. o�86��!�����w{aoT)�F<mOf{�w9?{, FGgd [23]

Ts, 5�<mYr, <0EY�, �Gg℄
{!�EYl, -|�Q�}{!oEQl, F���Y<. ����gl|, <mOfgl, f2��NP'{<0�m,r|��y[#. �����[ 40 mA/cm2 |, W 86<mOfgl{M�-?(�i�_, 7^, W 86{��y�w'r.

2.5 94M W 79WsX����gl, nG|�')I{�uEY�, F
Faraday �)��Ts, 0[�/�℄({�uO8�lQU{P��uGp�, #/~�� V–4Cr–4Ti �,�C�{ W {�uEg�. p�#(�����YlY℄,Vyl�)t{����gl|<m�aUar�<:,��u
y$�Hu{5�1�. ��u
�/ Fara-

day ��E�WxU{, % Ay~���l�u :#p^{�_uO� Faraday ����#�d�_ut�. ����ir|, �wÆ�w?�r(D, �C�5�
W {u�8� �M�b�xU :�
X�; !�����gl, .8�w9?{�w(D_gF, �C�5� W {u�"�F�/�\�'{M�b�C+uK�{ [24]. �U����g�, b�C+�
g�, p�8� �M�b�xU :p^{�_u, W7(l�V)I�_u. 5 5 E(2����{��u
�C� W{�u. F5T�, ����g�, 8���u
#~, q����E 10 mA/cm2 |, ��u
it 99.71%, ����it 160 mA/cm2 |, ��u
7H 63.08%. X�

g 3 '1����|w W 75z�7�4el1
Fig.3 OM images of W coatings with different current densities

(a)10 mA/cm2 (b)40 mA/cm2 (c) 100 mA/cm2 (d) 160 mA/cm2
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Fig.5 Current efficiency and mass of electrodeposited W

with different current densities����(7)}x<mYr,  �L[|�{ W 86,�GxT/+w)V, )<��u
.

2.6 W i2|Je7QH^;86O�,{.gK\�86{:D(<�", Eyju(2����[ W 86 V–4Cr–4Ti �,{.g�), 0Duh~�_�386O�,{.go{�0__. .Y�a, b(2����[ W 86O V–4Cr–4Ti�,{.gof8(�, b����E 10 mA/cm2 |,.go{�0__%lE 96 N, ����E 100 mA/cm2|, �0__%rE 86 N. EyDwQ5� W 86O
V–4Cr–4Ti �,{.gF�, jD^r�3�����
100 mA/cm2 { , h.�D E7 $. ~����b
E7 $X�}, � W 86�H"i, �HO�,9b, >� E7 $�}|%l{F�ity 59.36 MPa, T/��
W 86O V–4Cr–4Ti�,{.gF��[ 59.36 MPa.

W 86O�,{o�r℄.gF�O\��C�(�{86u>%�HP. 
\, b<H\��9~�C�|, WO�,5�$9~�q℄e{[L, q℄e6�xC�6O�,�.gxD�`O [16]. >_, 5� W 86C�t

�,l�)��wÆ :{[L, BH5�{�.<Ud,<, �db{)vRb (`Gg&)}) G})u'~, �'K�, ==��}G<a{�%, q:*�Vy���p, 5�b�\�0[℄eUpb�wÆ�w{(D[9aov<a#>l [25,26]. bo��wÆ[L�, W<a{}G>l�86u>{�W. T�, �C�%�}x{W86O�,{.g(��n{�w~Pd[L,�db�q℄e1^{�wÆ :, oEÆqy86O�,(<r℄{.g�.

3 OY
(1) ������C� W 86_A.LH�">j.!�����{g�, W <a{u>�
gl, <mOfgl, 86{n�$bgl. W U�D_2b V–4Cr–

4Ti �,l}a, �b�C�{ W l��"�<a>l{[L. ����'r|, W 86I���#v, ����'l|E��.�#v.

(2) �C� W 86{��y��u
!����{gl�#~, ����E 10 mA/cm2 |, ��y%lE 628.42 HV, ��u
%lE 99.71%, q�����[ 70 mA/cm2 /p, W 86{��yÆMb 430 HV&I, GMKK�.

(3) (2����[ W 86O V–4Cr–4Ti �,{.gof8(�, b����E 10 mA/cm2 |, .go{�0__%lE 96 N, W 86O V–4Cr–4Ti �,{.gF��[ 59.36 MPa.0Sko
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