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Abstract

Laser Metal Deposition (LMD) is a well-known additive manufacturing (AM) process that offers the
ability to repair metal parts, among other benefits. We have focused on IN718 parts that evolve in
environments that strongly favor wear. Therefore, a good knowledge of the contact surface
microstructure and its properties is necessary to better understand the tribological behavior of these
parts. However, the microstructure of the top surface (which is most susceptible to wear) of IN718
coatings deposited by LMD is not particularly well documented in the literature. Most of the studies
devoted to this alloy have focused on the study of the cross-sectional microstructure, and the few
articles dealing with the top surface microstructure have been devoted to the Laser Powder Bed
Fusion (LPBF) process. In this article, four IN718 coatings were successfully fabricated with high
density using different scanning strategies. When viewing the microstructure from the top surface,
the EBSD map showed a very heterogeneous microstructure with an alternation of fine and coarse
grains. It also showed a weak overall texture, but a strong local texture within the fine and coarse
grain region. EBSD analysis of the cross-sectional area of the coated section also revealed a
microstructure variation along the build direction (BD) with the appearance of small grains between
layers after some layers have been deposited. Analysis of both sides of the coated part allowed us to
get a better understanding of the final microstructure. We were able to show that this heterogeneous
microstructure leads to a spatial variation of the top surface hardness, the pattern of which is directly
related to the scanning strategy. Finally, we found that the surface hardness of IN718 LMD samples is
higher than that of conventionally produced IN718, which is a promising result in terms of repairing
metal parts with good tribological properties.



1 Introduction

As the environmental crisis is more than ever a hot topic, the repairs of metallic parts are increasingly
studied to save resources. It exists several processes to repair metallic parts which have been worn
outduring their service such as the thermal spray [1], arc welding [2], cold spray [3] etc. Some additive
manufacturing (AM) processes offer also the possibility to restore worn-out parts. The use of AM as a
repairing process offers the benefit of reducing the high machining cost through highly accurate
deposition on complex geometric parts. Most of those techniques belong to the family of the Direct
Energy Deposition (DED) process. Laser Metal Deposition (LMD) is one of the most known and
studied DED processes. LMD uses metallic powder as feedstock material. A moving coaxial nozzle
conveys powder through a laser beam that melts the latter and then solidifies to form a bead. This
way of repairing is based on an addition of beads next to each other and by repeating this method
layer by layer. It allows the restoration of small local defects. Usually, before repairing those defects,
the worn-out area of the piece is machined to have a sound basis to fill in [4]. The LMD process can
also be used to coat worn surfaces with a harder material. Thus, the deposited coating can protect the
original weaker material and so increases the sustainability of the piece [5]. Finally, this process can
fully restore pieces that have been damaged during their service life. For instance, turbine blades can
be repaired using LMD [6] or sprockets of a mining machine can be restored [7]. Bi et al. and Unal-
Saewe et al. successfully repaired a turbine blade by depositing a nickel-based superalloy with the
LMD process [8, 9].

IN718 is one of the most studied alloys in additive manufacturing because of its good weldability
and its wide use in the aerospace field. It offers high mechanical properties and good corrosion
resistance up to 650°C [10]. At this temperature, yield strength and the ultimate tensile strength are
around 1000 MPa and 1300 MPa respectively [11]. Currently, aircraft engines see most of their
metallic components used at high temperatures (such as turbine blades, disks, shafts, stators, and
casing...) made up of this alloy. IN718 is a nickel-based superalloy strengthened by the precipitation
of coherent intermetallics ¥ and y” inside the austenitic matrix y. After homogenization and double
aging heat treatment, the conventional manufactured IN718 microstructure consists of equiaxed
grains surrounded by & phase along the grains boundaries with strengthening phases scattered in the
microstructure. The 6 phase plays a crucial role by pinning grain boundaries and thus inhibiting grain
growth. Some carbides (mainly NbC), borides, and titanium nitrides are also noticed sporadically.

IN718 deposited by LMD has a highly metastable microstructure because of the high cooling rate
(close to 103°C/s). Most of the studies report the micro-segregation of a large amount of high atomic
elements (such as Nb and Mo) in the interdendritic region leading to the precipitation of Laves phases
[12]. The brittleness of those phases is detrimental to the mechanical properties of this alloy. Due to
the sluggishness of the precipitation kinetics of strengthening phases, the latter is not detected in the
matrix [13-16]. Moreover, the excessive number of Laves phases traps the Nb needed for the
precipitation of y' — NizNb strengthening phase. It is worth noting that some articles [17, 18] observed,
by using transmission electron microscopy (TEM) or high-resolution scanning electron microscopy
(SEM), very few strengthening phases in the matrix as-deposited samples because of the high energy
employed to build their samples. The grains are mainly columnar with a dendritic/cellular sub-
microstructure with a growth direction along (100) crystallographic orientation which is aligned with
the building direction (BD) [19]. By investigating the microstructure of a single bead wall, some
authors showed that the process parameters (especially laser power, scanning speed, and strategy)



could highly impact the microstructure [13, 14]. As commonly observed in AM processes, the
microstructure consists of columnar grains growing epitaxially from the previously deposited layer
following the (100) direction which is the preferred growth direction of the fcc Ni-superalloy.
However, they noticed that process parameters could change grain morphology and the overall
texture. Guevenoux et al. [20] highlighted the significant impact of the dwell time on the
microstructure. Depending on the increase of dwell time, the microstructure could be either highly
columnar and textured or have a herringbone pattern of columnar grains with a weaker texture. Yuan
et al. [21] also pointed out the larger primary dendrite space as the energy density increases.
Therefore, the thermal history of repaired part by LMD are greatly influenced by process parameters.
By choosing a suitable set of parameters and possible thermomechanical treatments during or after
the process, it is possible to tailor the microstructure to obtain optimized mechanical properties. For
example, it has been shown that LMD process associated to an ultrasonic vibration system allows the
refinement of the microstructure by a cavitation phenomenon inside the melt pool [22] conducting to
better mechanical and tribological properties as well as density of IN718 parts [23].

The mechanical properties induced by these microstructures have been widely studied in the
literature [16, 20, 21, 24, 25]. Due to the columnar morphology of grains and the strong {100} texture,
as-built LMD repairs have anisotropic macroscopic mechanical properties [26]. Sui et al. [24] showed
that the Laves phases inside the austenitic matrix could be either beneficial or detrimental for fatigue
resistance according to their morphology and the stress amplitude. Yuan et al. [21] investigated the
impact of microstructure on mechanical properties after several heat treatments. They noticed that
mechanical anisotropy virtually disappears after full heat treatment (homogenization, solution, and
aging). Generally, studies showed that as-deposited samples have lower tensile strength compared to
wrought ones [16, 24, 27]. However, after appropriate heat treatment, those repairs could have
sometimes even better mechanical properties than the conventionally manufactured IN718 [27].

For the sake of the investigation of mechanical properties caused by the inherent microstructure
of the LMD process, most of the studies focused on the observation of the microstructure of the cross-
sections parallel to the BD [14, 16, 20, 25, 28]. Furthermore, studies on the LMD IN718 microstructure
are common in the literature but most of them focused their studies on single bead walls to answer
the need for repairing thin turbine blades [14, 15, 20]. However, some defects need larger three
dimension repairs. By adding a third dimension to the building, the microstructure is greatly affected
[16, 21]. Stevens et al. [18] studied the microstructure and the hardness of laser-deposited cuboids in
IN718 on different surfaces of the building. They observed a change in hardness and Laves phase
fraction depending on how far the measurements are from the top surface. Bahshwan et al
highlighted the crucial role of the microstructure features on the wear properties of stainless steel
printed by laser powder bed fusion (LPBF) [29]. Yang et al. also revealed how the cellular sub-
microstructure induced by the high cooling rate of AM process plays a role in wear resistance [30].
They demonstrated an anisotropic wear behavior caused by the microstructure. Those articles show
that having a deep understanding of the contact surface microstructure is highly required in some
cases such as mechanical contact studies.

From this short literature review, it can be raised that, to our knowledge, the study of the
microstructure of the top surface of a 3D coatings deposited by LMD was not undertaken. Most of the
article studying the top surface microstructure focused their work on the LPBF process and on other
alloy grades (such as the 316L stainless steel) [29, 30]. Furthermore, the very few articles studying



IN718 microstructures induced by LMD focused exclusively on cross-sectional faces [18]. Thus, the
objective of this work concerns a deep investigation of IN718 top surface microstructures obtained
by LMD and contributes to obtaining further information about its formation. Based on this
investigation, the ultimate goal is to give resources to be able to tailor, in a near future, wear-resistant
coatings through the LMD process.

More precisely, in this work, we investigate from several points of view the microstructure of IN718
3D-coated parts according to four different scanning strategies. First, the sample’s density is
examined by image analysis. Then, large electron backscattered diffraction (EBSD) cartographies of
the top and lateral sample cross-sections are analyzed for a better understanding of the induced
microstructure. Grain size, morphology as well as textures at different scales, are particularly

examined. Finally, microhardness is investigated to reveal the impact of the microstructure on local
mechanical properties.



2 Materials and method

2.1 Powder materials and laser processing

IN718 coatings were fabricated using a DED Mobile machine from BeAM [31]. This 3D printer is
equipped with a 500 W YLR-fiber laser. A three-interlocked cones nozzle in which argon gas passes
conveys the powder near the focal point of the laser. Before the building, the nozzle is positioned at
3.5 mm from the surface of the substrate which results in having a laser spot diameter of 0.74 mm.
The commercially available IN718 powder was provided by Oerlikon [32] and was produced by gas
atomization.

Granulometry Apparent density (Hall cup) ‘ Flowrate
d1o dso d9o 16
50um | 67 um | 107 4 g/cm3
um s/50g

Table 1: Properties of the IN718 powder

Elements | Ni Fe Ti Al Nb Co C Mo Mn C N Si

weight%‘Bal. 18.25 092 042 515 0.05 1892 3.11 0.1 0.05 0.03 0.03
Table 2: Chemical composition of the IN718 powder
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Figure 1: Morphology of the IN718 powder used to manufacture the samples

The particle size range is between 45 and 115 um. The morphology of the IN718 powder is shown in
Fig 1. Most of the powder particles are spherical and they are, sometimes, surrounded by some
satellites. Further information about the powder features and composition are respectively displayed
in Tables 1 and 2. The samples were printed on the same substrate made up of low-alloyed steel XC48.
This steel grade was chosen because of its large use in some industries (construction, railway...). In



total, four parallelepipeds have been fabricated on a 200x150x8 mm steel substrate. The four
buildings were separated by using a bandsaw to finally get 85 x 65 mm repaired plates as shown in
Fig 2.

Figure 2: Sample plan showing analysis location

The goal was to obtain dense 55 x 55 x 1.5 mm coatings (density over 99%). To achieve it, a three
steps parametric study was implemented. First of all, the cross-sections of single beads (built with a
different set of parameters) were analyzed. The selection of parameter sets was based on different
geometrical criteria of the bead which are: a dilution of the bead (which is the ratio between the
diluted area of the bead over the total area of the bead) in the substrate between 10 and 30 percent
[33], aclad angle above 100° [5] and the absence of unmelted powder on the top of the bead [34]. The
second step consisted of the building of 3D coatings with the selected parameters by varying the
overlap rate to end up with the denser coating as possible. Then, the choice of the optimal set of
parameters was undertaken in the final step. Finally, the coatings have been performed in a free
atmosphere using a laser power of 325 W, a scanning speed of 2250 mm/min, a powder rate flow of
7 g/min, a 0.2 mm vertical increment of the nozzle at every new layer and an overlap rate of 30
percent. The only varying parameter among the samples is the scanning strategy. Each sample was
built by using a unique path of the laser. The four different strategies studied in this work are exhibited
in Fig 3. Each strategy consists of a back-and-forth scanning motion of the laser with a variable angle
of rotation for each new layer. As explained in Fig 3 a), sample SO consists of a simple addition of
layers without any rotation of the scanning direction between layers. S45 and S90 consist of an
incremental rotation of 90° at each layer. They are differentiated by the initial direction of the
scanning path. For the S90, the scanning direction is along the borders of the substrate while the S45
initial scanning direction is rotated by 45°. Those strategies are shown in Fig 3 b) and d) respectively.
The last strategy illustrated in Fig 3 c), consists of an incremental rotation of 67° for every new layer.
This strategy is well known for its capability of reducing mechanical anisotropy along with residual



stresses [35-37]. So this strategy could be interesting when it comes to applying coatings with limited
number of post-treatment steps.

C) d)

Figure 3: The four different scanning strategies employed for coatings: a) SO ; b) S45; ¢) S67 ; d) S90.

2.2  Experimental characterization
2.2.1  EBSD analysis

Before microstructure analysis, specimens were polished by using silicon carbide abrasive papers
with grit values from 600 to 4000 and finished with successively diamond paste of 3 um and 1 um.
Finally, to ensure optimal diffraction of grains and to get rid of the strain induced by the mechanical
polishing, an ion polished protocol was done with a PECS Il machine from Gatan. It involves focusing
a 6 keV argon ion beam with an incidence angle of 9°on rotating samples (6 rpm) for 15 min.

To perform a quantitative analysis of the inherent microstructure of the sample, Electron
BackScaterred Diffraction (EBSD) cartographies were acquired. An FEI QUANTA 600F SEM (Scanning
Electron Microscopy) apparatus equipped with an EBSD camera from Oxford Instrument was used to
perform those measurements. The acquisitions were performed under a beam voltage of 30 kV. The
step size was set at 0.6 pm. The data were analyzed on Aztec and Channel5 softwares [38]. As
explained in Fig 2, we name as top, transverse and longitudinal surfaces, the ones which belong to the
XY, YZ, and XZ planes respectively. To have a macroscopic view of the microstructure and a high
amount of grains, large EBSD maps of the top surface were acquired in the middle of the sample as
shown in Fig 2. The studied surface varies between 8 and 12 mmz2. Those maps are the combination of



several 350 x 500 um maps stitched together. Some EBSD maps of the transverse faces of coatings
were also performed with a studied area of 6 mm?2 Additionally, to compare the IN718
microstructures of our coatings with IN718 conventionally manufactured, an EBSD map of a wrought
sample was acquired as well following the same protocol.

The segmentation angle which describes the grain boundaries was defined at 10° and the smallest
grains have an area of 1,8 umz2. To study grain morphology, two geometrical features of the grains
have been investigated. The size is measured by the equivalent circle diameter de.. The latter
represents the diameter of a fitted circle for each grain. The shape of the grain is characterized by the
aspect ratio which is calculated by dividing the major axis of a fitted ellipse of the grain by its minor
axis. A statistical study of the size and morphology of the grains was performed. According to their
distributions, the probability distribution functions were fitted with a log-normal law.

2.2.2 Density measurement

Those measurements aim to compare the density between the four samples and to evaluate the set of
parameters chosen for coating. As absolute density is not needed, we chose to carry out our
measurement by using a 2D image analysis method. Although it gives no information on the absolute
density, it allows us to quickly compare the density between different samples without using
advanced density measurement apparatus such as tomography. To fairly compare the density of
samples, the same routine analysis was applied to an equal area for all samples. The stitched pictures
were analyzed with Image]. The density of the sample was measured by analyzing the transversal
cross-sections at six different locations in the samples as illustrated in Fig 2. Each face represents an
area of 20 mm?2 which gives a total analyzed area of 120 mm?2. Each face was mechanically polished
until the finishing step with a 3 um diamond paste. To detect the smallest porosities, the pictures
acquired with a numerical microscope Keyence VHX6000 were taken with a x400 magnification. The
smallest picked-up porosity has an area of 2,5 umz2. The pictures were automatically stitched thanks
to the microscope software.

2.2.3 Hardness measurement

Vickers hardness (HV) measurements were realized on the same faces where the EBSD maps were
done. A Zwick micro-indentor was used to carry out a ten-by-ten indentation matrix. The indentations
were separated by 100 um. The applied load was 750 mN for 5 seconds which results in an indent
with a diagonal of approximatTaely 20 um. In addition, hardness profiles from the transversal face of
the coatings were performed to detect any hardness variation along the building direction. The
indentations were performed with the same parameters. The distance between each indentation was
setto 50 um.



3 Results

3.1 Porosity

Porosity measurement is used as an optimization criterion to select building parameters. Different
kinds of pores can be observed in AM parts. Porosities caused by trapped gas in the melt pool are
easily recognized by their spherical shape. Bad quality of powder or a non-optimized choice of
building parameters can be the reason for such pores. Then,” sharp angle” pores called lack of fusion
can be also reported. Their angular shape makes them preferential sites of crack initiation. It's well-
known that high amount of porosities is highly detrimental to the mechanical properties of the coated
part [39]. It has been shown that angular defects due to lack of fusion greatly impact the fatigue life of
the LMD coatings [40]. The nature of the pores observed in our samples is mostly spherical. However,
as shown in Fig 4, very few lacks of fusion can be noticed. Regardless of those pores, Table 3
highlighted the high density of the repaired area. It has been estimated that all samples have a density
close to 99,9 %. As previously explained, those values are probably slightly overestimated.
Nonetheless, it shows that the scanning strategy does not affect the density. As a consequence,
regardless of the scanning employed strategy, our set of parameters chosen to deposit IN718 has
given rise to dense and healthy coatings.

Samples | SO $45 $67 $90

Density (%) ‘ 99.91+0.04 99.91+£0.04 99.92+0.01 99.90+0.03
Table 3: Samples’ density

Figure 4: Type of porosities observed in one of the analyzed slices belonging to S67 sample
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3.2 Microstructure

To simplify the discussion and given their similarities, only the SO and S45’s microstructures will be
exhibited. For information, S67 and S90 have similar microstructures (see Table 4) except for one
difference which is the grain layout caused by the different laser paths.

3.21 EBSD of the coatings transversal face

A well-studied type of EBSD map (IPF Z) is shown in Fig 5 a). It corresponds to the transverse face of
the coated area of SO. An epitaxial grains growth within the first three deposited layers can be
observed (delimited by the red dotted line in Fig 5 a)). Above, the epitaxial growth appears to be
hindered by small grains. A zoom allows exhibiting the beads which were highlighted with white
dotted lines in Fig 5 b). The growth of the grains of each bead starts epitaxially from clusters of small
grains at the top of the previously deposited layer. One can see that grains on bead sides seem to have
their (110) and (111) direction mainly oriented along the BD while the grains located in the middle of
the bead see their (100) direction aligned with the BD. Also, as it can be observed in Fig 5 c), the
texture is relatively weak for a microstructure inherited from an AM process.

Figure 5: a) IPF Z showing the subsets taken off from the transversal surface of SO; b) A zoomed-in
area highlighting (yellow frame) several beads with black dotted lines; c) Pole figures of unzoomed
transversal EBSD map
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3.2.2 EBSD of the coatings top surface

®
BD X

Min = 0,30
Figure 6: IPF Z showing the top surface of S45 and its pole figures

The top surface’s inverse pole figure (IPF) according to Z direction (which is aligned with the BD) and
its pole figures are presented for S45 in Fig 6. From an overall point of view, laser passes can be
observed through this EBSD map. The microstructure consists of the alternation of fine equiaxed
grains (I) and coarse columnar grains (II). If we focus on the microstructure of one single bead, its
microstructure is similar to a welding joint [41]. Grain inclination follows the direction of the laser
which leads to this herringbone pattern of the grains periodically divided by small equiaxed grains
(I). A deeper investigation of the origin of the grain morphology will be done further in this paper.
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It can be seen that, as with the transverse face, the overall texture is quite weak, with a maximum of
Multiples of Uniform Density (MUD) around 2, which is the same for all samples (see Table 4). To
discriminate between both microstructures, we established a grain size threshold that corresponds
to the smallest grains observed in the large columnar grains in SO. Based on this criterion, the
threshold has been setto 25 um. The statistical data on the grain size and morphology are summarized
in Table 4. It is worth noting that on average, for all the samples, the small grain size population
occupies a bit less than half of the total surface but represents 90% of the number of grains.
Furthermore, for all the studied strategies, the average grain size is about 7 um and 30 um for small
and large grains respectively. Table 4 confirms the fact that the larger grains are more likely to get a
columnar shape than small grains. Indeed, despite the large standard deviation, the average aspect
ratio of the coarse grains is greater than the one of the small grains. This result is reinforced by the
analysis of the whiskers diagrams of the grains aspect ratio exhibited in Fig 7. It clearly shows that
the third quartile and the last extremity of the whiskers diagrams (which represents 1.5 times the
interquartile space) of the large grains are more extended towards the high aspect ratio than for the
small ones. Finally, Fig 7 highlights also the strong degree of similarity of grain morphology between
each strategy.

~
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Figure 7: Whiskers diagrams of grain aspect ratio according to their type: a) SO; b) S45; ¢) S67; d)
S90

Although from a general point of view, the texture of the microstructure is weak, we can guess
local texture at a smaller scale. A first series of subsets of large columnar grains area (II) with the same
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inclination were isolated as illustrated in Fig 8 a). Then, as exhibited in Fig 8 b), the second family of
grain size was also isolated by picking up one of two strips of small equiaxed grains (I). In this way, it
allows us to study the grains coming from the same laser scanning direction.

Samples SO S45 S67 S90
Area Analyzed (mm3) 9,34 11,96 10,99 7,99
Number of bead 7 10 7 6
Maximum of Multiples of Uniform Density 216 1,97 214 153
(MUD)
Grain category Small (1) | Coarse(ll) | Small(l) | Coarse(ll) | Small(l) | Coarse(ll) | Small(l) | Coarse (Il)
Mean 7,91+ 35,61+ 7,16 + 37,06 + 6,95 + 29,71+ 7,59 + 32,83+
deq 6,13 11,92 5,91 12,93 5,27 12,80 5,72 8,44
Median 5,7 37,09 4,79 32,98 52 25,78 5,7 30,16
+ + + + +
Mean L73% 1,88 +0,76 L75% 2,04 +0,89 L75¢ 2,1+0,95 L73% 1,98+
Aspect ratio 0,56 0,58 06 0,57 0,79
Median 1,74 1,64 1,66 1,87 1,65 1,91 1,64 1,83
Surface percentage 43 57 38 62 42 58 61 39
Number of grains percentage 91 9 91 9 94 6 95 5

Table 4: Statistical data taken from top surface EBSD maps

The microstructure (II) isolated in Fig 8 a) is composed of columnar grains having their (011) and
(111) crystallographic direction aligned with the BD. The pole figures from the IPF Z highlight a strong
{100} texture. A careful observation of the {100} pole figure reveals that {100} are not perfectly
aligned with the sample reference. An approximate angle of 45° was measured between the BD
direction and the maximum density. This result means that the fcc crystal lattice of the grains is tilted
at 45° on the right. Also, on the same pole figure, the low-density semi-circle strip is evidence of a clear

crystal rotation.
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Figure 8: IPF Z showing the subsets taken off from the top surface of S45 and its pole figures: a)
Large columnar grains subsets; b) Small equiaxed grains subsets

In the microstructure (I) exhibited in Fig 8 b), the microstructure is finer than the microstructure

(I1). It consists of small equiaxed grains having their (001) crystallographic directions aligned with
the building direction. As well as for microstructure (II), a tilt and a rotation of the lattice can be
observed. However, the tilt angle is slightly less substantial than in microstructure (II). Indeed, a tilt
of 30° from the BD was measured. This result has been already reported by Balit et al. [42] by
observing the transverse face microstructure of a 316L single bead wall.

Those top surface maps highlight the existence of a dual scale of microstructure texture which was

not detected by analyzing the transverse microstructure. From a macroscopic scale, a non-textured
microstructure is noticed whereas from a microscopic scale, whether we look at the microstructure
on the side or in the middle of the bead, the latter is highly textured. Interestingly, Shao et al. [43],
observed similar microstructure patterns when this alloy is manufactured by a powder bed process.
They observed grains in the middle and on the side of the track having their (001) and (011)
crystallographic directions respectively aligned with the BD. However, as the beads of this process are
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smaller than those from LMD, this phenomenon appears at a tinier scale and the grain size and
morphology are different. Moreover, this AM process is thermally highly different compared to LMD.
This one promotes even more epitaxial growth which leads to stronger texture [44]. Thus, despite
their likeness, those microstructures differ on many points.

3.3 Microhardness

Hardness measurements on the top surface of the coating are finally performed. On average, the
hardness values of top surface are 300 + 9 HV, 292 + 8 HV, 295 + 10 HV and 305 + 10 HV for the sample
S0, S45,S67 and S90 respectively. Hence, the average hardness of the top surface is approximately the
same no matter which coating strategy is used. For comparative purposes, hardness maps were also
performed on a heat-treated wrought sample (955 °C/1h + 720 °C/8h + 620 °C/8h).

The smoothened contour plots of microhardness measurements are drawn in Fig 9 a), c), and e).
Grains size map of the top surface of the S45 and S67 samples are illustrated in Fig 9 b) and d)
respectively. Fig 9 f) displays the grains size map of the wrought sample. A hardness heterogeneity in
the LMD samples is highlighted by the contour plot. The maximum hardness difference is 40 HV and
52 HV for S45 and S67 respectively. The wrought hardness is mainly included between 260 HV and
280 HV with an average of 273 + 6 HV, which is in accordance with literature [25, 45], and is more
homogeneous than LMD samples.
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Figure 9: a), ¢) and e) Hardness contour plot on top surface microstructure of S45, S67 and wrought
samples respectively (The authors want to specify that the highest hardness value in the wrought
sample is due to the meeting between the indent and titanium nitrate (TiN)); b), d) and f) Maps of
grains size of the top surface of S45, S67 and wrought samples respectively

Hardness profiles were also performed for each scanning strategy. Fig 10 gathers the four profiles.
The hardness is constant according to the height in the coated area for all the samples. The value
varies around an average hardness value of 310 HV. Once the profile crosses the coated
area/substrate interface, the hardness increases sharply above 400 HV. Then, further into the
substrate, the hardness decreases until reaching the classical hardness of the XC48 steel.
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Figure 10: Hardness profile from the transversal face
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4 Discussion

4.1 Lateral microstructures induced by LMD process

From a transversal point of view, the IN718 LMD microstructure is composed of two areas. The area
close to the substrate (underneath the red dotted line in Fig 5 a)) is composed of elongated grains
passing through several layers, whereas the upper area of the coating is composed of smaller grains
restricted inside one layer. Furthermore, in the upper part of the coating, each layer is distinctly
delimited by small grains. Those small grains in between deposited layers were already observed in
LMD single bead walls in a few articles for different materials [14, 28] without being fully explained.
This phenomenon may be explained as follows.

Solidification
growth rate

Thermal
gradient

a) b)
Figure 11: a) Distribution of thermal gradient and solidification growth velocity at the liquid/solid

interface of the meltpool; b) Evolution of the  ratio along the liquid/solid interface at the rear of the
meltpool

It is well known that the structure of the solidification front highly depends on the thermal gradient
(G) and the liquid/solid interface velocity (V;) [20, 46]. Depending on the location inside the melt pool,
both are more or less substantial. As illustrated in Fig 11 a) thermal gradient is the largest under laser
whereas the solidification front velocity increased when we get closer to the rear of the melt pool [46].
Blues arrows pointing down in Fig 11 a) signify material is melted by the laser so the solidification
process is not started yet. The solidification process starts from point A. The liquid/solid interface
velocity can be estimated as follows:

Vs = cos@ X Viaser 9]
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0 represents the angle between the growth direction vector and the laser scanning direction
vector. The closer we get to the rear of the melt pool, the smaller the angle. Depending on the shape
of the melt pool, the dendrite tip velocity can reach the laser scanning velocity which means that, in
the latter case, the liquid/solid interface is perpendicular to the scanning direction. Hunt et al. [47]
proposed a model which determines the columnar/equiaxed transition (CET) of the solidification
front. According to Hunt et al., columnar growth can be hindered by the nucleation of equiaxed grains
ahead of the solidification front in the undercooling area. [t has been established that when the volume
fraction of those equiaxed grains (¢z) is below 0.66% a fully columnar microstructure is obtained. ¢
is related to the nucleation undercooling (AT,) and the density of nucleation sites (N.) which are
directly linked with G and V;. Considering Hunt’s model, CET happens when:

1
G 1
(n—\/%) < 0.617N; (2)

with A and n corresponding to growth parameters. Equation 2 shows that if the ratio G /V; is low
enough CET happens. By investigating the CET transition in IN718 during LMD, Lv et al. [48] showed
that the latter transition happens in LMD but it can be delayed by moving the process parameters. As
shown in Fig 11 b), G/V; is the lowest at the rear of the melt pool. Thus, CET is more likely to happen
at the rear of the melt pool which translates into a layer of small equiaxed grains at the top of the bead.
Whether the AM process used is an LPBF process or a DED process, a thin layer of equiaxed grains is
often observed at the top of the bead in the literature [28]. A convection component could also explain
the small grain at the surface of the bead [20]. However, conduction mainly drives the cooling, even
more in a three-dimensional coating. Therefore, this assumption is less likely to happen. At the very
top of the as-build samples, alayer of 60 um height on average of small equiaxed grains was measured
as shown in Fig 12 b). Given the significant height of this layer, the epitaxial growth may be hindered
by the latter as observed in Fig 5 a). Indeed, if the dilution of the bead in the previously deposited
layer is not enough to remelt the whole small grain layer, then epitaxial growth is impeded. However,
this phenomenon does not happen for the first three layers. The most likely reason comes from the
high thermal gradient caused by the cold substrate. Indeed, as the substrate is not pre-heated, when
the first layers are deposited, the molten alloy is subjected to a considerable thermal gradient which,
according to Hunt's model, would delay the CET. Thus, the first layers deposited might have a thin
layer of small grain on their top which can be easily remelted. As the coating goes up, heat
accumulates, which decreases significantly G. Thus, as the G /V; lowers, the equiaxed grains layer
heightincreases and hinders the epitaxial growth. Nonetheless, long columnar grains passing through
several layers are sporadically observed in Fig 12 a) at the top of the coating. In addition to the drop
of G, during the building of the last layers, the overall temperature of the part reaches high values
which results in a bigger melt pool. By being larger, the melt pool may easily melt the entirety of the
obstructing layer and consequently promotes epitaxial growth. Furthermore, as observed in Fig12 b),
the thickness of the strip of small grains is unsteady which explains the irregular nature of this
phenomenon. Also, unmelted particles at the top of the bead can favor the unsteadiness of the strip. It
is worth noting that no matter which strategy is used; those events happen anyway. It also must be
noted in Fig 12 c), that a strong texture is noticed in the longitudinal transverse view of S0. This is
specific to this sample because of the constant scanning direction imposed by the scanning strategy.
However, because of the rotation of the scanning direction, the other samples display a much lower
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texture which never exceeds 1.74. The S45, S67, and S90 microstructures may be interesting because
it reduces the inherent anisotropic mechanical properties of as-build LMD coatings.

100 um 47ym 62 pm

b)

{001} Y {011} {1113 Max = 4.77

X
i I E Min = 0.13
)

Figure 12: a) IPF Z showing the subsets taken off from the longitudinal transverse surface of SO ; b) A
zoomed-in area highlighting the layer composed of small grains; c) Pole figures of unzoomed
longitudinal transverse EBSD map

4.2 Top surface microstructure induced by LMD process

Top surface EBSD results presented in Fig 6 showed a heterogeneous microstructure consisting of an
alternation of small equiaxed grains and large columnar grains with a pronounced local texture. The
origins of such an observation have to be better understood because microstructure may have a great
impact on the tribological properties of the coating.

As AM processes are thermally close to welding, some similar microstructure features can be
observed [41]. Unlike conventional processes such as casting, laser cladding favor the epitaxial growth
of grains from the adjacent layers. As a general rule, the solidification front follows the heat flow. The
latter is greatly dependent on the scanning parameter and thermal fields inside the melt pool. Thus,
depending on the process parameters, the shape of the melt pool will change [20]. During melt pool
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solidification, the surrounding solid acts as a heat sink leading to directional solidification. The growth
direction is opposite to the maximal temperature gradient which is perpendicular to the liquid-solid
interface of the melt pool. Since the face-centered cubic matrix y has a preferential growth direction
according to the (100) crystallographic direction [49], dendrites’ primary arms grow with this
crystallographic direction aligned with the effective heat flow direction. As shown in Fig 5 b), in the
middle of the bead, most of the grains have their (100) directions oriented alongside the BD because
the heat flow is oriented in the same opposite direction. It explains why most of the grains in
microstructure (I) have their (100) aligned with BD. The 30° angle offset of the {001} planes from the
BD observed on the pole figure in Fig 8 b) may be explained by the longitudinal view A-A in Fig 13).
As the maximal thermal gradient is aligned with the BD [41], the only rotation of the lattice is imposed
by the longitudinal shape of the melt pool. Although the precise shape of the melt pool was not
calculated or measured during printing, we can guess through the {001} pole figure that the thermal
gradient is tilted by 30° from the BD.

O, & O

Meltpool

Direction of Meltpool

) maximum heat flow

?9230“
YL) X

Figure 13: Explanatory drawing of the typical texture of LMD coatings

0=30°

Then, by moving away from the middle of the bead, the direction of the steepest temperature
gradient will gradually rotate because of the U-shape of the melt pool leading to the inclination of the
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growth solidification front as well. As explained in Fig 13, if the crystal lattice is rotated by 45° as
observed in Fig 8 a), it aligns the (011) directions with the BD. This explains the strong {001} texture
located in (II) with an offset angle of 45° with the BD. However, the high number of grains with a (111)
texture is still not fully understood. Our main assumption can be explained through the transversal
and longitudinal view B-B of the bead displayed in Fig 13. It seems that on the side, the (011) // BD
and (111) // BD texture is most likely due to a competition between the heat flow induced by the
transversal and longitudinal shape of the melt pool. Thus, by adding a rotation around the Y axe to the
already 45°rotated lattice, it may justify the slight (111) // BD texture observed in the [PF Z map of
the top surface. Shao et al. [43] also observed in the overlap area a texture (111) // BD with the LPBF
process when the overlap rate exceeds 50%.

To conclude, interestingly, the microstructure of the four scanning strategies are similar despite
their different thermal cycles. Statistic study shows their high similitude in terms of microstructural
features. As demonstrated in Fig 13, the middle of the beads is composed of small equiaxed grains
having their (100) crystallographic directions aligned with the BD while the bead’s sides are
composed of the elongated grains having (110) and (111) directions mostly aligned with the BD. By
correlating with transverse microstructure, the equiaxed grains located in the middle of the bead (I)
are nothing else than columnar grains observed from the top. Finally, because of the curved geometry
of the melt pool, columnar grains close to the bead border (II) are tilted and stand out as elongated
grains from this point of view.

4.3 Coatings hardness

Fig 9 displays the heterogeneity of the top surface hardness of IN718 LMD coating. By comparing the
hardness pattern with the associated microstructure, a clear relationship between both is highlighted.
Indeed, the hardness is the most significant in the area of the small grain which is due to the capacity
of the grain boundaries to hinder the movement of the dislocations. The finer the microstructure, the
greater the density of grain boundaries, which leads to an increase of the hardness [50]. Thus, the
periodic heterogeneous grain size leads to non-uniform hardness with a pattern. On the other hand,
as displayed in Fig 9 f) the wrought sample has a homogeneous microstructure composed of fine
equiaxed grains with an average size of 4,27 + 0,83 um.

The mean hardness of coatings is higher compared to the hardness of the wrought sample
presented in Fig 9 e) which is close to 270 HV. The main reason is the presence of high dislocation
density near the wall of the cell of the sub-microstructure [45, 51]. So, even after a proper heat
treatment which dissolves the detrimental phases in the matrix and precipitates the strengthening
phases, wrought specimens still have a lower hardness with its almost dislocation-free recrystallized
fine microstructure. Moreover, no strengthening phases were observed in the microstructure. Only
Laves phases and microsegregation of heavy elements (Nb and Mo especially) were noticed inside the
interdendritic region. Hence, if we compare the hardness of those two processes, even though the
heat-treated wrought sample has a finer microstructure and probably y'/y” strengthening phases
inside its austenitic matrix, the hardness of the wrought sample is lower than the LMD samples.

However, by comparing our LMD samples built with the same process parameters, we can assume
they have approximately the same amount of dislocation in their cell walls. Table 4 also demonstrates
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how similar the overall LMD microstructures are similar despite their different scanning strategy.
Thus, the heterogeneity of hardness at the top of IN718 coating is assumed to be mainly caused by the
amount of grain boundaries meet by the Vickers indent.

A heterogeneous hardness leads to non-uniform mechanical properties which can particularly
affect the tribological properties of the surface. Studies on the Laser-PBF process showed anisotropic
wear behavior of as-build pieces and presented better mechanical properties than conventional
process [29, 30, 52]. Those results open the possibility to tailor optimized hardness patterns by
playing with the scanning path.

As exhibited in Fig 10, from a transversal point of view, hardness in the coated area along the
building direction is much more constant compared to the top surface. It demonstrates that, for
relatively low coating height, the scanning strategy does not affect the average hardness all along the
building direction. Stevens et al. [18] observed conversely a hardness variation. In our case, the
coating height is too small to observe such a trend. A similar trend might be expected if a higher
coating is printed. Indeed, the accumulation of heat and the lower number of thermal cycles induced
by the repeated laser passing would decrease the cooling temperature leading to a coarser
microstructure with fewer strengthening phases [53].

The sharp increase of the hardness close to the repaired area/substrate interface can be easily
explained by the hard martensitic microstructure of the substrate close to the interface. When the first
layer is deposited, the laser melts also the top surface of the XC48 substrate which leads to a
martensitic microstructure because of the high cooling rate. By going deeper into the substrate, the
hardness profile takes away from the heat-affected zone. The last indentations in the substrate are
located in the classical ferritic-perlitic microstructure of the steel substrate which ensues a decrease
in hardness.

5 Conclusions and perspectives

Our goal was to investigate the microstructure of a 3D IN718 coating simulating the repair of a large
defect. We focused on top-surface microstructures which is most likely to be exposed to the stresses
caused by mechanical contact but also, interestingly, generally not studied in the literature. In this
paper, we investigated samples fabricated by LMD process using different scanning strategies. First,
we investigated the density of our samples for different building strategies. Then, we characterized
them by analyzing the EBSD maps from different angles. Finally, we performed hardness
measurements to estimate the changes in mechanical properties. The main conclusions of this work
can be summarized as follows:

¢ Four coatings with different scanning strategies were successfully fabricated with high density
(estimated by image analysis around 99.9%) and with no differences in terms of
microstructural features.

¢ From a transverse view, layers of the coatings with small equiaxed grains between them are
clearly visible.

¢ Top surface coating microstructure consists of an alternation of small equiaxed grains and large
elongated grains with an average grain size of about 7 and 35 pm, respectively. Statistics

confirm that larger grains are mainly columnar and smaller grains are equiaxed.
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¢ The coating top surfaces show a double-scale microstructural texture. At the macroscopic level,
the texture appears to be weak (with a maximum of multiples of uniform density (MUD) < 2),
while at the microscopic level it is strong (max MUD = 4) and varies according to localization
within a bead. The latter was explained by the direction of the maximum thermal gradient, the

shape of the melt pool, and the preferred crystallographic grain growth direction.

¢ The pronounced heterogeneity of the microstructure leads to a clear hardness heterogeneity,

the pattern of which is directly linked to the scanning strategy.

¢ With an average hardness of about 310 HV, the LMD samples were found to be harder than heat-
treated wrought samples (270 HV). These results are promising for the wear resistance of parts
repaired by LMD.

This article has shown that the LMD process is capable of affecting the surface hardness of its
coatings through the microstructure, and reveals its high competitiveness in terms of hardness
compared to a conventional process. These initial results promise further important steps in LMD-
based repair process with good wear resistance surfaces ; further studies are under progress to
determine the wear resistance of these coatings.
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