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Abstract: Based on a 5% (mass fraction) Re-containing single crystal nickel-based superalloy with 3% (mass fraction) Cr, the
microstructural variation with Cr addition was investigated. The experimental results show that segregation of alloying elements was
enhanced in as-cast microstructure with Cr addition; and the volume fraction of eutectic is increased. However, the solidus and
liquidus temperatures are remarkably reduced. With the increase of Cr content, the average y’ size and volume fraction are decreased
in the fully heat treated microstructure. X-ray diffraction results indicate that y/y’ lattice misfit becomes more negative. According to
the energy dispersive spectroscopy (EDS) results, Cr is mainly distributed in the y matrix; and more y-forming elements, such as Re
and W, enter the y matrix, while the y/)’ partition ratio of Cr is inversely decreased.
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1 Introduction

Since being successfully introduced in 1980s, single
crystal (SC) nickel-based superalloys have become the
major materials of turbine blades and vanes for both
industrial and aero applications[1—5]. To date the SC
superalloys are generally classified into five generations
in terms of their composition characteristics, and Cr is
always one of the most concerned elements in advanced
SC superalloys[6]. It is generally accepted that the
temperature capability increases with decreasing Cr
content in the alloys[7]. Moreover, Cr is also typically
associated with the precipitation of TCP phases due to its
electron vacancies in d-shell orbital which provide high
potential to form strong TCP phase bonds between Mo
and W[8]. Therefore, in view of the composition of the
first three-generation SC superalloys, an obvious trend of
lowering Cr and increasing Re content was found.
However, since Cr plays a key role in promoting the
formation of a protective chromium-rich oxide scale at
the temperatures where hot corrosion is active, it is of
significance for new generation SC superalloys with a
certain Cr content added to obtain a satisfactory hot

corrosion resistance[9]. Further, previous studies[10—11]
have shown that the interaction between Cr and Re or
among Cr, Re and Ru is pronounced. Thus, it is
meaningful to systematically investigate the influence of
Cr on the advanced SC superalloys including
microstructure and mechanical properties. The present
work aims at elucidating the influence of Cr addition on
the as-cast and fully heat treated microstructures of a SC
superalloys containing 5% Re (mass fraction).

2 Experimental

2.1 Materials

Based on a SC nickel-based superalloy with a
nominal chemical composition of 5Re-3Cr-6W-1Mo-
8Ta-12Co-6Al1-Ni (mass fraction, %), additional 2% Cr
was added; and these two alloys were designated as 3Cr
and 5Cr, respectively. Various Cr additions are the only
difference between the two alloys in composition. The
master alloys were all melted by vacuum induction
technique, and then directionally solidified into [001]
oriented cylindrical bars (416 mmx75 mm) in an
investment casting cluster mold in a Bridgman furnace
with a withdrawal rate of 6 mm/min. Conventional helical
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starters were utilized to initiate single crystal growth.
The full heat treatment schedules for the two alloys were
(1335 °C, 16 h)+(1 345 °C, 16 h, air cooling)+(1 100 °C,
4 h, air cooling)+(870 °C, 24 h, air cooling) and (1 325
°C, 16 h+1 335 °C, 16 h, air cooling)+(1 100 °C, 4 h, air
cooling)+(870 °C, 24 h, air cooling), respectively.

2.2 Microstructural examination and analysis

LEICA optical microscope (OM) and JMS—6301F
field-emission scanning electron microscope (SEM) were
used to observe the as-cast and fully heat treated
microstructures. An EPMA 1610 was wused to
quantitatively measure the compositions of dendrite
cores and eutectics in interdendritic regions and an
average value for three parallel data was adopted. In
addition, the fully heat treated specimens were cut into
d3 mm-discs parallel to (001) plane with 500 pm in
thickness and thinned down to 50 pm mechanically.
They were then electrochemically polished by the
twin-jet method, in a solution of 8% perchloric acid and
92% ethanol at —10 °C and 20—30 mA. A TECNAI 20
transmission electron microscope (TEM) equipped with
energy dispersive spectrometer (EDS) was used to
examine the partition of alloying elements between y
matrix and 7' precipitates.

2.3 Differential scanning calorimetry (DSC) analysis

The influence of Cr addition on the liquidus and
solidus temperature was investigated with a SETERAM
SETSYS Evolution 18 integrated thermal analyzer
equipped with heat-flow type DSC. The major
temperature interval ranged from 1 000 °C to 1 500 °C
and a 5 °C/min scanning rate was chosen for heating as it
yielded the best combination of temperature accuracy
and peak resolution. The cylindrical DSC samples (d3
mmx(1-2) mm) with 90-120 mg were prepared,
containing a representative region of the dendritic
microstructure.

2.4 X-ray diffraction (XRD) measurement

The XRD patterns were recorded by conventional
Rigaku D/MAX 2500 X-ray diffractometer with Cu K,
radiation at 50 kV and 300 mA. This instrument was set
up for Bragg-Brentano geometry with a line focus and a
graphite monochromator between specimen and detector.
The intensity profiles of {004} reflection were collected
to measure y/y’ lattice misfit. The step scans were made
at 0.02° per step and the counting time was adjusted to
make sure the counts can up to 10*. The error of the
absolute measurement of the lattice plane spacing in this
diffractometer was Ad/d=10"*. With A(20)=+0.02°,
A6=%0.02% could be obtained. All the measurements
were carried out at room temperature. The detailed
diffraction techniques and peak-fitting methods can be

seen in Ref.[12].

2.5 EDS measurements

The partitioning behaviors of various alloying
elements between y matrix and y precipitate were
determined by measuring the local chemical
compositions of y and y' in fully heat treated specimens
using an EDS in TEM and also an average value for
three parallel data was adopted. The partition ratio & or &/,
which is defined as k; =c¢;, /¢, or k'=c, /¢, was
widely used. Therefore, it can be known that k>1
indicates the preferential partition to y matrix for the
alloying element; conversely, k<l indicates the
preferential partition to ' precipitate. Further, it also
means that the more the deviation from unity for k;, the
stronger the partition for the alloying element.

3 Results and discussion

3.1 As-cast microstructure

Both alloys exhibit typical dendritic microstructures.
The results of quantitative metallography show that the
volume fractions of y/y’ eutectic are 5.8% and 6.5% for
alloy 3Cr and 5Cr, respectively.

In order to clearly show the dendritic segregation of
individual alloying element, the segregation ratio K of K’
was defined as K;=c;p/c;g or K'=c;z/cip, where ¢;p and ¢;g
are concentrations of alloying element in the dendrite
core and eutectic in the interdendritic region, respectively.
As shown in Fig.l, the segregation behaviors of
individual alloying elements in two alloys are basically
consistent with the previous reports[13—14]. Al, Ta and
Ni partition to the interdendritic eutectic regions,
whereas Re, W, Cr, Mo, and Co partition to the dendrite
cores. Undoubtedly, Re and Ta are the two elements that
segregate more severely. However, it is worth pointing
out that 5% Cr addition slightly promotes the segregation
of almost all of the alloying elements except Ni.
Specially, more y’-forming elements such as Al and Ta
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Fig.1 Comparison of segregation ratio for alloying elements in
two alloys
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enter the interdendritic region, which results in an
increased volume fraction of y/y’ eutectic in alloy 5Cr.
Figure 2 shows the heating curves of the two alloys
in DSC experiment. It is clearly seen that more Cr
addition significantly decreases the solidus and liquidus
temperatures (75 and 77) with a gap of over 10 °C. Based
on the binary Ni-X phase diagrams, it can be known that
adding alloying elements was generally expected to
decrease the liquidus temperature of a multicomponent
superalloy except Re, W, Ru and Ir[15]. Note that it is to
decrease solidus and liquidus temperature to limit the
further development of SC superalloys to a higher
temperature capability. As known from this work, excess
Cr addition must be unfavorable to further enhance the
temperature capability of advanced SC superalloys.
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Fig.2 Comparison of DSC heating curves of two alloys

3.2 Fully heat treated microstructure

As seen in Fig3, the fully heat treated
microstructures of these two alloys consist of cubical y’
particles and y matrix. Figure 4 shows that the y" particle
size and y' volume fraction are decreased with Cr
addition. The average y' particle sizes are 0.62 pm and
0.5 um, and the average y’ volume fractions are 82% and
73%, respectively. It is shown that the distribution of y’
particle is more uniform for alloy 5Cr than alloy 3Cr.

Figures 5(a) and (b) show fitting results of (004)
peaks for the two alloys under full heat treatment. It can
be seen that the fitting results of peaks fit well with the
experimental data. According to the three-peak fitting
model depicted in Ref[12], the lattice of )" phase
maintained cubic and the lattice of y matrix was
tetragonally distorted in the fully heat treated
microstructure. Therefore, the constrained y/y" lattice
misfit X should be calculated by
6, =2a, —a, )Na, +a, ), where a, and a,. are the
lattice constants of the y' phase and the y phase in the
vertical matrix channels, respectively. Figure 6(a)
indicates that both the lattice constants of y matrix and )’
precipitate are increased and the increment of the lattice

Fig.3 Fully heat treated microstructures of alloy 3Cr (a) and
alloy 5Cr (b)
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Fig.4 Variations of y' particle size and )" volume fraction of

alloys with Cr addition

constant of p matrix is larger. The degree of the
tetragonal distortion of y lattice was evaluated by a,//a,.,
where a,, and a,. are the lattice constants of y phase in
the horizontal and vertical matrix channels, respectively.
Thus, it shows that the y/y’ lattice misfit becomes more
negative and the tetragonal distortion of y lattice
becomes more severely with Cr addition (see Fig.6(b)).
As known, a severer distortion of y lattice would give
rise to larger elastic strain energy at the coherent y/y’
interfaces. It would be an effective barrier for the growth
of ' particles, which results in a smaller y’ size and then
a reduced 9’ volume fraction. Moreover, it was reported
that a more negative p/y' lattice misfit would be
beneficial to the creep properties for SC superalloys[16].
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Fig.5 Fitting results of (004) peaks for alloy 3Cr (a) and alloy
5Cr (b) under full heat treatment
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On the other hand, adding Cr improves hot corrosion but
degrades microstructural stability associated with
precipitation of TCP phases[6]. Therefore, to balance
properly the trade-off of these effects of Cr is needed.

Figure 7 illustrates the comparison of the partition
ratio k; and &/’ for alloying elements in alloy 3Cr and 5Cr.
It is clearly seen that Cr was mainly distributed in y
matrix. The most striking feature is that the partition
ratio of Re in alloy 5Cr is significantly greater than that
in alloy 3Cr. Moreover, the partition ratio of another
significant strengthening element W was also increased
with 5% Cr addition. Therefore, it is easily considered
that more Re and W partitioned to y matrix would give
rise to a more negative lattice misfit between the
coherent precipitates and matrix due to their larger
atomic radii. This well explains the experimental results
mentioned above. Besides, it should be noticed that the
y/y' partition ratio of Cr was inversely decreased with Cr
addition. It would indirectly elucidate that more Re
atoms enter y phase as a result of substituting for Cr
atoms. Thus, it shows strong interaction between Cr and
Re. This would also have a great effect on the
microstructure and mechanical properties for SC
superalloys.
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Fig.7 Comparison of partition ratio for alloying elements in
two alloys

4 Conclusions

1) With Cr addition, the volume fraction of y/y'
eutectic is increased and the segregation of alloying
elements is severer. Both the solidus and liquidus
temperature are reduced remarkably.

2) The average y' size and volume fraction are
decreased and the yp/y’ lattice misfit becomes more
negative in the fully heat treated microstructure with
increasing Cr content.

3) The y/y' partition ratios of Re and W are
significantly increased, while that of Cr is inversely
decreased with the increment of Cr content.
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