N
N

N

HAL

open science

High temperature oxidation of NiCrAlY coated Alloy
625 manufactured by selective laser melting

Damien Texier, Etienne Copin, Augustin Flores, Jiwon Lee, Mathieu Terner,

Hyun-Uk Hong, Philippe Lours

» To cite this version:

Damien Texier, Etienne Copin, Augustin Flores, Jiwon Lee, Mathieu Terner, et al.. High temperature
oxidation of NiCrAlY coated Alloy 625 manufactured by selective laser melting. Surface and Coatings

Technology, 2020, 398, pp.1-14/126041. 10.1016/j.surfcoat.2020.126041 . hal-02872096

HAL Id: hal-02872096
https://imt-mines-albi.hal.science /hal-02872096

Submitted on 25 Jun 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://imt-mines-albi.hal.science/hal-02872096
https://hal.archives-ouvertes.fr

High temperature oxidation of NiCrAlY coated Alloy 625 manufactured by

selective laser melting

Damien Texier™", Etienne Copin”, Agustin Flores®, Jiwon Lee

Hyun-Uk Hong”, Philippe Lours®

»b Mathieu Terner”,

2 Institut Clement Ader (ICA) - UMR CNRS 5312, Université de Toulouse, CNRS, INSA, UPS, Mines Albi, ISAE-SUPAERO, Campus Jarlard, 81013 Albi Cedex 09, France
Y Department of Materials Science and Engineering, Changwon National University, 20 Changwondacehak-ro, Changwon, Gyeongnam 51140, Republic of Korea

ABSTRACT

Keywords:

MCrAlY bond-coating
Superalloy

Additive manufacturing
Selective laser melting
Oxidation

Dilution

The high temperature oxidation of fully SLM-processed NiCrAlY coated Alloy 625 parts was investigated be-
tween 800 °C and 1000 °C. For comparison, bulk NiCrAlY and bulk Alloy 625 were also fabricated using SLM.
Two thin layers of NiCrAlY powder were lasered at the surface of Alloy 625 to form the bi-materials. Bulk
NiCrAlY and bi-materials showed an improved oxidation behavior compared to Alloy 625. The oxidation of the
NiCrAlY coating results in regions with a dense and continuous external Al,O3 layer and regions composed of a
mixture of external Cr,O3 and internal Al,O3. Large EDS maps at the surface and cross-sections of the bi-material
highlighted a heterogeneous distribution of constitutive elements of the NiCrAlY coating, resulting in some
regions with an Al activity lower than the one required for the formation of a continuous and dense Al,05 layer
(=10 atomic percent). Low Al activity and high Al activity regions were related to the topography of the SLMed
surface and correspond to hill and valley regions, respectively. In addition, cracks, mainly occurring in high Al
activity regions, were observed across NiCrAlY specimens. The fabrication of coated but small components with

a brittle coating by SLM is not trivial and needs further investigations.

1. Introduction

Nickel-based superalloys are intensively used in the aerospace in-
dustry for high temperature applications because of their excellent
mechanical strength combined with their resistance to high tempera-
ture oxidation and corrosion [1-3]. Alloy 625, consisting of a Ni base
FCC y-Ni matrix solution strengthened by significant additions of Cr, Nb
and Mo, was purposely developed to achieve an interesting trade-off
between mechanical strength, fracture toughness, weldability, manu-
facturing and corrosion/oxidation performance under aggressive en-
vironments [4-8]. Its good resistance to high temperature surface re-
activity derives from the considerable amount of chromium present in
the alloy, i.e. about 20% in weight and 24 atomic %, promoting the
formation of a continuous and protective external Cr,O3 oxide layer and
internal Al,O3 oxides in a large temperature window [5,9-12]. Alloy
625 exhibits a parabolic oxidation behavior between 600 °C and
1050 °C [9]. The parabolic constant of oxidation follows an Arrhenius
relation with a frequency factor ko of 8.3.10"% = 2.7 g>em ™~ *s™! and
an activation energy Q of 232 + 11 kJ.mol ! regardless of the partial
pressure of oxygen between 0.12 and 10.3 kPa in the 1050 °C-1250 °C

* Corresponding author.
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temperature range [9]. Above 1050 °C, Nb and Ti are found in the
upper regions of the oxide scale and a slight decrease in oxidation rate
is noticed as a function of the exposure time. This could be caused by
either changes in the oxide-film composition or by the possible volati-
lization of Cr,03 due to the formation of the CrO; (g) compound [13].
Cr,03 volatilization is accelerated with the increase in temperature, in
partial pressure of oxygen or in the presence of water [13,14]. Both the
chromium depletion associated with the formation of Cr,O3 and its
volatilization impair the subsurface microstructure and the high tem-
perature structural performance of Alloy 625. Such an oxidation-as-
sisted degradation of component integrity is particularly harmful for
small-size and/or thin structural components. Therefore, improvement
in surface reactivity of Alloy 625 at high temperature is of high interest.
High temperature protective coatings, such as aluminide diffusion
coatings or MCrAlY overlay coatings, are commonly used onto nickel-
based superalloys to promote the formation of dense and very low-
growth-rate a-Al,O3 and/or CryO3 oxide scale [15-18]. The improve-
ment in high temperature oxidation properties above 1000 °C of Ni-
CrAlY coatings containing more than 10 atomic % of aluminum was
demonstrated from decades due to the formation and growth of a
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Table 1

Nominal composition of the Alloy 625 and NiCrAlY powders used for SLM manufacturing measured by ICP-OES (in % at.), and composition range for bulk Alloy 625,

bulk NiCrAlY and NiCrAlY coated Alloy 625 measured by EDS (in % at.).

Element Ni Cr Mo Fe Co C Nb Al Y
Alloy 625 (powder) Bal. 22.9 5.10 3.70 0.60 0.39 1.99 0.76 -
NiCrAlY (powder) Bal. 21.9 - - - - - 17.9 0.7
Bulk Alloy 625 (SLM) Bal. 23-25 5-6 3-5 0.5-0.7 - 1.7-2.3 0.5-1.5 -

Bulk NiCrAlY (SLM) Bal. 18-25 - - - - - 17-21 0.2-0.5
NiCrAlY Coating (SLM) Bal. 21-24 3-5 0.3-0.6 - - 2-3 3-12 0.1-0.3

continuous, compact, and adherent a-Al,Os; [19-21]. However, the
oxidation performance of NiCrAlY alloys below 1000 °C could be sig-
nificantly impaired, and can be even worse than Alloy 625 in terms of
mass evolution [22-24]. This change in oxidation behavior is attributed
to the growth of other Al,O; allotropic variants, ie. 8-Al,03 and y-
Al,O3, showing higher oxidation kinetics, and/or the growth of external
Cr,03. Therefore, improving the oxidation resistance of Alloy 625 using
NiCrAlY coatings for temperature lower than 1000 °C is of high interest,
but not straightforward.

The need for improved performance while satisfying both structural
and environmental specifications leads to more and more complex de-
sign in terms of geometry and multi-layered microstructures for high
temperature jet engine and power plant turbines. Conventional manu-
facturing processes, such as forging, casting and/or powder metallurgy
can find limitations for highly complex geometries, integrated struc-
tures, miniaturized and/or small-volume production. Additive manu-
facturing (AM) techniques are nowadays particularly appropriate for
manufacturing such structural components requiring complex design,
high mechanical performance, and good surface reactivity [25]. Fur-
thermore, these near-net-shape manufacturing processes tend to limit
and even eliminate tooling operations, aiming at considerably reducing
processing operations and lead time [26,27]. The powder bed fusion
(PBF) AM technique consists in manufacturing parts layer-by-layer by
selectively melting thin powder layers using a focused laser or electron
source. Such a layered manufacturing strategy, also called “Selective
Laser Melting” (SLM), aims to manufacture structural components with
both internal and external complex geometries and with spatial re-
solutions and geometrical tolerances more and more compatible with
industrial applications, especially in the field of aerospace. Due to its
excellent weldability, SLM-processed Alloy 625 has been widely in-
vestigated in terms of solidified microstructure and metallurgical state,
crystallographic texture, and mechanical performance in comparison
with conventionally wrought Alloy 625 [28-35]. However, the high
temperature oxidation resistance of SLM-processed Alloy 625 and
coated Alloy 625 components was sparsely reported in the open lit-
erature. Fully SLM-processed NiCrAlY coated Alloy 625 was recently
investigated in terms of manufacturing feasibility, microstructure, and
interdiffusion [36]. A set of optimal processing parameters were iden-
tified to produce coatings with very low residual porosity (<0.1%). In
addition, contrary to typical overlay NiCrAlY coatings deposited by
plasma spray processes, SLM processed NiCrAlY coating exhibited
substantial dilution into the Alloy 625 substrate in the as-deposited
state, resulting in a progressive Al concentration distribution
throughout the coating [36]. The capability of this novel manufacturing
approach is promising, and additional microstructural, thermal stabi-
lity, mechanical performance and surface reactivity characterizations
are needed to validate this processing route.

In the present investigation, the high temperature oxidation beha-
vior under isothermal conditions of fully SLM-processed NiCrAlY
overlaying Alloy 625 parts is investigated between 800 °C and 1000 °C
by means of ex-situ thermogravimetric analyses (TGA) in order to
document their oxidation kinetics. The oxidation behavior of the coated
superalloy is compared to the one of bulk NiCrAlY and Alloy 625.
Optical and scanning electron microscopy observations of the sample
surface and cross-section, X-ray diffraction, energy dispersive

spectroscopy, and topographic analyses were also conducted to docu-
ment local oxidation events related to the fabrication process.

2. Experimetal procedures
2.1. Materials

Bulk Alloy 625, bulk NiCrAlY and NiCrAlY coated Alloy 625 sam-
ples were manufactured by SLM. The Alloy 625 and the NiCrAlY
powders, obtained by gas-atomization, were supplied by SLM SOLUT-
IONS and DUCAL INTERNATIONAL, respectively. The chemical com-
position of both powders was measured by inductively coupled plasma
optical emission spectrometry (ICP-OES) and are reported in Table 1.
The average diameters of the powders were similar, i.e. 29 um for the
Alloy 625 powder and 35 pm for the NiCrAlY powder. The morphology,
the size distribution, and the flow rate of both powders used are de-
tailed in Ref. [36].

A SLM 125HL© machine from SLM SOLUTIONS was used to man-
ufacture the different samples. It is equipped with a 400 W Yb laser
(1075 nm) with a Gaussian-beam-focus diameter of 70-100 pum. The
fabrication process was performed under a protective argon atmosphere
to limit oxidation: the build chamber was initially flooded with argon,
then the pressure was kept at 80 mbar during the process. The partial
pressure of oxygen was kept below 0.1 atomic %. Furthermore, a con-
stant flow of Ar was maintained above the powder bed to blow away
the spatter. The building platform was held at 150 °C (for NiCrAlY) or
200 °C (for Alloy 625) during the whole process to reduce thermal
stresses. The different processing conditions and sample geometries
used to manufacture the three materials are reported in Table 2 and in
Fig. 1. The scanning strategy included contours and used a stripes fill
pattern type including stripes with length of 7.5 mm (for NiCrAlY
coatings) or 10 mm (for Alloy 625 and bulk NiCrAlY) and a rotation
angle of the scanning directions of 67° (for NiCrAlY coatings) or 33° (for
Alloy 625 and bulk NiCrAlY) between consecutive layers. A hatch
spacing h of 120 um and a layer thickness t of 50 pm were selected for
all the SLM processed materials. These parameters correspond to
standard parameters recommended by SLM SOLUTIONS for Alloy 625,
and optimized parameters determined in a previous work for NiCrAlY
[36].

For bulk Alloy 625,10 x 10 x 10 mm?® samples were manufactured
on small pillar and block supports for easier sample removal from the
substrate plate (Fig. 1(a)). Note that no stress release heat treatment
was applied to the samples. 1-mm thick slices were then extracted from
the cube with a precision cutting machine (Isomet5000 from

Table 2
Processing parameters used to manufacture the bulk Alloy 625, the bulk
NiCrAlY and the NiCrAlY coated Alloy 625.

Power P Scanning speed v Angle increment  Stripe length
w) (mms™") Q) (mm)

Bulk In625 275 760 33 10

Bulk NiCrAlY 250 800 33 10

In625 substrate 275 760 33 10

NiCrAlY coating 250 800 67 7.5
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Fig. 1. Sample geometry for the three materials: (a) bulk Alloy 625, (b) bulk NiCrAlY, and (c) NiCrAlY coated Alloy 625 samples.

BUEHLER).

For bulk NiCrAlY, 15 x 10 mm?, 1-mm thick samples were directly
fabricated onto the substrate plate (Fig. 1(b)) and samples were then
sliced using electrodischarge machining (EDM). A preliminary study
aimed to optimize the sample geometry for bulk NiCrAlY samples due
to the highly brittle behavior of MCrAlY coating below 600-800 °C
[37]. Therefore, bulk NiCrAlY samples had a design with larger di-
mensions than bulk Alloy 625 ones. Samples were manufactured with
rounded corners to avoid severe cracking during the fabrication. Bulk
NiCrAlY samples were polished using a precision Jig to gently remove
the initial roughness of the sample as well as the potential dilution
region affected by the substrate plate. The polishing procedure is de-
tailed in Ref. [38].

For NiCrAlY coated Alloy 625, 5 x 5 x 5 mm? Alloy 625 samples
were first manufactured on small pillar type supports (Fig. 1(c)). The
SLM machine was subsequently cleaned to switch to NiCrAlY powder
feed. Then, two layers of NiCrAlY powder (about 100 um) were SLM
processed on the top surface only of the small cubes without any further
surface preparation. Based on the apparent density of the powder
(around 60%), this would theoretically correspond to a coating layer of
about 60-70 um thick after solidification. Samples were removed from
the substrate plate and sliced in the middle plane parallel to the coating
surface, leaving a total thickness of about 1 mm, to limit contribution of
the coating free side surfaces during oxidation tests. The bottom surface
sliced was finally polished all together with the same precision Jig as
for bulk NiCrAlY samples to ensure parallelism between the coating
surface and the back face as well as repeatability in specimen thickness.

It is worth noting that bulk Alloy 625 and bulk NiCrAlY samples
were polished on both faces (P2400 grit paper) while solely the Alloy
625 face for NiCrAlY coated Alloy 625 samples was polished, the
coating surface remaining in the as-built (“AB”) state from SLM fabri-
cation. Therefore, the true surface of the NiCrAlY coating is thus sig-
nificantly larger. All the samples were finally subjected to two con-
secutive heat treatments under vacuum designed for promoting
interdiffusion for standard NiCrAlY coated parts: 6 h at 1080 °C fol-
lowed by 20 h at 870 °C [39]. This metallurgical state was hereafter
labelled “as-heat-treated” (“AHT”) microstructure in the present paper
and is the microstructure of interest in the present study.

It should also be noted that both bulk NiCrAlY and NiCrAlY coatings
exhibited some cracks as what is assumed to be the result of delayed
cracking caused by high levels of residual stress within the material, a
typical feature of SLM processing [40]. Indeed, these cracks appear
after some time if no heat treatment is performed quickly after manu-
facturing, in a time scale not yet determined. If the diffusion heat
treatment is performed right after manufacturing by SLM, which is not
the case in this study, little to no cracking is expected.

2.2. High temperature oxidation

Isothermal oxidation tests were conducted under laboratory air at
800, 900, and 1000 °C for a maximum duration of 200 h.
Bulk Alloy 625 and NiCrAlY samples were oxidized for 48 h in a

SETSYS thermobalance from SETARAM to continuously monitor the
mass evolution during the high temperature exposure (resolution of
10 pg). Samples were directly hung in the furnace using a platinum
suspension. Samples with dimensions of 10 x 10 X 0.5 and
15 X 10 x 0.5 mm? were used for bulk Alloy 625 and for bulk NiCrAlY,
respectively. Based on the brittleness of NiCrAlY materials, a 1.5 mm-
diameter hole was purposely included in the design produced by SLM.
For bulk Alloy 625, the 1.5 mm-diameter hole to hung the sample with
the Pt wire was drilled.

For NiCrAlY coated Alloy 625 samples, ex-situ thermogravimetric
analyses were performed using a NABERTHERM N 11/H furnace, due
to the size of samples judged too small for in-situ analysis. The tem-
perature was recorded with a K-type thermocouple, and the mass
evolution was measured using a precision balance (SARTORIUS MC5)
with a resolution of + 1 pg. Samples were directly hung in an alumina
crucible with platinum wires to expose all sample faces to the en-
vironment. Interruptions at definite exposure times were carried out,
ie. 5,10, 20, 50, 100, and 200 h to document the evolution of the mass
gain and the nature of the oxidation products.

Macrographs of the samples were acquired with a LEICA DMS 300
calibrated microscope in order to measure the projected surface of
samples by image analysis, which was subsequently used for the cal-
culation of specific mass gain.

Topographic measurements were conducted using an OLS 5000
LEXT laser scanning confocal microscope by OLYMPUS with a 405 nm
monochromatic source and a MPLFLN10xLEXT lens. Height measure-
ment maps of the NiCrAlY coated Alloy 625 samples were acquired with
a z-resolution of 0.1 pm and x/y-resolution of 0.3 um. Topographic
measurements were necessary to assess the developed surface of the
NiCrAlY coated Alloy 625 samples with their as-built roughness.
Stitching reconstruction was used to cover the 5 x 5 mm? sample
surface. Prior to weighing and oxidation, all samples were cleaned for
15 min in acetone, followed by 15 min in ethanol using a ultrasonic
bath.

2.3. Material characterizations

Surface and cross sectional observations were conducted using a
field-emission gun scanning electron microscope (FEG-SEM) Nova
NanoSEM 450 from THERMOFISHER SCIENTIFIC in a backscattered
electron mode. The FEG-SEM was equipped with a GENESIS APEX 2i
EDS detector from EDAX for chemical profiles and mapping. For cross-
sectional characterizations, the samples were hot mounted without
cutting to not alter the oxides at the surface of the oxidized samples.
The mounted samples were then polished up to the mid-section plane of
the specimen using standard automatic metallographic techniques and
a surface finish of 0.05 pm alumina particles suspension. An X'PERT
PANALYTICAL X-Ray diffractometer from PHILIPS was used for the
identification of crystallographic structures. X-ray scans were recorded
using the Cu-Ko radiation (A = 1.54A), covering a range of angles (20)
from 15° to 100° with a step size of 0.033".
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Fig. 2. Element distribution of the NiCrAlY coated Alloy 625 sample before heat treatment (as-built state) measured with EDS: (a) Micrograph in BSE mode and
element maps for Al, Cr, Nb, Mo and Y, and (b) Chemical profiles showing the interdiffusion between the NiCrAlY coating and the Alloy 625 substrate.

3. Results dilution effects. EDS maps in Fig. 2(a) give a qualitative representation
of the element distribution within the 60 um thick coating in the as-

3.1. Chemical analysis of the as-built NiCrAlY coated Alloy 625 built state (before heat treatment) and Alloy 625 substrate. It highlights
the presence of substantial amount of Nb and Mo within the coating as a

Cross-sectional analyses of as-built (AB) NiCrAlY coated Alloy 625 result of dilution of the coating into the substrate when processing the
samples, ie. just after the SLM process, were conducted to document two layers of NiCrAlY powders by SLM, which typically involves the

the gradient of chemical composition within the coated system due to remelting of already solidified material across several layers. While the



chromium element map is particularly homogeneous along the whole
cross-section, a layered/bead pattern is observed for Al, Nb and Mo
elements, leading to strong variability in local chemical composition. As
expected, the Al content is higher in the coating compared to the bulk
Alloy 625, and the Nb and Mo content is slightly lower. The presence of
significant amount of alloying elements from the Alloy 625 substrate
explains the difference in microstructure with the bulk NiCrAlY variant,
notably the precipitation of the Mo-rich o phase after the heat treat-
ment (Section 3.2). The chemical profiles in Fig. 2(b) aim to further
evidence this dilution effect. Al content was found twice higher in the
NiCrAlY coating compared to the bulk Alloy 625, showing the Al en-
richment suitable for improvement in high temperature oxidation.
However, the Al content in the NiCrAlY coating is nearly 40% lower
than the one in the NiCrAlY powder and bulk NiCrAlY. Nb and Mo
levels in the coating represent about 70% of the content in bulk Alloy
625. Interestingly, the coating region appeared to be almost devoid of
Y, which was found to fully segregates on the top surface in the form of
monoclinic Y4Al,O9 oxide (YAM) as mentioned in Section 3.2 below. In
addition, the chemical composition of the NiCrAlY coating was ana-
lyzed at different locations of the sample. Some variability in the che-
mical composition was observed and the composition range for each
element was added in Table 1. The chemical composition of bulk Alloy
625 and bulk NiCrAlY materials were also reported in Table 1 for in-
formation. Both the bulk materials and their respective powders have a
similar chemical composition. Hence, Al evaporation during SLM pro-
cessing, which can be subjected to this issue, was considered as not
significant with the set of parameters used.

Top surface observations of as-built NiCrAlY coated Alloy 625 evi-
denced regularly spaced oxide beads parallel to the scanning direction
(Fig. 3(a)). These oxide beads were located at the inter-beads region, i.e.
in the area between consecutive weld tracks from the NiCrAlY powder
SLM processing. These oxides were identified as Y4Al,O9 phase (see
Supplementary note 1 in the Supplementary Information file). As on the
Y EDS map in Fig. 2(a), a cross sectional observation of the Y;4Al,09
bead is illustrated in Fig. 3(a). Bulk SLM processed NiCrAlY samples did
not exhibit such a significant Y enrichment on the external surface
(Fig. 3(b)). Top surface observations also revealed the presence of a
local network of small cracks (yellow arrows in Fig. 3(a)) perpendicular
to the scanning direction within the NiCrAlY coating, contrary to bulk
NiCrAlY samples. It should yet be noted that few macroscopic cracks
were observed in bulk NiCrAlY specimens, as mentioned in Section 2.1.

3.2. Microstructure of the “as-heat-treated” NiCrAlY coating versus bulk
Alloy 625 and NiCrAlY

The as-heat-treated (AHT) microstructures of bulk Alloy 625, bulk
NiCrAlY and NiCrAlY coated Alloy 625 were characterized using
scanning electron microscopy in a backscattered electron mode and
EDS analysis (Fig. 4). Punctual EDS analyses, EDS mapping, and XRD
analyses were added as Supplementary Information to document phase
identification for the three materials.

(Y NiCrAlY coated Alloy 625
- = :

The microstructure of as-heat-treated Alloy 625 was found typical of
SLMed Alloy 625 annealed and aged above 850 °C [35,41,42]. It con-
sisted mainly of a FCC y-Ni matrix with fine, globular Nb-rich MC
primary carbides distributed at the grain boundaries and within grains
(sub-micrometer in the latter case), as depicted in Fig. 4(c, f). Sec-
ondary phases formed during the 20 h dwell at 870 °C were also ob-
served and include some intra- and intergranular 8-NizNb needle-like
particles and bulky secondary carbides distributed along grain bound-
aries. Based on their chemical composition ((Mo,Nb)-rich and Si-con-
taining), the latter precipitates are expected to be MgC rather than
M,3Ce type carbides, as reported in Refs. [42,44]. In addition, M23Cg
becomes less stable than MgC above 850 °C [45,46].

Cross-sectional micrographs of bulk NiCrAlY and NiCrAlY coatings
in the heat-treated state were compared at different magnifications in
Fig. 4. Significant differences in terms of phase occurrence and mor-
phology were observed between the coating and the bulk variants
(Fig. 4(a, d) versus Fig. 4(b, e)). A y-Ni/y’-NizAl matrix with well dis-
persed a-Cr precipitates (bulky and lamellar) and (Ni,Y)-rich inter-
metallic precipitates were identified in the bulk NiCrAlY variant
(Fig. 4(b, e)), consistent with the expected phases for Ni-22Cr-10Al-1Y
[47].

The NiCrAlY coating microstructure was composed of intragranular
Nb-containing y’-NizAl precipitates and (Mo,Cr)-rich needle-like pre-
cipitates embedded in a y-Ni matrix (Fig. 4(a, d)). The needle-like
precipitates, showing specific orientation with the y-Ni matrix and a
composition rich in (Mo,Cr) and depleted in Ni, were identified as the
topologically close packed (TCP) phase o [42-44]. Grain boundaries
were decorated with larger y’-Ni3Al precipitates, a-Cr precipitates and
Mo-rich blocky precipitates having a similar composition to that of the
(Mo,Cr)-rich needle-like precipitates, also identified as the TCP o phase.
At last, contrary to the bulk NiCrAlY variant, no (Ni,Y)-rich inter-
metallic precipitates were found within the coatings. Instead, yttrium
was segregated on the top surface of the coating as Y4Al,Oq oxide beads
locally found at the boundary between NiCrAlY beads (see Section 3.1,
Figs. 2(a) and 3(a)). Qualitative elemental analysis by EDS and XRD
results indicated that those oxides were most likely the Y4Al,O9 phase,
often referred as YAM [48].

3.3. Oxidation behavior: mass gain evolution

Thermogravimetric analyses were conducted for the three AHT
material variants at 800, 900, and 1000 °C: (i) in-situ TGA for bulk
NiCrAlY and bulk Alloy 625, (ii) ex-situ TGA for NiCrAlY coated Alloy
625.

Regarding bulk NiCrAlY and bulk Alloy 625 specimens, continuous
mass evolution was recorded during 48 h for each temperature, as de-
lineated with solid lines in Fig. 5. Dashed lines continuing experimental
measurements correspond to the extrapolation of the mass evolution for
each material/temperature condition using a parabolic behavior of high
temperature oxidation. The parabolic behavior of the oxidation kinetics
was confirmed for both materials in the test time interval of 48 h, as

(b) Bulk NiCrAlY

B v

Fig. 3. Segregation in Y for both as-built NiCrAlY materials: (a) NiCrAlY coated Alloy 625, and (b) bulk NiCrAlY.
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Fig. 4. Cross-sectional observations of the microstructure of the as-heat-treated “AHT” (a, d) NiCrAlY coated Alloy 625, (b, e) bulk NiCrAlY, and (c, f) bulk Alloy 625

samples.

illustrated by the linear trend of the square of the mass gain as a
function of the oxidation time in Fig. 6. Parabolic constants k, for the
three temperatures are reported in Table 3 and plotted in an Arrhenius
diagram (Fig. 7) with other constants found in the literature for the sake
of comparison for bulk materials (different allotropic configurations of
Al,03 [22], Crp03 [49], NiO [50], Alloy 625 [5,9-12], and NiCrAlY
alloys [22-24,51,52]). Colored domains in Figs. 5 and 6 correspond to
the domain of the square mass gain vs. time comprised between the
curve of bulk NiCrAlY (lower limit) and bulk Alloy 625 (upper limit) at
a given temperature; bulk NiCrAlY exhibits lower kinetics of oxidation
than Alloy 625 in the 800-1000 °C temperature window (2.3 times
lower at 800 °C and 12.6 times lower at 1000 °C).

Regarding the oxidation behavior of the NiCrAlY coated Alloy 625,
it is worth reminding that both bulk NiCrAlY and Alloy 625 specimens
were polished then heat-treated under controlled atmosphere (see

Section 2.1) prior to oxidation characterization by in-situ TGA. In con-
trast, the topography of the NiCrAlY coatings characterized by ex-situ
TGA remained in as-built conditions, and thus presented a significantly
higher surface roughness compared to the five other polished surfaces
of each sample (four lateral and one bottom surfaces). Topographic
measurements of the NiCrAlY coatings top surface using laser scanning
confocal microscopy were performed on ten specimens. The developed
surface, ie. the true surface of the samples, was found to be
1.60 *= 0.13 times larger in average than the projected surface.
Therefore, mass gain evolution of the NiCrAlY coated specimens was
reported as projected mass gain (Alloy625Coat-Proj) and developed/
true mass gain (Alloy625Coat-Dev), i.e. taking into account the pro-
jected surface of the NiCrAlY coating and the developed/true surface of
the NiCrAlY coating, respectively. As for bulk specimens, NiCrAlY
coated Alloy 625 samples were heat-treated under a protective
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Fig. 5. Mass gain evolution for the three materials at 800 °C, 900 °C and 1000 °C. The measurements of the mass evolution for bulk Alloy 625 and bulk NiCrAlY
samples (solid lines) were continuously recorded using a thermobalance and interrupted oxidation tests were conducted for NiCrAlY coated Alloy 625 (data points).
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Fig. 6. Evolution of the square mass gain for the three materials at 800 °C, 900 °C and 1000 °C, showing deviation from a parabolic oxidation behavior for NiCrAlY

coated Alloy 625 samples.

Table 3
Parabolic constant of oxidation for the bulk Alloy 625, the bulk NiCrAlY and the NiCrAlY coated Alloy 625 (in mg*cm ™ *s™1).
ky Exposure (hours) 800 °C 900 °C 1000 °C
Bulk [n625 0-48 3.01-1078 2.81-1077 5.92.107°
Bulk NiCrAly 0-48 1.30-1078 1.42-1077 4.71-1077
NiCrAlY coated In625 (proj. surf.) 0-50 2.9-1078 2.98-1077 2.38-10°°
NiCrAlY coated In625 (proj. surf.) 0-200 1.41-1078 2.14-1077 1.20-107°
NiCrAlY coated In625 (dev. surf.) 0-50 1.98-1078 2.04-1077 1.63-107°
NiCrAlY coated In625 (dev. surf.) 0-200 9.65-107° 1.47 1077 8.22-1077
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Fig. 7. Evolution of the parabolic constants of oxidation for the three materials as a function of the temperature in comparison with the literature. k, reported for
different allotropic configurations of Al,03 [22], Cry03 [49], NiO [50], Alloy 625 [5,9-12], and NiCrAlY alloys [22-24, 51, 52]. While the oxidation behavior of both
the bulk NiCrAlY and bulk Alloy 625 in the investigated temperature range, the k;, value for NiCrAlY coated Alloy 625 is shown for comparison since its oxidation

behavior deviate from a parabolic oxidation behavior.

atmosphere (see Section 2.1), prior to oxidation characterization. Iso-
thermal oxidation tests were conducted at 800, 900, and 1000 °C up to
200 h using one sample per temperature/time condition. Mass gain
evolution was reported in Figs. 5 and 6. For most of the oxidation
conditions, the oxidation behavior of NiCrAlY coated Alloy 625 is in-
termediate between that of bulk NiCrAlY and that of bulk Alloy 625
samples. For short time exposures, both the projected and developed
mass gains of the bi-material are very similar and sometimes higher
than that of the bulk Alloy 625, i.e. the upper limit of the corresponding
colored oxidation domain. A pronounced mass gain is observed during
the transient stage. After a few hours (50 h < t < 100 h), the oxidation

behavior of the NiCrAlY coated Alloy 625 deviates from the parabolic
regime and tends to follow the behavior of the bulk NiCrAlY samples. In
other words, the oxidation behavior of NiCrAlY coated Alloy 625 pro-
cessed by SLM is not parabolic in this range of temperature
(800-1000 °C) and the oxidation kinetics gradually decrease with ex-
posure time. In order to discriminate the oxidation kinetics of the
transient oxidation from the long-term oxidation of the NiCrAlY coated
Alloy 625 specimens, k;, values between [0 — 50] hours and [0 — 200]
hours were calculated and reported in Table 3 and in Fig. 7. k, values
are very close for the three materials at 800 °C but the difference in k,
values increases with the temperature.



3.4. Oxidation behavior: oxidation products

Oxidation products were investigated for the three materials using
both EDS and XRD analyses on the top surface and cross-sections of the
oxidized specimens (see Supplementary Information). As expected, bulk
Alloy 625 developed a continuous, homogeneous and compact Cr,03
external layer for all the temperatures, consistent with the k, values
derived from oxidation tests (Table 3 and Fig. 7). Internal oxidation of
Al,O3 was observed at the different temperatures. Sparsely distributed
NiO oxides and Cr-rich spinels were also observed. In addition, the Cr-
depletion beneath the oxide scale promoted the formation of a 8-NisNb
layer beneath the Cr,03 scale, as reported by Chyrkin et al. and Ra-
menatte et al. [10,11].

For bulk NiCrAlY samples, an external oxide grew on top of the
specimen surfaces, mainly constituted of Al,0;. Cr,O3 was also ob-
served within the external oxide scale, and its proportion, maximal at
800 °C, decreased as temperature increased.

For NiCrAlY coated Alloy 625 samples, the coating free Alloy 625
surfaces behaved similarly to bulk Alloy 625 samples. However, the
SLM processed NiCrAlY coating behaved differently from the bulk
NiCrAlY samples. Indeed, the oxide scale developing onto the NiCrAlY
coating is heterogeneous at all temperatures and exposure times, as
illustrated in Fig. 8 showing macrographs of the samples top surface.
Most specimens exhibited a bright/medium gray central region sur-
rounded by a darker gray region near the edges, identified by chemical
analyses (EDS) on the oxidized surface as respectively constituted of
external Al,O3; and external Cr,O3; oxide scales (Fig. 9). Intermediate
gray regions are composed of a mixture of Cr,03/Al,0O3 external oxides.
It is worth noting that the proportion of Cr,03 and Al,O5 scale onto the
NiCrAlY coating do not correlate to temperature and oxidation dura-
tion.

Interestingly, the Y-rich oxides, i.e. YAM, observed previously in
Fig. 3(a) are intense and distributed continuously along weld tracks in
Al,O3-rich regions. Cr,O3 oxides developed at the cracks present
normal to the weld track, as shown in the left Cr element map in Fig. 9.
In Cr,O3-rich regions, less Y-rich oxides, showing discontinuous dis-
tribution, were observed, and no crack within the weld tracks was
noticed. Cross-sectional observations of the specimens aimed to identify
the presence of internal oxidation (Al,O3) beneath the external Cr,03
oxide layer. At 1000 °C-50 h, 15 to 20 um deep internal oxidation was

observed, as illustrated in Fig. 10 showing the microstructure at the
junction of bright and dark regions. It is worth noting that the extension
of the internal oxidation-affected region increased with temperature
and oxidation duration (Fig. 11). For oxidation duration of 100 h, the
extension of the internal oxidation affected region was about 4 to 5 pm
at 800 °C while the extension was about 18-23 um at 1000 °C. The
platelet-like morphology of the internal Al,O3 densified with the time/
temperature increase. At 1000 °C, internal Al,O5 started coalescing at
the internal oxidation front and Al,O3-platelets were much thicker in
the bulk than in the near-surface region.

3.5. Topography and chemical analyses of the SLM processed NiCrAlY
coated specimens

As aforementioned, chemical segregation, heterogeneous crack
distribution, and heterogeneous oxide formation were observed on
NiCrAlY coated Alloy 625 samples. Large EDS maps were performed on
four as-built and as-heat-treated samples to document the element
distribution at the top surface of the SLM-processed NiCrAlY coatings.
Crack distribution was also estimated from SEM images obtained in
secondary electron mode.

Variability in chemical composition was evidenced for all speci-
mens, as illustrated in Fig. 12 for a AHT sample. The back-scattered
image of the surface in the AHT state at the upper-left corner clearly
shows two regions with different chemical nature: (i) a dark gray
central region but also to some extend near the edges, and (ii) a light
gray contour in-between. The content of Al, Cr and Y, ie. elements
constitutive of the NiCrAlY powder, was higher in the dark gray region
than in the bright regions, where elements constitutive of Alloy 625 like
Nb and Mo were present in higher proportions (see element maps for
the relationship).

Interestingly, cracks, mostly orthogonal to the laser beam direction
(direction of the highest tensile residual stress in SLM samples [40]),
were concentrated in the Al-rich/dark gray region.

This AHT NiCrAlY coated Alloy 625 was then subjected to 900 °C for
50 h. SEM micrographs obtained in a backscattered electron mode was
depicted for the oxidized specimen in Fig. 12 (bottom-right corner).
After oxidation, Al,O3 external oxide was found to develop solely in the
Al- and Cr-rich central region while the periphery was mainly com-
posed of Cr;O3 external/Al,Os5 internal oxides. Some Cr,O3 external

Fig. 8. Surface macrographs of samples oxidized between 800 °C and 1000 °C for 20 and 50 h showing different oxides growing at the surface of the NiCrAlY coated

Alloy 625 samples.
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Fig. 9. Formation of Cr,0O3 and Al,O3 external oxides after high temperature exposure (1000 °C - 50 h) at the surface of the NiCrAlY coated Alloy 625 sample.

Fig. 10. Cross-section observations of oxidized NiCrAlY coated Alloy 625
samples exposed at 1000 °C for 50 h showing regions with solely external
oxidation of Al,O3; and regions with external oxidation of Cr,O3; and internal
oxidation of Al;Os.

oxide mixed with the Al,O3 external oxide was also found to develop in
the Al- and Cr-rich central region but in a lower proportion.
Topographic measurements were performed on this sample to map
the height characteristics of the SLM processed NiCrAlY sample (top
right corner in Fig. 12). Black/dark violet and yellow/orange regions
corresponded to lower altitude and higher altitude regions, denoted
“valley” and “hill”, respectively. Interestingly, the valley regions appear
to match particularly well with the Al-, Y- and Cr-rich regions, ie.
corresponding to a composition closer to that of the NiCrAlY powder.
Large field cross-sectional observation of NiCrAlY coated Alloy 625
sample in electron back-scattered mode in Fig. 13 provides a general
view of the sub-surface microstructure as a function of the topography
(as SLMed state, i.e. before heat treatment). The distinction between the
substrate and the NiCrAlY coating microstructure was particularly dif-
ficult to assess in the hill regions (top left and top right (#2) regions in
Fig. 13) as a result of a Mo and Nb content close to that of the Alloy 625

@ ®)
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substrate combined with a low Al content compared to the nominal
composition of the NiCrAlY powder (chemical profile in region #2).
The effective coating thickness deduced from the chemical profile was
approximately 40 pm on average. In the valley regions, i.e. the central
region #1 in Fig. 13, the coating is significantly darker than the sub-
strate due to a higher Al content (twice the content measured in region
#2) and a difference in Mo and Nb content more significantly marked
with the Alloy 625 substrate (chemical profile in region #2). The
average thickness of the coating in the valley region was about 50 pm,
slightly larger than in the hill region. Therefore, while an aluminum
enrichment is noticed in both regions, the coating in the valley region
contained twice as much aluminum as compared to the hill region,
extended slightly deeper within the bi-material and also had a thicker
interdiffusion zone (light gray domains in chemical profiles). However,
the maximum aluminum content measured within the NiCrAlY coating
was only about 10 atomic % in the valley region, i.e. about half the
content in the NiCrAlY powder due to dilution effect during the SLM
process.

4. Discussion

The high temperature oxidation behavior of Alloy 625, bulk
NiCrAlY and NiCrAlY coated Alloy 625, all produced by the SLM ad-
ditive manufacturing process, was investigated in the present study.
After a standard two-step heat treatment under vacuum designed for
promoting interdiffusion (6 h at 1080 °C followed by 20 h at 870 °C),
AHT samples were subjected to isothermal oxidation tests at 800, 900,
and 1000 °C for a maximum duration of 200 h, during which mass gain
was monitored.

o

(© 1000°C — 100h

Fig. 11. Cross-section observations of NiCrAlY coated Alloy 625 samples exposed at temperatures between 800 °C and 1000 °C for 100 h showing the extension of the

internal oxidation with the temperature.
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Fig. 12. Effect of the topography and the element distribution at the surface of the NiCrAlY coated Alloy 625 sample on the crack distribution within the coating and
the formation of oxides after high temperature exposure. Upper-left corner image is a BSE macrograph of the AHT sample, prior to oxidation.
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Fig. 13. Microstructure evolution of the as-built NiCrAlY coating, i.e. before heat treatment, as a function of the sample topography. Chemical profiles highlighting
variability in the SLM processed coating chemistry in valley regions (#1) and hill regions (#2).



4.1. Process-dependant chemistry, microstructure, and oxidation response

While the microstructure and mechanical properties of superalloys
produced by SLM have been extensively investigated in the open lit-
erature, little work has been done to assess their oxidation behavior at
high temperature. As expected, the oxidation of SLMed Alloy 625 was
characterized by the growth of a continuous, homogeneous and com-
pact Cr,03 external layer at all temperatures with oxidation kinetics
following a parabolic law (Figs. 5 and 6). As shown in Fig. 6 and in
Table 3, the derived values of the parabolic constants of oxidation, k,
ranged from 3.0110"% mg*ecm~*s™! at 800 °C to 5.92107°
mg>cm ™~ *s ™! at 1000 °C. These k,, values appear comparable and even
slightly lower than k, values for its cast and wrought counterparts
[10-12]. However, SLM Alloy 625 demonstrates good performance in
high temperature oxidation in the 700-1000 °C range. A frequency
factor ko of 7.87-10° mg%ecm ™~ *s~! and 1.68-10® mg*cm ™~ *s~! and an
activation energy Q of 298 kJ:mol ~! and 324 kJ-mol ~! were calculated
for the present SLM processed Alloy 625 and for all the oxidation results
of Alloy 625 summarized in the Arrhenius plot given in Fig. 7, re-
spectively. It should be noted that oxidation tests were performed on
polished, then heat-treated SLMed specimens, which could explain the
lower parabolic constants obtained as compared to other studies on
additively manufactured Alloy 625. Indeed, a tens-to-hundred-of-nan-
ometer oxide scale developed onto the Alloy 625 specimens during the
standard two-step heat treatment despite the vacuum environment,
thus slightly lowering the oxidation flux through the oxide scale. Chen
et al. [53] reported that the parabolic constant at 1000 °C of heat
treated SLMed Alloy 625 was slightly lower than that of as-built sam-
ples, possibly due to the fast outward diffusion channels for Cr atoms
provided by the dendritic structure composing the microstructure of as-
built samples. In addition, AM processes usually produce samples
having high surface roughness, which can affect the area of the reactive
surface and, therefore, the oxidation properties [11,54-56]. This sig-
nificant roughness was also reported as a source of deviation from the
parabolic oxidation behavior, the mass gain of rough specimens being
greater in the early stages of oxidation. This would indeed explain that
mass gain is more important at early stage of oxidation for NiCrAlY
coated 625 (Figs. 5 and 6).

Standard diffusion heat treatment of the bulk NiCrAlY SLM pro-
cessed with parameters optimized in a previous study [36] produced
the expected y-Ni/y’-NizAl + a-Cr microstructure for the chosen com-
position range (Fig. 4(b, €)). With an aluminum content higher than 10
atomic percent, bulk NiCrAlY promoted the growth of a thin, con-
tinuous, slow-growing and adherent Al,O3 scale obeying a parabolic
law. Cr,03 external oxide mixed with the Al,03 external oxide was also
observed, especially at 800 °C. The growth kinetics of the Cr,03 oxide is
greater than the Al,0O3 and participate in an apparent mass gain greater
than purely alumina-forming materials. Calculated constants of oxida-
tion k, ranging from 1.30-10 "% mg*em ™~ *s~! at 800 °C to 4.71:1077
mg>cm ™~ *s ™! at 1000 °C lie within the dispersed range of k, values for
MCrAlY coatings available in the literature [22-24,51,52] and reported
in Fig. 7. Constant of oxidation domains for the allotropic variants of
Al,O3 identified by Brumm et al. [22], ie. a-Al,03, 6-Al,03, and y-
Al,O3, reported as dashed black-gray lines in Fig. 7, suggest that the
oxide scale formed on the material could be the metastable y/0 oxide
variants, consistent with the relatively low temperature range in-
vestigated. However, a-Al,O; was identified with XRD analyses (see
Supplementary Information), indicating that metastable alumina could
participate in the oxide formation but could transform in a-Al,O3 at
high temperature exposure.

Fine (Ni,Y)-rich intermetallic precipitates were observed in the bulk
NiCrAlY, well dispersed in the microstructure and in a fairly large
quantity (Fig. 4(b, d)). Y addition in MCrAlY coatings aims to enhance
resistance to oxidation by reactive-element effect [57]. Y is intended to
segregate at oxide grain boundaries, to improve the adherence and the
protective role of the Al,O; scale by the combination of several

mechanisms. Indeed, the formation of Y-rich oxide pegs at the metal/
oxide interface [58], the decrease in Al diffusion through Al,O3, and the
prevention from vacancies coalescence at the metal/oxide interface are
highly beneficial in terms of high temperature surface reactivity,
especially under thermal cycling [2]. Concentration of reactive element
is critical if scale adhesion is to be optimal. Overdoping of the alloy
(typically above 0.5% in weight for Y [2]) is known to impair the
oxidation resistance of Ni-based alloys through precipitation of Y oxides
from Ni-Y intermetallics. The nominal Y content measured within bulk
NiCrAlY was close to that of the powder (=1 wt%). The powder
composition was purposely chosen in the present study based on typical
composition for plasma spray applications, using powders with a rela-
tively greater content of Y to compensate for significant oxidation
during the process. This was not the case during SLM due to the low
partial pressure of O, within the SLM chamber (<0.1 wt%) and the
protective Ar flow above the powder bed, hence resulting in high Y
content within the material. Adjustment of the initial Y concentration in
the initial powder would therefore be required to further ensure a more
efficient alloy design.

In addition to melting powders, SLM involves the remelting of
previously solidified material across several layers, ensuring excellent
metallurgical bonding between layers and components with high-den-
sity [36]. As a result of manufacturing dissimilar material, and more
particularly thin coating, substantial dilution occurs. Effects of this di-
lution can be observed as deep as hundreds of micrometres, corre-
sponding to typically a thickness of 5 to 10 layers. As observed in the
element distribution maps in Fig. 2, the SLM processed NiCrAlY coating
onto Alloy 625 contained a significant amount of Mo and Nb. The
presence of these two elements results from the remelting of the sub-
strate and the subsequent dilution during the deposition of the two
layers of NiCrAlY. Cross section observations showed that although
coating thickness was limited to approximately 60 um, remelted layers
went locally as deep as =150 um. Despite good adhesion of the coating
and a smoother composition transition at the interface (Figs. 2(b) and
13), the modification of the coated layer composition from the powder
composition has three effects: (i) the formation of TCP phases and
microstructures after heat treatment very different from that of bulk
NiCrAlY (Fig. 4), (ii) the segregation of yttrium at the top surface of the
coating as (Y,Al)-rich oxides (Figs. 2 and 3), and (iii) the decrease of the
Al content due to dilution (maps of Mo, Nb and Al in Figs. 2 and 13).
Regarding the microstructure, the presence of Mo led to the formation
of the o-TCP phase during the heat treatment as intragranular platelet-
like precipitates and bulky precipitates at the grain boundaries. The
needle-like TCP phases are deleterious in Ni-based superalloys and re-
ported as a potential source for crack initiation and propagation, thus
causing low-temperature brittle failure [44]. Nb atoms appeared to
have preferentially diffused into y’ precipitates during the heat treat-
ment, which has the capability to accommodate a small quantity of Nb
as a substitute to Al [59].

(Ni-Y)-rich particles were found to precipitate within bulk NiCrAlY
whereas YAM oxides (Y4Al,09) solely formed out of the coating, ie.
onto the coating top surface. Since bulk NiCrAlY is free of alien Alloy
625 elements, the mechanism leading to Y segregation onto the top
surface of the NiCrAlY coating variant is assumed to be as follow: the
substantial presence of elements from Alloy 625 within the melt pool,
presumably both Mo and Nb, led to a significant drop in the solubility of
Y in the alloy. Upon solidification, the liquid phase at the surface of the
melt-pool got progressively enriched in Y. Its high reactivity potentially
led to the formation of (Al,Y)-rich oxides from the remaining traces of
O, within the chamber (<0.1%), identified as Y4Al,0o. Upon remelting
of the solidified material (adjacent line scan of the same layer or next
layer), the less dense oxide remains at the surface of the melt pool as a
slag. Surface tension rejects the slag to the side between weld tracks,
forming the regularly spaced continuous oxide beads parallel to the
scanning direction observed at the top surface of NiCrAlY coated Alloy
625 samples (Figs. 3(a) and 9). This scenario, if confirmed, would make



difficult the addition of reactive Y in SLM processed coatings with
thickness smaller than the remelting depth (= 3 to 4 layers), as it would
not be possible to avoid a large dilution of the coating powder within
the underlaying substrate.

Macrographs of oxidized specimens (Fig. 8), surface element dis-
tribution maps (Fig. 12), cross-section observations of the coating
(Fig. 13) and surface topography (Fig. 12) evidenced a good correlation
between the coating topography, the heterogeneous distribution of Al
within the coating and the distribution of oxidation products after ex-
posure to 800 °C, 900 °C and 1000 °C for up to 200 h. As illustrated in
the topography map (top right corner in Fig. 12) and the cross-section
microstructure in Fig. 13, the coating follows the topography inherited
from the manufacturing of the Alloy 625 substrate, which exhibits large
hill and valley regions with height difference as high as 180 = 20 um
on average. Additive manufactured components usually present edges
with a higher altitude than the central region for various reasons in-
cluding (i) the effect of contour scanning strategies in SLM process, (ii)
the distortion at free edges, and (iii) the starting/ending points of
beads. Given the small surface of the samples (5 X 5 mm), edge effects
impact a significant portion of the whole surface. In the default strip
scanning strategy used for SLM processing, the whole surface of the
building area was divided into 7.5 mm wide stripes and specimens were
lased one by one according to the global stripe pattern. When occa-
sionally samples were located between two or more adjacent stripes,
the junction would also lead to a visible local variation of the topo-
graphy (e.g. top right sample in Fig. 8). Variations of the substrate to-
pography caused valley regions (mainly central regions) to be covered
by a thicker layer of NiCrAlY powder than hill regions (mainly near the
edges) during SLM process. The quantity of Al in central regions re-
mained sufficiently high (=10 at%) to allow the formation a con-
tinuous, protective film of external Al,O3 (Type III oxidation), as ex-
pected from the NiCrAlY coating [19-21]. However, in regions of
higher altitude, the thinner coating subject to a higher degree of dilu-
tion, led to lower Al content, below the required threshold for an ex-
ternal Al,Oj3 to form. Instead, Type II oxidation behavior typical of high
Cr low Al alloys was observed [19-21], characterized by the growth of
an external Cr,O3 scale and an internal oxidation of Al,O3 (Figs. 10 and
11).

The mass gain evolution of NiCrAlY coated Alloy 625, intermediate
between those of Al,O3-forming bulk NiCrAlY and Cr;Os-forming bulk
Alloy 625, confirmed that the coating provided some degree of pro-
tection towards high temperature oxidation to the substrate, despite the
imperfect Al,O3 covering of the NiCrAlY coated surface. Contrary to
bulk NiCrAlY specimens, the oxidation behavior after few hours of the
NiCrAlY coated Alloy 625 deviates from the parabolic regime and tends
to the behavior of the bulky NiCrAlY samples. In other words, the
oxidation behavior of NiCrAlY coated Alloy 625 processed by SLM is
not parabolic in the investigated range of temperature, the oxidation
kinetics gradually decreasing with the time. Such deviation from the
parabolic oxidation behavior was also observed for an In718 SLM
processed oxidized at 850 °C [54-56]. Rough surfaces demonstrate a
greater mass gain in the early stages of oxidation then decreasing down
to kinetics of polished surface due to surface smoothing and local
variation in oxide thickness, oxide in the valley regions being thicker
compared to hill regions. It should also be noted that the fraction of
Al,03 and Cr,03 growing regions differed from one sample to another
(Fig. 8), which could also have contributed to a dispersion of the data
(each one corresponding to a different sample).

4.2. Some keys for further improvements

The present study showed that improvement of the high tempera-
ture oxidation properties of Alloy 625 between 800 and 1000 °C is
possible using a SLM processed NiCrAlY coating. Compared to standard
plasma spray deposition, the remelting of the underlaying solidified
layers ensures a strong metallurgical bonding of the coating with the

substrate and liquid state dilution leads to a smooth composition
transition at the interface. Both effects could favour a good adherence
of the coating over the lifetime of coated parts. Due to the low pressure
of O, and the argon shielding flow on top of the powder bed, the SLM
process produced coatings devoid of embedded oxidation products.
However, several process related issues were noted, which allowed to
identify some keys for further improvement in terms of process,
chemistry and microstructure. The most striking issue encountered was
the heterogeneous distribution of Al element in the coating (in the x-y
plane) due to the lack of flatness of the SLM Alloy 625 substrate, en-
hanced by the small surface area of the samples (edge effects) and the
default non-optimized stripe scanning pattern. This issue can be pos-
sibly solved by surface preparation of substrates to correct roughness
and flatness and/or a wiser selection of scanning strategies and process
parameters. For instance, Mohammadian et al. [60] developed a che-
mical-abrasive flow polishing technical to improve surface finish con-
trol of additively-manufactured Alloy 625 components with complex
geometries. Note that coating deposition onto flat surfaces only and
with relatively small dimension remains a current limitation of the SLM
process itself.

The substantial diffusion of Mo and Nb was found to cause het-
erogeneous segregation to the surface of most of the reactive Y as
oxides, where its beneficial effect on the resistance to oxidation would
be nullified. Process parameters used in the present study induced deep
remelting of the substrate (100-150 um) relative to the thickness of the
NiCrAlY coating. Influence of the substrate in terms of composition
alteration in SLM are typically of the order of 200-300 um, depending
on the energy density applied (P, V and hatch distance h). NiCrAlY
coatings exceeding 300 pm in thickness are less likely be completely
affected by this issue. In the case of thin coatings, adjusting the process
parameters for limiting the dilution effect, could be appropriated. At
last, addition of reactive element in a different form, as dispersed oxide
for example, could also be an alternative strategy.

The modification of coating composition led to changes in the
phases present in the microstructure and their morphology, in parti-
cular the precipitation of platelet-like and undesirable TCP o phases in
Mo-rich regions after the heat treatment, known to embrittle Ni-based
superalloys. The current results did not show evidence of detrimental
effects of the o phase or the modified microstructure other than the
particular change in oxidation behavior when the amount of Al dropped
below the critical level required for the formation of external Al;Os.
Strategies for reducing dilution of coatings within the surface such as
presented in the previous paragraph, are expected to help promoting a
microstructure closer to the one of bulk SLMed NiCrAlY.

Finally, SLM processed coatings presented, as soon as from the as-
built stage, a surface network of fine, microscopic cracks within beads,
normal to the scanning direction (Fig. 12) and propagating across the
whole coatings. These cracks can be very detrimental to the oxidation
resistance. The occurrence of high tensile stresses within beads is ty-
pical of SLMed materials, stress being maximum along the bead length
[40]. Most of the cracks appeared in Al-rich areas of the coatings, where
the composition was closer to that of the NiCrAlY composition. Not
observed at this scale in bulk NiCrAlY samples, the crack network
formed within the thin coating is believed to originate from the higher
level of residual stresses within the coating caused by the presence of
the underlying Alloy 625 (thermal expansion mismatch, high tem-
perature mechanical performance, etc.). Compared to Alloy 625 sub-
strate, NiCrAlY coating has a high amount of Al. Thus, during SLM of
NiCrAlY coating onto Alloy 625, the coated NiCrAlY should tend to
significantly shrink due to y’ prime precipitation. However, the Alloy
625 substrate constrained its shrinkage. Accordingly, the coated Ni-
CrAlY is subjected to high degree of tensile stresses. However, it must
be noted that the crack network in NiCrAlY coatings occurred as de-
layed cracking. Preliminary results demonstrated that heat-treating
samples consecutively after manufacturing greatly reduces the extend
of cracking. A stress relieving heat treatment is advised and often



carried out right after fabrication in typical applications. In the present
work, samples were heat treated several weeks after being manu-
factured, i.e. after the occurrence of a large crack network.

5. Conclusions

The main conclusions drawn from this study on the high tempera-
ture oxidation in the temperature range of 800 to 1000 °C of a NiCrAlY
coating Alloy 625 processed by SLM are given below:

(i) Improvement in high temperature oxidation properties of SLM
processed Alloy 625 between 800 and 1000 °C was found possible
using a SLM processed NiCrAlY coating, i.e. a two-step SLM de-
position process;

(ii) Dilution effects due to some remelting of the substrate influence
the chemistry and the microstructure of the coating. Using two
deposition layers, the aluminum content within the coating was
half the content of the NiCrAlY powder composition, and the
coating was significantly enriched in elements from the Alloy 625
substrate (Mo and Nb), leading to the segregation of the reactive Y
to the surface as Y4Al,0q4 oxides;

(iii) Dilution effects during the NiCrAlY coating manufacturing was
sensitive to the topography of the SLM processed Alloy 625 sub-
strates: thicker powder layers before laser melting in valley region
led to elements of the NiCrAlY being more concentrated in the
valley regions;

(iv) Variability in oxidation products at the surface of the SLM pro-
cessed NiCrAlY coating was intimately related to topography-as-
sisted chemical and microstructural heterogeneities;

(v) SLM processed bulk Alloy 625 and bulk NiCrAlY followed a
parabolic oxidation behavior in the present temperature range,
which was not the case for the NiCrAlY coated Alloy 625 bi-ma-
terial.
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