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Abstract: Two experimental single crystal superalloys with 2% Cr and 4% Cr (mass fraction) were cast in a directionally solidified
furnace, while other alloying element contents were kept unchanged. The effects of Cr content on the microstructure, phase stability,
tensile properties at 1100 °C and stress rupture properties at 1070 °C and 160 MPa of the single crystal superalloy were investigated.
The results show that the size of y’ phase particles become small and uniform, and the cubic shape turns a little regular with the
increase of Cr content. The y’ directional coarsening and rafting were observed in the 2% Cr and 4% Cr alloys after long term aging
(LTA) at 1100 °C. The rafting rate of y' phase increased with increasing Cr content. Needle-shaped topologically close packed (TCP)
phases precipitated and grew along fixed direction in both alloys. The precipitating rate and volume fraction of TCP phases
significantly increased with the increase of Cr content. The tensile property of the alloy increased and the stress rupture properties of
the alloy decreased with the increase of Cr content at high temperature. The increase of Cr content increased the partition ratio of
TCP forming elements, Re, W, and Mo, and the saturation degrees of these elements in y phases increased. Therefore, the high

temperature phase stability of the alloy decreased with the increase of Cr content.
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1 Introduction

In recent years, Ni-based single crystal superalloys
have become a major material for the blades in aerospace
turbine engines. The demand for enhanced high
temperature mechanical strength in these alloys has led
to increasingly higher additions of refractory alloying
elements to enhance the degree of solid solution
strengthening [1,2]. On the other hand, Cr levels have
been reduced to compensate for elevated levels of
refractory alloying elements in order to avoid the
formation of topologically close packed (TCP) phases,
which decrease the stress rupture properties of the alloy
by serving as crack initiation sites [3,4]. For example, the
mass fractions of Cr in the single crystal superalloys
from the first generation to the third generation, i.e.,
CMSX-2, CMSX-4 to CMSX-10, are 8.0%, 6.5% and
2.3%, respectively [5]. The fourth generation single
crystal superalloys, such as MC-NG, EPM-102, and
TMS-138, contain 2% Cr, respectively [6—8]. However,
lower Cr content results in the decrease of oxidation

resistance and poorer corrosion resistance; thus, it has
become increasingly difficult to develop new single
crystal superalloys with a balanced combination of
strength, environmental resistance, castability and
microstructural stability [9]. The research about the
effect of Cr content on the microstructure and
mechanical properties of single crystal superalloys has
been rather limited [10—12]. So, it is meaningful to
systematically investigate the action of Cr in the single
crystal superalloys with high level refractory alloy
elements. The present study examined the effect of Cr
content on the microstructure, phase stability, tensile
properties and stress rupture properties of a Ni-based
single crystal superalloy, with the aim to promote the
development of new generation single crystal superalloy
with high microstructure stability and good mechanical
properties.

2 Experimental

Pure raw materials were used in the experiment.
Two Ni—Cr—Co—Mo—W—-Ta—Nb—Re—Al systems with
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single crystal and [001] orientation were cast by crystal
selection method in the directionally solidified furnace
with high temperature gradient of 80 °C/cm. The Cr
contents of two alloys are 2% and 4% (mass fraction),
respectively, and the chemical compositions of other
alloy elements are the same. The nominal chemical
compositions of experimental alloys are shown in Table
1. The crystal orientations of the specimens were
determined with Laue X-ray back reflection method, and
the crystal orientation deviations of the specimens were
maintained within 10° from the [001] orientation. The
single crystal specimens received the same standard heat
treatment comprising of a solution treatment (1345 °C,
6 h, AC) and a two-step aging treatment (1120 °C, 4 h,
AC) + (870 °C, 24 h, AC). Then, the alloys were long
term aged at 1100 °C for 50, 100, 200, 400 and 800 h,
respectively. The standard cylindrical specimens for
tensile and stress rupture tests were machined after heat
treatment. The tensile and stress rupture tests were
conducted at 1100 °C and 1070 °C, 160 MPa in air using
a DST-5 testing machine with furnace attachment,
respectively. The samples were etched with 5 g CuSO,4+
25 mL HC1 + 20 mL H,O + 5 mL H,SO, which dissolves
the y’ phase. Microstructures of the alloys under different
conditions were examined by using an S4800 scanning
electron microscope.

Table 1 Nominal chemical compositions of experimental alloys

Mass fraction/%

Alloy

Cr Co Mo W Ta
2% Cr 2 7-10 2-5 6-9 7-10
4% Cr 4 7-10 2-5 6-9 7-10
Alloy Re Nb Al Hf Ni
2% Cr 3-5 0.5-1.5 5-6 0.1-0.5 Bal.
4% Cr 3-5 0.5-1.5 5-6 0.1-0.5 Bal.

3 Results and discussion

3.1 Microstructure after full heat treatment

Figure 1 shows the typical microstructures of the
2% Cr alloy and 4% Cr alloy after full heat treatment. It
can be seen that the primary " and y/y’ eutectic dissolve
completely after the high temperature solution treatment.
They contain more than 60% »' phase in cubic shape and
y matrix channel. The average y' phase sizes of two
alloys are 0.54 and 0.43 pm, respectively. The size of y'
phase particles becomes small and uniform, and the
cubic shape turns regular with increasing Cr content.
Therefore, the y matrix channel of the 4% Cr alloy is a
little straighter than that of the 2% Cr alloy.

3.2 Microstructure after long term aging
Figures 2 and 3 illustrate the microstructures of
(001) plane of the 2% Cr alloy and 4% Cr alloys after

long term aging (LTA) at 1100 °C for 50, 100, 200, 400,
and 800 h, respectively.
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Fig. 1 SEM images of alloys after full heat treatment:

(a) 2% Cr; (b) 4% Cr

It can be seen from Fig. 2 that with prolonging time
the size of y' precipitate in the 2% Cr alloy gradually
became larger and its morphology was still in cubic
shape after long term aging of 200 h. The lateral merging
of y" precipitates had begun along the cubic direction.
After 400 h, adjacent y' particles met and fused together,
producing extended rafts or plates. The y phase became
no longer continuous and was thus entirely surrounded
by the ' phase. It can be seen from Fig. 3 that rafts had
already formed in the 4% Cr alloy after long term aging
of 200 h. It can be seen through comparison of the two
alloys that the coarsening extent of y' phases became
more severe with increasing Cr content.

The microstructure of Ni-based single crystal
superalloy changed significantly after LTA at high
temperature. The y’ directional coarsening and rafting can
be observed in this process. The ' coarsening and rafting
are attributed to the directional diffusion of the alloying
elements at elevated temperature. Coherency stresses due
to the lattice misfit between y and y' phases act as the
driving force for these microstructural changes [13].
Because of slight differences in lattice constants of both y
and ' phases, a lattice misfit exists. It is well known that
the lattice misfit of Ni-based superalloys is strongly
influenced by the alloy composition. The alloying
element Cr can increase the amount of lattice misfit as it
partitions preferentially to the y matrix [11]. Therefore,
the rafting rate of y’ phase increases with increasing Cr
content.
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The  microstructure  stability at  elevated
temperatures is a key concern for the single crystal
superalloys. Figure 4 illustrates the TCP precipitates in
the alloys after LTA at 1100 °C. It can be seen that TCP
phase precipitated much less in the 2% Cr alloy than in
the 4% Cr alloy after LTA. Moreover, the precipitating
rate of TCP phases was significantly influenced by Cr
content. In the 2% Cr alloy, the onset of TCP
precipitation occurred after aging at 1100 °C for 400 h.
However, the onset of TCP precipitation occurred after
aging at 1100 °C for 100 h in the 4% Cr alloy. This
indicates that the increase of Cr content to Ni-based
single crystal superalloy with high refractory content can
decrease high temperature phase stability.

The chemical compositions of TCP phases in the
2% Cr and 4% Cr alloys after LTA at 1100 °C for 800 h
using SEM equipped with an energy-dispersive X-ray
spectroscope (EDS) are shown in Table 2. Every datum
is the mean value of five tests. It is shown that in both of
the alloys, Re, W, Co, and Mo are enriched in the TCP
phases.

The formation of TCP phases in Ni-based single

Fig. 2 Microstructures of 2% Cr alloy after
LTA at 1100 °C for different time: (a) 50 h;
(b) 100 h; (c) 200 h; (d) 400 h; (e) 800 h

crystal superalloys has generally been attributed to the
supersaturation of high melting point refractory elements
(Re, W, Mo) within the disordered y phase [14]. As the
levels of these refractory alloying additions are increased
to enhance the creep properties of single crystal
superalloys, the limited degree of refractory element
solubility within the y' phase increased. After the
standard heat treatment of the 2% Cr and 4% Cr alloys,
the compositions of y and y’ phases were measured using
EDS analysis equipment attached to SEM. The
comparison of the partition ratio of alloying element in
the two alloys is shown in Fig. 5. The partition ratio is
given by k=C;/C;,, where i corresponds to a particular
element, C;, and C;, correspond to the concentration of
alloying element i in the y and y’ phases, respectively. It
can be seen from Fig. 5 that the distribution behavior of
the same element in y and y' phases is similar in the
2% Cr and 4% Cr alloys. The main solid solution
strengthening elements W, Mo, and particularly Re are
enriched in the y matrix. Cr has also been found to
partition preferentially into the y matrix. The increase of
Cr content raises the partition ratio of TCP forming
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Fig. 3 Microstructures of 4% Cr alloy after
LTA at 1100 °C for different time: (a) 50 h;
(b) 100 h; (c) 200 h; (d) 400 h; (e) 800 h
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Fig. 4 TCP prec1p1tates in alloys after LTA at 1100 °C: (a) 2% Cr 400 h; (b) 2% Cr, 800 h (c) 4% Cr, 100 h; (d) 4% Cr 800 h
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Table 2 Chemical compositions of TCP phase in 2% Cr and
4% Cr alloys

Mass fraction/%
Al Cr Co Mo Re W Ni
2%Cr 44 17 81 35 224 131 Bal
4%Cr 48 29 77 3.1 257 125 Bal

Alloy
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Fig. 5 Partition ratio of alloying element in 2% Cr and 4% Cr
alloys

elements, Re, W, and Mo. Therefore, the saturation
degrees of Re, W and Mo increase with increasing Cr
content, which can enable 4% Cr alloy to be easy to the
formation of TCP phases. This is in good agreement with
measurements carried out by CHEN et al [11].

3.3 Tensile properties

The tensile properties of 2% Cr and 4% Cr alloys
aged at 1100 °C are shown in Table 3. It can be seen that
the yield strength and tensile strength increase, while
elongation and contraction of area decrease with
increasing Cr content.

Table 3 Tensile properties of 2% Cr and 4% Cr alloys aged at
1100 °C

Alloy 002/MPa oy/MPa 0/% w!/%
2% Cr 491 569 44.0 48.4
4% Cr 528 590 20.7 443

¥ is contraction of area

The difference of tensile properties of 2% Cr and
4% Cr alloys can largely be attributed to the change of
microstructure by Cr content. The Ni-based single crystal
superalloy is mainly strengthened by y’ phase. The tensile
property of single crystal superalloy is strongly affected
by the size and shape of y' phase. The size of y’ phase
particles becomes small and uniform and the cubic shape
of y’ phase particles turns a little regular with increasing
Cr content. Moreover, the lattice misfit has an important
relation with mechanical property for the single crystal
superalloy at high temperature. The magnitude of the

lattice misfit controls the density of the interfacial
dislocations required to relieve the misfit stresses. The
alloying element Cr increases the amount of lattice misfit
because it partitions preferentially to the y matrix, as
shown in Fig. 5. The y/y' interface is the obstacle of
dislocation movement [15]. With the decrease of the size
of ' particles, the strengthening effect increases.
Therefore, the solid strengthening effect in the 4% Cr
alloy is larger than that in 2% Cr alloy. The tensile
property of 4% Cr alloy is better than that of 2% Cr alloy
at high temperature.

3.4 Stress rupture properties

The stress rupture properties of 2% Cr and 4% Cr
alloys aged at 1070 °C and 160 MPa are shown in Table
4. It can be seen that the stress rupture lives and
elongations all decrease with increasing Cr content.

Table 4 Stress rupture properties of 2% Cr and 4% Cr alloys
aged at 1070 °C and 160 MPa

Alloy t/h 5% wl%
2% Cr 491.0 23.8 422
4% Cr 388.8 15.8 30.1

The microstructures on the longitudinal section in
the ruptured specimens of 2% Cr and 4% Cr alloy were
observed by SEM. Figure 6 illustrates the microstructure
apart from fracture surface 2 cm of the ruptured
specimens.

The microstructures obtained after stress rupture
tests reveal the evidence of coarsening of precipitates in
a direction transverse to the applied stress. The
comparison of the microstructures shown in Fig. 6
clearly indicates that the average raft thickness varied
with Cr content. The adjacent y’ particles met and fused
together, thus producing rafts in the 4% Cr alloy.
However, it was forming islands and was thus entirely
surrounded by the y’ phase in the 2% Cr alloy. The y’ raft
of 4% Cr alloy is more regular and perfect than that of
2% Cr alloy. The thickness observed in microstructures
decreases with increasing Cr content. This indicates that
the coarsening extent of y' phase of 2% Cr alloy is
severer than that of 4% Cr alloy.

The specimens all exhibit the presence of TCP
phases in 2% Cr and 4% Cr alloys. Moreover, it has also
been shown that the precipitating volume fraction of TCP
phases increased with increasing Cr content, which is the
same as the result in LTA. It can be seen that the crack
initiates and propagates on the TCP phases. High stress
concentration at the TCP phase—matrix interfaces or at
the points where the TCP precipitates are interlinked is
thought to result in the microcracking [16]. It can be
concluded that the degeneration of stress rupture
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Fig. 6 Microstructures apart from fracture surface of 2 cm of ruptured specimens: (a), (b) 2% Cr alloy; (c), (d) 4% Cr alloy

properties with increasing Cr content is dominated by the
formation of much more TCP phases.

4 Conclusions

1) The size of y’ phase particles becomes small and
uniform, and the cubic shape turns a little regular with
increasing Cr content.

2) The y' directional coarsening and rafting were
observed in the 2% Cr and 4% Cr alloys after LTA at
1100 °C. The rafting rate of y' phase increased with
increasing Cr content. Needle-shaped TCP phases
precipitated and grew along fixed direction in both
alloys. The precipitating rate and volume fraction of TCP
phases significantly increased with increasing Cr content.

3) The tensile property of the alloy increased and
the stress rupture properties of the alloy decreased with
increasing Cr content at high temperature.

4) The partition ratio of TCP forming elements, Re,
W, and Mo increased with increasing Cr content, and the
saturation degrees of these elements in j phases
increased. This indicates that the high temperature phase
stability of the alloy decreases with increasing Cr
content.
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