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During  the  constant-voltage  welding  machine  employed  welding  process,  a common  phenomenon  of
arc  attachment  point  moving  from  the bottom  of  the  narrow  gap to the  sidewalls  occurs,  and  metal
transfer  behavior  appears  greatly  different.  A mechanism  that the  arc inherent-self  regulation  combines
the  minimum  arc voltage  principle  was  proposed  to  elaborate  the arc climbing  up process  along  the
sidewalls.  The  arc shape  was  approximately  classified  into  three  patterns  by  the  change  of  arc  conductive
path,  and  the  amount  of  the  arc conductive  path  and  its  distributive  symmetry  determine  the  action  of
the electromagnetic  force  on  the droplet  as  well  as  the  metal  transfer  mode.  As  the  number  of  the  arc
etal transfer
inimum arc voltage principle

rc inherent self-regulation
rc appearance
arrow gap

conductive  paths  increases,  and  the  conductive  paths  distribute  symmetrically,  the  necking  process  of
the droplet  detachment  occurs  more  easily,  and  the metal  transfer  from  globular  mode  to  spray  mode
becomes  more  smoothly.  Simulation  results  match  the  experiments  and  verify  the mechanism  proposed.
In a constant-current  welding  power  source  adopted  condition,  the  arc  climbing  up  phenomenon  cannot
be observed,  and  a stable  welding  process  is obtained.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

The steel thick walled plates, widely applied in shipbuilding,
igh-pressure vessels, etc., could be joined with kinds of welding
pproaches. For instance, Cao et al. (2011) joined 9.3 mm thick butt
oints with the hybrid fiber laser-arc welding. Frank et al. (2010)
dopted the fiber laser and gas metal arc welding (GMAW) to weld
6 mm and 20 mm thick plates of carbon steel. Gan et al. (2007)
eported the friction stir welding of 12.7 mm thick L80 steel. Kiran
t al. (2012) studied the effects of process variables on weld qual-
ty of HSLA steel using two-wire tandem submerged arc welding
SAW). For a conventional arc welding of the carbon steel thick
lates, high-heat input to the work-piece may  worsen the joint
icrostructure and properties, and the weld production requires

onger welding time and filler metals that increase weld distortion.
owever, narrow gap gas metal arc welding (NG-GMAW) is con-

idered as a high-efficient joining method for thick metal plates
ecause of its lower equipment investment, lower heat input, eas-
er operation, less filler metal, and thus less energy consumption,
ewer deformation. Guo et al. (2011) investigated the metal transfer
ehavior in rotating arc narrow gap horizontal welding by changing

∗ Corresponding author.
E-mail addresses: berscheid@126.com, shiyu@lut.cn (Y. Shi).

ttp://dx.doi.org/10.1016/j.jmatprotec.2017.02.006
924-0136/© 2017 Elsevier B.V. All rights reserved.
wire rotating frequency. Xu et al. (2014) studied the microstructure
and mechanical properties of high-strength low-alloy steel joints
obtained with oscillating arc narrow gap GMAW.  Cai et al. (2016)
investigated the influences of different shielding gas composition
on arc dynamics and metal transfer process.

Investigations point out that the arc characteristics and droplet
transfer behavior in the GMAW process mainly determine the
stability of welding process and the energy distribution which
significantly affects the microstructure and various properties of
joints. Comparisons of the conventional GMAW process indicate
that the arc appearance of GMAW in the narrow gap is apparently
compressed, and the droplet transfer process changes in a more
unstable way. Thus, lots of weld defects (i.e., lack of fusion, poros-
ity and slag inclusion) are more likely to generate without taking
extra actions that change the arc shape and metal transfer modes.
In order to stabilize the dynamic arc in the narrow gap and obtain a
sound weld bead, several methods have been currently developed.
Yang et al. (2009) developed a rotating arc system to stabilize the
sagged weld pool in the narrow gap horizontal welding process.
Wang et al. (2012) proposed a swing arc method to alter the arc
attachment point and the staying time of the arc on the sidewalls
for realizing high-quality narrow gap GMA welding with low cost.

Xu et al. (2015) utilized response surface methodology to estimate
and optimize the weld bead geometry in oscillating arc narrow
gap all-position GMAW.  Zhu et al. (2006) developed flux stripes to

dx.doi.org/10.1016/j.jmatprotec.2017.02.006
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmatprotec.2017.02.006&domain=pdf
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Fig. 2. Rapid prototyping experimental control system.
Fig. 1. Dimension of the work-piece.

onstruct the arc attachment in the ultra-narrow gap welding
rocess and kept the full penetration of the sidewalls. Above-
entioned methods have partly improved the weld bead formation

nd weld quality. However, the metal transfer behavior and the
eld bead forming mechanism in the narrow gap were not deeply

tudied. With the limit of the author’s searching capability, studies
n the dynamic arc behavior and metal transfer mechanism in the
G-GMAW process are rarely reported.

This paper focuses on the study of arc characteristics and droplet
ransfer behavior of the NG-GMAW, and theoretically elaborates
n the formation mechanism of the different arc appearance and
roplet transfer mode, which are compared with GMAW process.
o this end, a high-speed sampling system is developed to capture
he arc dynamics and droplet transfer produced by a constant-
oltage power source (CVPS) and a constant-current power source
CCPS) respectively. During the CVPS employed welding process, a
ommon phenomenon of the arc attachment point moving to the
idewalls is observed, and its evolvement rules are detailed. The arc
odel in the narrow gap is also established based on the change of

he arc conductive path and is simulated using MATLAB/Simulink
latform. This paper is organized by following: an experimental
ystem in Section 2; analysis of the arc characteristics and metal
ransfer modes and its verification in Section 3 and the results in
ection 4.

. Experimental procedure

Q235 steel was used as the base and sidewall metal. ER50-
 wire with 1.2 mm diameter was used as the filler metal. Pure
rgon gas (99%) at a flow rate 10 L min−1 was utilized to protect
he molten pool. The dimension of the work-piece is shown in
ig. 1. In the CVPS case, arc voltage was set 28 V. Welding speed
as set 0.325 m min−1, and the wire feed rate was changed from

.3 m min−1 to 7.1 m min−1. The curved wire that will feed in the
arrow gap through a wire feeder was previously straightened, and
he distance of the wire tip to the two sidewalls was accurately con-
rolled. Welding assistive tools were set to minimize distortion of
he weld. The schematic diagram of the experiment system is given
n Fig. 2.

This system mainly consists of the welding control, rapid pro-
otyping and video acquisition parts. In the welding control part,

 Lincoln Electric
®

Idealarc
®

DC-400 CC/CV multi-process welder
as applied to generate the heat source for fusing the work-

iece and the filler wire, which has two output characteristics,

ncluding constant-voltage mode and constant-current mode. A
emi-automatic Lincoln LN-7 wire feed machine was  employed
o control the wire feed speed in the narrow gap welding. The
Fig. 3. Typical arc shape images under the CVPS condition.

conventional GMAW torch was  improved through grinding the
width of contact tip and attaching the thin mica sheet on the ground
contact tip. To this end, the torch amended can be easily stretched
into the narrow gap and be avoided contacting with the sidewalls.
Despite the limitation of the narrow gap, the shielding gas nozzle
was removed. Hence, to protect the weld pool effectively, another
two insulating heat pipes were mounted to the left and right side
of the contact tip, and then the pure argon gas was input to the
narrow gap. Lu et al. (2012) detailed the rapid prototyping con-
trol system as following three parts: the data exchanging section
between the target and the host computers; the data-acquisition
section; the control section. To acquire the images of arc shape and
droplet in the NG-GMAW process, Olympus I-SPEED3 high-speed
camera with an Olympus Camera Display Unit was employed. The
camera with a speed of up to 15000 frames per second captures
the images and stores in its on-board 8GB internal memory storage.
Nikon AF-SDX VR 55–200 mm f/4-5.6G IF-ED lens with varying focal
lengths was  also used to acquire the arc shape and droplet images
clearly. The GMA  welding torch keeps stationary as the work-piece
moves with a pre-setting rate during the entire welding process.

3. Results and discussion

3.1. Arc climbing up phenomenon

Lots of dynamic arc appearance and metal transfer images
captured by the high-speed camera were carefully observed and
comparatively analyzed with the normal GMAW process. Several

typical arc appearance images were shown in Fig. 3. A common
phenomenon that the arc attachment point moves to the sidewall
is observed in the constant-voltage power source (CVPS) employed
GMA welding process. The arc climbs up to the wire tip along the
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idewalls as the filler wire was fed with a constant rate until to
elt the contact tip. This process is considered as the climbing

p phenomenon of the arc along the sidewalls in the narrow gap

elding.

Fig. 3 depicts three apparent points: (1) the arc shape in the
arrow gap is drawn out and compressed, which no longer likes a
ell shape akin free arc in the GMAW.  (2) the arc attachment point

Fig. 4. Droplet images sampled in the first

Fig. 5. Droplet images sampled in the secon

Fig. 6. Droplet images sampled in the third
ssing Technology 245 (2017) 15–23 17

moves from the bottom of the narrow gap to the sidewalls, such
that it changes the arc conductive path in the narrow gap. (3) the
arc attachment point is climbing up along the sidewall until to melt

the contact tip when the wire feed rate keeps a constant.

In CVPS employed GMAW process, the arc length can be auto-
matically adjusted by the arc inherent self-regulation as the stable
burning arc is disturbed. Unfortunately, this self-regulation of the

 arc shape pattern (Vf = 4.3 m min−1).

d arc shape pattern (Vf = 5.0 m min−1).

 arc shape pattern (Vf = 6.0 m min−1).
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rc in the NG-GMAW process failed to achieve the desired result.
he reasons are inferred that the arc conductive path may  be
hanged and thus the effect of the inherent self-regulation on the
rc length is reduced.

.2. Arc shape and droplet modes

A set of experiments with different wire feed rate were per-
ormed under the CVPS condition. Observations and analysis of the
hange of the arc shape and the metal transfer process indicate that
he moving arc attachment point determines the arc appearance
nd metal transfer modes, which in turn changes the arc conduc-
ive path in the narrow gap. Hence, based on those changes, the arc
hape was classified into three patterns.

.2.1. First pattern
A low wire feed rate was adopted in the experiments, and the

roplet detachment images were captured by the high-speed cam-
ra with a sampling frequency of 1000 Hz. Some typical images
ere shown in Fig. 4.

It is apparently observed that the arc only burns between the
ire tip and the right sidewall in Fig. 4. The arc length decreases

s the arc attachment point climbs up along the sidewall, which
an be shown in frames (t = 0 ms  and t = 110 ms). Despite using a
ow wire feed rate and a great arc voltage, the low welding current
enerates a small electromagnetic force, acting on the droplet. The
roplet surface tension depending on the wire chemical compo-
itions prevents the droplet detachment without using the blend
hielding gas (active gas and argon gas). Hence, the droplet detach-
ent largely depends on its gravity, and thus the melted wire tip

orms a great droplet. The liquid metal transfers from the wire tip
o the weld pool by globular mode with 10 Hz frequency which is
btained by manual account. The droplet also detaches off the axis
f the arc (shown in frames t = 10 ms  ∼ 40 ms). The reasons that gen-
rate the globular mode in the narrow gap condition are detailed
n later section.

.2.2. Second pattern
The varying arc shape in the narrow gap with the increase of

he wire feed rate (from 4.3 m min−1 to 5.0 m min−1) was shown in
ig. 5.

Fig. 5 shows that both bottom and sidewall of the narrow gap
enerate the cathode spot which produces the burning arc between
he wire tip to bottom and the sidewall. The arc is originally
enerated between the wire tip and the right-sidewall. As the weld-
ng process continues, the right-side arc gradually climbs up and
xpands to the left-sidewall, which can be seen in the images (from

 = 5 ms  to 20 ms). Compared with Fig. 4, the arc becomes unstable
ue to the random movement of the arc attachment point. Such
hat, the droplet detachment changes discontinuity and instability.
he droplet is transferred by globular mode with 30 Hz frequency,
nd its detached direction seriously deviates from the axis of the
rc. However, the droplet diameter becomes smaller than the first
attern. This is an obvious difference between those two patterns.

.2.3. Third pattern
Given that the two sidewalls restrain the expansion of the arc,

he third arc shape pattern is formed when the arc simultane-
usly burns between the wire tip to the left and right sidewalls as
ell as the bottom of the narrow gap. That is to say, three current
aths established for stabilizing the arc dynamics. This interesting
henomenon was shown in Fig. 6. Fig. 6 illustrates that the arc is

ertically stretched, and the droplet detachment presents the spray
ransfer mode. The droplet diameter becomes the smallest and the
ransition frequency increases as the increase of the welding cur-
ent. Although the transfer process is stable, the axis section of the
Fig. 7. Simplified arc shape of the NG-GMAW.

arc is too narrow to completely cover the bottom of the narrow gap
such that the lack of fusion of the sidewalls may easily occur.

3.3. Arc attachment point moving mechanism

To clearly explain the reasons of causing the climbing up phe-
nomenon of the arc in the narrow gap condition, the arc shape
showed in Fig. 3 is simplified and its schematic diagram was  pre-
sented in Fig. 7. The whole movement of the arc attachment point
was divided into two processes: the shortening period of the arc
length and the climbing up period of the cathode spot.

3.3.1. The first period
Fig. 7A and B show that the wire extension appears to be the

same. Only the arc shape changes symmetrical to asymmetri-
cal. Based on the minimum arc voltage principle, it can be easily
obtained that the burning arc will automatically choose an appro-
priate current path to ensure the minimum value of the electric
field intensity in the arc column when the welding parameters and
other conditions keep constant. Because the electric field intensity
of the arc has a percentage ration with the conductive path, the
shortest conductive path will be chosen. Fig. 7A also illustrates that
the horizontal distance of the wire tip to the left sidewall b is shorter
than the vertical distance of the wire tip to the bottom of the nar-
row gap a. Hence, the arc appearance changes from status A to B
for reducing the conductive path and maintaining a minimum arc
voltage. The arc shape is thus considered as being compacted by
the sidewalls.

3.3.2. The second period
From the status B to C in Fig. 7, the wire extension has obviously

decreased. The arc length and arc shape are also varied. The arc
inherent self-regulation greatly affects the stability of the welding
process. The illustration is shown in Fig. 8.

In Fig. 8, Am represents the external characteristic of the welding
machine. Bm1 and Bm2 denote the static characteristic of long and
short arc of the NG-GMAW, respectively. Cm reflects that the wire
feed rate equals the wire melting speed.

Given that the arc column is compacted in the first process, the
arc length is reduced, and the static characteristic curve is changed
from Bm1 to Bm2. Hence, the current melting wire increases from
Im1 to Im2. The correlation of melting rate with the welding current
shows that the melting rate increases, which can be described by
Vm2 > Vm1. Their correlations can be expressed by the following:

Vm = K · I − Ku · U (1)
i

Where Ki and Ku refer to the current and the voltage melting coeffi-
cients, respectively, whose values are determined by the resistivity,
diameter, and wire extension as well as the potential gradient of
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Fig. 9. Simplified arc shape and forces acted on the droplet in the first pattern.
Fig. 8. Diagram of the arc inherent self-regulation under the CVPS condition.

he arc column. The value of them, in this work, is considered as a
onstant.

When the balance working point of the arc changes from the
m1 to Om2, despite the Om2 satisfying the characteristic match-

ng requirement between the weld power source and the arc, it
annot meet the balance of the wire feed and the melting speeds.
he increased welding current melts more wire, and the arc length
ncreases. However, the horizontal distance b mentioned in Fig. 7
annot be changed due to the fixed width of the narrow gap, the arc
ength can only stay the same. Consequently, the new balance point
f the arc can only be achieved by regulating the melting rate of the
ire. As the wire extension is reduced, the burning arc moves to

he conductive nozzle along the sidewalls and ceases the welding
rocess when the conductive nozzle is completely melted. Hence,

n the second process, the arc inherent self-regulation has no effect
n the adjustment of the varying arc length for stabilizing the arc
rocess. This action leads to the occurrence of the phenomenon of
he arc attachment point moving to the sidewalls.

Pre-analysis concludes that the minimum arc voltage principle-
ased regulation and the arc inherent self-regulation jointly
enerate the climbing up phenomenon of the burning arc in the
VPS employed narrow gap condition.

.4. Analysis of metal transfer behavior

.4.1. Characteristics in the first pattern
The conventional GMAW process analysis concluded that the

tatic force balance theory (detailed by Amson, 1965; Haidar, 1998;
an and Kovacevic, 2004) can be used to explain why the metal
ransfer mode changes in the narrow gap GMAW process. To illus-
rate this transfer mechanism clearly, the arc shape and droplet are
pproximated in Fig. 9.

As shown in Fig. 9, the forces acting on the droplet include grav-
ty Fg , surface tension F� , anode spot pressure Fv, plasma jet force Fa

nd electromagnetic force Fe. The effect of electromagnetic force on
he droplet transfer appears complex due to the varying arc attach-

ent point. When a smaller root area of the arc is formed on the
ottom of the droplet, the direction of the electromagnetic force
cting on the droplet points upward, which prevents the droplet
etachment from the wire tip. Based on the static force balance
heory, it can be known that the preventing force Fp combined with

e, F� and Fv, equals to the accelerating force Fac combined with Fg

nd Fa, which can be expressed by the following Eq. (2):

g + Fa = F� + Fv + Fey (2)
Fig. 10. Simplified arc shape and forces acted on the droplet in the second pattern.

In GMAW process, the electromagnetic force gradually becomes
an acceleration force to promote the droplet detachment as the
increase of the root area of the arc due to the force direction change
(Fp < Fac). However, as shown in Fig. 4, the root area of the arc
decreases as the arc attachment point climbs up to the wire tip
along the sidewall, which changes the direction of the electromag-
netic force acted on the droplet, i.e., increasing the angle  ̌ (shown
in Fig. 9) and decreasing the projection Fey on the y axis (shown in
Fig. 9). Hence, the droplet detachment finally depends on its grav-
ity as its size gradually increases, and the droplet transfer mode
presents a globular transfer. In addition, the projection Fex on the
x axis makes the droplet deviate the vertical direction showed in
Fig. 4.

3.4.2. Characteristics in the second pattern
The droplet transfer analysis in the first pattern indicates that

the electromagnetic force significantly affects the droplet detach-
ment mode. When the wire feed speed increases to 5.0 m min−1,
the curve that the wire feed rate equals the melting rate, shown
as the red line in Fig. 8, moves to the right side, and thus the
welding current increases and melts more wire mass to possibly
resume to the original balance working point by the arc inher-
ent self-regulation. However, the change of welding current does
not stabilize the arc process but accelerates the climbing up of the
arc attachment along the sidewalls, and finally, generates two arc
conductive paths showed in Fig. 10. This arc shape pattern com-
pletely changes the distribution of the electromagnetic force on
the droplet. When the arc burns between the wire tip and the bot-
tom of the narrow gap, the root area of the arc is expanded, which

can be observed in Fig. 10.

The electromagnetic force will accelerate the droplet detach-
ment once the root area of the arc expands to the wire tip and
wholly encompasses the droplet. The force Fe can be projected on
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ig. 11. Simplified arc shape and forces acted on the droplet in the third pattern.

he x and y axis. The vertical projection Fey increases the accel-
ration force combined with the gravity and promotes the droplet
etachment. The horizontal projection Fex can accelerate the occur-
ence of the necking phenomenon, which further promotes the
roplet detachment from the wire tip. Hence, in this arc shape
attern, the electromagnetic force is considered as an acceleration
orce for the droplet detachment such that the droplet size grows
maller. The variation of the droplet size is shown in Fig. 5.

.4.3. Characteristics in the third pattern
As shown in Fig. 6, three arc conductive paths of the arc are

enerated between the wire tip and the bottom of the narrow gap
s well as the right and left sidewalls. Thus, the distribution of the
lectromagnetic force acting on the droplet would be apparently
hanged. The schematic diagram is shown in Fig. 11.

The horizontal projections Fex1 (range A) and Fex2 (range B) of
he electromagnetic force accelerate the occurrence of the necking
rocess due to their inverse action. Two vertical projections Fey1 and
ey2 increase the combination of all electromagnetic forces in the
xial direction and quicken the droplet detachment. These infer-
nces can be explained and verified using Eq. (3) (detailed by Tipi
t al. (2015)). Because the arc attachment points move to the range

 and range B along the sidewalls, the root angle � of the arc (shown
n Fig. 9) is increased. Analysis of the right side of Eq. (3) indi-
ates that the value of the electromagnetic force projected on the
xial direction increases when the droplet diameter approximately
eeps constant at a given time.

em = �0I2

4�

[
ln

rd sin �

rw
− 1

1 − cos �
+ 2

(1 − cos �)2
ln

2
1 + cos �

]
(3)

In Eq. (3), �0 is the vacuum magnetic conductivity. � is the root
ngle of the arc. rw is the wire radius. I is the welding current. rd is
he droplet radius.

In summary, another arc conductive path generated in the third
rc shape pattern further increases the combination of all projec-
ions of the forces on axial direction such that both gravity and
ize of the droplet become smaller, which promotes the droplet
etachment from the wire tip with a spray transfer mode.

.5. Restricted arc modeling and simulation

The arc appearance in the narrow gap GMA  welding process is
lassified and analyzed based on the change of the current path,
nd the corresponding metal transfer behaviors are studied based
n the static force balance theory in pre-sections. To demonstrate

he rationality and accuracy of the pre-assumption that using the
urrent path distinguishes the arc appearance, a mathematical arc
odel in the narrow gap restricted condition was established, and

ts variation with the change of wire feed rate was simulated based
Fig. 12. Diagram of the approximated arc conductive path.

on the MATLAB/Simulink platform. The arc conductive path was
approximated to illustrate the modeling process simply, which was
shown in Fig. 12.

In order to simplify the mathematical arc model of the narrow
gap GMAW,  some assumptions have been made as follows:

(1) The total welding current originated from point B is divided into
two  paths at point C: one conducts to the sidewall remarked
with CF line, and another conducts to point D denoted with
CD line. The current flowing out from CD line is divided into
two  parts again: one path is DG line, and the other path is DE
line. The correlation between the total current and the divided
current satisfies the following equation.

IAB = IBC = ICF + IDG + IDE (4)

(2) The welding power source is an ideal constant-voltage power
source (CVPS), and its energy consumption can be neglected.

(3) In the arc column field, the plasma conductive path is com-
pletely generated.

(4) The selection of the arc conductive path in the arc column field
automatically follows the principle of minimum energy con-
sumption. The arc conductive path is also simplified the linear
path.

(5) The droplet size can be calculated using a spherical shape
model.

The welding arc characteristics are described using Ayrton’s
equation (Choi et al., 2001).

U = k + k · I + (k + k · I) · l (5)
a 1 2 3 4 a

Where la denotes the arc length and the k denotes the constants
depending on the welding wire and the shielding gas. The con-
ventional wire equation has been used to describe the correlation
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Table 1
Corresponding parameters used in simulation.

Nomenclature Value

Cathode fall voltage Uk (v) 8.7
Anode fall voltage Uc (v) 4.3
Density of solid phase � (kg m−3) 7800
Constant for arc heating C1 mm/As 0.2940
Constant for joule heating C2 A−2s−1 4.6081 × 10−5

k1 (V) 16.24
k2 (�) 0.02376
k3 (V/mm) 0.553
k4 (V/Amm) 6.395 × 10−4

Height of sidewall h (m)  0.04
Width of narrow gap k (m) 0.01
Welding current I (A) 300
G. Zhang et al. / Journal of Materials

etween the rate change of the wire extension, wire feed, and melt-
ng rate.

dLe

dt
= Vf − VmandVm = C1I + C2I2Le (6)

here Le represents the wire extension; Vf is the wire feed rate;
m is the wire melting rate, and C1 and C2 represent the influence
oefficient of arc length and joule heating, respectively.

The droplet size has an effect on the varying wire extension,
hich is considered for predicting the dynamic behavior of the NG-
MAW more precisely, hence, the Eq. (6) is modified to include the
ffect of a hanging droplet at the wire tip. The wire extension is
escribed in this work as the sum of the solid extension length and
olten droplet length hanging at the wire tip.

dLes

dt
= Vf − Vm (7)

dVd

dt
=

(
�D2

e

4

)
Vm (8)

here Les represents the sum of the solid wire extension and the
ire diameter; Vd is the attached droplet volume, and De is the wire
iameter; the drop length can be calculated from the drop volume
y the pre assumptions.

Consequently, each of the arc voltage supposed UBF, UBG and UBE
an be expressed using the Eq. (5).

BF = k1 + k2(IBC + ICF) + k3(lBC + lCF) + k4 (ICFlCF + IBClBC) (9)

BG = k1 + k2(IBC + ICD + IDG) + k3(lBC + lCD + lDG) + k4 (ICDlCD + IBC

BE = k1 + k2(IBC + ICD + IDE) + k3(lBC + lCD + lDE) + k4 (ICDlCD + IBCl

here UBF represents the arc voltage between the wire tip (point
) and the left attachment point F. UBG is the arc voltage between
he wire tip (point B) and the bottom of the narrow gap (point E).
BE is the arc voltage between the wire tip (point B) and the right
ttachment point G. IBC represents the current flowing from point

 to C, and lBC is the arc length of line BC. ICF is the current flowing
rom point C to F, and lCF is the arc length of point C to F. ICD is the
urrent flowing from point C to D, and lCD is the arc length of point

 to D. IDG denotes the current flowing from point D to G, and lDG is
he arc length of point D to G. IDE is the current flowing from point

 to G. dDE is the arc length of point D to E. k is the same value and
nit in Eq. (5).

To this end, the arc model of the narrow gap GMAW is obtained
nd can be solved using the following constraint conditions as
hown in Eq. (12).

UBE = U − UAB

U = Uk + UC + UAE

UBF = UBE = UBG

IBC = ICF + ICD

ICD = IDE + IDG

Vm = Vf

lCD =
√

(xC − xD)2 + (yC − yD)2

lCF = min
(

xC,k − xC

)
lDG = min

(
xD,k − xD

)
dDE = h − yD

(12)
Before computing the arc conductive path distribution, the coor-
inates of points C and D are first initialized, respectively. The
oordinates are updated by the boundary conditions. The results
omputed with Table 1 parameters are shown in Fig. 13.
 IDGlDG) (10)

IDElDE) (11)

bc

Wire feed rate Vf (m min−1) 4.3, 5.0, 6.0
Initialized wire extension Le (m) 0.025

As shown in Fig. 13, the simulated results can match the exper-
iments, and each of the arc conductive path varies with the change
of wire extension. Fig. 13(a) corresponds to the first arc shape pat-
tern showed in Fig. 4. It is apparently observed that most of the
current (244A) originated from the wire tip (total 300A) flow to
the sidewalls, and the reminder flow to the DE (14A) and DG (41A)
paths. This current distribution easily forms the globular droplet
transfer mode because of the large asymmetric electromagnetic
force which linearly correlates to the value of the current. When
the wire feed rate increases, the point dividing the arc conductive

path is updated by the arc inherent self-regulation for satisfying
the boundary conditions. Then, the result showed in Fig. 13(b)
is obtained, which associates with the second arc shape pattern
showed in Fig. 5. Fig. 13(b) indicates that the current flowing into
the CF path decreases, instead of increasing the current of the DG
path. When the third arc shape pattern showed in Fig. 13(c) and (d)
is formed, the current flowing into the DG path further increases
due to the action of the arc self-regulation, and thus the symmet-
rical arc shape is generated, which benefits to the droplet transfer
and spray transfer mode production.

In summary, computation demonstrates that it is reasonable to
elaborate the change of the arc shape in the narrow gap condition
using the minimum arc voltage principle and arc inherent self-
regulation, and the factors producing the different droplet transfer
mode under different arc shape pattern mainly attribute to the
change of the arc conductive path. The varying current path mainly
changes the direction and dimension of the electromagnetic force
acting on the droplet.

3.6. Analysis of the CCPS condition

It has been concluded, based on the analysis of the arc shape
and metal transfer behavior in the CVPS applied-welding process,
that the arc inherent self-regulation causes the climbing up phe-
nomenon of the arc along the sidewalls, and produces various
droplet transfer modes. The unstable metal transfer process leads
to form the poor weld bead appearance. To reduce the effect of the
arc inherent self-regulation on the arc stability, a welding system
employed CCPS combining constant wire feed rate was developed,
and several bead-on-plate experiments were conducted on the
work-piece with the same dimension and structure showed in

Fig. 1. Several typical images of the arc shape were shown in Fig. 14.
During the welding process, the current was set 300A. ER50-6 wire
with the diameter 1.2 mm  was  employed; wire feed rate was set
7.1 m min−1, and the welding speed was set 0.325 m min−1. Pure
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Fig. 13. Arc conductive path distribution (simulation and experiment).

 in the
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Fig. 14. Typical arc shape images captured

rgon (99%) at a flow rate 10 L min−1 was also used as the shielding
as.

Fig. 14 depicts that the arc shape changes smaller than that
howed in Figs. 4–6, and the wire extension is basically kept to

he original length. The arc can steadily burn between the wire tip
nd the bottom of the narrow gap, and a stable welding process
ithout the climbing up phenomenon of the arc is obtained. Inter-

stingly, this result contradicts the CVPS case. The reasons can be
 CCPS condition (Selected at interval 0.5 s).

derived from the analysis of the arc inherent self-regulation under
the CCPS condition. The diagram of the arc inherent self-regulation
is shown in Fig. 15.

Fig. 14 obviously shows that the vertical distance h of the

wire tip to the bottom of the narrow gap is larger than the hor-
izontal distance b of the wire tip to the right and left sidewalls.
Based on the minimum arc voltage principle, the burning arc will
choose the shortest conductive path to keep its minimum energy



G. Zhang et al. / Journal of Materials Proce

o

A
rc

 v
ol

ta
ge

 / 
U

Bm1

Bm2

CmAm

(Im1,Um1)

Om2

Im1 Im2

Um1

Um2 (Im2,Um2)

Om1

Weldi ng current / I

F

c
l
a
t
t
t
t
r
p
i
b
t
n
m
u
o
t
c
a
t
m
c

4

r
s

(

(

(

(
Yang, C.L., Guo, N., Lin, S.B., Fan, C.L., Zhang, Y.Q., 2009. Application of rotating arc
ig. 15. Diagram of the arc inherent self-regulation under the CCPS condition.

onsumption. Hence, the arc voltage linearly correlating to the arc
ength will be reduced, and the current will be increased when the
rc attachment point moves from the bottom of the narrow gap to
he sidewalls. These changes can be analyzed in Fig. 15. Such that,
he balance working point of the burning arc will move from Om1
o Om2 for rebuilding another balance working point to stabilize
he welding process. However, the small increase of welding cur-
ent mainly depends on the outside-characteristic of the welding
ower source, and the arc voltage has a large decrease. The melt-

ng rate of the wire at the point Om2 increases. This conclusion can
e verified by the Eq. (1). Finally, the burning arc shape resumes
he original status, and the climbing up phenomenon of the arc is
ot generated. However, choosing an appropriate wire feed rate to
atch the given welding current is very difficult because the reg-

lating range of the wire feed rate is very narrow. Hence, if the
utside-characteristic of the welding power source cannot match
he change in the wire feeding and melting rate very well, the short
ircuit or melting conductive nozzle phenomenon may  occur. In
ddition, the dynamic response of the welding power source and
he quality of the wire feed machine has a higher requirement for

eeting this special condition. These requirements increase the
ost of the welding production.

. Conclusions

The arc characteristics and droplet transfer behavior of the nar-
ow gap-restricted GMAW have been studied by experiments and
imulation. The following conclusions can be drawn from this work.

1) An improved rapid prototyping control system is employed to
capture the arc dynamics and droplet transfer simultaneously.

2) In a constant wire feed rate combined CVPS condition, the
climbing up phenomenon of the arc along the sidewalls is
observed, and three kinds of arc appearance are formed, pro-
ducing globular transfer and spray transfer modes with the
increase of wire feed rate.

3) The minimum arc voltage principle combing with the arc inher-
ent self-regulation results in the arc climbing up phenomenon.
4) The varying arc shape directly changes the size and direction
of the electromagnetic force acting on the droplet and sig-
nificantly determines the droplet size and detachment. The
electromagnetic force in the first arc shape pattern prevents the
ssing Technology 245 (2017) 15–23 23

droplet transfer and produces a globular transfer mode. In the
second arc shape pattern, the vertical projection of the electro-
magnetic force between the wire tip and the sidewall increases
the combined force acting on the droplet and accelerates the
occurrence of the necking process of the droplet detachment.
A globular droplet transfer mode is obtained, and the droplet
size becomes smaller. In the third arc shape pattern, three arc
conductive paths between the wire tip to the sidewalls and the
bottom of the narrow gap are formed, and the vertical projec-
tions of the electromagnetic force further increase such that the
occurrence of the necking process of the droplet detachment
becomes easier. A spray transfer mode is formed.

(5) The simulation results match the experiments and demonstrate
that the mechanism proposed to elaborate the climbing up phe-
nomenon of arc attachment is reasonable, and the change of the
arc conductive path leads to the formation of the different metal
transfer modes.

(6) In the CCPS case, the arc climbing up phenomenon hardly occurs
due to the weak arc inherent self-regulation, and a stable weld-
ing process is finally obtained.
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