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ABSTRACT High speed GMAW (gas metal arc welding) is an effective way to improve the welding
productivity, however, its application is usually limited by the occurrence of several weld bead defects,
such as humping bead. Based on the experimental results, a mathematical model is developed to
analyze the forming mechanism of humping bead for high speed GMAW through considering both the
momentum and heat content of the backward flowing molten jet in weld pools. One term related to the
momentum of backward jet is added to the equation of weld pool surface deformation, and the heat
content of overheated droplets is distributed within the layer covering the whole pool. The humping
bead forming process and its dimension and 3D geometry are numerically simulated, and compared
with the experimental measurement under some welding conditions. It is found that the model can
describe and characterize the humping formation in high speed GMAW quantitatively.
KEY WORDS welding, high–speed GMAW, humping weld bead, numerical simulation
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B5, H .BÆ�E�, ϕ(x, y) .23$��#7G/.
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qe � qr 08.�5 I6�LI@J4, B (3) � (4)
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f�.

���� 5179$�, 235�8>365�3
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3456T x �>��� U . _bD/3E�J56��
. 0, 1c/23d-�:, UV65>23?<���
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*, eh 1 6T.
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,�UV��. ?2386 OO′–B(lX�. L) N0.
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B5, V0 .26&f23���� (�:5b.gf�
�), kv ��OfA/ (�!F��55 ���� �f

� 1 ��high���i��iij

Fig.1 Schematic of liquid velocity distribution on any cross

section of weld pool

� 2 ��mg�iij (y=0)

Fig.2 Schematic representation for the longitudinal section

of weld pool
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T26721jF8jJ���. a1 �k!F��55�
j, ��55��, 51/��, a1 !&��. ��55�
�, 514��3769;�:, 3769�26���
lk4��l, 26jJ3!��. ������, �f5
gh A"�hi�Y, 26�k54�1X\m36;M
:�23�\ [5], �c223�\8jJ���&��.
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��f5g1E:�@F, C23,c�UV6���0
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1�:Q�����BmMÆ4, a1=5.0 m/s2,
kv=0.5, :9DD79, 235695�Y���.
0.473 m/s, F:; [12] 79 (0.5 m/s) Mn_. %�
���1 1.5 m/min ��& 1.8 m/min �, kv 1 0.5 o
>& 0.75.
1.3 Npq�M`a
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14�, R�3426@;1XN23,�0P. �_

b/@�26@;4�1XN235. 1XT23X��
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HJ36;�E��j. eh 3 6T, hl(x, y) .23,
�"�36;E�, H"UV6,26@;�4�Q�.
Klhl(x, y)(Kl .�OfA/, 1�:5 Kl=0.25). CB
(2) 526@;0PG/ Sv(x, y, z∗) Q$f.

Sv(x, y, z∗) =
Qd

V
(9)

B5, Qd .26go23�@;;, �K*��hJ:;

� 3 ��������iij
Fig.3 Schematic of heat content distribution of transferred

droplets (hl(x, y) representing the thickness of liquid

layer, Kl taken as 0.25)
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[8,9,13], V =
∫
Ωl

∫
K1hl(x, y)dxdy, �26@;4�FG

�6T.

2 <stu��v
#��w�� GMAW BmMÆ (��55 350

A, ��5K 27 V, ���� 1.5 m/min, �qliE
6 mm, i:S�), l�:1�����/o00, mf�
��L�j 23#7FGH��(�#�/!0r7�
  9.

h 4 �A�8 1.5—1.8 s �BÆ:$�L�j�D
D79. Q=n�, t=1.5 s � (h 4a), 1X3769�
�5>23?<, 423?<g��;�@, 23koX
(23X�. 44.2 mm). .235B<F��<037
:;hi51Mx, )!A�R&51@�4�, L�%

s4WKF23?<JO, HJ#�J��LF (1790—
1970 K)K.23?<�.3669ST, m��;26
@;, tJX�LF (2475—2800 K). % t=1.6 s � (h
4b), 235<�37:;L�kc4W, F 1.5 s �JO,
y �>�a� (1790—1970 K FG) ���H�bY, =
%s[X23?<\D. 1 t=1.7 s � (h 4c), 235<
�37:;pqu\D, 3769k0W�� 8K<0,
P�b 1 N" &qu#�, 23�<)-p�.L*.
r�23, �?<%s��3769r�ST. nk�B
�sX, 1 t=1.8 s � (h 4d), 23%sr�q�X�,
b 1 N" &%sgV\D, b 2 N" %s#�. DD
R��"N/9F� 5179 [11] n_. .1 t=1.7 s
�, r#��23L�M� (1 2475—2800 K  B), �
$��, r235tU1��5>23?<�695, ?

� 4 n�v��til�wu
	�

Fig.4 Simulated temperature profiles on the top surface of a low carbon steel sample welded for different times

(weld speed 1.5 m/min, current 350 A, volt 27 V, sample thickness 6 mm)

(a) t=1.5 s, tail part (the left) of the pool is at high temperature zone

(b) t=1.6 s, middle part of the pool begins to solidify

(c) t=1.7 s, middle part solidified and the first humping formed

(d) t=1.8 s, the first humping solidified and the second humping appeared
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�;26@;go23?<, P�26@;0P00__
b.0P1:$�od (h 3), S.NH1#�r23�
msr+, :$�23L�M�.

h 5 �)P�G235gys�qtV. 1.5 s �
(h 5a), 1X5>23?<���695�4�, E23

5< (x @F 65—75 mm) ��37:;, 23?<��
69ST, uA��. 5.0 mm. P�, "<037:;
1Xi515gMx, �W�@;YXJ4�@;, %s
\D. 1 1.6 s � (h 5b), �<037:;pO\D. &
1.7 s � (h 5c), 37230��H� 2 <0, �51 x

� 5 �pmg����wu
j
Fig.5 Shape evolution of longitudinal section of the pool corresponding to Fig.4

(a) t=1.5 s (b) t=1.6 s (c) t=1.7 s (d) t=1.8 s

� 6 nvxv�����j
Fig.6 3D maps of weld bead at different times (weld speed 1.5 m/min)

(a) t=2.4 s, the second humping is forming and the surface deformed obviously

(b) t=3.2 s, the third humping is forming
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@F 50—65 mm J�3769ww\D, #�" Kx

@F 70—95 mm J 1 Nr�" Q?#�. 1.8 s � (h
5d), H" �H#�. h 6 � 2.4 � 3.2 s �BÆ:$�
#���(. Sh5Q=n�, t=2.4 s � (h 6a), b 2
N" D1#�5, 23$�L#OM^6K& t=3.2 s
� (h 6b), b 2 N" &pqu#�, =%s#�b 3
N" , 6q�h 4 Fh 5 �/9. ##��b 2 N" 
���YXb 1 N" ��, �$��, A1r+, 23)
w#��, p��;bf69ST&BÆ:, ��b 1 N
" ��U�.

h 7 ��!�#�� 79. 1;�" �(:op
 q�oprq��� Jx 2 N" �Bh=7�!�
2Q 2a!/9, =F004��/!0579JOM,
e$ 1 6T. QJ, Q��:00R��DD79F� 
79s�n_, #" ���/9t�rx. ��"�r
x�$�Q!�, " �(005'�34!' $, �
\:" F!'P���; 1XU1!', E23?<S
T�<069m�c>�!5gk5, S.��" �p
r��r!M�. T,, 4.AP-&�b�c, �:0
0V[0r" �(���/9, ))!:<" $�:
��UYZj�$�.

.�m�c 9V00, DD�T�BmMÆ4�
�(�#ML (�y��h/P�, ������&
1.8 m/min), 79eh 8—10 6T. Q=n�, 1�y
��h/)L�ML4, ������ (1.8 m/min), y
AV!;W�, S.E�!a��2QbY; P�1X�

������, 26/\�t>k5s6y1X\m36
;M:�23�\:, uL�>8F2369�A5>2
3?<. V�, 267223�\8jJ���o>, �
��5>23?<�695��,F ��� 1

2ρlU
2 3!

O&J�o�, S.E23W&t����695/, "
 tG�#�, E" BhbY. $ 2 OM�����0
8. 1.5 � 1.8 m/min ��DD79. 1$Q\, MO/
!v_�������" �(�L*J`.

� 7 ��������
Fig.7 Humping bead formed on a low carbon steel sam-

ple after high speed GMAW (welding current 350 A,

weld speed 1.5 m/min)

z 1 zz{{z{wtu|
Table 1 Comparison of measured and predicted data for the

same weld parameters (weld current 350 A, weld

voltage 27 V, weld speed 1.5 m/min)

(mm)

Reference Weld Weld Hump Valley Spacing

width penetration height height of hump

Measured 8.5 4.0 5.0 1.7 33.0

Predicted 9.6 3.8 4.5 0.2 27.1

� 8 n�v��til�wu
	�
Fig.8 Evolution of temperature profiles on top surface (weld speed 1.8 m/min, other conditions to

be the same as in Fig.4)

(a) t=1.9 s (b) t=2.0 s (c) t=2.1 s
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� 9 �pmg����wuxj
Fig.9 Shape evolution of longitudinal section of the pool corresponding to Fig.8

(a) t=1.9 s (b) t=2.0 s (c) t=2.1 s

� 10 ����j
Fig.10 3D map of weld bead (weld speed 1.8 m/min, t=2.8 s)

z 2 v{y}|z}|{ywxyzz{wtÆu
Table 2 Comparison of predicted humping bead dimensions

at different weld speeds

(mm)

Welding Weld Weld Hump Valley Spacing

speed width penetration height height of hump

1.5 m/min 9.6 3.8 4.5 0.2 27.1

1.8 m/min 9.0 3.0 3.3 −0.4 21.5

3 tv
(1) :9�� GMAW /9�L", |_34238

>365�4�, 23$�L#�95o>8>365�
3!O, =?26@;0PXXN23, <=�v_��
GMAW BmL"���L�j�23/!0500.

(2) l�<=�00, DD��w��BmMÆ4
(����. 1.5 m/min) �" �(#�/9=7�(
a� 2Q " /pr�� " Bh!, =F� !m
f�OM, Kis�n_, 9�6<=�00M|sPQ
��� GMAW /9�L".

(3) 05�T�w��BmMÆ4 (������&
1.8 m/min) ��!�#, ?�(a� 2Q " Bh!
/9F���� 1.5 m/min ��ML3�OM, �79
v_�������" �(�L*J`, .m�c*;

05�� GMAW "  $�#}*z*�s{.
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