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ABSTRACT: The heat input is the amount of energy supplied per unit length of the welded workpiece. In this study, the effect of 
two different heat inputs in laser beam welding of a high strength aluminum alloy AA6013-T4 was evaluated from macrostructural 
and microstructural points of view. The experiments were performed using a continuous wave 2 kW Yb-fiber laser with 100 µm 
spot size on the upper surface of the workpiece. Keeping the heat input at a given level, 13 or 30 J/mm, the laser power was 
changed from 650 W to 2 kW and the welding speed from 33 to 150 mm/s. In the condition of higher heat input 30 J/mm 
it was possible to obtain both cutting and welding processes. For 13 J/mm, welding processes were obtained in conduction 
and keyhole modes. The equiaxed grain fraction changed with changing speed for the same heat input. The laser processing 
induced a decrease in the hardness of the weld bead of about 25% due to the solubilization of the precipitates. The estimated 
absorptivities of the laser beam in the liquid aluminum changed largely with experimental conditions, from 4.6% to 10.5%, being 
the most significant source of error in measuring the real amount of energy absorbed in the process. For the same heat input the 
macrostructure of the welded surfaces, i.e., humps and dropouts, changed as well. All these facts indicate that the heat input 
is not a convenient method to parameterize the laser beam welding parameters aiming the same weld features.

KEYWORDS: Laser processing, Heat input, Laser beam welding, Aluminum alloy 6013-T4.

INTRODUCTION

Laser materials processing has received special attention from the automotive and aerospace industries in recent years, which 
greatly contributes to the encouragement of research and development of new technologies. Several areas of knowledge have taken 
advantage of this development, from medicine to electronics, but the main stakeholders are the former, which are seeking higher 
manufacturing speeds and improving the final product quality. The welding fundamentals and their implications in aeronautical 
components have been investigated with high expectations (Mendez and Eagar 2001). The integration of laser technology with 
the easiness of automation and robotization of the industrial systems contributes greatly to cost reduction, as required by the 
current market. At the same time, this advance requires an increasingly deep and detailed understanding of the transformations 
that occur during processing.
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High-strength aluminum alloys, like the AA6013, have been gaining space and reliability mainly in the aerospace industry, in the 
joining of the stringers to the fuselage. Their characteristics and metallurgical properties allow great advantages and a high quality 
in their laser process. This is only possible due to the development, in recent years, of high power lasers with smaller wavelengths, 
which provides a radiation capable of interacting with the aluminum, being only reflected part of it. The most common problems, which 
were also found in this study, were cracking and liquation, depending on the set of operational parameters, besides the dissolution 
of precipitates.

The aluminum alloy 6013 is a high strength alloy with a good combination of mechanical properties, corrosion resistance, 
weldability and formability. The 6013 with T4 temper exhibits better bend capability and lower springback than high strength 
steels. It is not susceptible to hot cracking during welding compared to some 7XXX series alloys. The 6013 is a weldable aluminum 
alloy specifically developed for high strength applications.

The physical properties of AA6013 welded by Nd:YAG laser were evaluated by Leigh et al. (2002) with the process parameters 
of 4.3 kW and 6.2 m/min. A very detailed analysis was discussed regarding to the hardness reduction on the fused zone, transition 
from columnar to equiaxed grains, growth of dendritic structures intergranular solidification cracks, liquation and porosity.

A numerical modeling and experimental analysis were developed by Wang et al. (2015) to investigate the solidification cracking 
behavior during laser welding of AA6013. The transient evolution and distribution of mechanical strain were analyzed and the 
results exhibited that the solidification cracking started near the molten line and then propagated along the centerline of the weld.

Passini et al. (2011) performed laser welds of 1.6 mm thick AA6013 using a 2 kW Yb:fiber laser. There were obtained good and 
poor welds, and inspected by pulse/echo ultrasonic phased-array technique, where it was identified the presence of grouped porosity.

Braun (2005) performed thermal treatments after the laser beam welds of AA6013, obtaining improved mechanical properties 
and stress relief of the joint. Siqueira et al. (2015) have also investigated thermal treatments on AA6013, reaching better results 
with lower temperatures (190 °C).

Higashi and Lima (2012) investigated laser beam welding in aluminum alloys, where two main defects were observed: porosity, 
and hot cracking. Autogenous welding using a 2 kW Yb:fiber laser was performed, and the best results were obtained using two 
runs (both sides) with filler, 1200 W and a speed of 2 m/min.

Tu and Paleocrassas (2010) investigated the instability in the low speed laser welding of aluminum alloys with fiber lasers. 
The results showed that lower speeds form high aspect ratio welds. The general aspects regarding the laser welding of structural 
aluminum were also investigated by Quintino et al. (2012).

The high thermal diffusivity and optical reflectivity to CO2 laser radiation require high laser intensities to ensure coupling and 
to form the keyhole. Excessive vaporization of alloying elements and porosity were common problems found by Sonti (1988) in 
laser welding of aluminum alloys.

Huntington and Eagar (1982) studied the laser power absorption on pure aluminum and aluminum alloy. The results indicate 
that the fraction of absorbed power increases with the keyhole formation. Increased power absorption does not occur at the 
beginning of the melt but rather with the start of keyhole formation.

The laser processing of metallic alloys has been extensively studied (Steen and Mazumder 2010). Researches have evaluated 
the fusion zone (FZ) and Heat Affected Zone (HAZ) microstructures, as well as the macroscopic behavior such as tensile strength, 
fatigue life, and corrosion. The laser parameters have been extensively studied for Laser Beam Welding, Laser Cutting, Cladding, 
Ablation, and Additive Manufacturing. The operational parameters were also evaluated in the Laser Beam Forming (LBF) process, 
which uses smaller speeds and bigger spot size. It is important to point out that each of these processes requires a different amount 
of available energy, and each process has its own absorptivity and efficiency of this heat input.

In this study, the authors are interested in better understanding the effects of the same heat input, provided by different sets 
of parameters, on the AA6013 weldability. This study is performed comparatively between the observed experimental results and 
the expected results by means of a thermal simulation.

In many cases, the laser processing can be simplified in the theory of moving sources of heat in metals, given by Rosenthal 
(1946). This theory still makes some assumptions like constant speed and heat input, besides considering the physical characteristics 
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of the metal independent of the temperature. Notwithstanding the increase in temperature causes an increase in conductivity and 
diffusivity of the sample, thus affecting the shape and size of the isotherms.

Figure 1 shows the temperature gradient and the influence of the speed in the shape of molten pool for two situations: higher 
speed (a), where the isotherms are more flattened and it occurs the columnar grains encounter, which can cause greater fragility 
in the central region; and lower speed (b), with a more elliptical shape of isotherms and molten pool, and reduced formation of 
columnar grains. Speed control can provide greater equiaxed grain formation in the central region of the molten pool, which 
increases the resistance. Therefore, the thermal gradient increases proportionally with speed. The temperature gradient in front 
of the heat source is much higher than that behind it. The curve n-n presents the peak temperatures at a same time, and it can be 
observed that the points along the y-axis reach lower peak temperatures. The curve n-n bends backwards and its shape depends 
on the transverse speed and the thermal diffusivity (Kannatey-Asibu Jr. 2009).

Figure 1. Thermal gradient and shape of the molten pool in different speeds (a) and (b) (Kannatey-Asibu Jr. 2009).
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The amount of energy absorbed by the workpiece depends on the wavelength (λ) of the laser radiation, the temperature, and 
the properties of the material (Ix = I0e

–ax). Lima (2016) presents very detailed analyzes, regarding the absorptivity, temperature 
evolution, optical penetration, phase transformations during laser processing, the effect of the interaction time, and also a state-
of-the-art contribution about the thermal gradient and cooling rate. Correlations between operational parameters such as laser 
beam power and speed, and their influence on the depth of the molten zone and in the width of HAZ (Ion 2005), have been 
extensively studied.

The heating of a given material subjected to a laser beam depends on the nature of the material, on the characteristics of the 
beam, and how the radiation is coupled with matter (Lima 2016). The traditional heat input model is the ratio between the power 
and speed of the laser beam, but there are a number of other factors that directly affect the amount of energy used by the material, 
such as absorptivity, spot size, TEM modes, M², BPP, focal distance, surface finishing, among others. The beam intensity or power 
density can be calculated by I = P/πr2 W cm–2. The amount of energy absorbed directly influences the cooling rate, HAZ, the 
microstructure, and the mechanical properties. With a same heat input, which corresponds to a same amount of energy supplied, 
the interaction time is the one responsible for the difference between a keyhole welding and a simple material heating.

Green’s functions give analytical solutions for the temperature field around a moving heat source. A thermal shock wave is 
generated when the processing speed is equal to or faster than the thermal wave from the thermal diffusivity of the material. In 
the same way, as the Mach number in supersonic regimes, a shock wave angle can be calculated by sin–1 (1/M) for M > 1 (Tzou 
1989). The M number can be related to the minimum interaction time of the heat source and the workpiece.
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The aim of this study is to study the effects of heat input on laser processing through different sets of operating parameters. The 
experiments were performed with an Yb-fiber laser on sheets of AA6013-T4. Although the heat input parameter, as a qualifying 
value for the welding process, has been subject of many works, it was proposed the effect of the absorptivity as an additional 
parameter to be considered in the heat transfer during laser and matter interactions.

ABSORPTION OF LASER RADIATION

Keyhole welding is possible once the heat source is approximately a line inside the solid and the lateral conduction of heat is 
sufficient to produce a given weld width. For simplicity, let us consider that the heat will be absorbed in the material to produce 
a given amount of liquid aluminum with negligible thermal transfer of the solid material. Since the heat-affected zone usually 
rarely exceeds few micrometers, this assumption could be considered quite correct.

Considering the simplest model, as depicted in Fig. 2, two plates A and B are welded together forming the resolidified material 
called C. The weld has three characteristic dimensions: width (w), thickness (t), and length (l), which the product is the resolidified 
volume. The amount of energy required to heat up until melted such a volume is given by the well-known Eq. 1:

Q = m.Cp.DT + mL

where: Q is the amount of energy entering the system; m is the mass of the weld; Cp is the specific heat; DT is the temperature 
variation between ambient and melting point; and L is the latent heat of fusion.

Figure 2. A model for laser welding.

The total amount of energy entering the system is the effective laser power multiplied by an interaction time (ti) linked to 
the welding speed. One dimension (l) is also linked to the welding speed as V = l/ti. Therefore, Eq. 1 could be easily rewritten as 
presented in Eq. 2:

b.P = w.t.V.r.(CpDT+L)

where: b is the laser-matter absorptivity, i.e., the amount of the power effectively absorbed in the workpiece; P is the laser power; 
V is the weld speed; and r is the solid density. The solidification interval DT is the difference between the solidus and liquidus 
for the present alloy.

Considering both absorptivity and weld bead dimensions as constants, it is easy to see that Eq. 2 gives a constant bP/V ratio 
for a given welding process, being the P/V ratio called therewith as the heat input HI. Using now the current values, such as 
r = 2.7 g/cm3, Cp = 0.9 J/g.K (MakeItFrom 2017), L = 321 J/g (Enginneering Toolbox 2003) and DT = 89.19 K, then (Eq. 3):

HI = 1.0834.w.t.b–1 J/mm  (3)

 (2)

 (1)
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The weld bead dimensions w and t depend on the experimental values and, until now, b is still an unknown variable. The 
proposed method does not include the improved energy absorption as a consequence of keyhole.

MATERIAL AND METHODS

The Aluminum Alloy 6013-T4, AA6013 for short, was chosen for this study due to its broad use in the aerospace industry. 
It was used sheets of 100 mm × 50 mm, with thickness of 1.25 mm. The current chemical composition of this alloy is shown in 
Table 1. The designation T4 is related to the tempering thermal treatment, meaning heat treated solution annealing followed by 
natural aging.

Table 1. Chemical composition of AA6013-T4 (%).

Mg Si Cu Mn Fe Others Al

0.94 ± 0.05 0.62 ± 0.02 0.82 ± 0.02 0.27 ± 0.04 0.20 ± 0.01 0.06 ± 0.01 Balance

A 2 kW continuous wave fiber laser wave was manufactured by IPG Co under designation YLR-2000. Figure 3 shows the 
diagram of the workstation. The focal length was 160 mm with a minimum spot diameter of 100 µm, the beam quality was 
M² = 12 and the wavelength was 1080 nm. The spot of the laser beam is due to the diameter of the optical fiber used in the 
experiments. During processing, pure helium gas at 8l/min flow rate was used to protect the Al surface against oxidation. The 
shielding gas was delivered directly over the irradiated area through a rounded nozzle. A nitrogen laminar flow was also used to 
protect the lenses against fumes and drops. The movement of the samples was performed by a CNC table at constant speed from 
1 mm/s to 160 mm/s. The Z-axis is also computer controlled with a 1 µm step resolution and it is used to adjust the focal distance.

Figure 3. A diagram of the laser workstation.

Table 2 shows the experimental conditions, in which two groups of HI values, 13 J/mm and 30 J/mm were established in order 
to determine the amount of energy provided for the material during the process. The laser power (P) and the speed (V) of the beam 
were established so that they provide a fixed heat input. The values of P and V reflected those levels proved to be efficient to reduce 
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pores and cracks in previous laboratory experiments. The interaction time (ti) represents the time during which an infinitesimal 
point in the weld line was exposed to the laser beam. In all the experiments, the focal distance was adjusted to provide a spot size 
of 100 µm in the upper surface of the sheet.

Table 2. Experimental parameters.

Sample Heat Input, HI (J/mm) Laser Power, P (W) Speed, V (mm/s) Interaction time, ti (ms)

A 30 2000 67 1.49

B 30 1500 50 2.00

C 30 1000 33 3.03

D 13 2000 150 0.67

E 13 1300 100 1.00

F 13 650 50 2.00

The beam speed and the interaction time are factors that determine the heating and solidification rates, directly affecting the 
thermal gradient, and indirectly, the occurrence of weld defects. For a long interaction time, the temperature gradient is lower, 
which provides a convenient preheating of the material ahead of the laser beam. The minimum interaction time can be estimated 
by ti_min = DS²/α, where DS is the spot size and α is the thermal diffusivity (Riva et al. 2015). Considering the 6000 aluminum 
alloy thermal diffusivity (α) of 6.4 × 10–5 m2/s, it can be estimated at minimum interaction time ti_min = 0.15 ms. With the aim of 
achieving the preheating effect, the beam speed must be proportionally less than the time required for thermal diffusion to occur 
in the material. Therefore, in all experiments a preheating was provided on the melt front, but this preheating decreases with an 
increasing speed.

The samples were cut in three different cross sections, ground and polished automatically, and subsequently etched with a 
Keller solution during 30 s, for the optical microscopy. Samples with Barker’s reagent were also prepared, which provides colored 
micrographs according to the crystallographic directions of the grains. The volume fraction of equiaxed grains was obtained 
using ImageJ software and available literature about columnar-equiaxed growth (Kurz et al. 2001). Hardness measurement was 
performed with a Vickers microhardness tester with 100 gf load during of 10 s. In order to obtain more detailed information 
about the general macroscopic aspects of weld beads, analysis of the samples D and E were made with a Confocal Microscope 
(Alicona Infinite Focus).

RESULTS AND DISCUSSION
HEAT INPUT

Several cross sections were made in each one of the six Bead-on-Plate experiments and some of them can be observed in 
Fig. 4, in which the left column presents the resulting macrographies of the samples with HI of 30 J/mm, and the right column 
belongs to the samples with HI of 13 J/mm. Excessive laser intensity was verified when HI was 30 J/mm, since the liquid 
flowed to the weld root and, in two cases, B and C, the sections were cut off. For the samples at HI 13 J/mm, the weld is more 
regular for the cases D and E, and insufficient heat input was observed in the F case. Therefore, a given HI input result in very 
different welds dimensions and thus the bead and related absorptivity must be considered for each case, as proposed in Eq. 3. 
Table 3 presents the experimental measurements of the width of the weld in the middle (wm), the width of the weld at the 
surface (ws), the depth of the weld (t), and the molten area (w.t), as proposed in Eq. 3. Considering this equation, the measured 
absorptivities for each experiment (b) are presented in the last column. The plot presented in Fig. 5 shows an approximately 
linear increase of the absorptivity from condition A to E, followed by a drop from condition E to F. This drop in β value has 
been associated with a change in the heat transfer condition from condition E to F due to the change from the keyhole to 
conduction welding (Kaplan 1994).
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Figure 6 shows the ANSYS model of a Gaussian moving heat source adjusted according to the laser conditions, whose spot 
(transversal mode TEM00) is represented by a Gaussian, and spot size of 100 µm. In this simulation, the propagation of heat in 
all directions of the solid can be better understood. The left column shows the thermal gradient at the top, the middle column 
shows the cross section, and the right column shows the longitudinal section of the samples D, E, and F, respectively on each line.

Figure 4. Optical micrography of the cross sections for samples (A), (B), (C), (D), (E), and (F), 
whose conditions are listed in Table 2.

Table 3. Depth and width measurements.

Sample HI (J/mm) wm (mm) ws (mm) t (mm) w.t (mm²) b (%)

A 30 1.21 1.495 1.25 1.775 6.4

B 30 1.375 1.67 1.25 2.010 7.3

C 30 1.805 1.925 1.25 2.275 8.2

D 13 0.78 1.065 1.25 1.095 9.1

E 13 0.91 1.255 1.25 1.265 10.5

F 13 0.66 0.97 0.795 0.555 4.6

(A)

(B)

(C)

(D)

(E)

(F)
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In the left and right columns, a difference of the heat front in the forward direction of the laser beam can be observed. The D, 
E, and F experiments were performed with exactly the same Heat Input (13 J/mm), but there is a large difference in the thermal 
gradient, which at lower speeds provides a longer time for the heat propagation, which generates a preheating of the base material, 
shortly before being reached by the laser beam. This temperature difference directly affects the properties of the material, such 
as the absorptivity itself, which increases according to the temperature. Therefore, maintaining the same heat input, but with 
lower speeds, it is possible to obtain a lower absorption of the laser beam by the material, but at the same time, the proportional 
reduction of the power can preclude the formation of the keyhole.

Figure 5. Laser absorptivity as a function of the experimental conditions.

Figure 6. Thermal gradient simulation (top view, cross section, longitudinal section) for samples (D), (E), and (F).

Due to the fact that the heat does not propagate instantaneously in metals, the maximum temperature at certain points of the 
transversal section occurs with a delay in relation to the heat source. The factors that determine this discrepancy are speed and 
thermal diffusivity of the material. According to the current simulations, the thermal gradient at the weld centerline, and between 
600 and 660 °C, were 204.78, 257.51, and 483.87 °C/mm for D, E, and F, respectively. The thermal gradient had been estimated 
using the vector component of each isotherm around 630 °C in all computations.

MICROSTRUCTURE AND HARDNESS
Phase growth is similar in all cases and condition E could be used as a representative case. Figure 7 shows the sample E cross 

section, focusing on the fusion zone (a) and also in the interface between the base metal and the fusion zone (b). In the figure, it 
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can be observed a small HAZ, characterized by liquation (L). It can also be observed the epitaxial (E) solidification from the base 
metal grains toward the molten zone on the right side of Fig. 7b. The microstructure of solidification of the molten zone changes 
as it moves from the fusion boundary onto the centerline.

The welds presented both columnar and equiaxed grains. Columnar grains grown epitaxially from the fusion line and equiaxed 
grains were formed in the liquid phase ahead of the solidification front and due to the constitutional undercooling (Kurz and 
Fisher 1989). The percentage of equiaxed grains were 13%, 21%, and 24% for speeds 50, 100, and 150 mm/s, respectively. These 
results corroborate the most accepted theory of equiaxed/columnar growth (Wang and Beckermann 1994; Martorano et al. 2003), 
where equiaxed grains in an undercooled liquid are more probable in high growth speeds (Table 2 and low thermal gradients in 
Heat Input section).

The main thermal factors that determine the microstructure are temperature distribution, peak temperatures and cooling 
rates. Increasing the heat input does not change the shape of the isotherm, only increases its size, also increasing the HAZ. The 
dendrite arm spacing is strongly dependent on the cooling rate. Increasing the cooling rate causes smaller dendrite arm spacing.

Figure 7. (a) Micrograph of the sample E cross section; and (b) region next to the fusion line of sample E, 
showing liquation (L) and epitaxial growth (E).

The cooling rate determines grain structure and formed phases, directly affecting the mechanical properties. Increasing 
the heat input causes a reduction in the cooling rate. On the other hand, increasing the speed also increases the cooling rate.

Figure 8 presents the measurements of the Vickers Hardness (HV) as a function of the distance from the centerline for 
the conditions A, D, E, and F. The other two conditions presented a central crack, rendering the measurements unviable. A 
sensible drop in HV can be seen in all conditions, from about 110 HV of the base material to a range between 75 and 95 HV. 
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Figure 8. Vickers Hardness profile for the samples A, D, E, and F.
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The wide variation of HV in the base material is due to the presence of sporadic precipitates. These precipitates disappeared after 
laser welding and were replaced by interdendritic microsegration, which is less effective in terms of hardening. Additionally, the 
indentator, Berkovich-type, has a nanometric tip and any variation of the material could lead to a wide scatting. The loss of hardness 
in the welded region could be considered a threat, particularly in mechanical applications, because of the tendency of striction.

MORPHOLOGY OF THE WELDS
Considering only the welds with full penetration and without defects, the conditions D and E are eligible for the morphological 

study. 3D models were generated through the roughness measurement of the upper and lower surfaces of the samples, as observed 
in Fig. 9. In the images, some differences in the solidification structure between samples D and E can be observed, both in the 
shape of the upper surface, with a “V” trail on the left and a “U” trail on the right, as well as on the surface finish of the lower 
surface. In the case of experiment E, dross was observed, red peaks of up to 300 μm, that can cause a lack of material inside the 
weld bead, causing tensile tensions, cracks, and porosity in these regions.

Figure 9. 3D surface rendering of the upper and lower surfaces for the samples D and E.

Figure 10. Dropouts in the lower surface of the weld bead – sample E. The axes are: vertical the height in micrometers, and 
horizontal the distance in millimeters.
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In the laser welding process it is common to observe solidification humps, which occur periodically throughout the process. 
These cyclically occurring humps can cause several problems by discontinuity in solidification. This effect is clearly visible in 
Figs. 9 and 10.

In the upper surface of experiment D, small humps occurred with an average distance of 200 μm. For experiment E, they 
occurred approximately every 2.5 mm. It can also be noticed that periodic problems occurred every 2.5 mm on the lower surface 
of the same sample. When the welding speed is low, i.e., sample E in comparison to D, the molten Al had more time to flow to 
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the upper and lower regions of the weld. The dropout was due to the positive pressure of the keyhole and the lower flow can 
be associated to the metallostatic pressure and viscosity of the Al melt. Although clearly different in terms of liquid aluminum 
flow, both D and E conditions presented the same heat input and similar absorptivities, showing that processing speed plays an 
important role in the final shape of the weld bead.

CONCLUSIONS

The same heat input produced very different macrostructures and microstructures. In this study, a better understanding was 
sought about the influence of heat input in the processing of the welded aluminum alloy through a comparative study.

In the literature, many authors use the heat input as the reference source for the energy input provided during processing. While 
this practice is traditional and works reasonably well for the conventional welding methods, for the laser processing, and might be 
for some others, it may not be the most appropriate alternative. The heat input, which is widely used nowadays, does not take into 
account the real energy absorbed by the material, which can bring several implications on the processing and the expected results 
for a given supplied energy.

Considering Heat Input as the only main source of information on the amount of energy used during a laser material processing 
can cause a great divergence between the expected and the actual result. For example, in this study, two opposing processes (welding 
and cutting) were obtained with the same heat input. The real heat transfer from the laser keyhole of the material is dependent of 
the absorptivity. If the actual assumptions of the absorptivity are correct, its value changed from 4.6% to 10.5%, even under the same 
heat input value.

In the present study, two different heat input values were set in order to evaluate possible differences in the resulting macro and 
microstructure. For a heat input of 13 J/mm, in experiments D, E, and F, very different welding results were obtained, from acceptable 
welds to the appearance of solidification cracks and pores. A heat input of 30 J/mm resulted in two very different processes, welding 
(sample A), and cutting (samples B and C). This difference is simply due to the difference in the parameters to obtain the same heat input.

The presence of equiaxed or columnar grains also changed under the same heat input and is related to the cooling rate. The 
percentages of equiaxed grains were 13%, 21% and, 24% for speeds 50, 100, and 150 mm/s, respectively. Considering the thermal 
gradient at the weld centerline were 204.78, 257.51, and 483.87 °C/mm for D, E, and F, respectively, the current grain distribution 
corroborates the standard theory.

The major problems verified are the loss of precipitates in the weld bead, which decreases the local hardness, and the presence 
of weld humps and drop-out. These features were verified in the same heat input.
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