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Abstract Keyhole gas tungsten arc (K-TIG) welding with
water cooling system was used to weld high-strength low-
alloy steel of mid-thickness (thickness ranging 6–13 mm).
Q345 plates of 8-mm thickness were jointed in a single pass
without filler metal. The weld properties, including mechani-
cal properties and microstructure, were analyzed. The maxi-
mum tensile strength of the weld was similar with that of the
base metal, while the elongation and impact property of the
weldment were decreased compared with the base metal. The
numerical simulation result revealed that water cooling meth-
od used in K-TIG welding is greatly helpful in reducing the
volume of the welding pool due to the enhanced cooling ef-
fect. Additionally, improved holding power of the welding
pool can be obtained due to the increased surface tension.
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1 Introduction

Keyhole gas tungsten arc (K-TIG) welding is invented by
Australian research organization CSIRO in 1997. During K-
TIG welding processing, the welding current was increased to
higher than 300 A to boost the arc force. Strong arc force was
balanced by the surface tension of the welding pool, so that a
keyhole can be formed during welding and the weld depth can
be increased. Good appearance of the front-side and back-side
of weld can be achieved in a single pass at a relatively high
welding speed (>250 mm min−1). Lathabai et al. studied the
K-TIG welding of commercially pure (CP) titanium [1]. Their
results showed that 12.7-mm-thick CP titanium can be welded
in a single pass at a welding speed of 250 mm min−1. They
found that compared with the traditional TIG weld, the tensile
properties, hardness, and toughness of the K-TIG weld were
similar but the productivity of K-TIG welding was increased
appreciably. Furthermore, Lathabai et al. also applied K-TIG
welding to CP zirconium [2]. In their study, 6.35-mm-thick CP
zirconium plates were welded in a single pass at a welding speed
of 500 mm min−1, and the ductility of joints was high. The
microstructure of K-TIG welds showed no porosity or other
defects. Feng et al. successfully applied the K-TIG to weld 10-
mm-thick AISI 316-L stainless steels without filler wire or edge
preparation [3]. In one word, K-TIG welding has great potential
in joining mid-thickness (thickness ranging 6–13 mm) work-
pieces in industry because of its high efficiency and low cost [4].

To sustain a stable keyhole, the following equation should
be satisfied [5]:

wh < γ
.
ρg ð1Þ

where w is the root bead width, h is the plate thickness, γ is the
surface tension, ρ is the density, and g is the acceleration due to
gravity. Rosenthal indicated that the width of the root bead
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decreased with the thermal conductivity decreasing [6].
Accordingly, materials with low thermal conductivity or large
surface tension are easier to be welded by K-TIG welding. And
as shown in Fig. 1, the stable keyhole of K-TIG welding is a
dynamic balance of the downward forces and upward forces.
The downward forces are mainly arc pressure and welding pool
gravity. The upward force is mainly surface tension.

Most current researches focus on the welding of materials
with low thermal conductivity such as CP titanium, CP zirconi-
um, and stainless steel, of which the thermal conductivity is
about 16.2 W/m h [7, 8]. It is difficult to weld materials with
relatively high thermal conductivity such as high-strength steel,
of which the thermal conductivity is about 48W/mh [9]. In order
to apply the K-TIG welding to high strength steel, one possible
approach is to increase the surface tension of welding pool, ac-
cording to Eq. 1. Since the surface tension is inverse proportional
to the temperature [10], lower the temperature by water cooling
is an efficient method to increase the surface tension.

In the fusion-welding processing, cooling methods with dif-
ferent cooling medium are adopted. A new laser-welding pro-
cess with the local cooling was presented and applied to two

automotive dual-phase steels, DP780 and DP980, by Wei et al.
[11]. It is observed that the local cooling during laser-welding
process can greatly reduce the martensite tempering and thus
reduce the heat-affected zone softening. Manikandan SGK
et al. have investigated the interdendritic Laves phase and the
microsegregation in alloy 718 fusion zone cooled with liquid
nitrogen during welding [12]. Conventional GTAwelding pro-
cess was employed with modified waveform and two types of
shielding gas and filler metal. It was found that the enhanced
cooling rate with liquid nitrogen reduced the interdendritic
phases, which were confirmed in both the electron microscopic
and the X-ray diffraction analyses. Hamatani H et al. have
carried out using the cooling conductor liquid nitrogen to min-
imize the ultra-fine-grained steel (UFGS)’s heat-affected zone
(HAZ) size during the laser welding [13]. It was found that a
shielding gas, with adequate flow rate for the liquid nitrogen
depth, was used to remove nitrogen from the area of laser beam
irradiation to stabilize the weld bead. Moreover, cooling
methods are also used in solid phase joining. Zhang et al. ap-
plied water cooling to control the temperature level and im-
prove the mechanical properties of friction stir weld [14].
Mofid et al. investigated the effect of water cooling upon dis-
similar friction stir welding of Al alloy to Mg alloy and pointed
out that water cooling promoted the formation of fine grain and
alleviated the formation of intermetallic phases [15].

High-strength low-alloy (HSLA) steel has been widely used
in the manufacturing of vehicles, ships, oil and gas transmission
lines, offshore oil-drilling platforms, pressure vessels, and so on,
because of its high strength-to-weight ratio, excellent ductility,
and good weldability [16, 17]. The Q345 steel is a common
(HSLA) steel with excellent mechanical properties and is widely
used for petrochemical plants and nuclear industry [18]. The
common technology formid-thickQ345 steel plates ismultipass
welding, which is complex and inefficient. Therefore, it is nec-
essary to apply a new technology to the mid-thick Q345steel
plate welding. In present paper, a water cooling K-TIG welding
is applied to 8-mm-thick Q345 steel plates in a flat position. The
microstructure and mechanical properties of the joints were an-
alyzed. Numerical simulation was also employed to quantita-
tively understand the dynamics of the keyhole and molten pool.

Fig. 1 Force analysis during K-TIG welding

Fig. 2 Schematic of water
cooling system

2208 Int J Adv Manuf Technol (2017) 92:2207–2216



A novel heat dissipation method with water cooling is used to
improve the weld formation of Q345.

To our knowledge, it is the first time that a heat dissipation
method was used to solve the formation of weld in K-TIG.
Numerical simulation is also used to analyze the heat transfor-
mation in the process of K-TIG.

2 Experimental procedures

2.1 Methods

A self-developed K-TIG torch (as shown in Fig. 1) fitted with
a 350-mm-long trailing shield and water cooling system was
used in this research. The entire torch barrel was cooled by the
circulating water so that it could stand the large welding cur-
rent (up to 1000 A). The tungsten electrode was cooled by a
copper contact tube to increase the current density and reduce
the electrode loss [19].

The water cooling systemwas composed of welding platform
and circulating water canal, as shown in Fig. 2. The welding
platform, which connected with the power source, was made
by stainless steel sheet. The shape of the canal inlet was flared,
which turns the water from turbulence into laminar motion. The
preliminary experiments showed that with same flow rate, the
water in laminar motion has better cooling effect than the water
in turbulence. At the outlet of the system, a damwas set to adjust
the immersion depth of the specimen. The circulating water was
pumped up by the adjustable pump; the fluid flow speed of the
water in the canal could also be controlled.

The torch was operated with DC electrode negative polar-
ity and powered by a Miller 1250 power supply. During
welding, the torch was fixed in position by the Y-Z axis holder
and the welding speed was controlled by the X axis platform
under the water cooling system. The diameter of the ceria-
doped tungsten electrode was 6.0 mm and the vertex angle
was 60°. The shielding gas was pure argon. And the parame-
ters concluded from the pre-experiments are shown in Table 1,
which were used to numerical simulation and mechanical test.

2.2 Material

The material used was Q345 plate with dimensions of
250 × 150 × 8 mm. The chemical composition of the material
is presented in Table 2. The ultimate tensile strength, yield

tensile strength, and elongation of the used material were
345 MPa, 500 MPa, and 21%, respectively. The microstruc-
ture of the base metal consisted of uniform banded ferrite and
a small amount of black pearlite, as shown in Fig. 3.

2.3 Joint characterization

Optical microscopy was used to characterize the weld.
Samples were etched with 4% Nital solution to reveal the
microstructure. Transverse tensile tests were performed in ac-
cordance with CB/T 2651–2008 [20], and Charpy V-notch
impact tests were conducted in accordance with GB/T
2650–2008 [21]; the energy absorbed in fracture was record-
ed. The specimen dimensions are shown in Fig. 4. After the
tensile test, the facture morphology was observed with a scan-
ning electron microscope (SEM). Vickers microhardness test
was carried out to measure the hardness distribution across the
welded joint with a load of 1 kg.

3 Numerical simulation

A three-dimensional finite element model from software
ANSYS was used to investigate the effect of cooling on the
weld formation [22, 23]. Figure 5 shows the dimensions and
element grid of the finite element model. Half of the work-
piece, which is perpendicular to the welding direction, was
modeled to analysis for the symmetry of the butt joint.
Element type solid70 was employed and the finite element
model consisted of 79,097 nodes. The small element size
has been used in the fusion zone and heat-affected zone of

Table 1 Parameters in the water cooling K-TIG

Welding
current (A)

Welding speed
(mm/min)

Arc length
(mm)

Gas flow rate
(L/min)

Cooling water
flow rate
(L/min)

480 240 2.5 25 50

Table 2 Chemical composition of Q345 (wt%)

C Si Mn P S Cr Mo Ni V Nb

0.17 0.35 1.48 0.21 0.08 0.25 0.08 0.45 0.12 0.015

Fig. 3 Microstructure of the base metal
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model in order to account for the high-temperature gradient.
The thermo-physical properties of the material were obtained
from references [24, 25].

The governing equation for the transient temperature field
is listed as follows:

∂
∂x

k
∂T
∂x

� �
þ ∂

∂y
k
∂T
∂y

� �
þ ∂

∂z
k
∂T
∂z

� �
þ qv ¼ ρCP

∂T
∂t

ð2Þ

where T is the temperature; t is the time; qv is the internal heat
generation rate per unit volume; and ρ, CP, and k are the
density, specific heat, and thermal conductivity, respectively.

Two heat sources which include double ellipsoidal and
cylindrical were employed according to references [26, 27].
The mathematical equation that describes the heat source
models are given in Eqs. (3) and (4).

q1 x; y; zð Þ ¼ qme
−3x2

.
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where qm represents the maximum heat source intensity and
given by

qm ¼ 6
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3
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where f1 + f2 = 2 and f1 = 2a1/(a1 + a2), f2 = 2a2/(a1 + a2), a1,
a2, b, and c are chosen from the actual bead dimensions.

Q = ηUI is the total heat input, and η is the power allocation
ratio, which is about 0.8.

The diameter of power density of the cylindrical heat
source model is Gaussian distribution and uniform distribu-
tion on the depth direction of the cylindrical heat source,
which is given by

q r; zð Þ ¼ qm⋅D zð Þ⋅exp −
3r2

r02

� �
ð6Þ

where r0 is the radii of the cylindrical and D(z) and the max-
imum heat intensity qm are given by

D zð Þ ¼ mzþ r0
r0

ð7Þ

qm ¼ 6Q
πr0h mzþ 2r0ð Þ ð8Þ

wherem is the pondage factor and h is the heat source function
depth.

The boundary conditions consist of water cooling and air
cooling. In the air cooling condition, convective and radiation
losses on the model surfaces were taken into account. The
radiation was transferred into the convective to simplify the
calculation [28]. In the water cooling condition, the cooling
water was subcooled boiling. The coefficient of heat transfer
was estimated by the heat transfer coefficient under without
phase-change condition and boiling condition. Combined
with the boiling intensity in welding, the coefficient was
15,000 W m−2 K−1.

Fig. 4 Test specimen
dimensions. a Tensile test
specimen. b Charpy V-notch
impact test specimen

Fig. 5 Dimension of welding
block and diagram of mesh model
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4 Results and discussion

4.1 Simulation results

Figure 6 is the comparison of calculated and experimental
weld profiles under water cooling. The calculated result
agreed well with the experimental one, indicating the valida-
tion of the model. The temperature field distributions on the
workpiece surface under air and water cooling conditions are
shown in Fig. 7. Obviously, lower temperature and smaller
welding pool were obtained under the water cooling
condition.

Figures 8 and 9 show the three-dimensional diagram and
sectional view of weld metal and thermal cycle curve of the
weld bead under air and water cooling conditions. The dis-
tance of a, b, c, and d to the middle of the weld root is 0, 1.5, 3,

and 4.5 mm, respectively. The volume of the welding pool
was too large in the air cooling condition, so the welding pool
collapsed and keyhole could not be formed. Compared with
the air cooling, the weld bead width decreased by 60% in the
water cooling; therefore, the gravity of the welding pool de-
creased. It is easier to get balance by relatively small surface
tension and to obtain a stable keyhole. Furthermore, the lower
temperature at the weld bead leads to larger surface tension,
which is benefit to hold the welding pool and to keep the
keyhole stable.

4.2 Microstructure characteristics

Figure 10 shows the macro/microstructure of welded joint. A
fully penetrated weld can be obtained in a single pass without
filler metal. No obvious defects, such as porosity or cracking,
are observed. It could be concluded that with keeping the
surface dry, the hydrogen could be avoided at some degree,
and the content of diffusion hydrogen could also be restricted.
Therefore, the cold cracking susceptibility of the welds was
low. As shown in Fig. 10a, an obvious arc-shaped boundary
was formed in the middle of the welded joint marked as blue.
The boundary was determined by the different cooling rate
from the upper to lower part, which is affected by the immer-
sion depth of the specimen.

The microstructure of welded joint was divided into fusion
zone (FZ) and HAZ. Figure 10b shows the microstructure of
weld root on fusion zone. Proeutectoid ferrite nucleated at the
equiaxed austenite grain boundary and then grew inward.
White granular ferrite and little widmanstatten structure were
found because of the high-heat input of K-TIG welding. The
fine grains are due to the high cooling rate of water cooling
system. Some fine acicular ferrites were found in the black

Fig. 6 Comparison of calculated and experimental weld profile

Fig. 7 Surface temperature field
distribution of weldment

Int J Adv Manuf Technol (2017) 92:2207–2216 2211



pearlite blocks. Based on the theory of welding metallurgy,
with the high cooling rate, the transformation product will
change to martensite. However, the high heat in the process
of K-TIG removed that negative effect and decreased the high
cooling rate. The microstructure of the fusion zone mid
(Fig. 10c) is similar to the root. Nevertheless, the austenite,
proeutectoid ferrite, granular ferrite, and widmanstatten struc-
ture grew obviously because of the decrease of cooling rate. In
Fig. 10d, the arc boundary shown in the blue was affected by
the cooling condition and mainly consisted of columnar crys-
tals along the heat dissipation direction with low cooling rate
according to the constituent supercooling theory. The
proeutectoid ferrite distributed along the boundary of colum-
nar crystal, as well as the acicular ferrite, widmnanstatten, and
few upper bainite. Microstructure above the boundary is

shown in Fig. 10e. With high-heat input and lower cooling
rate, the first crystallized cellular grains were formed. And the
cellular grains are stubby from the grain morphology.

Regions f-i marked in Fig. 10a belong to the HAZ. The
grain size of HAZ gradually reduced from bottom to upper
zone. Figure 10f shows the microstructure of a narrow section
near the fusion line in HAZ. Obviously, columnar crystals
formed because of the high temperature in this area. Fine
granular ferrite precipitated along the columnar crystal bound-
ary. There are also some acicular ferrites, and few
widmanstatten structures existed in the grains. Away from
the fusion line is the overheated zone, as shown in Fig. 10g.
Proeutectoid ferrite nucleated at the equiaxed austenite and
black pearlite matrix inside the austenite. Next to the overheat-
ed zone is the normalized zone. The microstructure in the

Fig. 8 Three-dimensional diagram and sectional view of weld metal and thermal cycle curve of the weld bead under air cooling condition

Fig. 9 Three-dimensional diagram and sectional view of weld metal and thermal cycle curve of the weld bead under water cooling condition
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normalized zone is shown in Fig. 10h, i, in which the main
structure is the polyhedron ferrite grains and few pearlites.

The Vickers hardness of the weld is shown in Fig. 11. The
blue line, red line, and black line represent the hardness test

Fig. 10 Joint microstructure. a Transverse cross section. b Weld root. c Joint mid. d Microstructure around the boundary. e Microstructure above the
boundary. f Section near the fusion line. g Overheated zone. h, i Normalized zone

Fig. 11 Hardness distribution in the welded joint Fig. 12 Typical tensile curves of weldment and base metal
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locations of 2 mm from the top surface, middle of the speci-
men, and 2 mm from the bottom side, respectively. Basically,
the hardness of the FZ and HAZ is higher than that of the base
metal. Under the function of the cooling water system, with
the increase of the cooling rate, the hardness in FZ increased
from top to bottom and the hardness of the bottom finally
larger than that in HAZ. In HAZ, the hardness of mid and
bottom are almost same and a little larger than that of the top
corresponding to the microstructure in Fig. 10.

4.3 Mechanical properties

Figure 12 shows the typical tensile curves of weldment and
base metal. High tensile strength can be achieved with water
cooling K-TIG welding. Similar to most of other welding
technologies, the fracture of Q345 weld often occurs at the
base metal. The fracture of the weld made by underwater
welding often occurs in weld due to the diffusion hydrogen
[29]. However, in water cooling K-TIG welding, the surface
of specimen is dry and the bottom of the weld is narrow. The

diffusion hydrogen in the welded joint is, therefore, restricted,
and therefore, the cold cracking is avoided effectively.
Comparing the fracture surfaces of the base metal and weld
(Fig. 13), it can be seen that they showed similar ductile frac-
ture characteristics with dimples. This indicates that relatively
high ductility and toughness of the welded joint can be
achieved with water cooling K-TIG welding.

In the Charpy V-test, the average values of impact energy
of the weld, HAZ, and base metal were 126, 130, and 140 J,
respectively. The impact energy of weld is lower than that of
base metal due to the formation of upper bainites during the
water cooling K-TIG welding. The upper bainites have obvi-
ous grain orientation so that the fracture will propagate along
the orientation with low energy. The fine grain size in HAZ
contributed to its good impact property. According to the im-
pact fracture surfaces (Fig. 14), it can be observed that the
morphology of the impact fracture surfaces of base metal
and HAZ shows typical characteristics of dimples, while the
morphology of the impact fracture surface of weld shows
cleavage character.

Fig. 13 Morphology of the tensile fracture surface. a Weldment. b Base meal

Fig. 14 Morphology of the impact fracture surface. a Base metal. b Weldment. c HAZ
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5 Conclusions

In this paper, a novel water cooling K-TIG welding method is
proposed to weld 8-mm-thick Q345 HSLA steel.
Microstructure and mechanical properties of welded joint, in-
cluding hardness, tensile strength, and impact property, were
investigated. Several important conclusions can be drawn as
follows.

(1) The 8-mm-thick Q345 steel can be successfully welded
using water cooling K-TIG welding in single pass without
filler. Water cooling K-TIG welding is greatly helpful in re-
ducing the width of the weld root because of the enhanced
cooling effect at the bottom. Additionally, improved holding
effect of the welding pool can be obtained due to the increased
surface tension.

(2) The shape of the weld showed typical “nail-shape,”
which indicates the enhanced stability of keyhole during the
water cooling K-TIG welding. There is no defect, such as cold
fracture and porosity, formed in the weld. The microstructures
of the weld are complex and show obvious difference from the
top surface to the bottom of the weld. The microstructures of
the HAZ are uniform from the top to the bottom of HAZ.

(3) The tensile fracture occurred in the base metal, and the
morphology of the fracture surface showed typical character-
istics of dimple. The tensile strength was 560 MPa compared
to the base metal tensile strength of 580 MPa, indicating good
ductile and toughness. The average values of impact energy of
the weld, HAZ, and base metal, respectively, were 126, 130,
and 140 J, respectively, which indicates the good impact prop-
erty of the joint.
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