TOPICAL COLLECTION: PROCESSING AND APPLICATIONS OF SUPERALLOYS

On the Impact of an Integrated HIP Treatment ®

Check for

on the Very High Cycle Fatigue Life of Ni-Based SX

Superalloys

LUCIANA MARIA BORTOLUCI ORMASTRONI, INMACULADA LOPEZ-GALILEA,
BENJAMIN RUTTERT, SEBASTIAN WEBER, FLORENT MAUGET,
PATRICK VILLECHAISE, and JONATHAN CORMIER

The influence of an integrated hot isostatic pressing (HIP) treatment was investigated for two
single-crystalline nickel-based superalloys under very high cycle fatigue at 1000 °C in fully
reversed conditions (R, = — 1). The fatigue life is improved significantly by performing
heat-treatments within the HIP unit. The HIP-compacted pore morphology and its impact on
the crack initiation is considered as well. The HIPed specimens fail at low-angle grain boundary
structures that have developed around the compacted casting pores.
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I. INTRODUCTION

AMONG the harshest environments that materials
can withstand, the turbine section of an aircraft engine is
the most severe.'! During the past years, nickel-based
superalloys in single-crystalline (SX) form have been
successfully used as material for blade and vane appli-
cation, especially in the hottest sections of the gas
turbine!®! suffering damages such as creep, hot corro-
sion, and oxidation.® ' In the past decades, the
improvement of superalloys chemistry, casting pro-
cesses, and the more efficient design for air-cooling
systems increased the operational temperature.!'*) How-
ever, the casting process and the standard heat treat-
ments result in the wunavoidable presence of
metallurgical defects such as pores, eutectics, and
incipient melting (IM).>*® Incipient melting is the
unintentional re-melting during heat-treatment of the
eutectic phase that exhibits the lowest melting temper-
ature in the system.
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During service, components made of superalloys may
experience small localized plastic strain (i.e. low fre-
quency cyclic loading) or vibrations and airflow between
the stages of the turbine (i.e. very high frequency cyclic
loading).”*! The porosity introduced during SX solid-
ification (casting-porosity) is responsible for the major-
ity of crack initiation events/failure cases of cycling
loading in cast superalloys.” ') The casting pores size
can be decreased and even supressed by applying a hot
isostatic pressing (HIP) treatment. This technology
involves the simultaneous application of isostatic pres-
sure and elevated temperature to a component |/
sample.!"® From an industrial standpoint, HIP treat-
ments are generally applied as an additional treatment
step to the necessary (stepwise) solution annealing and
precipitation hardening treatments.

Ni-based SX superalloys are usually HIPed at tem-
peratures higher than gamma prime (y”) solvus under
remarkably high pressure, bearing the risk of recrystal-
lization (RX) and IM. The employed pressure medium is
usually an inert gas such as argon (Ar) pressurized up to
200 MPa.l"! The parameters of the industrial HIP
(temperature, pressure and duration) have to be care-
fully optimized under the conditions of complete pore
annihilation, avoiding RX, IM and minimizing process-
ing costs.””) Recent studies have shown the benefits of
incorporating the solution annealing heat treatment into
the HIP process with respect to mechanical properties
such as creep and fatigue.”'??! This new type of heat
treatment, known as integrated HIP heat treatment or
high-pressure heat treatment, is applied in the present
study to two Ni-based SX superalloys of type ERBO/I
and CMSX-4 Plus. These superalloys were chosen as
they are either widely used for aero-engines applications
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or expected to be used for future ones. This contribution
provides the analysis of these two HIP-heat-treated SX
Ni-based superalloys (ERBO/1 and CMSX-4 Plus)
under very high cycle fatigue regime and high
temperature.

The very high cycle fatigue regime is of particular
importance because vibratory fatigue can be considered
a severe damaging load, especially in military aero-
engines.”!! Therefore, it leads to a certifying criterion of
airfoils according to airworthiness authorities (e.g.,
EASA and FAA), since the loading due to vibratory
stresses turns out to be a safety requirement of
aero-engines.!'""'>?3! This study focuses on the very high
cycle fatigue improvement of Ni-based SX superalloys
subjected to a new type of integrated HIP heat
treatment.

II. MATERIAL AND TECHNIQUES

A. Chemical Composition, Heat Treatment Parameters
and Microstructure of the Used Alloys

In this work the SX Ni-based superalloys ERBO/1
(CMSX-4 type) and CMSX-4 Plus are investigated,
whose chemical compositions are listed in Table 1. The
used ERBO/1 specimens were machined from plates
casted by Doncasters Precision Castings with a thickness
of 20 mm, while the CMSX-4-Plus specimens were
machined from rods casted by Safran Aircraft Engines
with a diameter of 40 mm.

A first batch of ERBO/I and CMSX-4 Plus was
subjected to their standard solution heat treatment
according to References 25 and 14, respectively. A
second batch of the superalloys was subjected to
high-pressure heat treatments (IHT), for the case of
ERBO/1 according to Reference 22, while for the case of
CMSX-4 Plus, the IHT heat treatment was developed in
the present work.

The exact values of the parameters that define the heat
treatments applied are listed in Table II for both studied
materials. Due to the novelty of applying a high-pres-
sure heat treatment to CMSX-4 Plus superalloy, it is
explained in detail. High-pressure heat-treatment (solu-
tion annealing under pressure within the HIP unit) for
CMSX-4 Plus was conducted in a QIH-9 type labora-
tory scale HIP unit from the manufacturer Quintus
Technologies AB (Visterds, Sweden) providing fast
cooling rates through the so-called ultra-rapid quench-
ing (URQ®) technology. In this work, the HIP unit is
equipped with a two-zone Mo furnace. This set-up
allows operating the facility at a maximum temperature
of 1400 °C and a maximum hydrostatic Ar pressure of
207 MPa. The temperature is controlled by 4 type-B
workload thermocouples that are placed near the
specimens and 2 additional type-B zone thermocouples
controlling the heating system. The high-pressure
heat-treatments in this work were performed under an
Ar pressure of 100 MPa. The corresponding time and
pressure profiles during HIP exposure are shown in
Figure 1 for the case of CMSX-4 Plus. After a carefully
selected heating rate, two extended temperature holding
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periods of 12 h at 1345 °C and 4 h at 1350 °C were
applied (Figure 1(a)). Fast cooling at the end of the
high-pressure heat-treatment was achieved by rapid Ar
gas quenching (Figure 1(b)). No discrepancies between
the 4 thermocouples (TOl, T02, TO3 and T04) were
observed.

After solution annealing or high-pressure heat treat-
ment, respectively, the specimens were subjected to the
same standard precipitation hardening heat treatments
under inert Ar atmosphere, according to the parameters
listed in Table II.

The effect of IHT heat treatment on the ERBO/1
microstructure and its benefit on creep and LCF has
been published in References 26 and 27 respectively, and
therefore this work is not emphasized here. However,
because the IHT heat treatment is applied for the first
time on CMSX-4 Plus, the effect of this heat treatment
on the microstructure is briefly explained. The CMSX-4
Plus superalloy contain a high amount of refractory
elements that coupled with the casting conditions used
to obtain 40 mm diameter bars, result in an extremely
segregated microstructure. The as-cast microstructure
has about 14.1 pct. area fraction of eutectic regions and
0.1 pct. area fraction of porosity as can be observed in
Figures 2(a) and (b) (e.g., large eutectics and pores).

The high temperatures applied during the THT heat
treatment on the CMSX-4 Plus specimens result in a
homogenized material with no remaining eutectic
regions and no remaining cast porosity. The high
cooling rate applied to cool the specimens within the
HIPping from results in a very fine y/y” microstructure
(see Figures 2(c), (d), (g) and (h)). However, 0.28 pct.
area fraction of IM regions was measured in CMSX-4
Plus HIP specimens (see Figure 2(d)). These unwanted
IM regions are associated with the presence of a new
type of porosity that has been quantified to be the 0.006
area pct. area fraction. The y/y” microstructures after
aging of both superalloys with and without integrated
HIP treatment are depicted in Figure 3. These
microstructure analyses were carried prior to the VHCF
tests. The y/y” microstructures presented in the HIPed
specimens are finer than those derived from the con-
ventional HT route.”® On the other hand, the specimens
with the IHT heat treatment show a more homogeneous
y/y” microstructure than the specimens with the conven-
tional HT, which means that the y/y” microstructures
observed at the DC and ID differ less in those specimens
with high-pressure heat treatment. Table III summarizes
the main microstructural characteristics of both alloys,
with and without HIP treatment.

B. Thermodynamic Calculations

In this work, the Thermo-Calc software together with
the TCNI10 thermodynamic database developed for
Ni-based superalloys are used to calculate the equilib-
rium property diagram as well as the solidification path
according to the Scheil’s equation. The thermodynamic
results obtained are used to discuss and understand the
as-cast microstructures, as well as to define the IHT heat
treatment parameters for the studied superalloys. The
calculations have been carried out considering the
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Table . ERBO/1 and CMSX-4 Plus Nominal Chemical Composition (in Weight Percent)

Alloy Ni Cr Mo Co w Re Al Ti Ta Hf
ERBO/11%? bal 6.1 0.6 9.3 6.3 238 5.8 1.0 6.8 0.1
CMSX-4 PlusP¥ bal 3.5 0.6 10 6.0 4.8 5.7 0.9 8.0 0.1

Table II. Nomenclature and Parameters for Standard Homogenization, HIP and Aging Treatments Performed for the ERBO/1
and CMSX-4 Plus Ni-Based Superalloys

Nomenclature Solution Heat Treatment Aging

ERBO/1] 1 h/1290 °C + 6 h/1300 °C (150 °C min~") — 800 °C/AQ 4 h/1140 °C/AQ + 16 h/870 °C/AQ
ERBO/1 HIP QIH-9 HIP 1 h/1290 °C + 6 h/1300 °C, 100 MPa Ar
pressure — quenching

CMSX-4[14] 15 h/1340 °C/AQ 3 h/1163 °C + 4 h/1100 °C + 20 h/870 °C/AQ
Plus
CMSX-4 Plus QIH-9 HIP at 12 h/1345 °C + 3 h/1350 °C, 100 MPa Ar
HIP pressure — quenching
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Fig. 1—High-pressure heat-treatment of CMSX-4 plus: Integrated HIP treatment cycle as temperature and pressure over time plot with two
holding steps for 12 h at 1345 °C and 3 h at 1350 °C and 100 MPa isostatic pressure (). Fast HIP cooling that cools within less than 60 s from
1350 °C to a temperature below 750 °C, the small deviation of the recorded temperature signals is because of the thermocouple position which is
located on the upper part of the HIP-furnace while the rest is located close to the specimen (b).

composition of the two studied superalloys (Table I). the original diameter by SiC grinding to eliminate the
However, since similar results have already been pub- residual stresses inherited from the machining steps.
lished for the authors by some of ERBO/I in Reference This polishing step is essential to avoid surface recrys-
29 using the previous thermodynamic database TCNI9, tallization during high-temperature fatigue tests. There-
in this work, only the results obtained for CMSX-4 Plus after, the surfaces were ground and polished to a final
are detailed, referring to those published for ERBO/I mirror polish (1 um diamond suspension) with the final
when necessary. steps parallel to the loading axes.

Strain-controlled VHCF tests were performed at

1000 °C (£2°C), f = 20 £ 0.5 kHz, R, = — 1 with

C. Very High Cycle Fatigue Tests an ultrasonic fatigue machine used in previous stud-

VHCEF tests were performed using hourglass-shaped jes.[11:14:15:23:30-33] The fatigue tests were performed with
specimens.®” Electro-discharge machining and subse- a sinusoidal waveform. An induction coil was used as a
quent turning were used to obtain the final shape heating source, the power of which was controlled by a
extracted the specimens. Thirteen specimens for ERBO/ closed-loop with a dual-wavelength pyrometer measur-
1 and five specimens for CMSX-4 Plus were machined ing the specimen’s central temperature. Before starting
in-house. A thickness of 0.2 mm was first removed from the tests, a pre-heating of 45 minutes at 1000 °C was
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Fig. 2—Microstructure of CMSX-4 Plus before and after IHT. Large pore in as-cast state (). Representative eutectic region in as-cast state (b).
y/y” microstructure at the dendrite core in CMSX-4 Plus HIP directly after the IHT (c). Incipient melting in CMSX-4 Plus HIP after IHT (d).

applied to stabilize the surface oxides and resulting
surface emissivity.

D. Post-mortem Analyses

Optical and scanning electron microscopy (OM and
SEM, respectively) were employed to perform post-
mortem observations. Fractographic analyses were car-
ried out using a field emission gun (FEG) scanning
electron microscope (SEM) JEOL JSM-7000F operating
at 25 kV. In addition, longitudinal sections were mirror
polished up to a 1 um diamond paste finish to observe
the microstructure under secondary (SE) and backscat-
tered electrons (BSE) imaging modes on the same
equipment operating at a work distance of ~10 mm.

For the electron backscatter diffraction (EBSD)
analyses the specimens were polished using colloidal
silica solution (particle size 0.04 um). The analyses were
performed to characterize the crystallographic orienta-
tion around the internal crack initiation. It was per-
formed using a second JEOL JSM-6100 SEM, operating
at 25kV, and the orientation imaging microscopy
(OIM) software EDAX, version 6.1. A scanning step
size of 0.2 um was chosen.

III. RESULTS

A. Development of the Integrated HIP Treatment
for CMSX-4 Plus Alloy

A detailed characterization of the as-cast microstruc-
ture is essential to define the conditions for the necessary
subsequent heat treatments. The microstructure of
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CMSX-4 Plus in as-cast condition has been presented
in Sect. 2.1. On the other hand, performing specific
thermodynamic calculations allows knowing the trans-
formation temperatures of the main phases present in
the studied material, and this information is essential for
a safe and reliable design of heat treatments.

The use of the Scheil’s equation allows accessing the
redistribution of the solute during solidification assum-
ing that there is a perfect mixture in the liquid phase and
there is no diffusion in the solid phase. The results
derived from the Scheil calculation for the CMSX-4 Plus
superalloy are shown in Figure 4(a), where the fraction
of phases is represented as a function of temperature.
The transformation temperatures of the phases consid-
ered in the Scheil’s calculation are listed in Table IV.

According to the Scheil calculations, the solidification
starts at 1408 °C and ends at 1168 °C. The solidification
begins with the nucleation and growth of the y phase
(matrix) and at 1337 °C the y” phase nucleates, reaching
a phase fraction of about 11.4 pct at the end of
solidification. As the temperature decreases and
approaches the end of solidification, the sigma (o) and
H_L12 phases precipitate, reaching a maximum indi-
vidual phase fraction of 0.05 and 0.12 pct, respectively.
During the Scheil solidification, the nucleation of the
primary 7’-phase takes place at a temperature of
1337 °C when the amount of liquid is 25.4 pct. The
predicted amount of primary j’, 11.4 pct is in good
relatively agreement with the eutectics area fraction
measured in the CMSX-4 Plus as-cast microstructure,
14.1 area fraction.

Figure 4(b) shows the property diagram, molar frac-
tion of the phases vs temperature, calculated under
equilibrium conditions for the CMSX-4 Plus superalloy.

METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 3—y/y” microstructure at dendrite cores (D) and at interdendrite zones (ID) of ERBO/1 ((«) and (b) resp.), ERBO/1 HIP ((¢) and (d) resp.),
CMSX-4 Plus ((e) and (f) resp.), and CMSX-4 Plus HIP ((g) and (/) resp.) after the corresponding aging heat treatments. Observations
performed in along a ~ (001) plane.

This Figure shows that solidification begins at 1408 °C transformation, reaching a phase fraction of about
(liquidus temperature) with the y phase and that 72 pet at 800 °C. At temperatures below 1079 °C, the
solidification ends at 1352 °C (solidus temperature). At presence of ¢ phase is calculated, the maximum amount

1302 °C, the 7" phase appears through a solid—solid
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of which does not reach values higher than 1.8 pct mole
fraction at 800 °C.

Considering the as-cast microstructure, as well as the
results of both types of thermodynamic calculations, the
integrated HIP heat treatment was designed with two
main holding steps: the first at 1345 °C for 12 h and the
second at 1350 °C for 3 h. The first step conducted at
T > T, s1vus aimed to dissolve the y’-phase while the
second one carried out at T < Tyojqus aimed to further
accelerate the homogenization procedures without
achieving the melting of the material. In addition, a
pressure of 100 MPa was applied during the heat
treatment to close the casting porosity and the quench-
ing option was selected to cool the specimens to develop
a uniformly distributed and fine y/y” microstructure. It
is recalled here that Figure 1 shows the temperature—
pressure—time profiles of the IHT performed with the
CMSX-4 Plus specimens. Figure 2(c) shows the fine y/y’
microstructure derived from the application of the
quenching option. During this lengthy high pressure
solution annealing heat treatment, the reduction of the
segregation resulting from the casting process is
expected, as well as the dissolution of all the distinct
phases in the y-matrix. If a high degree of chemical
homogenization of the material is achieved, no IM
regions should be observed after the IHT heat treat-
ment. However, as shown in Figure 2(d), the presence of
IM regions occurs, and this was quantified in an amount
of 0.28 pct in area fraction.

After the THT heat treatment, the specimens were
subjected to a three-step aging heat treatment. The third
aging step of 20 h at a temperature of 870 °C aims to
reach the ~70 vol pct of 7" phase predicted by the
equilibrium thermodynamic calculation. The 7y/y’
microstructures obtained after aging are shown in
Figures 3(g) and (h).

B. VHCF Performance and Fractography Analyses

The alternating stress (o,) as a function of the number
of cycles to failure (Nf) diagram gathering all the VHCF
results obtained in this study is presented in Figure 5.
The fatigue life improved by two decades for ERBO/1
superalloy and by three decades for CMSX-4 Plus in the
[140-240 MPa] alternating stress range by performing a
high-pressure heat-treatment.

After mechanical testing, fractographic observations
were performed. The fracture analysis of ERBO/I1
specimens was already presented in detail by Bortoluci
et alB? Crack initiation from internal solidification
pores was systematically obtained, these critical pores
having a maximum diameter ranging from 80 to 200 um
(Figures 6(a) and (b)). The CMSX-4 Plus specimens
consistently presented crack initiation from solidifica-
tion pores ranging in size from 100 to 230 um
(Figures 6(c) and (d)). Such a crack initiation mode
has already been well detailed in the literature.!'>!3-%

The quite pronounced scatter in VHCF life of
non-HIPed ERBO/1 and CMSX-4 Plus specimens
displayed in Figure 5 results from the variation in
casting pore size serving as the main crack initiation site
(Figure 6) since specimens were machined out from a
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thick SX plate and 40 mm diameter rods. In fact, using
the same casting parameters, large SX castings are
known to introduce larger solidification pores, overall
reducing the fatigue life.”'>* Therefore, the non-
HIPed specimens will not be further analyzed. Only the
general trend of the values obtained is used to evaluate
the behavior of the specimens with an IHT heat
treatment, i.e. HIPed ones.

Fractographic observations of the HIPed specimens
uncovered a rather unusual crack initiation zone after
the VHCEF tests. Figure 7 depicts two examples of them.
The samples failed at zones with distinct characteristics
(i) from a significant feature with no rough zone
(Figures 7(a) and (b)) or (ii) from a feature surrounded
by the rough zone (Figures 7(c) and (d)). ERBO/I1
specimens presented both characteristics, while CMSX-4
Plus presented just the (ii) characteristic. However, it
was not possible to identify the specific crack initiation
site from the fractography observations.

C. Microstructure Analysis Along the Longitudinal
Section

Figure 8 shows a longitudinal section intercepting the
crack initiation site of the ERBO/1 HIP sample shown
in Figure 7(a). The crack initiation site is indicated by
the red dotted square in Figure 8(a). Indeed, Figure 8(b)
and (c) show what seems to be a remaining pore at the
top of the fracture surface, indicated by the blue arrows.
Figures 8(d) through (f) also show a non-planar crack
propagation. Such a crack propagation path is not
expected for Ni-based SX superalloys failing in VHCF,
which usually show a cr;/stallographic crack path out of
the rough zone.'®'®%3] The +/y’ microstructure
around the HIPed casting pores is heterogeneous (see
green dotted lines in Figure 8(d)).

Figure 9 shows the longitudinal analysis of the
CMSX-4 Plus HIP sample (Figure 7(c)). It was not
possible to reach the crack initiation site in the obser-
vation plane. On the other hand, Figure 9 shows the
presence of incipient melting (IM), which is surrounded
by an orange dotted line in Figure 9(a). The IM
structures in the CMSX-4 Plus microstructure were
observed after the IHT heat treatment before the VHCF
tests (Figure 2(d)). The size of the IM regions after HIP
was measured to be in the 10-30 um range and did not
change during VHCF testing. The IM are filled with
intermetallic phases and what is believed to be freshly
formed pores of very small size.

D. EBSD Microstructure Characterization of HIPed
Samples

The SEI and BSE images do not provide much
information on crack initiation sites. Figure 10(a) is a
longitudinal section EBSD microstructure characteriza-
tion of the ERBO/1 HIPed sample shown in
Figures 7(a) and (b). The image quality (IQ) is super-
imposed onto the inverse pole figure (IPF) close to the
fracture surface in Figure 10(a). The failure is recog-
nized to be along a (111) plane (see Figure 10(a)), a
typical crack propagation for Ni-based SX superalloys.

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table III. Metallurgical Characteristics of the ERBO/1 and CMSX-4 Plus With and Without Integrated HIP Treatment in the
As-Aged Condition
Nomenclature ERBO/1% ERBO/1 HIP CMSX-4 Plus!' CMSX-4 Plus HIP
Eutectics’ Area Fraction (Pct) 0.16 0.25 0 0
Incipient Melting’ Area Fraction (Pct) 0 0 0 0.28
Pores’ Area Fraction (Pct) 0.388 0.018 1 0.006
7" Size—Dendrite Core (nm) 480 £+ 15 400 £+ 95 525 + 91 570 + 92
7 Channel Width (nm) 50 £7 60 £ 7 60 + 13 60 £+ 17
y/y” Volume Fraction (Pct) 65 60 60 58
Scheil-Gulliver Equilibrium
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Fig. 4—Thermodynamic calculations for the nominal composition of CMSX-4 Plus using TCNI10 database: Scheil solidification diagram, phase
molar fraction vs temperature (a). Property diagram, phase molar fraction vs temperature, under equilibrium conditions ().

Table IV. Main Phase Transformation Temperatures According to Scheil’s and Equilibrium Calculations for the CMSX-4 Plus

Superalloy
Liquidus Solidus 7’ solvus o Solvus H_L12 Solvus
Scheil 1408 1168* 1337 1210 1207
Equilibrium 1408 1352 1302 1079 -

Temperature values in °C. (* Solidus temperature is calculated in the presence of liquid in an amount less than 0.01 pct)

The IQ and IPF maps indicate a crystallographic
orientation gradient within the SX bulk. Figures 10(c)
and (d) indicate the presence of what seems to be a
remaining casting pore. Figure 10(e) up to h shows the
analyses of the particular region adopting different
filters. Many others similar structures (larger and
smaller) were observed all over the ERBO/1 HIP
sample’s microstructure. These features were not iden-
tified in the non-HIPed specimens after VHCF tests.
The previous EBSD characterizations of an IM!'¥
have shown that the IM, once resolidified in the absence
of pressure, exhibits no misorientation compared to the
parent material. No characterization of IM after the
HIP treatment was found in the literature. The EBSD
characterization of the incipient melting developed
during the hot isostatic pressure process is presented in

METALLURGICAL AND MATERIALS TRANSACTIONS A

Figure 11. The EBSD map with IQ superimposed to the
IPF relative to the loading direction of an incipient
melting shows that after the “resolidification” this
melted zone exhibits the same crystallographic orienta-
tion as the parent SX material. Only very small
misorientation of up to 3-4 deg were observed by
EBSD, i.e. formation of Low Angle Grain Boundaries
as in Figure 10(h). A second IM was characterized with
the same conclusion (results not shown in this paper).
The EBSD characterization shows that the intermetallic
phases identified in Figure 9 are TCP phases that
precipitates inside the compacted pores surrounded by
the IM (see Figure 11(b)). Prior characterizations from
the authors have shown that these white particles are
very rich in Re, with a local Re content of up to 30 wt.
pct. in CMSX-4 Plus.['"
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Fig. 5—Individual S-N diagram at 1000 °C, R, = — 1, f = 20 kHz for ERBO/1 (a), and CMSX-4 Plus (b) with and without HIP treatment

results. The alternating stress is plotted as a function of the number of cycles to failure. The non HIPed data are extracted from the

literature!'*33,

IV. DISCUSSION

The HIP treatment performed between 7’-solvus
temperatures, and the incipient melting temperature
seems to provide the best subsequent VHCF durability.
Furthermore, as pore closure during HIPing occurs by
plastic deformation, nucleation of low angle grain
boundaries/sub-grains in the vicinity of former casting
pores were observed both investigated superalloys.
Further, even though the superalloy is prone to develop
incipient melting like structures, it was shown that these
features are not a source of recrystallization. The next
topics will discuss the crack initiation site of the HIPed
samples, as it was not completely clear after the fracture
and the microstructure longitudinal characterization.
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A. Integrated HIP Treatment Development
and Mechanical Benefits

The results obtained in the study of Kim ez al.*® show
that if the HIP process is properly performed it can be
an effective substitute for the heat treatment applied for
nickel-based superalloys. Even though the conventional
HIP process alone is effective for the homogenization
annealing, the slow cooling rates provided by conven-
tional industrial HIP-units leads to an irregular 7y/y’
microstructure,?”** as a consequence, subsequent heat
treatments are necessary to obtain the ideal nickel-based
superallo[y microstructure known to maximize creep
strength.[%! The integrated HIP treatment is a proposal
to merge the standard solution annealing heat treatment
and the HIP heat treatment into one processing step

METALLURGICAL AND MATERIALS TRANSACTIONS A



(| ERBO/1

CMSX-4 Plus

%

Fig. 6—Fractographic observations of non-HIPed specimens with main crack initiation from solidification pores. ERBO/1 (¢, = 160 MPa, with
Nf = 6.6 x 10° cycles) (a) and magnification of crack initiation zone (b). Detail of the presence of a casting pore with a diameter of ~ 170 um.
CMSX-4 Plus (5, = 160 MPa, with Nf = 1.9 x 10° cycles) (¢) and magnification of crack initiation zone (d). Detail of the presence of a casting
pore with a diameter of &~ 170 um. The dotted white lines indicate the critical casting pore.

because fast cooling rates can be provided. From the
HIP parameters (pressure, temperature, holding time
and cooling speed) the main effect on the porosity and
the y/y” microstructure is the temperature and cooling
rate control respectively. HIP temperatures above the y’
solvus temperature allow the fastest and most effective
reduction of the porosity, because only the soft y phase
is present.’’! The recent possibility of cooling the
samples from the maximum HIP temperature with a
fast cooling, faster than 200 K/min, results in a fine and
homogeneous distribution of 7" particles, which requires
no additional re-solution annealing treatment to again
dissolve the develoFed 7" particles during the extremely
short cooling time.[*"!

However, there are difficulties to design and control
such integrated HIP treatment and these difficulties are
amplified due to the superalloy’s chemistry. The heat
treatments required to homogenize the single crystals
superalloys have a tight control of the temperature/time
to avoid incipient melting.*"! Thus, designing an inte-
grated HT that allow obtaining a good homogenization
of the material in an adequate time requires a compro-
mise of temperature and time. One of the supports to the
development and application of HT is the CALPHAD
technique that couples the phase diagrams and the
thermomechanical properties of the respective alloy
system.*” The use of these thermodynamic databases in
order to design heat treatments is useful as a first
guidance, despite the large number of interpolations that
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this software performs from binary and ternary phase
diagrams.

Most of the HIP treatments are applied after the
solution heat treatment, but to diminish the impact of
HIP treatment costs, the heat treatment of this study
was integrated to the HIP treatment. A second choice
was to increase in the maximum temperatures in the
integrated heat treatment for the CMSX-4 Plus super-
alloy with respect to those used in the conventional heat
treatment. It resulted in a good homogenization of the
material (more effective elimination of segregation),
leading to an improvement of final mechanical proper-
ties (Figure 5). These choices have introduced metallur-
gical defects into the superalloy microstructure, which
may have prevented for an even better performance in
the tests. By means of plastic deformation, the inte-
grated HIP treatment within the 7" super solvus tem-
perature controlled the pore shrinkage, leading to the
healing surfaces (Figures 8 and 10) in good agreement
with.”! These features were as well observed by Zheng
et al*

Note that the cooling rate after HIP solution treat-
ment mostly controls creep/tensile properties, see, e.g.
Reference 44. The integrated HIP treatment removed
most of the solidification pores, increasing in at least
two decades the VHCEF life of the ERBO/1 and CMSX-4
Plus samples, being beneficial from a mechanical prop-
erties point of view. It is known that the HIP treatment
exerts a stronger influence on HCF than on LCF” and
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ERBO/1 HIP

CMSX-4 Plus HIP

Fig. 7—Fractographic observations of HIPed specimens. ERBO/l (6, = 190 MPa, with Nf = 9.8 x 10° cycles) (¢), CMSX-4 Plus
(0, = 180 MPa, with Nf = 54 x 10% cycles) (¢) and magnification of crack initiation zone ((b) and (d) respectively). The arrows indicate the
main crack initiation site. The green arrows indicate the high oxidation activity in the CMSX-4 Plus specimens (Color figure online).

seems to have an even stronger effect for the VHCEF life
of Ni-based SX superalloys at high temperature test
regimes.

B. On the Impact of Compacted Pores and Casting Pores
on Fatigue Life

The HIP treatment is usually employed to suppress or
decrease the effect of critical casting pores on the fatigue
life. At elevated temperatures (1000 °C) and ultrasonic
fatigue conditions (20 kHz, and R, = — 1) the casting
pores are known to control the crack initiation pro-
cess [H1:12:14.16.30.35.45°471 Thep - golidification methods
and heat treatments were modified to control casting
pore size and distribution. Consequently, it increased
the superalloy performance under extreme environ-
ments. Classically, increasing the solidification rate
using the LMC method or processing the superalloy
by HIP treatment leads to the im[g)rovement of the
superalloy fatigue performances.”'>**!  However,
according to the literature, there is no full understanding
of the influence of this treatment on the VHCF crack
initiation mechanism(s).

According to the fracture surface and longitudinal
observations, the pore closure mechanism of ERBO/I1
samples occurred by viscoplastic deformation forming
such a feature as the one observed in Figure 10 with a
nearly 100 um in size. In addition, specimens were
HIPed at super-solvus temperature, increasing the
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plastic flow rate under these extreme temperatures.
The orientation deviation around the features depicted
in this sub-section is also similar to the plastic strain
distribution calculated by finite elements in the litera-
ture.?%3%*1 Indeed, Epishin er al. show that the von
Mises stresses are highly heterogenous at the pore
surface during the compression, leading to significant
and very localized plastic strains.”” Even though it is
not possible to quantify plastic strain within individual
grains using EBSD derived misorientation values, the
relationship between misorientation and plastic strain is
affected by the heterogeneity in slip (discontinuous) and
lattice rotation (continuous) activity.>’

In short, after the HIP treatment, the compacted
casting pore morphology was defined as a sub-grain
structure with LAGB (see, e.g., Figures 10 and 11). The
sub-grain structure in Figure 10 has a ~ 100 um
diameter; structures with size up to ~ 5 ym diameter
were observed in the ERBO/1 HIP sample microstruc-
ture. Thus, the diameter of the sub-grains structures is as
scattered as the casting pores in the non-HIPed speci-
mens. The authors believe that the compacted features
are directly proportional to the pre-existing casting pore
size. However, the HIP treatment still improved the
lifetime of ERBO/1 by two decades, even when the
sub-grains structures have diameters as high as 100 um.
Therefore, just comparing the VHCEF life analysis, such
a feature appears to be less damaging than the casting
pores onto the VHCEF life.

METALLURGICAL AND MATERIALS TRANSACTIONS A



BSE mode

100 pm

BSE mode d)
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X

Fig. 8—Longitudinal section of Fig. 7(a), ERBO/1 HIP sample (¢, = 190 MPa, with Nf = 9.8 x 10° cycles). Analysis of the crack initiation
zone (a), magnification of top zone indicated by the red square (b). Magnification of the remaining pore indicated by the blue square in (b) and
the blue arrows (c), magnification of the crack zone around the HIPed casting pore (d), (¢), and (f). These SEM observations were done using a
BSE observation mode. The white arrows indicate the TCP phases appearing in bright elementary contrast. The green dotted lines in (d) indicate
the y channels direction. A HIPed casting pore is presented in (b) and magnified in (c) (Color figure online).

Furthermore, the crack initiation and propagation
mechanism seem to be similar between the samples
HIPed and the non-HIPed vacuum furnace treated
samples. For example, in Figures 8(d), (¢) and (f) were
identified the presence of cavities and TCP precipitates
at the interfaces of the sub-grains structure and the
superalloy bulk. These zones are very similar to the
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roug1[113]zone characteristics uncovered by Cervellon
et al.

Based in Figure 10, one of the key questions is how
the local misorientation introduced in the vicinity of
closing pores during the HIP process may affect the
VHCEF life. In fact, it is known from Cervellon et al.l'?
that the presence of LAGB in DS Ni-based superalloys
does not significantly affect the VHCEF life at 1000 °C/
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Fig. 9—Longitudinal section analysis of Fig. 7c CMSX-4 Plus HIP sample (o, = 180 MPa, with Nf = 5.4 x 10® cycles). Incipient melting
indicated by the orange dotted line observed in SEI (a) and BSE (b) mode (Color figure online).

a
1Q+IPF normal
surface

1Q+Grain Reference h) Kernel Average
Orientation Deviation Misorientation

f) IQ+IPF loading direction

Fig. 10—EBSD characterization of ERBO/1 HIPed sample illustrated in Fig. 7(a) (6, = 190 MPa, with Nf = 9.8 x 10° cycles) focusing on an
almost fully closed pore. The analysis was carried close to the fracture surface. Sample’s image quality (IQ) + inverse pole figure (IPF) (a).
Magnification of the feature indicated by the red dotted rectangle, 1Q (b), BSE (c), magnification of the yellow dotted square presenting a
remaining casting pore (yellow arrow) (d), IQ + IPF normal to the surface (e¢), IQ + IPF relative to loading direction (f), IQ + grain reference
orientation deviation (g), and Kernel average misorientation (/).
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Fig. 11—EBSD characterization of CMSX-4 Plus HIPed sample (g, =

180 MPa, with Nf = 5.4 x 10® cycles) illustrated in Fig. 7(c). The

characterization focusses on an incipient melting. Sample’s image quality (IQ) («) and 1Q superimposed to the IPF normal to the relative loading

direction (). The white arrow indicates the TCP phases.

R, = — 1 compared to the pure single-crystalline same
alloy (with the same solidification parameters).

Although HIP treatment is associated with increased
costs, which has to be proven in the future, the benefits
obtained from its use (improvement of fatigue life) is
greater than the associated additional cost. It is worth
noting that scatter is also reduced which in terms can be
related to a more robust HIPing methodologies and
safer operation of the HIP treated components. Also,
the HIP treatment is a powerful tool to recover the y’
rafting after the creep tests or coarsened microstructures
in general.’"! The HIP treatment suppress the diffusion
of the alloying elements during phase change, resultmg
in a refined and homogenized microstructure.®? Also,
the restoration of microstructural and material proper-
ties under HIP treatment of creep specimens showed to
be effective to the cavity healing. The appropriate HIP
schedule followed by the heat treatment process seems
to improve the rupture life of damaged alloys.’®! The
risk of recrystallization has, however, to be evaluated
from a component point of view.

C. Incipient Melting After HIP Treatment and Its
Influence on the Crack Initiation

From the previous study,!'¥ introducing nearly 20 pct
of IM in CMX-4 Plus Bridgman rods did not influence
the LCF, HCF, VHCF fatigue life or the high temper-
ature tensile and creep properties of CMSX-4 Plus
superalloy. Moreover, the specimens with and without
the IM presented the fatal crack initiation at casting
pores with comparable diameter size. Furthermore, no
crack 1n1t1at10n was identified at IM by Bortoluci
et al"¥ in CMSX-4 Plus non-HIPed samples.
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It has already been shown that such IM areas may
develop even for HT at close-solvus conditions™* it was
hence not surprising to see IM in the present case as HIP
was performed at nearly solidus conditions. One has to
note that under isostatic pressure, both the 7" solvus and
the IM temperature slightly rise.['*>!

The VHCF tests performed on the CMSX-4 Plus
HIPed samples with = 0.3 pct of IM allowed to
understand the role played by the IM developed during
the integrated HIP treatment. First, the IM development
at high temperature and high isostatic pressure of
100 MPa led to structures with almost the same crys-
tallographic orientation as the parent SX material. It
implicates that such structures are not source of
recrystallization with high angle grain boundaries what-
ever the heat treatments conditions.

Even though the HIP treatment led to the (quasi-)
complete annihilation of pores, the fracture analysis has
shown that the CMSX-4 Plus samples still failed at
internal critical microstructural features. One may
speculate that the IM influenced the crack initiation
may be one of these critical features. However, the
authors identified no evidence of crack initiation at these
features. Moreover, the CMSX-4 Plus superalloy is
Re-rich and, thus, prone to prec1p1tate TCP phases.>®*"!
After the VHCEF, tests the IM regions are filled with
TCP phases as shown in Figures 9 and 11. Despite these
TCP phases are known to be brittle at low temperatures
and to lead to interfacial decohesion in LCF conditions
at a high temperatures of 950 °CP* and in VHCFP? at
1000 °C, no specific impact has been observed here in
CMSX-4 Plus. This may be a result of their small size
and low area fraction compared to the other defects
such as the remaining casting pores (compacted/
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homogenization) of &~ 1 to 5 um diameter observed in
the CMSX-4 Plus microstructure (see Figure 2(d) and
Table III).

The authors propose that the improvement of the
IHT by decreasing the temperature of few degrees would
avoid the formation of such IM islands. Even though
the authors believe that the IM islands do not influence
the crack initiation, it would be essential to analyze the
VHCEF crack initiation of CMSX-4 Plus HIPed samples
without such structures to explore this subject.

V. CONCLUSIONS

The very high cycle fatigue life of ERBO/1 and
CMSX-4 Plus Ni-based superalloys subjected to an
integrated HIP heat treatment was investigated in this
study. The tests were performed at 20 kHz, 1000 °C and
R, = — 1. From the present study, the following main
conclusions were drawn:

e An integrated HIP heat treatment with ultra-rapid
cooling has been developed and applied for the first
time to CMSX-4 Plus superalloy.

e The integrated HIPing process increases the fatigue
life of the two Ni-based SX superalloys studied in
this work, ERBO/1 and CMSX-4 Plus, by at least
two decades when performed accurately.

e For the first time in the literature, it is shown the
sub-grain structures morphology around a com-
pacted casting pore can be a consequence of the HIP
treatment. The development of sub-grains bound-
aries structures has been shown to be less detrimen-
tal to the fatigue life than the casting pores.

e Even though a low amount of incipient melting
regions develops under high pressure (100 MPa), the
melted areas have been shown to resolidify with the
same crystallographic orientation as the parent
material.
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