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Strain rate and oxidation effects on crack
initiation at 600 and 650 °Cin a nickel-based

superalloy

M. Perrais*?, A. Seror?, A. Burteaus, E. Andrieu* and D. Poquillon*

Nickel-based superalloys are sensitive to an oxidation-assisted intergranular crack (OAIC) growth
mechanism. Crack initiation during slow strain rate tensile tests is investigated at 600 and 650 °C, at
different strain rates, with or without oxidation on a direct-aged material. A V-shaped sample geometry
is used to promote damage initiation for a specific stress triaxiality. The critical mechanical loading paths
inducing intergranular crack initiation as well as the effect of oxidation are discussed.

Keywords: Ni-based superalloys, Direct aged alloy 718, Oxidation, Environment assisted cracking

Introduction

Alloy 718 is a nickel-based superalloy used for a wide range
of applications in fields including aerospace, chemical and
nuclear engineering. Many studies have been devoted to its
mechanical behaviour during fatigue tests,' creep tests*” and
creep-fatigue tests.* > However, most of them have focused on
standard solution-treated and aged condition 718 alloys (STD
718) whose microstructure'®'? differs from the direct-aged
material (DA 718). This study is devoted to DA 718 used in
low-pressure turbine discs of aircraft engines. The elevated tem-
perature fatigue crack growth behaviour in STD 718 depends
on the environment, and, like many other nickel-based super-
alloys, is sensitive to oxidation assisted intergranular cracking
(OAIC).”* 1 However, fewer studies are devoted to Alloy 718
for temperatures above 450 °C but some paper showed that
the alloy 718 is sensitive to intergranular cracking at 600 °C."

Mechanical testing shows that DA 718 exhibits a higher
tensile strength than STD 718.!° In the present work, crack
initiation in DA 718 during slow strain rate tensile tests is
investigated at 600 and 650 °C with or without oxidation. The
purpose is to check the effects of strain rate (down to 1076 s™1)
and oxidation on damage initiation.

The critical mechanical loading paths inducing intergranu-
lar crack initiation are determined via a dual approach: obser-
vation of crack initiation locations on V-shaped specimens
(Fig. 1) and supporting finite element (FE) stress and strain
calculations. To assess the role of oxidation in crack forma-
tion, tests were conducted using either a laboratory air or vac-
uum environment. Furthermore, some pre-oxidised samples
were also tested. Mechanical tests were stopped at a different
strain levels; subsequently, damage initiation sites and their
corresponding occurrence frequencies were identified and
recorded, thanks to detailed SEM observations.

In this article, material and experimental procedures are
first detailed. Next, the results of the mechanical tests and
SEM observations are presented and discussed.
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Material and samples

The investigated 718 alloy was obtained from a direct aged
forged disc provided by SNECMA. The chemical composi-
tion of the 718 alloy is presented in Table 1. In order to get
sample with the gauge length in the circumferential direction,
the disc was first divided into sections. These blocks were
first roughly machined to obtain trapezoid sections located in
the bulk where the microstructure is homogeneous. Figure 1
shows an illustration of this microstructure characterised by
roughly equiaxed small grains (6—8 pum), by globular J phase
and by the presence of occasional carbides and carbonitrides
(134 per mm?). The average surface fraction of the J precip-
itates is 0.5%, but the distribution is uneven due to forging.
The precipitate diameter follows a log-normal distribution
(an average diameter of 5.83 pm and a median diameter of
4.66 pm). Accordingly, most of the precipitates (78%) have
a diameter smaller than 8 pm. Due to circular forging, car-
bides are often aligned in the circumferential direction. As
illustrated on Fig. 1, the J phase is localised mainly in the
grain boundaries. Image analysis led to a volume fraction of
globular ¢ phase of 3.5%. Classically, STD 718 is solution
annealed after forging (1 h at 1050 °C) followed by a conven-
tional ageing heat treatment (720 °C, 8 h, furnace cooled at
50 °C/h; 620 °C, 8 h) . For DA 718, the first step is skipped.
The remaining ¢ phase prevents grain growth during the sec-
ond step and improves fatigue properties. In addition to the
intragranular y" and y” precipitates that are also observed in
STD 718, the grain boundaries of DA 718 appear to be ‘deco-
rated’ with thin J phase precipitates where no globular ¢ phase
precipitates are observed (Fig. 2). This nano J platelets are
30 nm wide and can reach several hundred nanometres long.
This type of precipitation is often observed but not system-
atic. Furthermore, a precipitate-free zone (10—15 nm with) is
always observed around these thin J phase precipitates. When
718 alloy is submitted to solution annealed heat treatment
after forging, such precipitation (and PFZ) on grain bounda-
ries is never observed. This very particular microstructure of
grain boundaries in DA 718 is a key element for understand-
ing intergranular cracks initiation. During sample preparation,
particular care was taken not to change the microstructure
especially in surface.



1 Typical microstructure of the alloy of this work. Optical
microscopy etched using Kalling’s reagent

All the specimens were machined using electrical dis-
charge machining. Before being observed or tested, the
samples were carefully polished to remove this heat-affected
zone. The thickness of the HAZ due to the machining process
affecting the alloy was 30 pm and was determined with SEM
and TEM observations. This layer was carefully removed,
thanks to successive polishing with silicon carbide papers
of decreasing grit sizes (320, 400, 600 and P2400) . The
purpose was to obtain a mirror surface state allowing the
observation of crack initiation. In order to enhance dam-
age initiation, V-shaped specimens were used (Fig. 3). The
V-shaped specimen geometry provides an area in the intrados
of the V which localises strain and damage. This geometry
was initially proposed by Totsuka et al.,'®! as it enabled
enhanced stressing of the sample surface and has previously
been used on nickel-based alloys'”? for crack initiation stud-
ies. This V-shaped sample geometry is used to promote dam-
age initiation for a stress triaxiality (defined by the ratio of
the mean stress to the equivalent stress) representative of real
operating conditions. However, as stress and strain are not
homogenous in such sample, tensile tests are to be coupled
with finite element (FE) analysis for test design and digital
image correlation (DIC) to validate. The following section
will detail these two points.

Experimental procedures

FE calculations were performed to determine the scale and
distribution of the local stress and strain tensor fields scale in
the V-shaped specimen throughout a tensile test. These 3D cal-
culations were performed using Zebulon finite element code?'
together with an elastic viscoplastic isotropic constitutive law,
which was identified by a standard tensile test (10™*s™") and
relaxation tests on the studied material. The objective of FE
simulations was twofold: on the one hand, deformation in the
apex of the V for an imposed displacement of the specimen
grip was evaluated, and, on the other hand, the results of the
simulations with the deformation fields obtained by DIC are
compared. For this purpose, the photographs were taken with
a Canon EOS 7D camera equipped with a macro lens and an
interval timer. On the images obtained, the thickness of the V

2 TEM observation of DA 718 grain boundary with thin
0 phase on the GB and a precipitate-free zone (PF2)
nearby the grain boundary

(1 mm cf. Fig. 3) was defined by 150 pixels, corresponding
to 7 microns per pixel. A speckle pattern (alumina spots) was
applied on the 1 mm-thick edge of the sample. This deposit
was made through an aerosol sold by Mr. CHEMIE Company.
The shots, thus the speckle pattern, could not be made on the
faces of the V since there would be change in the surface
condition, especially a risk of masking crack initiation. The
images were analysed using ARAMIS software developed by
GOM Company. Automatic calculations of the 2D displace-
ments and of the plane strain tensor were achieved, thanks
to this software.

The tensile tests were carried out under air or under vac-
uum (107° mbar) on a screw-driven MTS testing machine at
constant crosshead velocities. Three displacement rates (0.2, 2
and 20 pm.s™") were used to impose three different strain rates.

The heating of the specimen was supplied by a three-zone
radiative furnace. The temperature was controlled, thanks to
three K type thermocouples spot-welded on the sample. Using
this system, temperature gradients within the samples were
maintained below 5 °C. Samples were pre-heated for one hour
before the test to stabilise the sample and grips temperature.

The gauge length of each tested sample was examined
with a LEO 435VP SEM equipped with an EDS System
(PGT IMIX). Observations focused on the intrados of the V
(4 x 3 mm? area), which was expected to be the preferential
area for damage as submitted to tension. A systematic scan of
the area was conducted to locate and measure the length of the
cracks. Images were made using both secondary electron and
backscattered electrons to identify cracks initiated on carbides
or carbonitrides. Each crack was localised and measured, and
the presence of a precipitate nearby is recorded. Figure 4a
illustrates a crack initiated on a carbide and propagated in the
alloy, whereas Fig. 4b shows an intergranular crack imitation.
Only cracks longer than 2 um were measured. A statistical

Table 1 Chemical composition of 718 alloy (weight %)
Ni Cr Fe Nb (+Ta) Mo Ti Al
50-55 17-21 Bal. 4.75-5.5 2.8-3.3 0.65-1.15 0.2-0.8
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3 Sketch of V-shaped specimens

analysis of the collected data, including the number of cracks
per mm? and the fraction of cracks linked to a carbide or a
carbonitride, was also done. Tests were performed a minimum
of two times for repeatability. No statistics on the depth of the
cracks is available in the present study.

Results

Finite element simulations

Finite element simulations have been carried out at 600 and
650 °C and all the experimental conditions have been calcu-
lated. The corresponding displacement of the specimen grip
(2.5,3.5,4 or 5 mm) was imposed at a given displacement rate
(0.2, 2 and 20 pm.s™"). For each simulation, we obtained the
displacement vs. load curve (Fig. 5) which was compared with
the experimental data, and, the strain in the apex (intrados) of
the V (Fig. 6), which was compared with DIC results. Good
agreement was obtained.

At 600 °C, in the range of conditions tested, the strain
rate does not significantly change the force vs. displacement
curve. The specimen opens out during the test and the opening
of the lever arms was linked to the geometry of the sample.
The maximum cumulative deformation was localised in the
centre of the V, and, for the maximum elongation of 5 mm,

Crack initiated on a carbide

10pm

2)

4a SEM observations examples of crack initiation on
carbide. The tensile stress direction is indicated by the
white arrow

Intergranular crack

4b SEM observations examples of intergranular crack
initiation. The tensile stress direction is indicated by
the white arrow

reached 7%. For imposed elongations of 2.5 mm, 3.5 mm and
4 mm, the calculated values were 2, 4 and 5.5%. The plastic
zone was limited to the centre of the V (Fig. 6).

At 650 °C, strain rate effects were noticeable as illustrated
on Fig. 5. As for the simulation and the experiment the dis-
placement were imposed, for a given displacement, the strain
field at 650 °C was very similar to the one at 600 °C due to
the minor contribution of elasticity.

The use of a V-shaped specimen was to ensure loading
of the surface material and to prevent stress redistribution,
similar to a beam during a bending test, and, as a result, stress
decreases in the thickness of the sample. Thanks to FE and to
DIC, it was possible to calculate the strain rate in the centre of
the specimen at the beginning of the test. In fact, the sample
geometry and the displacement rate have been chosen using
FE calculations in order to get, at the beginning of the test,
the desired target strain rate in the centre on the V, on the
intrados. The strain field was used to calculate the reference
strain rate of the test which is the strain rate, in the tensile
direction, of the point of the intrados located in the middle
of the specimen. An imposed displacement rate of 0.2 pm.s™!
corresponded to a reference strain rate of 107° s7!. Values of
10 and 10*s™! corresponded to 2 and 20 pm.s™".

SEM observations of crack initiations

A great number of tests (84) have been carried out under
different conditions. SEM observations were used to scan
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6 Comparison between of cumulative strain fields between
DIC results. (a) Experimental results at 600 °C, after 5 mm
elongation at in imposed displacement rate of 0.2 pm/s.
The sample thickness is 1 mm. (b) FE simulations results
in the centre of the intrados of the V, at 600 and 650 °C,
after 5 mm elongation at in imposed displacement rate
of 0.2 uym/s

the area of interest (3x4 mm) on the intrados of the V. These
characterizations revealed that the larger the imposed cumula-
tive strain, the larger the number of crack initiations (Fig. 7).
For the tests conducted for the two fastest reference strain

rates (10 and 107 s7"), crack initiations were linked to a
precipitates (carbides or carbonitrides). The temperature (600
or 650 °C) or the environment (air or vacuum) did not seem
to change the results. When the cumulative strain exceeded
5.5%, some intergranular crack initiations were observed at
the reference strain rate of 107° s but they represented less
than 20% of crack initiations.

However, for the tests conducted at the slowest reference
strain rate (10°s™"), crack initiation was predominantly inter-
granular, both for vacuum and air tests (Fig. 8), and these
intergranular crack initiations were located where cumulative
strain was larger than 5.5% (Fig. 9). Thus, slower strain rates
promoted intergranular crack initiation. Crack initiations were
mostly linked to carbides for cumulative strains below 4%.
Tensile tests carried out under air generated more intergranu-
lar crack at 600 °C than at 650 °C (Fig. 10). The opposite trend
was observed for vacuum tests. Crack density was larger by a
factor of 2 compared to results obtained under air.

In order to better understand the coupling effect due to oxi-
dation, additional tests were performed. Some samples were
pre-oxidised at 600 or 650 °C in the tensile device without
loading and for the same duration (8 h) as the test duration
of the longest tensile tests. After these heat treatments, SEM
observations revealed no crack initiation in the matrix; how-
ever, carbide oxidation and/or fractures were noticed. Those
pre- oxidised samples were then submitted to slow strain rate
tensile tests at the slowest reference strain rate (107¢ s™') under
different conditions (600/650 °C — air/vacuum).

Surprisingly, intergranular crack initiation rate was lower
for pre-oxidised samples (Fig. 10). And, furthermore, it
decreased more for tests performed under air. The pre-oxi-
dation seems to inhibit intergranular cracking in the DA 718
when slow strain rates tests are conducted under air. It seems
that the oxidation has a beneficial effect on the intergranular
crack initiation of in this alloy.

Discussion

Some tensile flat specimens were tested at low strain rate to
compare damages between these two geometries. For these
samples, the minimum achievable strain rate was 5107 s™!
and the gauge length was 20 times larger than the one of the V
samples. However, at 600 and 650 °C no intergranular crack
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initiation was observed for 7% cumulative plastic strain. The
main difference between the two sample geometries is the
stress triaxiality, which is larger (approximately 0.5) for a
V-shaped specimen instead of 0.33 for a standard tensile spec-
imen. Furthermore, in a V-shape specimen, surface stress is
promoted. Combined with specific loading conditions (plastic
strain cumulated at a slow strain rate), these testing conditions
appears to change the crack initiation behaviour.

Crack initiation due to carbide or carbonitride is widely rep
orted,**? especially for fatigue tests on DA 718 alloys. Strain
rate is a prime order parameter. Tests highlight a threshold
between 107° s and 107° 57!, and the independence of envi-
ronment conditions has been observed. These results could
be explained by specificities of DA 718. The microstructure
of the grain boundaries in DA 718 significantly differs from
the one in STD 718. The presence of J phase and of a precip-
itate-free zone (Fig. 2) around GB must be taken into account
when one is dealing with intergranular fracture.

Some additional characterizations of the intergranular
cracks were made possible, thanks to the Casting center.
Some 3D crack analysis by focused ion beam (FIB) cross
sectioning have been achieved. The microscope used was a
FEI Helios 600i. It is a double-beam microscope combining
a high-resolution SEM and a focused ion beam with gallium
ions. It is also equipped with an Oxford 3D-EDS spectrom-
eter. For the tests conducted under vacuum, oxide was never
observed, neither in the cracks, nor in the grain boundaries. For
the tests conducted under air, cracks were oxidised and oxygen
enrichment was noticed in the grain boundary at the crack tip.
The depths of all of the observed cracks were always less than
15 um. Cross sections conducted on uncracked grain bound-
aries revealed no oxygen enrichment. However, as only six
cracks were investigated, no statistics on the depth of the cracks
are available. Observations at this scale do not allow seeing
the changes in the PFZ. Only TEM characterizations at larger
magnifications can reveal the changes in the microstructure and
even chemical composition changes in PFZ, due to oxidation.
But, unfortunately, in this study, the thin section preparation
for MET has not yet been possible nearby intergranular crack.

The sensitivity to intergranular crack initiation of conven-
tionally heat treated STD 718 can be compared with that of
DA 718, as results are available in the literature!”>*?* for tests
conducted using the same conditions. The results for DA 718
differ from those obtained for the STD 718: The effect of grain
boundary precipitation on the environmental behaviour of

STD 718 appears to be an inhibition of intergranular cracking.
It is known that oxidation of nickel-based superalloy induces
vacancy injection in the alloy."” These vacancies change diffu-
sion kinetics of substitutional atoms and influence dislocation
mobility*>* due to coupling effects between plasticity and
oxidation. Furthermore, such interactions between disloca-
tions and solute species are known to occur during dynamic
strain ageing (DSA) and Portevin Le Chatelier (PLC) regimes.
For STD 718, some authors®!®!7-2425 ink this specific inter-
granular crack initiation to DSA. The grain boundaries of
DA 718 are known to be weaker than those of STD 718.
Local chemical composition influences plastic deformation
and failure mode!”*° due to the role of interstitial atoms such
as carbon, oxygen and nitrogen. Experimentally, it is found
that if one lowers the amount of carbon interstitials, it also
decreases intergranular crack initiation at 600 °C. In the
case of DA 718, grain boundaries are embrittled by nano-
delta phase precipitates and there is a great heterogeneity of
mechanical behaviour between this § phase and the matrix
in the PFZ. This may contribute to stress concentration dur-
ing tensile tests. According to previous studies,*' oxidation
softens and changes the material microstructure nearby the
surface, due to chromium depletion. Easier dislocation motion
associated with vacancy injection due to oxidation may relax
local stress concentrations. Therefore, these phenomena may
explain why, with this specific microstructure, oxidation was
found to inhibit intergranular crack initiation.

Conclusion

The objective of the present study was to investigate mecha-
nisms for intergranular crack initiation obtained during ten-
sile tests performed at 600 and 650 °C for DA 718 and at
cumulative plastic strain values below 8%. Depending on
the test conditions, the failure mechanism may change drasti-
cally from crack initiation located on carbides to intergranular
damage if sufficient plastic strain (more than 4%) is cumu-
lated at a slow strain rate (1076 s7'). This intergranular damage
development also requires specific stress conditions, as no
occurrence was observed for stress triaxiality of 0.33 but was
observed for 0.5. Furthermore, oxidation seems to inhibit this
intergranular crack initiation. These results differ from those
obtained for STD 718 under the same conditions. It is hypoth-
esised that the role of the unique local microstructure at the
grain boundary in the DA 718 may explain these results are



in accordance with discussions of micro-mechanisms found
in the literature. However, further TEM investigations are
required to understand changes in the microstructure or local
chemical composition around grain boundaries.
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