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Abstract: Cast nickel-based superalloys INC713 LC, B1914 and MAR-M247 are widely used for
high temperature components in the aerospace, automotive and power industries due to their good
castability, high level of strength properties at high temperature and hot corrosion resistance. The
present study is focused on the mutual comparison of the creep properties of the above-mentioned
superalloys, their creep and fracture behaviour and the identification of creep deformation mecha-
nism(s). Standard constant load uniaxial creep tests were carried out up to the rupture at applied
stress ranging from 150 to 700 MPa and temperatures of 800-1000 °C. The experimentally determined
values of the stress exponent of the minimum creep rate, 1, were rationalized by considering the
existence of the threshold stress, 0. The corrected values of the stress exponent correspond to the
power-law creep regime and suggest dislocation climb and glide as dominating creep deformation
mechanisms. Fractographic observations clearly indicate that the creep fracture is a brittle mostly
mixed transgranular and intergranular mode, resulting in relatively low values of fracture strain.
Determined main creep parameters show that the superalloy MAR-M247 exhibits the best creep prop-
erties, followed by B1914 and then the superalloy INC713 LC. However, that each of the investigated
superalloys can be successfully used for high temperature components fulfils the required service
loading conditions.

Keywords: creep; nickel-based superalloy; fracture

1. Introduction

Cast nickel-based superalloys have been widely utilized for high temperature com-
ponents, such as disc rotors, turbine blades and integral wheels. Ni-based superalloys
exhibit a variety of excellent characteristics, including good castability, good strength levels,
superior creep properties and hot corrosion resistance at high temperatures. Every rotation
parts of the component work at a higher temperature and are subjected for a prolonged
time to centrifugal forces, and thus to the resulting tensile stress. This means that the creep
will probably be the major mode of damage and will determine the component’s lifetime.
Nickel, as a solvent with FCC (face centered cubic structure) crystal structure, is known for
its low rates of thermally activated processes. The mechanical properties of Ni-based su-
peralloys strongly depend on their microstructures, which are controlled by their chemical
compositions and processing conditions. Different alloying elements can significantly affect
the creep properties and lifetime of components at high operating temperatures. Research
the high temperature creep properties of variously alloying nickel-based superalloys for
producing costly, highly reliable parts with regard to their further applications and cost
seems to be strongly needed. Therefore, this study is focused on the comparison of high
temperature creep behaviour of three nickel-based superalloys, namely Inconel 713 LC,
B1914 and MAR-M247, and on determining the factors influencing the differences in their
creep resistance and lifetime [1,2].

Microstructures of all the as-cast superalloys have a typical dendritic character. Seg-
regation processes during solidification led to the formation of significant chemical het-
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erogeneities in the microstructure. When solidified, usually coarsened gamma prime
precipitates were formed inside the eutectic zones. The superalloys contain approximately
60% semi-coherent v’ phase Ni3(ALTi) of cuboidal shape in y matrix. Alloying by Mo, Ti,
Cr, Zr and other additives leads to further solid solution and precipitation strengthening
by carbides (and borides in the case of B1914) of these elements of the matrix, and thus to
an increase in the strengthening effect of the gamma phase [3].

Superalloy Inconel 713 and its low carbon version LC, which represent the first
generation of the nickel-based alloys, have been used for more than 50 years, but they are
still desired for producing components of combustion engines such as integral wheels or
turbine blades due to good withstanding of a high-thermo-mechanics load. They have a
cuboid morphology of gamma prime vy’ phase divided by a channel of solid solution y
(Ni-Cr). Reduced carbon content leads to lower ability of the formation of carbides. For
such a type of alloy, therefore, a higher carbon content is not desirable, and for improving
the properties of the grain boundaries, boron and the coherent intermediate phase vy’
precipitates are used as the main strengthening elements [4-8].

Superalloy MAR-M247 is included in the second generation of nickel-based super-
alloys, developed in 1970 and widely employed in the aerospace industry for producing
advanced turbine blades and rotating parts [3]. The structure of MAR-M247 is similar to
INC713 LC and contains circa 60% of v’ phase NizAl in matrix y strengthened by cobalt,
molybdenum, tungsten, hafnium, chromium and a higher volume of tantalum [9,10]. These
elements, primarily in the form of carbides and borides, precipitate mainly at the grain
boundaries and contribute to creep performance by pinning the grain boundaries and, sub-
sequently, preventing the grain boundaries from grain boundary sliding and migration [11].
The addition of element Ta (characterized by its high melting point) can especially curb the
coagulation and growth of the vy’ phase [12].

The third superalloy studied in this article is B1914 alloy, which began to be used
approximately forty years ago. It belongs to the group of nickel-based superalloys with a
higher volume of boron, so-called BC superalloys. The microstructure of B1914 superalloy is
based on similar features as INC 713LC and MAR-M247—dendritic 'y matrix and cuboidal
v’ phase. However, BC alloys were developed to reduce the carbon content and increase
boron content to promote boride formation [13-16].

In all three superalloys, the carbides of the type M3Cs, MC are present; however,
carbides MyC are only found in MAR-M247 and B1914 [17]. Nevertheless, it has been
observed that these carbides are not stable. The carbides may undergo changes to their
size and morphology due to operating temperature and applied stress. Carbides of MC
type, during long term high-temperature exposition, can decompose to MgC or M»3C¢
and release refractory elements, such as titanium, tungsten, niobium, molybdenum and
chromium, that quickly form deleterious TCP (topologically close-packed) phases. This sit-
uation was observed in the temperature interval 760-980 °C [17]. These changes could also
influence the creep properties of the alloys during long-term high-temperature exposure.

The superalloy B1914 is more doped by boron, which extends the solidification-
freezing range, and borides with tetragonal structure are formed mainly in the final stages
of solidification. Most borides are located either in grain boundaries in the immediate
vicinity of carbides or solidification pores. The M3B; boride is stable below 1166 °C and
does not decompose at lower temperatures [18-21].

It was observed that adding boron to the nickel-rich grain boundary will induce
disordering in the vicinity of the grain boundary [22]. When the dislocations pile-up at the
grain boundaries, it is difficult for them to move across the grain boundaries. However,
in the case of grain boundary disordering by boron, the dislocation transfer across the
boundary is easier and it can cause dissipation of strain at the head of the dislocation
pileups. So, boron is thought to make dislocations cross slip and transfer across grain
boundaries easier and, consequently, reduce the tendency for crack nucleation, thereby
lessening the risk of the creation of premature micro-cracks [13-16,23].
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The aim of this article is to compare the high-temperature creep behaviour of three
nickel-based superalloys (including creep parameters such as the minimum creep rate,
creep life, creep fracture deformation) in relation to their chemical composition, influencing
creep controlled deformation and fracture mechanisms.

The selection of structural materials of high temperature components is governed
by the need to meet demands for a component’s higher efficiency, safe operation and
lower cost and weight. The selection of superalloys has, to a large extent, been based on
metallurgical experience, but the modern trend is that a more fundamental understanding
is needed to fully utilize the potential of these high temperature materials. Thus, the results
of this study could be valuable for the cost-effective selection of materials and the design
of relevant high temperature components in engineering applications.

2. Materials and Methods

All three nickel-based superalloys, INC 713 LC, MAR-M247 and B1914, were produced
by foundry PBS Velka Bites, Velka Bites, Czech Republic. Pre-cast rods have a diameter of
15 mm and were fabricated by investment casting [24]. Pouring temperature into the mould
for INC 713 LC was 1360 = 15 °C and the superalloy was investigated in the as-received
state, as it is often used in practice. The pouring temperature of the melt into the mould for
MAR-M247 was 1300 £ 15 °C. After casting, the superalloy was processed by hot isostatic
pressing (HIP) procedure (1200 °C/4 h, 100 MPa) (BODYCOTE Hot Isostatic Pressing n.v.,
Sint-Niklaas, Belgium). Two-step heat treatment followed, consisting of solution annealing
at 1200 °C for 2 h and precipitation annealing at 870 °C for 24 h. The pre-cast rods (pouring
temperature 1360 £ 15 °C) of superalloy B1914 were subjected to HIP treatment at the
temperature 1155 °C and the pressure 100 MPa for 3 h in argon atmosphere, followed by
two-step heat treatment consisting of solution annealing at the temperature 1080 °C for
4 h with cooling in air and precipitation annealing at the temperature 900 °C for 10 h with
cooling in air.

The chemical compositions of all three superalloys are in Table 1. The main differences
in content of various elements are highlighted in bold.

Table 1. Chemical compositions of nickel-base superalloys (in wt.%).

Superalloys C Cr Co Mo W Ta Ti Al B Zr Hf Nb Ni

INC 713 LC 0.04 1185 - 4.45 - 0.05 072 580 0015 0.11 - 227 bal
MAR-M247 015 837 992 067 992 3.05 101 542 0015 0.04 137 0.03 bal
B1914 0.009 999 9.63 29 - - 528 551 0.08 0.002 - - bal.

The superalloy INC 713 LC exhibits a higher amount of molybdenum and niobium in
comparison with the remaining investigated superalloys. The MAR-M247 is more alloyed
by cobalt, tungsten, tantalum and hafnium, and B1914 has a higher content of titanium and
boron. The melting points of the three superalloys are in Table 2.

Table 2. Melting temperatures for superalloys under investigation.

Superalloys INC713LC MAR-M247 B1914
Melting temperature (°C) 1268-1288 1390 1335

The microstructures of the superalloys in the as-received state before the creep test
are shown in Figure 1a—c. The as-received microstructures of all three superalloys consist
of coarse dendritic grain, with a grain size of about 1.0 mm for INC 713 LC, 4.0 mm for
MAR-M247 and 2.3 mm for B1914, respectively. The grain size was measured by the linear
intercept method. The material structures contain 'y matrix with dispersed gamma prime y’
strengthening cubic precipitates (about 60 vol. %) and discrete carbides M»3Cq (usually
Crp3Cg), elongated MC carbides along the grain boundaries and the M¢C type of carbide,
which were determined in [2,25]. In B1914, the boron atoms are either solutionized in the



Metals 2021, 11, 152

40f16

matrix or present at the grain boundaries. Coarse primary v’ phase particles were observed
in all superalloys with an average size of ~0.5-1.5 um.

Standard uniaxial constant load creep tests in tension were carried out at the temper-
atures 800, 900, 950 and 1000 °C (testing temperature was maintained within £0.5 K of
the desired value) at an applied stress ranging from 150 to 700 MPa. The creep machines
(home-made construction) were equipped with a linear variable differential transducer for
the continuous measuring of creep elongations and the data were recorded digitally and
computer processed (creep elongation was measured with a sensitivity of 5 x 107°). All
creep tests were run up to the final creep fracture of the specimens. The fracture elongations
were checked by a Gauss comparator. The cylindrical creep specimens with a gauge length
of 50 mm and a diameter of 3.5 mm were used in this study.

Micrographs of the structure of the as-received states and analyses of the fracture
surfaces were obtained using scanning electron microscopy (SEM, Tescan LYRA 3 XMH,
Brno, Czech Republic). The specimens were prepared for microscopy by metalographic
polishing and etching (etching solution 10 mL HNOj3 + 5 mL HCI). The fracture surfaces
and the longitudinal cross-section of the specimens were observed by SEM-Tescan, Lyra.

'y

oy /
o

eutectic
WINLRS

Figure 1. The microstructure of the as-received states of superalloys: (a) INC 713 LC, (b) MAR-M247,
(c) B1914 [10].

3. Results
3.1. Creep Behaviour

The comparisons of the creep behaviour of three studied superalloys using the time
dependences of strain and strain rate under the same loading conditions are illustrated by
Figures 2-5. The time dependences of creep strain are shown on (a) parts of Figures 2-5.
These curves on (a) type of Figures 2-5 can be replotted as the time dependence of creep rate
(b) part of Figures 2-5, where the individual stages of creep can be more easily identified.
The very important creep characteristic for the recognition of operating creep deformation
mechanism(s)—the minimum creep rate—can be easily determined from these creep curves.
From Figures 2b-5b, it is clear that after a very short primary stage of creep, the secondary
stage of creep is represented only by an inflection point on the curve of the time dependence
of the strain rate, where the creep rate reached its minimum value. This way, we can easily
determine the value of the minimum creep rate. Then, the tertiary creep phase begins.
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Figure 2. The comparison of time dependences of (a) strain and (b) creep rate for superalloys INC
713 LC, B1914 and MAR—M247 crept at 800 °C and 400 MPa.
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Figure 3. The comparison of time dependences of (a) strain and (b) creep rate for superalloys INC
713 LC, B1914 and MAR—M247 crept at 900 °C and 300 MPa.
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Figure 4. The comparison of time dependences of (a) strain and (b) creep rate for superalloys INC
713 LC, B1914 and MAR—M247 crept at 950 °C and 400 MPa.
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Figure 5. The comparison of time dependences of (a) strain and (b) creep rate for superalloys INC
713 LC, B1914 and MAR—M247 crept at 1000 °C and 200 MPa.
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The mutual comparison of the main creep characteristics—the minimum creep rate,
the time to fracture and the fracture elongation—for all three superalloys at the same
loading conditions can be made using the stress dependences of these characteristics as
shown in Figures 6a,b—8a,b. For better clarity, Figures 6a and 7a and Figures 6b and 7b
describe creep characteristics at two temperatures ranges, 800 °C and 900 °C, and 950 °C
and 1000 °C, respectively.
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Figure 6. The comparison of stress dependences of minimum creep rate for superalloys INC 713 LC,
B1914 and MAR—-M247 crept at (a) 800 °C and 900 °C, (b) 950 °C and 1000 °C at different applied
stresses.
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Figure 7. The comparison of stress dependences of time to fracture for superalloys INC 713 LC, B1914
and MAR—M247 crept at (a) 800 °C and 900 °C, (b) 950 °C and 1000 °C at different applied stresses.
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Figure 8. (a) The comparison of stress dependences of fracture strains for superalloys INC 713
LC, B1914 and MAR—M247 at applied creep temperatures of 800 °C, 900 °C, 950 °C and 1000 °C,
respectively. (b) Stress dependence of the ratio of fracture strain of B1914 and MAR-M247 to
the fracture strain of INC 713 LC, and (c) stress dependence of the ratio of fracture strains of
MAR—-M247/B1914 at applied creep temperatures of 800 °C, 900 °C, 950 °C and 1000 °C, respectively.
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Inspection of Figures 6 and 7 leads to several findings. Firstly, the stress dependences
of the minimum creep rate show the lowest values for the superalloy MAR-M247, the
superalloy B1914 exhibits a slightly higher level of minimum creep rate¢nmin, and the
superalloy INC-713 LC has the highest values of &y, which indicate the fastest operating
creep processes. Secondly, the values of the creep life (Figure 7) exhibit decreasing creep
resistance from the longest time to fracture (MAR-M247) to the shortest (INC-713 LC).

Examination of Figure 6 revealed that the stress dependences of &y, for every temper-
ature have the same trend. However, the slopes, and therefore the values of the apparent
stress exponents of the creep rate n (Equation (1)), are slightly different for individual
temperatures, and at a constant temperature are changing with the applied stress. The
exponent n can be written as follows [26]:

- ah’lémin
"= ( dlno )T @

The decrease in 1 at the lower stresses can indicate some changes in the rate-controlling
creep deformation mechanism(s), microstructural instability and/or the presence of thresh-
old stress. The determined values of n correspond to the power-law dislocation creep
regime [26]. Figure 7 shows the variation in the time to fracture t; with the applied stress.
It can be easily seen from this plot that the values of the stress exponent m of creep life
(see Equation (2)) are very similar to the values of the stress exponent 7, indicating that
both the creep deformation and fracture could be controlled by the same operating mecha-
nism(s) [26]:

; B.o~" wh dint f 9
f~B-0c", wherem = — e ), )
Table 3 contains the values of the exponents n and m for each superalloy at different
temperatures. With respect to non-linear curves in bilogarithmic plots, the values of n and
m were determined as partial local slopes of the relevant curves.

Table 3. Values of the stress exponents of the creep rate # and the creep life m for superalloys INC
713 LC, B1914 and MAR-M247 for different temperatures and the applied stress range used.

Parameter n Parameter m
Superalloy
800°C 900°C 950°C 1000°C 800°C 900°C 950°C 1000°C
INC 713 LC 11-18 6-8 6-11 6-8 8-21 6-7 5-9 5-8
B1914 9-16 5-9 5-10 5-7 6-14 4-8 5-7 4-7
MAR-M247 9-19 7-14 6-9 6-8 8-19 5-14 6-8 5-7

As far as creep fracture strain of the specimens of each studied superalloy (Figure 8a),
the creep experiments revealed generally low levels of creep plasticity, characterized by
the values of fracture elongation within the interval 1-10%. However, while the fracture
elongation was about 3% to 5% at 800 °C only, with increasing temperature creep ductility
slightly increased for superalloys MAR-M247 and B1914 up to 10%. A different tendency
was observed for INC-713 LC, where the fracture strain reached slightly higher values
only when the temperature increased to 1000 °C. Figure 8b illustrates the normed ratio of
fracture elongation of MAR-M247 and B1914 to the fracture elongation of INC-713LC. It
can be clearly seen that the ratio is higher than 1 for nearly all tests. A suitable explanation
for the increasing creep plasticity of superalloys MAR-M247 and B1914 from the point of
view creep curves can be found in the course of their tertiary stages, which are longer, and
their growth is not so rapid in comparison with the creep curves of INC-713 LC. The ratio
of creep fracture elongation of MAR-M247 to B1914 is illustrated in Figure 8c. The fracture
elongation for B1914 in comparison to values for MAR-M247 is higher for all temperatures
except creep temperature 1000 °C.
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In summary, based on the evaluation of the main creep parameters, the superalloy
MAR-M247 exhibits the best creep properties of the three superalloys evaluated. B1914
shows somewhat worse creep characteristics, even at the highest temperature of 1000 °C,
than MAR-M247, and the superalloy INC-713 LC has the worst qualities in this compari-
son. However, it should be noted that each of the compared superalloys can be used for
producing high temperature components for rated operating conditions.

3.2. Fracture

Generally, the creep fracture behaviour of the three studied superalloys strongly
depends on temperature and applied stress, but also on the chemical composition and
structure of the alloys. After creep testing, the fracture surfaces and metallographic cross
sections parallel to the loading axis of the crept specimens were examined with the SEM.
The features of fracture surfaces of specimens crept at 800 °C and 400 MPa are shown in
Figure 9. The corresponding micrographs in Figure 10, taken from longitudinal sections,
show the fracture profiles. The fractographic observations of the fracture surfaces clearly
indicate that the fracture is a brittle mostly mixed transgranular (intradendritic) and
intergranular mode, resulting in relatively low values of the strain to fracture ¢ (Figure 8a).
The final fracture is initiated by the loss of external sections of the specimen due to local
necking as a result of instability, plastic deformation and by the loss of internal sections
due to the formation and growth of surface and internal cracks. The possible changes in
fracture mode and participated fracture mechanism(s) can be connected with a varied level
of reduction in cross areas of the specimen (necking), which can lead to an increase in
applied stress at this area and to the acceleration of microstructural instability. In particular,
the carbide morphologies are significantly affected by the applied stress.

MAR-M247 _

By

200 pm

Figure 9. Cont.
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Figure 9. Fracture surfaces of specimens crept at 800 °C and 400 MPa—overall view and corresponding detail of superalloy
MAR-M247 (a,b), INC 713 LC (c,d) and B1914 (e f).

(b) (c)

Figure 10. Longitudinal section of specimens’ gauge part (crept at 800 °C and 400 MPa)—of superalloy MAR—M247 (a),
INC 713 LC (b) and B1914 (c). The stress axis is horizontal.

The type of fracture could also be changed by the increasing temperature. Figure 11
illustrates fracture surfaces taken by SEM of specimens crept at 1000 °C and 950 °C for
superalloys MAR-M247, B1914 and INC713 LC. All of them exhibit a mostly transgranular
character with a higher reduction in fracture area in the MAR-M247 and B1914 specimens.
The specimens of all superalloys also exhibit small cracks from the surface on the gauge
length (Figure 12), which could be responsible for the formation and propagation of the
main crack [27].

Figure 11. Fracture surfaces of specimens crept at 1000 °C and 100 MPa—superalloy MAR—M247 (a), B1914 (c), and crept
at 950 °C and 400 MPa—superalloy INC 713 LC (b).



Metals 2021, 11, 152

11 of 16

(b) ()

Figure 12. Longitudinal sections of specimens’ gauge part crept at 1000 °C and 100 MPa—superalloy MAR—M?247 (a),
B1914 (c), and crept at 950 °C and 400 MPa—superalloy INC 713 LC (b). The stress axis is longitudinal.

4. Discussion

All three studied cast nickel-based superalloys, MAR-M247, INC713 LC and B1914,
are polycrystalline, and their excellent mechanical properties are caused by the presence of
precipitate strengthened by inter-metallic gamma-prime phase, enhanced by solid solution
strengthening and grain boundary strengthening. In addition, precipitation strengthening
by carbides and borides in the vicinity of grain boundaries plays an important factor in
improving the mechanical properties. The differences at the chemical composition and, con-
sequently, of their microstructure can be the reason for their different creep behaviours [17].

As mentioned earlier, standard uniaxial constant load creep tests of the three types
of superalloys were carried out at four temperatures, 800, 900, 950 and 1000 °C, and a
wide range of applied stress, from 150 to 700 MPa. The alloys exhibit a relatively short
secondary creep region, which can be considered to calculate the minimum creep rate
(Figures 2-5). The microstructure is not stable during high-temperature creep, resulting in
the acceleration of the secondary creep rate, leading to the tertiary creep stage [28,29]. The
superalloy MAR-M247 exhibits the best creep properties, such as lowest minimum creep
rate and longest time to fracture, out of all three superalloys. On the contrary, creep results
from the superalloy INC713 LC show several times worse values of the minimum creep
rate and time to fracture in comparison with MAR-M247. Creep curves of the material
B1914 lie in between the curves of the other two superalloys. It can be clearly seen from
Figures 2-5 that the third stage of MAR-M247’s creep curves is extended in comparison
with B1914, and even more markedly with INC713 LC.

The inspection of stress dependences of the minimum creep rate and the time to
fracture (Figures 6 and 7) reveals the changing of the stress exponent of minimum creep
rate n (Equation (1)) and the stress exponent of time to fracture m (Equation (2)). These
variations have the same tendency for all temperatures and superalloys used. The decrease
in n at the lower stresses may be indicative of some changes in the rate-controlling creep
deformation mechanism(s), microstructural instability and/or the presence of threshold
stress.

The analyses of the regime in which the creep tests were performed and an identifi-
cation of creep mechanisms which operate in this regime are essential for understanding
the creep behaviour of the superalloys under investigation. The inspection of stress de-
pendences of the minimum creep rate and the time to fracture (Figures 6 and 7) reveals
the changing of the stress exponent of minimum creep rate n (Equation (1)) and the stress
exponent of time to fracture m (Equation (2)). These variations have the same tendency for
all temperatures and superalloys used. The fact that the stress exponent of the minimum
creep rate n is not constant may be indicative of changes in the rate-controlling creep
deformation mechanism(s), microstructural instability and/or the presence of threshold
stress 0.

The experimentally determined values of n (Table 3), especially at lower temperatures
and higher applied stresses, are somewhat high compared to those predicted by disloca-
tion climb controlled models of power-law dislocation creep of the precipitate hardened
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materials [26,30], but do not comply with the criterion proposed by Sherby and Burke [31]
for power-law stress region break down. A gradual increase in the stress exponent may
be due to the overlapping of the stress intervals—a characteristic for the dislocation climb
and the Orowan mechanism [26,30,31]. The highest values of the exponent n probably
involved internal stresses, in addition to a power-law dependence of the flow rate. Thus,
one explanation of such high values of stress exponent n can be based on the idea that
the creep behaviour of the nickel-based alloys is controlled by precipitation hardening,
resulting from the interaction of mobile dislocations with the precipitates, and the creep
behaviour of the alloys is not driven by the applied stress, o, but an effective stress, .4 [26]:

®)

Teff =0 — 00

where o is the threshold stress. Thus, the experimentally determined values, 1, (Table 3)
could be rationalized by considering the existence of the threshold stress. For the applied
stress, 0, and a selected testing temperature, T, a simple Norton power-law constitutive
relation gives:

‘émin =A.0"

4)

where A is an empirical structural parameter. Equation (4) can be reduced to Equation (5)
or Equation (6):
émin = Al(‘T - ‘70)”

©)
(6)

The threshold stress, 0, can be evaluated graphically for prior selected values of the

. 1
(émin)"" = As(0 — o0)

stress exponent 1 by plotting (émin) /1 ys. o on linear axes [32]. The plot is extrapolated
linearly to an intersect of the stress axis at zero strain rate. This intersect of best fit
lines on the stress axis is the threshold stress, 0. This procedure was followed for all
superalloys under investigation using the selected model value n = 5 [26,30] for power-law
dislocation creep in the precipitation hardened materials (Figure 13). The determined
values of the threshold stress, 0, are in Table 4. The significant decrease in the values of
the threshold stress, 0, with increasing testing temperature could be explained by changes
in size (coarsening) and volume fraction, or the interprecipitate spacing (dissolution) of
precipitates [5,6,26,33,34]. The corrected values of the stress exponents of the minimum
creep rate, n *, based on their dependence on the effective stress, o, (Figure 14) are
listed in Table 5. The corrected values of the true stress exponent, n *, correspond to the
power-law dislocation creep and suggest dislocation climb and glide as a dominating creep
deformation mechanism. However, at the lowest applied stresses, ¢, grain boundary and
diffusional mediated processes cannot be excluded. An example of this is grain boundary
sliding with the stress rate exponent n ~ 2 [26,35,36].

Figure 13. Estimation of the threshold stress oy for (a) INC 713LC, (b) B1914, and (¢) MAR—M247.
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Table 4. Evaluated values of threshold stress o for all investigated alloys.
oo (Mpa)
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950 94 72 105
1000 46 42 58
1072 T L | 1074 1 T T
INC713LC
— 104 - — B1914
AR - ", 105 |~ MAR - M247 -
405 MAR-M247 B .
- " sl ¥ 1000e
61— A 800°C -4 E B 7]
'3(_( 10 ® 900°C =
o - o
w 107~ oW .
S oo &
= 108 - - = .
= e s . V5
10-10 7 A 1 1 L1 10° 9 | 1 1 1
1

100 200
EFFECTIVE STRESS o, [MPa]

(b)

400

Figure 14. Dependences of the minimum creep rate énin on the effective stress o, ff =0 —0p for
(a) 800 and 900 °C, and (b) 950 and 1000 °C.

Table 5. Evaluated values of the corrected stress exponent of creep rate n * for all investigated alloys.

Parameter 1 * for o5

Superalloy
800 °C 900 °C 950 °C 1000 °C
INC 713 LC 2-11 2-6 2-7 4-6
B1914 2-10 2-6 2-8 2-6
MAR-M247 3-9 3-7 2-7 3-6

The same conclusion was reported by Liao [37], where the controlling creep mech-
anism was proposed as dislocation climb and glide too, based on creep tests carried out
under constant load at only one temperature (871 °C) and following detailed microstructure
observation of the crept specimen. This idea is further supported by a creep deformation
map for related superalloy MAR-M200 [17].

Creep deformation in this class of superalloys occurs predominantly in the matrix
phase. One further possible deformation mechanism, except dislocation glide, is grain
boundary sliding, which could be minimized by a coarser grain size [26]. However,
a number of additional microstructural parameters can influence creep in superalloys.
Those of primary importance are the v’ precipitate volume fraction, lattice mismatch and
morphology. It was reported [17] that creep life roughly linearly increases with the y’
volume fraction. The lattice mismatch between the matrix and v’ also influences the creep
strength [38]. For the best creep strength, the v’ particles should be very small, but this may
cause undesirable losses in ductility. In our case, coarse primary 'y’ phase particles with an
average size of ~0.5 to 1.5 um were observed in all three superalloys. These large particles
could be caused by the microsegregation of alloying elements during the solidification
process, and they were difficult to refine or even dissolve during heat treatment.

Carbides also play an important role in creep strengthening, mainly by pinning the
grain boundaries and subsequently preventing the grain boundaries from sliding and
migration. In B1914, the presence of boron can disorder the grain boundary, allowing easy
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dislocation movement through the grain boundary, lowered local stress and, therefore,
preventing the premature initiation of micro-cracks. As a consequence, the grain boundary
strengthening is reduced. Thereby, the tensile strength of the B1914 alloy can be depressed
for this reason [16].

The ductility of the three studied superalloys is relatively small, and the creep fracture
elongation values were measured within the interval 1-10%. The superalloys MAR-M147
and B1914 exhibit a change in ductility and fracture mode with increasing temperature.
The creep fracture elongation of these superalloys was about 3% to 5% at 800 °C, and
with increasing temperature the creep ductility of the specimens slightly increased up to
10%. With the higher value of temperature, the creep fracture mode changed, as shown by
the micrographs of the fracture surfaces. At the lowest temperature, the fracture surfaces
exhibit a mixture of transgranular, intradendritic and final shear mode of fracture. Some
cleavage marks cannot be excluded. However, an oxides on the fracture surfaces prevents
us from making a detailed observation. At the final stage of creep exposure, the fracture
area is slightly necked, the concentration of stress in this area increases and a fracture
mode changes due to matrix instability to shear mode. At higher temperatures, the ratio of
interdendritic types of fracture increases. The small cracks along the gauge length indicate
damage in whole specimens, which can be reflected by the third stadium of creep curves.
Finally, the coalescence of damage on grain boundaries and cavities inside of the creeping
body after some time of creep exposure results in the main crack propagation.

A similar situation of fracture behaviour occurs for the superalloy INC713 LC, but
the fracture elongations are considerably smaller in comparison with that of the two other
superalloys and slightly increase only at the highest temperature of 1000 °C, where the
slight necking of specimens at the fracture area was observed. The sections of gauge length
show the presence of cracks, which make the formation of the main crack and a brittle
interdendritic mode of fracture easier. This can be explained by the ineffective activity of
accommodation processes for creep damage [22].

For v’ strengthened alloys, loss of ductility is the key issue stemming from microstruc-
tural instabilities. Such microstructural changes in the alloys under investigation can be
the precipitation of deleterious secondary phases such as TCP-type sigma or Laves phase,
which is one of the most important causes of embrittlement [1]. Thus, the precipitation of
deleterious phases at higher temperatures in MAR-M247 and B1914 has apparently less
effect on the embrittlement than in the case of the INC 713 LC alloy. Moreover, adding the
elements Co, W, Hf and Ta to MAR-M247 contributes to creep performance by the forma-
tion of v/’ eutectic and carbides in the interdendritic areas. Carbides are also present at
the grain boundaries, where they provide the pinning effect of these boundaries. Especially,
the addition of Ta effectively prevents the coagulation and growth of yv” phase [9,11]. In
the B1914 superalloy, the increasing volume of B causes the formation of stable borides in
grain boundaries, which can facilitate the cross slip of dislocations across the boundaries
and reduce the risk of cracking [16,18]. Thereby, the tensile strength of the B1914 alloy is
depressed. However, the rupture life and the ductility can be improved.

5. Conclusions

The present study is focused on the mutual comparison of the creep behaviour and
properties of three precipitate-hardened nickel-based superalloys, MAR-M247, INC713 LC
and B1914, the evaluation of their creep and fracture parameters and the identification of
acting creep deformation mechanism(s). Standard constant load creep tests in tension were
carried out at the applied stresses ranging from 150 to 700 MPa, and temperatures of 800,
900, 950 and 1000 °C. The conclusions are summarized as follows:

(1) The experimentally determined values of the stress exponent of the minimum creep
rate n were rationalized by considering the existence of the threshold stress o The
corrected values of the stress exponent n indicate that the creep tests were performed
in the power-law regime and imply that dislocation climb and glide are the dominat-
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ing creep deformation mechanisms. Nevertheless, at the lower applied stresses, grain
boundary and diffusion mediated mechanisms cannot be excluded.

(2) The observed decrease in the threshold stress oy with increasing testing temperature
was explained by changes in the size and density of precipitates.

(3) Fractographic investigation revealed that, under testing conditions, the creep fracture
is a brittle mostly mixed transgranular and intergranular mode, resulting in relatively
low values of the fracture strain.

(4) Based on a comparison of the main creep parameters, such as the minimum creep rate
and the time to fracture, determined under the identical loading conditions, superalloy
MAR-M247 exhibits the best creep properties of the three tested superalloys. B1914
shows worse creep characteristics, even at the highest temperature of 1000 °C, than
MAR-M247. The superalloy INC713 LC in this comparison has the worst creep
properties. However, it should be concluded that each of the investigated superalloys
can be successfully used for high temperature components fulfilling the required
service loading conditions.
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