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Highlights

» Additively manufactured and Bridgman solidified CXI8 superalloy have comparable VHCF
life under high temperature.

» The superalloy chemistry controls the fatigue difelefect-free specimens.

» Defect-free specimens fails by surface crack ititia

» The fatigue limit is controlled by the superalloyidation resistance at temperature of 1,800

Abstract

A single crystalline (SX) nickel-based superallalgdiively manufactured (AM) by electron beam-bapesvder
bed fusion (PBF-E) was investigated under very bigte fatigue (VHCF) at 1,000 °C in fully reverssghditions
(Re = -1). Specimens processed using a classical Badgsolidification route and the impact of a hotsistic
pressing (HIP) treatment were also considered.dhown that the fatigue lifetime of the AM speaisés higher
or in the same range of the Bridgman processed witbgshe same chemical composition. All defecefrdM
samples fail by surface initiation with very londdZF lives. In the absence of metallurgical defecish as grain

boundaries or pores, the superalloy chemical éabifjainst oxidation governs VHCF failure.

Keywords: Nickel-based superalloys, additive mactufigng, electron beam-based powder bed fusiony taggh
cycle fatigue.
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1 Introduction

Nickel-based superalloys in single-crystalline (S&)m are widely used in the hot-sections of aerghees for
the manufacturing of blades and vanes thanks fo¢keellent mechanical properties at temperatupe~ 90
% of the material’'s melting temperature [1,2]. Dwriservice operations at (very) high temperatutiesse
components undergo a variety of damages includiegp; corrosion, and oxidation [2—4]. The entifgaeement
of damaged components results in material and tios¢s. The use of additive manufacturing (AM) teéghas
allows for the design of turbine blades with comptgometrical designs (e.g., intricate cooling ctes)
combined with the possibility of refurbishment. &hn beam based powder bed fusion (PBF-E) is dribeo
methods that can be adopted by the industry inglage future [5]. One of the most promising intesésemploying
PBF-E to produce Ni-based SX superalloys is to rebmifferent processing parameters to obtain aslfpy

with specific microstructural characteristics [6].

CMSX-4 is one of the “legacy” Ni-based SX supenglaised in the hottest-sections of civil and mijitaero-
engines as blade material [1,7,8]. It i/ superalloy which presents a quite high degree effrital segregation
after casting compared to first generation Ni-baS&dsuperalloys. A specific full heat treatment {H¥ith
subsequent aging(s) (AG) is required to obtainsirddy size and volume fraction so as to optimize meclanic
properties, especially monotonic ones [6,9—11]. Maboration between Cannon-Muskegon, the prodo€er
CMSX-4 alloy, and the research center SFB/TR 108 Hllows SFB/TR 103 to reproduce this superalloy

chemistry for the subsequent preparation of SX EB¥&rs.

Considering that fatigue is responsible for mosthaf crack initiation events/failure cases of intdly cooled
blades of aero-engines [13], it is of utmost impnde to investigate fatigue properties of a PBRrde@ssed SX
superalloy, especially in the very high cycle faégVHCF) regime in view of using such a procegswute for
the manufacturing of Ni-based SX airfoils in futuaero-engines. Fatigue tests under high and vegi hi
temperatures with a lifetime higher tharf t@cles are very time consuming using a conventitatigue machine
(= 100 Hz). Ultrasonic machines (in the kHz regimegdime a solution in order to study the damage nmésina
at very high vibratory frequencies [14]. It is alsxalled that HCF/VHCF durability is a certifyirgiteria of
airfoils according to airworthiness authoritiegg(€eASA and FAA) [15-17], as the loading by vibratstresses

turns out to be a matter of safety requirementeodangines.

From the authors’ very best knowledge, there iy onle published study focused on the fatigue ptogseof a
PBF-E SX superalloy in the low cycle fatigue (LGEpime [9]. In fact, Meid et al. investigated thBFRE SX
performance of CMSX-4 alloy in stress-controlledA.&t 950 °C/0.25 Hz andsR: 0.6 [9]. It was shown in this
pioneering study that the PBF-E SX alloy can penfeimilar to the conventionally processed SX allmpvided
that an adequate heat treatment sequence is pedoafter the AM process. This result is not suipgis
considering the fact that in such LCF conditioriglftemperature, high mean stress, low frequergyypnounced

cyclic ratcheting is observed, indicating that prdeamage is also contributing to the overall LCFadiility [9].

In contrast, the present paper focuses on the ilityalf the same PBF-E SX alloy in the VHCF domainhigh
temperature/ R= -1. In such conditions, the VHCF life of convemially processed Ni-based SX superalloys is
known to be highly dependent on the solidificatrameters [14—20]. In fact, VHCF crack initiatioccurs at

the largest casting pores in nearly 95 % of thesas$ R=-1/1000 °C [15,17,19,20] and only occasionatijhe
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surface due to oxidation [15,19,21,22] or due poiar plastic deformation, inducing surface recajistation [23].
VHCEF life in fully reversed conditions at high teerpture is hence really sensitive to the presehdefects such
as pores and/or grain boundaries. In the abseneegef solidification pores in the PBF-E materiaédo the AM
process itself [24,25], a better fatigue perforngaiscexpected and/or different crack initiation hegisms, but

this needs to be investigated and therefore, istitortes the main objective of this manuscript.

To achieve this aim, the PBF-E CMSX-4 SX samplegehaeen tested with and without hot isostatic [pngss
(HIP) treatment [15,25,26] in the present invesiagga The results were compared with the databaadable
from the literature [15] using a Bridgman-procesSadiSX-4 alloy after full HT, established using teeme VHCF

set-up.

2  Materialsand methods
2.1.Chemical composition and heat treatments

The nominal chemical compositions of CMSX-4/BridgmBRBO/1 and CMSX-4 atomized powder used to build
PBF-E specimens is listed Trable 1.

Tablel

CMSX-4/Bridgman, ERBO/1, and CMSX-4 atomized powdeminal chemical compositions (in wt. pct.).

Alloy Ni Cr Mo Co w Re Al Ti Ta Hf

CMSX-4/Bridgman[15] Bal. 65 06 90 60 30 56 1.0 635 0.1

6.2- 05 93- 6.2- 28 54 09- 6.3- 0.07-

ERBO/1[27] Bal. ¢ 07 100 66 31 575 11 675 012

CMSX-4
Atomized powder [31]

Bal. 6.6 0.6 9.9 6.4 2.9 6.2 11 6.6 0.08

The CMSX-4/Bridgman fatigue results are extractedifthe literature [15]. For this reason, the HTswascribed
in the previous article [15]. The ERBO/1 plate usethachine the fatigue specimens was provideddiycBsters
Bochum company in partnership with the Ruhr-Uniitat8Bochum. This plate had a 20 mm thickness. Hifie
(ERBO/1C according to [27]) was presented in ttexditure [27].

Square bars with 12 mm edges were b#ilg(l a) by the PBF-E method. The PBF-E CMSX-4 SX samplee
divided in two different groups depending on whettiey have or not a HIP treatment. First, the ANM/REC
(AM: Additive manufacturing, HT: Heat treated, RERecycled atomized powder) specimens were builh wit
recycled powder, HT by standard method in air 813,°C/35 min and finally aged at 1,140 °C/2 h/A&r (
guench) and at 870 °C/20 h/AQ. The AM/HIP (HIP: Hi€atment) specimens were homogenized in the QIH-9
HIP (hot isostatic pressing) at 1,315 °C/35 minarD0 MPa Argon pressure. The material was directénched
after holding by applying the fast-cooling capdbitf the HIP set-up to achieve ultrafiigorecipitates. Then, the
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material was subjected to the same AG treatmedefised for the non-HIPed material. The AM/HIP s#@sp
were received in two different batches. The filgich containing eight bars had been built usingaled powder
(AM/HIP/REC). The second batch contained four Babsicated with fresh powder (AM/HIP/FRS) (FRS: stie

atomized powder). The nomenclature is detailefahle 2.
Table?2
Sample’s nomenclature. HT is the denomination étirfeat treatment. PBF-E is the denomination fecteon

beam based powder bed fusion. SHT is the denomimé&dr solution heat treatment. AG is the denonimeator

aging treatment. AQ is the denomination for airrgpre HIP is the denomination for hot isostatic pieg.

Nomenclature Superalloy/Solidification processHeat treatment

CMSX-4 solidified by classical Bridgman methed HT described in the literature

CM SX-4/Bridgman [15]

ERBO/1 solidified by classical Bridgman meth6édHT described in the literature as

ERBO/1 ERBO/1C [27]
Additive manufacturing (PBF-E) samples built w/yeled CMSX-4 atomized powder
AM/HT/REC - SHT in air at 1,315 °C/35 min and AG steps at @,1@/2 h/AQ and 870 °C/20
h/AQ
AM/HIP/IREC Additive manufacturing (PBF-E) samples built w/yeled CMSX-4 atomized powder
- HIP homogenization at 1,315 °C/35 min under 10GaM¥Pgon pressure
AM/HIP/ERS Additive manufacturing (PBF-E) samples built w/dneCMSX-4 atomized powdep

HIP homogenization at 1,315 °C/35 min under 100 MRgon pressure

2.2. Stereological analyzes

A vyly stereological analysis was performed using a JE®M-7000F scanning electron microscope, by apglyin
the secondary electron imaging (SEI) mode operati®h kV. The microstructures are showrkrig. 1 b-g. The
observations have been made in both primary dendrins (D) and interdendritic spacing (ID) for Bymdan
processed CMSX-4/Bridgman and ERBO/1 alloys. ASRBE&-E processed alloy has very small primary dendr
arms spacings [6,31], almost no remaining diffeesingrecipitate size and morphology can be obskirva fully
heat treated/HIPed state across this very fine ritendtructure Fig. 1 f-g). The software ImageJ was employed
to analyze the/ size. All measurements were done in the denddte for Bridgman solidified alloys. Thg
average edge length of CMSX-4/Bridgman alloy is 8420 nm, and it is 560 + 80 nm for the ERBO/1 oftee
AM/HT/REC presents 42@& 80 nm, and AM/HIP/REC 47& 100 nm sizes. The average edge lengtly of
precipitates in the PBF-E SX is hence smaller caegbto the one in CMSX-4/Bridgman and ERBO/1 matsri
This difference iry size between all the investigated specimens &as heglected in the following of this article
since it is known from the prior literature tha¢ {HCF properties of Ni-based SX superalloys atedependent
on the precipitation size and morphology atR1/1000 °C [17]. Moreover, a possible small &tan iny volume

fraction around 70 % does not seem neither to hayampact on the VHCF properties in these condifi5].
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The CMSX-4 PBF-E SX stereological characterizatletailed in [25,29,30] has shown that the SX pavietbped
pores having & 1.7 um average diameter size [24,25], which contrastis thie Bridgman method that results in

solidification pores of up to 200m after the complete solution heat treatment (Stdir}his alloy [28].

R IR

Polycrystalline e

d) ERBO/1 - Dendrite €)ERBO/1 - Interdendrite

- L Pl P P A
- -y
= j s 7% g,
: o ; 93:

P
L 12 £ ST G4 LT O EL
f) AM samples built w/ recycled g)AM samples built w/ recycled
CMSX-4 powder - Standard HT CMSX-4 powder - HIP HT

(AM/HT/REC)
I SRR

Fig. 1. (a) PBF-E SX 12 mm square bars microstructureildgi@qua regia etched). (gJy microstructure of
CMSX-4/Bridgman observed in primary dendrite arnmsl gc) in interdendritic spacing. (d) ERBO/1 alloy
solidified by a Bridgman method in primary dendréens and (e) in interdendritic spacing. (f) CMSX&lby
processed by PBF-E after standard heat treatmenfgamfter HIP treatment.

2.3.Specimens’ machining and very high cycle fatiggtstdetails

VHCEF tests were performed using hourglass-shapetplea (sed-ig. 2) [32]. The samples were extracted by
electric discharge machining and subsequent turtongeach the final shape. Two samples for AM/HTERE
twelve samples for AM/HIP of the two batches (8cspens AM/HIP/REC and 4 specimens AM/HIP/FRS) and
eight samples for ERBO/1 were machined at Pprirséitute. A thickness of 0.2 mm from the originahidieter
was first removed by SiC grinding to remove residi@sses inherited from the machining steps. pbishing

step was essential to avoid surface recrystallimadiuring the fatigue tests at high temperaturerdéfter, the
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142  surfaces were gently ground and polished to a firiglor polish (1 um diamond suspension) with timalfsteps

143  parallel to the loading axes.

144  Strain-controlled VHCF tests were performed at @,00 (+ 2 °C), f = 20 £ 0.5 kHz, & -1 with an ultrasonic
145  fatigue machine used in previous studies [16—-19232]. The fatigue tests were performed with aisdndal
146  waveform. These tests were performed using alteigastresses allowing i) a direct comparison with
147  conventionally processed Ni-based single cryswllBpecimens previously tested at Institut Pprimé—[1
148  19,21,23,32], ii) a good control of specimen’s tengure and iii) failure of specimens in a reastméiime. An
149 induction coil was used as a heating source, theepof which was controlled by a closed loop witldwal-
150 wavelength pyrometer measuring the specimen’s &let@mperature. A pre-heating of 45 min at 1,000/43
151 applied before starting the tests to stabilizesiindace oxides and resulting surface emissivitye Buthe high
152  density of dislocations stored in the AM processeelcimens, especially in the HIPped ones, onlydi@rnating
153 stresses were used to limit the impact of specimseié-heating on their temperature control. Hendd/)
154  specimens were all tested with an alternating stsgbelow 180 MPa. With this high temperature VHCFget
155 used in these previously described conditionstdilations in alternating stress of +/- 3 MPa at nmaxn have

156  been observed throughout tests.

0,50X45° _ o
s . — 1 8
S 2 = ®
%) ~0 o E
S ) e B
I S Q]
Q @ =
002/ A= F % [ [0.02]A
)[0.02] A
8
/it
~ = ™ . T e
O {19 Y
6 6 A

157

158 Fig. 2. Ultrasonic fatigue sample dimensions (in mm), used/HCF tests at 1,000 °C.

159
160  2.4.Post-mortem analyses

161  Optical and scanning electron microscopy (OM antMSEespectively) were employed to perform post-mort
162  observations. Fractographic analyses were cartedising a field emission gun (FEG) microscope JESM-
163  7000F operating at 25 kV. The longitudinal sectiamsre mirror polished down to 1 um to observe the
164  microstructure under secondary (SEI) and backsealtelectrons (BSE) imaging modes in the same ewgrip
165 operating at10 mm work distance. The chemical analyses werewdad with an EDAX energy dispersive
166  spectrometer (EDS). The analyses were made onchesurfaces to avoid any potential dissolutionxides,

167 carbides and other metallurgical phases that ctalté the interpretation. In addition, electron lmater
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diffraction (EBSD) analyses were performed to cbhtmaze the crystallographic orientation around ititernal
crack initiation. It was performed using a secoB®Ul JSM-6100 SEM, operating at 25 kV, and the adaton
imaging microscopy (OIM) software EDAX, version 6A 0.2 um scanning step was chosen. The specimens

were polished using colloidal silica solution (jeé size 0.04um).

3 Results

3.1.VHCF performances and fractographic analyses

The alternating stressd) as a function of the number of cycles to fail(M§ diagram gathering all VHCF results
obtained in the present study is presentefign 3. It can also be observed that fatigue lives ragp@iom= 1P
cycles up te= 3.0 x 18° cycles have been obtainedsat 145 MPa. The latter is probably the longespfai test
ever performed on this class of alloy at high terapee. Significant scattering in ERBO/1 can reboltn different

crack initiation mechanisms that will be detailatkl in this article.

) S —

240-— B 4
220-— N -
200-— N 4
180-— * . _

L . @ ]

160 - P

Alternating stress (MPa)

140 Vy ° T e -

120 | . -

100 ool ool Lol ool ool AR
10° 108 107 108 10° 10 10t
Number of cycles (Nf)

Symbol: Superalloy Color: Crack initiation mode

B CMSX-4/Bridgman [15] B Solidification pore
® ERBO/1 . ' B High angle grain boundary
€ AM samples built w/ recycled CMSX-4 atomized powder B Buk
- Standard HT (AM/HT/REC) B Surface
A AM samples built w/ recycled CMSX-4 atomized powder  Trend line
- HIP HT(AM/HIP/REC) - - - - CMSX-4/Bridgman
V¥ AM samples built w/ fresh CMSX-4 atomized powder ~ -----. ERBO/1

- HIP HT(AM/HIP/FRS)

Fig. 3. S-N diagram at 1,000 °C,.R -1 / f = 20 kHz. The alternating stressis plotted as a function of the
number of cycles to failure. The CMSX-4/Bridgmarnajaepresented with black squares, were extrdatetthe
literature [15]. (For interpretation of the refeces to color in this figure legend, the readeefenred to the web

version of this article.)
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The AM processed specimens present very differéh€W lives, either very long ones in excess of 5.00%
cycles, or short ones below “0ycles. In fact, six AM/HIP/REC samples failed rfrostray grains, which
presumably formed during the PBF-E and/or HIPimacpsses. The presence of such grains within thgegaart
of VHCF specimens, especially close to the surfaesylts in very low VHCF lives. Failure during thetial
ramping-up in alternating stress up to reachingdésired value i, even occurred in six different samples
containing stray graing={g. 4 andTable 3). These tests were considered as “unsuccessfud® sio stabilized

alternating stress was reach.

Recrystallized grains ejected

Fig. 4. Optical microscope observations of two AM/HIP/RE€®nples that presented immediate failure. The red
dotted region illustrates the location of a reailited grains ejected from the specimen gauge ghaihg the

application of the alternating stress.

All other successful tests using PBF-E processedisgns (i.e., AM/HT/REC, AM/HIP/REC and AM/HIP/FRS
samples) with a few cycles close to the CMSX-4/8nidn trend line failed from a surface crack initiator from

an internal site (sekig. 3). The presence of grain boundaries within the gauayt of specimens appears to be
detrimental to the VHCF life of AM processed speeirs and may lead to fatigue lives well below theson

obtained for Bridgman processed alloys (Bag 3 andTable 3).

After mechanical testing, fractographic observatiasere performed. The fracture analysis of CMSXridigman
specimens was already presented in detail by Gervet al. [15]. Crack initiation from internal sdification
pores was systematically obtained, these critioaép having a maximum diameter ranging from 5050 {m
[15]. In good agreement with this reference datab&RBO/1 specimens systematically presented & crac
initiation from solidification pores with a sizenging from 80 to 20@m (seeT able 3 andFig. 5). Such a crack
initiation mode has already been well explainethanliterature [15,20,32]. The quite pronouncedtscén VHCF

life of ERBO/1 specimens displayedHhig. 3 results from the quite large variation in castirge size serving as
the main crack initiation sitd=(g. 5), since specimens were machined out from a thiclpl&€. In fact, using the
same casting parameters, large SX castings arerktwintroduce larger solidification pores, overafiiucing the
VHCE life [15]. Hence, the variability in VHCF lifef ERBO/1 does not deserve further analysis/disons
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Focusing on the successful results showirion 3 for PBF-E-processed specimens (i.e., no consideratf
specimens containing high angle grain boundarieg)st of AM/HT/REC, AM/HIP/REC and AM/HIP/FRS
samples presented crack initiation at the surfaseshown irFig. 6. According toFig. 6, surface cracks assisted
by oxidation as deep as 0.8 mm have been obseftezdailure. The fracture surfaces of these specisrare also
characterized by a subsequent crack propagatiaminanode | (highlighted by yellow dotted lineshish seems
to be less oxidized according to the lighter casitrand then by a final failure area in shear m&gpecimens with
a high VHCEF life (Nf > 4 x 19cycles) presented several surface cracks (secpodanks) that were perpendicular
and parallel to the main loading axis, as showrign 7 for two different specimens testedsat= 145 MPaBoth
specimens present a non-negligible density of sarfaacks. However, the main crack initiation si@s not
necessarily at the specimen’s surface {Baldle 3 andFig. 8a). In fact, only one specimen had crack initiation
from an internal site (AM/HIP/REC-2, s&&g. 8b) with the characteristic rough zone commonly obséraround
the main crack initiation site of samples testedarnVHCF conditions [15,20], see yellow insertHig. 8b.
However, it was not possible to unambiguously cadelon the nature this crack initiation site fraacfographic

observations and further observations along lodgial cuts were thus performed.

Fig. 5. Fractographic observations of ERBO/1 samples widlinnarack initiation from solidification pores. (a)
ERBO/1-6 6,= 209 MPa, with Nf = 5.7 x ftycles) and (b) crack zone magnification, detaihe presence of
a casting pore close to the surface with diamefter40 um. (c) ERBO/1-1c6= 160 MPa, with Nf = 6.6 x F0

cycles) and (d) crack zone magnification, detathie presence of a casting pore with diameterf0 um.

Paper Accepted in Additive Manufacturing 9 Marclt220 https://doi.org/10.1016/j.addma.2022.102759



231

232
233
234
235

236

Fig. 6. Fractographic observations of PBF-E processedrspas with main crack initiation from the surfa¢a)

AM/HT/REC-1 (0a= 145 MPa, Nf = 3.2 x #0cycles), (b) AM/HIP/REC-1¢,= 167 MPa, Nf = 8.3 x f&ycles),
(c) AM/HIP/FRS-2 62 = 170 MPa, Nf = 4.9 x Pocycles), (d) AM/HIP/FRS-3d, = 160 MPa, Nf = 4.7 x £0
cycles). The maximum depth of the main fatal criattkated at the surface is added for each specimen
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Fig. 7. Two examples of PBF-E processed specimens witlaseidracks. (a and b) AM/HT/REC-1 and (c and d)
AM/HIP/REC-2. Both tests were performedsat 145 MPa, with Nf = 3.2 x 29 cycles for AM/HT/REC-1 and
Nf = 4.9 x 10 cycles for AM/HIP/REC-2. Red and yellow arrowsicate, respectively, cracks perpendicular and
parallel to the loading axis. (For interpretatidritee references to color in this figure legene, thader is referred

to the web version of this article.)
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Table3

VHCEF results at 1,000°C{R -1/f = 20 kHz of Bridgman and PBF-E processe®BRL SX specimens.

Specimen 62 (MPa) Nf (cycles) Crack initiation
AM/HT/REC-1 145 3.2x 10% Surface initiation
AM/HT/REC-2 180 8.4x 1¢f High angle grain boundary
AM/HIP/REC-1 167 8.3x 10° Surface initiation
AM/HIP/REC-2 145 4.9x 10° Bulk initiation
AM/HIP/REC-3 Immediate failure during
alternating stress ramp-up
AM/HIP/REC-4 Immediate failure during
alternating stress ramp-up
AM/HIP/REC-5 Immediate failure during
alternating stress ramp-up
PBF-E : i _
AM/HIP/REC-6 Immediate failure during
alternating stress ramp-up
AM/HIP/REC-7 Immediate failure during
alternating stress ramp-up
AM/HIP/REC-8 Immediate failure during
alternating stress ramp-up
AM/HIP/FRS-1 142 9.8x 1¢° High angle grain boundary
AM/HIP/IFRS-2 170 4.9x 10° Surface initiation
AM/HIP/FRS-3 160 4.7x 10° Surface initiation
AM/HIP/FRS-4 140 1.7x 1CF High angle grain boundary
ERBO-BR-1 160 6.3x1CF Solidification pore
ERBO-BR-2 140 7.6x1CF Solidification pore
ERBO-BR-3 120 1.9x10° Solidification pore
_ ERBO-BR-4 171 8.0x1(° Solidification pore
Bridgman S
ERBO-BR-5 140 1.3x10° Solidification pore
ERBO-BR-6 209 57x1¢° Solidification pore
ERBO-BR-7 185 1.3x1CF Solidification pore
ERBO-BR-8 185 2.6x 10 Solidification pore
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Fig. 8. Fractographic observations of three PBF-E procesgedimens: (a) AM/HT/REC-I§ = 145 MPa, Nf =

3.2 x 16° cycles) with surface crack initiation pointed I tarrows, the main initiation is highlighted by tted
arrow; (b) AM/HIP/REC-2 ¢ = 145 MPa, Nf = 4.9 x PQycles) with a main internal crack site, presemtime
characteristic rough zone pointed by the dottetbyesquare (see insert); and (c) AM/HIP/FRSs1 % 142 MPa,
Nf=9.8 x 10 cycles) with a main initiation from a surfaceigraoundary pointed by the red dotted square (see
insert). (For interpretation of the referencesdtocin this figure legend, the reader is refert@the web version

of this article.)

3.2. Microstructure investigation along longitudinal sens

The longitudinal cross-sections were prepared in/AMREC-1 and AM/HIP/REC-2 specimens to better

understand crack initiation mechanisms for both #B#rocessed specimens.

3.2.1. Crack initiation from an internal site: AM/HIP/REEZspecimen

The crack initiation site observedHing. 8b has been investigated at a high magnificationaoilg a longitudinal
section intercepting the initiation site as showrFig. 9. Different imaging modes have been used to try to
determine its exact nature. From this figure, isypassible to identify needle-shaped precipitated arrows in
Fig. 9 ). The rough zone presented discontinuities thak keery similar to vacancies as previously obserwed
Cervellon et al. [20] within the rough zone duéddaeally very high deformation magnitudgig. 9 c andd). These

small pores whose size is below 1 pm may havelasa inherited from the AM process.

Fig. 10 shows the EBSD analysis performed just below taekcinitiation site according to the localization

provide inFig. 9a by the green rectangle. The 1Q+IPF images showrtiat of this region below the crack
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282
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284
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287

288

initiation site presents angular variations lowart 1° indicating the absence of recrystallizatidowever, a
small “recrystallization” zone of 60 um in extension (seEig. 10d) was observed close to the crack initiation
zone. It is composed a several low angle boundafikxcal misorientation typically lower than 10he internal
stresses remaining from the melting lines combingtth the HIP treatment can be the explanation @& th

recrystallized zone indicated kig. 10.

BSE Mode

Fig. 9. (a) Crack initiation site of AM/HIP/REC-20f = 145 MPa, Nf = 4.9 x P0cycles) observed along a
longitudinal section. Few secondary cracks arerviskeat the surface (see black square). (b) Cratition site
identified by the rough zone, (c) magnification gea using the SEI and (d) BSE imaging mode. Whit@ais
pointing out a remaining pore and red arrows hgittlneedle-shaped precipitates. The green squéag shows
the location where the EBSD analyses have beeompegfl. (For interpretation of the references tocal this

figure legend, the reader is referred to the wabion of this article.)
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Fig. 10. EBSD characterization of AM/HIP/REC-2{= 145 MPa, Nf = 4.9 x PQcycles) crack initiation zone
(green square iRig. 9a) including (a) image quality (1Q). (b) IQ and imge pole figure (IPF), (c) and IPF relative
to the loading direction. Angle variation lower the® is pointed by the black dotted square. A nediotted green
rectangles in (a-c)) containing several recrystatli cells with low angle grain boundaries is shav(d). (For

interpretation of the references to color in tigsife legend, the reader is referred to the webiorrof this article.)

3.2.2. Crack initiation from the surface: AM/HT/REC-1 spren

Fig. 11 shows the features found along a longitudinaligeaif the AM/HT/REC-1 specimen. Failure from seda
initiation is only shown for the HT sample since ttesults obtained for AM/HIP/REC-1, AM/HIP/FRS-@da
AM/HIP/FRS-3 Fig.6 andTable 3) are equivalentrig. 11a illustrates the presence of a secondary crack hos
depth iss 70 um. This crack seems to be filled by oxides upgdifi. Fig. 11b andc are observations IBSE and
SEI modes, respectively, allowing to highlight sfgrant features like the square-like precipitedesund the crack

initiation zone and the oxidation inside the crakk: 30 um-thick layer with Kirkendall porosity and precigies
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of different shapes appear underneath the surfaigel{ d and €). Fig. 11e illustrates the oxides growing
outwardly and leaving behind Kirkendall voids. Nafeéhese particular features were previously olesteither
in CMSX-4/Bridgman in VHCF at 1,000 °C by Cervellenal. [15] or in the CMSX-4 PBF-E samples aft€H.
tests at 950 °C by Meid et al. [6], probably dushorter duration of the tests.

Precipitates of
different shapes
and size

S &
%
\ ’(

10 pnv »*
SEI Modey =gy

Oxides growing
outwardly inducing
Kirkendall porosity

10 pm

SEI Mode ke

P

1 mm far from the main crack intitiation zone 2 mm far from the main crack intitiation zone

Fig. 11. Microstructure characterizations of AM/HT/REC-d.(= 145 MPa, Nf = 3.2 x 10 cycles) along a
longitudinal section: (a) high magnification ovexwi of one side of the sample in BSE mode. (b) Séamgncrack
detail (orange dotted rectangle in (a)) in BSE maxe (c) SEI mode. (d) Surface detail (green datethngle in
(a)) 1 mm far from the main crack initiation sittBSE mode, and (e) 2 mm far from the main cradiation

zone in SEI mode. (For interpretation of the refiess to color in this figure legend, the readeefsrred to the

web version of this article.)

Fig. 12a highlights the chemical elements that constitbtedxides and the precipitates. The external osidde
outside the crack is mainly composed of O, Ni andight yellow and green). The internal crack esccomprise
Ti, Ta and Al (purple and dark pink). The needlelprecipitates are rich in Re (yellow@20 wt. % (see also Re
map inFig. 12b), and several big precipitates are composed o€MI'aand Hf (red). The large square-shaped
precipitates close to the surface are composedafdNAI (orange), and the small ones are compokiidand Ti
(blue). Re-rich needle-shaped precipitates aregimgbTCP ones, presumablyor P phases, based on their

morphology and on their very high Re content [33].

The EDS composition profile of the oxide and thbsitate is displayed iRig. 12b. The oxide is divided in three
main layers: an external NiO, an intermediatgdzand internal AlOslayers. Depletion of Al, Ta and Ti between

the bulk and the surface is also obsenkd.(12c), which results in the countercurrent increaseéraRd W.
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327  Fig. 12. AM/HT/REC-1 (0. = 145 MPa, Nf = 3.2 x #0cycles) EDS analysis. (a) SEl image artificialblared
328  with the Photoshop software in agreement with trentcal elements X-ray maps analysis in (b). (baX-maps
329  of the crack tip highlighting the elements O, Ak,Ri, and Cr. (c) Chemical composition through phefile
330 illustrated by the black arrow Fig. 12a including all elements, (d) with a focus on Al,, T Hf, and Re elements
331 and (e) with a focus on Co, Cr, W, Mo elementsr {Rterpretation of the references to color in figsire legend,

332  thereader is referred to the web version of thisla.)

333

334 4. Discussion

335 From the present experiments, it has been obsénme¢®BF-E processed specimens performed extrenelyn
336 VHCF at 1,000 °C/R= -1/f = 20 kHz provided that they are defect-free., they are fully single crystalline.
337  Moreover, in comparison to conventionally procesditigman solidification) Ni-based SX superalloyshich
338 usually present crack initiation from the largeasting pores in these conditions irrespective efahernating
339 stress (sef€igs. 3 and5 and refs. [14-20,23]), nearly all defect-free PBBfBcessed specimens failed from the
340 surface, with a crack initiation process assistgaXidation (sed-igs. 3, 6, 7a, 8a, 11 and 12) and equivalent
341  results for fresh and recycled atomized powderc&ionly AM specimens failed from an internal sdag can
342  hypothesize on a very high dislocation densitpeasl scale inherited from the building/HIP proces§ég. 9 and
343  10). Yet, further analyses and additional resultdhwvaitsimilar crack initiation mechanism would beuiegd to
344  unambiguously assess this potential mechanismagkdnitiation. In the previous literature investiing fatigue

345  properties of PBF-E-processed Ni-based SX supgsalidleid et al. [6] compared the LCF life at 98D at a
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346  stress ratio 0.6 of the AM SX with its parent aastterial fully heat treated with and without HIFhely showed
347 that the former performed better than the latteicdntrast, they did not report any failure rela@the presence
348  of grain boundaries probably because these staipgwere avoided by machining the samples froncémter
349  of bars. According to Meid’s results [6] the cradodiktiation for PBF-E SX has three potential sourc@sthe
350 interface of melting layers, (ii) the micro-porgsiienerated during solidification or, (iii) for th#Ped specimens,
351 the precipitates formed at the location of collapperes. However, none of their specimens initiateéailed
352  from the surface and we have to recall that thigdatconditions used by Meid et al. introduced @npunced

353 cyclic ratcheting, i.e. creep strongly contributedhe damage mechanisms [6].

354  The following discussion will hence focus on the @H damage mechanisms of PBF-E-processed specimens,

355  with a special focus on the crack initiation medeanfrom the surface assisted by oxidation.
356
357 4.1.Crack initiation at grain boundaries

358  According toFig. 3 andTable 3, the presence of stray grains within the gaugegavHCF specimens induces
359  aspectacular debit in fatigue life. Six specimewsn failed during the initial ramping-up in altatimg stress (see
360 Fig. 4). These grains are either inherited from the PBfuiiding process (i.e., the polycrystalline stadlshown
361 inFig. la could have been deeper in some AM processed spesileading to the presence of grains within the
362  gauge part of specimens after machining/polishamglor the HIPing process. While (surface) rectljztdion is
363  known to decrease the LCF life of Ni-based singestalline superalloys [34,35], no prior study reted on the
364  consequence of stray grain on the VHCF life at higghperature of Ni-based SX superalloys, accortinthe
365 authors’ best knowledge. We may only mention thaliractionally solidified alloy (DS200+Hf), presémg
366  severak <001> columnar grains within the gauge part of \AH&pecimens (i.e. low angle grain boundaries with
367  respect to the loading direction [36]), performiglly worse in VHCF at 1,000 °C{R -1/f = 20 kHz compared
368 to SX specimens solidified with the same castintapeters [15]. Hence, highly misoriented grainsrirthe
369 perfect [001] crystallographic orientation is @il to the VHCEF life. In fact, as VHCF specimengdisn the
370 present study are designed so as to obtain a fnegue resonance in tension/compression of 20 kH580 Hz
371  [32], such recrystallized grains have a Young's muosl far higher than the one along the <001> oaiort (i.e.
372 93 GPa for CMSX-4/Bridgman). Hence, the local fremey of resonance is far different from 20 kHz iagdo
373 alocal stress concentration at grain boundariaiturfe in shear mode at the grain boundary is abthin such a
374  condition. The analysis of the role of recrystatizgrains on the VHCEF life of Ni-based SX supesa#ipecimens
375 will be analyzed in greater details in a forthcogarticle, by using finite element simulations dicrystalline

376  specimens tested in VHCF in the same condition.
377
378  4.2.Microstructure evolution

379  PBF-E specimens that failed through cracks whoskeation/micropropagation is assisted by oxidagicesented
380 a very high VHCF life (between 70 and 447 h) at0D,0C. According tdrigs. 11 and 12, these specimens
381 presented very different intermetallic precipitatasaddition to the usuay precipitates. AM/HT/REC and
382 AM/HIP/REC coupons were then overaged in isotheromiditions for 480 h at 1,000 °C to compare the

383  microstructure evolutions with and without ultrasofatigue loading. Such a comparison is showhim13.
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isothermal aging at 1,000 °C
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VHCEF at 1,000 °C

Close to the surface 1.5 mm far from the surface

Fig. 13. (a) Microstructure evolution after 480 h at 1,00D for AM/HT/REC and (b) AM/HIP/REC. Both
microstructures were taken 0.5 mm below the fracsurface. (c) Microstructure evolution afte447 h in VHCF

at 1,000 °C for AM/HT/REC-1d, = 145 MPa, Nf = 3.2 x #0cycles) close to the surface and (d) 1.5 mm below
the surface. Red arrows are showing TCP precigitateng the dendritic zones. Yellow arrows are shgwhe
directions of local/ coarsening. (For interpretation of the referertcesolor in this figure legend, the reader is

referred to the web version of this article.)

At 1,000 °C, the superalloy CMSX-4/Bridgman is known to berg to topologically close-packed (TCP)
precipitates [14,37—40] that are well known to lowee mechanical properties [41,42]. This TCP poiéafion is
also known to be enhanced at high temperaturedinttoduction of pre-deformation [43,44] or by trery high
local plastic deformation in the rough zone classttess raisers in VHCF [20]. As already investday Pistor
et al. [30], TCP phases precipitate in PBF-E CMSalldy at high temperatures (around 1,050°C) antbfogtime
exposures. In our study, based on the morpholod¥E®S analysis showing a very high Re content shiawing.

12, we believe that needle-type precipitates are B3B8 phases [39]. Moreover, AM/HT/REC-1 test lasteldt7
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h, i.e. long enough to be in the precipitation dionw TCP phases at high temperatures accordingewvious
literature [33,38,39], as opposed to the testoperdd by Meid et al. [9] that only lasted 48 h IGH.

Such TCP phases precipitate homogeneouslly % in area fraction) in the material without loag(Figs. 13a
andb). Comparingrig. 13d (2.5 % in area fraction) witRigs. 13a andb, imposing the VHCF loading does not
seem to deeply affect the overall amount of TCPspbabut their location varies close to the surfatere they
seem to mainly precipitate in former primary detedarms (red arrows Btg. 13c). Further, their density increases
from the surface towards the bulk. This can bearpH by the local change in chemical compositioa t the
depletion of the other alloying elements to form tixides, especially Cr and W known to favor TCE&cjpitation

in CMSX-4/Bridgman [33], in addition to Re. Thisstét is also in good agreement with the Re distifloumap
of Fig. 12b showing almost no TCP precipitates close to thelctip.

The square-type precipitates rich in N are theidas developed close to the surface due to thedwygen
pressure. As the oxygen is being consumed by thé&INand Cr elements to form the oxide layer, tixggen
pressure locally drops, and the 78 % ofpMesent in the air diffuses in the substrate mnegavith Al and Ti.
Nitrides are known to be brittle structures, desimg the mechanical properties of superalloys, @aphg in
fatigue at low temperatures [45-47]. The Ta/W/HKhrcarbides previously observed in MAR-M247 [48{ am
Mar-M200+Hf/DS200+Hf [49] are also known to favaack initiation in LCF [50]

The voids appearing just beneath the oxide lakegs( 11 b-e) have been previously observed after the high
temperature oxidation of various Ni-based supeyallb1-54] and are related to the vacancy supeetiin
according to Evans et al. [55]. Such vacanciesimatg by the major outward cation diffusion and the
countercurrent injection of vacancies into the lrelulting in the well-known Kirkendall porositygp One shall
notice that the Kirkendall porosity often driven the gradient of chemical potential [SHi¢. 12c) was not
observed in the absence of mechanical loading. flildéng suggests that greater outward diffusiors weost
likely enhanced through the dislocations introducgadn the VHCF [58] allowing to reach voids f5 uym
diameter. One may also speculate on the high distots’ density inherited from the very PBF-E anldit
manufacturing process that can also foster oxidatizdeed, it is known that a very high dislocataansity is
present within the material after the PBF-E prod&8§, and this was also confirmed by the factasteen
impossible to conduct VHCF tests in the presentitmms at alternating stresses greater than 188 {@fe Fig.
2), due to a too pronounced self-heating. Regardiidation, Juillet et al. demonstrated that thetantaneous
parabolic rate (§ constants could not be calculated in an AM IN-8lferalloy due to enhanced growth of the
oxides in comparison with the forged counterpants @elated this to the significantly higher densifyinternal
defects assessed by transmission electron micrgg@&M) [60]. As a result, the selective outwardfution of
the most oxidizable elements to form the oxideesbaings about the precipitation of the strong ichrland nitride

formers underneath [61].

4.3. Crack initiation and propagation mechanism assidigxidation

This is the first time that a VHCEF life controllég oxidation is presented in the open literatureafti-based SX
superalloy at high temperature in fully reversedditions, and in the absence of any surface realiigsttion

mechanisms. In fact, several EBSD maps have beadormed in this work for specimens showing surfacack
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initiation and no evidence of recrystallizationsgato secondary cracks in PBF-E processed specinasniseen
observed (see, e.g., Fig. 14). Cervellon alreadsented that surface cracks may develop in fullyersed
conditions at the same temperature for long VHGEstEL5,17], but the main crack initiation (almoabvays
occurred at an internal site (a casting pore). easent results are somehow different from prevesnples of
fatal crack initiation from the surface in VHCFthris class of alloys showing the presence of reéaljzed grains
(associated or not to a coating deposition procgkP?] or from a stress concentration at the aerfof
specimens, due to a prior plastic deformation teefesting specimens in VHCF at 1,000°C/R=0.5/f =2

[23].

001 101

f P11

Fig. 14. EBSD characterization of AM/HT/REC-Io{ = 145 MPa, Nf = 3.2 x 20 cycles) close to surface
secondary cracks. The Index Quality map is supergag to the inverse pole figure (IPF) relativehte bading

direction. Black arrows indicate secondary cracisated from the surface.

Fig. 15 presents the typical crack initiation mechanisnmuaderstood from the microstructures and chemical
analyses shown before. Starting from the initiafirojzed y/y microstructure Kig. 15a) that likely contains
intrinsic processing defects (incl. a high dislamatdensity), oxidation rapidly occurs at the spesns’ surface,
leading to a rougher surface and to the depletigmostly) Al and Cr and the subsequent precitatf nitrides
and carbides below the surfadéd. 15b). Dislocation climbing may be then fostered wiie &/HCF loading,
results in enhanced outward cation diffusion areldbrived formation of Kirkendall voids just beldhe free
surface Fig. 15¢). Increasing the duration of VHCF exposure at haghperature leads to TCP precipitation and
to non-directional coarsening of precipitates (sed-ig. 15c), resulting from a small remaining dendritic
segregation, as already proposed by Hazotte §2jl. Overall, the subsurface layer is composedaids, ay
matrix depleted from its main refractory elementled with quite brittle particles (nitrides, cadas). The
increased surface roughness due to oxidation cadbiith the presence these voids/non-metallic 8ichs lead

to a surface crack initiation at a void or a nortatlie particle. This micro-crack then propagatesiode | through

the microstructure, assisted by oxidation, up taifa (Figs. 15d ande).
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* No presence of defects chemical depletion
= Brittle oxides = cracking
c)
+m— TCP
Crack filled
with oxide
= Dendritic zone (DZ): y' maximum depletion
= Cracks are filled by oxides = notch effect
= Non-directional coarsening of y' precipitates = Decreased matrix strength-> presence of brittle
= Precipitation of TCP phases precipitates/Kirkendall voids = crack initiation
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*  Crack propagation assisted by oxidation into the » Decrease of the load bearing section = failure
material bulk > Mode I crack propagation

Fig. 15. Schematic illustration of the oxidation-controllehck initiation mechanism of PBF-E CMSX-4 SX Ni-
based superalloys in VHCF conditions at 1,000 ¢G/RL/f = 20 kHz. (a) The initial optimizegy microstructure
is oxidized leading to the precipitation of nitriddéb) and carbides below the surface and simultzsigo
developing a rougher surface. (c) Subsequentlpxigation leads to the formation of Kirkendall veiist below
the free surface, followed by the precipitatiom &P phases as well as non-directional coarseniyigotdcipitates.
The increased surface roughness due to oxidatiomio@d with the presence these voids/non-metaitiisions
lead to a surface crack initiation at a void ooa-metallic particle. (d) The micro-crack then pagptes in mode

| through the microstructure, assisted by oxidatigmto failure (e). (For interpretation of theeefnces to color

in this figure legend, the reader is referred ®leb version of this article.)

From the present investigation, it has been shivahgrovided PBF-E processed CMSX-4 specimensefezd

free (i.e., no stray grain within the gauge parspécimens), a very high VHCF life is obtained, panable or
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even longer than the one obtained for conventigmathcessed Ni-based SX superalloys. A S-N diagrain000
°C/Re = -1/f = 20 kHz including defect-free PBF-E prosed CMSX-4 specimens and several other results
obtained for conventionally processed Ni-based @¢€gralloys with an internal crack initiation atdidification
pore is shown in th&ig. 16. It is important to point out that the resultsrifrdhe internal database in Institut
Pprime/ISAE-ENSMA (France) have been obtained udegpcy” Ni-based SX superalloys such as Reneidb a
AM1 [63] and but also newer generations such as EMIlus, DD33, TMS-238, MC-NG, and TROPEA
[18,19,63]. Their chemical composition is giverTiable 4. Further, they were solidified using a Bridgmaraaor
LMC process. According tBig. 16, an environmental VHCF limit under such conditicas clearly be identified,
towards the highest VHCF lives. Up to now, mosthaf authors focused their investigations on VHChalge
mechanisms from either casting pores or from notati@ inclusions (TCP phases, eutectics, carbidgd.e.
from process related “defects” [15,19,20,57,64].&Whearly all such defects are removed from thernadt and
provided that a good surface preparation of spaténie performed to avoid any surface recrystallizatue to
too large residual stresses known to be detrimémegfiatigue life [34,35], the intrinsic VHCF life controlled by
the alloy’s chemistry. In such conditions, the VHGfe of single crystalline Ni-based superalloyshience
controlled by the environmental resistance of theyai.e., by its own chemistry and the overallcnaistructure
of the alloys. The present study also suggestsrbafatigue limit exists in these fatigue condigoat high
temperature, but such a question should also lesfigated at higher and lower temperatures to gettar picture

of oxidation controlled VHCF crack initiation mectiams.
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Fig. 16. S-N diagram at 1,000 °C,.R -1 / f = 20 kHz including defect-free PBF-E pessed CMSX-4 SX
specimens and other “conventionally” processed gecisnens made of Rene N5, AM1, CMSX-4 Plus, DD33,
TMS-238, MC-NG and TROPEA alloys with different isiification parameters [18,19,63]. The alternatitigess
0ais plotted as a function of the number of cycte&ilure. A transition from an internal crack iation site at a
large casting pore to the surface is illustrat&or (nterpretation of the references to color i figure legend,

the reader is referred to the web version of tttisla.)
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503 Table4

504  Chemical composition (in wt. pct) of AM1, Rene NGWMSX-4 Plus, DD33, TMS-238, MC-NG and
505 TROPEA alloys

Alloy Ni Cr Mo Co w Al Ti Ta Hf Re Others

AM1 Bal. 7.5 2.0 6.6 55 5.2 1.2 7.9 0.1

Rene N5 Bal. 7.0 2.0 8.0 5.0 6.2 7.0 0.2 3.0

CM SX-4 Plus Bal. 3.5 0.6 10.0 6.0 5.7 0.9 8.0 0.1 4.8

DD33[65] Bal. 3.0 1.0 12.0 6.0 6.0 8.0 0.1 4.0

TMS-238 [66] Bal. 46 11 6.5 4.0 5.9 7.6 0.1 6.4  5.0Ru

MCNG [67] Bal. 4.0 1.0 <0.2 5.0 6.0 0.5 5.0 0.1 4.0 4.0 Ru

TROPEA [68] Bal. 6.4 0.6 8.9 6.1 5.4 1.0 9.1 0.08 1.0 1.95 Pt
506

507 5. Conclusions

508 Very high cycle fatigue performances and crackdtidn mechanisms at high temperature of PBF-E CMS3X
509 Ni-based superalloy have been investigated undigrieversed conditions @== -1), f = 20 kHz and 1,000 °C.
510 Comparisons have been made with conventionallygesed Ni-based SX superalloys of ERBO/1 and CMSX-

511  4/Bridgman type. The following main conclusions &édeen obtained:

512 » All Bridgman processed specimens failed from aerimal casting pore site.

513 * The VHCEF lifetime of PBF-E processed specimens@sé conditions is comparable or higher than the
514 one of Bridgman solidified Ni-based SX superallpysvided that no defect (e.g., stray grain) is enes
515 within the gauge part of the specimens.

516 » The presence of high angle grain boundaries/straing leads to a spectacular (more than 3 decades)
517 decrease in VHCF lifetime compared to defect-figecsnens.

518 » Due to the absence of large casting pores/non-licdtadlusions, nearly all defect-free PBF-E prosess
519 specimens failed by an oxidation assisted surfeaxekdnitiation process. Hence, the superalloy detgn
520 and microstructure stability below the surface oalstthe crack initiation and first stages of prggon

521 and an environmentally controlled VHCEF life lima$ibeen identified in these conditions.

522

523

524
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