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Abstract

Large temperature gradients inherent to additive manufacturing (AM) processes induce large residual stress (RS) in the final
part. Because RS can influence the tribological properties, this study focuses on the relationship between wear sliding
properties and RS in IN718 coatings. Such coatings were deposited with a Laser Metal Deposition (LMD) machine using to
two different scanning strategies. The wear resistance and RS state of two types of samples were investigated after surface
milling. RS were measured before and after tests on a reciprocating sliding test apparatus. Two different X-ray diffraction
techniques were employed to measure the surface and subsurface state RS: Laboratory Energy Dispersive X-ray Diffraction
(LEDXD) and Synchrotron X-ray Energy Dispersive Diffraction (SXEDD). Due to the milling process, coatings show similar depth
distributions of RS from 22 um to 92 um depth, but exhibit different magnitudes depending on the scanning strategy used.
Reciprocating sliding wear tests induced high compressive residual stresses that erased the initial RS state. However, a similar
wear behavior was observed in the two samples, which possess similar texture and microstructure. This demonstrates that
the influence of RS on wear resistance is a second-order effect. Nevertheless, it was observed that RS can still impact the
wear performance at the early testing stages of the repaired parts.

Keywords: Residual stress, Additive manufacturing, Laser Metal Deposition, Wear, Tribology

1. Introduction

Repair of worn metallic parts is a convenient way to extend the life of resource-intensive and critical mechanical components,
such as the wheels used in train bogies. Typically, subtractive methods are used to recondition damaged parts [1]. However,
the main drawback of these methods is the limited number of refurbishments before parts need to be discarded.
Alternatively, the damaged area can also be refilled. A number of conventional additive techniques are already used to
achieve restoration [2], [3]. Laser Metal Deposition (LMD) is an additive manufacturing (AM) process that allows the
manufacture, modification and repair of 3D geometries [4]. LMD uses powder feedstock material that is molten by a high-
energy laser beam. The melt pool created by the laser beam is constantly fed with powder along the processing direction. A
rapid solidification of the newly deposited material ensues after the laser pass. This process induces the development of high
thermal gradients. Three-dimensional builds are manufactured by depositing beads next to and/or on top of each other. The
main advantage of this technology is its capacity to accurately repair parts in an automated, computer controlled way [5].
Contrary to conventional methods, LMD allows repairs with a small heat-affected zone (HAZ) and high repeatability [6].
Moreover, LMD can deposit different types of material grades, providing that the grades possess good weldability [7]. IN718
processed by LMD is one of the most studied alloys and is widely used in the aerospace industry for its good mechanical



properties at high temperatures (up to 650°C [8]) and its good corrosion resistance. For instance, some authors have studied
the ability of LMD process to repair turbine blades commonly used in aircraft engines [9]-[11].

One of the main drawbacks of the LMD process is the presence of high residual stress (RS) inside the repaired parts. If
unmanaged, RS can distort parts [12] or, in the worst cases, cause premature cracking and delamination of the repair [13].
In AM, RS is primarily resulting from the high magnitude and localized thermal gradient induced by the laser beam [14]. The
RS state can prove highly deleterious to the mechanical resistance of components: the RS can add to the load applied on the
component, resulting in an unexpected failure [15], [16]. However, this also implies that, with a suitable post-processing,
harmful RS can be removed, or even beneficial RS can be purposely introduced. The impact of RS on mechanical properties
[17], [18] and the optimization of process parameters to mitigate them [19]-[21] have been already largely studied in the
literature. From a mechanical point of view, one of the criteria for a good repair is that the reconditioned part has wear-
resistance comparable to the pristine part. However, RS induced by the LMD process could negatively impact the wear
properties of the repaired part. For conventionally produced materials, it has been reported that compressive RS at the
surface may reduce the sliding wear of metallic alloys [22], [23]. To the best of our knowledge, up to date there are no studies
investigating how LMD-induced RS impacts the wear sliding resistance.

The study of the wear of parts manufactured by AM was focused on the wear resistance of Laser Powder Bed Fusion (LPBF)
rather than on the LMD process. Generally, parts produced via Laser Powder Bed Fusion (LPBF) exhibit improved wear
resistance properties compared to parts manufactured via conventional processes. Due to an increased hardness localized
at the cell walls, the cellular sub-microstructure specific to AM materials can highly improve the wear properties [24]. As a
rule of thumb, the higher the hardness, the lower the wear. Therefore, an accelerated work-hardening effect caused by the
initial high density of dislocations tends to decrease the wear rate of AM parts. In addition, several articles showed that grain
orientation has a substantial impact on wear [25], [26]. In fact, the amount of High Angle Grain Boundaries (HAGB)
encountered by the counter-body can also influence the wear results [26]. Because LMD materials have some microstructural
features in common with the LPBF materials, a good wear resistance of the LMD repairs might be expected.

This work aims at elucidating the influence of RS on the wear properties of IN718 parts repaired by LMD. Samples produced
using two different scanning strategies are investigated. To mimic a real repaired part, the as-built samples surface is milled
prior to the wear tests. We focus our study on the RS state before and after reciprocating sliding wear tests. Laboratory
Energy Dispersive X-ray Diffraction (LEDXD) and Synchrotron X-ray Energy Dispersive Diffraction (SXEDD) techniques are used
to obtain surface and subsurface RS, respectively. In addition, the microstructure is analyzed by means of scanning electron
microscopy (SEM) and electron backscatter diffraction (EBSD), the porosity content is evaluated via optical microscopy, and
the hardness is measured using Vickers indentation. This comprehensive investigation allows us to rationalize the interplay
between wear resistance and RS in terms of the LMD scanning strategy.

2. Material & Methods

2.1. Manufacturing of LMD samples

The samples were manufactured using a BeAM (Cebazat, France) DED mobile machine. This AM machine is equipped with a
500 W YLR-fiber laser with a laser spot diameter of 0.74 mm. As feedstock material, an IN718 gas-atomized powder provided
by Oerlikon (Barleben, Germany) was used. The chemical composition of the powder is given in Table 1.

Elements | Ni Fe Ti Al Nb Co Cr Mo Mn C N Si
Weight% | Bal. 1825 0.92 0.42 5.15 0.05 1892 3.11 0.1 0.05 0.03 0.03
Table 1. Chemical composition of the IN718 powder used in this study.

The sample geometry is shown in Fig. 1a. The sample consisted of an 85x65x8 mm plate made of XC48 steel substrate
on which a 55x55x2 mm IN718 repair coating was deposited by LMD. As shown in Fig. 1b,c, the repaired area was deposited
with two different scanning strategies: namely, Strat 0° and Strat 67°. The Strat 0° samples were manufactured using a back-
and-forth laser path parallel to the Y direction. No rotation (between different layers) of the laser path direction was made
along the building direction. The first layer of the Strat 67° sample was also deposited with a laser path along the Y direction.
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However, in this case, an incremental rotation of 67° of the laser path direction was implemented along the building direction
(at each layer).

Apart from the scanning strategy, all the samples were built with the same process parameters: a laser power of 325 W,
a powder rate flow of 7 g/min, a scanning speed of 2250 mm/min, and a track overlap of 30%. Finally, to perform tribological
tests mimicking industrial conditions (low roughness), the samples were milled using the parameters given in Table 2. All the
samples were milled in the same direction (i.e., parallel to the Y direction), as indicated in Fig. 1a. The final roughness was
measured with an interferometer at four different locations, resulting in Sa = 0.70 + 0.04 um.

Milling parameters

. Reamer Spindle rotation Cuting Depth of Depth of cut for
Material Number . .
diameter speed speed cut the finishing
of flutes | of flutes .
(mm) (rpm) (mm/min) (mm) stage (mm)
Carbide 7 80 95 29 0.2 0.1

Table 2. Summary of the milling parameters used in this study. In total, 0.5 mm of the original coating height was removed.
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Fig. 1 (a) Geometry of the sample. Dimensions are shown in millimeters. LMD scanning strategies corresponding to (b) the
Strat 0° sample and (c) the Strat 67° sample. (d) Schematics of the reciprocating sliding test bench
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2.2. Material characterization

Electron Backscatter Diffraction (EBSD) analyses were performed on unworn samples. Samples were first ground using SiC
paper starting from a grit of 400 down to 4000. Subsequently, they were polished using 3 and 1 um diamond slurries for
1 min each. Finally, to improve the quality of Kikuchi patterns and to suppress the distortion induced by the previous polish,
the samples were subjected to an ion-polishing protocol, which consisted of focusing an argon ion beam on the polished
surface with an incidence angle of 9°. The energy on the ion beam was set to 6 keV, and the samples had a rotation speed of
6 rom. EBSD maps were acquired using an FEI Quanta 600F SEM equipped with an EBSD camera from Oxford Instruments
[27]. All maps were acquired using the same parameters. Each pixel had a dimension of 0.6x0.6 um. The acquired data were
treated with Aztec and Channel5 software supplied by Oxford Instruments. The grain boundary threshold was set at 10°. The
Grain Average Misorientation (GAM) map (in Fig. 3) was determined by averaging the local misorientation within each grain,
using only the first neighbors for the calculation.

The porosity was measured below the wear profile of the two samples (Fig. 4). After being polished, digital microscope
images with a magnification of x200 were acquired and stitched together. Finally, the porosity area fraction was calculated
by image analysis using ImageJ free software [28]. Each point of the curve plotted in Fig. 4b,d corresponds to the porosity
inside an area of 1.8x1.4 mm?2,

A hardness profile was obtained on one of the Strat 67° sample, starting from the right edge and moving to the center of the
sample. The measurement was performed using a Zwick micro-indenter [29]. It consisted of a matrix of 27x3 indents. In the
X direction, each of the 27 points were separated by 1 mm, and 3 indentations were done (each of them separated by 100
um). The indentation procedure consisted of applying a normal load of 750 mN for 5 seconds. The average length of the
diagonals of the indents was 20 um.

2.3. Synchrotron XRD measurements

Synchrotron X-Ray Energy Dispersive Diffraction (SXEDD) measurements were performed at the P61A beamline of the PETRA
lIl synchrotron (Deutsches Elektronen-Synchrotron, Hamburg, Germany), dedicated to Materials Science and Engineering.
The beamline features a white beam with an energy range from 30 to 200 keV [30]. The two detectors available are equipped
with 0.5 m long slit collimators. The location of the measurement points is shown in Fig. 5. The measurements were
performed in reflection mode. By rewriting the Braggs law using the photon energy (Equation 1), the lattice spacing d"¥ can
be calculated as function of the energy.

hkl _ 6.199 . 1
d sing Ehkl (1)

With E' being the energy and 8 the diffraction angle, respectively.

The use of a white beam allows accessing the lattice spacing at several depths, T, as a function of the corresponding
reflections. The depth is calculated using Equation 2 (where v is the specimen tilt angle)

hkl _ sin 8

- cosy (2)

u(E™) is the absorption coefficient, dependent on the energy E™. The specific u(E/¥, ) was calculated by considering all

the alloying elements in IN718 using the equation 3.

Sl ghkl
¢ 12718) — Ziwi(#( ; ))i (3)
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With w;being the mass fraction of the alloying element i and (%)i the mass-energy absorption coefficient of the latter

for a given energy [31].

The evaluation of the RS was restricted to the lattice spacings of the 311 and 422 reflections. These reflections are used
because they do not accumulate high intergranular stress [32], i.e. their response to stress well reflects the macroscopic
sample response. To probe several depths, three different diffraction angles were used: 26 = 5°, 8°, and 12°. With these
diffraction angles, the depth values for the {311} planes were ' = 64 um, 43 um, and 22 um, respectively. To gain
information from higher depths, the 422 reflection was used only for the 8° diffraction angle, corresponding to 92 um depth.
The 422 reflection at 26 = 5° yielded poor intensities and did not yield a reliable evaluation of the strain. In the case of 20 =
12°, the 422 reflection probes an average depth of 45 um; at such depth, the strain values would overlap with those obtained
with 20 = 8° for the {311} planes.

The RS was calculated by using the sin?yy method [33], assuming that the RS in the direction normal to the probed surface is
negligible (i.e., in-plane biaxial stress field condition). To this aim, the samples were mounted on a Eulerian cradle. A total of
19 ¢ (tilt) angles were investigated for a given ¢ direction. Two ¢ directions (¢ = 0° and ¢ = 90°) were employed, in order to
determine the RS in the X and Y directions. The reader is referred to Fig.2 for the definition of the angles.

By using the fundamental equations of X-Ray stress analysis for the two values of ¢, we obtain:

1 ,

80’11) = ESZO'XSllell) + Sl(O-X + Jy) (4)
1 ,

90, = ESzaysmzl,b + S, (ox + oy) (5)

As the sin?y plots show a liner relationship for both the 311 and 422 reflections. No significant y-splitting can be observed,
so that the shear stresses are considered negligible [34]. The Diffraction Elastic Constants (DEC) used in equation 4 and 5 are
given in Table 3. These DECs were calculated by applying the Reuss model [35] using the single crystal constants of an IN718
alloy reported in Haldipur et al. [36]. The RS values were computed using a free access in-house python code developed at
P61A beamline. The peaks were fitted using a Pseudo-Voigt function (the background determined by interpolation). The
experimental setup is depicted in the Fig. 2a. In the case of the wear tracks, only the X component of the RS (¢ = 0°, i.e,,
parallel to the longitudinal dimension of the track) was measured because of the elongated shape of the gauge region. Each
RS value shown for one double wear track in Fig. 7 is the average of two acquisitions. The value of the reference points in
the graphs is the mean value of the three measurement points illustrated in Fig. 7a.

Eulerian cradle

Analyzed sample ] Gyangle)
X-ray source Rotary table
(¢ angle)
Y
T Incoming beam
X
a) b)

Fig. 2 (a)Synchrotron XRD experimental setup. (b) Scheme of the gauge volume probing the X-direction of strain, i.e. with ¢
= 0° (not to scale). If one were to probe the Y strain direction, the gauge volume would extend over the whole track and
beyond; one would therefore lose spatial resolution.

2.4. Laboratory XRD measurements
Laboratory Energy Dispersive X-ray Diffraction (LEDXD) was performed with a LIMAX-70 instrument located at the X-Ray
Corelab of Helmholtz Zentrum Berlin (HZB), Germany. This instrument uses a metal jet source [37] with a maximum energy
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of 70 keV. Also in this case, the sin?yy method was used to calculate the RS, as the instrument is also equipped with a Eulerian
cradle. In total, 9 y angles were probed in a range from 0° to 63° for two ¢ directions (0° and 90°, corresponding to the X
and Y axes, respectively). Seven measurement points over the samples surface were investigated (see Fig. 5). The diffraction
angle was set to 206 = 16.6°, which corresponds to a depth of 17 um for the 311 reflection. Data processing was carried out
using the in-house developed EDDIDAT [38] software. The diffraction peaks were fitted using a Pseudo-Voigt function. The
diffraction elastic constants used are those shown in Table 3 and the computed RS corresponds to the 311 reflection.

Crystallographic 1
reflection 51 ESZ
MPa-1x10-°
planes, hkl ( ) (MPa-!x10-9)
311 1.831 7.409
422 1.37 6.027

Table 3. DECs calculated using the Reuss model.

2.5. Wear tests

The reciprocation wear bench test was entirely designed and built at the LTDS laboratory (Ecole Centrale de Lyon, France).
The device is shown in Fig. 1 d. Each wear test consisted in putting a 100Cr6 pin in contact with the surface of the samples.
The material of the pin was chosen for its high hardness (around 840 HV), which ensures that wear occurs mainly on the
tested sample. The pin had a diameter of 3 mm with fillets of 0.5 mm radius at its extremities. The tribological parameters
are summarized in Table 4. Prior to each test, the pin was subjected to an in-situ grinding to ensure a good flat-on-flat contact
between the pin and the sample surface. During the test, the friction coefficient was recorded via a tangential force sensor
fixed to the stationary arm. No significant temperature increase (less than 5°C) was recorded during the wear tests. Once a
test was concluded, the wear volume was measured by means of an interferometer from Bruker [39]. To reduce the
uncertainty, the entire wear track surface was measured. By measuring the missing volume below the surface of the repair,
the adhered debris is not considered in the wear volume.

As shown in Fig. 8, to determine the variation of the wear volume along the X position, wear tests (5,000 cycles) were
performed from the right edge of the repair to its center, at every 5 mm. Those tests were performed by applying a normal
load of 20 N. Subsequently, a second campaign of wear tests (additional 5,000 cycles) was performed inside the worn tracks.
The additional wear tests required the samples to be cleaned, removing the debris inside the wear tracks by using an ethanol-
soaked precision wiper. In addition, the use of new pins (also subjected to in-situ grinding) was necessary.

The RS measurements required the preparation of another set of samples. These samples were worn using double wear
tracks with a slight overlap between them, as shown in Fig. 7. In addition, to investigate the influence of the contact stresses
on the redistribution of RS, three different values of the normal loads were applied: 5, 20, and 50 N. The rest of the
tribological parameters used for all the sliding tests performed in this study are summarized in Table 4.

Tribological parameters
Normal load (N) 5, 20, or 50
Frequency (Hz) 3
Stroke length (mm) 10
Number of cycles 5,000
Temperature/Moisture content 20/30
(°C/%)

Table 4. Tribological parameters used to perform the wear tests.
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3. Results

3.1. Microstructure, porosity and hardness

Fig. 3a,b shows the sample co-ordinate system and a representative Grain Average Misorientation map (GAM) obtained
via EBSD. This parameter gives us information on the maximum depth up to where the microstructure is impacted by the
milling process. The separation line between the milled and as-built materials is considered to lay at 100 um in depth.
However, some grains below this line randomly exhibit high misorientation (> 2°). This fact can be explained by the typical
sub-cellular microstructure of this alloy when manufactured by AM (shown in Fig. 3c). The sub- cells contain high dislocation
density in their walls [40]. Because of a higher accumulation of dislocations within some grains, those sub-grain boundaries
can be isolated as local defects with a misorientation <2° [41]. In the backscatter electron image shown in Fig 3c., the cell
walls appear brighter because of the Laves phases rich in heavy elements (mainly Nb and Mo).

Sub-cellular
microstructure

Fig. 3 (a) Schematic illustration of the height of the investigated samples. (b) EBSD map on the ZX plane of a Strat 0° sample
showing the grain average misorientations (GAM). The black dashed lines indicate the boundary of the area influenced by
the milling process. (c) Backscatter electron image of the sub-cellular microstructure.

Fig. 4 summarizes the material characterization analysis: the grain size was measured via EBSD on YX planes located at the
center and middle-edges of the samples, whereas the porosity content and hardness were measured along the X-axis. The
pole figures shown in Fig. 4a,c indicate a weak texture (the maximum of multiples of uniform density, MUD, is lower than 2)
in both samples at both central and edge locations. Also, a similar heterogeneous microstructure formed by the alternation
of small equiaxed grains and long columnar grains is observed at all investigated points. We can, therefore, assume that the
microstructure is homogeneous across the surface of both samples. The small equiaxed grains correspond to long columnar
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grains in the middle of the melt pool. Such grains grow parallel to the build direction (BD=2). It is well known that (100} is
the preferred solidification growth direction for cubic materials. The grain growth direction follows the maximum thermal
gradient direction, which is perpendicular to the liquid/solid interface of the melt pool. Thus, seen from the top (Z direction),
(001) grains in the middle of the melt pool are perceived as equiaxed [42], [43].

Table 5 indicates that the mean grain sizes in the middle of the repair are 24 pm and 20 um for Strat 0° and Strat 67°,
respectively. At the edge, the average grain sizes are 23 um and 24 um. From these results, it can be quantitatively concluded
that the microstructural features do not change along the X-axis of the sample. This result is in line with the plots shown in
Fig. 4b,d. The hardness profiles show no significant hardness variation between the edge and the center of the repair (along
a line at mid-length). The hardness is about 310 HV for both locations. It can also be noticed in Fig. 4b,d that the porosity
show the same trends. Thus, the material properties at the coating surface do not significantly vary with the position inside
the sample and with the scanning strategy among samples.

Middle Edge

Hardness (Strat 0°) ——  Porosity rate (Strat 0°)
340 2

.jV/kX}NAYV\Jﬁf\/fYZ TT

Porosity (%)

Vickers Hardness (HV)

)
' 1
i [ 1 [
' ' ' '
' ' 1 '
' ' 1 [

260 1 L 0
35 30 B 25 20 15 10 5 A 0

5 Max =1.81

Distance from the right edge (mm)

Hardness (Strat 67°) Porosity rate (Strat 67°)

0 UV
J " .Min=0.28 (a)

x |
i 330
Porosity -
& Z 320 15
Hardness profile g 310 3
f% 300 1 ';‘
= 2
% 290 &
g 4
¢ < 280 105
P\ LAY " "500um = omg
Max = 1.98 Max = 1.84 260 L L 1o
\ - Ll 35 0B 25 20 15 10 5 Ao
¥ Distance from the right cdge (mm)
b - Min = 0.42
© (d

Fig. 4 EBSD orientation maps of Strat 0° (a) and Strat 67° (c) with respect to the build direction (IPF Z). Plots of the porosity
and HV hardness profiles against the distance from the middle edge corresponding to Strat 0° (b) and Strat 67° (d). Vertical
dotted lines in blue indicate the location of the wear tests.

Strategy Location Mean grain size, pm
0 Middle 24+14
Edge 23+14
Middle 20+11
67°
Edge 24 +£16

Table 5. Mean grain size of the coating weighted by the area fraction and measured at two different locations.
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3.2. RS state after milling

The spatial distributions of the RS over the XY plane, measured using LEDXD and SXEDD, are given in Fig. 5. For comparison
purposes, this figure only shows the RS close to the surface (around 20 um below the surface for both techniques). It can be
observed that the results of the two techniques are similar. Moreover, the spatial distribution of RS in the two X and Y
directions is the same for both investigated samples (scanning strategies). The ox values are lower close to the edges and
the corners; they increase in the center of the samples. For Strat 0°, ox is always compressive, whereas for Strat 67°, ox
changes from compressive at the edge to tensile in the center. The oy values are compressive and increase from the right
edge to the center. Overall, lower absolute RS magnitudes are found in Strat 67° compared to Strat 0°, as it has also been
reported in the literature [20], [41].

Laboratory measurements Synchrotron measurements
. Ox Oy
i : 200
40
100
30
Strat 0
OO
20
-100 —
]
© = measurement 10 oW
point :g
ox(MPa) 200 &
50 ®
oy (MPa) 8
-300 i;
40 N
-400
30
Strat
67° 2 =500
10 -600
YL>
(@) (b) X

Fig. 5 Spatial distribution of the RS at about 20 um depth for the two investigated scanning strategies obtained by (a) LEDXD
and by (b) SXEDD. The blue (in (a)) and black (in (b)) dots indicate the location of the LEDXD and SXEDD measurement points.
The average RS measurement errors of LEDXD and SXEDD are about 40 MPa and 15 MPa, respectively. The position (25,25)
corresponds to the center of the repair. All dimensions are given in mm.

Fig. 6 shows the profile of oyalong the build direction (BD): the RS decreases with increasing depth (t) for the two
scanning strategies. From 22 um to 92 um the maximum oy values go from -650 to -450 MPa for Strat 0°. For the Strat 67°
sample, the decrease is less pronounced. Fig. 6 also shows that the Strat 67° sample maintains the lowest magnitude of RS
with increasing depth when compared to Strat 0°. The maximum depth probed with the SXEDD technique is 92 um, which is
close to the area designated as not affected by the milling process. It is expected that the as-built material (i.e., the material
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that has not been affected by the milling process) possesses a RS distribution similar to the ones measured at 92 um depth.
It can be noted that oy exhibits in general lower RS when compared to oy.

{hkl} 20 Depth (1) ov Strat 0° ov Strat 67°
12° 22 um
200
100
0
8° 43 pm 4100
{311} .
)
[al}
4200 =
72}
8
500 2
300 en
-400
5° 64 pum
500
-600
{422} 8° 92 um

10 20 30 40 50

Fig. 6 YX planes showing the distribution of gyas a function of depth for the two scanning strategies. The average errors
are + 20, + 25, + 40, and + 40 MPa corresponding to 22, 43, 64 and 92 um depths, respectively.
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3.3. RS redistribution after sliding wear

After reciprocating sliding wear tests, RS measurements were performed within the wear tracks. Performing a double track
(i.e., two single tracks with overlapping edges) instead of a single track was deemed necessary to ensure that the beam gauge
is uniquely probing the worn material. Moreover, given the size of the double wear tracks (12 mm long and 5.5 mm wide),
the Y stress component was not measured because the track dimensions would not allow us to uniquely probe the worn
material along the X direction. The comparison of ox before and after wear measurements does not lose generality.

In order to investigate the impact of the normal load on the RS redistribution, three different normal forces were applied: 5,
20, and 50 N. Also, since the above results highlighted a spatial variation of the RS, several wear tests using the 20 N normal
load were performed at different locations on the surface of the repair. Fig. 7b,c shows the ox values corresponding to each
double wear track.

For the reference points (i.e., those representative of the pristine state), lower compressive RS were measured in Strat 0°
than in Strat 67°. This is not in good agreement with the results shown in Fig. 5 and 6. Some repeatability issues of the LMD
processing are suspected to impact the RS state between different batches. In addition, a RS redistribution could occur in
the coatings as a result of the wear tests.

After the samples were worn with a normal load of 20 N, the RS is redistributed to higher compressive RS (around -600 MPa
instead of about -50 MPa and -400 measured at the reference points for Strat 0° and 67° respectively) at 22 um in depth. A
similar progressive increase in compressive RS is observed with increasing depth. Therefore, the RS redistribution induced
using 20 N is considered independent of the strategy and of the location of the wear tests. Increasing the normal load to 50
N further increases the compressive RS and changes the RS profile along the depth. For instance, in the case of Strat 67°, a
magnitude of around -660 MPa is maintained at a depth of 64 um. Concerning the Strat 0° sample, a similar trend can be
observed, with -550 MPa RS being measured at 92 um. Such value is higher than the RS at the equivalent depth after the 20
N tests. Interestingly, the 5 N test produces even higher compressive RS at 22 um, indicating a tendency to localize the wear
damage closer to the free surface with decreasing the normal load [44]. The Strat 0° results show overall higher scatter. Such
scatter is ascribed to a higher heterogeneity induced by the 0° scanning strategy.
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Fig. 7 (a) Schematic illustration of the location of the double wear tracks over the sample surface; dimensions are shown in
millimeters. Plots showing the ox values corresponding to the as-milled material (Ref), as well as to each double wear track
for (b) the Strat 0° sample and (c) the Strat 67° sample.

3.4. Wear volume of LMD repaired parts

Reciprocating sliding wear tests (with an applied load of 20 N) were used to create wear scars at different positions on both
samples (as shown in Fig. 8a). Those tests were performed on the XRD-analyzed samples shown in Fig. 5. The wear tests were
performed from the right edge to the middle of the repair (negative direction of the X-axis, Fig. 8b). The plots shown in
Figs. 8c-f combine the RS state at 22, 43, and 64 um and the wear volume profiles of the two samples. A flat wear volume
profile is observed for the Strat 0° sample. In this case, the RS state along the Y component varies over the sample surface
(from -650MPa to -350MPa) and does not show any clear correlation with the wear volume. Also, in order to test the
repeatability of the wear tests, two wear profiles (i.e., using two different samples) were performed for the Strat 67° sample.
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The first wear volume profile (black line) reveals a decrease toward the center of the repair, in agreement with the trend
observed in the oy profile: higher compressive RS leads to lower wear volumes (from 1.42 mm?3 to 1.22 mm?3). However, the
second wear profile (blue line) in Fig. 8e,f has a scattered trend that does not correspond to any RS profile. Interestingly,
such RS profile correlates better with the wear volume profile measured for the Strat 0° sample.
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Fig. 8 Schematicillustrations describing (a) the location of the wear volume tests and (b) the location of the RS lines over
the sample surface. Plots showing the RS principal components and wear profiles against the location for (c) and (d) the
Strat 0° and (e) and (f) the Strat 67° scanning strategies.

After performing wear tests of 5,000 cycles, it is observed that the main wear mechanisms are abrasion and adhesion, as
cold-welded debris are observed adhered to the surface. Multiple grooves are also observed; they are most likely dug out
by debris (Fig. 9a). It is worth noting that the mechanisms are the same regardless of the load applied and the scanning
strategy. In addition, it is observed that the Strat 67° sample wears, on average, slightly more than the Strat 0° one (Fig. 9b).
Despite the small difference in terms of wear volume (1.26 to 1.29 mm?3), the standard deviation of wear volume of the Strat
67° sample is considerably higher. This difference implies a less strong influence of RS on the wear behavior in the Strat 67°
sample. However, after subsequently performing another 5,000 cycles to each wear track, the two types of samples exhibit
similar amount of volume loss (around 1.23 mm?). This phenomenon is attributed to the relaxation of the initial RS state.
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Fig. 9 (a) Representative SEM image of the interior of one the wear tracks performed on the Strat 0° samples after the first
5,000 cycles. (b) Plot showing the mean wear volume calculated from every wear profile after the first 5,000 cycles, and after
an additional +5,000 cycles

4. Discussion

The sliding wear behavior of metals is mainly controlled by the hardness. Conventionally, IN718 undergoes a homogenization
plus double aging heat treatment (1065°C x 1.5h/air cooling + 760°C x 10h/furnace cooling + 650°C x 8h/air cooling) to
achieve microstructural stability and optimal mechanical properties [45]. Such heat-treatments relax the internal stresses
and enable the precipitation of the hardening phases y’ and y“ [46]. Yet, even without precipitation of hardening phases, our
as-built samples exhibit a high hardness (Fig. 4b,d). This is due to the presence of sub-grain cellular solidification structures.
Such structures possess a high amount of dislocation because of the high cooling rate inherent to the LMD process [47]. As
shown in Fig. 3b, the high amount of defect leads to grains with strong misorientation inside the as-built microstructure.
From 100um below the surface, such substructures are not affected by the milling.

According to the literature, repairs with low height (2 mm before being milled) induce compressive RS [48]. We observe such
trend also on our data. In addition, milling the repair part influences the microstructure and the RS at the surface and
subsurface [49], [50]. As observed in Fig. 6, it is considered that milling mainly increases the compressive RS [51], [52] and
spatially redistributes the RS at the lower depths (<90 um). The fact that the Strat 0° sample has higher RS than the Strat 67°
one is well established in the literature [20], [21], [41], [53]. A more homogeneous heat flux is developed when applying a
67° rotation of the laser path direction. This heat dissipation induces lower RS. As the same milling parameters were used
(Table 2) on the two types of samples, the difference in terms of RS magnitude would be caused by the scanning strategy.
The maximum compressive RS values are measured in the Strat 0° sample along the Y-direction, i.e. parallel to the scanning
direction. So far, contradictory results are reported in the literature about the largest build-plane principal RS because of the
influence of the geometry of the part [54] on the RS values. The milling process used in this study would impact the RS
magnitudes but is not expected to affect the general RS distribution of the original as-built samples.

SXEDD measurements within the worn tracks showed that the distributions of the compressive RS depth profiles induced by
the reciprocating sliding test depend on the load. The redistribution of the initial RS state to higher compressive RS along the
sliding direction has been previously observed [55], [56]. In our case, when the normal load was increased to 50 N, higher
compressive RS were induced at higher depths (92 um). This fact indicates that the higher the load, the deeper the
microstructure of the coatings is affected. It is highly likely that, because of the high initial amount of dislocation, the
hardening induced by the reciprocating wear test is fast. It is therefore assumed that the high compressive residual stresses
are induced rapidly after the start of the wear tests. Importantly, these results indicate that the initial RS state would have a
negligible influence on the final wear-induced RS state. In fact, all wear tests on both types of samples induced RS (X
component) values of -600 MPa at 22 um depth. It must be noted that because of the sufficiently large thickness of the
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repair, the substrate material is not affected by the wear tests. For such thicknesses of the repair, the material of the
substrate (XC48) does not impact the wear results. In fact, in dry-contact sliding conditions and at the applied pressure, the
maximum shear occurs near the surface, i.e., far from the repair/substrate interface [57].

On the contrary, Fig. 9 indicates that the overall worn volume of each scanning strategy is influenced by the initial RS state.
The Strat 67° sample wears slightly more than the Strat 0° sample after 5,000 cycles. The main difference between the two
samples is the stress along the X-direction at 22 um. Such stress is tensile (Fig. 5) in the Strat 67° sample but compressive in
the Strat 0° sample. Tensile RS may facilitate wear debris delamination at the early stages of wear. On the contrary,
compressive RS may delay crack propagation and consequently decrease the amount of debris detached from the surface.
The reduced magnitude of oyin Strat 67° compared to Strat 0° might also explain the wear volume difference. As one of the
main wear mechanisms is abrasion, if a lower amount of debris occurs inside the contact, the plowing wear will be reduced.
We also observe that after 5,000 cycles, the same compressive RS state is induced at the surface/subsurface of the repaired
material. Thus, the differences in the initial RS state would impact the wear performances only at the very early stages of
wear.

After performing additional 5,000 cycles of wear, the difference in volume loss between the two samples vanishes because
of the similar compressive state induced at the beginning of the wear tests. Moreover, it is worth noting that the slight
difference in terms of porosity (Fig. 4) between the two samples has a negligible influence on the wear volume. This
conclusion is based on the fact that, firstly, cracks initiating from pores are not observed via SEM, and secondly, if pores
would affect the volume loss, measured wear volume values would have been much more scattered leading to even bigger
standard deviations. In addition, high plastic deformation might reduce the size of pores, limiting their impact on wear [58].

The length and width of the samples used in this study are significantly longer than the height. This ratio results in a weak
accumulation of heat during the repair. The good heat dissipation reduces the occurrence of epitaxial growth of the grains.
Consequently, the two printing strategies yield similar microstructure, hardness, and density. Such similar features are most
likely the reason why the wear behavior is similar. As it has been shown in the literature, texture and grain size might impact
wear [24], [59]. Hence, the results shown in this work should not be generalized to the conclusion that repairing using the
Strat 0° scanning strategy will reduce wear. Larger repair heights are expected to severely increase the texture in the case of
the Strat 0° samples [53], [60], leading to remarkable microstructural differences between the two investigated scanning
strategies. Furthermore, larger repair heights are also expected to change the nature of RS from compressive to tensile at
the surface/subsurface [48]. Such speculations certainly represent subjects for further work.

5. Conclusions

The influence of the RS state on the wear behavior of as-milled LMD IN718 samples was investigated on two different laser
scanning strategies, one where the laser direction changed by 67° at each successive layer (Strat 67°) and one where the
laser scanning direction was kept constant (Strat 0°). The Strat 67° scanning strategy yields overall lower compressive RS than
the Strat 0° scanning strategy. Sliding tests further increase the original compressive RS on both samples. The extent of the
increase along the depth is determined by the normal load applied during the wear tests: higher loads lead to higher depths
being affected. Moreover, some impact of the scanning strategy on the wear resistance was observed. Due to the lower
initial compressive RS along the sliding direction and tensile RS perpendicular to it, the Strat 67° sample is more prone to
wear at the initial stages (first 5,000 cycles). It is argued that the RS in the as-milled state does not significantly impact the
sliding wear resistance, because the sliding process leads to equivalent compressive RS at both the surface and the subsurface
of the worn area.
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