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ABSTRACT In order to overcome some problems in variable polarity gas tungsten arc welding (VP–
GTAW) employed for welding aluminum alloy components, poor strength and ductility of weld metal,
solidification cracking and weld porosity, a novel ultrafast–convert high frequency pulsed current VP–
GTAW technique is developed. The current converting speed in the novel technique is enhanced from
less than 10 A/μs to more than 50—100 A/μs and high frequency pulsed current which has a frequency
of more than 20 kHz is exactly integrated in the positive polarity current duration. It is expected that
the novel pulsed VP–GTAW technique can improve the weld quality of aluminum alloy significantly.
Thus, it is imperative to understand the effect of pulsed current parameters on the weld characteristics
in the pulsed VP–GTAW process. The measured results of 2219–T87 high strength aluminum alloy
weld joints show that the application of ultrasonic pulse current makes the coarse grains in weld zone
change to the fine equiaxed grains, and a band–like zone with finer equiaxed non–dentrites appears.
The width of weld fusion zone is obviously decreased and the mechanical properties of weld joints are
predominantly improved. The improvements of the structure and weld properties can be significantly
enhanced with the increases of the ultrasonic pulse current amplitude and pulse frequency, and decrease
of the pulse duty cycle in certain ranges. Compared with the conventional VP–GTAW, tensile strength
and elongation of weld joints are increased by about 22% and 111%, respectively, under the conditions
of pulse current amplitude of 100 A, pulse frequency of 40 kHz and pulse duty cycle of 20%.
KEY WORDS high strength aluminum alloy, ultrasonic pulse current, variable polarity, equiaxed

non–dentrite, mechanical property
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2219 �������%Æ "!��" Æ!"&
'(##$#�#)%$* [1,2]. $'%&&'(%)
�*+&� 2219 ���(%�, % �,'"-'((
)��" 50%—60%, ��)�!�* [3], "+,-*
2219 ���"�.)+&'. /�$�� 2219 ���
"(%�" 01+!#)#2.","$#, %-, &
,-2*'/()"..$/34�/0/5� TIG &
'(%*+ (hybrid pulse variable polarity TIG, 01
HPVP–TIG)[4]. 23&,1642, 0..$/3/5
�&'(%7+12%.3&/0*5&3 (ultrasonic
pulse square–wave current, 01 UPSWC) "4�4
'6�4'(/0&3)57*, 58���(9+8*
,��"-:679.+89,, 6%6(/�$���
��"(%:7 [5,6]. �-, &,6;- UPSWC 7*
8 2219 �����(9.;67$% !��""9,
&8, 5% HPVP–TIG &'(%)�"�.&'�<7
<, �%5/+$"�.)+&'9=.

1 ./0>
(%()/?=,% 4 mm " 2219–T87 ���

0:, >�;? (:7?*, %) %: Si 0.2, Fe 0.3, Cu
5.8—6.8, Mn 0.3, Zr 0.18, Al @7. :!��"<

1, ()";<�,% 446 MPa, @A2==% 11.7%.
(%1>>?&B% 200 mm×100 mm, 8%(9=,
200 mm, I 0Æ?. 1@(3$'A@% 2.4 mm "

ER2319, />�;? (:7?*, %) %: Si 0.2, Fe 0.3,
Cu 6.3, Mn 0.3, Zr 0.14, Al @7. (42'A3%C5
DB67C(%1>4A"B4, "A$'>�84*+
(10%NaOH+15%HNO3) 7C4A5>B. $'C68
4*+7C(3 ER2319 4A"5>B.

7 1 %../34�/0*5/5�&35098
7. 0C5�&3D9�C tp D, (%&'&35E
4 D':F�&/0*56;, EE:D/0E=&3
D9�C% tb, /0F=&3D9�C% t′p, /0&=
fH = 1/(tb + t′p), F#F δ = t′p/(tb + t′p).

0��� HPVP–TIG (%7+1, UPSWC GG
E=&3 Ib $F=&3 Ip #%H7*, H;G$&
,/0&3I= Ipp(Ipp=Ip − Ib)I/0&3&= fH

<JF#F δ 3 H)57*"9,. 0GH&';<
%"=>>, %H7I=;<%J?8(967$�""
9,, 6GH 2219 �����(9;0"$#, �@
7+1C5�D9:C"%A&3 Ieff IJB0'KK
CD5L. /0*5&3�%.$">?D$>JD/
>$=, 5E44E/0*5, %A&3 Ieff GH@>
L: [7]:

Ieff = [δI2
p + (1 − δ)I2

b]1/2 (1)

K1F?% 6 6, /(%7*@4 1 1A9, /1

1 1 M�	
�����	
�GBHI
Fig.1 Schematic diagram of hybrid pulse variable polarity

current waveform

K 1 HPVP–TIG LJNLMC
Table 1 Main welding parameters of HPVP–TIG

Sample Ieff Ib Ip Ipp = Ip − Ib fH δ

No. A A A A kHz %

1 155 – 155 – – –

2 126 100 200 100 40 20

3 129 95 155 60 20 50

4 129 95 155 60 40 50

5 139 80 180 100 40 50

6 138 60 160 100 20 70

No.1 1F$'KM% UPSWC 4'"/5�*5&3.
/D(%)�7*?N%: &35�/3&= 100 Hz; O
5�&3 195 A; CO5�&3D9�CF 4 O 1; W &

5/'A@% 3.0 mm "WC20; &5NO���(%1
>4A�, 3 mm; (%$, 120 mm/min; PP�E%
FL Ar, 37% 15 L/min.

DQA((9"*!GH�M1F, I' Keller 1
D (2.5 mL HNO3+1.5 mL HCl+1 mL HF+95 mL
H2O) 8JQ1F&�>�PK, 0Q�+.Q (OM) $
LR&M+.Q (SEM) >;R(9+.67, ST>?
$'UN+<7. UH(9M1F60 D/max 2200PC
) X NNONP (XRD) >&�QM?R. (,=>>,
$'NGRQA((%*!GH<21F, V6)�,H
3 H1F, 60 DWD–50E )&M<21@C>&�<
2�@, <2$,% 2 mm/min. I' DHV–1000 )*
NOSP (HV) +.O,S8(%% &�+.O,<
7, QMPT 1.96 N, PD�C 15 s.

2 ./23456
2.1 789:;<=>

7 2 %ST(%7*> 2219–T87 ���(%% 
(9M"+.67. KM% UPSWC 4'�, % (9M
67<T*RQS%G (7 2a); M% UPSWC 4'A,
(9M67<#RS%G, 6�0(91UVU*UW(
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9\UA�abW?c"XY#R]QS67, /?cW
,X+8AY#CVA0W]W, 6X(91U#RRQ
S67^X?c (7 2b—f). 7 3 % No.2 1F(9M
D#RRQSXXY#R]QS67" SEM 7Y, X#
RRQSDd0*7RV"eÆMTM (7 3a) ST, X
Y#R]QSDZRVQ, 6aZ0^%f_0 (7 3b).

g/0&3I= 60 A, /0&= 20 kHz, F#F 50% �
(No.31F), #R]QS0`>?-% 23 μm(7 2c). I
//'H/0&37*�, ST>?8&37*/>6S
a_, 0`ST>?`% 21—23 μm(7 2d—f); T�/
/ 3 H)57*, `��/0&3I=[ 100 A, \M/
0&=[ 40 kHz, IYF#F[ 20% �, ST2.2+

1 2 h��Æ��[ 2219 ��� HPVP–TIG ��
�
�
�
Fig.2 Weld zone microstructures of 2219 HPVP–TIG samples No.1 (a), No.2 (b), No.3 (c), No.4 (d), No.5 (e) and

No.6 (f)

1 3 No.2 Z\��
�����������
�� SEM ]
Fig.3 SEM images of equiaxed dentritic structure (a) and fine equiaxed non–dentritic structure (b) in weld zone

of the sample No.2
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X>, 0`ST>?IY[ 15 μm ]^ [8](7 2b).
7 4 %ST(%7*>(9+�M"+.67. K

M% UPSWC 4'�, (9+�Mb,Fc*, % 480—
560 μm, 6�0de(9M'i"+�MfYd0'=
2+"XY#RSb (equiaxed zone, EQZ), /670
,)5X(91UVU"#R]QS67]W [9](7 4a).
M% UPSWC 4'A, (9+�Mb,0'K+,>%
AIY (7 4b—f), �+�Mb,"/>[( UPSWC
)57*"9,c*, /1, No.2 1F(9+�Mb,_
Y, % 220—230 μm, �de(9M'i+�MfY"
EQZ EH^\,  0;<f.1S*O.="`WS6
7 (columnar zone, CLZ), 6a!(91_ (7 4b).
2.2 ?@;<AbÆBCD

��1S67D`WSc/%#RS"dg=>5
49% [10]

GL < 0.061N
1/3
0 [1 − (ΔTN)3/(ΔTC)3]ΔTC (2)

O1, GL %:/*MgA4D*M`,],, N0 %]`

d0a=, ΔTN %]`d0adg7h,, ΔTC %`W
S.=4D7h,. DO (2) 5Æ@, Jj GL $\M
N0 5%Ak&(9+8��1S67DT*RQS!X
Y#RSc/. 0 2219 ��� HPVP–TIG(%7+1,
M% UPSWC 4'A, &'8(9+84A9./L&
'!4', /L&='.3&b, T�, UPSWC :&'
D&'C>*M*&%+8AK!()^E2_, 0+8
DU0;'K�,"/L&lm, +8D*,��TMc
[(&='.3&b"/L&l!4' [11]. ��TM0
aU&'!$DU&l!#!"dT4'>, a4e&8
�"befL$cdfL, 8de(9M'i+�MfY
"Kf�M*9.*�i"0`4', '*A5%Aab
(1S0;"ST67, 0e,67=*"T�, ab"
ST;%(ST"0aa_ [12]; j'*Ag5<K+�
MU?K+"�+nTM, @ Al3Zr $ Al3Ti #k%(
91U, ;%�A"?:0an, Io+81"?:0a

1 4 h��Æ��[ 2219 ��� HPVP–TIG ��
�

�
�
Fig.4 Fusion zone microstructures of 2219 HPVP–TIG samples No.1 (a)—No.6 (f) (EQZ—equiaxed zone; PMZ—

partially melted zone; CLZ—columnar zone; HAZ—heat affected zone)
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*72+\M [13]. ja, p��-:1S;!�_,?
R, +8*,��"4e&8�3L%6(k&+8*E
��`,"`d�, 5%AJj GL, \*6?7hKC,
k&*(91S67DT*RQS!XY#RS"c/,
2+X>(9��1S67 [14,15].

(91UXY#R]QS67"0;f$GH 2 H
=>: 1S4DY";?7h,$'K7��A"?:0
a:n [16]. c2, +8DU*,��TM0.3&/L
&l!#!"g�4'>K2..dhL, 0;�%'K
�,".d5 [17], 6�0+8DlUM*c9..dd
hUg. gd5�,GH#>i==>�m52..d#
>A&, qj1S4D*M`,"h$?�, jI1S7
+hkii,  el(%7+1&'"jL, 1S7++
(-f, � 0gA4Dm0;*cY";?7h,. /
r, ()��1Hnd0".7 Al3Zr oT#�A?:0
a:n, 0+8�`=>>jgk2.+5 S"Pd>
n, s (3"S@1@5Pm(31G%" Al3Zr #o
T"-U?Pd>n, 60%/�:!"4'>ip0+
8AY, GH*>h 2 H=>, lm5<0(91U0;
X+8AY0W]W"XY#R]QSb [18]. 0'K&
37*KCD, /0&3I=n*, /0&=n�, EE:
D/0D9�Cnh, `F#FnY, 59.".d5�
,n*, � 8#R]QSST"X>4'mn2+. 0
(9fYjgkGH>h 2 H=> 0;XY"#RS
67, &, [19,20] i%, +�MXY#RS"0;l '
H0a$=*"7+, G$ ()1" Al3Zr $ Al3Ti
.YoT0-:7+1�<**7"?:0an, k&*
?:0a&+. s 0M% UPSWC 4'A, +8��
3L�\�jI+�MfYKf�MD*7" Al3Zr $
Al3Ti .YoTÆko, p p;+�MDXY#RSb
"EH^\, @7 4b A9. L7<>?R5<EV, (
91U$+�MfYXY#RSX(9M#RRQS"
0;C4mjST.

7 5 % No.2 1F(91U" XRD k. 5q, 0(
91_M*C**7 α(Al) :5Ea, gGG%'U?�

1 5 No.2 Z\��
� XRD l
Fig.5 XRD pattern of weld zone of the sample No.2

>M CuAl2 $=7" Al3Zr TM. ja(91gG%5
=7" Al3Ti TM, sD(/0�`=>>5k2.+5
�G7mj SkÆ;R(.
2.3 ?@EFGH

7 6 %ST(%7*>D 2219 ���(9\UA
1NUn"+.O,?c. 5<EV, k1FO,VN"
/>noEH'j, `%(91_M*O,c�, NO(
91_ 3—5 mm "(9+�MO,2+>J (;%(
%% "tpUn). 0M% UPSWC 4'A, ST&
37*>(91_MO,Fc%e (98—104 HV), XK
M% UPSWC 4'MF, (91_M (90—98 HV) $
+�MO, (_j 69 HV) `o('K+,"��. K
M% UPSWC 4'�, &';4'Io(9+�MD2
."+"()U?[;+>$+(-:7+, D(��5
: Cu qq"0l?(:*Y( 1, �-0U?+>M*
(partially melted zone, PMZ) DVU*"+"5: Cu
qqDSgUnrR [21], p; α(Al) :5ED Cu q
qG7*I,Jj, 0/STDU'RV5=7"�>M
CuAl2 #, s[SRV, �-t Cu " α(Al) :5EM
*O,r2+>J [22]. M% UPSWC 4'A, '*A&
';7m%n1, ()U?[;9,"4'Ip; j'*
A, (9+8*,��9."c�4e&8�3L%6(
;7"uq$0l, 50'K+,>/�()U?+>�
�D5: Cu qq"?cW,, ��oUn"O,, /1
No.2 1F(9+�MO,"_Y='(* 81 HV. p7
6 1g5;R(, ST(%7*>(9+�MUn_jO
,M"b,l%AST, No.2 1F"b,_Y, sXo1
F(9+�Mb,_Y"/>&8'j.

4 2 1AF% 2219 ���()$ST(%7*>
% "<2!��". 5<EV(%% ";<�,$@
A2==`j((). KM% UPSWC 4'�, % �,
:*'% 0.57, @A2==I'(()" 27%; M% UP-
SWC 4'A, g/0&3I=cY (No.3 $ No.4) ^F
#Fc* (No.6) �, % �, (290—295 MPa) $@A

1 6 h��Æ��[��
�t���
Fig.6 Distributions of microhardness in weld joints under

different welding parameters
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K 2 rvpNLLospqu
Table 2 Mechanical properties of base metal and weld joints

welded at different conditions

Material Tensile strength Elongation Strength

MPa % coefficient

Base metal 446 11.70 1.00

Joint 1 255 3.21 0.57

Joint 2 310 6.78 0.70

Joint 3 291 4.66 0.65

Joint 4 295 5.00 0.66

Joint 5 302 6.43 0.68

Joint 6 290 4.75 0.65

2== (4.66%—5.0%) qFc%e, g��/0&3"
I=$&=6IYF#F (No.2 $ No.5) �, % �,
$@A2==`2+\M, ?N'( 300 MPa $ 6.0%
<>, sXk1F(9+�Mb,/>$% O,?c&
8'j. smv2 2219 ����� HPVP–TIG (9S
T67"X>$+�M5: Cu qq"?cW,8(%
% "!��"�%tK�4'. ja, No.2 1F"% 
�,:*'( 0.7, @A2=='(()" 58%, XKM
% UPSWC 4'MF, % ;<�,$@A2==?N
��*- 22% $ 111%, % �,$w�`2+\�.

3 2I
(1) $'..$/3 HPVP–TIG &'(%)�&

� 2219–T87 �����(%, 52+X>(967. (
9M67DT*`WSc/%XY#RS, 0(91Ug
d0'/abW?c", X(9D"#RRQS67^X
VU"5XY#R]QS67.

(2) �4/?'(.3&/0*5&3 (UPSWC)
7*, 0'KKCD\M/0&3I=, ��/0&=, I
YF#F, 5\�(9M67"X>A6, I#R]QS
ST>?2+IY.

(3) M% UPSWC 4'A, �4/? UPSWC )5
7*, 5IY(9+�Mb,, /�(%% "O,?c.

(4) M% UPSWC 4'5+8/�$�� 2219–
T87 (%% "!��", % �,$w�`2+\�.
XKM% UPSWC 4'MF, g/0&3I= 100 A, /
0&= 40 kHz, F#F 20% �, % ;<�,$@A2
==?N\M*- 22% $ 111%.
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