
Characterization of molten pool behavior and humping formation
tendency in high-speed gas tungsten arc welding

Xiangmeng Meng, Guoliang Qin ⇑, Zengda Zou
Key Laboratory for Liquid-Solid Structural Evolution and Processing of Materials, Ministry of Education, Shandong University, Jinan 250061, PR China

a r t i c l e i n f o

Article history:
Received 24 March 2017
Received in revised form 26 July 2017
Accepted 28 September 2017

Keywords:
Molten pool behavior
Humping defect
Dimensional analysis
Scaling analysis
GTAW

a b s t r a c t

The humping defect which easily forms in high-current and high-speed gas tungsten arc welding (GTAW)
severely deteriorates the homogeneity of weld properties. However, the complicated and multi-coupled
transport phenomena in molten pool make the quantitative characterization of humping formation ten-
dency difficult. In this paper, dimensionless groups containing characteristic heat and fluid-flow variables
of molten pool are determined based on Buckingham p-theorem. These groups with clear physical impli-
cation correspond to important and peculiar molten pool behaviors during humping formation, and they
can be combined to evaluate humping formation tendency. Scaling analysis is then employed to study the
molten pool behaviors in high-speed GTAW, in which the analytical equations between characteristic
molten pool variables and process variables are formulated. The scaling laws are well verified and cali-
brated by numerical data from a numerical heat transfer and fluid flow model. The dimensionless groups
and scaling equations show an explicit relation between process variables and humping formation ten-
dency. The proposed methodology has low computational intensity, and can be easily applied to give a
quantitative description of humping formation tendency at different welding parameters and to predict
humping formation.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The gas tungsten arc welding (GTAW) is a critical joining tech-
nology in a wide variety of industries. With the development of
modern industry, it gives rise to the demand of higher productivity.
However, it has been generally accepted that higher productivity of
GTAW can hardly be achieved by proportional increase of welding
current and welding speed due to the occurrence of humping
defect in high-current and high-speed category [1,2]. Humping
defect is defined as periodic severe undulation of the weld bead
along welding direction. It deteriorates the homogeneity of weld
property and may cause stress concentration.

Humping formation is closely related with the heat and mass
transfer in molten pool, and several theoretical models based on
experimental observation or analytical derivation have been pro-
posed to explain the humping mechanism from different aspects
of Marangoni stress [3], compound vortex [4], hydraulic jump [5]
and arc impact [6], etc. In order to make the problem tractable,
humping formation is usually ascribed to one dominant factor or
balance between two factors in these models. However, consider-

ing the complicated transport phenomena in molten pool, this
treatment may be over-simplified. Additionally, humping forma-
tion can only be depicted qualitatively and cannot be predicted
by the above explanatory models due to the lack of accurate exper-
imental temperature and fluid flow data in molten pool.

The accurate temperature distribution and fluid velocity of mol-
ten pool can be calculated by numerical models, which offers the
possibility of explaining humping formation comprehensively.
The detailed humping morphology or critical welding parameters
can also be predicted. Three-dimensional numerical models of
high-speed GMAW were developed by Cho et al. [7], Chen et al.
[8], Xu et al. [9] and Wu et al. [10] to study the heat transfer and
liquid metal flow during humping formation. The capillary insta-
bility and rapid solidification of necked channel are revealed to
be responsible for humping occurrence. The transport phenomena
and the associated humping formation in laser welding were also
studied numerically by Zhou et al. [11]. Kumar and DebRoy com-
bined the numerical model and Kelvin-Helmholtz instability the-
ory to predict GTAW humping and to identify the influential
factors [12]. Meng et al. proposed a computational fluid dynamic
(CFD) model to calculate the temperature distribution, fluid veloc-
ity, free surface deformation and solidified weld bead profile in
high-speed GTAW, in which the detailed morphologies of undercut
and humping were simulated [13–15]. The numerical simulation
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provides a powerful method to describe humping formation ten-
dency. However, it is generally computationally intensive and
time-consuming. Several hours or even tens of hours may be
needed for one simulation case, which may reduce the
serviceability.

The objective of this paper is to propose an easy-to-apply
methodology for quantitative characterization of humping forma-
tion tendency in high-speed GTAW. Firstly, dimensionless groups
containing characteristic heat and fluid-flow variables of molten
pool are determined by dimensional analysis. The dimensionless
groups are not derived arbitrarily but with clear physical implica-
tion to provide a quantitative evaluation of humping formation
tendency. Then, characteristic molten pool variables are scaled
and expressed explicitly with welding process variables using scal-
ing analysis. The obtained scaling laws are verified and calibrated
by numerical data from a well experimentally-tested CFD model.
The proposed method can be easily used to evaluate formation ten-
dency of humping defect at different welding parameters without
high computational intensity, and provides a potential way to pre-
dict humping formation.

2. Proposition of methodology

The molten pool free surface under electrode is significantly
depressed in high-current and high-speed GTAW, and the majority
of liquid metal is transferred to the trailing region through lateral
channel, as shown in Fig. 1. Several important and peculiar molten
pool behaviors are identified during humping formation [5,6,13–
15], including significant free surface deformation, trailing accu-
mulation of liquid metal and elongation and premature solidifica-
tion of lateral channel. Complicated and multi-coupled transport
phenomena of molten pool are involved during the humping for-
mation, which cannot be described by one specific variable.

2.1. Dimensional analysis of molten pool

The Buckingham p theorem is applied to determine some phys-
ically meaningful dimensionless groups containing characteristic
variables of molten pool and material properties. If a system can
be defined by m variables which can be expressed by n fundamen-
tal units, this system can be described by m-n dimensionless
groups [16]. Eight variables are chosen to define the molten pool
system in high-speed GTAW, and they can be expressed using four
fundamental units of mass (kg), length (m), time (s) and tempera-

ture (K), as shown in Table 1. The whole molten pool volume (Vw)
and temperature rise (DT) give a basic thermal state of molten
pool, and the maximum backward velocity (vmax) and gouging
region length (Lg) describe important flow behaviors in high-
speed GTAW. The effect of driving forces on humping formation
has been studied systematically using sensitivity analysis in the
authors’ previous work, in which the gravity and viscous force
are revealed to show minor roles on humping formation in GTAW
[14]. Therefore, the terms of gravitational acceleration and viscos-
ity are excluded from the dimensional system.

Many trial-and-error efforts may be needed to form reasonable
dimensionless groups, which is not presented in this paper for the
purpose of conciseness. Using the above eight variables, four
appropriate dimensionless groups with explicit physical implica-
tions are obtained as follows:

p1 ¼ v2
max

cpDT
ð1Þ

p2 ¼ Lg
V1=3

w

ð2Þ

p3 ¼ qv2
maxLg
c

ð3Þ

p4 ¼ L2gk
cpqvmaxVw

¼ Lg=vmax

Vw=Lga
ð4Þ

p1 is Eckert number which represents the ratio between kinetic
energy and enthalpy. It is apparent that increasing backward veloc-
ity (kinetic energy) promotes liquid metal to accumulate at trailing
region and increasing temperature (enthalpy) provides more suffi-
cient time to eliminate trailing swelling. However, p1 only contains
variables of fluid status without any molten pool dimension. It can
be modified using dimensionless group of p2 which is a dimension-
less gouging region length.

p5 ¼ p1 � p2 ¼ v2
max

cpDT
� Lg
V1=3

w

ð5Þ

The magnitude of p5 is small (about 1 � 10�7), indicating that
the interaction between mechanical energy and thermal energy
is negligible in molten pool, but p5 can still embodies a strong pos-
itive correlation with the trailing accumulation [13]. Higher p5

value means higher trailing accumulation tendency of liquid metal.

Fig. 1. Typical 3D velocity flied of molten pool during humping formation.

X. Meng et al. / International Journal of Heat and Mass Transfer 117 (2018) 508–516 509



Download English Version:

https://daneshyari.com/en/article/4993418

Download Persian Version:

https://daneshyari.com/article/4993418

Daneshyari.com

https://daneshyari.com/en/article/4993418
https://daneshyari.com/article/4993418
https://daneshyari.com

