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Abstract: A nickel-based superalloy with good corrosion resistance was fabricated by directional solidification, and its
microstructure and tensile properties at elevated temperatures were investigated. Microstructure observations reveal that the )’
precipitates are arrayed in the y matrix regularly with some MC, NisHf and M3B; particles distributed along the grain boundary. The
tensile tests exhibit that the tensile properties depend on temperature significantly and demonstrate obvious anomalous yield and
intermediate-temperature brittleness (ITB) behavior. Below 650 °C, the yield strength decreases slightly but the ultimate tensile
strength almost has no change. When the temperature is between 650 °C and 750 °C, the yield and ultimate tensile strengths rise
rapidly, and after then they both decrease gradually with temperature increasing further. The elongation has its minimum value at
about 700 °C. The TEM examination exhibits that sharing of the y’ by dislocation is almost the main deformation mechanism at low
temperatures, but the y’ by-pass dominates the deformation at high temperatures. The transition temperature from shearing to by-pass
should be around 800 °C. The anomalous yield and intermediate-temperature brittleness behaviors should be attributed to the high
content of . In addition, the carbides and eutectic structure also contribute some to the ITB behaviors of the alloy.
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1 Introduction

Nickel-based superalloys, which are strengthened
by 7' precipitates and solution alloying elements, are
widely used in high temperature environment, due to
their excellent creep properties, fatigue strength and
good corrosion resistance [1—4]. Recently, with the
development of the land-base and aerospace gas turbine
engines, the turbine inlet temperature rises year by year
to obtain high thermal efficiency, which requires the
superalloy to have better creep and corrosion resistance.
In order to meet these requirements, more refractory
elements are added to the superalloy, which is beneficial
to the creep but harmful to the mechanical properties
[5—7]. To the superalloy, though the high-temperature
creep and fatigue behavior are very important, having a
good plastic deformation capability is also very
necessary.

Generally, it can be expected a better elongation

with the increase of temperature. However, for the
superalloy and some other alloys, sometimes they exhibit
obvious anomalous yield behavior and intermediate-
temperature brittleness (ITB) characteristic, which is
harmful to the application of these materials. The
phenomena of ITB and anomalous yield behaviors have
been reported in the last century and till now many
investigations have been carried out on them [8]. The
former researches [9—11] show that some polycrystal
superalloys have the ITB behavior. However, the reports
on the behavior of the directionally solidified
nickel-based superalloy are relative few.

The experimental directionally solidified nickel-
based superalloy, which consists of y matrix, )’
precipitates, carbides, and minor borides, is designed to
use in high-performance industrial gas turbines [12]. To
possess excellent hot-corrosion and high-temperature
oxidation resistance, the alloy contains 13% Cr and 10%
Co. In addition, more W, Mo, Ta and Hf are added to
increase its creep properties. The benefit can be obtained
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from the combination of refractory elements; however,
they also would influence the mechanical properties of
the alloy inevitably. Therefore, in the present work, the
study on the microstructure and elevated temperature
mechanical properties of the directionally solidified
experimental alloy is carried out.

2 Experimental

The chemical composition of directionally solidified
alloy used in the present study is listed in Table 1. The
alloy was remelted in a VIM25F vacuum induction
furnace and directionally solidified in ZGD2 vacuum
induction furnace. The temperature gradient was 80
°C/ecm and the withdrawal rate was 8§ mm/min. The
directionally solidified specimen was heat treated in a
electric muffle furnace with the procedure of (1210 °C,
2 h AC)+(1080 °C, 2 h AC)+(850 °C, 24 h AC) (AC: air
cooling). The standard specimens for tensile test with a
diameter of 5 mm and a gage length of 25 mm were
machined longitudinally from the heat-treated samples.
The tensile tests were conducted on a Universal
AG—250KNE test machine in air with initial strain rates
of 5x107° to 1.04x10* s™' at 25-1000 °C. The tensile
specimens were induction heated and the temperature
was measured using a thermocouples placed in the gauge
length. The temperature gradient of the gauge length was
not exceeded +2 °C. Load and extension were recorded
directly. The displacement rate was maintained at 0.5
mm/min up to rupture. At least three identical specimens
were tested at each temperature.

Table 1 Chemical composition of directionally solidified alloy
(mass fraction, %)

C B Cr Co w Mo
0.024 0.012 12.53 9.81 5.46 1.21

Al Ti Ta Hf Ni
3.76 2.28 4.65 0.32 Bal.

Samples for microstructure observation were cut
from the heat-treated and fracture specimens. The
samples were fabricated by conventional method and
electrochemically etched with an electrolyte consisting
of 20 g CuSO,+100 mL HCI+5 mL H,PO,+100 mL H,O.
The microstructure and fracture surface after the tensile
tests were examined by an optical microscope (OM) and
a scanning electron microscope (SEM) with an energy-
dispersive X-ray spectroscope (EDS). The slices for
transmission electron microscopy (TEM) observation
were cut from the heat-treated sample and gauge part of
the specimens deformed at different temperatures normal

to the loading axis. The thickness of the slices was about
0.5 mm and polished to 50 um. The polished slices were
shaped into 3 mm in diameter followed by ion milling to
perforation. The TEM observation was carried out by a
JEM—2010 operated at 200 kV.

3 Results and discussion

3.1 Microstructure of heat-treated alloy

The typical optical metallographic microstructures
of the directionally solidified alloy are shown in Figs. 1(a)
and (b). The dendrites in metallographic samples cut
perpendicular to the solidification direction appear as
bright cross. The precipitates and y/y’ eutectic mainly
distribute in the interdendritic region. At such a
withdrawal rate, the dendrite column almost parallels the
direction of the solidification. Further observation on the
alloy  exhibits  that precipitates  and
chrysanthemum-like y/y’ form along the
boundary of matrix, as shown in Fig. 1(c). The EDS

some
eutectic

results reveal that they are carbide, boride and
intermetallic compounds. The image of the y’ shows that
the precipitates exhibit well cuboid morphology, as
shown in Fig. 1(d). Moreover, there are some small y’
particles with small proportion distributing in the matrix
among )’ particles.

TEM observation on the )" precipitate exhibits that
the y’ cuboids with an average edge length of 400 nm are
produced after the heat treatment, as shown in Fig. 2(a).
The secondary sphere y* with scores of nanometers in
diameter precipitates in the matrix. Further observation
on the grain boundary and the eutectic region reveal that
many precipitates exist in these regions, as shown in
Fig. 2(b). Combining with the selected area electron
diffraction (SAED) patterns, it can be determined that
most of the particles in the alloy are MC type carbide.
The EDS results reveal that they contain a lot of Ti and
W element, as shown in Fig. 2(c), so the carbide can be
described as (Ti, W)C. The TEM observation also
exhibits small precipitates along the MC boundary. The
SAED pattern reveals that the small precipitates have an
orthorhombic crystal structure, and the EDS test exhibits
that it has a lot of Cr element, as shown in Fig. 2(d). Due
to the high content of B addition in the alloy, and based
on the former studies [13,14], such precipitates should be
M;B; type boride. In addition, the TEM observation still
finds some Hf-rich particles forming at the grain
boundary, as shown in Figs. 2(e) and (f). Combining with
the former researches [15,16] and the SAED pattern, the
Hf-rich particle can be determined as NisHf phase, which
has a cubic crystal structure with a=b=c=0.68 nm, and
the space group of F 3m.
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Fig. 1 OM micrographs of heat-treated directionally solidified alloy along transverse (a), longitudinal (b), SEM micrographs showing

precipitates and y/y’ eutectic (c) and cuboid y’ precipitates (d)

3.2 Mechanical properties

The tensile properties of the directionally solidified
alloy at different temperatures are shown in Fig. 3. It can
be seen that both yield strength and ultimate tensile
strength decrease slightly with the increase of
temperature. Then at about 650 °C the ultimate tensile
strength and yield strength reach their minimum values.
With further increase of temperature, ultimate tensile
strength and yield strength increase again and obtain
their maximum values at about 750 °C, and then they
both drop rapidly. Different from changes of ultimate
tensile strength and yield strength with temperature,
reduction of area and elongation almost have no change
below 600 °C, but they both decrease obviously and
reach the minimum value at about 700 °C. The decrease
of elongation is about 30%. Then reduction of area and
elongation increase obviously. Comparing two figures, it
can be found that there is a good correlation between the
two trends, i.e. the increase of yield and ultimate tensile
strengths corresponding to decrease in ductility in the
same temperature range. Therefore, it can be concluded
that the ITB behavior of the alloy is obvious.

It is well known that » has an interesting
characteristic, namely its strength increases with
temperature rising [17—19]. Due to the high volume
fraction of 9 (about 60%) in the present alloy, the

decrease in strength of the y matrix with the increase of
temperature is compensated by the increase of the
strength from y’. According to the former researches
[17,20], the thermally activated cross-slip of dislocations
from {111} planes to {110} planes would increase the
strength of y'. But beyond 900 °C, y" dissolves rapidly,
which induces the decrease of the alloy. In the present
study, strength of the alloy changes little below 800 °C,
but strength drops greatly when the temperature is
higher.

According to Refs. [21,22], if the yield strength
depends on the temperature greatly, the yielding behavior
at elevated temperatures should possibly be a thermally
activated process. Therefore, an Arrhenius type of
relationship might be applicable to characterize the
plastic flow behavior of this alloy, i.e.,

oy E = A{exp[Q/(RT)]} ey

where the o, is the yield strength, £ is the elastic
modulus, Q is the activation energy for the deformation
process, 7 is the temperature, R is the gas constant, and A
is a material constant. Equation (1) indicates that high-
temperature strength is dominated by the dislocation—
particle interaction, which has been studied by a
large number of theoretical and experimental researches
[9,23]. The plot of normalized value of yield strength
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Fig. 2 Bright field TEM micrographs of y' precipitates (a), MC and M;3B, precipitates in interdendritic region (b), EDS results of MC
(c) and M;B; (d), TEM micrograph of NisHf particles along grain boundary (e) and EDS result of NisHf (f) (Insets show SAED

patterns)
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by elastic modulus vs the inverse temperature is shown
in Fig. 4. Clearly, there are three distinct temperature
regimes. At high temperatures (above 750 °C), the curve
has a positive slop, whereas at low temperatures (below
600 °C) and medium temperature, the curve exhibits a
negative slop. This indicates a great change in the
rate-controlling process for the deformation mechanism.
The studied directionally solidified alloy is mainly
strengthened by §' precipitates which are the main
obstacles for the dislocation moving. So, at low and
medium temperatures, the high applied stress could force
the dislocations to cut y’ particles. When the temperature
increases, the applied stress is less than that required for
dislocation cutting )" precipitates, and then the role of
thermal activation is strengthened, dislocation climb
mechanism operates. So, one can see that the activation
energy for deformation decreases obviously with
temperature increasing.

The TEM observation on the alloy tested at different
temperatures is shown in Fig. 5. Clearly, at room
temperature, relative few dislocations are present and the
spacing between dislocations is large. At 650 °C, the
dislocation density becomes high, and the structure
consists of less slip bands. Moreover, the dislocations
tangle in the y channel, which indicates that the matrix is
still the main deformation region. When the temperature
increases to 750 °C, it can be seen that dislocations with
higher density form at y'/y interface and tangle with each
other. Some dislocations pairs cut y ‘particles and a
number of stacking faults and microtwins are produced
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Fig. 4 Plot of 6,/E vs inverse temperature

inside the y’, which indicates that the slipping system in
the ¢ is still difficult to start. Based on the recent study
[11], the high yield strength of y' is mainly due to the
addition of elements, such as W and Ta. While in the
present alloy, it contains a lot of W, Ta and Hf, so it is no
doubt that it will increase the strength of the y’. Therefore,
it can be seen that the distribution of the dislocations in
the alloy is nonhomogenous, which implies that the
deformability at such a temperature is still bad. Differing
from the sharing at low and intermediate temperatures,
the deformation of the alloy at high temperatures is
primarily dominated by dislocation moving around the )’
precipitates. The TEM micrograph of the alloy tested
at 900 °C exhibits the typical dislocation structures that

Fig. 5 Bright field TEM micrographs of tensile specimens tested at different temperatures: (a) Room temperature; (b) 650 °C;

(¢) 750 °C; (d) 900 °C
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weave between the ' particles and wrap around them.
Dislocations are only infrequently observed within the ',
so the deformation is dominated by y’ by-pass at such a
temperature. These observations confirm the calculated
results in Fig. 4 that below 750 °C the thermal activation
energy for the deformation increases greatly because of
almost no climb dislocations in the alloy.

3.3 Fracture surface morphology

The morphologies of fracture surface of the tensile
specimens tested at room temperature and 650 °C are
shown in Fig. 6. Clearly, the quasi-cleavage and
decohesion combined with some dimples are the main
characteristics in the specimen tested at room
temperature, as shown in Fig. 6(a). In general, the alloy
exhibits semi-brittle features at room temperature, so it
can be seen that the elongation and fracture shortage are
so low at this condition. Though there are some dimples,
the tear-off dimples were not elongated, so the
deformation by the shear mode is limited. Facets develop
in conjunction with decohesion region and appear as
rounded surface morphology. When the tested
temperature increases to 650 °C, it can be found that
fractograph changes obviously, as shown in Fig. 6(b).
The cleavage decreases but the dimple increases greatly.
However, the elongation of the alloy almost has no
change, compared with it at room temperature. Further
observations reveal that many cracked MC carbides and
decohesion along the carbide/matrix interface exist on
the fracture surface. The cracks can propagate along the
rigid precipitates and matrix easily, which is harmful to
the ductility [24—27]. Therefore, it is easy to understand
why the elongation of the alloy at 650 °C is still low.

The fracture surface of the alloy tested at 750 °C is
shown in Figs. 7(a) and (b). It can be seen that it exhibits
more brittle characteristics, and cleavage is the main
feature, as shown in Fig. 7(a). Secondary cracks
propagate along the grain boundary and distribute
randomly. Moreover, small dimples and carbides
distribute on the cleavage facets. Further observation
also finds the flowery cleavage feature in some adjacent
regions, as shown in Fig. 7(b). When the tested
temperature increases to 800 °C, it can be found that the
dimples increase and secondary crack decreases
obviously, as shown in Fig. 7(c). However, at this
temperature, the alloy still exhibits obvious brittle
fracture characteristics, so cleavage is the main feature.
While the fractograph of the alloy tested at 900 °C
displays more ductile characteristic, and the dimples with
different sizes are the main feature. Then it can
be postulated that the y’ begins to soften, when the
temperature exceeds 800 °C, so more dislocations
are activated. Therefore, the deformation is more

Fig. 6 SEM images of tensile specimen at room temperature
showing semi-brittle features (a) and at 650 °C exhibiting
combination of dimple and cleavage (b)

homogeneous, and plenty of dimples are observed on the
fracture surface.

According to the recent studies on the unusual
variation of tensile properties in superalloy at elevated
temperatures [11,28], it can be concluded that the
anomalous yield and the ITB behavior of the present
alloy should mainly be attributed to the y’ precipitates.
Due to its intrinsic characteristic, the strength of
increases with the temperature rising [29]. Therefore, the
decrease of yield strength caused by the y matrix at
elevated temperatures could be compensated by y’, due to
the high volume fraction of y'. Then the yield strength
and ultimate strength increase between 650 °C and 750
°C. Moreover, at the temperature below 750 °C, the y
matrix has already yielded, and the dislocations would
accumulate along the ', which strengthens the alloy
further. However, it is still very difficult for the
and then the high
accumulation of dislocations along the y" would lead to
the generation of crack. So, it can be found that many
debondings along interface and secondary cracks exist in
the specimen tested at 750 °C, and the elongation at this
temperature is the lowest. In addition, the formation of

dislocation to cross the 9,

superlattice-intrinsic stacking faults (S-ISFs) formed in
the y' contributes to the ITB behavior. Based on the
previous researches [9,10], the formation of S-ISFs is
beneficial to the strength but detrimental to the ductility.
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While in the present alloy, the stacking faults form at 750
°C obviously, which will make the ITB phenomenon
worse. When the temperature is higher than 750 °C,
diffusion-controlling process becomes dominated, so
more dislocations and slip system can be activated. The
deformation becomes easier with the increase of
temperature, and then the elongation increases gradually.
Besides the y', the carbides, grain boundary and eutectic
structure also have influence on the ITB behavior. Due to
the relative low solidification rate, the impurity and

elements with big atom radius will be rejected to the
grain boundary, which is harmful to the cohesion of the
grain boundary. Once the stress concentrates along the
grain boundary, it will result in the crack. And moreover,
the relative low cohesion will promote the crack to
propagate along the grain boundary, as shown in
Fig. 8(a). Additionally, the bulk carbides and y/y" eutectic
structure are also detrimental to the elongation. The
relatively large size and high stiffness make it difficult
for the dislocation to shear, which results in higher

Fig. 7 Fracture surface of tensile specimen at 750 °C showing cleavage feature (a), small dimples on cleavage surface (b),
combination of dimple and cleavage on fracture surface at 800 °C (c) and full dimples characteristic of tensile specimen at 900 °C (d)

Fig. 8 Crack propagating along grain
boundary (a), microcrack generating
along interface of y/y’ eutectic and
matrix (b) and microcrack forming
along carbide phase boundary (c)
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concentration of stress along their interfaces. Then one
can see that the crack is easy to generate along the
interfaces of carbides and p/y’ eutectic structure, as
shown in Figs. 8(b) and (¢).

4 Conclusions

1) The superalloy with high content of refractory
elements is fabricated by directional solidification.
Microstructure observations show that besides the o'
precipitates and y matrix, some MC, NisHf and M;3B,
particles precipitate along the grain boundary.

2) The tensile test reveals that the directionally
solidified superalloys exhibit obvious anomalous yield
and ITB behavior at medium temperatures and obtains its
minimum elongation at about 700 °C.

3) The anomalous yield and ITB behavior of the
directionally solidified superalloy should be mainly
ascribed to the y' precipitates. In addition, the carbides
and eutectic structure also contribute to the ITB
behaviors.
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