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10 Abstract: A numerical model was developed for predicting the bead geometry and microstructure
11 in Laser Beam Welding of 2 mm thickness Inconel 718 sheets. The experiments were carried out
12 with a 1 kW maximum power fiber laser coupled with a galvanometric scanner. Wobble strategy
13 was employed for sweeping 1 mm wide circular areas for creating the weld seams and a specific
14 tooling was manufactured for supplying protective Argon gas during the welding process. The
15 numerical model takes into account both the laser beam absorption and the melt-pool fluid
16 movement along the bead section, resulting in a weld geometry that depends on the process input
17 parameters, such as feed rate and laser power. The microstructure of the beads was also estimated
18 based on the cooling rate of the material. Features as bead upper and bottom final shapes, weld
19 penetration and dendritic arm spacing were numerically and experimentally analyzed and
20 discussed. The results given by the numerical analysis agree with the tests, making the model a
21 robust predictive tool.

22 Keywords: laser; welding; LBW; model; microstructure; bead seam; wobble strategy; Inconel 718.
23

24 1. Introduction

25 The Laser Beam Welding (LBW) is a material joining technique that apply a laser radiation to
26  melt the base material and create the welding joint. LBW process is related to other traditional
27  welding methods such as Electron Beam Welding (EBW), Tungsten Plasma Arc Welding (PAW) or
28  Inert Gas Tungsten Arc Welding (TIG). LBW apply a high power industrial laser to create a narrow
29  and deep melt pool between the parts to be welded. Laser is a highly concentrated heat source that
30  canbe easily automated and installed on industrial welding cells, providing high welding speeds for
31  many industrial applications. Nevertheless, factors such as the laser beam quality or the processed
32 materials have a great influence on the resulting geometry, microstructure and residual stress
33 distribution. Therefore, final results are directly dependent on the process input parameters [1], what
34 means that process parameters must be carefully selected for achieving the desired quality [2].

35 LBW modeling represents a basic tool for predicting the temperature field and giving accurate
36  information about shape of the melt pool and final shape of the bead depending on the process
37  parameters (welding speed, laser power, workpiece geometry, etc.). This fact has a direct impact on
38  reducing the costs derived from experimental tests [3].

39 Modern aircraft engines require materials capable of withstanding high temperatures without
40  lowering their mechanical properties. In order to fulfil this task, nickel-based alloys comprise about
41  50% of the total weight of the engines used in aerospace industry, providing high temperature
42 strength and good resistance against wear or corrosion thanks to their chemical stability [4].
43 Aeronautical structures design and fabrication search for minimum weight models that may put up
44 with several flight work conditions. Since Ni alloys machinability is relatively low and the cost of the
45  material is high, welding techniques present high advantages over machining. On the one hand,
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46  welding can be used for building complex structures from smaller parts and, on the other hand,
47  wasted material and chip formation is drastically reduced.

48 Inconel 718 superalloy is widely used in gas turbine components as Tail Bearing Housings
49  (TBH), which have to deal with high temperature gradients and corrosive environments. The strength
50  of the material comes mainly from small Y’ and Y precipitates that are high in Ni content [5]. On the
51  other hand, despite the Inconel 718 alloy has a reasonably good resistance against weld solidification
52 cracking, it is slightly prone to the appearance of microfissures in the HAZ [6], so LBW is an
53 appropriate joining method as it affects just a narrow zone.

54 Regarding this fact, modeling and study is needed in order to check weld integrity, as LBW is
55  an innovative assembling method both for dispensing rivets and for its good qualities compared to
56  other conventional welding techniques [7]. Besides, LBW has arisen as an alternative to Electron
57  Beam Welding (EBW), which can only be used in a vacuum chamber and requires a more complex
58  fixturing, what results in a much more expensive process.

59 In terms of pores formation, nickel-based alloys with chromium (as Inconel 718) are susceptible
60  to this phenomenon during the welding process, having to resort to protective gases in order to avoid
61  pores[8].

62 The laser power level that material absorbs can be reasonably predicted, so the effects of the heat
63  input may be accurately estimated by a numerical model [9]. The absorptivity of the material
64  represents the ratio of the energy that the workpiece absorbs, it is one of the basis for any heat transfer
65  calculation [10] and hence, modeling must consider this characteristic for any reliable result.
66  Moreover, other effects need to be considered in laser welding processes such as convective and
67  thermocapillary forces that cause deformations during the solidification after the melting phase.
68  These forces are generated due to a decrease of the surface tension of the molten material as
69  temperature increases, which leads to material flow between hot and cold regions [11]. This
70 phenomenon, named as Marangoni effect, has a direct impact on the weld bead geometry [12].
71 Therefore, the model must consider this effect in order to achieve the desired accuracy and predict
72 the welding profile.

73 At the beginning of the LBW technology, Swift-Hook and Gick stated that lasers opened a wide
74  range of possibilities according to deep welds [13] and Klemens declared the many factors as heat,
75  vapor flow, gravity or surface tension are directly connected with the final shape of the seam.
76 Moreover, the need of experimental tests for validating the theoretical heat models took force for
77  identifying unknown factors [14].

78 In the 80s, Mazumder praised the importance of better understanding of the melt pool
79  generation and fluid flow in order to improve the potential of the mathematical models, making them
80  predictive powerful tools [10]. In the same way, Goldak et al. asserted that the prediction of aspects
81  such as the strength of the welded structures, which is directly related to residual stress or distortions,
82  called for precise analysis of the thermal cycles for further modeling [15].

83 Afterwards, Bonollo et al. assured that the laser welding dynamics were not entirely understood,
84  despite theoretical evaluation and subsequent experimental validation had enabled to develop the
85  comprehension of the LBW technique [16]. This statement was confirmed by Kaplan et al, who
86  placed value on modeling for improving the physical understanding of the LBW process [17].
87  Ducharme et al,, for their part, stood out that modeling allowed to demonstrate the relation between
88  the keyhole and the melt pool [18].

89 Sudnik et al. alleged the need of new theoretical work in order to better the laser welding process
90  as well as its control and defects description. This was grounded on the fact that many heat
91  conduction models did not achieve the desired accuracy when predicting the weld bead geometry
92 [19]. Nevertheless, Tsirkas et al. pointed the difficulty of modeling the welding process, as thermal,
93 mechanical and metallurgical phenomena take place at the same time [20]. Furthermore, Gery et al.
94 concluded that the experimental work is mandatory for determining relations between heat source
95  models and subsequent empirical testing [21].

96 Later, Kazemi and Goldak continued maintaining the idea that modeling the laser keyhole
97  welding was still challenging and defended the idea of simplifying the models for describing the
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98  temperature fields [3]. In turn, Zhao et al. affirmed that the coexistence of three different phases

99  (plasma, liquid and solid) added to the complex keyhole behavior and the forces acting in the weld
100  pool made modeling still difficult [22].
101 Likewise, Kubiak et al. underlined the necessity of an innovative focusing on the theory and
102 numerical solution techniques used for the LBW, as this process offers characteristic heat
103 distributions compared to traditional welding methods [23]. However, Zhang et al. pointed that
104  despite of the advances in laser deep penetration knowledge due to numerical simulation, yet many
105  issues remain unexplored [24].
106 For this reason, it is concluded that there is a need in the aerospace industry to develop a model
107  that predicts the geometry of the resulting joint when welding thin Inconel 718 plates. Therefore, a
108  model that considers the melt pool dynamics during the welding process is developed. In addition,
109  the obtained results have been experimentally validated under different conditions. Moreover, the
110 numeric tool is capable of predicting the generated microstructure based on the thermal field
111 variations during the process.

112 Table 1. Employed symbols and nomenclature.
Symbol Description Unit
u Fluid velocity in the X axis direction. m-s’
v Fluid velocity in the Y axis direction. m-s’
u Absolute fluid velocity. m-s’
Ax Element size in the X axis direction. m
Element size in the Y axis direction. m
Material density. kg- m-
Pressure value. N-m?2
Material viscosity. kg-m-st
Gravitational acceleration constant. m-s?

Y+ direction unitary vector. -
Volume fraction (solid/liquid). -

N Fo A Fars e &

Surface forces. N
Surface tension. N-m-!
Surface tension variation regarding the temperature. N- m*-K?!
Surface curvature. m'!
Vector normal to the surface (solid/liquid - gas interface). -
Coefficient of liquid thermal expansion. K+
Specific energy. J'kgtc
Heat conductivity. W-m-1-K-1
Fusion latent heat. J'kgt
Temperature. K
T Solidus temperature. K
T, Liquidus temperature. K
T. Room temperature. K
t Time variable. s
At Time step. S
P Laser power. 4
Qraser Laser beam intensity. W-m?-2
Qrosses Energy losses due to radiation and convection. W-m?-2
Tout Outer radius of the laser beam in the wobble strategy. m
1 Inner radius of the laser beam in the wobble strategy. m
a Absorptivity. -
h Convection coefficient. W-m-2 K1

£ Emissivity. -
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oy Stefan-Boltzmann coefficient. W-m2 K+
s Angle between the laser beam and the normal vector to the rad
surface
Vs Welding feed rate. mm-s’!
Vp Peripheral speed in the wobble operation mm-s’!
113
114 2. Developed model
115 2.1 Model Basis
116 The proposed model is based on solving the continuity (1), momentum (2) and energy

117  conservation (3) equations in order to obtain the pressure, velocity and temperature fields of each
118  element respectively. The coupled pressure-velocity equations are solved using the SIMPLE
119  algorithm proposed by Patankar [25] and a fully implicit scheme is used.

120
op 0 0
E+a(p-u)+@(p-w—0 ¢))
0 0 0 _ Op 0 6(1)) op 6( 6(1))
50 D+ uw )+ v ) =~ (w ) - (e ) 4, @
0 e T+ )+ =2 T 2 (1) 4 s 3
ac P e ox Pt ay PV =\ ax) Tay gy Toe 3)
121
122 The momentum generation term (Sw) includes the buoyancy force (Sv) generated as a

123 consequence of the density difference and the velocity reduction term (S#) introduced in those
124 elements where the material is in solid state. Material is considered completely rigid and
125  incompressible when it is in solid state, therefore, the velocity of the material in the solid region is
126  zero. This is modeled by the second term in equation (4), where the parameter f; has a zero value in
127  the solid and a unit value in the liquid. In order to avoid zeros in the denominator, C=10¢ and es=103
128  values are adopted [25].

129
. c-a-f
= =p-g-B-(T—T,)e——--
Sn=Sp+Sa=p-g-B-( w)-€ e U (4)
130
131 Regarding the energy generation term (Se), equation (5), includes the latent heat (St) and the heat

132 exchange at the substrate surface (Sc). Inside this second term, the energy radiated by the laser beam
133 (quser) and the heat losses due to radiation and convection (qusss) are included. As no material
134 vaporization is expected, the model includes only the fusion latent heat, which is defined in equation

135 (o).
136
Se =S, + Sc = Si + Quaser — Qrosses )
oL oL oT
=g — = —— 6
SLEPe TPAT a ©
137
138 The energy input at the surface can be approximated as a ring-type source, generated by a fast-

139  moving laser spot that follows a wobble strategy, as it is shown in Figure 1. Therefore, the energy
140  input in a surface element located at an x and y planar distance from the laser beam center point is
141  defined by means of equation (7). As the free surface can deform freely, the absorptivity value (a) is
142 modified as a function of the angle between the laser beam centerline and the normal vector to the
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143 free surface (§). On the other hand, radiation and convection losses at the surface of the substrate are

144 described by equation (8), where 7 is the number of free-faces of a certain element located on the
145  surface.

146
2-a-cos(8)-P
Quaser = 72 2y )
T (rout r’n)
Qiosses =N * [h-(T—-T,)+e- Op * (T4 - To4o)] 8)
147
Modeled laser beam
Instantaneous
laser spot
Z
Y@
‘ X
148
149
150 Figure 1. Instantaneous laser spot and modeled laser beam in wobble strategy
151
152 The model considers conduction and diffusion as heat transfer mechanisms within the material.

153 Moreover, the Volume of Fluid (VOF) equation (9) is solved to determine the material movement and
154  the variation of the free surface. For tracking the interface, the interface capturing method is used
155 because, unlike other methods, does not introduce restrictions to the evolution of the free surface.
156  This method gives the position of the boundary between the different phases by using a scalar
157  transport variable. The volume fraction (y) becomes a zero value in the gas and a unit value in the
158  base material (solid or liquid). So, the interface is defined as the transition zone where y takes a value
159  between zero and the unit.

160
oy
iV = 9
5 TVo-U)=0 ©)
161
162 The residue value to ensure the convergence of the results is set to a 103 value between two

163 subsequent iterations [25]. The same criteria is used for mass, momentum, energy conservation and
164  VOF equations.

165 2.2 Initial and boundary conditions

166 In order to start the simulation, the initial temperature of all elements must be defined. since no
167  preheating stage has been considered, all nodes are supposed to be at room temperature (T,,=298 K).
168  Therefore, the whole substrate is in solid state at the initial stage and all the elements have a
169  zero-velocity value.

170 Velocity, pressure and temperature values are determined at the limits of the model by means
171  of the boundary conditions, see Figure 2. On the one hand, a zero-pressure gradient condition is
172 stablished in all the boundaries. On the other hand, a zero-velocity vector variation condition is
173 stablished in all boundary faces. Lastly, in terms of temperature boundaries, the nodes next to the
174 control volume are forced to be at room temperature (T,,=298 K). This is equivalent to consider a first
175  specie or Dirichlet boundary condition, equation (10).
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178
179 Figure 2. Applied boundary conditions for modeling the welding process.
180
181 With the aim of reducing unnecessary computational cost and based on the symmetric nature of

182  the modeled problem, just half of the volume is simulated. The following boundary conditions are

183  set in the symmetry plane:
184

a_o. u=0 . Z_o 11
dy_ ’ u= ! dx_ ( )

185 2.3 Surface forces

186 Movement of the molten material is generated due to surface forces, see equation (12). On the
187  one hand, a force normal to the surface takes place due to the curvature developed by the interface
188  between the air and substrate. On the other hand, Marangoni forces are generated because of the
189  surface stress variation regarding the temperature variation. Besides, buoyancy forces are included
190  in the model, which generate a downwards force. All forces considered in the model are shown in
191  Figure 3.

192

o= ii4 ST - G 7)) (12)
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193
194 Figure 3. Material movement due to the surface and buoyancy forces.
195
196 2.4 Microstructure
197 The internal structure of material after melting and solidifying depends directly on the process

198  cooling rate. When the temperature drops below the liquidus temperature (Tt), columnar dendritic
199  microstructure is formed until the solidus temperature (Ts) is reached. This temperature phase-
200  change range is named as the mushy zone [26].

201 The interplanar spacing between different dendrites can be estimated based on the cooling rate
202  and the boundary temperatures where the material undergoes the phase changes, which are the Tt
203  and the Y/laves eutectic temperature (T¢). At this juncture, dendritic columns grow mainly in the
204  energetically favorable crystallographic directions, forming the principal axis and, to a lesser extent,
205  in the other transverse secondary directions [6]. The secondary dendrite arm spacing (SDAS) is
206  measured in this research tests for subsequent thermal model validation by means of equation (13).
207  To this end, the mean values are calculated based on ten different measurements for each analyzed
208  welding bead. SDAS is measured in pm and C is a constant that depends on the material. For the
209  specific case of the Inconel 718 this constant takes a value of 10 [27].

210
1/3
T, —T,
SDAS = C - —ar (13)
dt
211
212 The Inconel 718 is a widely used and studied material and therefore, many authors have

213 contributed with their research to the determination of these reaction temperatures. In the present
214  investigation, the values given by Eiselstein for the cooling case are considered [28]: 1260 °C and
215 1177 °C for the liquidus temperature (Tt) and the Y/laves eutectic temperature (Te), respectively.

216 Table 2. Inconel 718 cooling temperatures.
Reaction stage Value (°C)
Liquidus on cooling 1260
Solidus on cooling 1227
Y /laves eutectic on cooling 1177
217

218  3.Proposed methodology for the model validation

219 Validation has been carried out using FL010 1kW fiber laser from Rofin FL010 with an ouput
220  fiber of 100 um coupled to galvanometric scan head hurrySCAN® 25 from SCANLAB with a
221  maximum workspace of 120 x 120 mm and maximum feed rate of 10,000 mm-s. Scan head allows
222 fast movements of the laser beam because of the low inertia of the moving mirrors, giving as result
223 high velocities and accelerations without losing positioning accuracy. Therefore, the laser beam
224 motion is fast enough to consider as a ring-type spot of 1 mm diameter that moves at a v, feed rate
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225  speed. Inthis case, a wobble strategy is used for the welding process, see Figure 4. This method allows
226 to fill an area by describing rings, so a suitable relation between the feed rate (v;) and the peripheral
227  speed (v,) is implemented for achieving minimum overlap and no space among consecutive rings.
228  So, the laser spot must spend the same time for tracing a loop (orbital motion) and for advancing a
229  spot diameter distance (linear movement).

Modeled laser beam

Instantaneous
laser spot

g
““““ - g
—
Z
‘ X \4
230
231 Figure 4. Wobble scanning technique employed for the welding operation
232
233 The selected continuous laser powers for welding the 2 mm thickness Inconel 718 sheets are

234 350 W, 400 W, 450 W and 500 W in combination with two different feed rates: 3 mm-s! and 5 mm-s-.
235  The seam length is of 30 mm, enough to ensure steady state is achieved during welding track.
236  Afterwards, all the samples are cut at a 20 mm distance from the beginning of the weld, encapsulated
237  and polished for Marble solution etching, Figure 5. The geometry of the weld beads is revealed by
238  thischemical attack in order to analyze their cross shape and compare them with the results provided
239 by the model. Moreover, secondary dendrite arms spacing (SDAS) in the samples is measured for the
240  cases where the minimum and maximum powers are applied (350 W and 500 W, respectively).
241  Finally, the measured SDAS is compared with the values predicted by the numerical model.

242
vag«’ ‘osuu"c?;;e ‘of detail C |
243
244
245 Figure 5. Upper view (left), cross section (center) and detail of the microstructure (right) of the Test 6.
246 Table 3. Process parameters for the different tests
Test Laser Feed rate Peripheral Argon feed Seam length Wobble
number power (W) (mm-s-1) speed (mm-s?) (I'min") (mm) diameter (mm)
1 350 3 84.8 24 30 0.9
2 350 5 141.4 24 30 0.9
3 400 3 84.8 24 30 0.9
4 400 5 141.4 24 30 0.9
5 450 3 84.8 24 30 0.9
6 450 5 141.4 24 30 0.9
7 500 3 84.8 24 30 0.9
8 500 5 141.4 24 30 0.9
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247  3.1. Model parameters

248 The modeled cross section has an 8x4 mm size in the X and Y directions, respectively. Notice
249  that in x=0 a symmetry boundary condition is considered (see Figure 2). The distant face in this
250  direction must be placed at a far enough from the laser beam source in order to avoid any
251  disturbances in the generated thermal field, but without putting far away in order to avoid,
252 computational cost increased in vain. On the other hand, in the Y direction, a 1 mm layer of air is
253  considered below and above the sheets to be welded, which is enough for allowing the free
254  movement of the air-filled elements.

255 Defining an appropriate element size is critical when achieving a good relation between
256  accuracy and computational cost. After testing with 0.1, 0.075, 0.05, 0.025 mm size elements and
257  evaluating the obtained accuracy and the elapsed time required for the simulation, it is considered
258  thata 0.05 mm element size is the optimum value. As it can be observed in Figure 6, after simulating
259 the Test 4 with different element sizes, an error below 5% is obtained with a 0.05mm element size
260  when the depth of the weld bead is measured, together with an elapsed time of 392.95 s.

261
4500 30
4000 == Error [%] 25
— 3500 i = Elapsed time [s] i
"o 3000 i i 20 _
£ 200 ! : -
1 1 =
% 2000 ; ; e
& 1500 : : 10~
= : :
1000 i i
| | : 5
500 ! ! !
0 . I l I 0
0.025 0.05 0.075 0.1
Element size [mm
262 mml
263 Figure 6. Variation of the elapsed time required for running the simulation and the obtained error
264 compared with the experimentally measured depth of the weld bead as the element size varies for the case of
265 the Test 4.
266
267 Besides, obtained results depend on the time increment used in simulation. For the present

268  validation, a 0.001s time step is used. A higher time step means that fewer steps are required for
269  sweeping the desired time interval, whereas a smaller time step means the opposite. However, higher
270  time step results in higher variations of the pressure and velocity fields, and consequently, the
271  number of required iterations before achieving the desired accuracy is also increased. In addition,
272  instabilities may appear, resulting in the necessity of lowering the under-relaxation factors used in
273 the SIMPLE algorithm (0.8 and 0.5 for the pressure and velocities calculation, respectively).

274 The cooling stage has direct impact in the final shape of the melt pool [29], as well as the
275  developed microstructure [30]. Therefore, an extra time is simulated after the laser passes over the
276  modeled cross section is in order to analyze the cooling stage and the solidification of the material. A
277  total simulation times of 1.0 s and 0.6 s are defined for the tests where 3 mm-s™ and 5 mm-s' feed rates
278  are used, respectively.

279  3.2. Materials

280 Inconel 718 sheets with a 2 mm thickness are used for LBW tests. This value is similar to the
281  thickness of the sheets used in the aerospace gas turbines.

282

283

284
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285 Table 4. Inconel 718 composition (% w.t.) ([31])
Al B C Co Cr Cu Fe Mn Mo Ni
0.55 0.004 0.054 0.28 18.60 0.05 18.60 0.24 3.03 52.40
P S Si Ti Nb Ta Bi Pb Ag
<0.005 <0.002 0.06 0.98 4.89 <0.05 <0.00003 <0.0005 <0.0002
286
287 Table 5. Properties of Inconel 718 (Average thermo-physical properties of Inconel 718 [32])
Definition Unit Value
Melting range (T) K 1533-1609
Density (p) Kg:m3 8190
Specific heat (c) J'kg-K1 435
Conductivity (k) W-m-1-K-1 8.9
Latent heat fusion (5t) J'kgt 210x108
Density (p,) (liquid phase) Kg'm-? 7400
Specific heat (c;) (liquid phase) J'kgt-K1 720
Conductivity (ki) (liquid phase) W-m-1-K-1 29.6
288
289 The developed model is two-dimensional, since most of the laser welding tracks can be

290  considered as longitudinal tracks with constant section. Authors like Casalino concluded in their
291  research the suitability of using a two-dimensional model for simulating the LBW process [2].
292  However, the heat transfer in the experimental situation is tridimensional (including lateral and
293 longitudinal conduction). Therefore, a tridimensional heat transfer is considered in the model. Thus,
294 heat transfer due to conductivity and convection is taken into account in the X, Y and in Z directions,
295  assuming the symmetry in the X direction.

296

297  3.3. Experimental setup

298 Test parts are clamped to avoid distortions caused by thermal expansion or contraction during
299  the melting and solidification process, Figure 7, which could cause misalignment in the weld zone.
300
a b
301 ) :
302 Figure 7. Test parts placing examples: Properly clamped (a) and simply supported (b)
303
304 The welding process is performed with an argon 2X protective atmosphere (99.995% of argon

305  purity). The argon gas is inserted through four slots situated in four cylindrical tubes, two pointing
306  to the welding upper surface and the two others to the bottom one, which ensures a homogenous
307  supply all along the seam path (see Figure 8). The argon supply is of 24 I'min-! (6 I min-! through each
308 80 mm x 2 mm rectangular slot).

309
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S
310 Argon supply tubes
311 Figure 8. a) Experimental setup for ensuring the protective atmosphere during the LBW tests;
312 b) Frontal and lateral schematic views.
313 4.Results
314 The developed model calculates the temperature field at different time steps as the laser beam

315  passes over the modeled section. As a consequence of the temperature gradients generated within
316  the molten material, Marangoni forces are generated and lead to creation of convection currents, see
317  Figure 9. The size of the melt pool is increased as the interaction time increases and can reach a
318  situation in which the whole thickness of the Inconel 718 sheet is melted (this situation occurs at a
319  t=0.28 s instant in Test 5, 450 W laser power and v=3 mm-s) and molten material starts to drop due
320  to gravity forces. After the laser beam passes by the modeled cross section and there is no external
321  heat input, the material solidifies, resulting in the final shape of the generated weld bead. This final
322 shape together with the area melted during the whole process is compared with the experimental
323 results when validating the model.
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Figure 9. Evolution of the welding section and material velocity in Test 5 as the laser beam passes.

4.1. Analysis of the geomettry of the weld beads

In order to validate the developed model, the weld beads from the different tests are measured
taking into account the following features (see Figure 10): penetration depth (named with the letter
D), weld bead width (named with the letter W) and height both in the crown and the root (named
with the letters A and R, respectively). Due to the movement of the molten material during the
welding process, the surface tension generates fillets or groovy shapes at the weld crown. The molten
material also may stick out at the root when the penetration is complete, forming sagged geometries
beyond the lower surface. The established sign criterion is positive (+) for fillets and saggings and
negative (-) for grooves.

-

ROOT TR ()

Figure 10. Scheme of the different cross sections of the weld bead.

Table 6. Geometrical validation of the model (width and depth).

Crown Width (W) Depth (D)
Test Experimental Model Error Experimental Model Error
number

(mm) (mm) (%) (mm) (mm) (%)
1 2.16 2.30 6.38 2.00 2.00 0.00
2 1.98 1.80 9.09 1.09 1.05 3.93
3 2.42 2.50 3.52 2.00 2.00 0.00
4 2.07 2.00 3.19 1.30 1.33 2.47
5 2.56 2.60 1.76 2.00 2.00 0.00
6 2.40 2.20 8.37 1.72 1.75 1.74
7 2.82 2.62 7.13 2.00 2.00 0.00
8 2.61 2.35 9.82 2.00 2.00 0.00
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339 Table 7. Geometrical validation of the model (fillet-groove and sag)
Test Crown Height (H) Root Height (R)
Experimental Model Error Experimental Model Error
number
(mm) (mm) (mm) (mm) (mm) (mm)
1 -0.11 0.00 0.11 0.07 0.00 0.07
2 0.09 0.00 0.09 0.00 0.00 0.00
3 -0.16 -0.10 0.06 0.31 0.25 0.06
4 0.04 0.00 0.04 0.00 0.00 0.00
5 -0.20 -0.20 0.00 0.43 0.45 0.02
6 0.16 0.00 0.16 0.00 0.00 0.00
7 -0.16 -0.25 0.09 0.58 0.50 0.08
8 0.10 0.00 0.10 0.07 0.00 0.07
340
341 The numeric model shows an error below 4% regarding to the weld bead penetration depth and

342 aless than 10% error for the crown width, Table 6. For both the crown and root height prediction, the
343 model shows an error smaller than 0.2 mm, Table 7. In Figure 11 a comparison between the modeled
344  and the measured cross sections is shown for the Tests 1-8.

345

346 Figure 11. Comparison between the modeled and the analyzed cross sections.
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4.2. Microstructure validation

The microstructure is studied for the Tests 1, 2, 7 and 8 and in each case, as detailed in Figure 12,
two different areas are studied for validating the model prediction of the SDAS value. The first one
(M1) is located near the boundary between the weld bead and the HAZ and it is the first area where
the material solidifies after its melting, whereas the second one (M2) is placed in the center of the
bead.

Ot O HE B
SDAS [um] o MR :
4 : , : 10 |on SRR Eat Ny ;
0.04— ’ > o . DI
005— 5 oS .
" 006— WY 3 .
007 -
3 R | Al b
\ I 009— s . o b
s2) ’ |
> 4 ™
1
0 ‘ ‘ ‘ : ‘ 0
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Figure 12. Secondary dendrite arm spacing (SDAS) of Test 8 together with the experimental
microstructure details in regions M1 and M2.

The analysis of the experimental tests is carried out by a Leica DCM 3D microscopy with 100X
magnification. For each study zone, the SDAS measurements are performed and the average value is
calculated, which is compared with the results given by the numerical model, see Table 8. The
maximum error between the predicted SDAS values and the measured ones is below 1.5 microns,
which means that there is a good agreement between the model and the experimental process. Also,
since the microstructure depends on the cooling rate, which depends on the variation of the thermal
field, so, it can be concluded that the model predicts the temperature field accurately during the LBW
process.

Table 8. Microstructure validation of the model.

d0i:10.20944/preprints201806.0311.v1

Test Area M1 Area M2
Model Experimental Error Model Experimental Error
number

(um) (um) (um) (um) (um) (um)

1 2.71 3.19 -0.48 2.77 3.70 -0.93

2 2.21 3.05 -0.84 2.04 2.58 -0.54

7 2.31 3.78 -1.47 2.82 4.25 -1.43

8 2.08 3.54 -1.46 1.83 2.63 -0.80

5. Conclusions

In the present work, a numerical model for predicting the weld bead in the LBW process is
developed and validated under different process parameters. According to the obtained results, the
following conclusions can be drawn:

(1) The developed model represents accurately the weld beads generated under different process
parameters. In all cases, the maximum error is lower than the 10% regarding the weld bead
width and depth, which ensures a high agreement between the model and the tests.

(2) The developed tool is valid for modeling not only the melt pool dynamics, but also the drop of
the molten material once the laser beam melts the whole thickness of the Inconel 718 sheets.
An error below 0.2 mm is detected between the model and the experimental results in the
crown and root heights of the weld bead. However, the model resulted incapable of predicting
the height of the fillet if the bead is not complete.
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377 (3) After comparing the microstructure measured in the experimental tests and the values given
378 by the model, it is concluded that the model gives the SDAS with an error below 1.5 microns.
379 The two different areas that are analyzed (M1 and M2) show that the SDAS in the test tubes is
380 slightly higher than the value given by the model. Hence, it is concluded that the predicted
381 cooling rate is also somewhat higher than the real one. This can be originated by the symmetry
382 assumption or the two-dimensional solving of the melt pool dynamics, whereas the physical
383 problem is three-dimensional.
384 Therefore, the proposed model results to be appropriate for modeling the LBW process and can

385  beused as a predictive tool for simulating weld beads before carrying out real tests. Therefore, it has
386  adirect application on aerospace industry and specifically in Inconel 718 welds.
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