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Abstract

The effect of hot isostatic pressing (HIP) treatment on high-temperature low cycle fa-
tigue (LCF) behaviour of γ′ precipitation strengthened nickel-based superalloy MAR-M247
was studied. Microstructural observations revealed coarse-grained dendritic structure with an
average grain size of 2.1 mm. Distribution and size of casting defects were assessed on cross
sections of both HIP treated and untreated MAR-M247. Shape and size of precipitates were
documented. Vickers hardness tests did not reveal differences between both materials. Un-
treated specimens were cyclically strained under total strain control at 900◦C. Likewise, tests
were performed on the HIP treated material at temperatures of 900 and 950◦C. The stress-
-strain response was recorded. Coffin-Manson and Basquin fatigue life curves were established.
HIP treatment leads to an increase of lifetime in comparison with the untreated material.
Precipitate depleted zone was observed and crack initiation sites were identified. Disloca-
tion arrangements were studied in TEM. Planar bands containing antiphase boundaries were
observed.

K e y w o r d s: hot isostatic pressing, Ni-based superalloy, high-temperature low cycle fatigue,
fatigue life curves, dislocation structures, planar bands

1. Introduction

Components of aircraft engines, turbochargers,
power generation facilities, such as turbine blades and
vanes, operate at high temperatures under complex
cyclic and sustained loading. There is a strong require-
ment to increase the performance of power units. Ad-
vanced design and lighter constructions are one of the
feasible possibilities to increase the efficiency of these
devices. Another way is an increase of operating tem-
peratures [1]. However, this requires the application
of more durable and also costlier materials. In this re-
gard, nickel-based superalloys have evolved into com-
plex alloy systems with exceptional high-temperature
strength, creep resistance, and fatigue behaviour [2–
9]. Second-generation polycrystalline cast superalloy
MAR-M247 becomes a perspective material that sat-
isfactorily covers the needs of small power facilities
and aircraft engines, and in the near future, it may
fully replace material IN713 LC used so far. MAR-
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-M247 was developed by Martin Marietta Corporation
in the 1970s [10]. The microstructure of this precipi-
tation strengthened nickel-based superalloy consists of
the γ matrix, and of intermetallic γ′ (Ni3Al) precip-
itates. Outstanding mechanical properties, oxidation
resistance and structural stability at elevated tempe-
ratures are achieved through the appropriate combi-
nation of alloying elements [11]. The high content of
tungsten ensures the stability and strength of the solid
solution γ. The addition of tantalum and hafnium im-
proves mechanical and thermal stability of γ′ precip-
itates. Moreover, hafnium contributes significantly to
the grain boundary strengthening [4, 12, 13]. A chem-
ical composition as well as solidification variables and
multiple heat treatments immensely influenced mi-
crostructure and mechanical properties [2, 14–17] and
resulted in applications of the alloy at temperatures
up to about 1038◦C [18].
Gas turbine components made of MAR-M247 are

usually produced by investment casting technique [14,
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Fig. 1. The microstructure of MAR-M247 – dendritic
structure of the HIP treated material in a section perpen-

dicular to the specimen axis.

19] and subsequently heat treated [15, 16, 20]. In-
vestment casting involves certain problems in terms
of casting defects that cause perceptible scatter and
reduction in fatigue life [8, 21, 22] and can also signif-
icantly reduce the strength of the material. Incorpo-
rating hot isostatic pressing (HIP) technology in the
production process leads to a reduction of porosity,
shrinkages, and voids [23–25]. Despite the high pre-
cision and modern procedures, it is not possible to
completely eradicate the casting defects [26].
In service, many critical turbine parts are sub-

jected to repeated elastic-plastic straining as a result
of heating and cooling during start-up and shutdown
periods. Therefore, high-temperature low cycle fatigue
(LCF) behaviour of material is considered to be an im-
portant area of interest. Thorough understanding of
LCF damage behaviour is necessary to guarantee the
safe design of components [27–30]. The present study
reports the LCF behaviour of HIP treated and un-
treated MAR-M247 at 900 and 950◦C. Special atten-
tion is devoted to cyclic strain localization and fatigue
crack nucleation using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM).

2. Experimental procedure

2.1. Materials

Polycrystalline nickel-based superalloyMAR-M247
was supplied in the form of casting rods by PBS,
Velká Bíteš, a.s. The chemical composition of MAR-
M247 superalloy used was obtained by chemical anal-
ysis and is as follows (in wt.%): 0.15 C, 8.37 Cr,
9.91 Co, 9.92 W, 0.67 Mo, 5.42 Al, 1.01 Ti, 3.05
Ta, 0.04 Fe, 0.015 B and 1.5 Hf and Ni bal. The
rods were produced by the technique of investment

casting and their size and shape approach spec-
imens for low cycle fatigue tests. All rods were
delivered after two-stage heat treatment consisting
of solid solution annealing (1200◦C/2 h) and sub-
sequent precipitation hardening (870◦C/24 h). One-
-half of specimens underwent the hot isostatic pressing
procedure (1200◦C/100MPa/240min) prior to heat
treatment. A detailed description of HIP and heat
treatment can be found elsewhere [18]. The diame-
ter and gauge length of test specimens with button
ends used for clamping in special hydraulic grips was
6 and 15mm, respectively. The gauge length was me-
chanically ground to final roughness Ra = 0.4. Some
specimens were electrolytically polished to facilitate
surface relief observations. The average grain size ob-
tained by linear intersect method is 2.1 ± 0.3 mm. The
typical coarse-grained dendritic structure is shown in
Fig. 1.

2.2. LCF testing

Three-zone resistance furnace controlled by three
channels controller was used to heat test specimens
to the required temperature. Temperature monitor-
ing was performed using three thermocouples attached
to both specimen ends and at the upper part of the
gauge section. In addition, a control thermocouple was
mounted at the lower end of the gauge section. Dur-
ing experiments, the temperature was kept constant at
these locations in the interval of ± 1.5◦C. Test spec-
imens were cyclically strained in an electro-hydraulic
testing machine MTS 810 controlled with digital elec-
tronics Teststar IIs. The HIP treated material was
tested at 900 and 950◦C whereas the untreated mate-
rial only at 900◦C for comparison. All tests were per-
formed in a push-pull cycle under total strain control
conditions. The longitudinal deformation was mea-
sured and controlled by an extensometer with a gauge
length of 12 mm attached in the middle of specimens.
The extensometer was equipped with ceramic exten-
sions so that its sensitive electrical portion was located
outside the furnace and held at a constant tempera-
ture by compressed air. Cyclic loading was carried out
at a constant strain rate of 0.002 s−1 in a symmetri-
cal fully reversed cycle (Rε = –1). Test control and
data recording were provided by an MTS Company
program. For a selected number of cycles, equal ap-
proximately to geometric progression (20 values per
decade), digital forms of hysteresis loops (about 400
pairs of stress and strain) were recorded in an elec-
tronic memory. In addition, the control program eval-
uates the stress amplitude and the values of peak and
valley stress and strain in each cycle particularly. The
plastic strain amplitude equal to the half of the hys-
teresis loop width at the mean stress was evaluated
later with a separate program using recorded hystere-
sis loops. The number of cycles to fracture Nf was de-
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termined as the number of cycles elapsed at the time
of accomplishment of the criteria (σm/σa) = –0.3 (σm
is the mean stress, and σa is the stress amplitude) or at
the time when the fracture occurred before the com-
pletion of the test criteria. It corresponds to a fatigue
crack extended approximately to half of the specimen
circumference.

2.3. Microstructural characterization

Selected cross sections of fatigued and unfatigued
specimens and fracture surfaces were observed using
a fully PC controlled SEM with Schottky field emis-
sion cathode in combination with gallium Focused
Ion Beam (FIB) column and with Gas Injection Sys-
tem (GIS) TESCAN LYRA 3 XMU with a maximum
resolution of 1.2 nm at 30 kV. EDS detector Oxford
XMAX which is built in the microscope was used
for local chemical analysis. Gallium focused ion beam
served to prepare thin lamellae to observe precisely
defined locations on the surface. Thin lamellae and
oriented foils were observed in transmission electron
microscope Philips CM12 STEM with point-to-point
resolution 0.3 nm, using goniometer of large tilting
range (± 45◦ main tilt and ± 20◦ transversal tilt) with
a special focus on dislocation structure investigations
and clarifying low cycle damage mechanisms of MAR-
-M247 at high temperatures.

3. Results

3.1. Microstructure and defects

The microstructure of the polycrystalline material
MAR-M247 is shown in Fig. 1. It comprises coarse
dendritic structure typical of cast alloys. Figure 2
shows details of the microstructure of the HIP treated
material in a section perpendicular to the specimen
axis. The arrangement and size of γ′ precipitates in
dendritic arms differ from those in interdendritic ar-
eas. Fine cuboidal precipitates with the average edge
size of 0.5 µm are found in dendritic arms while coarse
(up to 5 µm) precipitates having a more complex
shape are present in interdendritic areas as can be seen
in Fig. 2a. Besides, spherical nanoprecipitates with a
radius of 20–50 nm have been observed within the ma-
trix (see Fig. 2b). Complex carbides (MC-type) con-
taining hafnium and tantalum have been revealed in
interdendritic areas at the interface of fine and coarse
precipitates (see arrows in Fig. 2a) and at the grain
boundaries. Also, M23C6 and M6C carbides containing
mainly chromium and tungsten have been observed in
agreement with literature data [31]. The volume frac-
tion of precipitates and carbides morphology are in-
dependent of HIP treatment. During LCF tests, no
directional coarsening of γ′ precipitates was observed.

Fig. 2. MAR-M247 microstructure: (a) coarse and fine pre-
cipitates with the carbides, (b) detail of fine cubic and

spherical precipitates.

A thin layer of the precipitates free (depleted) zone
was observed close to the surface of fatigued speci-
mens of both HIP treated and untreated material –
see Fig. 3. It is conspicuous that the depleted zone
is developed as a result of the formation of a complex
aluminium and chromium rich oxide surface film. This
oxide film helps to protect the material against fur-
ther degradation in aggressive high-temperature en-
vironments. However, once the crack is initiated, the
protective oxide film is impaired and the crack sur-
face depleted zone develops by the same mechanism.
The oxide film, subsurface precipitate free zone and
also depleted zone in a vicinity of the crack grow-
ing perpendicularly to the specimen axis are shown
in Fig. 3a. Figure 3b shows relative concentrations of
decisive elements (namely O, Al, Cr, and Ni) in the
vicinity of the specimen surface and crack surface. The
precipitates free zone varies in thickness with increas-
ing temperature and is approximately up to 8 and
12 µm at 900 and 950◦C, respectively. A similar reac-
tion to high-temperature exposition was documented
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Fig. 3. (a) Fatigue crack in a section parallel to the load-
ing axis of a specimen fatigue to fracture at 950◦C; (b)

corresponding EDS analysis.

previously on different IN713 LC alloys [32, 33]. Cast-
ing defects (shrinkage pores) of the HIP treated and
untreated material are shown in Fig. 4. Their maxi-
mum size reaches 0.62mm for the untreated material,
and 0.18mm for the HIP treated material. The size,
as well as distribution and number of defects, have
a strong impact on mechanical properties. To assess
an incidence of casting defects three cross sections of
a total area of 11.7 cm2 were analysed. Defects were
approximated by an ellipse, and the main ellipse axis
was used to determine the maximal linear size of an
individual defect [8].The dependence of the frequency
of casting defects versus the linear size of defects is
shown in Fig. 5. There is no doubt that HIP treat-
ment not only reduces the size of these defects but
also diminishes their amount.

3.2. Dislocation structure

Dislocation structure of both materials (HIP
treated and untreated) was studied on selected speci-

Fig. 4. Casting defects: (a) HIP treated and (b) untreated
material.

Fig. 5. Histogram of the frequency of defects depending on
the maximal linear defect size measured on a total area of

11.7 cm2.

mens fatigued with different strain amplitudes to fail-
ure at 900 and 950◦C. TEM observations revealed pri-
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Fig. 6. TEM micrographs of dislocation structure in MAR-
-M247 after LCF: (a) area with cubic precipitates and (b)
area with coarse precipitates (εa = 0.5 %; Nf = 273; T =

900◦C).

marily areas with regular distribution of cubic precipi-
tates in the matrix – see Fig. 6a. In some places, coarse
oval-shaped precipitates were also found in accord
with SEM observations (Fig. 6b). Regardless treat-
ment and test temperature both materials reveal sim-
ilar dislocation behaviour. Figure 6 shows TEM mi-
crograph taken from specimen cycled at high plas-
tic strain amplitude. Figure 6a captures dislocation
arrangement in an area with fine cubic precipitates.
Dislocations are evenly spaced in the γ channels and
only rarely in the γ′ precipitates. Figure 6b shows
a different location of the same grain with coarse
precipitates. The situation is similar as in the area
of fine precipitates. Dislocations are again homoge-
neously distributed in the γ matrix channels and only
rarely in the γ′ precipitates. Specimen tested at low
strain amplitude reveals some common features. Ar-
eas with coarse precipitates were similar with those
observed in high amplitude domain. Only low dis-
location density was observed in the gamma chan-

Fig. 7. TEM micrographs of dislocation structure in MAR-
M247 of specimen cycled to fracture: (a) planar bands (in-
dicated by arrows) going parallel to {111} slip planes (εa =
0.19 %; Nf = 13784; T = 900◦C), (b) detail of planar band

(area b).

Ta b l e 1. Hardness and tensile properties of HIP treated
and untreated MAR-M247

Untreated HIP treated

HV 5 397 ± 11 398 ± 9
T (◦C) 900 900 950

σUTS (MPa) 719.1 733.7 648.3
σy (MPa) 641.1 647.5 574.6

nels in areas with fine cubic precipitates as is appar-
ent from Fig. 7. Figure 7 shows planar bands going
through dendritic grains parallel to the primary slip
planes {111} (indicated by arrows) observed only at
900◦C. The bands contain fringes present only in the
γ′ precipitates and not in the γ matrix. The fringes
can be identified with antiphase boundaries formed
by a/2 < 101> dislocations shearing the γ′ precipi-
tates.
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Fig. 8. Fatigue hardening/softening curves of MAR M247
for different total strain amplitudes εa: (a) untreated at
900◦C; (b) HIP treated at 900◦C; (c) HIP treated at 950◦C.

3.3. Mechanical properties

3.3.1. Tensile and hardness tests

LCF test specimens were used to obtain exper-
imental data from tensile tests performed on HIP
treated and untreated material at 900◦C. Additional
tensile test on HIP treated MAR-M247 was done at
950◦C. Strain rate was ε̇ = 2 × 10−3 s−1. Tensile
tests reveal slight differences in tensile properties of
both materials (see Table 1). The Vickers test was

Fig. 9. CSSCs of HIP treated and untreated MAR-M247
at 900 and 950◦C.

used to determine the hardness of materials. Hard-
ness tests were carried out on five randomly selected
places at room temperature. The average hardness of
both materials is shown together with standards er-
rors in Table 1. No perceptible difference in Vickers
hardness between both materials can be seen in Ta-
ble 1.

3.3.2. Fatigue hardening/softening and cyclic
stress-strain curves

Fatigue hardening/softening curves in the repre-
sentation of the stress amplitude σa versus the num-
ber of elapsed cycles N are shown in Fig. 8 for both
materials and temperatures. Figure 8a shows fatigue
hardening/softening curves obtained at 900◦C for un-
treated MAR-M247. It can be seen that the mate-
rial has a stable stress response in the domain of
low amplitudes and slight softening is observed for
high amplitudes. Figures 8b,c show fatigue harden-
ing/softening curves at 900 and 950◦C, respectively for
material MAR-M247 treated by hot isostatic pressing
technique. The character of the hardening/softening
curves is similar at both temperatures. For low am-
plitude domain saturated stress response is apparent
while softening can be seen at high amplitudes. The
softening is accentuated with increasing strain ampli-
tudes.
Cyclic stress-strain curves (CSSCs) of MAR-M247

were plotted in the form of the stress amplitude σa ver-
sus plastic strain amplitude εap at half-life. The cyclic
stress-strain curves are shown in Fig. 9 in a bilogarith-
mic representation for both materials and both tem-
peratures. The experimental data of σa vs. εap were
approximated by the power law:

σa = K ′εn
′
ap, (1)

where K ′ is the cyclic hardening coefficient and n′ is
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Ta b l e 2. LCF parameters of HIP treated and untreated MAR-M247 at 900 and 950◦C

Material/Tt* (◦C) K′ (MPa) n′ ε′f c σ′
f (MPa) b

Untreated/900 4600 ± 2700 0.267 ± 0.056 0.001 + 0.389; –0.001 –0.408 ± 0.065 900 ± 220 –0.133 ± 0.026
HIP treated/900 2600 ± 410 0.200 ± 0.017 0.22 ± 0.16 –0.860 ± 0.078 1950 ± 180 –0.173 ± 0.010
HIP treated/950 3200 ± 720 0.267 ± 0.026 0.096 ± 0.038 –0.716 ± 0.044 1840 ± 310 –0.199 ± 0.019

*Tt is testing temperature

Fig. 10. Coffin-Manson fatigue life curves of HIP treated
and untreated MAR-M247.

the cyclic hardening exponent. These parameters were
determined by regression analysis for each material
and temperature and are given in Table 2.
It can be seen that the CSSC of HIP treated mate-

rial at 900◦C is slightly shifted to higher stress am-
plitudes in the low amplitude domain in comparison
with the untreated material. Furthermore, an increase
in temperature from 900◦C to 950◦C results in a re-
duction of stress response for HIP treated material.
The reduction is approximately 100MPa in the whole
range of applied amplitudes.

3.3.3. Fatigue life curves

Fatigue life curves were determined as the total
strain amplitude εa, plastic strain amplitude εap, and
stress amplitude σa (both latter characteristics at half-
-life) versus the number of cycles to failure Nf . The fa-
tigue life curves in the representation of εap versus Nf
are shown in a bilogarithmic plot in Fig. 10. Experi-
mental data were approximated by the Coffin-Manson
equation expressed in the form [34]:

log 2Nf =

(
1
c

)
log εap −

(
1
c

)
log ε′f , (2)

where ε′f is the fatigue ductility coefficient and c is
the fatigue ductility exponent. These parameters were
determined by non-linear regression analysis and are
listed in Table 2. Figure 10 compares Coffin-Manson

Fig. 11. Basquin fatigue life curves of HIP treated and
untreated MAR-M247.

life curves of untreated material tested at 900◦C, and
HIP treated material tested at temperatures of 900
and 950◦C. It is apparent that experimental points of
the treated material strained at temperatures of 900
and 950◦C lie close to each other. At a temperature
of 900◦C, untreated MAR-M247 has a considerably
lower fatigue ductility exponent in comparison with
HIP treated superalloy. In the high amplitude domain,
the fatigue life of the untreated material is sufficiently
lower than that of the treated superalloy.
Fatigue life curves in the representation of stress

amplitude σa versus the number of cycles to fracture
Nf are plotted in Fig. 11. The Basquin law expressed
in the form [34]:

log 2Nf =

(
1
b

)
log σa −

(
1
b

)
logσ′

f (3)

was applied to fit experimental data. The fatigue
strength coefficient σ′

f and the fatigue strength ex-
ponent b were evaluated using non-linear regression
analysis, and their values are shown in Table 2. It can
be seen from Fig. 11 that the Basquin curve for HIP
treated MAR-M247 at 900◦C is shifted to a higher
lifetime in comparison with untreated material. The
shift at 102 and 105 cycles is approximately 200 and
100MPa, respectively. With the increase in tempera-
ture from 900 to 950◦C, the fatigue life of HIP treated
material is reduced by about 5 times while within ex-
perimental scatter the fatigue strength exponent is the
same for both temperatures.
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Fig. 12. Total strain amplitude εa versus a number of cycles
to fracture Nf for untreated material at 900◦C and HIP

treated material at 900◦C and 950◦C.

Fig. 13. Fracture surface of MAR-M247 after cyclic strain-
ing at 900◦C: (a) untreated (εa = 0.19 %, Nf = 3230 cy-
cles); (b) HIP treated (εa = 0.19 %, Nf = 13784 cycles).

The total strain can be written as the sum of the

elastic εae and plastic deformation εap [35]:

εa = εae + εap =
(σa
E

)
+ εap, (4)

where E is Young’s modulus. Substituting σa from
Basquin law (Eq. 3) and εap from Coffin-Manson for-
mula (Eq. (2)) we get the following equation:

εa =
(σf
E

)
(2Nf)

b + ε′f (2Nf)
c
, (5)

which can be used to estimate the number of cycles
to fracture under total strain control conditions. Fig-
ure 12 illustrates experimental data of the total strain
amplitude versus a number of cycles to fracture for
both materials tested at 900 and 950◦C. Fatigue life
curves shown in Fig. 12 were acquired from Eq. (5) af-
ter substituting the parameters listed in Table 2. An
average value of Young’s modulus was used for the
specific material at a particular temperature (161 and
169GPa for untreated and treated material at 900◦C,
respectively, and 159GPa at 950◦C for treated mate-
rial).

3.4. Fracture surface observation

Figure 13 shows SEM micrographs of typical frac-
ture surfaces of both materials after fatigue tests per-
formed at 900◦C. Figure 13a shows multiple initiations
of fatigue cracks in the vicinity of casting defects near
the surface and in bulk (see black arrows) of untreated
MAR-M247 tested at 0.19 % of total strain ampli-
tude. Subsurface fatigue crack initiation from a cast-
ing defect inside the HIP treated specimen is depicted
in Fig. 13b. The initial subsurface crack propagation
without access of air resulted in the so-called fish eye.
The specimen was strained at total strain amplitude
of 0.19 %.
Fatigue crack initiation was observed in areas with

coarse precipitates or at the interface of fine and coarse
precipitates, where many MC, M6C and M23C6 types
of carbides are formed (see Fig. 2a). An example of this
kind of fatigue crack initiation is apparent in Fig. 3a
showing section parallel to the loading axis in a spec-
imen fatigued to fracture at 950◦C. The crack nucle-
ated at the surface grows initially across the coarse
precipitates and then propagates at the interface of
fine and coarse precipitates. Later the crack propa-
gates even through the structure of fine precipitates.
Figure 14a shows a fatigue crack initiated at the

grain boundary. At first, the crack grows along the
grain boundary and later it changes to transcrys-
talline propagation. Figure 14b shows cracks initi-
ated at carbides present in the specimen surface layer.
High-temperature exposition causes carbides oxida-
tion which results in the formation of stress concen-
trators and, consequently, fatigue cracks can nucleate
(see Fig. 14b).
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Fig. 14. A section parallel to the loading axis of a specimen
cycled at 950◦C – crack initiation at (a) grain boundary;

(b) carbides (BSE image).

4. Discussion

4.1. Microstructure

In the present study, high-temperature low cycle
fatigue of HIP treated and untreated MAR-M247 was
studied. The microstructure of HIP treated and un-
treated MAR-M247 comprised strengthening phase
heterogeneously distributed in γ matrix (Fig. 2a).
Areas with fine γ′ precipitates with preponderantly
cuboidal shape and areas of coarse γ′ precipitates of
more complex shape found in the present work are
consistent with recent research [7, 8]. During LCF
tests high-temperature exposure does not lead to di-
rectional coarsening of γ′ precipitates indicating high
stability of the alloy even at very high temperatures
which is determined by a specific chemical composi-
tion stabilizing γ matrix as well as γ′ precipitates.
Moreover, coarse and fine γ′ precipitates impose a re-
sistance to the movement of dislocations, which are at
high temperature predominantly concentrated in the

γ matrix channels (Fig. 6). Carbide particles were ob-
served mainly in the form of script and chains along
grain boundaries and in interdendritic areas in accord
with previous data [36, 37]. It was found that HIP
treatment results in substantial reduction of casting
defects both in size and the amount in comparison
with the untreated material (see Figs. 4 and 5) in
agreement with earlier works [8, 23–26]. Tensile tests
at 900 and 950◦C and Vickers hardness test at room
temperature of both material sets do not indicate a
considerable change in tensile and hardness properties
(as shown in Table 1) that can be addressed to cast-
ing defects. However, the detrimental effect of casting
defects is more pronounced when alternate loading is
involved – see section 4.3.

4.2. Cyclic deformation behaviour of
MAR-M247

In the present work, it has been found that cyclic
behaviour of MAR-M247 is closely related to the test-
ing temperature, strain amplitude, and HIP treat-
ment. Fatigue hardening/softening curves (Fig. 8)
show that regardless temperature of cycling (900 or
950◦C) two areas can be distinguished. High and
medium amplitudes result in cyclic softening whereas
low amplitudes lead to stabilized stress response. Na-
ture of cyclic deformation behaviour of nickel-based
superalloys is particularly determined by the interac-
tion between dislocations and γ′ strengthening phase.
Precipitates are an effective barrier to the movement
of dislocations. However, cutting of precipitates by a/2
< 110> dislocation pairs and slip bands formation is
a well-known softening mechanism and was observed
in a number of superalloys [5, 12, 34, 38–40].
Planar bands going through dendritic grains par-

allel to the primary slip planes {111} were observed
in the present work (see Fig. 7). Planar band char-
acteristics indicate the presence of antiphase bound-
aries formed by shearing γ′ precipitates with a/2
< 110> dislocations. The motion of this dislocation
leaves behind a crystal structure of the γ matrix un-
changed. The present results agree with the deforma-
tion mechanism reported previously on nickel-based
superalloy polycrystals and single crystals [41, 42].
Further detailed study is needed to reveal the role of
the planar bands in plastic strain localization and su-
peralloy damage.

4.3. Fatigue life

Present results show that the fatigue life in the
Coffin-Manson representation is almost temperature
independent for the HIP treated material in the tem-
perature interval of 900–950◦C. The different slope
in the Coffin-Manson curve of untreated and hipped
superalloy at 900◦C suggests different deformation



480 I. Šulák et al. / Kovove Mater. 54 2016 471–481

mechanism. Crack initiation from large defects and
subsequent growth accelerated by crack linking with
defects is the dominant mechanism in untreated mate-
rial. In HIP treated superalloy, it was shown that in
addition to casting defects fatigue cracks also initiate
in interdendritic areas and dendritic grain boundaries
and at oxidized carbides – see Fig. 14. Early fatigue
crack initiation at large defects in untreated material
results in the shift of fatigue life curves to lower fatigue
lives in comparison to HIP treated superalloy in the
Coffin-Manson, Basquin, and total strain amplitude
representation (see Figs. 10–12). Significant scatter in
experimental data of untreated material could be at-
tributed to random size and distribution of casting
defects in agreement with previous results [21, 22].
The Basquin curve strongly depends on temperature
– see Fig. 11. The increase in temperature from 900
to 950◦C results in a reduction of the fatigue life, e.g.
for the stress amplitude of 300MPa the fatigue life
reduces about 7 times.

5. Summary and conclusions

The second generation HIP treated and untreated
nickel-based superalloy MAR-M247 was cyclically
strained to failure at 900 and 950◦C. Based on the
LCF tests, experimental data analysis and SEM and
TEM observations, the following conclusions could be
drawn:
1. Hot isostatic pressing treatment applied to

material MAR-M247 resulted in a reduction of the
average linear size of casting defects from 0.62 to 0.18
mm.
2. MAR-M247 exhibits significant heterogeneity of

gamma prime precipitates. Areas with the regularly
arranged structure of cubic precipitates in the matrix
and areas with roughened precipitates having oval-
-shaped morphology are observed in the both mate-
rial conditions.
3. Dislocations are arranged primarily in the γ ma-

trix channels. Regardless the strain amplitude higher
dislocation density is observed in areas with coarse
precipitates in comparison with those of fine cubic
precipitates. Planar slip bands containing antiphase
boundaries are present in a specimens tested at 900◦C.
4. Fatigue life of HIP treated superalloy decreases

with the temperature increase from 900 to 950◦C in
Basquin representation while it is temperature inde-
pendent in Coffin-Manson representation.
5. Fatigue cracks nucleate predominantly at the

surface in the vicinity of casting defects. Some cracks
were formed in areas with coarse precipitates or at
the interface of coarse and fine precipitates and also
at grain boundaries and carbide inclusions.
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