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Abstract: This paper investigates the initial oxidation stages of additive manufactured Rene 65 Ni-based
superalloy between 700 and 900 °C in air and argon for 48 h, with different building directions and heat
treatments. The results show that the only factor that impact the oxidation behavior is the oxidizing
atmosphere. The resulting thin oxide scales are made of NiCr,04 and Cr,03 at 700 °C while at 800 and 900 °C
the oxide layer is composed of an external Cr,05 layer on top of an internal layer of a-Al,03 due to the lower

partial pressure of oxygen underneath the chromia layer.

Highlights:

* AM Rene 65 microstructures do not significantly affect the early stage of oxidation
e At 700, 800 and 900 °C, the oxidation kinetics are similar to those of other turbine disk alloys
¢ The AM microstructure is sensitive to intergranular oxidation even at low Po;

* In synthetic air, nitrogen promotes the formation of titanium nitrides under the oxide
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1. Introduction

Rene 65 is a nickel-based superalloy developed by General Electric (GE) to be processed using the cast and
wrought (C&W) route and with the aim of providing improved capability compared to Inconel 718 (IN718)
for aircraft engine components at ever increasing higher operating temperatures [1,2]. IN718 provides a
desirable oxidation resistance as well as a high mechanical strength, but its service temperature is limited to
approximately 650-670 °C due to the transformation of the strengthening gamma double-prime phase (y’-
(NisNb)) into the thermodynamically stable but brittle delta phase (6-(NisNb)) at higher temperatures [3].
Such embrittlement motivated the engine manufacturers and the supply-chain to develop a new C&W Rene
65 alloy capable to operate at temperatures higher than 650 °C [4]. The chemistry of Rene 65 was optimized
from that of Rene 88DT to facilitate C&W processing while reducing the expensive powder metallurgy route

of Rene 88DT [1,4].

However, casting and forging of nickel-based superalloys require many fabrication steps, in particular when
complex shapes are to be produced. The higher level of design freedom of additive manufacturing (AM) led
to the development of additive manufactured parts for the aeronautic industry [5,6]. Static parts made of
Rene 65 are currently developed using direct metal laser melting (DMLM) process [7]. In laser melting
processes, parameters such as absorbed power, beam velocity or any pre-heating of the substrate can
generate thermal cycles during the process that will affect the resulting microstructure [8]. These
parameters as well as the building direction have been reported to have an impact on the microstructure
and thus on the mechanical properties of the alloy, i.e. DMLM generates microstructures that are highly
dependent on the building direction [9]. However, the strength and creep capability of Rene 65 derive from
the gamma prime (Y- Nis(Al, Ti)) precipitates and from the fine grained microstructure that are both
controlled by heat treatment and quenching [1,4,10]. Thus, post-processing treatments such as heat
treatment or hot isostatic pressing (HIP) after the DMLM build are needed to obtain the desired
microstructure and to reduce or eliminate defects including residual stresses [8]. The influence of the heat
treatment (sub-solvus or super-solvus that are respectively, below or above the temperature of y solvus) on
the final microstructure of Rene 65 was investigated by Wessman et al., who showed that wrought Rene 65
has a fine microstructure in the sub-solvus form because the undissolved Yy precipitates pin the grains

boundaries as opposed to the super-solvus counterpart that results in a coarse grain microstructure [4,10].

Since Rene 65 is a Y strengthened alloy, it is important to evaluate whether the ¥ phase is impacted by the
heat treatment and the DMLM process. Indeed, it was shown that such precipitates mostly impact the
mechanical properties of the superalloys depending on their characteristics (size, volume fraction,

morphology) [11]. Moreover, the influence of grain size as well as precipitates size and distribution on the
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mechanical properties (tensile, low cycle fatigue and creep) of Rene 65 was thoroughly investigated

[10,12,13].

Although the microstructural evolution and the mechanical behavior of Rene 65 were studied for long
exposure times at high temperature [13], little is known on the reactivity under high temperature oxidizing
conditions. Based on the analysis of its mechanical properties and microstructural stability by Wessman et
al., Rene 65 can maintain its properties up to 760 °C [10]. Therefore, this study investigates the influence of
the microstructure on the oxidation of AM Rene 65 at lower and higher temperatures (700-800-900 °C) and
for short times (48 h) allowing to elucidate the role of the building direction (vertical vs. horizontal) and heat
treatment (sub-solvus vs. super-solvus), hence the crystal structure, on the early stages of oxidation.
Additional annealing tests were performed in Ar to study the metallurgical evolution of Rene 65 at
temperatures that can exacerbate the oxidation phenomenon through the few 0,/H,0 ppm contained in the
gas flow as demonstrated by Juillet et al. or Bataillou et al. on respectively IN718 and Ni-Cr model alloys

[14,15].

2. Material and experimental procedure

Rene 65 was manufactured by the supplier (GE Additive, USA), without specifications on the additive
manufacturing parameters as they remain confidential. The rods were manufactured by direct metal laser
melting using two building directions (vertical and horizontal, Figure 1) that led to different microstructures
at the surface of the coupons. Annealing was performed at super-solvus (1150 °C) or sub-solvus (1050 °C)
conditions under hot isostatic pressing, followed by another dwell at the same temperature to reduce
internal stresses and a final tempering step at 760 °C. The samples were received after heat treatment with a
cylindrical shape (@ 1.5 cm, 3 cm length) and were cut in 1.5 mm thick coupons. The variety of treatment
and building direction led to 4 different coupons. The coupons were first ground with SiC paper down to a

grit size of P4000 and then mirror polished with a 1 um diamond paste prior to any test.



78

79
80
81

82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101

Building direction Building direction
A z-axis A z-axis

I
% Vertical l Horizontal

— ==» Yy-axis <)-> y-axis
/ 7 o
/ /

/24

ot

24 . .
X-axis X-axis
Figure 1: Vertical (a) and horizontal (b) cylindrical samples built along the z axis during additive

manufacturing followed by super-solvus or sub-solvus heat treatment both completed with an HIP

annealing.

Thermogravimetric analyses (TGA) were performed in a Setaram Setsys Evolution apparatus (107 g accuracy,
with 20 mL/min flow rate) in Ar (Air Liquide, France, ALPHAGAZ 1, 99.999 % purity, po2 = 2.10® bar), and dry
synthetic air (po2 = 0.2 bar) at 700, 800 and 900 °C for 48 hours. The characterization of as received and
oxidized samples was undertaken by optical microscopy (LEICA DMRM) and scanning electron microscopy
(SEM, FEI Quanta 200F, 20 kV) coupled with an EDAX detector for energy dispersive spectroscopy (EDS)
allowing to obtain the elemental composition of the analyzed area. The microstructures were revealed by
heat tinting the samples in a muffle furnace at 600 °C for 48 hours. The Y precipitates were revealed by
chemical etching using aqua regia (30 mL water, 20 mL hydrochloric acid, and 10 mL nitric acid) to
preferentially dissolve the Yy precipitates or by electrochemical attack with oxalic acid at 10 vol.% (2.2 V for 2
to 3 seconds) to dissolve the y matrix. The various attacks led to images with similar information but
different contrasts for image analysis [16]. The size and surface area % of the Yy precipitates were measured
from their area by image analysis on 5 images taken in different grains for a total area of about 60 pum?2.
Crystallographic analyses were carried out by electron backscatter diffraction (EBSD) with a JEOL JSSM-6100
scanning electron microscope. The cross sections were obtained using surface abrasion by a focused ion
beam of gallium ions in a Cross beam 340 Zeiss SEM or by mechanically grinding the samples mounted in a
phenolic resin. The samples to be mounted were first protected with a copper electrodeposit (100 mA/cm?
for 5 to 10 minutes) to limit the degradation of the oxide scale. The surface finish of the mounted cross-
sections was done with Struers-OPS (silica suspension) polishing before electrochemical etching with oxalic
acid to reveal the Y precipitates. The oxide layers were characterized by X-ray diffraction (XRD) using the Cu-

Ka radiation (Bruker AXS D8 Advance), and by Raman spectrometry (LabRam HR JOBIN YVON HORIBA



102  coupled with a BX51 OLYMPUS microscope) with a HeNe laser (632.82 nm). The XRD diagrams were taken

103  with an X-ray source kept low and constant at 5° incidence angle to maximize the thin oxide layer response.

104 3. Results

105 3.1. Asreceived Rene 65

106  Table 1 gathers the EDS chemical composition of the four AM Rene 65 averaged from five area (30 um x 20
107 pum) analyses. When compared to the nominal composition of the wrought substrate, it appears that AM
108 Rene 65 contains slightly more tungsten at the expense of chromium and nickel, otherwise the proportion of
109  the other elements is practically identical to the composition of the forged alloy within the uncertainty limit

110  of the EDS technique.

111 Table 1: EDS chemical composition (wt.%) of the four AM Rene 65 compared to the nominal composition
112 of Rene 65 from [4]. Standard error is + 0.5 wt.%.
Element Ni Cr Co Ti Al Mo W Fe Nb Zr B C
Rene 65 555 160 130 3.7 21 40 40 10 0.7 0.05 0.016 0.01

Horizontal super-solvus 529 153 127 36 23 41 65 15 11 - - -
Vertical super-solvus 536 153 129 36 21 39 62 14 1.0 - - -
Horizontal sub-solvus 534 151 126 3.7 22 42 62 16 1.2 - - -

Vertical sub-solvus 534 153 126 3.7 22 42 63 13 11 - - -
113

114 Figure 2 shows the microstructure of the different samples in the 3-dimensions (XY, ZY and XZ planes) after a
115 heat tinting treatment on cubic shaped samples. Irrespective of the manufacturing direction, the super-
116 solvus heat treated samples display the same close-to-equiaxed microstructure with an average grain size of
117 60 £ 20 um. In contrast, the microstructure of sub-solvus samples is highly dependent on the building
118 direction. The grains are elongated in the direction parallel to the build direction (Z axis) and can reach up to
119 100 um in length while they are square-like (equiaxed grains of 40 + 10 um) when viewed from a direction

120  perpendicular to the build direction (XY plan).
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Figure 2: 3D reconstruction of AM Rene 65 microstructure observed from the 3 building plans using optical
micrography after heat tinting at 600 °C for 48 hours of (a) Horizontal and Vertical super-solvus, (b)

Horizontal sub-solvus, and (c) Vertical sub-solvus samples.

Figure 3 displays EBSD maps for all samples along with corresponding texture index values. When comparing
the crystallographic textures of all samples, the two super-solvus samples were found to have similar texture
index of 2.5 while sub-solvus samples present a strong [001] texture along the normal direction. The texture
index which provides a quantitative measure of the intensity of crystallographic texture along a specific
orientation (here the building direction), suggests that sub-solvus samples retain the information of building

direction in their structure while the information is erased by the heat treatment for super-solvus samples.
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Figure 3: EBSD inverse pole figure coded along normal direction (building direction) of all four samples.

Texture maps and maximum texture index are shown in the bottom right-hand corner of each sample.

Figure 4 shows the SEM micrographs of the surfaces of the as-received samples after chemical and electro-
chemical etching to reveal the y/y’ microstructure. At low magnification (Figure 4a), the y’ precipitates
appear to be randomly dispersed in the y-matrix of the super-solvus specimens while they seem to be
aligned differently in each grain in the sub-solvus ones. The grain boundaries are highlighted with the dashed
lines on the micrographs of Figure 4a. Three populations of precipitates, called primary, secondary and
tertiary, can be found in forged Rene 65 depending on their size, the largest being the primary. Only
secondary and tertiary y precipitates are observed in AM Rene 65 while no primary precipitates were found

on the surfaces in good agreement with the work of Wessman et al. [7].

Figure 4b shows the Yy precipitates at higher magnification while Table 2 gathers the results of their average
size and surface fraction measured using image analysis from 5 images for each sample. Even if the
secondary and tertiary y precipitates (large and small size, respectively) vary in shape and size, the overall
volume ratio in both sub-solvus and super-solvus specimens is similar. In the super-solvus samples, the
secondary precipitates have a rectangular shape while they are more spherical on the sub-solvus samples.

Furthermore, the secondary precipitates in the super-solvus samples seem to split into smaller precipitates



148  while the sub-solvus ones maintain their circular shape. In all the samples, the tertiary Y precipitates are

149 almost spherical.

(a) (b)

Horizontal » , Veical

Horizontal Vertical

Super-solvus
Super-solvus

Sub-solvus
Sub-solvus

Figure 4: SEM micrographs of the as-received Rene 65 etched with: (a) aqua regia (backscattered electrons
detection mode, dashed lines represent the grain boundaries) and (b) oxalic acid (in secondary electrons detection

mode).

150 Table 2: Surface fraction and average diameter of y-precipitates with the corresponding standard error of

151 as-received samples measured using image analysis in the aqua regia etched surfaces.
Horizontal super Vertical super Horizontal sub Vertical sub
Y fraction 31.0+1.8 32.1+2.4 229+1.2 223+1.0
(area %)

Average secondary tertiary secondary tertiary secondary tertiary secondary tertiary

diameter 290.1 56.1 233.0 40.7 361.5 62.3 356.3 62.9
(nm) +1263  +15.0 +59.2 +112  +1362  +17.9 +81.5 +14.2

152

153  3.2. High temperature oxidation of Rene 65

154 3.2.1. Oxidation kinetics

155 From the characterization of the as received samples, the additively manufactured Rene 65 exhibit different
156  microstructural features depending on the building direction and the heat treatment applied after
157  manufacturing. In order to study the influence of these features on the early stages of oxidation, the

158 samples were oxidized in air and in Ar at 700, 800 and 900 °C for 48 hours. The specific mass gains are
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plotted against time in Figure 5a and 5b, for oxidation in air and Ar, respectively. Irrespective of the oxidizing
gas used, increasing the temperature results in greater specific mass gain. At 700 and 800 °C, the differences
between both materials and atmospheres are negligible when considering the low values of specific mass
gain. However, when the temperature was increased to 900 °C, the samples showed significant mass uptake
compared to the lower temperatures.
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Figure 5: TGA evolution of specific mass gain against time (48h) for different oxidation temperatures (700, 800 and

900 °C) in (a) synthetic air (pg, = 0.2 bar) and (b) Ar (po, = 2.10° bar).

In Figure 6, the linear fit of the specific mass gain against the square root of oxidation time shows that all the
oxidation curves follow parabolic behavior with a R? between 0.976 and 0.998 irrespective of the
temperature and the oxidizing gas. The parabolic rate constants k, were determined by plotting the specific
mass gains versus the square root of time using the equation (1) reported in Ref. [17], where C is a constant
depending on the transient stage of oxidation. Parabolic rate constants were determined for each sample,
except for Vertical super-solvus and sub-solvus because the specific mass gain was below the detection

threshold of the scale after oxidation in air at 700 °C. The constants are gathered in Table 3.

Am [
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Figure 6: Linear fit of specific mass gain against the square root of time for different oxidation temperatures (700,

800 and 900 °C) in (a) synthetic air (pg, = 0.2 bar) and (b) Ar (po, = 2.10° bar).

The parabolic rate constants are similar between all samples irrespective of the building direction, the heat

treatment (super or sub-solvus) or the oxygen partial pressure (air or Ar). The Arrhenius plot representing

the parabolic rate constants against the inverse of temperature of Figure 7 allows to calculate the activation

energies (Ea) gathered in Table 3. All values of k, are well above that of chromia formation in pure oxygen

[18] and somewhat higher than those of the IN-718 and RR1000 disk superalloys but are close to those of

similar alloys also employed for turbine disk applications like Udimet 720 (250 kJ.mol?), Astroloy (270 kJ.mol-

1) or Waspaloy (300 kJ.mol?) [14,19,20]. The activation energy corresponds to the formation of chromia on

nickel-based superalloys [14,19,20].

10



182 Table 3: Parabolic rate constant k, and activation energy for all samples after oxidation in air and argon at

183 various temperatures for 48 hours.
Air Argon
Tem;Efcr']ature Mass gain kp Ea Mass gain ko Ea
[mg.em?]  [gZcm™.s?]  [ki.mol?] [mg.cm?] [gZ.cm™?.s?]  [ki.mol?]
700 0.028 8.510™ 0.049 3.310%
Horizontal 800 0.197 1.510™1 308 0.185 9.6 1022 271
super-solvus
900 0.702 1.110%° 0.793 1.8100
. 700 0.002 - 0.031 1.710%
sul\J/:::csI:)T\llus 800 0.166 23102 260 0.208 3.110% 303
900 0.828 3.4101 0.719 1104
700 0.055 5.910% 0.039 8.010"
Horizontal 800 0.186 1.110" 235 0.198 3.6 107 290
sub-solvus 900 0.652 1.1107 0.739 54101
700 0.015 - 0.050 1.610%
Vertical 800 0202 2810% 291 0249 45107 278
sub-solvus 9 11
900 0.859 3.210 0.914 7.110
700 8.2210%
Cr,0; [18] 800 6.95 101 171
900 3.0210%
184
185

11
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Figure 7: Arrhenius plot with the experimental data for the oxidation of AM Rene 65 in air (full symbols)
and Ar (empty symbols) with data from the literature for the oxidation of pure chromium in purified

oxygen [18], disk turbines alloys [19,20] and AM IN718 [14].

3.2.2. Surface characterization

The nature of the oxide layer was determined by combining the XRD, Raman and EDS analyses. Figure 8
shows the X-ray patterns of all four samples after oxidation in air and Ar. It is worth recalling that the signal
of the oxides formed in the external scale was maximized due to the X-ray low incidence angle used.
Therefore, the signals of the y/y (doublet) substrate peaks decrease with increasing oxidation temperature,
in particular after 48 hours of exposure at 900 °C for which the oxide scale is assumed to be thicker. After
oxidation in air (Figure 8a), the increase of temperature from 700 to 900 °C increases the contribution of
Cr,03 (ICDD 01-070-3765) and of rutile TiO, (ICDD 00-021-1276) whereas the response of spinel NiCr,04 (ICDD

75-1728) remains similar.

In contrast, the oxide layer composition is slightly different in Ar than in air, especially at 900 °C as shown in
Figure 8b. Indeed, the oxide layer formed in Ar is mainly composed of Cr,03 as NiCr,04 and the rutile TiO;
peaks are less intense than after oxidation in air. Also, Ti seems to incorporate in a mixed (Cr,Ti) oxide (ICDD

01-082-0211, named “ct”) instead of the rutile TiO, detected in air. At the highest temperature of 900 °C, the

12



203  oxide layer mainly consists of Cr,Os on all samples, irrespective of the substrate and the oxygen partial

204 pressure.
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Figure 8: Grazing incidence (5°) XRD patterns of all four samples after oxidation in air (a) and Ar (b) for 48h between

700 and 900 °C.

205 In addition to the difference in composition as a function of oxygen partial pressure, the oxide morphology
206 differs between air and Ar. In order to compare both the effect of heat treatment and building direction on
207  the oxide morphology, the two samples horizontal sub-solvus and vertical super-solvus are compared in
208 Figure 9 and Figure 10 after oxidation in air and Ar, respectively. At 700 °C, irrespective of the oxygen partial
209  pressure, the oxide layer is composed of small nodules rich in nickel and chromium that have been identified
210  as Cr;05 and NiCr,04 by XRD and Raman micro-spectrometry analyses. After oxidation in air, the oxide layer
211 is composed of equiaxed grains whose size increases with temperature. The amount of chromium increases
212  compared to the oxide layer at 700 °C. However, after oxidation in Ar in Figure 10, the oxide layer is
213  composed of ridges with a higher amount of titanium. The morphology of the oxide layer does not seem to

214 be influenced by the metallurgical differences of the substrates but mostly by the type of annealing gas.

215

13



(a) Horizontal sub-solvus (b) Vertical super-solvus

Figure 9: SEM (secondary electrons) micrographs of the oxide morphologies of Rene 65 (a) horizontal sub-solvus and

(b) vertical super-solvus samples after 48 hours of oxidation in synthetic air

216
(a) Horizontal sub-solvus (b) Vertical super-solvus
Figure 10: SEM (secondary electrons) micrographs of the oxide morphologies of Rene 65 (a) horizontal sub-solvus
and (b) vertical super-solvus samples after 48 hours of oxidation in Ar.
217

14



218 3.2.3. Cross section characterization

219 To understand how the oxidizing gas affects the oxide growth, the cross sections were prepared and
220  analyzed by SEM with high magnification and displayed in Figure 11 and Figure 12 after oxidation in air and
221  Ar, respectively. Only the horizontal sub-solvus and vertical super-solvus are displayed since they exemplify

222 all samples.

223 At 700 °C, the oxide layer is about 250 nm thick irrespective of the substrate and the oxidizing gas and is
224 composed of nickel, chromium and oxygen as confirmed by EDS analyses. At 800 °C, the oxide layer is about
225 1 um thick and composed of a chromia layer above a thin alumina scale. The diffusion of aluminum to form
226  the underlying scale led to the formation of a y-Ni3(Al,Ti) depleted area of about 2 um thick below the oxide
227 scale. It is also noticeable that the penetration of oxygen along the grain boundaries results in alumina
228  decorations (marked in red dotted lines). At 900 °C in air, the chromia layer is about 3 um thick and the y'-
229 Nis(Al,Ti) depleted area is about 10 um thick with many titanium nitrides as confirmed by EDS X-rays maps in

230 Figure 13a. The alumina decorations are also deeper, especially at grain boundaries.

231  After oxidation in Ar (Figure 12), the multilayered character is similar to the one observed after oxidation in
232 air with the same chromia thickness of about 1 um at 800 °C above a 2 um deep Y-Nis(Al,Ti) depleted area.
233 In contrast, Figure 13b shows that the external oxide is significantly rich in Ti (> 10 at.%) resulting in the
234  depletion of Ti (< 2 at.%) in the y'-Nis(Al,Ti) when Rene 65 is oxidized at 900 °C under Ar. The morphology of

235  the alumina penetrations is also different and is much finer and deeper than those obtained under air.

(a) Horizontal sub-solvus (b) Vertical super-solvus

P AR ERT  P ISTS e
R g s
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"
700°C
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(CrTYs05

900°C _10um _

Figure 11: SEM (secondary electrons) micrographs of the cross sections of Rene 65 (a) horizontal sub-solvus and (b)

15



vertical super-solvus samples after 48 hours of oxidation in synthetic air.

236

(a) Horizontal sub-solvus (b) Vertical super-solvus

Figure 12: SEM (secondary electrons) micrography of the cross sections of Rene 65 (a) horizontal sub-solvus and (b)

vertical super-solvus samples after 48 hours of oxidation in Ar.

237

(a) Horizontal sub-solvus in air at 900 °C (b) Horizontal sub-solvus in Ar at 900 °C

Figure 13: EDS mapping on cross sections of Horizontal sub-solvus sample oxidized at 900 °C in (a) air and (b) Ar for

48 hours.
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4. Discussion

4.1. Asreceived material

The chemical composition of AM Rene 65 was given in Table 1. Although EDS may not be the most accurate
technique to precisely determine the composition of samples, in particular that of light elements or those in

too small quantities, the results show that all four Rene 65 samples are chemically very similar.

From the 3D models (Figure 2), it has been shown that the microstructure of AM Rene 65 is highly
dependent on the building direction and on the heat treatment. Such microstructures are equivalent to
those reported by Wessman et al. for the same material and process [7]. As reported in various articles, the
microstructure observed in sub-solvus samples, with elongated grains oriented in the direction parallel to
the building direction, is typical of materials made by additive manufacturing [21,22]. This solidification
structure is dependent on both crystallographic orientation of the previous layer and local heat flow
direction. Indeed, during solidification of the melted layer, competitive growth occurs among dendrites with
various crystallographic orientations. Columnar structures develop when the dendrites mostly aligned with
the temperature gradient outgrow the slower growing misaligned dendrites [21-24]. On the one hand, the
sub-solvus heat treatment retains part of the dendritic structure, which results in these columnar grains that
are oriented in the [100] direction as shown by EBSD analysis of Figure 3. On the other hand, the super-
solvus heat treatment completely removes the dendritic microstructure and allows grain growth leading to

an equiaxed microstructure (i.e. non-textured) independently of the initial manufacturing direction.

The microstructure of the AM Rene 65 is different from that of wrought Rene 65 which has been studied in
the sub-solvus and super-solvus form by other authors [2,4,13]. The sub-solvus heat treated Rene 65 retains
about 10-15% of primary Y, resulting in a fine grain microstructure as the primary Yy precipitates pin the
grains boundaries (Zener pinning effect) [25]. In contrast, the grain size of the super-solvus microstructure
observed by Bond et al. on forged ingot was about 1 mm average which is ~15 times larger than the one
observed for the AM Rene 65, because the dissolved precipitates can no longer prevent grain growth

[4,10,13].

Forged Rene 65 contains three population of Y precipitates, primary, secondary, and tertiary, depending on
their nucleation temperature. The formation process of theses precipitates has been explained by Singh et
al. on Rene 88DT [26]. According to Laurence et al. study, primary precipitates represent about 10 vol.% and
secondary and tertiary precipitates represent around 20 vol.% on the sub-solvus forged Rene 65 [27]. AM
Rene 65 also present around 20% of secondary and tertiary precipitates after sub-solvus heat treatment as
shown in Figure 4 and Table 2, however the area % of Y precipitates is higher after super-solvus heat

treatment. However, in none of the cases primary precipitates were observed. During the AM process, the
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high thermal gradients and the cooling rates generated do not allow the formation of primary precipitates.
Only secondary and tertiary Yy precipitates were found, and the differences observed between super-solvus
and sub-solvus are mainly due to the heat treatment applied after the DMLM building process that impact

the size and shape of the precipitates as studied by Wessman et al. and Katsari et al. [10,12].

In the study on the mechanical properties of AM Rene 65, Wessman et al. showed that most of the crack
initiation sites in low cycle fatigue at 650 °C were located at the surface of the samples, suggesting an impact
of the surface condition on the crack initiation process [7]. A similar observation was done by A. Laurence in
her PhD thesis work using C&W Rene 65 material tested in low cycle fatigue (LCF) at 700 °C [13], or by
Govaere et al. using C&W AD730 (a very similar alloy to Rene 65) tested in the same LCF conditions [28]
showing that in both cases, fatigue crack initiation is controlled by oxidation of primary Yy precipitates. The

study of oxidation mechanisms is therefore particularly important for turbine disk materials.

4.2. Influence of the oxygen partial pressure on the oxidation behavior

As shown in the TGA analyses of Figure 5, the specific mass gain of AM Rene 65 in air becomes significant
from 700 °C. Despite the metallurgical differences between the four different samples, the oxidation
behavior of AM Rene 65 was studied and using the parabolic approximation, the parabolic rate constants in
synthetic air and in Ar were then determined by TGA and compared with that of AM IN718, powder
metallurgy forged RR1000 alloys and turbine disks alloys [14,19,20] and gathered in Figure 7. The values of
log(k,) for the samples of AM Rene 65 are higher than those calculated by Juillet et al. for an AM IN718 alloy,
but similar to those of Chen et al. for alloys with Cr and Co contents similar to those of Rene 65 [14,19].
However, the activation energies of AM Rene 65 are higher than those obtained by Juillet on AM IN718 (200
kJ.mol?in air and 151 kl.mol? in argon) [14]. These differences could be explained by the growth of a much

denser Cr,03 oxide scale like England and Virkar showed under isothermal condition in air on IN718 [29].

Additionally, a similar alloy was studied by Romain et al. in the same temperature range but for longer times,
with a composition close to the one of Rene 65, at the exception of the Mo and W content [30]. Romain et
al. calculated the same activation energy (314 kJ.mol) than the AM Rene 65 of this study and observed TiO;
after exposure in air at 800 °C but also NiO at 900 °C after 100 hours of exposure. As a matter of fact, Cr,0s is
known to be effective to protect against oxidation till ~870 °C as it could become unstable and volatile above
this critical temperature. Therefore, longer annealing at 900 °C could probably lead to the formation of other
oxides such as NiO. Secondly, the (supposed) absence of Mo and W in the alloy used by Romain et al. could
be critical at high temperatures as some reports indicates that these elements could help stabilizing the

Cr,0s3 layer due to the high valence of Mo and W that reduce metal vacancy in the Cr,03 layer [31].

The oxidation results of AM Rene 65 show that the metallurgical differences between the samples do not

significantly affect the oxidation behavior from a kinetics point of view. Moreover, neither the
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303 microstructure nor the y' precipitates are affected by temperature after 48 hours of exposures which is
304  consistent with the literature that states that Rene 65 can be used for temperature up to 760 °C for more
305 than 100 hours without any noticeable microstructural change [10]. However, the characterization of the
306  oxide layer by XRD (Figure 8) and by SEM-EDS (Figure 9 to Figure 13) shows that the AM Rene 65 behaves
307 differently depending on the oxygen partial pressure. At 48h at 700 °C (Figure 14a), the oxide layers are
308  similar with the formation of a spinel NiCr,04 resulting from the combined oxidation of nickel (NiO) and
309 chromium (Cr,03) [32]. However, the oxidation of chromium is favored over the oxidation of nickel leading
310 to the dissolution of NiO nodules and the formation of the spinel due to the reduced oxygen partial pressure

311 [33].
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313 Figure 14: Schematic diagram illustrating the oxidation mechanisms for Rene 65 AM depending on the

314 temperature and oxygen partial pressure after 48 hours.

315 The differences related to the oxidizing gas appear from 800 °C with the formation of titanium nitrides after

316  oxidation in air (Figure 14b) due to the diffusion of nitrogen through the external chromia and internal
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alumina layers [34]. Since there is no nitrogen in the Ar gas (Figure 14c), the titanium nitrides do not form.
Therefore, titanium is free to diffuse and leads to a Ti-doped Cr,0; scale that creates vacancies and fosters
further oxidation [20]. The outward diffusion of Cr3* and of Ti* ions as dopants of chromia was also reported
by Cruchley et al. upon the oxidation of RR1000 alloy in air [20]. In addition, the diffusion of Ti and Al
towards the substrate/oxide interface leads to a y’ depleted zone underneath the oxide layer. The local
decrease in Al and Ti content below the surface leads to the dissolution of the y’-phase which is no longer
stabilized. Simultaneously, the unbalanced flow of cations and anions brings about the formation of
vacancies and pores (Kirkendall porosity) at the oxide/substrate interface, as e.g., Pedraza et al. showed for
the oxidation of AM1 Ni-based superalloy [33]. At 900 °C, all these phenomena are exacerbated and lead to
the formation of a thicker oxide layer with a deeper y' depleted layer than at 800 °C for the same oxidation

time.

In addition to the outward formation of chromia, AM Rene 65 undergoes preferential grain boundary
oxidation (Figure 11 and Figure 12). The grain boundaries also have a role to play in the oxidation as they
gather aluminum and titanium that have high affinity with oxygen and are thus sensitive to oxidation at low
partial pressure of oxygen po, below the chromia layer [35]. The results obtained are in agreement with the
intergranular oxidation model proposed by Sanviemvongsak et al. on AM IN718 which states that
intergranular oxidation is controlled by both the diffusion of oxygen at the oxide/metal interface and the

slower diffusion of Al and Ti towards the grain boundaries [35].

5. Conclusions

The characterization of DMLM fabricated Rene 65 with two building directions (vertical and horizontal) and
heat treatments (super and sub-solvus) demonstrated that the latter affect the final microstructure as the
sub-solvus samples retain the orientation of the building direction whereas the super-solvus heat treatment
deletes it. However, the different microstructures generated by both building direction and heat treatment
do not markedly affect the oxidation kinetics after 48 hours of exposure whereas the oxidizing gas changes
the oxidation mechanisms. At 700 °C, the oxide scale is composed of spinel NiCr,04 and Cr,0s After oxidation
in synthetic air, the oxide layer is composed of a chromia layer at the gas/oxide interface and an alumina
layer at the oxide/metal interface. The diffusion of aluminum leads to a depletion of y' precipitates in the
sub-surface while the diffusion of nitrogen through the oxide layer allows the formation of titanium nitrides
in the depleted area. On the contrary, after oxidation in Ar, the absence of nitrogen allows the free diffusion
of titanium leading to a chromia doped oxide layer at the gas/oxide interface on top of an alumina layer at
the oxide/metal interface. In both atmospheres, the increase of temperature leads to the increase of the
oxide thickness, deeper depleted area, and further internal oxidation at grain boundaries due to diffusion of

titanium and aluminium during oxidation. Furthermore, the calculation of the oxidation kinetics showed that
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the oxidation behavior of AM Rene 65 is similar to that of other y'-strengthened disk alloys with similar

compositions according to the activation energy calculated from an Arrhenius plot.
Data availability

The raw/processed data required to reproduce these findings are available upon request from the

corresponding authors.
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