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Abstract: In this paper, mechanical properties of the as-received and aluminide layer coated MAR
247 nickel based superalloy were examined through creep and fatigue tests. The aluminide layer of
20 µm was obtained through the chemical vapor deposition (CVD) process in the hydrogen protective
atmosphere for 8 h at the temperature of 1040 ◦ C and internal pressure of 150 mbar. A microstructure
of the layer was characterized using the scanning electron microscopy (SEM) and X-ray Energy
Dispersive Spectroscopy (EDS). It was found that aluminide coating improve the high temperature
fatigue performance of MAR247 nickel based superalloy at 900 ◦ C significantly. The coated MAR
247 nickel based superalloy was characterized by the stress amplitude response ranging from 350 MPa
to 520 MPa, which is twice as large as that for the uncoated alloy.
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1. Introduction
Nickel alloys are characterized by their superior, high temperature performance
properties including corrosion, heat and creep resistance. Hence, they are commonly used
in aircraft engines [1,2]. Higher engine combustion temperatures tend to improve the
efficiency of the propulsion systems, however, extremely high engine temperature requires
an advanced materials that could withstand the operational loads in such aggressive
environment [3–5]. The most conventional superalloys for gas turbines are MAR 247 [6],
Rene 80 [7] and IN738 [8]. MAR 247 nickel based superalloy exhibit higher strength
properties in comparison to these alloys, especially at high temperature. Its yield strength
at 1000 ◦ C is approximately 100 MPa greater that for IN738 and almost two times greater
than for Rene 80 [6–8]. Additionally, MAR 247 nickel based superalloy was characterized
by improved creep response in comparison to the mentioned alloys. The development of
casting technologies led to the fabrication of new generation, cost effective alloys doped
with Re and Ru to further increase the temperature stability [9]. However, these elements
are expensive and their supply is strategically dangerous [9].
Among the promising solutions that could enhance the high temperature performance of
engine elements, one can indicate the application of Ni-Al type intermetallics as coatings material. In such materials, due to their crystalline structure with strong chemical bonds and tightly
packed atoms in the lattice, a relatively low diffusion of atoms during recrystallisation occurs.
Thus, they are more resistant to creep and high-temperature corrosion in comparison to the
classical superalloys. Among the NiAl-type intermetallics, only two phases (NiAl and Ni3 Al)
would allow to form the coating structure, that could transfer high mechanical loads in aggressive corrosive and erosive environments, also at high temperature [10,11]. Ni3 Al phase
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based intermetallics, exhibit improved fatigue strength at high temperature in comparison to
the commonly used Ni-based superalloys [12]. On the other hand, the ordered NiAl phase
is characterized by a higher melting point (1640 ◦ C), lower density (5.86 g/cm3 ), higher oxidation resistance and higher thermal conductivity (λ = 76 W m−1 K−1 ) in comparison to
Ni3 AL (7.5 g/cm3 , λ = 21.4 W m−1 K−1 ) [13,14]. Hence, the superior properties of NiAl and
Ni3 Al aluminides at high temperature could be potentially utilize as protective coatings for
aircraft engine turbines. Generally, thermal barrier coatings are applied to parts of gas turbine
to reduce their operational temperature by approximately 100–300 ◦ C and simultaneously
increase their service life [15]. The coatings protect external surfaces of the material when it is
in contact with hot gas atmosphere. The additional content of aluminium and chromium in
coating allows to form a thermodynamically stable oxide layer that acts as diffusion barrier [16].
Such barrier protects the substrate material and significantly reduce its chemical reactivity
during performance in aggressive environment [17–19]. The effect of protective coatings on
high temperature performance of nickel based alloys was widely studied in literature. Duplex
chromium/aluminium coatings were used to improve the creep performance over 30 years
ago [20,21]. It was found that the aluminide coatings deposited on nickel superalloys could
enhance their mechanical properties at elevated temperature [22,23] through significant reduction of oxidation and carbonisation during high temperature performance [24–27]. Functional
properties of aluminide layer deposited on the nickel based superalloys in CVD process have
been studied by Yaworska et al. [28]. It should be mentioned that, aluminide thermal barrier
coatings for nickel superalloys were found useful in maintaining their superior mechanical
properties, especially at high temperature. It has been also found that aluminium-based materials for aluminide coatings enhance the oxidation resistance [29,30] and high temperature
performance of nickel superalloys without deterioration of its mechanical properties [31–33].
Since high temperature oxidation contributes to the reduction of the fatigue life at elevated
temperatures [19], the application of thermal barrier coatings was found to be extremely important in terms of materials fatigue life. The general comparison of some basic mechanical
properties of coatings and nickel based materials for turbine blades at high temperature were
recently presented in comprehensive review by Wee et al. [9]. However, the high temperature
mechanical response of coated MAR 247 nickel based superalloy were not studied as yet.
Therefore, the main aim of this work was to assess the high temperature mechanical
response of conventional MAR 247 nickel based superalloy protected by aluminide coating
(TBC) deposited by optimized chemical vapor deposition (CVD) process [34] through creep
and fatigue tests. Such tests enabled both, characterization of the mechanical properties
of material in question and assessment of an actual effectiveness of the CVD process
parameters optimized in authors previous paper [34].
2. Materials and Methods
MAR 247 nickel based superalloy specimens were manufactured using casting process
and uniform crystallization performed in ceramic moulds. Specimen casting was carried
out in an ALD vacuum furnace. Specimens made of MAR 247 nickel based superalloy with
directional grain orientation (DS) were transferred outside of the furnace under controlled
speed of 3 mm/min. Specimens with equiaxed microstructure (EQ) were quenched in
the furnace to achieve the required microstructure. The chemical composition of MAR247
nickel based superalloy was presented in Table 1.
Table 1. Chemical composition of MAR 247 nickel based superalloy (wt.%).
C

Cr

Mn

Si

W

Co

Al

Ni

0.09

8.80

0.10

0.25

9.70

9.50

5.70

bal.

Aluminide coatings were produced by chemical vapour deposition (CVD) using
Ion-Bond setup (Ion Bond Bernex BPX Pro 325 S, IHI Ion bond AG, Olten, Switzerland)
located in the Materials Testing Laboratory for the Aviation Industry of the Rzeszów

Coatings 2021, 11, 48
atings 2020, 13, x FOR PEER REVIEW

3 of 12

3 of 12

in the Materials Testing Laboratory for the Aviation Industry of the Rzeszów University
of Technology,
Rzeszów,
Poland. It was
a low activity
aluminium
The optimised
University
of Technology,
Rzeszów,
Poland.
It was a process.
low activity
aluminium process.
CVD processes
were
executed
in
the
hydrogen
protective
atmosphere
for
8
h at the
temThe optimised CVD processes were executed in the hydrogen protective
atmosphere
for 8 h
perature ofat1040
°C
and
internal
pressure
of
150
mbar
[34].
The
microstructural
character◦
the temperature of 1040 C and internal pressure of 150 mbar [34]. The microstructural
ization andcharacterization
chemical composition
analysis
of the coatings
were
using
Hitachi
and chemical
composition
analysis
ofexamined
the coatings
were
examined using
2600N scanning
electron
with Energy
Dispersive
Spectroscopy
(EDS)
attachHitachi
2600N microscope
scanning electron
microscope
with Energy
Dispersive
Spectroscopy
(EDS)
ment (Oxford
Instruments,
Oxford,
UK)
and
HITACHI
260
(Hitachi,
Tokyo,
Japan)
also
attachment (Oxford Instruments, Oxford, UK) and HITACHI 260 (Hitachi, Tokyo, Japan)
with an EDS
detector.
microhardness
the as-receivedof
and
material
was
de- material
also
with anThe
EDS
detector. Theofmicrohardness
thecoated
as-received
and
coated
termined on
a
ZWICK
hardness
tester
(Materialprüfung
3212002,
Ulm,
Germany)
using
was determined on a ZWICK hardness tester (Materialprüfung 3212002, Ulm, Germany)
the Vickersusing
method.
Standard
and high
temperature
fatigue
tests werefatigue
performed
theperformed
the Vickers
method.
Standard
and high
temperature
tests on
were
MTS 810 testing
System,
Eden
Prairie,
MN, Eden
USA) Prairie,
equipped
with
the equipped
conon themachine
MTS 810(MTS
testing
machine
(MTS
System,
MN,
USA)
with
ventional and
high temperature
MTStemperature
extensometers.
tensile Uniaxial
tests were
per- tests were
the conventional
and high
MTS Uniaxial
extensometers.
tensile
4 sroom
−1 . Fatigue
formed at strain
rate equal
to 2 ×rate
10−4equal
s−1. Fatigue
and high
temperatures
were
performed
at strain
to 2 ×tests
10−at
tests
at room and
high temperforce controlled
under
zero
mean
value
and
constant
stress
amplitude
with
a
frequency
atures were force controlled under zero mean value and constant stress amplitude with
of 20 Hz. The
range of stress
fromof
350
MPaamplitude
to 650 MPafrom
was 350
established
a frequency
of 20 amplitude
Hz. The range
stress
MPa to on
650the
MPa was esbasis of thetablished
yield point
0.2 determined
uniaxial
tensile test.from
Highthe
temperature
on R
the
basis of the from
yield the
point
R0.2 determined
uniaxial tensile test.
fatigue tests
weretemperature
carried out at
900 °C.
Thewere
geometry
of specimens
in Figure
High
fatigue
tests
carried
out at 900 ◦isC.presented
The geometry
of specimens
1a. Creep tests
at 600 °C in
under
constant
stresstests
levels
range
from 700
MPalevels
to 780within the
is presented
Figure
1a. Creep
at within
600 ◦ Cthe
under
constant
stress
range fromon
700
MPa
to 780creep
MPa were
conducted
thestrain
standard
creep by
testing
MPa were conducted
the
standard
testing
machines.on
The
measured
two machines.
Thesensors
strain measured
by two
sensors
werebyrecorded
in time internals
independent
were recorded
inindependent
time internals
of 5 min,
two independent
sen- of 5 min,
by two drawing
independent
sensors.
Engineering
of in
theFigure
creep 1b.
testThe
specimens
sors. Engineering
of the
creep test
specimensdrawing
is shown
Young’sis shown in
Figure
1b. The Young’s
was determined
byinmeans
of the non-destructive
tests
modulus was
determined
by meansmodulus
of the non-destructive
tests
Department
of Materiin Department
Materials
of Warmia
and Mazury
using RFDA
als Technology,
Universityofof
WarmiaTechnology,
and MazuryUniversity
using RFDA
(Resonance
Frequency
(Resonance
Frequency
and
Damping
Analyzer,
Integrated
ControlacEngineering
and Damping
Analyzer,
Integrated
Material
Control
Engineering
NV, Material
Genk, Belgium)
NV,elaborated
Genk, Belgium)
according
rules elaborated
in the
Gordon Laboratory,
University of
cording rules
in the Gordon
Laboratory,
University
of Cambridge
[35] and the
Cambridge
[35] [36]
andand
the ASTME
1876-99
standard [36]
and this
ASTME 1876-99
standard
this method,
an automatic
impulser
wasmethod,
appliedan
to automatic
impulser
was
applied
to
excite
flexural
vibrations
in
the
specimen
by
striking
lightly at the
excite flexural vibrations in the specimen by striking lightly at the center of the specimen.
center
of
the
specimen.
Subsequently,
a
contactless
microphone
placed
near
the
Subsequently, a contactless microphone placed near the end of the specimen was used to end of the
was
used to register
the specimen’s
mechanical
response.
Determination
of the
register thespecimen
specimen’s
mechanical
response.
Determination
of the resonant
frequency
of
resonantdamped
frequency
of natural
vibrations
damped
by internal
enabled
evaluation of
natural vibrations
by internal
friction
enabled
evaluation
of thefriction
Young’s
modulus
the
Young’s
under
plane
strain
stateusing
conditions
in the
elastic range
under plane
strain
statemodulus
conditions
in the
elastic
range
empirical
equations
fromusing
the empirical
equations
from
the
Euler-Bernoulli
theory
[34].
The
Young’s
modulus
measurements
were
Euler-Bernoulli theory [34]. The Young’s modulus measurements were carried out at the
◦ C to 900 ◦ C, during annealing and cooling
carried
out
at
the
temperature
range
from
26
temperature range from 26 °C to 900 °C, during annealing and cooling of the specimen at
the specimen
at the rate annealing
of 3 ◦ C/min
with subsequent
annealing
at target temperature
the rate of 3of°C/min
with subsequent
at target
temperature
for 30 min.
for 30 min.

(a)

(b)
Figure 1. Geometry
the specimen
used
for: (a) used
uniaxial,
andstandard
high temperature
Figure 1.ofGeometry
of the
specimen
for: standard
(a) uniaxial,
and high fatigue
temperature fatigue
tests; (b) creep
tests.
tests; (b) creep tests.

Coatings 2021, 11, 48

4 of 12

gs 2020, 13, x FOR PEER REVIEW

4 of 12

3. Results and3.Discussion
Results and Discussion
3.1. Microstructural
Characterization
of Coating during
CVD Process
3.1. Microstructural
Characterization
of Coating
during CVD Process
The structureThe
of the
NiAl coating
was determined
the growth
of the
structure
of the NiAl
coating wasby
determined
bykinetics
the growth
kinetics of the
formed layersformed
and conditioned
the temperature,
pressure and pressure
synthesisand
timesynthesis
in the time in the
layers andby
conditioned
by the temperature,
process of chemical
vapor
deposition.
The
general view
coating
obtained
was presented
process
of chemical
vapor
deposition.
Theof
general
view
of coating
obtained was presented
in Figure 2a. Itinwas
characterized
by
uniform
thickness
of
20
(±5
µm)
and
was
evenly
Figure 2a. It was characterized by uniform thickness of 20 (±5 µm)disand was evenly
tributed on thedistributed
MAR 247 nickel
The intermetallic
exhibon thebased
MARsuperalloy
247 nickelsurface.
based superalloy
surface.coating
The intermetallic
coating
its two-layer structure
with approx.11
µmwith
thickapprox.11
homogeneous
zonehomogeneous
of secondary zone
solid of secondary
exhibits two-layer
structure
µm thick
3Al matrix with
solution of thesolid
β (NiAl)
phase
µm and
heterogeneous
matrix with NiNiAl
solution
of and
the βapprox.
(NiAl) 12
phase
approx. 12 NiAl
µm heterogeneous
phase dispersions
found
within
its structure.
interlayer
zone was
bywas
the characterized
Ni3 Al
phase
dispersions
found The
within
its structure.
The characterized
interlayer zone
lower content
of aluminium
and
of Co, Cr
and Ti alloying
elements
lower contentby
of the
aluminium
and the
participation
of the
Co,participation
Cr and Ti alloying
elements
difdiffusing
core of(MAR
raw material
(MAR
247superalloy)
nickel based
superalloy)
fusing from the
core offrom
raw the
material
247 nickel
based
under
specificunder specific
process
conditions.
chemicalwas
composition
analysed
in the of
cross-section of
CVD process CVD
conditions.
The
chemical The
composition
analysed was
in the
cross-section
at 7 points
intocore
the (Figure
material2b,
core
(Figure
specimens at 7specimens
points starting
from starting
the edgefrom
into the edge
material
Table
2). 2b, Table 2).
The highest
content of
aluminium
(~23%)
was
found
nearThe
themass
surface.
The mass volume
The highest content
of aluminium
(~23%)
was found
near
the
surface.
volume
aluminium
did
not changein
significantly
in the of
cross-section
of specimen
of aluminiumof
did
not change
significantly
the cross-section
specimen (x1–x3)
as its (x1–x3) as its
content
~20%
was also
in lower
layers
(x4–x6). Additionally,
content of ~20%
was of
also
observed
inobserved
lower layers
(x4–x6).
Additionally,
the slightthe
in-slight increase
of
chromium
and
cobalt
can
be
observed
in
the
central
part
of
layer.
The
surface
crease of chromium and cobalt can be observed in the central part of layer. The surface of of the layer
consists
of large,
intermetallic
crystallites
formed
intermetallic
the layer consists
of large,
NiAlNiAl
intermetallic
crystallites
thatthat
formed
an an
intermetallic
su-superstructure
(secondary
solid
solution
β
with
B2
ordered
structure)
[34].
One
can
indicate
that CVD
perstructure (secondary solid solution β with B2 ordered structure) [34]. One can indicate
conditions
applied
allowed
to obtain
a good
coating
coherence
tosubstrate
the substrate since no
that CVD conditions
applied
allowed
to obtain
a good
coating
coherence
to the
defects
were
observed
between
coated
material
and
coating
itself.
discontinuities
since no defects were observed between coated material and coating itself. Some Some
disconfound
between
sub-layers
were
caused
by
the
extensive
grinding
during
preparation
of the
tinuities found between sub-layers were caused by the extensive grinding during prepaspecimens
for
the
microstructural
characterization.
ration of the specimens for the microstructural characterization.

Figure 2. Microstructure
of intermetallic
coatingby
produced
by CVD
method
MAR
247 superalloy
nickel
Figure 2. Microstructure
of intermetallic
coating produced
CVD method
on MAR
247on
nickel
based
at 1040 ◦ C:
based superalloy at 1040 °C: (a) general view of the coating; (b) view of coating with points of
(a) general view of the coating; (b) view of coating with points of EDS analysis marked.
EDS analysis marked.
Table 2. Chemical composition (wt.%) of coating surface obtained after deposition at 1040 ◦ C.
Table 2. Chemical composition (wt.%) of coating surface obtained after deposition at 1040 °C.

Point
x1
x2
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x4
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x6
x7

Al Point
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0.86
1.02
1.04
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6.33

Ti

Co
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0.94
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Cr
2.91
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63.48
66.13

hardnesswas
distribution
measured
thecoating
edge of
The hardness The
distribution
measuredwas
from
the edgefrom
of the
inthe
its coating
cross- in its crosssection,
3). The microhardness
of theNiAl
near-surface
NiAl was
coating
zone
section, (Figure
3). The(Figure
microhardness
of the near-surface
coating zone
equal
to was equal to
664and
± 25
HV0.05 and
decreases
towards
theof
surface
layernickel
of MAR
247supernickel based super664 ± 25 HV0.05
decreases
towards
the surface
layer
MAR 247
based
alloy
to 450The
± 20
HV0.05.ofThe
hardness
transition
approx. The
550 ± 40 HV0.05.
alloy to 450 ± 20
HV0.05.
hardness
transition
areaofwas
approx.area
550 was
± 40 HV0.05.

fluctuations founded in this area were related to the nonhomogeneous structure consisted

Coatings 2021, 11, 48

5 of 12

Coatings 2020, 13, x FOR PEER REVIEW

5 of 12

The fluctuations founded in this area were related to the nonhomogeneous structure conof
the hard
softer
3Al phase.
was observed
that hardness
varied with
sisted
of theNiAl
hardphase
NiAland
phase
andNisofter
Ni3 AlItphase.
It was observed
that hardness
varied
the
content
of different
alloying
elements.
with
the content
of different
alloying
elements.

Figure3.3.Hardness
Hardnessdistribution
distribution
cross-section
of coating
obtained.
Figure
inin
thethe
cross-section
of coating
obtained.

3.2. Effect
EffectofofCoating
CoatingononTensile,
Tensile,Fatigue
Fatigue
and
Creep
Performance
of MAR
Nickel
3.2.
and
Creep
Performance
of MAR
247247
Nickel
Based SupBased
Superalloy
eralloy
Thermalbarrier
barriercoatings
coatings
are
playing
increasingly
significant
in advanced
the advanced
Thermal
are
playing
anan
increasingly
significant
rolerole
in the
gas
turbine
engines
used
in
aero
applications.
Current
research
is
focused
on
development
gas turbine engines used in aero applications. Current research is focused on development
of
a
new
materials
for
both
coatings
and
turbine
blades.
The
basic
properties
of
thesemamateriof a new materials for both coatings and turbine blades. The basic properties of these
als
are
mainly
characterized
within
their
microscale
using
scanning
electron
microscopy
terials are mainly characterized within their microscale using scanning electron micros- or
X-rayordiffraction.
The mechanical
properties
are usually
evaluated
by nanoindentation
copy
X-ray diffraction.
The mechanical
properties
are usually
evaluated
by nanoinden- or
microhardness
tests.
It
should
be
emphasized,
however,
that
the
turbine
blades blades
are mainly
tation or microhardness tests. It should be emphasized, however, that the turbine
subjected
mechanical
loadings atloadings
elevatedattemperature
[37]. Unfortunately,
not sufficient
are
mainlyto
subjected
to mechanical
elevated temperature
[37]. Unfortunately,
number
of publications
was found inwas
thisfound
area. in
Thus,
main
aim
workaim
presented
not
sufficient
number of publications
this the
area.
Thus,
theofmain
of work here
was to perform
a wide
range aofwide
mechanical
including
tension,
presented
here was
to perform
range of tests
mechanical
testsstandard,
including monotonic
standard, monfatiguetension,
and creep
testsand
to characterized
the mechanical
of coated
MAR
247 nickel
otonic
fatigue
creep tests to characterized
theresponse
mechanical
response
of coated
based247
superalloy
at room
and elevated
MAR
nickel based
superalloy
at roomtemperature.
and elevated temperature.
◦ Ccoated
Theuniaxial
uniaxialtensile
tensiletests
testswere
were
carried
at room
temperature
on coated
The
carried
outout
at room
temperature
andand
10001000
°C on
and
247
nickel
based
superalloy.
The slight
difference
of mechanical
reand uncoated
uncoatedMAR
MAR
247
nickel
based
superalloy.
The slight
difference
of mechanical
sponse
was
observed
for
the
material
tested
at
room
temperature.
It
has
been
found,
howresponse was observed for the material tested at room temperature. It has been found,
ever,
that aluminide
layer layer
couldcould
enhance
the high
performance
of nickelofalhowever,
that aluminide
enhance
thetemperature
high temperature
performance
nickel
loy.
A
considerable
improvements
of
mechanical
properties
were
achieved
during
testing
alloy. A considerable improvements of mechanical properties were achieved during
testing
◦ C(Table
at
obtained
were
similar
to those
presented
in [6]
at 1000
1000°C
(Table3).
3).The
Theresults
results
obtained
were
similar
to those
presented
infor
[6]MAR
for MAR
247
a significant
improvement
of the
yield
strength
at at
247 nickel
nickelbased
basedsuperalloy.
superalloy.Moreover,
Moreover,
a significant
improvement
of the
yield
strength
elevated
elevated temperature
temperatureby
byapproximately
approximatelyofof20%
20%inincomparison
comparisontotoRene
Rene8080[7]
[7]and
andIN738
IN738 [8]
[8]
were
found
aftertesting.
testing.ItIt should
should be
the
coated
MAR
247247
nickel
based
were
found
after
bementioned,
mentioned,that
that
the
coated
MAR
nickel
based
superalloy
exhibited
a
comparable
mechanical
response
of
such
materials
as
CMSX
or
superalloy exhibited a comparable mechanical response of such materials as CMSX or
Rene
that
thethe
aluminide
thermal
barrier
coating
usedused
in the
Rene 500
500[38].
[38].One
Onecan
canindicate,
indicate,
that
aluminide
thermal
barrier
coating
in the
conventional
MAR
247
nickel
based
superalloy
enhanced
the
tensile
properties
of
nickel
conventional MAR 247 nickel based superalloy enhanced the tensile properties of nickel
superalloy
temperature.
Moreover,
thesethese
resultsresults
suggest,
that material
tested possuperalloyatathigh
high
temperature.
Moreover,
suggest,
that material
tested
sessed
the
equivalent
properties
to
those
of
the
high-strength
single
crystal
superalloys.
possessed the equivalent properties to those of the high-strength single crystal superalloys.

Coatings 2021, 11, 48

6 of 12

Table 3. Selected mechanical properties for coated and uncoated MAR 247 nickel based superalloy after uniaxial tensile test
performed at room temperature and 1000 ◦ C.
1000 ◦ C

Room Temperature

Material

Rm (MPa)

Re (MPa)

E (GPa)

A (%)

Rm (MPa)

Re (MPa)

E (GPa)

Uncoated MAR 247 nickel based superalloy

980

800

185

6

380

330

85

A (%)
5

Coated MAR 247 nickel based superalloy

1100

830

197

6

460

415

98

8

Rm is tensile strength, Re is yield point, E is Young’s modulus, A is elongation.

The effect of coating on mechanical properties of MAR247 nickel based superalloy was
investigated in either standard or high temperature fatigue tests. The results shown that
coating slightly decrease the elongation of the MAR 247 nickel based superalloy specimens
at room temperature while the stress response remained at the similar level (Figure 4a).
A significant improvement of mechanical properties was observed during high temperature
fatigue testing where the strength of coated specimen increased almost twice in comparison
to the as-received material (Figure 4b). Sulak et al. [37] reported that cyclic deformation of
nickel-based superalloys can be particularly determined by the interaction analysis between
dislocations and γ strengthening phase, where precipitates played a role as an effective
barriers against the dislocations movement. Moreover, high temperature performance
resulted on phase changes, precipitate coarsening and oxidation [38,39]. All these features
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7 of 12

(a)

(b)
Figure
curves
of coated
andand
uncoated
MAR247
nickelnickel
basedbased
superalloy
determined
at:
Figure4.4.S-N
S-N
curves
of coated
uncoated
MAR247
superalloy
determined
at:
◦ C.
(a)
(a) room
room temperature;
temperature; (b)
(b) 900
900 °C.

After mechanical testing, the microstructural observations were carried out. They enabled identifications of defects induced due to the loading history defined. Looking at the
fracture surfaces, one can indicate a greater or lesser cluster of cracks (Figure 5a,b). Their
formation was initiated in the last stage of fatigue, when the strain concentration zone was
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It is found that aluminides coating of 20 µm thickness obtained by CVD process
slightly reduced the room temperature performance (Figure 4a). Completely opposite effect
was achieved for the same material tested at 900 ◦ C. In this case almost 100% variation
of stress amplitude can be easily observed in Figure 4b. Similar strength improvement
may be observed in comparison to the conventional, uncoated nickel alloys such as IN
792-5A and IN 713LC during fatigue testing at 900 ◦ C [40]. One can conclude that an
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and additionally, it can prevent the raw material against such processes as oxidation,
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Figure 5. Microscopic views of the side surfaces of specimens after fatigue tests with visible cracking of the layer in the direction perpendicular to that of deformation: (a) edge of the specimen;
(b) center of the specimen.

The scanning microscope observations of fracture areas of specimens subjected to
cyclic loading at room temperature showed that the crack propagation in the layer was not
transferred into the nickel matrix. The view of fracture area confirm the permanence of
the interfacial adhesion as no cracks between the layer and nickel substrate were observed
(Figure 6a). Such behavior can be a sign of good efficiency of CVD process applied. It should
be emphasized additionally, that a satisfied layer coherence was attained (Figure 6b).
Despite the multiple cracks, the layer remained adhered to the nickel based substrate.
Numerous cracks in the aluminide layer were observed near the decohered area (Figure 6c).
However, cracks in the layer itself do not limit the possibility of cyclic load carrying.
Despite the multiple cracks found on the edge of the sample (Figure 6c), it broke within
the gauge. Such behavior may suggest, that the aluminide layer is not responsible for

of the interfacial adhesion as no cracks between the layer and nickel substrate were observed (Figure 6a). Such behavior can be a sign of good efficiency of CVD process applied.
It should be emphasized additionally, that a satisfied layer coherence was attained (Figure
6b). Despite the multiple cracks, the layer remained adhered to the nickel based substrate.
Numerous cracks in the aluminide layer were observed near the decohered area (Figure
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6c). However, cracks in the layer itself do not limit the possibility of cyclic load carrying.
Despite the multiple cracks found on the edge of the sample (Figure 6c), it broke within
the gauge. Such behavior may suggest, that the aluminide layer is not responsible for
initiation.
Moreover,
it protects
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247superalloy
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of crack through
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(b)
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coating
after
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room
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(c)
(b) morphology of coating after fatigue at room temperature; (c) multiple layer cracks.
multiple layer cracks.
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for coated
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material state
(Figure
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the IN792
in the as-received
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with
NiAl protective
was subjected to
creep at temperature of 850 ◦ C and 950 ◦ C. It was concluded, that the crack initiation and
propagation mechanisms were temperature dependent. For the polycrystalline superalloy
tested at both temperatures, the grain-boundary separation was the main failure mode.
In the NiAl coated material, the formation of γ’ along grain boundary in the layer zone at
850 ◦ C could induce active through-coating cracks, which may further penetrate into the
substrate along the nearest grain boundary beneath the coating. However, a formation of γ’
in the layer was restricted to 950 ◦ C.
Thermal stability of the coated MAR 247 nickel based superalloy was evaluated
through the in-situ Young’s modulus measurements in temperature range from 22 to
900 ◦ C during annealing and cooling at a rate of 3 ◦ C/min to 900 ◦ C. RFDA method
allowed to monitor an evolution of the Young’s modulus with the heating temperature
as well as during cooling to room temperature (Figure 8). It was found that such nondestructive method could precisely determine the Young’s modulus value in a wide range
of temperature. The results were comparable to those obtained from uniaxial tensile tests.
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°C during annealing and cooling at a rate of 3 °C/min to 900 °C. RFDA method allowed to
monitor an evolution of the Young’s modulus with the heating temperature as well as during cooling to room temperature (Figure 8). It was found that such non-destructive method
could precisely determine the Young’s modulus value in a wide range of temperature. The
results were comparable to those obtained from uniaxial tensile tests. It was concluded that
RFDA method could be successfully applied for the non-destructive Young’s modulus
measurements of coated MAR 247 nickel based superalloy.
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