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Abstract

Laser processing is becoming increasingly important in industrial applications. The success of the process relies on
two fundamental parameters: the surface temperature of the medium and the thickness of the hardened layer. One of
the most important factors during a laser process is certainly the temperature, which presents high temperature
gradients. The speed at which a material undergoes a phase transition, the chemical reactions that take place during
processing and the properties of the material are all dependent on temperature changes. Consequently, the measure of
temperature is a demanding undertaking. This study proposes to measure temperature for the duration of laser welding
with the infrared camera (IR) Optris PI. To restore the real temperature based on the brightness temperature values
measured by the IR camera is needed to evaluate the emissivity to be attributed to the IR camera. For this purpose,
firstly, the isotherms consistent with the melting point of aluminum (785 K) were assessed and then compared with
the temperature distribution gauged in the zone of irradiation of the laser. Such data were then compared with the
thickness of the melted zone. The use of the melting point isotherm allowed the calculation of the value of emissivity
and the restoration of the temperature. Thermography software data acquisition wrongly presupposes the emissivity
value does not change. This generates incorrect thermographic data. The surface emissivity normally hinges on
temperature. Therefore, the values on which the literature relies may not work for materials of interest in the conditions
of the process. This is particularly the case, where welding is carried out in keyhole mode (Tmax = Tvap). However, the
physical phenomena involved, including evaporation and plasma plume formation, high spatial and temporal
temperature gradients, and non-equilibrium phase transformations, influence the optical conditions of the brightness
of the emission of light from the molten pool, making, De Facto, the emissivity value not constant. Thus, what we
propose here is a methodological procedure that allows the measurement of the effective emissivity of the surface, at
the same time taking into consideration the consequence of physical phenomena and the conditions of the surface.
Two procedures (Standard and Simplified) capable of providing the correct emissivity value in relation to the working

parameters have been proposed. The results showed that the procedures are correct, fast, and easy to use.

Keywords: Laser welding; emissivity; thermography; IR camera calibration.

1. Introduction

Typically, the temperature of the object is one of the
fundamental parameters of thermal processes [1,3,10], such
as example, melting. As a consequence, it must be evaluated
accurately. But this is not an easy task for several reasons.
Primarily under laser processing, the temperatures reach
high values with high-temperature gradients. A few
metrological points are evident here. These include: a range
of temperature that goes up to 2000 K and remarkable
temperature gradients (~ 105 —107 K/m) both in the pool
where melting is performed and the zone affected by heat;
elevated rates of heating and cooling (~ 103 -106 K/s);
flexible laser beam diameter in the plane of focus (ranging
from 50 um to 500 um), a reflection of the laser beam,
phenomena of the plume where the laser works, and
emissivity of temperature dependence [4]. Compare to
photoelectric  detectors, thermal detectors such as
thermocouples or semiconduction bolometers, which are
much more susceptible to change in temperature on the
sensor, possess a lower sensitivity and their reaction time is
much slower. Photoelectric detectors can instead register
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infinitesimal changes in the flow of thermal radiation. In this
case, only a minimal part of the full flow of the heat released
by the surface of a heated body could be recorded. Laser
metalworking temperature measurements are typically
executed with thermocouples, infrared cameras, and
pyrometers [7]. In any case, the need to obtain temperature
data that are extremely precise and with a high resolution in
space and time is a remarkable task for experimenters, where
temperatures, gradients, and rates of heating and cooling are
severely extreme [8]. There are other crucial problems for
the infrared camera in such an environment. The problem
here is that the emissivity of the hot metal is both low and
inconsistent in this environment, where the temperatures are
deducted, and therefore apparent (or better relative), and thus
not true (or better absolute). Infrared (IR) thermography is
the use of an IR camera to measure the apparent temperature
of an object derived from its emissivity [9]. Therefore, the
measurement of temperature through infrared radiation
necessitates knowing the value of the emissivity of the
heated surface both in the whole spectrum of range

Vol. 25 (No. 4) / 024


https://orcid.org/0000-0003-0337-8490

sensitivity and in the full space of the temperature used in
the process. The surface emissivity usually depends on the:

» Material

« Surface quality (geometry, roughness, oxidation, etc.)

« IR Camera (wavelength and the direction of
observation)

» Temperature

* physical phenomena :
plasma plume formation, etc.

phase change, evaporation,

Most of the existing literature, that employs
thermography in the evaluation of the welding process, is
grounded on unchanging values of emissivity. This is the
consequence of insufficient knowledge of the modification
of the emissivity in the material through the process of
welding. Examples of this literature, that gauge thermal
signature in the processes of welding through a method of
thermography grounded in an unchanging value of
emissivity, are Boillot et al., Chen and Feng and Woo et al.
Others [11,12,13] have evaluated the emissivity as a function
of temperature, not going beyond the melting temperature,
thus neglecting the effects due to the phase change. Thus,
most of the available data did not consider the effects of the
physical phenomena on the emissivity value. For this
purpose, some authors [3,7] have proposed an alternative
method for the evaluation of emissivity during laser welding.
The isotherms consistent with the melting point of aluminum
(785 K) were assessed and then compared with the
temperature distribution gauged in the zone of irradiation of
the laser. Such data were then compared with the thickness
of the melted zone. The use of the melting point isotherm
allowed the calculation of the value of emissivity and the
restoration of the temperature [4]. In this way, the emissivity
is evaluated by considering the effects due to phase change
and evaporation. However, the authors hypothesize that the
value obtained is constant. The physical phenomena
involved, including evaporation and plasma plume formation
and in general, all those physical phenomena that influence
the emissivity, mostly depend on the working parameters
chosen as they determine the energy supplied during laser
processing which in turn determines the temperature
gradient. The temperature gradient determines the speed of
phase transitions, evaporation rate, chemical reactions,
microstructure and properties of the material, [2-3]. As is
evident, that whenever the parameter values change, supply
energy and the width of the melted zone change, and
consequently the emissivity value changes [3,6]. This
requires the need to carry out preliminary tests. The purpose
of this work is to create a methodology that allows one to
obtain an emissivity as a function of a wm; and evaluate it
without carrying out tests on the laser machine.

Once the material for a process by laser is chosen, the tests
are made with the identical quality of the surface, and the IR
camera is selected and placed, the emissivity will be the
outcome of temperature and other associated physical
phenomena. Furthermore, if the welding takes place in key-
hole mode, and then in conditions where the maximum
temperature reached is always the same (Tmax = Tvap), the
functional dependence of the emissivity can be reduced
exclusively to the development of the physical phenomena
involved. The evolution of the physical phenomena
described largely depends on the working parameters ( P -
laser supplied power, v - welding speed, d - defocus),
consequently, the emissivity was evaluated as a function of
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these € = f(d, P, v). It has also been noted that if the defocus
value is fixed, the width of the melted zone depends on the
working parameters P and v, thus obtaining the relation;
wm=Ff4(P,v). In this way, it was possible to obtain a
relationship between the emissivity (¢) and the width of the
melted zone (wm;) for a fixed defocus value.

&0 = fo(Wmz) @)
e_6 = f-6(Wiz) 2

With this methodology it is possible to evaluate the
emissivity as a function of width of the melted zone. The
emissivity was then obtained by carrying out two types of
tests by setting the defocus to two different values (do, d-s)
and varying the other two parameters P and v. After the tests,
the experimental sets of (W, €) were fitted by the empirical
model. Through interpolating procedure, the functions
relating to the other defocus values have been obtained. The
emissivity map (Figure 1), which establishes the relationship
between the emissivity and the width of the melted zone is
then obtained. Then, a FEM model, using COMSOL
Multiphysics software, was created. The FEM model was
validated by comparing the isotherm corresponding to the
melting point py to the width of the melted zone (Wm;)
derived from experimental tests.
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Figure 1. The emissivity map.

So, it is possible to evaluate the emissivity for different
working parameters by first evaluating the isotherm
corresponding to the melting point py, obtained through the
FEM model. (Standard procedure).

To reduce times, and to obtain a faster and more practical
procedure, the parameter map was obtained. The knowledge
of the parameter map allowed a relationship between specific
energy and the width of the melted zone, corresponding to a
preselected value for the defocus. It was able to value the
width of the melted zone wy,, = wy,,;(e.5) after fixed
parameters and calculated the specific energy. From the
emissivity map, the emissivity value is then obtained.
(Simplified procedure).

2. Materials and Method

It was considered a base metal corresponding to the
standard EN 45100 (AISi5Cu3Mg — UNI EN 1676)
aluminum with a thickness of 6 mm (Table 1). The
rectangular section plates have been obtained from a single
slab with surface roughness Ra = 1.4 pum.

Int. Centre for Applied Thermodynamics (ICAT)



Table 1. Nominal Chemical Composition (wt %) of

Base Metals.
chemical

components %
Si 4.5+6
Fe 0.5
Cu 2.6+3.6
Mn 0.55
Mg 0.20+0.45
Cr /
Ni 0.1
zn 0.1
Sn 0.05
Ti 0.2

For the purposes of this work, a Yb: YAG disk laser
source supplied in fiber, operating in continuous wave
emission, was considered (Table 2).

Table 2. Laser Welding System Technical Data.

Chemical Components %
Maximum output power [kKW] 4.0
Laser light wavelength A [nm] 1030
Beam Parameter Product [nm x mrad] 8.0
Focal beam waist d [mm] 0.3
Rayleigh range [mm] 2.81
Focal length f [mm] 200
Maximum power density [KW/mm?] 56.6
Laser beam diameter at defocus 0 [mm] 0.3
Laser beam diameter at defocus -2 [mm] 0.44
Laser beam diameter at defocus -4 [mm] 0.71
Laser beam diameter at defocus -6 [mm] 1.01
Laser beam diameter at defocus -8 [mm] 1.32

An integrated 3-way power nozzle was attached to the
laser head, which was moved by a 6-axis industrial robot
with a dedicated controller. Argon was injected as a carrier
gas at a flow rate of 30 L/min, and helium was coaxially
blown to the laser beam at a flow rate of 10 L/min as a
shielding gas on the melting bath (Figure 2).

4
Nozzle

&

He 12mm

Laser head _"f‘_

———————
Clamping
system Ar

Figure 2. Schematic of the laser head with three-way feed
nozzle; components not to scale.

A tilt angle of 4° was set for the laser head, in accordance
with common practice for processing highly reflective
metals [8] to prevent rear reflections from entering the
optical train. The infrared (IR) camera (Optris Pl 400,
spectral wavelength A=8 um) was positioned at 0.5 m with a
zenith angle of 90° and an azimuth angle of 90°, with respect
to the work area, to detect the surface temperature range. An
inclination of 45° has been assigned to the IR camera [9].
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Therefore, the thermo-chamber mainly acquires emissions
from the weld seam visible through the vapor plume. (Figure

3).
1
direction /_

4=

ThermaCAM

W

4 5

Figure 3. Configuration used for observation with a
Optris PI 400 thermal camera. keyhole mode laser welding
(1. laser beam, 2. plasma/vapor cloud, 3. molten metal. 4.
keyhole. 5. solidified melt).

The calibration of the IR camera was performed by an
M390S black body. Emissivity values are defined by
Planck’s law [24]

1012
L= + gLOg(E) (3)

Ty

with Ty - real temperature (K), Ty — brightness temperature
(K), c2 - constant = 14390 (um K). To measure the geometric
characteristics of laser welding, in particular the dimensions
of the weld bead, it was using an optical microscope. The
experimental sets of (wWm;, €) were fitted, for a fixed defocus
value, by the empirical model:

0.7
gdef,i(sz) = 0.37 + Log ( 4 1) @)

Caer,i
where Cq.f ;are the best fit parameters (Table 3).

Table 3. Best Fit Parameters.

Emissivity Map Parameter Map
Caefo 19.307 C'aero 11.107
Cef -2 10.586 Cgef2 3.915
Coer4 13.755 C'gefa 1.477
Cef-6 8.540 Caer6 0.572
Cef -8 31.534 Claets 0.285

For each test the specific energy supplied is evaluated as
shown:

> | o
SR

g = ®)
where P is a laser supplied power, v is a welding speed, s is
the length of the weld (10 cm for all tests) and A=r-(d/2)? is
a beam spot area. The experimental sets of (eLs, Wmz) Were
fitted, for a fixed defocus value, by the empirical model:

PR
sz,i(eLB) = Log c +1 (6)

def,i
where Céef_iare the best fit parameters (Table 3).

3. Mathematical Formulation

For heat transfer and fluid flow modeling, conservation
of energy Eq. (7) and mass Eq. (14), and momentum balance
Eq. (13) are solved. The following assumptions are made in
the model.
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0  Liquid metal is incompressible Newtonian under
flow

0  Gaussian heat source

0  Boussinesq approximation is valid

p_C;q%_l_p.Czqu.VT:V'(kVT) (7)

with p - local density (kg'm®), c,?— local equivalent heat
capacity (J-kg'K™)), k — local thermal conductivity (W-m"
K1), T —solved temperature (K) and t — time (s). Latent heat
of fusion and evaporation are taken in account by means of
equivalent enthalpy approach [14].

o1 = ¢, + DLy + D, L, (8)

C.
where c; is heat capacity as function of temperature, L, and
Ly — latent heat of fusion and evaporation, and D, and Dy are
Gauss function normalized around melting and evaporation
temperature Tm and Ty respectively:

(T—Tl-)2
e \ 4T

At 9)

Di=

where AT is smoothing interval of 50 K. The initial condition
is given by Eq. (10),
T(x,y,2z,t) =T, (10)
where the initial temperature To is maintained at 293 K. The
convective cooling and surface to ambient radiation
boundary conditions were applied to the whole geometry. A
heat source was introduced as a top surface Gaussian thermal

source. Heat loss due to evaporation was modeled using a top
surface vaporization heat flux [15]:

N M
Qvap = =B Ly, ’ﬁpsat

where S,— the specific energy coefficient, L, — local latent
heat of vaporization (J-kg*), M — molar mass (kg-mol™), R —
ideal gas constant (J-mol? K?), Pg — saturated vapor
pressure (Pa). The boundary conditions, heat flux and heat of
vaporization, applied on the top, is expressed in Eq. (12)

(11)

aT .
P = —qgauss + - (T(x,,0,) —T,)+e 0"
z=6

(T4(x' Y, 0' t) - Tog) + C.Ivap (12)
Where q 445 I the specific energy of the beam with a power
P with a Gaussian function.

The heat transfer model was incorporated with the fluid
flow Multiphysics to determine the deformation of the
molten weld pool under various boundary conditions such as
Marangoni convection, Buoyancy Darcy damping force and
recoil pressure to predict the weld bead morphology. The
equations of mass conservation Eq. (13) and momentum
balance (Navier-Stokes, Eq. (14)) were used to govern the
fluid flow in weld.

@00 (13)
P2k P = (=pl + P+ (Fe0)
p(1- BT ~Ty))g +Fy 9
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where, Fp is the Darcy force (N),

Fp=p-g-al —Ty) (15)
g is the acceleration due gravity, o is the coefficient of
thermal expansion (K1) and Tr, is the melting temperature.
It is found through Rayleigh’s analysis that buoyancy force
can make a big difference to the temperature profile of the
pool via natural convection only when Rayleigh number
exceeds 1100 in the pool. In a typical laser welding process,
it is far less than 1100 due to small thickness of workpiece
and thermal expansion coefficient [16]. Marangoni
convection is a fluid flow due to the surface tension in the
molten weld pool. It’s assigned to the boundary on the top
surface

ou _ aT ay
ax 9y oT

(16)

where p is the dynamic viscosity (Pa's) and y is the
temperature derivative of surface tension. At the top surface
of the domain, the recoil pressure [17] was applied:

1+0.02
Pr = (T) Psat (17)
with pressure of saturated vapor given as:
Lyap'M 1 1
Psat = PO ' exp <Tp <T1iap - ;)) (18)

3.1 Numerical Modeling: Finite Element Method

The FEM model was built using COMSOL Multiphysics
software. The model is created using heat transfer in fluids
and laminar flow under phase change conditions.
Multiphysics coupling is achieved by interrelating the
equations that describe heat transfer and flow: the velocity
field in the equation describing convection (heat flow) is
obtained by solving the Navier-Stokes equations, which
provide temperature as a function of position; in turn,
temperature defines thermophysical properties. To build
FEM model correctly, the following have been defined:

Model parameters: needed to build the numerical model
such as the type of materials, sample size, wavelength, and
work parameters: power, scan speed and spot radius (Table
2).

Materials' Properties: Since the proposed model
considers the solid-liquid phase change, the properties at
ambient temperature for the solid phase and at melting
temperature for the liquid phase were used. Specific heat,
thermal conductivity coefficient [18,22], and density [11,19]
were then defined (Table 4). The absorption value was
chosen for aluminum 0.16 [20,21]. The liquid-vapor phase
transition was not considered.

Geometry and mesh modeling: One of the most important
steps in FEM modeling is the definition of mesh geometry.
The geometry of the model consists of a thin sheet. A 3-D
solid block of (40 x 30 x 6) mm?® was created. To verify that
the calculated results are independent of the sample size,
some simulations were carried out with the real dimensions
of the specimen, and it was verified that the temperature
profiles are identical. To ensure that the calculated results are
grid-independent, several grid distributions have been tested.
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Maximum temperature differences of the fields are less than
0.1 percent by doubling the mesh nodes. Two parts are
meshed using tetrahedral geometry meshes. The minimum
and maximum size of the element for the mesh is 0.1 and 0.2
mm for the block where one boundary condition has been
applied and 0.2 and 0.3 mm for the other.

Table 4. Aluminum Thermophysical Properties.
Phase State

Solid Liquid
p kg m?] 2600 2400
K [Wm K1 150 9
W [Pas] 0.001 0.0007
Lm [J kgY] 3.3-10°
L, [ kg?] 1.4-107
¢ [T kg™ K7 Eq. (8)
6 [Nm?] 0.7
Tm [K] 785
Tuap [K] 2800
M [kg mol?] 0.269
R [J'mol® K1 8.314

Boundary conditions and initial conditions: The laser
beam incident on the surface z = 6 mm was characterized by
a second type boundary condition where the imposed flux is
the heat source 44, In addition, the third type boundary
condition on face z =6 mm was considered. In the hypothesis
of natural convection q.,,.,, the model was given a constant
thermal convection coefficient h = 10 [W m? K] [21,23]. It
was also considering radiative cooling ¢;,- a constant value
was set &;,,- = 0.15 [12] for aluminum. Furthermore, the
third type of boundary convective condition on all faces was
considered (Figure 4).

q q.]’l 4?.‘30 .
Wv\m:o'\. Boqw 20 qw.
0 i q qh 10/' qh

= T

Figure 4. The schematization of the boundary conditions.

The ambient temperature and the initial temperature
conditions of the plate are equal to 293 K. The liquid-vapor
phase transition was not considered. On the other hand, the
heat loss through evaporation was represented by top surface
vaporization heat flux g4, EQ. (11). The specific energy
coefficient was introduced to consider the specific energy
supplied during laser welding. The coefficients have been
obtained considering that the specific energy supplied during
laser welding depends mainly on the diameter of the laser
beam. In particular, the specific energy increases as the
diameter decreases. Since B, and the supplied energy
coefficients are directly proportional, because if the specific
energy supplied increases, the energy lost by evaporation
must increase, Br and the diameter are inversely proportional
(Table 5) At the top surface of the domain, the recoil pressure

Int. J. of Thermodynamics (1JoT)

was applied P, Eq. (17). Finally, Marangoni effect was
considered the surface tension coefficient (c) at the melting
temperature T was taken into consideration [19].

Table 5. The Specific Energy Coefficient.

Defocus D;a[nnﬁtﬁr 1 norﬁr;a_linzl:tlion
defy 03 3.33 44
def, 0.44 221 3
def,4 0.71 141 19
defg 1.01 0.99 13
defg 1.32 0.76 !

Laser beam modeling: We assume that in the z-direction
the heat source is concentrated at a level immediately below
the upper surface (z = 6 mm). The irradiation of the beam
gradually decreases at the edges (Figure 5).

Gaussian laser

2P
heat source Iy=——>
1§
Powder bed surface /\
= I

o 7/'_0_\\\\‘1 = —
v &) e
z

Laser scanning direction

Figure 5. Sketch of the workpiece and coordinate system.

To define beam width for Gaussian beams Eq. (19) was
used a 1/e? method.

_w)

192

. 2-P
qgauss (X, }’) = ?OzExp ( (19)

The width of the beam is calculated by measuring the
distance between the two points where the intensity is 1/e? of
the peak value (Figure 6). So only about 86.5 % of the laser
power is contained within the 1/e? width (Eg. (20), Table 6).

1 JE . dgauss(6,y) - dxdy = 86.5%P (20)
qo,max ********
qO,max/ez-‘y Jo,max0.135
d distance

Figure 6. Gauss laser beam modelling.

4. Result and Discussion
4.1 Experimental Tests

Two types of tests were carried out at different defocus
values as shown in Table 6. A rectangular section plate of
sizes (Lx=100 x Ly=50 x L,=6 mm) was used.

Each test was analyzed under an electron microscope
which made it possible to obtain an image of the trace in TIF
format (Figure 7).

The traces were divided into 17 sections at 4 mm
intervals. For each section the size of the trace was evaluated
(Table 7).
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Table 6. Welding System Technical Data.

Power ;/\F::(I;jmg Defocus Beam Diameter
P[W] v [mm 5] def [mm]  d [mm]

1AL 2500 50 0 0.30

2AL 3000 50 0 0.30

3AL 3000 35 0 0.30

5AL 3500 50 -6 1.01

8AL 3750 40 -6 1.01

9AL 4000 40 -6 1.01

AL LI TR ) PO i R R R e e e
v

' 1 '

1 ey -l v v v i
- -
“t&”ﬁwmyw AL N L W
) 3 A Y N ) 1
e ' | | ! ! ! 1 1
e ) ! ' ! 1
A ! 1 1 1 ! 1

tronic microscope image: Test 1AL weld track.

Table 7. Test 1AL Width of the Melted Zone Sections.

Sez. s[mm] Sez. s[mm]
a 2.26 m 2.57
b 2.34 n 2.49
c 2.34 o] 2.44
d 2.16 p 2.57
e 2.34 q 2.39
f 2.55 r 2.39
g 2.34 S 2.39
h 2.49 Mean 2.40
i 2.34 Dev.St 0.11
| 231

Then, mean values and standard deviations are calculated
(Table 8).

Table 8. Mean Value of a Width of the Melted Zone.

Test \;\Qgéhv\?:[rrfmn}elted Dev. st
1Al 240 0.11
2Al 2.58 0.15
3Al 2.88 0.15
5Al 2.87 0.10
8Al 3.18 0.13
9Al 3.40 0.08

These results will be used to validate the numerical
model. For this purpose, the isotherms corresponding to the
melting point (py) were calculated through the finite element
method. The calculated py data were compared with the
width of the melted zone (Wmy).

4.2 FEM Results

The simulation process allowed us to extrapolate the
values corresponding to the fusion isotherm (785 K) on the
plane at z =6 mm.
The data were fitted using an ellipsoidal model, Eq. (21)

x(r)=X,+a-cos0,
y(r)=Yy+b-sin6,
0<6,<2-m

1)

with a - sub axis (radius) of the X axis of the non-tilt ellipse,
b - sub axis (radius) of the Y axis of the non-tilt ellipse, Xo -
center at the X axis of the non-tilt ellipse, Yo center at the Y
axis of the non-tilt ellipse, px - size of the long axis of the
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ellipse, py - Size of the short axis of the ellipse, ¢ - orientation
in radians of the ellipse (tilt). In this way, it was possible to
quickly obtain the value of the diameter corresponding to the
melting point (py) (Table 9, Figure 9).

x10°
112.5
12
%
Amn
0 785 15
40
1
Yj,x 0 0.5
Figure 8. FEM Test 1AL, py isotherm at T=785K.
Table 9. FEM Fit Parameter.
1AL. 2AL 3AL 5AL 8AL 9AL 4AL 6AL
a 1.772 1.874 1.924 2473 2.485 2513 1.897 2.286
b 123 1287 1350 1532 1649 1659 1293 1458
¢  -0006 -0.007 0025 -0.010 0005 0003 -0.008 -0.016
Xo 19310 19253 1579  19.006 16.813 16.83 1929  19.19
Yo 14855 14.845 15387 14779 15.074 15.03 14.81 14.67
px 3544 3748 3849 4946 4971 5026 3795 4573
py 2473 2.574 2.719 3.045 3.299 3.318 2.586 2.917
50” 0225 026 0268 0402 0684 0109 0211  0.107
17
£
£
>qaf
data 770 K
+ Spot Beam
17 18 19 20 21 22

X [mm]
Figure 9. 1AL numerical data fit time = 0.2 s

As shown in Table 10,

Table 10. Isotherm Corresponding to the Melting Point
Compared with the Width of the Melted Zone.

P[W]  v[mms?] [ri?'::] Wiz Py err %
1AL 2500 50 0 2.40 2477 3.02
2AL 3000 50 0 2.58 2.575 0.20
3AL 3000 35 0 2.88 2.720 5.75
5AL 3500 50 -6 2.87 3.045 5.92
8AL 3750 40 -6 3.18 3.299 3.67
9AL 4000 40 -6 3.40 3.318 244
4AL 3000 50 -4 2.60 2.586 0.50
6AL 2500 50 -8 2.87 2.917 1.63

fixed beam diameter and scan speed, as the power delivered
by the laser increases, the extension of the diameter
corresponding to the melting temperature increase (Tests
1AL and 2AL). The diameter py also increases with
decreasing speed. For each test, the percentage error
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between the isotherms corresponding to the melting point (py
numerically evaluated) and the extension of the melted zone
(wmz, Obtained through experimental tests) was evaluated. As
shown in Table 10, the error for all types of test results is less
than 6%. Thus, the constructed FEM model can provide a
useful approximation to reality with a low average error.
Then two further tests with defocus values def., def.s were
carried out, to verify the goodness of the FEM model (Table
11).

Table 11. Test Coefficients and Parameters.

P[W]  v[mm-s?] defflmm]  d[mm]
3000 50 -4 0.71
3500 50 -8 1.32

It was compared the isotherm corresponding to the
melting point to the width of the melted zone (Table 10).
Also, in this case, the error is less than 6%.

4.3 Method of Brightness Temperature Definition and
Emissivity Evaluation: The Emissivity Map

The thermal image of cladding zone registered by IR
camera is presented in Figure 10.

Figure 10. False-color: infrared image of melt pool
registered by IR camera optris in 8 um spectral wavelength,
Test 1AL

The laser beam's maximum energy density flux has a
pseudo-Gaussian form, which raises the temperature at the
beam axis. The periphery portion of the molten pool, where
oxides and other nonmetallic inclusions are typically
concentrated by thermocapillary convection and in the
nearby solid phase sections, correlates to the ring-shaped
zone with strong thermal emission. It is possible to define the
emissivity value using Planck's law [24] at a spectral value
A=8 um Eq. (3), assuming that the value of temperature
stabilization at solidification corresponds to the known
melting point of AL, which is equal to 785 K under
equilibrium conditions. The comparison of the width of the
molten zone obtained by irradiating the laser beam of the
surface aluminum and the IR camera signal value is
presented in Table 12.

A different type of palette (integrated in the Optris Pl
connect program) was used to display the images in such a
way as to have well defined the different isotherms (Figure
11).

For each test 8 frames were evaluated (1 every 1 s). The
obtained mean value was used to calculate the emissivity
Table 13.
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Table 12. Mean Brightness Temperature and Emissivity, 1=8
um.

Brightness .
Wm,[mm]  temperature Empirical
Th [K]
1AL 2.40 623 0.550
2AL 2.58 635 0.581
3AL 2.88 641 0.597
5AL 2.87 587 0.461
8AL 3.18 596 0.486
9AL 3.40 600 0.493
4AL 2.60 609 0.515
6AL 2.87 577 0.437

Figure 11. Rainbow-colors: infrared image of melt pool
registered by IR camera optris in 8 um spectral wavelength,
Test 1AL frame 4.

Table 13. Brightness Temperature, Frame 1-8.

Frame 1AL 5AL
1 615 579
2 630 577
3 635 594
4 620 597
5 621 598
6 617 579
7 632 581
8 614 590

T [K] 623 586.9

The experimental sets of (Wmz, €) were fitted, for a fixed
defocus value, by the empirical model, Eq. (4).

Coordinate (0, o) has been identified as a reference. In
fact, the condition wy, = 0 represents the case in which the
temperature reached is lower than the melting point so that
melting does not occur. The value of €g = 0.37 was chosen
which corresponds to the emissivity at a temperature of 785
K [25]. The functions relating to the other defocus values
have been obtained through interpolating procedure (Table
3, Figure 12).

€
1.0
defp ¢ test at defy
08l deflo o test at def_g
----- defl4
defLg
06 deflg L —e_ -f- Tl
........ s b -
T Tt e a—
0.4 g
02 Wiz [mm
S 1 ) 3 g We[mm]

Figure 12. The emissivity map. Functions € (wm;) at different
defocus values.
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In this way, the emissivity map, which coupled with the
FEM model allows us to obtain a procedure capable of
providing the emissivity value without carrying out tests on
the laser machine, was obtained. A relative error between
the emissivity value evaluated experimentally and that
obtained from the emissivity map using experimental Wm;
was evaluated (Table 14).

Table 14. Experimental Emissivity vs Emissivity Obtained
from the Emissivity Map - Input W, .

w, Empirical Emissivity
e map Err %
[mm] €
Sdef.i(sz)

1AL 2.40 0.550 0.551 0.2
2AL 2.58 0.581 0.560 3.7
3AL 2.88 0.597 0.574 4.0
5AL 2.87 0.461 0.465 1.0
8AL 3.18 0.486 0.472 2.8
9AL 3.40 0.493 0.478 3.2
4AL 2.60 0.515 0.503 2.3
BAL 2.87 0.437 0.434 0.7

As shown, the error is <4 %. So, through the parameter
map, it is possible to evaluate the correct emissivity value, to
be attributed to the IR camera in relation to the working
parameters, knowing the width of the melted zone. Since, as
previously seen, wm; = py with less than a maximum error of
6 % to the diameter corresponding to the fusion isotherm, it
was possible to use the py value, obtained from the FEM
model as input data for the evaluation of the emissivity with
the use of the emissivity map. For 4AL and 6AL tests,
respectively to defocus defs and def.s, the emissivity was
evaluated starting from the value of the width of the melting
zone Wpyg, experimentally evaluated, and compared with
temperature distribution measured in the laser irradiation
zone (Table 14). Also, in this case, a relative error between
the experimentally emissivity value and that obtained from
the emissivity map using experimental wr; , was evaluated .
Then, through the FEM model, the width of the melted zone
was evaluated. The emissivity was obtained through the
emissivity map ¢ (py), (Figure 13, Table 15).

1.0
defo " TestAL4
fo=-o= def
o o A TestALG |
| /e def_4
0.6 def ¢ —
“.5(]2--.-‘-';.".‘.--_.(13[_—»_ e |
0.435)7 = smsmsa— =
[ : |
. — Wiz [mm
’ 1 25587, B g Ml

2.917

Figure 13. ¢ (py) value obtained through the emissivity map.
Tests 4AL,6AL.

It has been observed that the use of the methodology
involves an error < 5% .

We can sum up, what will be called the standard
procedure, as follows (Figure 14):

o  Known the working parameters, through the FEM
model the value wm, = py was obtained.
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o Using the emissivity map, the value e(py) Was
obtained.

) () B> e )

Figure 14. Standard procedure.

Parameters

P dv

Table 15. Experimental Emissivity vs Emissivity Obtained
from the Emissivity Map - Input py - Standard Procedure.

- Emissivity
Py Empirical map Err %
L] ‘ Eqeri(Py)
1AL 2.477 0.550 0.569 35
2AL 2.575 0.581 0.574 11
3AL 2.720 0.597 0.582 2.6
5AL 3.045 0.461 0.476 34
8AL 3.299 0.486 0.482 0.7
9AL 3.318 0.493 0.484 2.0
4AL 2.587 0.503 0.502 0.1
6AL 2.917 0.434 0.435 0.2

4.4 Method of Specific Energy: The Parameter Map

Through the FEM model, which allows us to evaluate the
width of the melting zone for fixed working parameters, and
next through the emissivity map, it was possible to obtain the
emissivity value to be attributed to the IR camera for correct
calibration. In this way, it is possible to predict the
emissivity, for fixed working parameters, without having to
carry out tests on the laser machine, but simply by obtaining
the p, value from the FEM model and then using the
emissivity map. Since the computational times are not short
(about 4 hours), a streamlined procedure has been
implemented. For each test, the specific energy supplied is
evaluated (Eqg. (5) — Table 16):

Table 16. Specific Energy.

P \Y d A eLs Wmz

W] [mm-s-1] [mm] [mm?] [kJ mm?] [mm]

1AL 2500 50 0.30 0.070 70.735 2.40
2AL 3000 50 0.30 0.070 84.882 2.58
3AL 3000 35 0.30 0.070 121.261 2.88
5AL 3500 50 1.01 0.801 8.730 2.87
8AL 3750 40 1.01 0.801 11.705 3.18
9AL 4000 40 1.01 0.801 9.985 3.40
4AL 3000 50 0.71 0.395 15.154 2.60
6AL 3500 50 1.32 1.369 5.115 2.87

Wmsz[mm]
ISR ///
5 : —]
1 | - -

A = E— e
J ’ T | "
2 f/"' - L]
£
17
y ,"/' // — fitdefy a Tests at defy
y — fitdef_; a Tests at def_g y
0 e g[—]
0 20 40 60 80 100 120 140 mm

Figure 15. The parameter map. Functions wm(eLB) at
different defocus values.

The experimental sets of (eLs, wmz) were fitted, for a fixed
defocus value, by the empirical model, (Table 3, Eg. (6)). In
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this case, the point (0,0) corresponding to the condition in
which e,z = 0 consequently wm; = 0, has been identified as
a reference. The parameter map (Figure 15), which allows us
to predict the width of the melted zone as a function of the
working parameters, thus was obtained.

A relative error between the width of the melted zone and
Wiz i (e,z) obtained from the parameter map, was evaluated
(Table 17).

Table 17. Width of the Melted Zone Wm; VS Wy, ;(e.p)
Obtained from the Emissivity Map.
Parameter Map

Wmz €Ls Wmz

[mm]  [kImm?] W"ﬁT‘] lEﬁ]LB) Err %
1AL 2.40 70.735 2.37 1.1
2AL 2.58 84.882 2.55 0.9
3AL 2.88 121.261 2.92 1.6
5AL 2.87 8.730 2.99 4.2
8AL 3.18 11.705 3.30 3.7
9AL 3.40 9.985 3.16 7
4AL 2.60 15.154 2.67 2.6
6AL 2.87 5.115 3.02 5.1

The methodology relating to the 4AL and 6AL tests was
used. After setting the parameters, the specific energy was
evaluated (Table 16).

The wy,, (e p) Was evaluated using the parameter map
(Figure 16),

Wimz[mm]
ftit def,s - -ﬁt .d‘efﬁ //-"
1 - fit def.
5 ‘.“' /,/ B 4
AT e fit def;
4 BP bt N _ 1
3-023--5‘/ el I Tt fit def
3 = —
267425 .- o
2;1;" i ad ]
I
Y il { A
’/:/l i AL6 W
% : esl—]
Of 120 40 60 8 00 120 140 mm

parameter map. Tests 4AL,6AL.

through the emissivity map (Figure 17) the e(wy,,;(e.5))
was obtained.

1.0
defo " TestALd
0.8-—— - def, & Testals
""" de| _4
0.6
0.505 1
043657 I
I
I
I
0.20 1 36 Winz[mm]

Figure 17. wn,(eLg) obtained through the emissivity map.
Tests 4AL,6AL.

The results showed that it is possible to approximate the
width of the melted zone wm, with the value w,,,;(e.)
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obtained from the parameter map with an average error equal
to 3.3 % and a max error of 7 % (Table 17). The error
between the emissivity evaluated empirically and that
obtained from the emissivity map using the
wni(e ) Value obtained from the parameter map is small.
The results showed an average error of 1.5 % with a
maximum of 3.2 % (Table 18).

Table 18. Empirical Emissivity vs Emissivity Obtained from
the Emissivity Map - Input wm(eLs) - Simplified Procedure.

Parameter Emissivity
Map Map Empirical €
Err
Winziles) € (Wme(eLs)) € %
[mm] [mm]
1AL 2.37 0.564 0.550 2.6
2AL 2.55 0.574 0.581 1.2
3AL 2.92 0.592 0.597 0.9
5AL 2.99 0.475 0.461 3.2
8AL 3.30 0.482 0.486 0.6
9AL 3.16 0.480 0.493 2.7
4AL 2.67 0.505 0.503 0.4
6AL 3.02 0.436 0.434 0.5

A simplified procedure, that allows us to evaluate the
emissivity value using the w,,,;(e,5) value obtained from the
parameter map as input for the emissivity map, was obtained.
(Figure 18). We can recap it as follows:

Parameters) .
Pdy | @

Figure 18. Simplified procedure.

o Known the working parameters, through the Eqg. (5)
the value of specific energy ez is calculated.

o Using the parameter map, the value wmn, =
Wizi(epz) was obtained.

o  Using the emissivity map, the value e(Wm(€Lg))
was obtained.

The simplified procedure was faster and leaner than the
standard one. In fact, the simplified procedure foresees to use
as input for the emissivity map the value w,,;(e.p)
obtained through Eqg. (5) and parameter map. This process is
much simpler and faster than using the FEM model.

5. Conclusion

To use an infrared camera to measure the temperature
during laser welding, it is necessary to know the emissivity.
For this type of processing, the emissivity value is obtained
by comparing the width of the melted zone with the
temperature distribution measured in the laser irradiation
zone. The apparent temperature value corresponding to the
width of the molten zone is obtained. Finally, using Planck's
law, the emissivity value may be calculated.

Since the emissivity is not constant, every time the
working parameters are set, it will be necessary to carry out
a preliminary test. This results in a waste of time and
materials. The methodology is not very workable and
laborious to use. In this work, two procedures, that can
overcome the limits seen, have been proposed. Both
procedures (Standard — Simplified) require the use of the
emissivity map. The knowledge of the emissivity map
allowed a relationship between the width of the melted zone
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and the emissivity, corresponding to a preselected value for
the defocus. This allowed it to value the emissivity after
setting parameters and measuring the width of the melted
zone (Wmz = py) by FEM model (Standard procedure). The
time needed to obtain the emissivity value corresponds to the
time needed to obtain the value py using the FEM model
(about 4 hours). To reduce the time required, and thereby
obtain a more practical procedure, a parameter map was
calculated. The knowledge of the parameter map allowed a
relationship between specific energy and the width of the
melted zone, corresponding to a preselected value for the
defocus. It was able to value the width of the melted zone
Wh, = Wi, (e, ) after fixed parameters and calculated the
specific energy. The e(wy,,;(e,5)) value is obtained through
the emissivity map. In this way, a more streamlined and rapid
procedure was obtained (Simplified procedure), for which
calculation times are, de facto, zero. In this way, after setting
the working parameters, it is possible to get an instant
evaluation of the emissivity without having to perform
preliminary tests. Both methods are quick and allow us to
determine the emissivity value considering the physical
phenomena involved and the conditions of the surface.

Nomenclature

def  Focal beam waist mm
To Radius beam mm

v Welding speed mm s
Wm;  Width of the melted zone mm
Py Isotherm corresponding to the melting point mm

P Power w

Ly Slab length mm
L,  Slab width mm
L, Slab depth mm
Cas  Absorption coefficient /

k Thermal conductivity WmiK?

h Convective heat transfer coefficient Wm2K1t

Aluminum emissivity constant value for a /

&rr FEM model
p Mass density
Cp Specific heat.
u Dynamic Viscosity Pas
c Surface tension coefficient

Ln  Latent heat of fusion Jkg?
L, Latent heat of vaporization Jkg?
Tm  Melting temperature K
Twp  Evaporation temperature K
M Molar mass kg mol*
R Ideal gas constant J-mol* K
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