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bstract

Keyhole formation as well as the geometry of weld profiles during Nd:YAG laser welding of ZE41A-T5 were studied through combining
arious models and concepts. The results indicated that weld width and fusion area decrease with increasing welding speed. In the case of partially
enetrated welding, penetration depth decreases with increasing welding speed. Also, the model predicted that excessive decrease in laser power
r increase in defocusing distance decreases surface power density, thereby changing the welding mode from fully penetrated keyhole, to partially
enetrated keyhole, and then to the conduction mode. The predicted conditions for keyhole stability and welding modes as well as the weld
rofiles for various processing conditions were validated by some selected welding experiments. These experiments included studying the effects

f welding speed, laser power, joint gap and laser defocusing on the weld geometry of 2- and 6-mm butt joints or bead-on-plates of ZE41A-T5
and castings using a continuous wave 4 kW Nd:YAG laser system and 1.6-mm EZ33A-T5 filler wire. Good agreements were found between the
odel predictions and experimental results indicating the validity of the assumptions made for the development of the model.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Laser welding is in general a keyhole-mode fusion welding
echnique that provides line-heating source through the mate-
ial thickness [1,2]. Compared with conventional fusion welding
rocesses, laser welding produces higher penetration depth in a
ingle pass [2]. The keyhole can be described as a vapor cap-
llary tube surrounded by a molten metal [3] and is formed
hen the laser power absorbed by the metal is greater than the
aterial specific intensity threshold [3,4]. This means that the

ritical intensity limit for keyhole formation must be overcome
y the intensity of the laser beam. The presence of such con-
itions results in the creation of a moving keyhole surrounded
y a molten metal due to the absorption of incident laser beam
5]. Because of the high welding speed [3], the molten metal

s rapidly solidified behind the moving keyhole creating the
oint between the welding parts (Fig. 1). The heating power is
btained by focusing the laser beam into a very small spot that

∗ Corresponding author. Tel.: +1 514 848 2424x3146; fax: +1 514 848 3175.
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rovides a very high power density [2,3,5,6]. The range of power
ensity that creates the keyhole is from 103 to 105 W mm−2, and
bove this range cutting and drilling are usually achieved [2].

The stability of the keyhole depends on the force balance
etween the keyhole wall and the molten metal around it, and
his can be described by the following equation [5]:

v = Pσ (1)

here Pv is vaporization pressure, and Pσ surface tension.
This means that the stability of the keyhole depends on the

orce balance between the vapor pressure and the surface tension
ressure. The vapor pressure tends to open the keyhole whereas
he surface tension pressure tends to close it. The above findings
ave been confirmed by Zhao and co-workers [4,7] and Punkari
t al. [8]. If the laser intensity overcomes the threshold intensity
f the material, the keyhole forms and induces two main absorp-
ion mechanisms; Fresnel and plasma absorption. The Fresnel
bsorption can be divided into the first Fresnel absorption and

ultiple reflections. The first Fresnel absorption represents the
rst absorption occurring due to the first interaction of the laser
ay with keyhole wall. The temperature inside the keyhole will
e much higher than the evaporation temperature at the key-

mailto:mmedraj@encs.concordia.ca
dx.doi.org/10.1016/j.matchemphys.2007.10.039
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Fig. 1. Laser welding in the keyhole mode.

ole wall which leads to the formation of ionized gases which
bsorb energy from the reflected laser rays. The energy balance
etween these effects and the heat loss through the keyhole wall
ill determine the keyhole profile.
A useful method to describe the keyhole profile in a plane

arallel to welding direction for the front and rear walls dur-
ng CO2 laser welding of steel was proposed by Kaplan [9]. A
onical shape was assumed for the keyhole for the purpose of
alculating the multiple reflections of the laser ray. Also, only
ormal incidence absorption (ray perpendicular to the keyhole
all) during multiple reflections was considered in the calcula-

ions. The plasma absorption was estimated using the value of
he intensity that is left after undergoing multiple reflections and
y defining the mean path of the rays as one and half times the
epth of a blind keyhole. The intensities obtained for multiple
eflections and plasma were both assumed to be for the same
ayer at the first Fresnel absorption (the first interaction of the
aser ray with the keyhole wall). Lampa et al. [10] modeled the
eld pool geometry generated during CO2 blind laser welding
f steel by applying Kaplan’s [9] method. They calculated the
op weld width and assumed the bottom weld width to be half
f the top weld width for blind keyhole-mode welding based
n the experimental observations. To account for the effect of
hermocapillary (Marangoni) flow, Lampa et al. [10] assumed
hat the thermal conductivity on the top is 2.5 times the real
hermal conductivity, and they corrected the source strength on
he top of the keyhole accordingly. The penetration depth was
alculated by dividing the total power absorbed by the keyhole
y the average line source strength, using the artificial thermal
onductivity value at the top, and the real thermal conductivity
alue at the bottom.

The Fresnel absorption and reflection in the keyhole were
tudied by Jin et al. [11]. Glass was used to capture the key-
ole profile in a plane parallel to the welding direction, and the
ultiple reflections and the laser absorption inside the asym-
etric keyhole were analyzed using geometrical optics theory.
he plasma absorption was avoided in the above study since
he glass GG17 used had very high ionization energy and thus
lasma is difficult to form. On the other hand, Solana and Negro
12] studied the effect of multiple reflection and plasma on the
lind keyhole profile. They developed a numerical model with an

r
o
w
b
l
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nitial keyhole having conical shape based on assumed keyhole
op radius and penetration depth. It was found that the keyhole
rofile varies with the Fresnel and plasma absorption values;
owever, the energy conservation at the keyhole wall was not
onsidered.

In the present work, Kaplan’s [9] and Lampa et al.’s [10]
odels were modified and combined with the calculation meth-

ds of the multiple reflection [11] and plasma absorption [12]
o calculate the weld geometry profiles. Although the key-
ole in the actual process is asymmetric in the plane parallel
o welding direction, it is symmetric in the plane perpendicu-
ar to welding direction. In addition, the perpendicular plane
lso reveals the weld geometry profile, and thus it was used
n the calculations of this study. This was achieved by calcu-
ating the energy balance at each layer of the keyhole and by
egistering the location of each multiple reflection and plasma
bsorption in the corresponding layer. A correction factor was
sed, instead of artificial thermal conductivity values, to esti-
ate the effect of the widening of the weld width due to the

hermocapillary flow. This factor was used to correct the source
trengths based on the experimental investigation during laser
elding of Mg alloy. Finally, the modeling results were verified
y experiments.

. Experimental procedures and materials

.1. Materials and equipment

The experimental material was aerospace grade sand cast ZE41A-T5
Mg–4.2Zn–1.2Ce–0.7Zr) magnesium alloy. The cast plates had sizes of approx-
mately 300 mm × 150 mm × 3–7 mm. The plates were cut into four small pieces
or laser welding, each with approximate sizes of 150 mm × 75 mm × 3–7 mm.
he magnesium castings were then machined to 2 and 6 mm thicknesses. The

oint faces were also machined along the length for all the specimens. Prior to
aser welding the joint faces and their surroundings were carefully cleaned by
cetone to remove any contaminations.

The laser welding machine used in this study is a continuous wave (CW)
kW HL4006 Nd:YAG (neodymium-doped yttrium aluminum garnet) laser sys-

em equipped with an ABB robotic and magnetic fixture system. A focal length
f 150 mm and a fiber diameter of 0.6 mm were employed. Helium was used
o shield the top surface and argon for the bottom surface of the workpieces as
hown in Fig. 2. The flow rates were 18.9 and 21.2 l min−1 (40 and 45 ft3 h−1)
or the top and bottom surfaces, respectively. The shielding gas, He, was directed
o the top surface of the workpiece at an angle of 30◦ (with the horizontal) and
r was vertically and uniformly directed to the bottom surface. The workpieces

butt joint) were positioned and clamped in a fixture with various gap size from
to 0.6 mm. Defocusing range was between 0 and −4 mm with 0.45 mm focal

pot diameter.
A filler wire of EZ33A-T5 (Mg–3Re–2.5Zn–0.6Zr) Mg alloy with 1.6 mm

iameter and 990 mm length was used through a wire feeding mechanism. Laser
elding using filler wire is getting more attention since it might solve many
f the problems facing autogenous welding. The most important advantages
f using filler material include improving weld properties, increasing the gap
etween the welding parts, and welding thick sections using a multi-pass
echnique. Compared with other welding techniques laser welding requires
ess filler wire per meter of welded seam, underfill and notching effect can be
vercome using filler wire, and finally the porosity of the welded joint can be

educed using filler metal [2,3]. The filler wire was positioned at the intersection
f laser beam and top surface of the workpiece. A delivering angle of 60◦
as used between the filler and the laser beam axis to reduce the contact area
etween them. During laser welding, the workpieces were stationary while the
aser beam scanned at a power value between 2.5 and 4 kW and a speed from 2 to
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Fig. 2. Experimental setup for laser welding of Mg alloy usi

m min−1. Wire feeding rate was calculated using volume flow rate constancy:

ire feed rate = welding speed × gap area

filler wire area
(2)

After welding, a length of approximately 20–30 mm was cut from both ends
f each joint to exclude the unstable segments appearing at the start and end of
aser welding. Cross-sectional samples for metallurgical examination were cut
rom the weld joints at three locations (start, middle and end). The polished sam-
les were then etched in Nital solution (1 ml volume of HNO3 in 100 ml ethanol).
he dimensions of the fusion zone (FZ) were measured using an Olympus opti-
al microscope equipped with Discover Essential image analyzer software. The
verage values were calculated from the quantitative measurements of the three
pecimens (start, middle and end).

.2. Key experiments used for model verification and comparison

Butt joints with 2 and 6 mm thickness, and bead-on-plate welding with 6-mm
hickness were used to verify the modeled fusion zone geometries. The samples
ere divided into groups as shown in Table 1.

. Calculations of laser efficiencies from the
xperimental FZ geometries

In a previous study [13], it was found that the use of filler
ire had no significant effect on the FZ area if the wire feed rate
sed was calculated from equation 2. In this modeling study,
he process of welding using filler wire will be simplified to
he autogenous condition. However, the increase in laser power
osses must be compensated for this setup. For this purpose,
aser welding process was specially performed for two joints:
ne welded autogenously (sample 29) and one using filler wire
sample 30), while the other process parameters (i.e. laser power,
elding speed, thickness, focusing parameters) were kept the

ame as summarized in Table 1.

.1. Laser process efficiency

In keyhole-mode laser welding process, the beam passes
hrough multiple stages till it is converted to effective power

hat melts the base metal (BM) and produces the weld seam
s shown in Fig. 3. The keyhole will be created after over-
oming the threshold intensity (Is) which is determined by
aterial’s vaporization temperature (Tv), thermal conductivity

η

e

ntinuous feeding mechanism connected with the laser head.

k) and absorptivity at normal incidence (A) [14]:

s ∝ Tvk

A
(3)

Before the laser beam enters the keyhole, part of the laser
ower (P) will be lost due to reflection (Pref) and the absorption
y plasma plume (Pplume) [10]:

entering the keyhole = P − Pref − Pplume (4)

Before the laser ray reaches the keyhole wall, part of the
ay will be absorbed by the plasma that exists inside the key-
ole. Once the laser ray reaches the keyhole wall, it is partially
bsorbed (first Fresnel absorption). The percentage absorbed
epends on the wall angle and material’s physical properties.
he reflected intensity will pass through multiple reflections

nside the keyhole. Between each reflection the laser ray will
ose some of its intensity due to plasma absorption. The laser
ay finally leaves the keyhole from the top in the case of blind
eyholes, or from both the bottom and the top for open keyholes.

The coupling efficiency (ηA) is defined as the portion of the
aser power available to the workpiece and is equal to the ratio of
he absorbed power (Pabs) by the keyhole wall to the total laser
ower (P) [14]:

A = Pabs

P
(5)

t is worth noting that not all the absorbed laser power will be
onsumed for the melting but part of it will be lost by heat con-
uction through the BM. The thermal efficiency (ηth) is defined
s the portion of the absorbed laser power that produced the weld
eam and is equal to the ratio of the heat of melting (Pmelting)
ivided by the absorbed laser power (Pabs):

th = Pmelting

Pabs
(6)

The laser process efficiency (ηP) according to Dausinger et
l. [14] can be calculated as:
P = ηAηth (7)

By substituting Eqs. (5) and (6) into Eq. (7), the laser process
fficiency (ηP) can be defined as the ratio of the melting power
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Table 1
Key experiments and effective parameters for 2 and 6 mm laser welded plates

Sample # Thickness
(mm)

Gap size
(mm)

Laser power
(kW)

Welding speed
(m min−1)

Wire feeding rate
(m min−1)

Defocusing
(mm)

Welding type

Effect of welding speed on weld geometry
1 2 0.4 4 4 2 0 Butt joint (filler wire)
2 2 0.4 4 5 2.5 0 Butt joint (filler wire)
3 2 0.4 4 6 3 0 Butt joint (filler wire)
4 2 0.4 4 7 3.5 0 Butt joint (filler wire)

Effect of gap size on weld geometry
5 2 0.1 4 6 0.75 0 Butt joint (filler wire)
6 2 0.2 4 6 1.4 0 Butt joint (filler wire)
7 2 0.3 4 6 2.1 0 Butt joint (filler wire)
8 2 0.4 4 6 3 0 Butt joint (filler wire)
9 2 0.5 4 6 3.5 0 Butt joint (filler wire)

10 2 0.6 4 6 4.2 0 Butt joint (filler wire)

Effect of laser power on weld geometry
11 2 0.4 2.5 6 3 0 Butt joint (filler wire)
12 2 0.4 2.75 6 3 0 Butt joint (filler wire)
13 2 0.4 3 6 3 0 Butt joint (filler wire)
14 2 0.4 3.5 6 3 0 Butt joint (filler wire)
15 2 0.4 3.75 6 3 0 Butt joint (filler wire)
16 2 0.4 4 6 3 0 Butt joint (filler wire)

Laser welding of 6 mm plates
25 6 – 4 5 – 0 Bead on plate
26 6 – 4 5 – −2 Bead on plate
27 6 – 4 5 – −4 Bead on plate
28 6 0 4 5 0 −4 Butt joint (autogenous)
29 6 0 4 3 0 −4 Butt joint (autogenous)
30 6 0.2 4 3 2 −4 Butt joint (filler wire)
31 6 0.2 4 2 1.35 −4 Butt joint (filler wire)
32 6 0.4 4 3 4 −4 Butt joint (filler wire)
33 6 0.4 4 2 2.7 −4 Butt joint (filler wire)

Fig. 3. Schematic diagram showing different power sources and losses during keyhole laser welding (based on the concepts presented in Refs. [9,12]).



hemistry and Physics 109 (2008) 61–76 65

t

η

t
[

M

w
m
s
P
r
l

3

p
e
w

T

W
a
o
w
[

P

d
m

k

f
c
F
f
m
w
s
b
(

P

3

s
t

p
T
t
r
i
n
i
T
m
b
c

4

f
t
w
t
f
s
w
i

•

•

•

•

H. Al-Kazzaz et al. / Materials C

o the total laser power:

P = Pmelting

P
(8)

The melting ratio (MR) has been defined as the fraction of
otal incident laser power that is used to melt the weld metal
8,15]:

R = VAwρ(Cp(Tmp − To) + ΔHf)

P
(9)

here Aw is the melted area (i.e. FZ area), ρ density of the molten
etal, Cp specific heat, �Hf latent heat of fusion, V welding

peed, Tmp melting point temperature, To room temperature and
incident laser power. Since the numerator represents the power

equired to melt the FZ metal, MR corresponds in reality to the
aser process efficiency (ηp).

.2. Laser coupling efficiency

To calculate the coupling efficiency (ηA), the absorbed laser
ower by the keyhole must be estimated from the given FZ geom-
try. Rosenthal [16] derived the temperature distribution in the
ork-piece induced by a moving line heat source:

(r, ϕ) = To + P ′

2πk
Ko(Pe) exp(−Pe cos(ϕ)) (10)

here P′ is the line source strength (W m−1), T0 starting temper-
ture, Ko the modified Bessel function of second kind and zero
rder, Pe the Peclet number which can be defined by Eq. (11)
here V is welding speed, and kd thermal diffusivity (m2 s−1)

9,10].

e (Peclet number) = Converction heat

Conduction heat
= rV

2kd
(11)

The thermal diffusivity is equal to the ratio of thermal con-
uctivity to the product of heat capacity (Cp) and density of
olten metal (ρ):

d = k

ρCp
(12)

In Eq. (10), the polar coordinates (r and ϕ) are measured
rom the beam axis, which is assumed to be in the center of a
onical keyhole shape [10] as illustrated in Fig. 4. For a given
Z geometry the average line source strength can be calculated
rom Eq. (10), by applying the boundary condition at the partial
elted zone (PMZ) where T is equal to Tmp, r is half the average
idth of the FZ and ϕ is ±�/2. After calculating the average line

ource strength, the power absorbed by the keyhole (Pabs) can
e calculated by multiplying the average line source strength
P ′

average) by the penetration depth (Pd) [10]:

abs = P ′
averagePd (13)

.3. Efficiencies calculation
The calculated coupling, thermal and process efficiencies for
amples 29 and 30 are shown in Table 2. The physical proper-
ies for pure Mg at melting point (Table 3) were used for this

•

Fig. 4. Polar coordinate used at the center of the keyhole.

urpose because the accurate physical properties of the ZE41A-
5 alloy at liquid state are not available except for its melting

emperature. Table 2 shows that applying filler wire (sample 30)
esulted in a reduction in the coupling efficiency by 12% and an
ncrease in thermal efficiency by 8% compared with the autoge-
ous welding (sample 29). The decrease in coupling efficiency
s probably due to the reflection of laser rays outside the keyhole.
his method of efficiency calculation will be combined into the
odel used in this work. The efficiency values obtained from

oth the simulated and experimental weld geometries will be
ompared.

. Modeling of keyhole-mode laser welding

The objective of this section is to simulate the keyhole and
usion zone generated during the keyhole-mode laser welding
hrough combining various models and concepts. The model
ill help to better understand the laser welding process and

he effect of different process parameters on the keyhole and
usion zone profiles. Also the model can reduce the time neces-
ary to find the suitable parameters to produce fully penetrated
eld joints. In this model, the following assumptions were

mplemented:

The keyhole profile is symmetrical in the plane perpendicular
to the welding direction.
The laser heat source is assumed to be a line-heating source
acting along the center of the keyhole.
The equation describing the energy balance between the heat
loss at the keyhole wall and the absorbed intensity by the
plasma was solved in the plane perpendicular to welding
direction. The selection of this plane allows the calculation of
the melting temperature isothermal profile.
A Gaussian-like distribution was assumed for the intensity of
the laser beam [9,10].

Reflection of the laser ray from the keyhole wall follows the
Fresnel formulation which assumes that the angle of incidence
is equal to the angle of reflection [12].
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Table 2
Calculated laser efficiencies for samples 29 and 30

Sample # Process type Coupling efficiency
(% Pabs/Ptotal)

Thermal efficiency
(% Pmelting/Pabs)

Process (melting) efficiency
(% Pmelting/Pabs)

29 (Autogenous) 70.4 35.1 24.7
30 (Applying filler wire) 58.3 43.3 25.2

Table 3
Physical Properties for Pure Mg, ZE41A and Pure Al

Properties Pure Mg ZE41 Pure Al

Melting point (◦C) 650 [23] 530–640 [24] 660 [23]
Thermal conductivity (W M−1 K−1) 78melting [23] 109room T. [24] 94melting [23]
Specific heat (J Kg−1 K−1) 1360melting [23] 960room T. [24] 1080melting [23]
Density (Kg M−3) 1590melting [23] 1840room T. [24] 2385melting [23]
Boiling point (◦C) 1110 [1] – 2520 [23]
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eat of fusion (J Kg−1) 3.7 × 105 [23]

.1. Energy balance at the keyhole wall for first fresnel
bsorption

The heat loss from the keyhole wall depends on the absorbed
aser intensity, which is described by the following equation [9]:

v = Iab tan(θ) (14)

here qv is heat flow in a particular keyhole layer (W m−2),
is the angle of the keyhole at the particular layer, and

ab is the absorbed intensity at the keyhole wall. This inten-
ity is equal to the local intensity available at the layer
ultiplied by the Fresnel absorption coefficient as will be

escribed later. Fig. 5 is a graphical illustration of these
erms.

.2. Heat flow equation at the keyhole wall
The heat absorbed by the keyhole wall is equal to the heat
oss through the keyhole [9]. The heat flow was determined by
pplying Fourier’s law of heat conduction that can be simplified

f
t

Fig. 5. Energy balance for firs
– 4 × 105 [23]

s:

= −k
∂T

∂r
(15)

By substituting the moving line source temperature field, Eq.
10), into Eq. (15), the following heat flow equation was derived
y Kaplan [9] and Lampa et al. [10]:

(r, ϕ) = 1

r
(T − To)kPe

(
cos ϕ + K1(Pe)

K0(Pe)

)
(16)

here q is the heat flow (W m−2) and K1 the modified Bessel
unction of second kind and first order. The polar coordinates
r, ϕ) are shown in Fig. 4. As mentioned earlier, the plane of
nterest is perpendicular to welding direction. At the boundary
etween the PMZ and HAZ, r is equal to ± half the average
idth of fusion zone, and ϕ ± �/2.

.3. Intensity distribution for the laser beam
The intensity distribution of the laser beam is assumed to
ollow the Gaussian-like distribution. Under these conditions,
he maximum peak intensity (Ioo) is located at the focal plane at

t fresnel absorption [9].
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Fig. 6. Intensity distribution for the laser beam [17].

ero radius, and the intensity decreases as the laser beam moves
way from the focal point in x and z directions as shown in Fig. 6.
he intensity of the laser beam at any point can be calculated by

he following equation [9,10,17]:

(x, z) = Ioz exp(−2x2/r2
f ) (17)

here Ioz is the peak intensity at any z-plane and rf is the beam
adius at any z-plane and can be calculated by the following
quations [9,17]:

oz = Ioo

(
ro

rf

)2

(18)

nd,

f = ro

[
1 +

(
z − z0

zr

)2
]1/2

(19)

here Z0 is the defocusing distance (i.e the position of the focal
lane relative to the plate top surface), and Zr is the Rayleigh
ength where the peak intensity at Zr-plane is equal to half the

aximum intensity at the focal plane (Ioo). Rayleigh length can
e calculated by the following equation [9]:

r = ±2ro(f − number) (20)

here f-number is defined as the ratio of a lens focal length to
he diameter of its entrance pupil. In the present investigation,
he Rayleigh length for the lens used was measured to be about
.33 mm.

The maximum intensity can be computed using the following
quation [9,17]:

2P

oo =

r2
oπ

(21)

here P is the laser power and ro the beam focal radius.

a
e

I

ig. 7. Calculated absorptivity of Al to Nd:YAG laser beam at different incident
ngles at room temperature.

.4. Calculation of the fresnel absorption coefficient

The laser ray will experience reflection and absorption by
he keyhole wall. At the liquid–vapor interface the angle of inci-
ence of the laser beam is assumed to be equal to the angle of
eflection. The absorption coefficient of the laser ray (αFresnel)
an be calculated using Fresnel formula for circular or random
olarized light as follows [12,18,19]:

Fresnel = 1 − 1

2

(
1 + (1 − ε cos φ)2

1 + (1 + ε cos φ)2

+ε2 − 2ε cos φ + 2 cos2 φ

ε2 + 2ε cos φ + 2 cos2 φ

)
(22)

here φ is the angle of incidence (Fig. 7), and ε is a material-
ependant constant. The absorptivity of Mg at perpendicular
ncidence for Nd:YAG laser is unknown. Therefore, a value for
l element (i.e. 4%) at 1.06 �m wavelength was used [14]. The
alue of ε was estimated by substituting (φ = 0, α

perpendicular
Fresnel =

.04) in Eq. (22) and found to be 0.03.
The absorbed intensity can be calculated by the following

quation:

ab = I(x, y)αFresnel (23)

.5. Plasma absorption

The plasma absorption appearing in the keyhole-mode laser
elding affects the characteristics of the keyhole by producing
wider and less penetrated keyhole [12]. The absorbed inten-

ity in the keyhole by the inverse Bremsstrahlung action will
e deposited back to the keyhole wall by radiation [20]. The

bsorbed intensity by plasma can be calculated by the following
quation [9,12]:

Plasma = Iincident(1 − exp(−αIBL)) (24)
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Fig. 8. Geometrical analysis for m

here L is the path length of the ray inside the plasma, and αIB
s the inverse Bremsstrahlung coefficient, which is a function of
he density of electrons, degree of ionization and temperature in
he keyhole. It has been reported that, αIB ranges from 100 to
00 m−1 [9,12]. In the present work an average value of 150 m−1

as used. The plasma absorption coefficient (1 − exp(−αIBL))
s proportional to the square of the wavelength [18]. Since the
avelength for CO2 laser is 10.6 and 1.06 �m for Nd:YAG, the
lasma absorption in Nd:YAG laser is 1% of the plasma absorp-
ion in CO2 laser. Kaplan [9] reported that the plasma plume
bsorption outside the keyhole is approximately 1% of the inci-
ent laser power for CO2 lasers. Therefore, the plasma plume
outside the keyhole) was neglected here because of the short
avelength of the Nd:YAG laser, whereas the plasma absorp-

ion between the multiple reflections inside the keyhole was
alculated.

.6. Multiple reflections of the laser beam

After calculating the keyhole profile by considering only the
rst Fresnel absorption, the keyhole profile was converted to
olynomial equation using the least squares method in order to
alculate the slope and the Fresnel absorption coefficient at any
ocation. Between two reflections the laser beam loses intensity
ecause of the plasma absorption as mentioned above. The geo-
etrical and intensity calculation between the two reflections
s illustrated in Fig. 8. In Kaplan’s analysis [9], the energy bal-
nce equation reflects the effect of all mechanisms (first Fresnel,
ultiple reflections, plasma), but the effect of multiple reflection
as assumed to be acting only in the horizontal direction since
le reflections inside the keyhole.

he angle between the multiple reflected ray and keyhole wall is
ssumed to be always 90◦. Since this is not the typical case in the
ultiple reflections, Kaplan’s equation has been modified in this
ork as shown in Eq. (25). The absorbed intensity from multi-
le reflections will add to the direct Fresnel intensity to produce
he total absorbed intensity in the particular layer whereas the
lasma absorption will aid in widening the keyhole [11,12].

an(θlayer
keyhole) = qlayer − I

layer
plasma

I
layer
Fr1 + I

layer
Fr−Mr

(25)

here the subscripts Fr and Mr denote Fresnel and multiple
eflections, respectively.

.7. Computer simulation of the keyhole laser welding
rocess

MATLAB software was used to simulate the keyhole laser
elding process as shown in Fig. 9. The procedure used for this
urpose is:

tage 1: To calculate the keyhole profile by considering only
the energy balance between the first Fresnel absorption
and the heat loss at the keyhole wall. The calcula-
tion starts from the plate top surface and continues
downward to solve Eq. (14) layer by layer. The layer
thickness is variable and taken as 10 �m in this sim-

ulation. The first layer will determine the keyhole top
radius by assuming a starting angle of 45◦ [9,10]. This
angle will determine the radius of the second layer
at which the heat loss and absorbed intensity will
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Fig. 9. Graphical user interface fo

be calculated and the only unknown is the keyhole
angle. At each layer the Fresnel absorption coeffi-
cient and the heat loss will be calculated to determine
the keyhole angle for that step. The calculation will
be completed when the keyhole radius reaches zero
(for the blind keyhole) or when the penetration depth
is equal to the plate thickness (for the open keyhole
mode).
tage 2: Using the keyhole profile obtained from Stage 1, the
multiple reflections and plasma absorption occurring
during the process are calculated during this stage.
Each absorption was registered to a corresponding
aser welding simulation program.

layer to enable the calculation of the keyhole profile
for the next iteration. This was achieved by convert-
ing the keyhole profile into polynomial equation using
curve fitting technique. With such an approach, it was
possible to calculate the intersection of each multiple
reflection, ray path, keyhole angle, and Fresnel and
plasma absorptions.

tage 3: To recalculate the keyhole profile by considering all

the mechanisms as described in Eq. (25). The use of
filler wire caused a reduction in the coupling efficiency
by 10–14% (Table 2). Therefore, a value of 10% was
considered to be the losses of laser power and inten-
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Fig. 10. Comparison between (a) experimental and (b) calculated we

sity before entering the keyhole. The source strength
at each layer will be calculated using Eq. (10) by tak-
ing the boundary condition at the keyhole wall as:
r = rkeyhole, T = Tv, and ϕ = ±�/2.

tage 4: To calculate the FZ geometry. Eq. (10) was used to
determine the radius of the melting isotherm at each
layer since the source strength for each layer was cal-
culated in the previous stage. Therefore, the FZ radius
can be calculated for each layer by applying the bound-
ary condition at the PMZ (i.e. T = Tmp, r = half width
of the fusion zone, ϕ = ±�/2). Sample 29 was used to
estimate the effect of thermocapillary flow on the FZ
top width. It was found that a correction factor with a
magnitude of 1.75 was sufficient to compensate source

strength at each layer in this work.

The program developed in this study was also used to calcu-
ate laser efficiencies as discussed in Section 3.

T
p
w
d

ometry for laser welding of 2 mm plates at variable welding speeds.

. Results and discussion

Fig. 10 compares the effect of welding speed on weld geom-
try using both the modeling and the experimental results. The
enetration depth and top bead width for both modeling and
xperimental results are in good agreement. It was found that
eld width and fusion zone area decrease with increasing weld-

ng speed. Also, it can be seen in this figure that the 2-mm
aser welded joints exhibited larger width at the top and the
oot due to the effect of thermocapillary flow in these locations.
he Marangoni (thermocapillary) flow is induced by the surface

ension gradient and the friction force between the vapor jet and
he molten metal, causing the widening of weld geometry at
oth the top and the bottom in open keyhole condition [10,21].

he hourglass weld shape with wide weld profile at the root
roved that the keyhole was open at the root, which is consistent
ith the simulated keyhole profile as shown in Fig. 10–b. The
iscrepancies in the weld profiles between the model and the
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ig. 11. Effect of welding speed on coupling, thermal and process efficiencies.

xperiments are probably due to the thermocapillary flow inside
he weld pool which was not included in this model.

Fig. 11 shows the effect of welding speed on the coupling,
hermal and process efficiencies. As the welding speed increased
rom 4 to 7 m min−1, the coupling efficiency increased from 25
o 42%. The effect of welding speed on the average keyhole
ngle was simulated as shown in Fig. 12. The keyhole angle
ith y-axis was increased from 3.9◦ to 4.5◦ as the welding speed

ncreased from 4 to 6 m min−1, causing the increase in the num-
er of multiple reflections (Fig. 12). Thus the coupling efficiency
as improved at higher welding speed. This increase in welding

peed also decreased the root keyhole width (Figs. 10 and 12).
ig. 11 also shows that the thermal efficiency dropped with

ncreasing welding speed. This reduction in thermal efficiency
alanced the increase in the coupling efficiency, resulting in an
pproximately constant melting or process efficiency. The simu-
ation for sample 4 welded at 7 m min−1 shows that the keyhole
as open at the root (Fig. 10) but the slight increase in process

fficiency (Fig. 11) can be attributed to the large misalignment
f the workpieces.

The effect of gap size on the efficiencies is shown in Fig. 13.
ith increasing gap sizes from 0.1 to 0.6 mm, the correspond-
ng increase in filler wire feed rate did not cause any significant
hange in the process efficiency indicating that the reflection
osses due to the interaction of the laser beam with filler wire
ere almost constant for different feed rates. The coupling

v
i
s
t

Fig. 12. The Effect of welding speed on the keyhole shape
ig. 13. Effect of gap size on coupling, thermal and process efficiencies.

fficiency was at maximum value at 0.4 mm gap size, which
eems to be a suitable size for molten flow and formation of the
eyhole.

The effect of laser power on weld geometry and the com-
arison between the modeling and the experimental results are
hown in Fig. 14. Both the modeled and experimental sections
how that the keyhole varied from the closed (blind) to the open
rofile at root and the FZ geometry changed from the partial to
he full penetration when the laser power increased from 2.5 to
kW.

Fig. 15 shows the effect of laser power on the coupling, ther-
al and process efficiencies. Increasing the laser power leads

o increase in fusion area due to the increase in the coupling
fficiency, but as indicated in Fig. 15 there was a drop in the
oupling efficiency at laser powers between 3 and 3.75 kW. This
rop in coupling efficiency is probably due to the change from
he partially penetrated blind keyhole to fully penetrated open
eyhole, which ultimately results in the loss of laser intensity
t the keyhole root. Further increase in laser power (here above
.75 kW) will surpass the loss of laser intensity at the root, caus-
ng an increase in the coupling efficiency due to insignificant

ariations in the root size at higher laser powers. This variation
n coupling efficiency of laser welding process and the corre-
ponding variation in weld geometry during the change from
he partial to full penetration passing through the transitional

and the multiple reflections (a) 4 and (b) 6 m min−1.
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Fig. 14. Comparison between experimental and calculated weld geometry
egion from the blind to the open keyhole was also reported by
rasnoperov et al. [21].
For the bead-on-plate laser welding (Fig. 16), both the exper-

mental and modeling results indicate that the penetration depth

ig. 15. Effect of laser power on coupling, thermal and process efficiencies.
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ser welding of 2 mm plates at variable laser power (a) weld size (b) weld.

ncreased slightly as the defocusing varied from 0 to −2 mm.
owever, a further increase in defocusing distance (−4 mm)

aused a reduction in penetration depth compared with defocus-
ng at −2 mm. Also as indicated above, the maximum intensity
f the laser beam is located at the focal point, and the peak
ntensity decreases as moving below or above the focal point.
he effective intensities of the laser beam are located within ±
ayleigh length (in this setup this value is equal to 2.34 mm);
t a distance equal to ± one Rayleigh length from the focal
lane, the peak intensity drops to one half the peak intensity
17]. When the defocusing distance varied from 0 to −2 mm,
he effective intensities were located inside the material (plate),
hich increased the coupling efficiency between the laser beam

nd the plate, but at the same time the laser intensity available on
he top surface was reduced because of the increase in laser beam

iameter. The discrepancies observed between the modeling and
he experimental results especially for sample 26 are probably
ue to the variations in the surface condition or physical prop-
rties between pure Mg and ZE41A-T5 alloy. Further increase
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Fig. 16. Comparison between the experimental results and the model for 6 mm bead-on-plate laser welding (a) weld size (b) weld profile.

Fig. 17. Energy balance between the heat loss and the absorbed intensity at the keyhole top opening showing the effect of defocusing on keyhole formation: (a)
surface defocusing, (b) at −7 mm defocusing.
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n defocusing distance to −4 mm decreases laser power den-
ity around or below the threshold value required to produce the
eyhole [14,17]. Therefore, the laser welding process changed
rom the keyhole mode (samples 25 and 26) to the conduction
ode (sample 27) since the aspect ratio (penetration depth/top
idth) for keyhole mode should usually be greater than 1.2 [22].
oth samples 27 (bead-on-plate) and 28 (butt joint at zero gap)
ad the same laser welding parameters. Sample 27 exhibited a
onduction or shallow keyhole penetration whereas sample 28
howed a deeper keyhole mode welding. Thus, the power den-
ity used for samples 27 and 28 is around the threshold value,
.e. 6.45 × 105 W cm−2. The obtained results for samples 27 and
8 also indicate that the welding mode significantly influences

he penetration depth values obtained with and without multi-
le reflections. Fig. 17 illustrates the effect of defocusing on the
eyhole formation and top keyhole radius obtained by solving

m
t
m

Fig. 18. Comparison between the experimental results and the model f
y and Physics  109 (2008) 61–76

he energy balance between the absorbed laser intensity and the
eat lost through the keyhole wall. Furthermore, Fig. 17b shows
hat the excessive increase in defocusing (e.g. −7 mm) leads to a
onduction mode since there is no balance between the heat lost
nd the absorbed intensity. In other words, the applied intensity
t the top plate surface is not high enough to form a keyhole.

Fig. 18 shows a comparison between the modeling and exper-
mental results for laser welding of 6-mm thick sheets. The
xperimental results for fully penetrated 6-mm plates shows a
idening in the lower half sections of the weld profiles due to
ultiple reflections and plasma absorption. Multiple reflections
ere highly concentrated in the lower part of the keyhole as

imulated for samples 30 and 32 in Fig. 18. This increase in

ultiple reflections caused an increase in plasma absorption in

hat region, resulting in the widening of the weld profile. The
odel also predicts a gradual change and widening in weld pro-

or butt joints (6 mm) laser welded plates: (a) weld size, (b) weld.
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ig. 19. Effect of penetration depth and welding type on the coupling, thermal
nd process efficiencies.

le mainly in the lower zone, which is in agreement with the
xperimental observations.

Fig. 19 shows a comparison between the coupling, thermal
nd melting efficiencies of the successfully welded 2 and 6 mm
oints. The higher coupling efficiency was obtained for the 6 mm
lates due to the multiple reflection of the laser beam inside the
eyhole. Higher penetration depth will increase multiple reflec-
ion and plasma absorption inside the keyhole. Fig. 19 also shows
he efficiency values for the 6 mm laser welded plates at 0.2
nd 0.4 mm gap size. It can be seen that the feed rate had little
nfluence on the variation of the coupling, thermal and process
fficiency.

. Summary and conclusions

The laser welding process for ZE41A-T5 Mg sand castings
sing 1.6 mm filler wire EZ33A-T5 was studied for 2- and 6-mm
utt joints, or bead-on-plate through experimental and mod-
ling investigations. The plates were laser welded using the
ollowing process parameters: laser power (2.5–4 kW), weld-
ng speed (4–7 m min−1), defocusing (0 to −4 mm), and gap
ize (0.1–0.6 mm). The simulation of laser welding process was
eveloped through combining and integrating various models
nd concepts to calculate the keyhole and weld geometry pro-
les. The modeled weld bead width, penetration depth and weld
rofile were found to be in good agreement with the experimental
esults. The following conclusions can be drawn:

Weld width and fusion area decrease with increasing welding
speed. In partially penetrated welding, penetration depth also
decreases with increasing welding speed.
Excessive decrease in laser power or increase in defocusing
distance can decrease surface power density, leading to the
change of the welding mode from fully penetrated keyhole,

to partially penetrated keyhole, and then to conduction mode.
Laser process efficiencies for 2-mm butt joints were found to
be around 13%, lower than those for 6-mm joints (20–25%).
The corresponding coupling efficiencies for 2-mm plates were

[

stry and Physics 109 (2008) 61–76 75

also significantly lower than those for the 6-mm butt joints due
to the lower number of multiple reflections inside the keyhole.
No significant effect of the filler wire feed rate on the coupling
and melting efficiencies was found.
Also, the developed model can be used to calculate the instan-
taneous temperature gradient in the weld pool as well as in
the base metal around the heat source.
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