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Abstract: Compared with single-sided welding, double-
sided welding can melt through thicker workpieces and
improve the mechanical performance of the weld. In this
work, laser welding with filler wire of 2195 Al–Li alloy
plates is conducted via double-sided out-of-sync welding.
By combining experiment and numerical simulation results,
the influence laws of the weld’s mechanical properties are
studied by considering the condition of both sides under
different welding parameters. The results show that the
welding speed is the key parameter determining the heat
input of the weld. In the welds fabricated at slow welding
speeds, the cooling rate is greater, resulting in accelerated
solidification. The weld solidifies before hydrogen overflows
from the weld pool, resulting in increased pore density and
weakened mechanical properties. Therefore, welding para-
meters determine the heat input of the weld and subse-
quently the mechanical properties. It is shown that a special
double-sided welding strategy can effectively control the
heat input. Specifically, in contrast to those of the first,
the welding parameters of the second side of the weld
reduce the wire feeding speed when other parameters are
held constant. Compared with the process strategy using
identical double-sided parameters, this can slightly increase
the heat input and reduce the defects in the weld, which
can improve its mechanical properties. In the comparative
experiment, the wire feeding speed was reduced from 5 to
3mm·s−1, and the tensile strength of the weld was increased
by 10%.

Keywords: laser welding, double-sided welding, feeding
wire, weld pool, filler wire

1 Introduction

2195 Al–Li alloys are a new generation of Al–Li alloy;
however, their poor welding performances limit their
application. Low heat input welding (e.g., friction stir
welding, laser welding, and electron beamweldingmethods)
represent promising techniques for the welding of Al–Li
alloys; these techniques are characterized by high energy
concentrations, narrow weld regions, and deformation
[1–12]. Among thesewelding techniques, laser welding repre-
sents an emerging welding method owing to its prominent
advantages in the above-mentioned characteristics. Studying
the process parameters of 2195 Al–Li alloy laser welding is of
great significance for improving its weld performance.

The energy of laser welding is relatively concen-
trated; hence, 2195 Al–Li alloys have high reflectivity.
When the butt joints of the workpiece are welded, a
single-sided welding process requires a higher welding
power to ensure penetration. Compared with single-sided
welding, double-sided welding can penetrate the weld
with lower heat input and thereby achieve superior mechan-
ical properties. Double-sidedwelding does not need to pene-
trate the thick plate at a single time; hence, a smaller energy
input can be used, which reduces the residual stress of the
joint and alleviates grain coarsening to some extent.
Meanwhile, the back side of the double-sided welding
has a tempering effect on the other welded side, which
can refine the coarse grains of the fusion zone (FZ) and
heat affect zone (HAZ) on that side and release part of the
welding stress. In addition, elements with low boiling
points in Al–Li alloys are easy to evaporate, resulting in
a decrease in the weld strength. Feeding wire can improve
this property of the weld.

In the past, research into double-sided welding has
mainly focused on friction stir welding, arc welding, and
T-joint welding. A few studies have applied laser welding
techniques to flat plate butt double-sided welding tasks.
Farrokhi experimentally studied the influence of welding
speed on the solidification cracking of double-sided
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welding [13]. The research into double-sided arc welding
has mainly focused on the different welding methods
used on both sides. Zhou et al. established a three-dimen-
sional transient numerical model of a double-sided tung-
sten-inert-gas-metal-inert-gas (TIG-MIG) pool to identify
its heat transfer process [14]. Wu et al. established a
numerical model for the flow and heat transfer of the
weld pool of double-sided arc welding and they calcu-
lated the geometry of the keyhole and weld pool [15].
Dong et al. established a three-dimensional steady-state
numerical model of the melting PA-gas-tungsten-arc (PA-
GTA) double-sided welding melting process, and they cal-
culated the fluid flow and temperature field distribution
[16]. The results show that the peak temperature and tem-
perature gradient of the weld pool on the PA side were
higher than those on the GTA side. Luo et al. studied the
application of double-sided submerged arc welding to
duplex stainless steel, and they analyzed the effectiveness
of the double-sided welding process, the phase distribu-
tion characteristics, and the mechanical properties of the
welded joints [17]. Through experiments, Lei et al. con-
ducted a comparative study on the single-arc welding
and laser-arc double-sided welding processes in terms of
the geometry of the welded joints, the weld morphology,
and mechanical properties [18]. It was found that laser arc
double-sided welding significantly improved the perfor-
mances of welded joints [18]. Hejazi and Mirsalehi com-
pared two-sided friction stir welding with its traditional
single-side counterpart under an AA6061 sheet by using
different lengths of stir needles [19]. It was found that the
mechanical properties of the double-sided friction stir
welding joints were superior [19]. Jiang et al. performed
laser-MIG composite double-sided welding on an Al 5083
alloy laser with a thickness of 30mm, and they found that
the cladding of the MIG welding played a role in making
up for weld formation, eliminating the pores caused by
small holes, and refining grains [20]. Tuncel and Aydin
found that the welding type and pulse frequency had a
significant effect on tensile properties, and the tensile
properties of double-sided laser welded joints significantly
outperformed those of single-sided ones [21].

In this study, to improve the weld performance,
double-sided laser welding with filler wire was applied
to a 2195 Al–Li alloy workpiece. In double-sided laser
wire-filling welding, the welding parameters have a size-
able impact on the weld performance. To explore the
effects of the different welding parameter settings on
the weld microstructure and mechanical properties of
butt plate joints, we conducted numerical simulations
and experiments. In this work, the flow and heat transfer
characteristics of the weld pool were simulated by a

computational fluid dynamics (CFD) method, in which
the influence of wire filling on the weld pool was included.
Numerical simulation results and mechanical weld pro-
perties have not been well studied together in the litera-
ture. In this experiment, different welding strategies were
employed. The microstructures, hardnesses, and tensile
strengths of welds were obtained from experiments. The
distribution of pores and the microstructure and mor-
phology of the weld were analyzed. In previous research,
numerical simulation results and the mechanical proper-
ties and crystalline structures of the weld have only rarely
been studied together. The flow field, thermal cycle curve,
and cooling rate of theweld pool were obtained by numerical
simulation. By combining the numerical and experimental
results, the relationships between welding strategies, weld
FZ characteristics, and mechanical properties were analyzed.
A welding strategy to control the heat input and improve
weld quality was proposed.

2 Design of experiments and
materials

2.1 Materials and experimental procedure

Figure 1 shows a schematic diagram of laser double-sided
welding with a filler wire. Because the laser welding
energy is concentrated, the welding wire melts via heat
transfer from the weld pool and flows thereinto. Mean-
while, the high reflectivity entails a large loss of laser
energy on the surface of the workpiece; thus, only a
very shallow keyhole can be formed, in contrast to deep
penetration welding. The welding mode was that of
thermal conduction welding.

In the experiment, the JK2003SM Nd:YAG laser pro-
duced a laser beam (wavelength: 1.06 μm) that was con-
ducted to the laser head via an optical fiber and focused
upon the surface of the workpiece via the lens. The spot
diameter was 3 mm and the focal length was 160mm; the
flow rate for the shield gas was set to 15 L·min−1. The
Al–Li alloys feature a high reflectivity, and the filler
wire can absorb a proportion of the laser energy. The
process window of the Al–Li alloy was obtained after sev-
eral experiments under the condition of 1,500W power,
and the process parameters of the 2195 Al–Li alloy laser
wire filler weld (thickness: 2mm) were formulated.

The workpiece was a 2195-T8 Al–Li alloy with a thick-
ness of 2 mm. Before welding, the surface of the work-
piece was cleaned and its surface roughness increased by
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mechanical polishing to reduce reflectivity. The work-
piece size was 150mm × 100mm and was fixed on the
welding platform. An ER2319 wire (diameter: 1.2 mm) was
installed in front of the welding direction relative to the
focal point. The angle between the welding wire and
workpiece plane was 45°, and the wire feeding device
and laser were installed on the motion platform to facil-
itate movement. During the welding process, the welding
wire was not directly irradiated by the laser focus but
instead melted by thermal conduction through contact
with the edge of the weld pool; this realized a stable
liquid bridge transition mode. Table 1 shows the chemical
composition of the welding wire and workpiece.

After the welding was completed, samples were taken
from the cross section of the weld for characterization.
Figure 2(a) depicts the sampling shape of the tensile
sample, and Figure 2(b) represents the size of the tensile

sample. Then, the tensile properties of the specimens were
tested with a tensile machine.

Two small pieces of samples were taken far from the
deformation zone along the vertical weld direction for
each weld sample to facilitate metallographic microstruc-
ture observation and hardness testing. After extraction,
the sample was inlayed by the XBH-30 inlaying material
and polished with metallographic sandpaper to make
the sample surface smooth and scratch-free. Then, the
sample was polished with diamond polishing paste (par-
ticle size: 1.5 μm). Next, corrosion was performed with a
Keller reagent, and the weld microstructure was observed
under a metallurgical microscope. The joint hardness
was tested with a hardness tester, with a loading load
of 100 gf and a loading time of 15 s. The universal tensile
test machine was used for the mechanical performance
experiment and the tensile speed was 2 mm·min−1.

Table 1: Chemical compositions of the workpiece and filler wire

Workpiece Cu (%) Li (%) Ag (%) Zr (%) Fe (%) Mg (%) Ti (%) Al

2195 alloy 3.7 0.8 0.2 0.1 0.1 0.2 0.068 Balance

Filler wire Cu (%) Fe (%) Mn (%) Mg (%) Si (%) Zn (%) Ti (%) V (%) Al (%)

ER2319 5.6 0.3 0.3 0.2 0.2 0.1 0.15 0.1 Balance

Figure 1: Schematic diagram of laser weld with filler wire.
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2.2 Experimental design

To study the influence of different welding strategies on
the mechanical properties of the welds, three experi-
ments with different welding parameters were designed
for comparison. In the experiment, the laser power, focal
length, and focal radius were kept constant. Each group of
experimentswas performed twice. Thewelding parameters
under the three welding strategies are shown in Table 2.

In the experimental design and, under a fixed power,
the welding speed and wire feeding speed were the key
variables affecting the heat input because they determine
the heat inputted to the workpiece. In the experiment, the
front-side welding was not performed simultaneously
with that on the reverse side. Hence, the influence of
the front and back sides of the workpiece on the weldings
at different welding speeds and wire feeding speeds were
considered. During the experiment, the laser welding
(with filler wire) was first performed on the front of the
workpiece; then, the workpiece was cooled to room tem-
perature. Then, the back side of the workpiece was
welded. Initially, welding experiments were conducted
under multiple parameters, and the parameters of suc-
cessful welding were selected to summarize the process
window. During this process, it was found that when the
welding speeds of the front and reverse were inconsistent
and the spread of the welding wire was unstable, leading
to a welding failure. Therefore, an experiment using

different welding speeds on the front and back sides was
eliminated, and three experimental parameters were finally
determined for the comparison experiments. Three sets of
welding strategies were compared; of these, the welding
parameters on the front side of Case 2 matched with those
of Case 1; however, those on the back differed. According to
the control experiments, the effects of different reverse-side
welding parameters on the weld properties under identical
front-side welding processes were compared. Case 3 was
compared with Case 1, and the effects of different welding
speeds on the welding properties were compared.

3 Numerical simulation

3.1 Numerical model

To establish a more accurate mathematical model for
describing the physical process of laser double-sided
welding with filler wire, the CFDmethod was used to model
and compute the laser double-sidedweldingwith filler wire.
Compared with the finite element method (which only con-
siders heat conduction), the fluid dynamics framework can
describe the flow and convective heat transfer inside the
weld pool, and it can simulate the weld seam shape via a
multiphase flow model.

Figure 2: Sampling method. (a) tensile sample shape; (b) size of tensile sample.

Table 2: Welding parameters of different cases

Case 1 Case 2 Case 3

Front side Welding speed (mm·s−1) 4 4 3
Wire feeding speed (mm·s−1) 5 5 5

Reverse side Welding speed (mm·s−1) 4 4 3
Wire feeding speed (mm·s−1) 5 3 5
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The multiphase flow model was used to track the free
surface of the workpiece to distinguish the atmospheric
environment from the workpiece. The volume of fluid
(VOF) is a simple and effective method for multiphase
flow interface tracking; it is expressed by [22,23].

∂

∂
+

→
⋅∇ =

F
t

u F 0. (1)

In this equation, F describes the dynamic evolution
of different phases and it must satisfy the condition of
Fphase1 + Fphase1 = 1. When the first phase only exists at
this position, Fphase1 + 1, and Fphase2 = 0. In contrast,
when the second phase only exists at this position,
Fphase1 = 0, and Fphase2 = 1. At the interface of the two
phases, Fphase1 and Fphase2 are less than 1 and greater than
0. In the numerical model, air was defined as the first
phase and the workpiece was defined as the second
phase.

By solving the phase volume fraction, the positions of
the two phases in space were obtained. For the VOF
method, different phases share the same momentum
equation, and each phase need not be solved separately.
The VOF equation and momentum equation were coupled
via the density function. The flow parameters in the weld
pool were obtained by solving the momentum equation. In
the VOF method, the density at the single-phase position
was the material density; meanwhile, the density at the
free interface was the mixed density of the two phases.

The mass transfer process in the computational domain
was solved by the mass equation, which strictly obeys the
mass conservation law:

∂

∂
+ ∇⋅

→
=

ρ
t

ρ u 0. (2)

Here, →u is the velocity and ρ is the material den-
sity. At the two-phase interface, the density satisfies

= +ρ F ρ F ρphase1 1 phase2 2.
In the three-dimensional transient heat-fluid cou-

pling numerical model of laser welding with filler wire,
the VOF method was used to trace the interface between
metal and air. Through redevelopment technology, the
momentum equation source terms (e.g., recoil pressure
and surface tension) were introduced into the interface.
In the global computational domain, the momentum
equation source terms (e.g., the Darcy resistance, gravity,
thermal buoyancy, and latent heat absorption of melting
and solidification) were introduced as the energy equa-
tion source terms. The adaptive heat source model, radia-
tion, and convection were used in the interface as the
energy equation source terms.

In the numerical model, the flow in the weld pool was
calculated via the momentum equation

( ) ( ) ( )
∂

∂

→
+ ∇⋅

→→
= −∇ + ∇⋅ ∇

→
+ →ρ

t
u ρ u u p μ u S .u (3)

Here, →S u is the source term and is used to introduce
the applied forces, including gravity, buoyancy, surface
tension, recoil pressure, and Darcy resistance, to reflect
solidification. The expression is as follows:

= + + + +→S S S S S S .u σg r k f (4)

In the calculation domain, the heat conduction and
heat convection in the weld are calculated by the energy
equation

( )
∂

∂
+

→
∇⋅ = ∇⋅ ∇ +ρ h

t
ρ u h k T S .h (5)

Here, Sh is the source term of the energy equation and
includes the laser heat source, melting latent heat, sur-
face radiation, and surface convection. The expression is
as follows:

= + + +S S S S S .h re L c laser (6)

For the whole computational domain, we determined
which locations in the computing domain were required
to consider the effects of different forces and energy
by using logical judgment statements in the secondary
development interface. Surface tension and recoil pres-
sure only act upon and in a direction perpendicular to the
phase interface. Similarly, the energy variation caused by
surface radiation and surface convective heat transfer
only occurs at the phase interface. During the cyclic
retrieval of the computing domain, the phase interface
area was determined by the logical judgment statement.
The surface tension and recoil pressure were loaded into
the precession equation, and the surface radiation and
surface convection were loaded into the energy equation.

The surface tension is calculated by the continuous
surface tension model [24]. The expression is defined as

⎜ ⎟
⎛

⎝ ∣ ∣
⎞

⎠
( )= ∇⋅

∇

∇
−S F

F
σ T0.00035Δ ,σ (7)

where σ is the surface tension and is shown in Table 3.
The recoil pressure is produced by metal evaporation

and its expression is

= / /S B T0.55 e .M L N k T
r 0

1
2 a v a b (8)

In this equation,Ma is the material atomic mass, Lv is
the latent heat of evaporation, Na is Avogadro’s number,
kb is Boltzmann’s constant, and B0 = 2.05 × 1012 for alu-
minum [25].

Surface radiation is calculated by the following formula:

( )= −S ϑδ T T ,re 0
4

r
4 (9)
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where = × −δ 5.6697 100
8 is the Stefan–Boltzmann con-

stant and ϑ denotes the emissivity.
The convective heat loss was defined as

( )= −S h T T ,c c r (10)

where hc is the convection heat transfer coefficient, which
considers the energy loss produced by the convection of
protective gas, and was set to 160.

Unlike the aforementioned force and energy changes
(which only act on the phase interface), these effects were
located in the whole calculation domain. Thermal buoy-
ancy and gravity are loaded in the z-direction momentum
equation, and the Darcy damp force (reflecting solidifica-
tion) was loaded in the region below the melting point.
Similarly, the latent heat was loaded at the position just
below the melting point, and the laser heat source was
activated at the focus position; these were added to the
source term of the energy equation.

The source term of gravity was defined as

= −S ρg,g (11)

where g is the acceleration due to gravity.
The thermal buoyancy was defined as

( )= −S ρgβ T T ,f r (12)

where β is the thermal expansion coefficient (defined as
in Table 3) and Tr = 300 K.

By introducing a very large damping force, the flow
in the region below the melting point was halted and then
simulated as a solid. To achieve this, we used enthalpy-
porous technology in the model [26]. This damping force
can be expressed as
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where c = 1 × 105 − 1 × 108,TS is the solidus temperature,TL
is the liquidus temperature, Lm is the latent heat of the
melt, and Tm is the melting temperature.

The latent heat of melting can be defined as

( )= −∇ >S ρu f L T T, ,iL L m m (14)

where Lm is the latent heat of the melt, and Tm is the
melting temperature; these are shown in Table 3.

The laser source was based upon a Rotary Gauss
body heat source model [27]
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Here, R0 is the laser beam radius, η is the absorption
rate of Al–Li alloy (set as 0.4), and ( )H t is the deepest
depth of the phase interface, which was returned by the
VOF solver for every time step.

All the aforementioned material-related parameters
are shown in Table 3.

To simplify the model and accelerate calculation, the
following assumptions were set:
(1) The Al–Li alloy butt joints were replaced with a com-

plete plate in the computational domain.
(2) The surface tension and thermal conductivity visco-

sity of the Al–Li alloys were set as functions of tem-
perature, and other thermal properties were set as
temperature-independent constants.

(3) The flow state of the liquid metal was that of the
laminar flow.

3.2 Material characteristics and
computational domain

As shown in Figure 3, the computational domain was cov-
ered by a hexahedral mesh and divided into three regions.
The upper and lower regions were defined as air phases,
and the middle region was the workpiece (thickness:
2mm); the size of the computational domain was 8mm ×
8mm × 7mm. At the top and bottom of the computational
domain, a mobile welding wire inlet corresponding to the
ambient temperature was established. The inlet speed was
consistent with the wire feeding speed, and the welding
wire entered the calculation domain in the form of a liquid
column to allow the heat and mass transfer of the welding
wire in the melting process to be simulated.

As a workpiece, the physical parameters of the 2195
Al–Li alloys included thermal conductivity, specific heat
capacity, viscosity, latent heat of melting, and so on. In the
actual welding process, the flow of the liquid metal

Table 3: Material parameters

Properties of 2195 Al–Li alloys

Density ρ 2,710 kg·m−3

Thermal

conductivity k
T T T

T T T
−0.07 259.61,
0.0283 62.547,

L

L
⎧
⎨⎩

+ <

+ >
W·(m·K)−1 [28]

Viscosity μ (−0.0015 T + 2.8) mPa·s [29]
Melting latent
heat Lm

398,000 J·kg−1

Liquidus
temperature TL

960 K

Solidus
temperature TS

920 K

Expansion
coefficient β

2 × 10−5 K−1

Surface tension σ 0.7 N·m−1
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considerably determines the heat transfer and weld mor-
phology in the weld pool. Through the user-defined func-
tion in FLUNT software, the source terms of the energy and
momentum equations were introduced into the computa-
tional domain using the secondary development method,
and the material parameters were set as a function of
temperature.

3.3 Verification and analysis of simulation
results

After the welding began, the heat absorption of the
welding wire meant that a portion of the heat of the
weld pool was transferred to the welding wire, resulting
in the energy decrease of the former. Thus, although the
recoil pressure generated by the evaporation of the liquid
metal was considered in the numerical model, the simu-
lation results show that only very shallow keyholes were
formed on the surface of the weld pool, as shown in
Figure 4(a). The welding mode was thermal conduction
welding, and deep penetration welding did not occur.
Figure 4 shows the three-dimensional results of the welding
process. Theweld FZ boundary of the cross section obtained
in the experiment was compared with the simulation results
after reaching the quasi-steady state; the two were essen-
tially consistent, which verifies the reliability of the numer-
ical simulation results.

The simulation results of the weld cross section were
consistent with the experimental results. Comparing the
different results in Figure 4, we see that, under the same
laser power, slower welding speeds increased the heat input

and the depth and width of the FZ. Increasing the wire feed
speed led to an increase in the heat absorption of the wire,
a decrease in the energy input to the weld and a decrease
in the FZ. Compared with other cases, the FZ of Case 3 was
the widest, and the FZ boundary was almost perpendicular
to the workpiece plane; the FZ shape in the other two
cases resembled the symmetrical superposition of two
semi-ellipses. The extremity of Case 3 shows that the role
of convective heat transfer cannot be neglected in the heat
transfer of the weld pool. When welding began, the surface
of the workpiece was rapidly heated and melted to form a
weld pool. Then, the liquid metal in the weld pool was
squeezed around the weld pool under the action of
Marangoni convection. The flowing metal transferred the
laser energy to the edge of the weld pool via convection,
and the unmelted solid metal at the edge of the weld pool
was heated by the contacting melt, increasing the melting
width. Figure 5 shows the velocity field in the cross-sec-
tional area of the weld at the focal point of the laser under
different cases. The velocity vector in the area was marked
by an arrow. Case 3 penetrated the weld of the other side;
hence, only the flow field of the second weld was studied.

As can be seen from the longitudinal section flow field
of the weld in Figure 5, the liquid metal in the middle of the
weld pool flowed downward and was deflected at the
bottom of the weld pool, forming reflux along its boundary.
According to the factors considered in the numerical model
for the weld pool, this phenomenon was caused by
Marangoni convection, thermal buoyancy, gravity, and
so on. The thermal buoyancy flowwas produced by tempera-
ture-change-induced density differences. Marangoni convec-
tion was caused by the surface tension gradient produced by
the different surface tensions at different locations. Under the
action of surface tension, gravity, and recoil pressure, the
liquidmetalflowed downward from the surface to the bottom
of the weld pool. However, the metal below the weld pool
was not melted and still existed in a solid form. Because it
was blocked by a solid metal, the liquid metal at the bottom
of the weld pool was directed to flow around, and a portion
returned to the surface of the weld pool and solidified,
forming the reflux.

4 Results and discussion

4.1 Macrostructure of the joints

Because the two sides of the workpiece were welded
asynchronously in the experiment, one-pass welding
was performed on each side; thus, the upper surface of

Figure 3: Diagram of the computational domain.
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the plate was set as the front side to perform the first
weld, and the lower surface was set as the reverse side
to perform the second. Figures 6–8 depict the microstruc-
tures of Cases 1, 2, and 3, respectively. The upper weld
was the second weld on the reverse side, and the lower
was the first weld on the front side. Because the work-
piece material used was 2195-T8 Al–Li alloy, the original
microstructure of the base metal (BM) was that of a long
rolling-aged state. The process parameters on the front
and reverse sides of Case 1 were identical, and the macro-

morphology is visible in Figure 6(a). The FZ shape was
superimposed by two ellipses symmetrically along the
horizontal line of the weld center. The FZ of the front
welding overlapped slightly with the HAZ/partially melted
zone (PMZ) of the back welding; thus, there was no guar-
antee that the weld was penetrated. Gaps may be present
in the HAZ/PMZ, and no obvious pores and cracks were
observed inside the FZ or on the edge of the weld. The
evolution of the welded joint microstructures from HAZ
to weld center was characterized by BM, HAZ, PMZ, a

Figure 4: Experiment and simulation results. (a) Temperature field in the weld; (b) the fusion zone of the simulation and the experiment.
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columnar grain zone, and a mixed zone of equiaxed den-
drites and equiaxed grains with a coarse rolling-aged
microstructure. In Figure 6(b) and (d), a clear columnar

grain structure can be observed at the FZ boundary, attri-
butable to the large temperature gradient in this area; this
made the crystal grains grow epitaxially along the

Figure 5: The velocity field of the weld pool.

Figure 6: Case 1: metallographic structure.
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solidification front [30,31]. Nearer to the weld center, the
temperature gradient in the weld decreased, and the
columnar crystals were converted into equiaxed grain
and equiaxed dendrites [1,32–34].

From the equiaxed grain structure welded on the
back side (Figure 6(c)) and the equiaxed grain structure
on the front weld (Figure 6(e)), it can be seen that the
grain size of the first weld on the front side did not sig-
nificantly differ from that of the second weld on the back.
Comparing the front and back welds in Figure 6(c) and (e),
it can be seen that not only the columnar grain zone of the
weld and the widths of the PMZ and HAZ are identical, but
also the multiple crystal forms at the FZ boundary are also
consistent. Because the welding parameters on the front
side matched those on the back side, the heat input was
identical. Thismay affect the cooling rate of the workpiece,
owing to the change in the geometry of the weld height
after the end of the first weld; however, the influencing
factor is negligibly small. The columnar grains on the
upper portion of the weld were transformed into fine
equiaxed dendrites, and the middle equiaxed dendrites
were mixed with coarse equiaxed grains. The welding
center exhibited a mixed zone of equiaxed dendrites and
equiaxed grains, the grain size gradually decreased from
the upper to the lower parts of the weld, and the middle
grain size was slightly larger than the upper and lower

parts. This was mainly caused by the higher temperatures
in the upper region of the weld pool.

Figure 7(a) shows the macro morphology of Case 2.
Because the welding speed of the first and second welds
was 4mm·s−1, the wire feeding speeds of the front and
back were 5 and 3mm·s−1. The heat input of the welding
on both sides remained relatively constant, and the widths
of the two welds’ macro morphologies were very close.
When the composition of the welding wire remained
unchanged, the morphology of the front did not differ
notably from that of the back. The most obvious difference
was that the wire feeding speed on the front exceeded that
on the back, resulting in a higher weld reinforcement on
the front. Compared with Figures 5 and 6, the weld shapes
and crystallization distributions of the two experiments
were very similar, owing to the similar process parameters.
Their evolution from the boundary to weld center was
followed by HAZ, PMZ, columnar grain zone, and mixing
zone of equiaxed dendrites and equiaxed grains. In addi-
tion, Figure 7(a) clearly shows that the penetration depth
of the back weld in Case 2 was deeper than that of the back
weld in Figure 7(a). This was mainly due to the reduction
of the wire feeding speed on the back of Case 2, which led
to a decrease in the heat absorption of the welding wire.
The heat input transferred to the weld pool increased com-
pared to that in Case 1, increasing the penetration and

Figure 7: Case 2: metallographic structure.
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coarsening of crystal grains. As a result, the sizes of
equiaxed grains and equiaxed dendrites in Figure 7(c)
exceeded the grain size in Figure 7(e).

Figure 7(a) indicates that a small number of pores
were generated at the boundary between the weld and
air and the area of contact at the FZ–HAZ boundary. In
the mechanical performance test, the locations of the
pores and cracks became the weak areas of the mecha-
nical performance, and fractures readily occurred at these
positions before rapidly extending to the entire weld
[35,36]; in Figure 7(b) and (d), the pores in the HAZ are
primarily distributed along the growth direction of the
columnar gain. It is speculated that the pores are formed
by the sudden decrease in the solubility of hydrogen in
the weld metal during the solidification process, which
caused the hydrogen bubbles to overflow from the weld
center [37–39]. When these escaped to the columnar
grain area, the dendrites became solidified and the bub-
bles could only move along the dendrite gaps. When the
temperature was cooled to the point at which the dendrite
interstitial was also solidified, the bubbles could not
move and remained in situ to form pores.

The welding speed under a constant welding power
was lowest in Case 3; hence, the heat input was here
highest among all experiments. As can be seen from
Figure 8(a), when the first weld was completed, the

second weld on the reverse side directly melted the work-
piece owing to its excessive heat input; thus, the recrys-
tallized area of the first weld was remelted and the weld
collapsed. Therefore, it is difficult to distinguish the area
of the first weld from that of the second.

Compared with Cases 1 and 2, the crystal grain of
Case 3 was larger owing to the increase of heat input.
Unlike other experiments, a narrow fine equiaxed zone
(EQZ) was observed at the FZ boundary in Case 3. As
shown in Figure 8(b) and (d), this zone was composed of
small equiaxed unit cells. EQZ is considered to be formed
by a nonuniform homogeneous nucleation mechanism,
with precipitates such as Al3(Li,Zr) and Al3Zr acting as
potential heterogeneous nucleation sites of EQZ grains,
facilitating the formation of an EQZ [40,41].

Compared with Figure 6 for Case 2, numerous
hydrogen holes were observed at the bottom of the
weld in Figure 7(a) and (e); meanwhile, the pores in other
positions essentially matched those in Case 2. This was
because the second weld was in a fully penetrated state,
and no protective gas was added to the other side of the
weld. During the welding process, a large quantity of air
was in contact with the bottom weld pool. Therefore, the
hydrogen element primarily originated from the absorp-
tion of the surrounding water by the alumina on the sur-
face of the workpiece, which caused the supersaturated

Figure 8: Case 3: metallographic structure.
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hydrogen in the FZ to generate hydrogen pores [42].
During solidification, under the rapid decrease of hydrogen
solubility, hydrogen overflowed from the bottom, and the
air bubbles that were too late to overflow remained on the
surface to form surface and subcutaneous pores nearby. To
summarize, when the welding speed decreased, the heat
input increased, which led to an increase in the number
of pores, further increasing the porosity in the weld. A large
number of pores reduced the mechanical properties.

Figure 9 shows the width of the weld seam in dif-
ferent cases. The widths of the three different positions
in Cases 1 and 2 were relatively similar. However, the
widths of the weld seam at the top, middle, and bottom
in Case 3 were much larger than those of Case 2. Through
calculation, the weld widths at the top, middle, and
bottom of the weld seam in Case 3 were increased by
25.36, 74.82, and 28.47%, respectively, compared with
those of Case 2. The decrease in the weld seam width
entailed a decrease in the heat input. The lower the
heat input, the shorter the residence time of the weld
seam at high temperatures, the smaller the structure,
and the less significant the softening of the HAZ; this
improved the mechanical properties of the joint.

To summarize, under the three different welding stra-
tegies, the crystalline structure at the weld seam center
was composed of equiaxed grains and dendrites with
irregular grain sizes and shapes; the greater the heat
input, the coarser the grain size, the larger the dendrite
spacing, and the more extensive the secondary dendrite
development; this led to joint softening. Meanwhile, under
the increase in heat input, the pore defects in the weld
began to increase. In addition, the penetration depth of
Case 1 was approximately half the thickness of the plate,
and it was easy to avoid penetrating the workpiece and

producing a joint gap when double-sided welding was
performed. As can be seen from Figure 7, when the weld
was penetrated using the process parameters of Case 2,
although pores remained at the fusion line and weld sur-
face, the number of pores was greatly reduced, and the
entire welded joint was in a continuous and uniform state.
Thus, the microstructure corresponding to the Case 2
welding strategy was optimal in the three experiments.

4.2 Effect of welding parameters on
mechanical properties

Figure 10(a) shows the microhardness distribution of the
weld under the three process settings. The hardness test
was conducted at the horizontal axis of the workpiece
center, and the test result curves at different positions
were obtained. According to the curve in Figure 9(b),
the microhardness values of the weld under all the three
welding parameters presented a W-shaped distribution.
The hardness of BM was highest, those HAZ and PMZ
were higher than that of FZ, and that of FZ was lowest;
this is consistent with the results obtained from similar
studies [43]. For Al–Li alloys, the strengthening phases
were mainly T-(AlLiSi) and θ-(Al2Cu) phases, which were
dispersed in the matrix, grain boundaries, and disloca-
tions. These dispersion phases pinned the grain bound-
aries and hindered the motion of dislocations [44].

There are two main causes for the softening of Al–Li
weld joints: (1) the dissolution of reinforcing phase par-
ticles, the increase of reinforcing phase particle sizes, and
the decrease of density distribution, which weakens the
dispersion strengthening effect [45]; and (2) the

Figure 9: Width of the weld seam of different cases.
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evaporation loss of alloy elements such as Cu, Mg, and Zn
[46]. The hardness of 2198/2060 Al–Li alloy was studied
in references [32, 34], where it was found that the hardness
of the weld was considerably lower than that of the BM (i.e.,
only half thereof). Compared with their results, the weld
hardness in this study could reach 75% of the BM hardness.
The reason for this difference was that their research adopted
single-sided welding, and the laser power was large; as a
result, the dispersion strengthening effect was weakened
and the loss of alloying elements was more serious.

During the welding process, owing to the high energy
input of the laser, the Cu and Li elements in the upper
region of the weld pool evaporated and were lost, which
affected the precipitation of the strengthening phase.
Combined with the weld pool flow field in Figure 5, the
melt containing lost elements flowed to the lower region
of the weld pool, reducing the strengthening phases on
the surface of the weld pool, which may be one reason
for the reduced hardness of the weld center. Comparing
the microhardnesses under the three different welding
settings, we see that at a faster welding speed and iden-
tical laser power, the lower the energy input to the work-
piece, the lower the peak temperature of the welding
thermal cycle; this results in a decreased joint softening
and increased hardness. For Case 3, owing to the slow

welding speed, the heat input increased comparedwith the
other cases, which greatly increased the width of the HAZ.
Meanwhile, the coarse grain led to the softening of weld
joints, making the hardness of Case 3 the lowest. In addi-
tion, the wire feeding speed of Case 2 was reduced during
the back welding; thus, when the heat input increased,
the joint softening exceeded that of Case 1 at identical
welding speeds, and the hardness was reduced.

Figure 11 shows the stress–strain curves of different
cases and the corresponding tensile fracture samples.
The fracture in Case 1 occurred at the welded joint, and
the heat input of Case 1 was the smallest, reducing the
depth of the weld pool; thus, the workpiece was not
penetrated in the first weld. In the experiment, the two
plates were butt connected, and the fluidity of the liquid
metal at the edge of the weld pool was reduced by the
lack of penetration and the low heat input. The overlap-
ping area of the two weld seams was too small, the joint
gap of the flat plate was not completely filled, and a micro
gap was generated. This may explain why the strength in
Case 1 was lower than that of Case 2. Under similar
welding heat input conditions, the penetration depth of
the second weld seam increased; thus, the joint was com-
pletely penetrated. Even when only a few pores were
present, the welding quality was improved. Case 3 was
in a fully penetrated state; however, excessive heat input
caused the HAZ to expand, the crystal grains to signifi-
cantly coarsen, and the pores on the back to become an
area of mechanical weakness; this became the crack
initiation point in the tensile test and promoted the for-
mation and expansion of cracks. The fracture positions of
the three cases were observed, and it was found that the
fractures occurred near the HAZ, which was consistent
with the results of Zhang et al. [34]. In this study, the
scanning electron microscopy (SEM) result of the fracture
showed that the fracture mode was that of an intergra-
nular fracture. Related research has found that alloying
element segregation or intergranular coarse phases can
weaken the grain boundary, thereby causing intergra-
nular fracture [47,48]. The fracture location of Case 2
was close to that of Case 1, whereas that of Case 3 was
closer to the FZ boundary. In Figure 8, the EQZ can be
observed in this region. Gutierrez and Lippold [49] pro-
posed that the EQZ plays a key role in weld crack and
fracture sensitivity. Hu et al. [37] proved this view: they
observed that the fracture of the Al–Li alloy weld always
occurred near the EQZ, and they proposed that the EQZ is
the reason for the reduction of crack resistance and the
degradation of mechanical properties under static loads.
Therefore, the fracture in Case 3 most likely occurred at
the EQZ. Thus, it can be clearly seen in Figure 11 that,

Figure 10: Microhardness of the weld. (a) Location of hardness test;
(b) the curve of hardness.

104  Qihang Xv et al.



compared with other cases, the strength of Case 3 was
reduced by the presence of an EQZ.

The tensile strength and elongation of the 2195-T8
Al–Li alloy workpiece at room temperatures were 608MPa
and 9.22%, respectively. Compared with the tensile strength
curve in Figure 11, we can see that under the three cases, the
sample broke suddenly after reaching the maximum value,
and the fractured state was that of brittle fracture. In Case 3,
excessive secondary heat inputs led to the expansion of the
welding HAZ and serious joint softening. In addition, the
stress concentration produced by the pores on the weld
surface further reduced the mechanical properties, and
the joint strength was the lowest, only 285MPa (46.8% of
that of the workpiece); the process parameters of Case 1
reduced the welding heat input and welding defects. How-
ever, this cannot ensure complete penetration and can leave
gaps, resulting in a strength decrease. The final tensile
strength remained at 381MPa (62.6% that of the workpiece).
The joint strength in the Case 2 sample was 420MPa (69%
of that of the workpiece); that is, no serious joint softening
(as observed in Case 3) occurred, the void fraction of the
weld was low, and fewer defects were formed. Compared
with the Case 1 sample at similar heat input, the strength
was increased by 10%, and it exhibited the optimal mecha-
nical properties among all the samples.

In the three cases, the excessive heat input of Case 3
caused the weld to collapse. In the second weld process,
the FZ of the first weld melted, and the crystalline struc-
ture of that first weld was no longer present. The welding
effect of Case 3 was similar to that of single-sided welding,
and the expected effect of double-sided welding could
not be achieved. In this study, the welding process was
numerically simulated. Although the numerical simulation
may differ from the actual situation, the variation trend of
the numerical results resembled that of the real results
[50]. In the simulation and comparison of experimental
results in Figure 4, the simulation results are seen to repro-
duce the collapse process, and the data obtained from the
simulation are of great help in analyzing the laws between
heat input and mechanical properties. Figure 12 shows the
welding thermal cycle curve and cooling curve at different
positions in the weld, as obtained from the simulation
results. The temperature and cooling rate data for multiple
points on the weld cross section were extracted, and the
positions of the extraction points in the three cases were
identical. To compare the thermal cycle curves of the front
and reverse side welds, three points located on the work-
piece surface and at the center of the cross section were
sampled during the first and second welding processes.
The three points corresponded to Points 1, 2, and 3 in

Figure 11: Stress–strain curve for different cases.
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Figure 12. The cooling rate had a significant influence on
the mechanical properties of the weld seams. The cooling
data of the second weld were sampled and analyzed, and
the sample was extracted from the cooling point where the

thermal cycle curve entered the cooling zone, marked
“cooling point” in Figure 12. To obtain the cooling data
for the edge of the weld FZ, three points located at the
edge of the weld seam were added for data collection,

Figure 12: Process of temperature variation: (a) thermal cycle curve in the double-sided weld and (b) temperature variation rate in the
cooling stage.
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corresponding to Points 4, 5, and 6, respectively, in Figure 12;
owing to the symmetry of the weld, the thermal data on the
mirror side of the three points were essentially consistent
with those of the three points.

By comparing the thermal cycle curves in Figure 12,
it can be clearly seen that the peak temperature at the
three sampling positions in Case 3 is higher than that of
the other two cases, with its highest temperature being
1,560 K; this corresponds to the maximum heat input of
Case 3. More importantly, the second weld thermal cycle
curves of Cases 1 and 2 were very similar, indicating that
the heat input of Case 2 was successfully controlled in a
range close to that of Case 1. During welding, the closer
the sampling point was to the surface of the weld pool,
the higher its temperature. The distances between the
three points sampled for thermal cycle temperature mea-
surement were identical; however, the simultaneous tem-
perature difference reflects the downward trend of the
temperature gradient from the surface to the bottom of
the weld pool. The first weld processes of Cases 1 and 2
were identical; however, their second weld processes dif-
fered. In Figure 12, the heat input of the second weld of
Case 2 is larger, and the area of the thermal cycle curve
exceeds that of Case 1. Case 3 had the largest heat input;
however, Case 3 also took the longest to reach the peak
temperature because slow welding speeds increase the
time required for the focal point to reach the sampling
location. The results in Figure 5 show that convective
heat transfer determines the heat accumulation at this
point. Although the heat input had a greater impact on
the mechanical properties of the weld seam, the impact of
the cooling process on the mechanical properties cannot
be neglected.

Figure 12(b) shows the cooling rate curve corre-
sponding to the cooling zone in the second weld thermal
cycle curve. By comparing the welding parameters and
cooling rate curves of Cases 1 and 2, it was found that
the average cooling rate was essentially identical when
the wire feeding speed was 2 mm·s−1. By comparing the
welding parameters and cooling rate curves of Cases 1
and 3, it was found that the difference in the average
cooling rate exceeded 100 K·s−1 when the welding speed
was increased by 1 mm·s−1. The cooling rates of Points 3
and 6 in the positions closest to the weld surface in the
second weld were lower than those of other positions.
The locations with the highest average cooling rate were
Points 1 and 2, which were at the bottom region of the weld
pool, on the central axis of the weld. When these entered
the cooling state, the temperature change rate reached
approximately −500 K·s−1; meanwhile, the temperature
change rate of the other four points was 50% that of these

two points. Point 2 was located at the edge of the weld
pool, where the cooling rate of Case 2 exceeded that of
Case 1, and the temperature at this point was close to
that of Case 1, showing high cooling rates in the crystal-
lization region at the bottom of the weld pool; this also led
to a high degree of undercooling and grain refinement in
the FZ at the same region. It can be seen in Figure 7(e) that
this also caused the intensity of Case 2 to exceed that of
Case 1. Because recrystallization did not occur at Point 1, it
is not discussed. In addition, the cooling rates of the six
positions in Case 3 exceeded those of Cases 1 and 2, which
alleviates the coarser grain through excessive heat input.
However, this also led to rapid cooling of the weld seam,
and the hydrogen did not have sufficient time to overflow
the weld pool; thus, pores were formed. The same problem
also occurred in Case 2, and Case 3 was the most serious.
By comparing the cooling rates of the three cases, the
cooling rates of the weld seam are seen to increase under
the increase in heat input. High cooling rates also affected
the generation of the EQZ at the weld seam edge of Case 3;
this also reduced the mechanical properties of Case 3.

To conclude, when double-sided welding was per-
formed, the lower welding heat input reduced the loss
of alloying elements in the weld pool, the weld seam
microstructure was more refined, and the weld seam
hardness was increased. However, with plate butt joints,
it is easy to produce an insufficient weld penetration
depth, which affects the seam filling and leads to micro-
gaps. Meanwhile, the numerical results show that an
increase in heat input produces crystal coarsening and
increases the cooling rate; furthermore, the weld seam
solidifies before hydrogen overflows from the weld pool.
Therefore, the laser power, welding speed, and wire
feeding speed must be controlled within a reasonable
range to prevent the excessive heat input from pene-
trating the weld on the other side and producing defects.
By comparing the weld properties and process para-
meters of Cases 2 and 1, it was found that the welding
strategy under different process parameters on either side
of the workpiece could effectively control the heat input,
reduce the occurrence of defects in the weld seam, and
increase its mechanical properties.

5 Conclusion

The effects of different welding parameters on the mecha-
nical properties of double-sided laser welding using filler
wire were studied by combining experiment and numer-
ical simulation results. A three-dimensional transient
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multiphysics numerical model was established to study
the effects of temperature and flow on weld performance;
the results of the numerical simulation were verified by
experiments.

The factors affecting the mechanical properties of
the weld were explored by comparing the experimental
results and analyzing the numerical simulation ones.
This represents a novel research method. It is almost
impossible to monitor the temperature variation in the
weld via experiment; however, data difficult to obtain
in the experiment can be obtained by numerical simula-
tion. Under identical other welding parameters, reducing
the welding speed increased the heat input of the
weld, which causes an increase in the peak temperature
and cooling rate. By comparing the welding parameters
with the cooling rate curve, it was found that the peak
temperature was essentially consistent with the average
cooling rate when the wire feeding speed was increased
by 2 mm·s−1. When the welding speed difference was
1 mm·s−1, the peak temperature was 200 K higher than
under the higher welding speed, and the average cooling
rate was more than 100 K·s−1. By comparing the simula-
tion results with the double-sided welding experiment,
it was found that excessive heat input in the weld did
more than simply increase the penetration width and
depth and melt the first weld: it led to coarse grains in
the weld, which increased the hydrogen porosity and
reduced the weld’s mechanical properties. Therefore, it
is highly likely that the quantity of hydrogen porosity will
receive a cooling rate, and an increase in cooling rate will
lead to an increase in hydrogen porosity. In addition, the
comparison results show that the strategy of setting the
reverse-side welding process parameters to differ from
those of the front side can effectively control the heat
input, produce better weld morphologies and microstruc-
tures, and increase the weld’s mechanical properties. It
was found that when the wire feeding speed was 5 mm·s−1
for the first weld and reduced to 3mm·s−1 for the second,
the tensile strength of the weld specimen was increased
by 10%. In this work, through a combination of numerical
simulations and experiments, the influences of weld
parameters on the weld performance were studied using
the temperature field simulation results. We believe that
this method can quantitatively and intuitively be used to
study similar fields and promote the development of
welding technology.
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