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Abstract: The Direct Laser Deposition (DLD) process has shown significant results in manufacturing
due to its relevant flexibility to refurbish high-performance components (e.g. turbine blades or disks)
or fabricating complex shaped parts. The solidification microstructure during the DLD process, is
known to be controllable using different process parameters that induce changes in the grain
structure, micro-segregation, and phase transformations. This work focuses on the effect the
frequency of the pulsed laser has on the metallurgical characteristics of deposited thin walls. More
specifically, the effect of three different pulsing rates (10Hz, 100Hz, 1000 Hz) during the deposition of
the Nickel-based superalloys Inconel 718 has been studied and the results compared with parts
produced by continuous wave laser mode. This work highlights how the pulsing rate significantly
affected the thermal history, melt pool shape, grain size and its morphology, segregation region (Nb-
enriched), and hardness. Finally, the microhardness was also evaluated and a correlation between the

metallurgical characteristics and the pulsing rate was established.
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1. Introduction

Additive Manufacturing (AM) processes are creating interesting opportunities in producing
high-performance structures, together with specifically designed metallurgical features.
Among all the AM process, the Direct Laser Deposition (DLD) technique has been widely used
for repairing or cladding mechanical components (e.g. turbine blade and blisks, hard coating
for complex tools for mining). Moreover, the DLD also enables the fabrication of 3D near-net-

shape parts directly from CAD models [1-3].

Generally, the process consists of a laser source that creates a melt pool on a substrate, while
the metallic powder is delivered from a nozzle into the melt pool and fully melted. The laser
head can be mounted on a cartesian system able to move on x, y and z directions, coupled
with rotational support, in order to have 5-axis of degree of freedom, alternatively it is simply
positioned at the end of an arm robot. In this contest, the Nickel base superalloy Inconel 718
is widely used in aerospace applications to produce high-performance components because
of its good formability, high corrosion resistance, and excellent mechanical properties up to
650°C [4,5]. The Inconel 718 typically consists of a matrix, the y phase (face-centered cubic
FCC) structure that provides appropriate ductility and toughness at high temperatures.
Furthermore, the strengthening of the alloy is guaranteed by the presence of the precipitation
phase gamma prime y’ (NizAl with spherical morphology) and gamma double prime y”’ (NisNb
with disc morphology). This later has a metastable body-centred tetragonal structure that can
be transformed into a coarse platelet stable orthorhombic & phase, if exposed for a certain
time at temperatures above 650 °C [6]. During the DLD process, the material undergoes rapid
cooling and solidification, resulting in a refined dendritic microstructure. Concerning the

Inconel 718, the fast Nb diffusion at the interface between the liquid and the solid phase



during solidification leads to the formation of significant interdendritic Nb segregation
regions. These spots in the material are characterized by brittle intermetallic, and usually
undesirable Laves phase (eutectic Laves phase/y in the last stage of the solidification) [7]. The
presence of the microsegregation is unavoidable during the welding process of the Inconel
718, as reported by Radhakrishna and Prasad Rao 1997 [8]. Indeed, the formation of the Laves
phase is easier due to the microsegregation of elements present in the alloy, such as Nb, Ti,
and Mo because of the non-equilibrium solidification conditions. The Laves phase is
characterized by a hexagonal close-packed crystallographic structure and is usually
represented by a concentration of Nb ranging from 10%-30%. It is generally known that the
presence of this phase is not particularly desired due to the deleterious effect on the
mechanical properties [9]. Different studies have shown that the formation and the presence
of the Laves phase in the alloy deplete the matrix of the principal alloying elements (e.g. the
Nb), which strongly contributes to the formation of the strengthening phases (e.g. y’ and y”’)
of the material [4,9,10]. Moreover, the Laves phase, and in particular the interface region
between this later and the matrix ,represents a nucleation point of cracks leading to the
failure of the material when subjected to high or low cycle fatigue [11]. Due to the important
role of the DLD process in the industrial environment, several studies were conducted to
define a process strategy able to reduce and control the microsegregation formation.
Antonsson and Fredriksson in 2003 studied the effect of the cooling rate on the solidification
of Inconel 718, focusing their attention on the solidification sequence and the microstructural
changes, as well as the Nb segregation. They discovered that the cooling rate has a significant
effect on the type of microstructure that develops from the liquid phase, as well as on the
segregation of the Nb. In detail, the coarseness of the matrix structure (y phase) decreased

when the cooling rate was increased, and the morphology changed from dendrites to cells.



They also measured the Nb segregation depending on the cooling rate, and showed that the
percentage of Nb was lower at this higher cooling rate due to the improved solubility of this
phase into the y matrix [12]. Zhang et al. 2013 investigated the effect of ultrarapid cooling on
the microstructure when the Inconel 718 alloy was used in the cladding process. They
observed that the high cooling rate led to a reduction of the Laves phase and a variation in its
morphology which was clearly refined and widely dispersed. In detail, the ultrarapid cooling
induced a significant reduction of the constitutional supercooling, limiting the Nb segregation
into the Laves phase [13]. Other researchers, such as Qi et al. 2009 and Zhang et al. 2013
analysed the effect of the different heat treatment on the microstructure, mechanical
properties, and Nb segregation of the Inconel 718 produced by laser cladding. Qi et al. 2009
observed that the direct age could improve the strength of the material, due to the formation
of the strengthening phases, but the ductility was strongly compromised due to the presence
of the Laves phase. The homogenized solution treatment and ageing were able to completely
dissolve the Laves phase into the matrix, but these treatments compromised the
microstructure due to the significant grain growth [14]. Zhang et al 2013 obtained similar
results which also showed the amount of the Laves phase was different from the region close
to the substrate, and the top region of the deposited material [13]. As highlighted by Ma et
al. 2015, and Zhai et al. 2019, the process parameters such as scan speed and the power can
affect the microstructure and the microsegregation [15,16]. Zhai et al. 2019 showed that a
combination of power and scan speed could change the cooling rate, leading to fast cooling
and an exceptionally fine microstructure with lower Nb segregation. Ma et al. 2015 defined a
map that showed the morphology changes from cells to dendritic microstructure, depending
on the power and scan speed, as well as the hardness variation depending on the energy

density. Kong et al. 2019 studied the effect of different Nb-content in the IN718 alloy on the



metallurgical characteristics and the mechanical properties. They noticed that if the Nb
content within the alloy is lower than 3-4%, there is no formation of Laves phase and
significant segregation regions. Moreover, the increase in the Nb content enhanced the
formation of finer microstructure as well as the presence of the Laves phase improving thus
the strength of the material [17]. New studies revealed the effectiveness of the pulsed laser
during the laser metal deposition in terms of Nb segregation modification, as well as the
surface roughness in the produced parts. Gharbi et al. 2014 analysed the use of pulsed regime
laser, versus the continuous regime on the surface showing that the use of a pulsed laser can
generate smoothing effects and improve the surface finish [18]. They did not provide any
information about the effect of the pulsed regime of the laser on the microstructure, and
segregation as well as mechanical properties. Xiao et al. 2017 studied the effect of the laser
modes (continuous and pulsed waves) on Nb segregation and Laves formation during laser
deposition of Inconel 718. They claimed that the pulsed regime promoted the formation of
fine equiaxed dendrites, reduced Nb segregation, and fine discrete Laves phase due to the
high cooling rate [19]. Further studies of Xiao et al. 2017 of the continuous and pulsed regime
of the laser during metal deposition, highlighted that the samples produced via QCW
responded better to the heat treatment and, therefore, higher hardness values were achieved
[20]. Recently, Xiao et al. 2020 investigated the effects of two different frequencies when the
pulsed laser was used to deposit the Inconel 718. They noticed finer microstructure and more
randomly distributed segregated regions when low frequencies were used. In particular, two
values of frequencies were investigated but no comparison was carried out with the
continuous wave laser mode [21]. Janaki Ram et al. 2013 showed that the current pulsing
during the Inconel 718 Gas Tungsten Arc Weld can control the Laves phases, and in particular

its morphology (long chains of interconnected Laves phase versus smaller and well separated



interdendritic region) [22]. Wang et al. 2017 observed a higher ultimate tensile strength of
the samples produced by pulsed regime laser metal deposition, than the ones produced by
the continuous wave laser mode. They also tested different values of duty cycle (interval of
time in which the pulse is on or off), however, the results are related to stainless steel (AlSI
316L) [23]. Finally, an interesting study has been carried out by Li et al. 2017 that describe,
through numerical simulation, how the pulsed or continuous laser affects the thermal field,
as well as the melt pool, its shape, and the microstructure [24]. Although the study showed
interesting results in terms of microstructure changes and hardness due to the different laser
regime, no results depending on the different frequency of pulsed laser were reported. In the
previously mentioned works, the authors used a pulsed regime, but the process parameters
were different and although they observed similar phenomena, the results were slightly
different from each other suggesting that the pulsing parameters affect the process.
Therefore, this work aims to assess the effect of different pulse frequencies of the laser on
the microstructure, as well as on the segregation distribution of the Inconel 718 thin walls
produced by DLD. A comprehensive analysis of the morphology and texture of the grains
carried out by electron microscopy is reported and discussed. The results obtained by the
thermal analysis are used to discuss the surface roughness, and the melt pool changes due to
the process parameter modification (pulsed laser frequency). Moreover, the mechanical
properties in terms of microhardness analysis are shown and correlated with the

microstructure and the pulse frequency.

2. Material and Methods



The gas-atomised IN718 powder supplied by LPW (Carpenter Technology Corporation) was
employed in this experimental work, and the certified chemical composition is reported in
Table 1. The average particle size of the powder is 85um, with 90% of the particles falling
within the size range of 43—-106um. As showed in Fig. 1a, the powder particles are mostly
spherical, showing some fine satellite particles. Analysing the cross-section (Fig. 1b), some
internal porosities were also observed, and this is typically due to the production process (gas
atomisation). The analysis of the cross-section is shown in Fig. 1b and the microstructure was
revealed and characterized by dendritic morphology. The powder was characterized by fine
dendritic networks, which was caused by the rapid solidification experienced by the material
during the gas atomisation process. Moreover, through the Energy Dispersive X-ray (EDX)
analysis, the white regions were mainly formed by Nb and Mo, suggesting that the segregated
regions already existed in the powder (Fig. 1c). The DLD process has been performed to
produce single thin-walled samples of dimensions 20mmx25mm along z and x directions
respectively and 1.4mm thickness (y direction) on an Inconel 718 substrate (Fig. 2a). The
choice of the material substrate was related to the possibility to test the process parameters

for repairing actions usually performed on aerospace components.

Table 1. IN718 powder chemical element (w%).

Ni Cr Fe Nb Mo Ti Al Si Ta
54.45 18.18 18.19 4.88 2.9 0.91 0.42 0.03 0.02
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Fig. 1. SEM of the IN718 powder (a); SEM of the cross-section of the powder(b); EDX of the cross-

section of the powder (c).

The Trumpf TLC 1005, equipped with an Nd: YAG laser and 1064nm wavelength (maximum
power of 4kW) was used to deposit the thin walls in an argon atmosphere within a plastic
customized box. During the deposition, the O, level was monitored, and a constant flow of
argon was used inside the deposition area to keep the O; level under 50 ppm value. The layer
thickness was kept equal to 0.5mm throughout the build. The argon was also delivered as a
carrier gas with a flow rate of 10L/min, and a nozzle gas protected the lens from the
rebounding particles from the build. The laser beam was focused to have a spot size of
0.9mm, with a focal length of 127 mm and the power set was equal to 300W. A three-
beam nozzle assembly was used for powder feeding, where the distance of the powder focus
was set at 2mm under the surface of the substrate, while the laser beam focus was set 2mm
above from the substrate. This configuration of the laser and powder focus achieved an auto-
compensation of the deposited material, therefore possible irregular deposited layers were

avoided [25].
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Fig. 2. a) Schematic representation of the thin wall, the deposition strategy and the samples collected;

b) pulsed wave and continuous wave graph; a schematic representation of the experimental set-up

(c).

The strategy of the deposition was defined as continuous deposition (Fig. 2a), and the scan
speed of the laser head at 275mm\min was kept constant for all the tests. As previously
mentioned, the laser device was able to work in a pulsed wave regime (PW) (Fig. 2b),
therefore, three frequencies of pulsed regime were defined and set equal to 10Hz, 100Hz and
1000Hz and a further deposition with a continuous wave regime (CW) was performed for
comparison. Moreover, the thermal field was also investigated by an infra-red camera,
positioned in front of the substrate during the deposition, and three thermocouples (K-type)
were located 1mm beneath the surface substrate (Fig. 2c). The temperature of the first

deposited layers acquired by the thermocouples was compared with the thermal profile



obtained by the infra-red camera. The obtained thin walls were collected and sectioned as
showed in Fig. 2a for metallographic and hardness analyses. The surface quality in terms of
surface roughness S, of the side face of each thin wall, was evaluated by the Alicona Infinite
Focus G5 plus. The cross and longitudinal section samples (cross and longitudinal section)
were embedded in a phenolic resin, subsequently ground and polished, and electro-etched
(8V for 10s) using H3POs electrolytic solution to reveal the microstructure a well as the
segregations. Back Scattered Electron Microscopy (BSEM) and Energy Dispersive X-ray
diffraction (EDX) analyses were both carried out to characterize the microstructure and the
segregation. Furthermore, to evaluate the melt pool boundary, an Optical Microscope (OM)
was also used to analyse the samples. The latter analysis was performed after the samples
were chemically etched by the Kalling’s n.2. The microhardness was measured using a micro
indenter (Buehler Wilson VH1202), using a load of 500g with a dwell time of 10s and ten
indentations were carried out in each region of the sample analysed, with a total of 30

indentations per sample. Finally, the average value for each region analysed was considered.

3. Results

3.1. Thermal Analysis of the Deposited Thin Walls

The thermal analysis aimed to evaluate the thermal profile during the deposition, and the
temperature distribution on the entire deposited parts depending on the process parameters
set, for example laser mode and frequencies. The thermal analysis results were reported in
Fig. 3. This demonstrates in detail the temperature cycle on a single point positioned in the
middle region of the wall, and the comparisons among the CW and the different frequencies

of the pulsed laser are also shown. Fig. 3b represents the portion of the graph where the heat



source hits the node considered in the grid and defined on the software used to analyse the
file acquired by the infrared camera.

It is possible to note that the fluctuation of the thermal field signals, due to the nature of the
heat input, showed the same frequency (10Hz) of the heat source (laser) as also highlighted
by Fig. 4. The temperature fluctuations at higher frequencies of the pulsed laser were difficult
to capture by the camera due to the low frame per second acquisition rate of the camera. Fig.
3c shows the average temperature measured within the thermal peak. The higher fluctuation,
due to the lower frequencies of the pulsed laser, is also highlighted by the standard deviation.
The standard deviation becomes smaller when the frequency of the pulsed laser increases
due to the higher heat input, and less heat dissipation. Moreover, increasing the frequency
of the pulsed laser till the CW laser mode the temperatures increased from 1435°C (10Hz) to

1898°C (CW).
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Fig. 3. a) single-point temperature profile within the middle region of the wall; b) temperature profile
within the thermal peak zone; c) average temperature evaluated within each thermal peak region.



Fig. 4 shows the comparison between the temperature registered on the melt pool when CW
and 10Hz PW laser are used. The temperature measured when the CW laser was used is
almost constant and the average value was approximately equal to 1900°C. The slight
oscillations were due to the random sparks caused by the partially melted powders expulsed
by the melt pool because of the turbulence that developed. The black curve represents the
pulsed laser (10Hz) and the dark orange curve represents the temperature profile measured
considering the maximum thermal signal within the melt pool. The melt pool was subjected
to a continuous heating, and cooling cycle due to the pulsed laser. When the laser went from
ON to OFF, the temperature within the melt pool decreased from almost 1700°C to values
lower than 1300°C. This result highlights that lower temperatures were achieved with the use
of pulsed laser, and thus local thermal cycles within each layer happened during the
deposition process. On the contrary, the CW laser mode induced the thermal cycles layer by

layer as showed in Fig. 3a.
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Fig. 4. Temperature profile related to the laser power mode and “heartbeat” effect evaluated by the
infrared camera.



In Fig. 5 illustrates the temperatures acquired by the thermocouple during the entire
deposition process. The CW allowed higher temperatures to be reached compared with the
pulsed laser, and a decreasing of the temperature was observed while the frequency
decreased from 1000Hz to 10Hz due to the higher cooling rate was observed. A detailed
analysis of the temperature profiles had been carried out (A box) to better evaluate the
maximum peak temperatures measured during the deposition. Increasing the frequency of
the PW laser until the CW laser regime led to an increase of the accumulated temperature,
indeed the evaluated values are 232°C, 241°C, 258°C and 342°C for the 10Hz, 100Hz, 1000Hz

and CW respectively.

A 345 ~ _ 360
aar ~ 7
345 n A = ™ f 1 A Fal 2
v (] £ 295 LY A P S | F 320
VL) : OWwWowW W R
1 A = -1 L o
295 ‘ A ||_|| | N, E o245 |V 5 280
| F Wi 2 £
| £ &
—_ \ VAl E o5 & 240
o . J /L 5 195 £
g us N 1 o\ £
LIl . =
g V1 145 200
E A 500 25.00 45.00 65.00 10Hz  100Hz  1000Hz  CW
-
< 195 \ g Time [s] Laser Mode
B
E
e

—CwW 10Hz —100Hz —1000Hz

0.00 50.00  100.00  150.00 20000 250.00 300.00 350.00 400.00 450.00
Time [s]

Fig. 5. Temperature profiles acquired by thermocouple during the entire DLD process depending on
the laser mode used (CW or pulsed).

3.2. Surface Quality and Microstructure Analysis

The side surface of each wall has been analysed by the SEM and the results are shown in Fig.
6. Each picture refers to the z-x plane and two main features are distinguished: the

appearance of the different layers that characterize the walls, and the amount of the




unmelted particles. In general, the number of unmelted particles was lower when the PW

laser (Fig. 6a, 6b and 6¢) was used instead of the CW (Fig. 6c).

Fig. 6. SEM of the z-x plane of the thin walls; a) 10Hz, b) 100Hz, c) 1000Hz and d) continuous wave.

The surface roughness (Sa) of the side surface of the produced samples has also been

measured and the results are reported in Fig. 7.
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Fig. 7. Surface roughness analysis carried out on the walls produced by PW and CW laser mode.

The surface conditions were affected by the frequency set during the deposition, indeed the
pulsing laser perturbs the melt pool, as well as the powder flow that crosses the laser beam.
The lower frequency (10Hz) led to better surface roughness of 27um, while increasing the

frequency to 1000Hz and the CW regime, the surface roughness increased up to 46um.

Fig. 8 shows the microstructure observed by optical microscope on the cross and longitudinal
section of the thin walls produced by PW and CW laser mode. In Fig. 8a, 8c, 8e and 8g the
melt pool on the cross-section is highlighted by the dashed white lines, to highlight the
changes at the various value of frequency. On the longitudinal sections (Fig. 8b, 8d, 8f and 8h)
the deposited layer, the growth direction of the grains and the discrete melt pool bands are
visible. It is possible to notice that the layer bands depicted by the horizontal dashed lines are
approximately 0.5mm thick, especially when the PW laser is used, while the samples
produced by CW laser mode showed thicker layer bands of approximately 0.57mm. The
discrete melt pool bands are clearly evident when the 10Hz frequency was used, while higher

frequencies involved more laser on-laser off cycles per unit time making difficult the



formation of the bands. On the contrary, when the CW laser is adopted, the discrete band is
not expected due to the constant presence of the heat source, and indeed it was not visible
in the longitudinal section (Fig. 8b). Moreover, from Fig. 8 it is also possible to notice that few
pores are randomly distributed as see along the cross-sectional and the longitudinal sections
of the thin walls. The porosity analyses carried out by imaging analysis did not show any
significant variation between the walls produced with different pulsed laser frequency and
also between the continuous and the pulsed laser mode. Therefore, the frequency of the laser

did not affect significantly the porosity, keeping the porosity fraction at < 0.95%.
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The EBSD maps are reported in Fig. 9 and show the orientation of the crystals, as well as the
shape of the grains on the cross and longitudinal section. The orientation of the grains
suggests the deposition strategy adopted, continuous from left to right and vice versa since
they grew following the heat source. Although this effect is mainly evident when the PW laser
is at a high frequency (1000Hz) and CW laser are employed (Fig. 9a and 9b). The use of 100Hz
showed a transition from random to zig-zag distribution, whereas the lowest frequency
(10Hz) allowed a random distribution of the grains. Indeed, no preferential growth orientation

was highlighted by the EBSD map (Fig. 9¢c).

$
b
$
o "
<’
3
2
! B
~ B

Fig. 9. EBSD map of the longitudinal section zx plane ((a), (b) and (c)), cross section of the thin walls

((d) and (e)).



Moreover, the cross-section of the samples produced by CW laser showed grains mainly
oriented to the <001> direction, while although more random distribution was obtained when

the PW laser was used at 10Hz frequency (Fig. 9e and 9d).

The primary dendrite arm spacings (PDAS) have been measured on the cross-section of each
sample produced, depending on the frequency of the PW laser, and compared with the one
related to the sample produced by CW laser (Fig. 10). The 10 measurements per area were
taken within three regions; top, middle, and bottom of each wall and for each region the
average value was considered. Fig. 10 shows the variation of the microstructure among the
“bottom”, “middle” and “top” regions of the thin walls cross-region (z-x section). The example
of how the PDAS measurement was performed is also shown and the results of the average
measurements collected within the three regions mentioned are also reported in the graph
(Fig. 10). Although the results show similar trends, the most significant difference is in the
middle of the wall, indeed the PDAS measurements are quite different depending on the laser
mode used, and the frequency applied. Moreover, the 10Hz frequency produced walls where
the PDAS showed a trend from the bottom till the top of the wall that was quite different
from the other trends registered. It is important to highlight that there is a difference of
approximately 1um considering the PDAS between the middle region and the top/bottom,
when CW laser and the PW (1000Hz, 100Hz) are used. On the contrary, the use of PW laser

with a frequency of 10Hz did not significantly affect the microstructure size. (Fig. 10).
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3.3. Segregation Analysis

The EDS analysis was performed on the cross and longitudinal section of each wall to
characterize the segregation regions highlighted by the BSEM analysis (Fig. 11). As expected,
the white spots; material with higher atomic density, are mainly composed by Mo and Nb,
chemical elements that mainly characterize the Laves phase in the Inconel 718 [8]. Indeed,
the redistribution coefficient of the Nb and the Mo is lower than 1, and suggests that they

easily segregate in the liquid region and remaining there during the solidification.
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Fig. 11. BSEM of the segregated region and the EDS analysis of the white spots.

To calculate the area of the segregated regions within the cross-section of each sample,
several greyscale micrographs were converted in black and white two channels through the
threshold level regulation (Fig. 12). In these new pictures (Fig. 12b) the segregated regions
were in black, while the y matrix was white, therefore, the percentage area could be easily
calculated. An example of the adopted technique is reported in Fig. 12b, and the collected

results were reported in a graph showed in Fig. 13.
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Fig. 12. a) BSEM micrograph of the thin wall cross-section; b) threshold set on picture (a) to balance
the black-white level and measure the %area of the segregated regions.



The %area of segregation did not show a significant difference between the bottom and the
top of the thin walls when the PW laser with the frequency of 100Hz, 1000Hz or CW laser
mode was used. Indeed, the trends were quite similar if compared each other. On the other
hand, decreasing the frequency to 10Hz permitted a reduction in the area of the segregation,

and keep the distribution almost similar from the bottom till the top of the thin walls (Fig. 13).
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Fig. 13. %Area of the segregated region measured in the bottom, middle and top region of the thin
walls cross-sections.

3.4. Hardness Analysis

The microhardness on the cross-section of each wall was measured and the results reported
in Fig. 14 and Fig. 15. The gradient map showed that the hardness values were different
depending on the height of the deposited walls, and that frequency also played an important
role. To quantify the average value of hardness for each wall, the region of interest considered

has been divided into three parts starting from the bottom of Omm to 6mm, and then from



6mm to 14mm and the last part from 14mm to 19mm of the height. The results are shown in

Fig. 15.
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Fig. 14. Hardness measurements of the cross-section of the thin walls (gradient map).
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Fig. 15. Hardness average values measured within the cross-section.

Regardless of the PW or CW laser mode used, the hardness trend among the samples analysed did
not show any significant changes. In general, the hardness was higher on the bottom and the middle

part of the deposited wall and continued to decrease in the top part.



4, Discussion

4.1. Effect of Pulsing Frequency on the Thermal Gradient

The laser mode used during the DLD showed a significant effect on the thermal field. This
developed due to the interaction among the powder, heat source and substrate seen in the
initial steps of the deposition. The transition of the frequency from 10Hz to 1000Hz of pulsed
laser was used until the CW showed an increment of heat within the melt pool, and in general
in the overall deposition process. The use of the pulsed laser showed a melt pool
characterized by a “heart-beat” behaviour, and, therefore, the development of local thermal
cycles (Fig. 3a, Fig. 4 and Fig. 16. A higher frequency (e.g. 1000Hz) led to a thermal field
comparable with the CW, while the transition frequency was represented by 100Hz. An
interesting local thermal cycle was represented by the 10Hz frequency that led to low heat
accumulation, a higher cooling rate and, therefore, the melt pool was subjected by local
solidification-melting cycles. Fig. 16 shows the comparison between the temperature
measured when the CW and the 10Hz pulsed lasers were used during the DLD process. The
temperatures are compared with the power signals set on the laser, and the cyclic
temperature oscillations are exactly related to the power graph when the pulsed laser (10Hz)
was set. Therefore, when a low frequency such as 10Hz is set with 300W of laser power, the
material locally undergoes melting and solidification cycles and this effect is subsequently
occurs when the next layers are deposited. On the contrary, using higher frequencies such as
1000Hz or CW laser modes results in the local thermal cycles being neglected and
underdeveloped. Consequently, the only thermal cycles induced on the material are due to

the subsequent deposition of the next layers.
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Fig. 16. Comparison of the thermal profiles when pulsed and CW laser modes are used. The use of
10Hz frequency led to local thermal cycles with temperatures between the solidification and the
melting region.

Focusing on the pulsed laser, it is possible to summarize that among the three frequencies
investigated, the 10Hz reaches an effective cooling rate that leads the temperature to
decrease within the solidification region. The cooling rate measured when 100Hz was used,
allows the temperature to reach values slightly higher than the melting temperature during
cooling when the laser is set on OFF. Therefore, 100Hz represents the transition frequency
and a higher value of pulsed frequency which led to thermal field behaviour comparable to

the one produced by the CW laser.

Moreover, the thermal field, ten seconds after the deposition process was completed, has
also been analysed to qualitatively evaluate the amount of absorbed or dissipated heat. It is
possible to claim that the use of a pulsed laser clearly helped reduce the accumulation of the
heat in the deposited material, and this result is also evident from the beginning of the

manufacturing process as shown by the thermocouples results (Fig. 5). Fig. 17 shows the



distribution of the temperature on the z-x plane of the deposited walls ten seconds after the
deposition process was completed. The wall produced by the CW laser showed a higher
temperature compared with the ones produced by the pulsed laser. The lower accumulation

of heat has been reached by the lower frequency (10Hz) of the pulsed laser (Fig. 17d).
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Fig. 17. Temperature distribution on the z-x plane of the thin walls produced by DLD; a) CW laser; b)
1000Hz; ¢) 100Hz and d) 10Hz pulsed laser.

4.2, Effect of Pulsing Frequency on Surface Quality and Microstructure

Fig. 6 and Fig. 7 show the results of the analyses carried out on the longitudinal surface of the
produced walls when different values of the pulsed laser were adopted during the deposition.
Focusing on Fig. 6 between each deposited layer there was an accumulation of unmelted

powder particles and their accumulation was significant when the frequency was increased



till the CW regime was reached. The surface roughness S, was also quantified as showed in
Fig. 7, and the trend obtained was qualitatively observed also by the SEM analysis. The lowest
Sa value measured was 28um, when the frequency of the pulsed laser was set equal to 10Hz
and the S, increased by 33%, 21% and 63% when the frequency was set equal to 100Hz,

1000Hz and CW respectively.

A similar trend that highlights lower surface roughness when the PW laser is used has been
reported by Shah et al. 2010. These quantified results suggest that the increase of the
frequency critically increases the surface roughness [26]. The reason for the surface
roughness modification was mainly related to the surface disturbance induced by the
Marangoni flow, and, therefore, to the mixing and melting of the powder particles within the
melt pool. As suggested by Fuhrich et al. 2001, the fluid flow during welding defines the shape
of the melt pool. Moreover, the liquid flow pattern is usually produced by the surface tension
driven convection known as Marangoni effect [27]. Considering the chemistry of the alloy

used in this work, the percentage in weight of S was declared to be equal to 0.015%, which
was high enough to lead a positive thermocapillary gradient (Z—’Tl) [28,29]. A positive

thermocapillary gradient provokes a centripetal Marangoni convention, therefore, the
positive temperature coefficient of the surface tension led to a significant penetration depth,
and a high aspect ratio of the weld pool is usually expected. Fig. 18 schematically reported
the cross-section of the walls with the relative melt pool shape when the CW and the 10Hz
PW laser were used. In detail, the divergence region of the laser irradiates the melted
material, and, therefore, the melt pool, while the powder is blown within this zone. Since the
width of the melt pool when using the CW laser was slightly bigger than the laser beam, a

cooler region represented by the section ABC was characterized by lower temperature.



Indeed, most of the heat in this region was conducted by the melted material, and not directly
by the laser effect. Moreover, due to the positive thermocapillary gradient, a higher surface
tension was generated in the region at a higher temperature that corresponded to the centre
of the melt pool. Therefore, the combination of the Marangoni flow that pushed part of the
peripheral particles. Along with a lower temperature this promoted the accumulation of un-
melted particles with consequent formation of a rough surface between the deposited layers

as also reported in Fig. 6d.

The use of the pulsed laser during the laser metal deposition resulted in modified melt pool
behaviour inducing a high surface disturbance. The high surface disturbance of the melt pool
improved the mixing action of the powder within the melt pool, therefore, the powder melted
more effectively. Fig. 18 also suggests that the region of the deposited material A’B’C’, that
was not directly irradiated by the laser beam, and therefore melted, was significantly smaller
compared with the one that was formed when the CW laser was used. Consequently, the heat
accumulated in this region due to higher conduction, and the particles melted more
effectively. Moreover, due to the less energy per time unit generated by the pulsed laser, the
temperature peaks were significantly lower, and this reduced the penetration depth leading

to a less U shaped melt pool and reduced waviness effect on the external surface (Fig. 6a).
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Fig. 18. Marangoni flow within the cross-section of the thin walls when (a) CW and (b) 10Hz PW laser
are used.

The different frequencies investigated, and the CW regime of the laser, showed a different
effect on the microstructure as reported in Fig. 8, Fig. 9, and Fig. 10. In general, when the laser
mode was set as CW, the heat source and the related energy was kept constant during the
deposition, therefore, the geometry of the melt pool was not expected to change. Observing
the longitudinal section of the thin wall in Fig. 8b, the microstructure grew epitaxially, and the
growing direction was dictated by the heat source movement layer by layer. Using the pulsed
laser with 1000Hz and 100Hz, a similar development of the columnar dendrites was observed
with the CW and is shown in Fig. 8d, Fig. 8f. Moreover, when the frequency was set equal to
100Hz, a slight appearance of the discrete melt pool boundaries was visible, although, they
were not clearly distinguishable as showed by Fig. 8h. In detail, since the scan speed was

275mm/min (4.58mm/s), and the pulsing frequency was 10Hz (10 pulse/s) it is possible to



observe that the discrete melt pool band distance, approximately 450um corresponded to a
single laser pulse. Indeed, considering 0.5s, five discrete melt pool bands with a total length
of approximately 2.18 mm, should be expected due to the frequency and the scan speed set.
In Fig. 8h the five distinguishable discrete melt pool band had a total length of approximately
2.24mm. Considering the orientation of the grains, the dendrites grew differently and were
oriented to the centre of each discrete melt pool generated by the pulsed laser. Therefore, it
is clear that the pulsed laser, and particularly lower frequency, were able to modify the
growing orientation of the dendritic microstructure within the melt pool and layer by layer.
The formation of discrete melt pool bands interrupted the formation of long dendrites, since
every pulse generated a new melt pool with a new liquid-to-solid, and nucleation of new
dendrites from the discrete band (Fig. 8h). The refinement of the microstructure when the
pulsed laser was operated, was also clearly confirmed by the EBSD analysis shown in Fig. 9.
The use of the CW, and pulsed laser mode (1000Hz) showed similar results in terms of
microstructural growth mode and orientation. Indeed Fig. 9a and 9b illustrate a similar zig-
zag growing orientation due to the continuous movement of the heat source (laser) from the
left to the right and vice-versa. The grains were elongated with a predominant dimension
through the build direction (z-direction). Although the predominant size of the grains was
comparable with the layer thickness (Fig. 9a) when the laser mode was pulsed, the grains
started to show a small refinement (Fig. 9b). This became more significant when the
frequency was decreased to 10Hz as showed by Fig. 9c. Therefore, the frequency of the laser
played an important role in microstructure refinement. Indeed, the lower frequency, with a
more randomly distributed microstructure, with an aspect ratio of the grains very close to 1
enabled a thin part to be manufactured. This latter result was better highlighted by the EBSD

carried out on the cross-section of the thin walls (Fig. 9d and Fig. 9e). The grains obtained due



to the 10Hz pulsed laser were more randomly distributed, with no preferential growth
direction, indeed in fact the grains were growing among the <001>, <111> and <101>
directions. On the contrary, the grains obtained with the CW laser grew more vertically, and
showed a preferential growth orientation <001> (crystals in red). The use of low frequency of
the pulsed laser completely changed the growth orientation of the grains that are usually
driven by the heat source movement. Taking into account the thermal analysis, the higher
cooling rate due to the pulsed laser allowed a reduction in heat accumulation, and, therefore,
the grains did not have enough time to grow through the preferential orientation driven by
the heat source. Indeed, lower frequency means bigger time step during which the laser is off
and this corresponds to longer solidification time for the melted material. A significant effect
of the solidification time was observed on the sample produced with the lower frequency of
the pulsed laser at 10Hz shown in Fig.16. As discussed in paragraph 3.1, higher frequencies
than 10Hz showed a thermal field behaviour comparable to the one observed when CW laser
was used, and this result explained the slight difference in the microstructure when 100Hz,
1000Hz and CW were used. The microstructural size has been quantified considering the PDAS
as showed in Fig. 10. The effects of the heat accumulation and dissipation, and, therefore, the
cooling rate, are evident on the size of the primary dendrites. Although the analysis
considered the cross-section (z-y plane) of each produced wall, the EBSD analyses highlighted
the transition between coarse and fine microstructure on the longitudinal section (z-x plane)
when the laser was pulsed with different frequencies. Significant differences in the PDAS
started from the middle of the wall till the top, and the different thermal gradient (G) and
solidification rate (R) were key factors in this. Chen et al. 2016 [30] investigated the dendritic
microstructure behaviour and morphology when DLD was performed with Inconel 718. They

used an analytical relation between the PDAS and the cooling rate as showed in Equation 1:



A= 807033

where A represents the PDAS and the € represents the cooling rate (G - R) measured in °C/s.
Although, the Equation 1 was developed by Katayama and Matsunawa [31] for a laser welded
stainless steels, it has been successfully used to estimate the DAS considering different class
of materials [30,32]. Manipulating Equation 1 to get the € value, the cooling rate, depending
on the PDAS experimentally measured was reported in Fig. 19. Two different effects,
depending on the laser mode used, can be observed by the obtained results. In general, an
increase in the cooling rate was due to the decrease of the frequency, and it is also related to
the region of the wall considered. The cooling rate obtained with the CW or pulsed laser
(100Hz, 1000Hz) showed a similar trend, higher cooling rate in the bottom and top region of
the wall. This suggested rapid cooling due to the presence of the substrate, and the air
respectively that act as heat sinks. The middle region of the walls showed a lower value due
to the accumulation of heat, and this result justify also the coarse microstructure observed
within this region. On the contrary, when the 10Hz frequency was used, the cooling rate
increased from the boot till the top of the wall suggesting an enhanced dissipation of the heat,
and, therefore, finer microstructure as shown by Fig. 10. The cooling rate measured by the
thermal field acquired by the infrared camera was compared with the one obtained by the

PDAS measurements.
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Fig. 19: Cooling rate, a) evaluated by PDAS; b) comparison between the cooling rate evaluated by PDAS
and IR camera considering the bottom region of the wall.

4.3. Effect of Pulsing Frequency on Segregation

During the welding procedures or the additive manufacturing process of the Inconel 718 alloy,
a particular formation problem of Nb rich phases, known as the Laves phase, is generally
experienced. The Laves phase is an intermetallic phase represented by Ni, Cr, Fe;, Nb, Mo, Ti
and its formation is observed within the interdendritic region during the solidification process.
This phase is undesirable due to its dual detrimental effects on the mechanical properties.
since the Laves phase induces the brittle behaviour and it depletes the y matrix of useful
alloying elements (e.g. Nb and Ti) that forms the strengthening phases (y’ and y”’) after the
heat treatments. Moreover, the brittle nature of the Laves phase usually represents a
favourable site for cracks formation and propagation [33,34]. In this study, the use of CW and
pulsed laser was effective in modifying the segregation morphology in terms of shape and its
distribution within the y matrix. Indeed, the pulsed laser allowed to achieve finer
microstructure compared with the CW laser (Fig. 10), therefore, a different distribution of the
segregation was also achieved. Moreover, the frequency also played an important role since

the PDAS was smaller (10Hz pulsed laser frequency) suggesting finer microstructure. Indeed,



the dendritic grains continuously nucleated and grew, but with limited size due to the
fluctuation of the thermal field induced by the pulsed heat source which avoided the
development of long columnar grains. The finer microstructure led to the formation of
segregation regions more homogenously distributed, while the long inter-connected chains
of Laves phase were observed when a higher frequency (1000Hz) and CW laser mode were
used. The effectiveness of the heat treatment to drastically reduce or eliminate the
segregation regions is usually affected by the morphology of the Laves phase. The exceedingly
small Nb-enriched regions with a homogenous distribution showed advantages when the
heat treatments (Solution treatment) were performed. This is clearly reported in the
literature due to the better diffusion of Nb within the y matrix to form the strengthening
phase y”’ [20]. The morphology changes from inter-connected long Laves phases chains, to
very short and isolated segregated regions, was favoured by the pulsed laser due to the
combination of cyclic temperatures variations within the melt pool, enhanced cooling rate
and fluctuating thermal gradient. Indeed, the interrupted heat source drove the continuous
formation of new dendrites nucleation, but with limited size due to the interrupted heat flow.
Therefore less Nb was segregated compared to the one observed on the samples produced

by a higher frequency or the CW and the segregated regions resulted finer (Fig. 20).
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Fig. 20: Variation of the segregation region morphology depending on the pulsed laser frequency; a)
CW, b) 1000Hz, c) 100Hz and d) 10Hz.
4.4. Effect of Pulsing Frequency on Mechanical Properties

The micro-hardness analysis carried out on the different samples highlighted some
differences as shown in Fig. 14 and Fig. 15. The Inconel 718 is primarily strengthened by the
v’ formation (NisNb). However, during the DLD process, the rapid solidification does not allow
the formation of the y”’-phase resulting in a low strength material. The low hardness values
measured shown in Fig. 14 and Fig. 15 demonstrate the strengthening phase y’ was not
developed but two main differences can be observed. Firstly, there is a clear difference in
terms of hardness distribution when the PW and the CW laser are used to produce the
samples. Indeed, as suggested in Fig. 14, the hardness distribution measured on the PW
samples were generally high close to the substrate. This decreased gradually reaching the top
of the wall, while the one measured on the sample produced by CW, showed a constant
hardness distribution and a rapid drop only on the top part. The second difference is evident

among the samples produced only by the pulsed laser. As observed, the frequency of the



pulsed laser affected the microstructure, segregation distribution, and, therefore, the
hardness. Higher values of hardness were observed in the region of the material where a
higher cooling rate, lower heat accumulation, and smaller PDAS were measured (lower
frequency of the pulsed laser). Moreover, the sample produced by 10Hz pulsed laser showed
almost the same value of hardness within the 14mm of the deposited material. This result
highlights that the pulsed laser, and in particular, the 10Hz frequency led to important
material enhancements. Indeed the higher and constant cooling rate within the 14mm of the
deposited material (Fig. 19a), induced the nucleation and growth of smaller dendrites
characterized by similar PDAS values (Fig. 10) and, therefore, higher hardness value. On the
contrary, increasing the frequency to 100Hz and 1000Hz, the higher values of PDAS due to
the higher heat accumulation and lower cooling rate, unavoidably induced a decrease of the
hardness. Moreover, the changing in cooling rate from the bottom to the middle region of
the wall, induced a variation in the microstructure size (PDAS), that led to an irregular
hardness distribution as highlighted by the coloured map related to the 100Hz and 1000Hz in

Fig. 14.

5. Conclusion

In this work, the effect of different pulsed wave laser frequencies, in comparison to
continuous wave laser, on the surface roughness, microstructure, segregation and hardness
was investigated during DLD. Infrared imaging was used to estimate the cooling rates induced
by the laser mode and frequency. The surface quality and the roughness were evaluated by
SEM and laser confocal microscopy. Micro-segregation was characterised using SEM and EDX

analyses while the microstructure characteristics were analysed using EBSD. The hardness of



the produced parts was assessed by micro-indentation carried out on the longitudinal section

of the samples. The main conclusion can be summarised as follows:

1. The thermal field analysis highlights that the use of the pulsed laser allow to reduce
the heat accumulated and therefore lower temperature are also involved in the
deposition process. Moreover, the use of low frequencies (in particular 10Hz) results
in higher cooling rate and localised thermal cycles due to the variable heat source.

2. The surface quality of the produced parts improves when the pulsed laser is used, and
better results are achievable with lower frequencies due to the melt pool shape
modification. The pulsed laser allows to modify the melt pool shape due to the
combination of Marangoni flow, reduce accumulated heat and better mix the
particles, resulting in reduced waviness of the external surface (therefore, better
surface quality).

3. The PDAS and the grains morphology as well as the orientation growth are affected
by different kind of frequencies set when the pulsed laser is used. With the CW and
high frequencies (e.g. 1000Hz) the microstructure develops showing a zig-zag growing
path drove by the heat source movement. The use of a low frequency (e.g. 10Hz)
resulted in a more randomly oriented microstructure. Moreover, the microstructure
experienced a transition from finer to coarser with an increase of the frequency to
1000 Hz, as well as through the use of the CW laser mode.

4. The fine microstructure induced by the pulsed wave laser avoids the formation of long
interconnected Laves phase chains, resulting in a reduced amount of segregation.

5. The hardness is affected by the use of the different laser modes (i.e. continuous wave
or pulsed wave). The use of the pulsed wave enhances the hardness of the deposited

material due to the combined effect of the reduced segregated phases and the finer



microstructure. The latter can show a better response to the heat treatment (solution

treatment and ageing) as highlighted by the literature.

In future research, the conventional heat treatments such as solution treatment and ageing
as well as Hot Isostatic Pressing can be investigated to study their effects on parts produced

by pulsed wave laser with different frequencies as well as the continuous wave laser.
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