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Abstract. The morphology, composition, structure and formation mechanisms of precipitates 
in three Ni-base single crystal superalloys containing 3.2 at. % Ru by adding Cr (0 to 6.5 at. %) 
were investigated. The precipitation speed in the Low-Cr alloy was low at a temperature of 
1100 °C. The ReRu-rich δ phase, with a hexagonal structure, was the primary phase. A high 
quantity of precipitates appeared in the high Cr alloy after 50 h of heat treatment. The quantity 
increased rapidly from that time. The σ phases dominated the precipitate after a short period of 
heating at 1100 °C, with the orientation relationship corresponding to [111] γ/γ′// [111] σ and 
(110) γ/γ′ // (110) σ. The σ phase transformed into the intergrowth of the σ and the P phases 
discontinuously through the σ needle as the exposure time increased. The large elemental γ/γ′ 
partitioning ratio of Re in 6.5 at. % Cr was the key factor that promoted nucleation in the σ 
phase.  

1. Introduction 
The major advancement in third-generation alloys was achieved through the addition of rhenium (Re), 
which enabled a significant increase in the creep capability over earlier generation alloys[1][2]. 
However, if the concentration of Re and other refractory elements are greater than their solubility, 
topologically close-packed (TCP) phases may form during long-term thermal exposure, which will 
seriously deteriorate creep strength[3]. Based on third-generation superalloys, ruthenium (Ru)-bearing 
Ni-based superalloys have been heavily researched because they have a stable microstructure. The 
addition of Ru prohibits the precipitation of TCP during high-temperature service of the alloys by 
decreasing the element partitioning of Re in the γ phase[4][5]. Ru is a refractory element, and its 
addition to superalloys can effectively strengthen the γ and γ´ phases[6][7][8].  

Chromium (Cr) is generally added to Ni-based superalloys because it is aids in hot corrosion 
resistance and oxidation resistance. In addition, Cr is an effective solid-solution strengthener[9]. 
Modern commercial Ni-based single crystals[10] and directionally solidified[11] superalloys contain 
moderate amounts of Cr. However, at high levels of Cr, detrimental TCP phases occur[12]. To 
optimize the physical and mechanical properties of Ni-based superalloys, a detailed understanding of 
the effect of Cr on the microstructure and on the precipitation process of Ru-bearing Ni-based 
superalloys is necessary. In our early work[13], we reported on the microstructural variation in the γ/γ’ 
matrix and precipitates in alloys that contained high levels of Cr and Ru. An understanding of the 
detailed crystallographic structures and their formation mechanism is still required.  
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Furthermore, it has been reported that Ru-containing Ni-based alloys precipitate a hexagonally 
structured δ phase[14], which is different than the precipitate from conventional TCP phases. The 
precipitation of the δ phase in a series of Ru-bearing single crystal superalloys was first reported in 
2003[15]. Because this study is focusing on Ru-bearing single crystal superalloys, the precipitation of 
the δ phase is therefore expected to appear based on that previous study. It is therefore important to 
detail the precipitation process and its formation factors. Furthermore, this process must be compared 
with the conventional TCP phase process to aid in the development of this new generation of 
superalloys.  

The objective of this study is to investigate the morphological and structural variations in the 
precipitates of high levels of Ru-bearing (3.2 at. %) Ni-based single crystal alloys during thermal 
exposure with the addition of different levels of Cr (0-6.5 at.%). The primary factors that affect the 
formation of the δ phase and of the TCP phases will also be discussed. The intergrowth of the two 
TCP phases in High-Cr alloys will also be presented. 

2. Experimental Procedure 
Three experimental fourth-generation alloys containing 1.6 at. % Re and 3.2 at. % Ru were considered. 
The compositions, shown in table 1, vary systemically in Cr concentration, at 0 at. %, 3.5 at. % and 
6.5 at.%. The materials were all vacuum induction melted (VIM), and selected alloys from among this 
set were directionally solidified (DS) into cylindrical bars in ceramic cluster molds in a Bridgman 
furnace at a withdrawal rate of 200 mm/h. 
 

Table 1. Nominal compositions of the investigated alloys (at.%). 

Alloy Ni Al Ta W Co Re Cr Ru 
USTB-0Cr Bal. 13.7 2.8 1.9 7.8 1.6 0 3.2 

USTB-3.5Cr Bal. 14.3 2.7 2.0 7.6 1.6 3.5 3.2 
USTB-6.5Cr Bal. 14.5 2.8 2.0 7.7 1.6 6.5 3.2 

 
Conventional helical starters were used to initiate single crystal growth. Heat treatment 

experiments were conducted on oversized samples in a tube furnace in an air atmosphere. In this study, 
the investigated alloys were heated in a two-step procedure: (1) a solution treatment, consisting of 
thermal exposure at 1300 °C for 4 h with a subsequent water quench followed by (2) a thermal 
exposure treatment, consisting of thermal exposure at 1100 °C for 50 h, 800 h, 1000 h, 1500 h and 
2000 h. As-cast and heat-treated specimens for microstructural examination were prepared by standard 
metallographic procedures and etched in an etchant of 1% HF, 33% CH3COOH, 33% HNO3 and 33% 
H2O. The specimens were studied with a ZEISS SUPRA 55FEG scanning electron microscope (SEM) 
operated in the secondary electron (SE) imaging modes. The specimens for transmission electron 
microscopy were prepared by twin-jet electro-polishing techniques in a solution of 10% perchloric 
acid, 9% distilled water, 13% butyl cellusolve and 68% methanol at -40 °C and 20 V. A JEOL 2010 
electron microscope was used to identify and analyse the phases using selected area electron 
diffraction (SAED), and energy dispersive spectroscopy (EDX). Samples were sectioned on {111} to 
increase the probability that the TCP phases will be near a low index orientation, which would thus 
facilitate the identification of the phases. Selected area diffraction (SAD) patterns were obtained via 
transmission electron microscopy (TEM). 

3. Results 
As reported in our previous works[16][17][18], no additional phases beyond the γ or γ´ phases were 
observed in the as-solidified or solution-treated microstructures. 

3.1. Alloy USTB-0Cr 
After aging at 1100 °C for 1000 h, short needle-like precipitates on the order of a few micrometres 
long are visible among the γ/γ´ matrix in alloy USTB-0Cr, as shown in the SEM image in Figure 1a, 
where the viewing direction is parallel to the <001> growth direction. A typical SEM image of 
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precipitates embedded within the γ/γ´ matrix in the alloy aged for 2000 h is shown in Figure 1b. The 
data in this figure show no morphological variation. A statistical analysis indicated that the quantity of 
precipitates did not change substantively between the alloy aged for 1000 h and that aged for 2000 h. 
The data in the bright field TEM image in Figure 1c show one sheet of plate-like precipitation that lies 
on the matrix. The electron diffraction pattern (EDP) along the [221] direction of this precipitation, 
shown in Figure 1d, indicates it is of the hexagonal Re/Ru type (P63/mmc, a=2.7 Å, c=4.4 Å, α=90o, 
γ=120o). The chemical composition of the precipitate measured by EDX in the TEM is shown in table 
2. The data in the table show that, except for the base element Ni and small amounts of Al and Co, Re 
and Ru were the primary elements at a ratio of 1:1, which is similar to the hexagonal δ-Re0.54Ru0.46 
phase (P63/mmc, a=2.7 Å, c=4.3 Å, α=90o, γ=120o). 
 

 
Figure 1. Typical SE images of alloy USTB-0Cr after aging at 1100 °C for (a) 1000 h and (b) 2000 h, 
(c) Bright field TEM image of a region containing plate-like precipitates in USTB-0Cr alloys aged at 

1100 °C for 1000 h, (d) the SAED pattern in c. 
 

Table 2. Average chemical composition (at. %) of the precipitation in alloy 0Cr after thermal 
exposure at 1100°C for 1000 h. 

Element Precipitation(at.%) 
 Ni 51.8 
Al 7.8 
Co 8.6 
Re 17.1 
Ru 14.7 

3.2. Alloy USTB-3.5Cr 
Figures 2a-b show representative SEM images of USTB-3.5Cr alloy after exposure at 1100 ºC for 
1000 h and 2000 h, respectively. Needle- and disc-like precipitates formed in the USTB-3.5Cr alloy 
with a similar morphology and volume fraction as those observed in the USTB-0Cr alloy. An increase 
in the γ′ phase was observed in the USTB-3.5Cr alloy. The results indicate that adding Cr alters the 
morphology from spherical to cubic and reduces the thermal stability of the superalloy. Figures 2c-d 
show the bright field TEM image and the corresponding SAED pattern of the precipitate. The data in 
those figures show that the precipitate has the same crystallographic structure as that formed in the 
USTB-0Cr alloy. The energy dispersive x-ray spectroscopy (EDS) analysis indicates that the 
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precipitation was rich in Re and Ru with an average Re/Ru ratio of approximately 2, as shown in table 
3 (37 at. % Re and 20.7 at. % Ru). The precipitates, in total, contained 57.7 at. % Re and Ru elements, 
which is much greater than the composition of the USTB-3.5Cr alloy itself (31.8 at.%). It is known 
that Re0.9Ru0.1, Re0.54Ru0.46 and Re have the same crystallographic structure of P63/mmc, where a=2.7 
Å, c=4.3 Å, α=90o and γ=120 o. The precipitates of the alloy USTB-3.5Cr can be seen as a solid 
solution of Re and Ru with a hexagonal Re structure (also the same as Re0.9Ru0.1 and Re0.54Ru0.46). 

 

 
Figure 2. Representative microstructures of the USTB-3.5Cr alloy after exposure at 1100 ºC for (a) 

1000 h and (b) 2000 h. (c) Bright field TEM image of the USTB-3.5Cr alloy after exposure at 1100 ºC 
for 1000 h. (d) The corresponding SAED pattern of the precipitate. 

 
Table 3. Chemical composition (at. %) of the precipitation from sample 3.5Cr after thermal exposure 

at 1100 °C for 1000 h. 

Element Precipitation(at.%) 
Ni 28.1 
Co 8.7 
Re 5.3 
Re 37.0 
Ru 20.9 

3.3. Alloy USTB-6.5Cr 
Figures 3a-b show the SEM image of the 6.5 at. % Cr alloy after thermal exposure at 1100 ºC for 50 h 
and 800 h, respectively. Needle-like precipitates with lengths of tens of micrometres and morphologies 
similar to the TCP phases formed in the specimen after a short exposure time of 50 h. A large fraction 
of precipitates with a much larger length of over 100 μm formed during prolonged exposure at 800 h 
(Figure 3b). The results indicated that the addition of 6.5 at. % Cr accelerates the nucleation and 
growth rate of the precipitate and improves the regularity of the γ′ phase. 
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Figure 3. (a) SEM micrograph of alloy USTB-6.5Cr after thermal exposure at 1100 °C for 50 h and (b) 

800 h 
 

Figures 4a-b show the bright field TEM image and the corresponding SAED pattern of the 
precipitate formed in the 6.5 at. % Cr alloy after exposure at 1100 ºC for 50 h. The SAED pattern 
contains two sets of diffraction patterns; the bright set corresponds to the γ/γ′ matrix and the faint set is 
indexed as the σ phase (P42/mnm, a=9.1 Å, c=4.7 Å, α=90°). The orientation relationship between the 
two sets of patterns were determined to be [111] γ/γ′// [111] σ and (110) γγ′// (110) σ. Figure 4c is a typical 
high-resolution transmission electron microscope (HRTEM) image at a distance of 0.9 nm between 
two adjacent clusters, indexed by circles. Experimental data on other precipitates were also identified 
as the σ phase. 

 

 
Figure 4. (a) Bright field TEM image of precipitates in alloy USTB-6.5Cr after thermal exposure at 

1100°C for 50 h and (b) Corresponding EDP of (a). (c) HRTEM image between two adjacent clusters 
 

Figure 5a is a TEM image of the precipitate formed in USTB-6.5Cr after exposure at 1100 ºC for 
800 h. Four regions, marked as A-D in Figure 5a, were subjected to SAED analysis. The SAED 
patterns of regions A and C in Figure 5b can be attributed to the same crystal of the σ phase. The 
SAED patterns of regions B and D have the same pattern as that shown in Figure 5c and are indexed 
as the P phase (Pnma, a=9.0 Å, b=16.9 Å, c=4.7 Å, α=90°). The results indicated that a transformation 
from the σ phase to the P phase occurred during the prolonged exposure time in a random mode 
instead of a continuous mode. 
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Figure 5. TEM identification of the precipitate in the USTB-6.5Cr alloy after thermal exposure at 

1100 ºC for 800 h.  
(a) Bright field TEM image. (b) SAED pattern of region A. (c) SAED pattern of region B. 

 
The chemical compositions of the two types of precipitates were measured using EDS in TEM. The 

results are listed in table 4. All of the precipitates are rich in Cr and Re in a ratio of approximately 2:3. 
The fraction of Cr and Re is higher in the precipitate formed after exposure for 800 h than that formed 
after exposure for 50 h, which indicates a gradual concentration of these elements in the precipitates 
with prolonged exposure time. The fraction of Re is higher in the P phase than in the σ phase. 
 

Table 4. Chemical compositions (at. %) of precipitates from the 6.5 at. % Cr alloy after thermal 
exposure at 1100 ºC. 

Element 50 h(σ) 800 h(σ) 800 h(P) 
Al 0.89 - - 
Cr 17.4 20.19 12.98 
Co 8.86 8.94 6.64 
Ni 35.15 12.99 15.99 
Ru 2.83 7.70 8.52 
Ta 3.00 7.71 13.92 
W 10.82 13.66 9.74 
Re 21.05 28.81 32.21 

4. Discussion 
Table 5 summarizes the type and quantity of precipitates formed in the three specimens after thermal 
exposure at 1100 ºC for different times. The addition of 3.5 at. % Cr only slightly influences the 
precipitation, even after a long exposure time of 2000 h; however, it changes the morphology of the γ′ 
phase. The addition of 6.5 at. % Cr has influences the precipitate in two ways. First, it remarkably 
reduces the incubation time, from ~1000 h to less than 50 h, resulting in an increase in the quantity of 
precipitates and the growth rate of the precipitate. Second, it produces a variation in the type of 
precipitate, from the δ phase in the USTB-0Cr and USTB-3.5Cr alloys, to the σ and P phases in the 
USTB-6.5Cr alloy. Style and Spacing. 

 
Table 5. Precipitate type and quantity obtained in the three specimens after different exposure times.  

Alloy   
Detectable time (h) Phase  Exposure time (h) Phase  

USTB-0Cr 1000 δ 2000  δ 
USTB-3.5Cr 1000 δ 2000  δ 
USTB-6.5Cr 50  σ  2000 σ + P  
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A typical component of the σ phase in Re superalloys, a precursor of TCPs, is Cr2Re3[18]. 
Therefore, the formation of the σ phase is inhibited in the USTB-0Cr alloy because of the absence of 
Cr. Precipitation of the δ-ReRu in the USTB-0Cr alloy is expected because the alloy contains a large 
amount of Re and Ru. It is well known that adding Cr promotes the supersaturated solid solubility of 
refractory elements, particularly the Re element, which is prone to form the TCP phases[19]. Table 6 
lists the elemental γ/γ′ partitioning ratio ( ik ) measured from the dendritic regions in the three alloys 

after exposure at 1100 ºC for 800 h. The ik  is defined as 

i
i

i

Ck
C

γ

γ ′=                                                                      (1) 

where iCγ  and iCγ ′ are the atomic concentrations of the element in the γ and γ′ phases, respectively. 

The ik  increases from 3.8 in the USTB-0Cr alloy to 7.6 in the USTB-3.5Cr alloy and to 20.2 in the 
USTB-6.5Cr alloy. It is thus reasonable to deduce that the large amount of aggregation of Re in the 
USTB-6.5Cr alloy from partitioning can promote the precipitation of the TCP phases[20].  

 
Table 6. Elemental γ/γ′ partitioning ratios in the three alloys after thermal exposure at 1100 ºC for 800 

h. 

Alloy Al Cr Co Ni Ru Ta W Re 
USTB-0Cr 0.61 - 1.47 - 1.28 0.56 1.43 3.80 

USTB-3.5Cr 0.60 3.0 1.70 - 1.57 0.39 1.26 7.62 
USTB-6.5Cr 0.54 2.97 1.71 - 1.98 0.14 1.28 20.20 

5. Conclusion 
The effect of Cr on the precipitation behaviours in three Ru-containing single-crystal Ni-based 
superalloys subjected to thermal exposure at 1100 ºC was studied. The conclusions are summarized as 
follows:  
1. The addition of 3.5 at. % Cr slightly influences the precipitation behaviours. The precipitate in both 

of the alloys, i.e., free of Cr and 3.5 at. % Cr, was identified to be hexagonal-type δ phase, which is 
stable up to 2000 h of exposure.  

2. The addition of 6.5 at. % Cr remarkably reduces the incubation time of the precipitate from ~1000 
h in the Cr-free and 3.5 at. % Cr alloys to 50 h. The precipitate in the 6.5 at. % Cr alloy is the σ 
phase, which is a type of TCP phase. The σ phase transformed to the P phase discontinuously 
through the σ needles as the exposure time increased.  

3. The large elemental γ/γ′ partitioning ratio of Re in 6.5 at. % Cr was the key factor that promoted 
the nucleation of the σ phase.   
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