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Abstract

Laser metal deposition (LMD) and laser cladding (LC) are alternative methods to thermal
spraying processes to produce dense, high-quality coats. In this work, two MCrAIY coatings
(M=Ni+Co) have been prepared onto stainless substrate using a coaxial LC technique under
two different Ni/Co and Al proportions. The mechanical properties were then evaluated with
microhardness, nanoindentation, and three-point bending tests. The microstructure and
composition of coatings were characterized by X-Ray Diffraction (XRD) analysis and Field
Emission Electron Microscopy (FESEM) coupled to an Energy Dispersive Spectroscopy (EDS)
detector. The study revealed that the y/B phases formed in the MCrAIlY coating microstructure
result in a lower elastic modulus than the austenitic stainless steel substrate, while an inverse
behavior for hardness was observed due the presence of the aluminum-rich B-phase. Under
flexural loads, the failure of coatings showed plasticity and anisotropy characteristics

depending on the two laser tracks orientations evaluated.
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1. Introduction

Aircraft and power-generation turbines are made from metallic components that are protected
by thermal barrier coatings (TBCs). A TBC system is usually formed by a top ceramic layer

[1,2] deposited onto a bond layer [3,4] over the substrate. The materials widely used for bond
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coatings are composed of MCrAlY superalloys (where M=Ni, Co, Fe or combinations of
these). NiCoCrAlY and CoNiCrAlY are the most common superalloys used as bond coats [5]
due to their good adhesion, optimal elastic modulus, high strength, and high-temperature
oxidation [6]. These MCrAlY alloys usually contain large amounts of Cr with small additions
of Y, which hardens the solid solution. This solid solution effect of these elements blocks the
dislocation movements through the grain boundaries, enhancing the common creep resistance
of MCrALlY alloys [7]. Otherwise, an Al content between 8-15 wt% slows down crystal
growth, resulting in a more thermally stable, adherent and continuous aluminum-rich oxide
layer (a-Al2Oz) [8,9]. Furthermore, it increases the amount of 3-(Ni,Co)Al phase, which is

harder than the gamma matrix phase in y/p MCrAlY coatings [10].

Nowadays, the laser cladding process (LC) is gaining attention as an alternative technique to
manufacture TBC coatings. Laser cladding can be applied as a rapid manufacturing technique
consisting of the direct deposition of metallic alloys with high melting points, such as
MCrALIY alloys. Specifically, coaxial laser cladding uses a special nozzle head to create a
coniform annular gap, which encircles the focused laser beam with powder, melting the
powder on the surface to be coated. The coaxial LC process has been tested to produce large,
dense coatings by overlapping single laser tracks [11,12]. Even complex 3D pieces are able
to be coated by LC using powder or solid wire as a material feedstock. In the same way, laser
metal deposition (LMD) processes use this principle to deposit the material layer by layer in
an innovative additive manufacturing process [13-15]. The continuous coatings obtained by
these techniques are free of pores and cracks when the experimental conditions are well-
controlled. These properties improve the resultant mechanical resistance and interfacial
strength with the substrate. However, due to the brittle behavior of MCrAlY alloys at low
temperatures [16], the experimental conditions must be well-studied and controlled in order to
avoid residual stresses and material defects (pores, cracks, lack of fusion, and others) [17,18].
Furthermore, several studies [19] have reported that the diffusion zone achieved between the
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coating and substrate is critical to optimize the resultant mechanical properties, it being
desirable to reduce the chemical dilution of the coating to substrate. Moreover, the elastic
modulus of the bond coat is also a critical mechanical parameter, since TBC systems are
composed of several layers. The shear stresses expected between layers must be as low as

possible to avoid delamination failures [5,6].

In this study, two MCrAlY coatings have been produced by the coaxial LC process. One coat
was made with a higher concentration of Ni and Al, called NiCoCrAlY. The other was
prepared with a higher concentration of Co, called CoNiCrAlY, for comparative purposes.
After finding the best experimental conditions to form dense, continuous coatings using pre-
alloyed powder as a feedstock material, an in-depth mechanical characterization was
performed. In order to complete the study, the elastic modulus and hardness of the individual
phases and of the whole coating were evaluated by nanoindentation [10,20-22]. Also, to
analyze the strength and fracture mechanisms of the interface between layers, a three-point
bending test was used [23,24]. Besides these techniques, other properties were investigated
through measurements of microhardness and microstructural analysis by XRD, FESEM and
EDS.

2. Experimental procedure

2.1 Materials and processing techniques

The feedstock materials used in this study were two commercial MCrAlY pre-alloyed
powders supplied by Oerlikon Metco. A Ni-rich powder called NiCoCrAlY (Amdry 365-2)
was mainly composed of (wt.%) 47.1% Ni, 23% Co, 17% Cr, 12.5% Al and 0.4% Y. The
mean particle size diameter was given by the supplier as 55 um. In addition, a Co-rich powder
called CoNiCrAlY (Amdry 995C) and composed of 38% Co with 32% Ni, 21% Cr, 8% Al
and 0.45% Y was used to produce the second coating, with a mean particle size diameter of
65 um. The substrate was a cold-rolled austenitic stainless steel sheet (AISI 304) with a

thickness of 10 mm. Extensive coatings (30x30 mm?) were obtained using a Nd:YAG solid



state laser (Rofin-Sinar DY 022) in continuous mode and A=1064 nm. The laser power was
programmed at 2.2 kW (maximum power). The diameter of the beam spot onto the substrate
surface was 4 mm. The XYZ movement was achieved with a robotic-arm (ABB IRB 2400
unit) with 6 degrees of freedom. The scan velocity was set to 15 mm/s and the overlap ratio
between tracks was programed to reach 40%. The powder was gas-assisted at a rate of 25
mg/mm using a coaxial annular nozzle (Precitec YC50) and a Sulzer Metco Twin 10-C
powder feeder. Helium was used as a shielding and powder carrier gas, flowing at 20 I/min.
2.2 Coating characterization and microstructure

The microstructural characterization of the coating and substrate was analyzed on a cross-
sectional view. Samples were cut and metallographically prepared using diamond abrasives of
different grits. The compositional analysis was determined using a backscattered electron
image detector (BSE) and energy dispersive spectroscopy (EDS) coupled inside a field
emission scanning electron microscope (FESEM) (Zeiss ULTRAS5). The crystalline
characterization of the main phases was performed by X-ray diffraction (XRD) using a Philips
X'pert diffractometer with monochromatic Cu-K, radiation (A=0.15406 nm). The XRD
patterns were obtained in the 26 range from 20° to 90° and were subsequently analyzed using
the X'Pert Plus software (PANalytical).

2.3 Mechanical tests

Three different tests were used for the mechanical characterization of the produced coatings

and their individual phases and microstructures.

2.3.1. Microhardness measurements

Vickers hardness profiles from the coating surface to the substrate were evaluated in cross-
sections by a microhardness tester (Shimadzu HMV-2, Japan) assisted by automatic
measurement software. Three indentation arrays were replicated for each coating, spaced 100

um apart. Results were subsequently averaged to obtain the microhardness profile for each



coat. All tests were performed under a constant 980.7 mN load (HVo.1) for 10 seconds,

following the standard guidelines described by ASTM E384 [25].

2.3.2. Elastic modulus and nanohardness measurements

In order to obtain the elastic modulus and nanohardness of the whole coatings and main
microstructural phases, a G-200 nanoindenter from Agilent Nanotech was used. Tests were
performed under continuous stiffness measurement mode (CSM) in order to acquire the in-
depth stiffness profiles. A matrix of 25 indentations was performed on the cross-section of
each coating at a constant 2000 nm depth with displacement control, and the corresponding
variation of force as a function of displacement was continuously recorded. From the
measured data and following the method of Oliver and Pharr [26], the hardness H and the
elasticity modulus E were calculated. Subsequently, the depth range used to calculate the
characteristics of the single phases was evaluated through the observation and analysis of the
acquired curves. In this way, we can ensure that the calculated hardness and elastic modulus
values correspond to individual phases [4,27]. The Poisson’s coefficient used for the Young’s

Modulus calculation was 0.3 for all tests.

2.3.3. Three-point bending test measurements

Three-point bending tests were performed on the coating-substrate system and in the substrate
sample. A universal test machine (Shimadzu model AG-X, Japan) with a 50 kN load-cell and
camcorder extensometry was used. The bending device was configured by three hardened
steel rollers with 5 mm radius (Fig. 1). The distance between rollers was adjusted to 22 mm
according to the thickness of the samples (coating + substrate). The deflection on the outer
surface of the coating was measured during the test by an Epsilon Technology digital
deflectometer, model 3540-004M-ST. The movement of the punch during the test was

simultaneously recorded. The speed was 0.50 mm/min at a constant displacement control.
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Fig. 1 Schematic of the three-point bending test configuration

The load versus displacement curve was recorded, as well as the load curve vs. central

deflection at the coating surface (mm), and from these data the bending nominal stress
(Ofiexion) and the strain (gext) of the outer fiber (coating surface) were calculated using equations
1 and 2, respectively.

3.L.F

Oflexion = > b2 (Eq. 1)

6.t.d
gext = L_Z (Eq 2)

Where L is the distance between the lower rollers, F is the applied centered load, b is the
sample width, t is the total thickness of the sample (substrate + coating) and d is the deflection
measured at the centerline of the outer coating surface by the digital deflectometer. From the
stress-strain curve, the flexural elastic modulus, the yield strength (0.2% of the deformation
method), and the rupture stress (the stress that provokes cracks or detachment of coating from
substrate) were calculated. For the coating/substrate system, three samples were cut in two
different orientations (transverse and longitudinal to the laser tracks direction) with resultant

dimensions of 30x8x3.8 mm (Fig. 2).



Fig. 2 Schematic of sample cutting for bending tests a) Longitudinal and b) Transverse

3. Results and discussion
3.1 MCrAlY laser cladding coatings and their microstructure

Many variables are involved in the coaxial laser cladding process, requiring a previous study
to find the optimal experimental conditions. In previous works published by the authors [28—
30], the parameters for coaxial laser cladding were studied to obtain MCrAlY coatings with
an adequate aspect ratio, homogeneity, low chemical dilution and a good metallurgical
bonding with the substrate [31]. The high velocity, powder feed rate and laser power were
also selected to improve the efficiency of the process (high deposition rate and low powder
loss), resulting in a faster process. The specific laser energy (36.67 J/mm?) combined with a 4
mm laser beam spot diameter and 40% overlap recommended in recent studies [18,32]

allowed us to obtain the adequate MCrAlY laser coatings evaluated in this work.

The mean thickness of the obtained NiCoCrAlY coating was 837 + 26 um. The BSE images
(Fig. 3) revealed a dense coating with a homogeneous structure and minimal dilution with the
austenitic stainless steel substrate (less than 2 pm). The microstructure morphology and
elementary chemical analysis performed by EDS revealed two main phases: a matrix of y-
phase and a disperse -phase. However, the measured thickness of the CoNiCrAlY alloy was
slightly lower, 713 £ 33 um under the same process parameters. The microstructure was
revealed as a cellular dendritic structure. The BSE images together with the EDS
microanalysis (Fig. 3) showed a dendritic y—Ni matrix phase (bright zones) with the presence
of Cr and Co elements in a solid solution form. Furthermore, an interdendritic B-NiAl phase
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(dark zones) was also detected. Y-rich zones (bright zones) are present in some /B and y/y

grain boundaries in both coatings (Figs. 3 and 4).
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Fig. 3 SEM micrograph (2500X, 20 kV BSE mode) of the NiCoCrAlY laser coating, dilution
and substrate zones; to the right, linescan of chemical composition at the interface

In the CoNiCrAlY coating, a columnar dendritic structure with a planar solidification front
was observed (Fig. 4). In this case, the interdendritic phase (dark zone) is shorter than in the
nickel-based coating due to the lower Al content in this alloy. The EDS analysis also suggests
a hypoeutectic solidification with y-Co(Ni,Cr) and B-(Co,Ni)Al interdendritic phase. The y/p
laser cladding coatings’ microstructures were confirmed by DRX analysis (Fig. 5): the gamma

phase crystal is cubic FCC (Fm3m, space group number 225), and the beta phase is cubic

BCC (Pm-3m, space group number 221) [33].
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Fig. 4 SEM micrograph (2500X, 20 kV BSE mode) of the CoNiCrAlY laser coating areea
close to the interface with the substrate; on the right, chemical composition spectra with
quantification of the elements present in the two main phases
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The primary solidification phase is y-dendrites, while the -phase is formed in the interdendritic
regions by the residual eutectic reaction at the end of the solidification and solid state
precipitation. Nucleation is avoided, and the oriented cellular y-dendrites are observed in the
laser cladding coatings with the same orientation (vertical growth direction). Several Y-rich
zones (bright white) were present in some y/y and y/p grain boundaries; these results show and
confirm that the yttrium-rich zones are randomly distributed, but always towards the grain
boundaries or around porosities in both coatings. The Marangoni effect [18] was observed as
changes in the morphology and direction of dendritic growth in the microstructure, due to the

gradient of the cooling rates in depth.
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Fig. 5 XRD patterns acquired on the surface of both MCrAlY laser coatings and the two main
crystallographic phases indexed

The dilution and mixing of relevant chemical elements such as Fe, Co, Al and Y with Ni-Cr
from the surface of the coating to the substrate showed a gradual variation of composition

influenced by the microstructure obtained. At a higher iron content in the solid solution



formed during the solidification in the area near the substrate, a lower hardness is obtained, as
it is measured near the dilution zone, while a higher Al content increases the hardness, since
this element stabilizes the B-phase, which is harder than the y-phase [10,34]. The amount of -
phase detected at different zones of the coatings is double the y-phase content in NiCoCrAlY
with respect to CoNiCrAlY, representing 2/3 of the total composition. In the case of the
CoNICrAlY coating (Fig. 6), this proportion only represents about 1/4 due to the Al content of
this alloy (12.5 wt.% versus the 8 wt.%, respectively). This observation verifies that the
aluminum stabilizes the B-phase when MCrAlY coatings are obtained by laser cladding.
Furthermore, in the interdendritic spaces at the end of the rapid solidification process, an Al
content above the possible eutectic composition allows greater beta-phase formation,
specifically in the NiCoCrAlY alloy with its higher aluminum content, which also influences

the high-temperature oxidation behavior in this coating, as reported in previous work [35].
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Fig. 6 Evolution of B-phase amount from the surface to substrate in the obtained y/p MCrAlY
laser coatings

3.2 Hardness profile

The mechanical resistance and durability of a TBC depends of the mechanical characteristics
of each individual layer, the substrate characteristics and their relationship. In order to improve

the resistance of the system, the coating’s hardness must be greater than the substrate hardness
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[31,36]. Moreover, a gradual gradient in substrate hardness in the interface region is desirable.
That is why, in this initial section, we study the microhardness profile in the obtained laser
coatings. The microhardness profiles obtained for both compositions are plotted in Figure 7.
The average microhardness for NiCoCrAlY and CoNiCrAlY coatings was 492+13 HV and
361+15 HV, respectively, whereas the hardness for the stainless steel substrate was 234+10
HV, corroborating the higher H values desired for the coating. These results also demonstrate
that the microhardness behavior along the coatings are quite constant. The observed H deviation
in certain regions was expected due to the dendritic to columnar transition and due to the rich
B-phase content in the interdendritic zones. Otherwise, the higher H values found in the
NiCoCrAlY coating can be explained by the effect of the aluminum in the formed
microstructure; that is, the NiCoCrAlY alloy has a greater amount of Al (12.5%wt) than the
CoNICrAlY alloy (8%wt), which modifies the microstructure by stabilizing the p-phase, as

described previously.
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Fig. 7 Microhardness profile in MCrAlY laser coatings

It has been demonstrated that the hardness acquired for the NiCoCrAlY coating was higher than
that reported for the conventional plasma spray and HVOF processes (Table 1). However, the

hardness of the CoNiCrAlY coating resulted in a slightly lower H. Nevertheless, the overall
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quality of both LC coatings studied was enhanced by the obtained microstructure without
observable pores, defects or oxidized particles/material with these MCrAlY alloys. The
improved microstructure obtained through LC should increase the coating’s durability when

compared with conventional thermal spray coatings.

Table 1. Comparative table of microhardness values in MCrAlY coatings obtained by coaxial
laser cladding and thermal spray processes

I\(/:Izzséirri]agl Process Mi(c}zt;?r?qrr:qjg)ess HV scale Reference
Coaxial Laser Cladding 492 +13 HVo.1 Own measurements
NiCoCrAlY HVOF 434 + 64 HVo1 Mercier et al [37]
Plasma spray 450 + 45 HVo.1 Brodin et al [38]
Coaxial Laser Cladding 361 +15 HVo1 Own measurements
CoNiCrAlY HVOF 410+ 35 HVo2s Scrivani et al [39]
Plasma spray 155+ 18 HVos Higuera et al [40]

3.3 Elastic modulus and nanohardness

The microhardness analysis revealed that the B-phase stabilization effect from the aluminum
leads to a harder coating. This hypothesis was clarified by analyzing the individual phases by
nanoindentation tests on coating cross-sections. Figure 8 shows the in-depth H and E curves
obtained for the NiCoCrAlY (Fig. 8a) and CoNiCrAlY (Fig. 8b) coatings. These curves
evidence several characteristics to be considered: at low indentation depths (below 100nm
deep), results are useless due to their highly scattered values. This phenomenon is explained by
the roughness of the sample and by the pure elastic deformation mechanism produced at very
low loads [41,42]. However, two well-defined tendencies were observed over the 100-750 nm

depth range.

The range of depth marked in the figure has been used to calculate the H and E of each of the
coating’s individual phases. These values were subsequently assigned to y- and B-phases by

observing the location of each imprint made using FESEM. At the maximum indentation depth,
12



the curves converge due to the rule of mixtures [43,44], and these values were considered as

those of the whole coating. A further analysis of the individual phases is described below,

although an initial inspection of these curves reveals that the H and E values for each phase

were inverted between them.
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Fig. 8 In-depth Hardness and Elastic modulus curves obtained by nanoindentation for
a) NiCoCrAlY coating and b) CoNiCrAlY coating.

The H and E values for each identified y/B phase were calculated from the curves shown in Fig.

8 and summarized in Table 2. These results reveal an elastic modulus value for the whole

NiCoCrAlY coating of 175+3 GPa, and of 191+3 GPa for the CoNiCrAlY coating. These E

values were slightly lower than those obtained from the stainless used as substrate (240.9£7.3

GPa). The hardness was 6.2 GPa and 4.5 GPa for NiCoCrAlY and CoNiCrAlY coatings,

corroborating the microhardness results. These characteristics suggest that failures such as

delamination or detachment of the coating must be reduced, and are in agreement with

previously reported values [22].
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Table 2. Summary of the elastic modulus and hardness values calculated for each single phase
identified in coatings.

Ssample Phase Elastic Modulus Hardness
(GPa) (GPa)

v-Ni 2154 +9.7 75+0.7

NiCoCrAlY B-NiAl 178.7+6.8 9.7+04

Coating 1755+ 3.2 6.2+0.1

v-Co(Ni,Cr) 214.7+10.9 53+0.3

CoNiCrAlY B-(Co,Ni)Al 206.9 + 13. 6.0+05

Coating 191.0+ 3.4 45+0.1

The elastic modulus of the y-phases (215 GPa and 214 GPa) were higher than the 3-phases (178
GPa and 206 GPa) for the NiCoCrAlY and CoNiCrAlY, respectively. Additionally, the
hardness results followed an inverse trend to elastic moduli. The y-phases reveal a lower
hardness (7.5 GPa and 5.3 GPa) than the B-phases (9.7 GPa and 6.0 GPa) for NiCoCrAlY and
CoNICrAlY, respectively. The differences found for each given phase is due to both coatings
having similar crystallography but different chemical composition; for example, there is a
greater proportion of Ni-Cr solid solution elements in the NiCoCrAlY coating, leading to this
phase hardening. The lower elastic modulus found in the y-Ni phase is greater than that of the
B-NiAl phase due to the type of elements in the solid solution (Co and Cr) instead of the
intermetallic compounds in the aluminum-rich phase. However, the hardness of the B-NiAl
phase is greater than in y-Ni due to the higher percentage of the stabilized B-phase. These
conclusions are in agreement with the results of previous studies on coatings performed by Low
Vacuum Plasma Spray [10,21] and by conventional and sintered powder metallurgy [34] with

similar alloys.

In conclusion, the mechanical properties of the NiCoCrAlY laser coating are determined by the
higher hardness and low modulus of the B-NiAl phase, as we can see in Fig 9. For this coating,
the highest difference was observed between the properties of the y/B phases, and this

characteristic could affect failure resistance. In the CoNiCrAlY coating, the difference between
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the mechanical properties of the phases is much smaller because the B-(Co,Ni)Al phase has a
lower aluminum content than the B-NiAl phase. Others authors [21] have confirmed through
nanoindentation measurement and analysis that B-(Co,Ni)Al is harder than the y-Co(Ni,Cr)

phase due to the y-phase having a very low fraction of solid solution strengthening elements.
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Fig. 9 Nanoindentation hardness & elastic modulus map for each individual phases in
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3.4 Three-point bending tests

One of the simplest ways to evaluate mechanical strength in the coating-substrate assembly
(and even the interface) is the three-point bending test. Flexural elastic properties have been
obtained. Furthermore, the maximum resistance and the ductility of the coating were calculated
until reaching catastrophic failure. The failure zone has also been analyzed by means of FESEM
to study the failure mechanism both in the coating and in the coating-substrate interface zone.
Fig. 10 shows the stress-strain curve of the coatings tested, both in longitudinal (Fig. 10a) and
transverse orientation (Fig. 10b) with respect to the laser tracks overlap direction. The events
that occurred during the test were detected by the abrupt deflection event using the

extensometer, indicating the load at which the coating reached failure.
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As observed in the bending stress vs. deformation curves, all the coatings failed in the plastic
zone, so the ductility of the coatings is adequate to maintain their integrity in the elastic range;
with the stress and deformation after the yield zone, coating failure occurs. Greater resistance
has been obtained in the longitudinal direction of bending samples (Fig. 10a), and in the
transverse samples, resistance and ductility are reduced. This behavior will be analyzed with
electron microscopy images of the interface area (lateral view) in the coatings after the bending
tests. The calculated values of the elastic modulus in bending, yield strength, failure stress and

deformation for coating failure are listed in Table 3.
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Fig. 10 Characteristic Bending Stress vs. Deformation curves obtained from the three-point
bending tests in a) longitudinal samples and b) transverse samples

As expected, the austenitic stainless steel substrate AISI 304 presents a high ductility in the
three-point bending tests. No cracks were generated on the surface with maximum tensile stress.
The behavior of the stress vs. deformation curve is very linear, both in the elastic zone and then
in the plastic zone (Fig. 10 i.e.), which denotes a hardening by gradual deformation in the
stainless steel after the yield zone. But this is not the case in the coatings; all laser coatings
failed in the plastic zone, as shown in Figs. 10a and 10b, which is a positive result since it is
guaranteed that they will have satisfactory mechanical behavior in service (mechanical
components are commonly designed to work in the elastic range). The bending yield stress of

the MCrAlY coatings is higher than the substrate. Otherwise, the highest values observed in the
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bending elastic modulus was recorded for the CoNiCrAlY alloy (in transverse samples), and
the lowest values for the elastic modulus were obtained for the NiCoCrAlY coating (in
longitudinal samples), which is in line with the trend observed in elastic modulus

nanoindentation measurements.

Table 3. Three-point bending tests results
Orientation Bending Bending

Material / of tracks in Elastic Yield Failure Deforr_natlon
. . Strength at failure
Coating bending Modulus Strength (MPa) (%)
samples (GPa) (MPa)
SS AISI 304 146.31 +4.11 546.83 £50.16
Longitudinal  118.29+11.66 702.24+98.81 90259+ 70.84 1.24+0.28
NiCoCrAlY
Transverse 123.19+4.41 612.30+91.57 766.60+99.15 0.92+0.27
Longitudinal 12546 +7.94 731.67 £47.61 1029.61+6.97 3.41%0.53
CoNiCrAlY

Transverse 136.30 £13.15 730.33+54.28 840.85+ 27.87 1.51+0.42

A notable anisotropy characteristic was found in the case of the NiCoCrAlY coating. This
coating presents the highest hardness, according to microhardness and nanoindentation
measurements, although the bending elastic modulus is maintained constant in both
orientations, in addition to a significant reduction of the bending yield strength (12.8% or 90
MPa) and strength at failure (15.07% or 136 MPa) in the transverse orientation. This effect
indicates that when laser tracks are arranged in the transverse direction, a greater number of
overlapping tracks, with more interface between them, are achieved. The ductility is reduced in
the transverse orientation, and the resistance of the coating/substrate assembly in the plastic

zone is also reduced, until reaching coating failure.

To analyze the failure mechanism of the coatings in both orientations, we can observe and
compare the FESEM images on the lateral side of the tested samples (Figs. 12 and 13), where
it is evident that, for NiCoCrAlY laser coatings, both orientations (longitudinal and transverse)

present a failure mechanism by localized delamination (Fig. 12). In the case of the longitudinal
17



sample, it is observed that the coating is plastically deformed before failure, and there is a
smaller delamination zone (Fig. 11a) than that observed in transverse sample (Fig. 11b), in
which there is no plastic deformation of the coating (fragile-elastic behavior), which denotes a

greater fragility (or brittle behavior) of the coating in this condition.

No internal cracks are observed in the cross section of both coatings, although at the end of the
delamination zone in the interface with the substrate, small cracks are generated in the interface
with the substrate (Figs. 11c and 11d). This behavior has been reported by other authors in
NiCrAlY coatings after three-point bending tests in vacuum heat treated (annealed) samples,
indicating that the crack nucleates and propagates along the interface, leading to the rupture of

the brittle overlayer [23].

The failure zone of the NiCoCrAlY coating in the longitudinal orientation has a higher crack
density than that observed in the transverse orientation, where failure was catastrophic due to a
vertical crack. The fragility is associated with the high hardness of the coating as previously
measured by microhardness and nanoindentation tests, while the failure by delamination is due
to the notable difference in the elastic modulus between both materials, as well as the high
ductility of the substrate and the fragility that the NiCoCrAlY coating presents, based on the
fact that an adequate metallurgical bonding was achieved between both materials as well as a

low dilution of the chemical elements of the substrate.

The way in which the coating failed internally can be closely associated with the dendritic
microstructure of the coating, since the great difference between elastic modulus and hardness
presented by the y- and B-phases that constitute its microstructure can favor intergranular
fracture in the dendritic area, although this aspect was not studied in detail on the failure

surfaces since the test was stopped at 6% of total deformation.
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Fig. 11 SEM micrographs (20 kV SE mode) of the NiCoCrAlY coating after the bending
tests: a) longitudinal sample b) transverse sample c) cracks in longitudinal sample and
d) cracks in transverse sample

The CoNiCrAlY coating did not show delamination, and failure is due to vertical cracks that
nucleate in the area of highest tension (outer fiber of the coating) and propagate to the interface.
In the case of the longitudinal sample, a single crack is generated (Fig. 12a), while in the
transverse sample, at least four cracks are observed (Fig. 12b). There is a slight increase in the
elastic limit in comparison with the NiCoCrAlY coating, and it is higher than the substrate
(good correspondence of the coatings in the elastic zone). Resistance is significantly reduced
until failure in the transverse orientation (18.3% or 188.76 MPa), with an increase of the elastic

modulus of 8.6% or 10.8 GPa.

The highest resistance was achieved in longitudinal samples of CoNiCrAlY coating due to the
excellent metallurgical bond with the substrate which is evident in the absence of delamination
in the interface zone (Fig. 12c), and due to its high ductility. Although there is also excellent
metallurgical bonding in the transverse orientation, multiple vertical cracks are generated (Fig.
12d) only in the coating material, some of which do not reach the external surface of the coating,

showing cracks separated from each other but which start from the coating/coating interface
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(Fig. 13d). This failure behavior is much better than the delamination and multiple cracks
reported in HVOF CoNiCrAlY coatings on Ti6Al4V when subjected to three point bending
tests [45].

a TR, )

Coating ' ‘ ‘ Coating N
2 Failure - -
Cracks

Substrate . _ - Substrate

Crack

\ Plastic deformation : Plastic
deformation

200um 200pm

Fig. 12 SEM micrographs (20 kV) of the CoNiCrAlY coating after the bending test:
a) longitudinal sample (SE mode) b) transverse sample (SE mode) c) failure detail in
longitudinal sample (BSE mode) and d) failure detail area in transverse sample (BSE mode)

In the high-magnification micrographs of the failure zone, it can be observed how both
orientations in the coating and the substrate have been plastically deformed in a similar way
until reaching coating failure (Figs. 12a to 12c), associated with the low hardness of the y-
(Co,Ni)Cr matrix which gives it a high ductility, so it can be asserted that the failure mechanism
is exclusively through nucleation of cracks in the coating. Around the main crack, micro cracks
parallel to this can be observed and suggest the nucleation of cracks from the interface in the
areas between overlapping laser tracks, since this it is where changes in the orientation of the

solidification are found, favoring accumulation of nucleation.

If the results obtained in the CoNiCrAlY coating are compared with those reported in similar
bond coats obtained by plasma spray [10,46], it is observed that the resistances reached in

bending in the laser coatings are double the values measured in a three-point bending test both
20



for the yield strength and for the maximum resistance until coating failure. The anisotropy in
the mechanical properties obtained from this test depend on the amount of interface between
the overlapping laser tracks. As a common factor, there is a greater amount of lacing interface
in the tracks arranged with transverse orientation, which increases not only the defects
associated with them, but also increases the possibility of failure due to intergranular cracks in
the dendritic areas. The solidification direction changes and chemical composition of the phases
also have an affect, in addition to a lower homogeneity in the metallurgical bond of each laser
track (15 in total) with the substrate, since each pass has a separate heat accumulation of the

heat input generated by the laser energy density.

The study of the mechanical behavior of the obtained laser coatings and the extreme correlation
with their microstructure in as-built condition allow us to provide to the scientific community
with greater knowledge of the mechanical properties that can be obtained with laser processing
of MCrAIlY alloys. In this work, we have focused on obtaining bond coats through LC, and in

the future, this could be used for the manufacture of components by LMD.
4. Conclusions

Dense MCrAlY coatings exhibiting adequate metallurgical bonding with the substrate were
obtained by overlapping coaxial laser cladding; the microstructure is composed mainly of a y-
(Ni,Co)Cr matrix phase and a -(Ni,Co)Al interdendritic phase, confirmed by XRD, with

some Y-rich areas around grain boundaries or small pores.

The MCrALY laser coatings have a higher microhardness than the AISI 304 stainless steel
substrate. The hardness of the main phases that make up the coatings has been measured by
nanoindentation. The B-phase rich in aluminum was harder than the y-phase, so in MCrAlY

laser coatings with y/p microstructure, the hardness may be higher than in y/y' coatings.

The mechanical properties measured by nanoindentation tests make it possible to assert that

the y/B MCrAlY laser coatings have elastic modulus and hardness similar to those reported in
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conventional thermal projection processes, but with a microstructure characteristic of a fusion
process, with rapid solidification outside the balance, a lower level of porosity and no defects.
The elastic modulus of the NiCoCrAlY and CoNiCrAlY coatings were lower than the
substrate; this property has behavior that is inversely proportional to the hardness of the laser
coating, so that a greater amount of 3-(Ni,Co)Al phase, lower elastic modulus and lower

ductility are obtained in laser coatings with y/B microstructure.

The obtained MCrAlY laser coatings showed good performance in the three-point bending
tests; all coatings failed in the plastic range, with a failure resistance higher than the elastic
limit of the substrate. The lowest resistance was for the NiCoCrAlY coating, which presented
an elastic-fragile behavior, with a failure mechanism by delamination and cracks from the
interface with the substrate. The highest resistance was for the CoNiCrAlY coating, which
presented an elastic-plastic behavior, crack failure without any delamination and high

ductility.

There was an anisotropy feature in the flexural behavior according to the deposition direction
of the overlapping laser tracks, significantly reducing the resistance in the transverse
orientation. The anisotropy was explained due to a greater number of lacing interfaces,
favoring intergranular fracture in the dendritic areas with sudden changes in the solidification
direction, in addition to less homogeneity in the metallurgical connection of the tracks with

the substrate.

The results confirmed that coaxial laser cladding is a good alternative to the thermal spray
process to obtain a good quality bond coat, and that MCrAlY laser coatings show adequate
mechanical properties in terms of elastic modulus, hardness and ductility for use in TBC

systems, and offer a promising outlook for future additive manufacturing using LMD with

MCrAIlY alloys.
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