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Abstract In this paper, the isothermal section at 1273 K

and liquidus projection of ternary Ni-Al-Os system in Ni-

rich region were firstly measured by using 6 annealed and 6

as-cast Ni-Al-Os alloys with 65 at.% Ni in combination

with x-ray diffraction, optical microscopy and electron

probe microanalysis techniques. For the determined partial

isothermal section at 1273 K, 2 single-phase, 4 two-phase

and 2 three-phase regions were observed. The solubilities

of Os in both c and c0 phases were also determined. For the

proposed liquidus projection, four primary surfaces of c0, c,
b and d, and two invariant reactions were identified. Sec-

ondly, the microhardness of both as-cast and annealed

alloys were measured. The evolution trend of microhard-

ness in both as-cast and annealed alloys with Os addition

generally increases first, and then decreases. Thirdly, the

further comprehensive discussion on possible substitution

of Re by Os in new-generation nickel-based single-crystal

superalloys were performed in terms of strengthening

degree, high-temperature creep resistance, and possibility

for formation of harmful topologically close-packed pha-

ses. It was finally concluded that Os may be used as a new

additional element to replace or partly replace Re in Ni-

based single crystal superalloys.

Keywords Liquid projection � Microhardness � Ni-Al-Os
alloys � Phase equilibria � Re-substitutional element

1 Introduction

Nickel-based superalloys are remarkable for their resis-

tance to mechanical and chemical degradation at temper-

ature up to 1273 K and beyond.[1] The single crystal Ni-

based superalloys are widely used to produce the turbine

blades and guide vanes for aero-engines and industrial gas

turbine due to their high-temperature capability.[1–3] As the

operating temperature of gas turbine increases to improve

the efficiency, the novel superalloys with better perfor-

mance are always in need. In past decades, a series of

nickel-based single crystal superalloys have been designed

with the addition of Re.[4,5] It is well accepted that the

creep properties of nickel-based superalloys have been

largely improved with the addition of Re. Re not only

slows the coarsening process of c0 phase, but also stabilizes

the c0 rafted structures. Moreover, the addition of Re also

makes the lattice misfit more negative which accelerates

the formation of dislocation networks at c/c0 interfaces.

However, the addition of Re makes the microstructural

homogenization more difficult during heat treatment.[6,7]

What’s more, the excessive Re addition could result in the

formation of topologically close-packed (TCP)

phases.[8–10] The precipitation of TCP phases can deplete

the important strengthening elements from the matrix,

interrupt the microstructural continuity and degrade the

creep properties.[11,12] In order to further improve the

microstructural stability and develop the single crystal

superalloys to meet higher requirements, development of

superalloys with less or even no Re has become a hot topic.

One effective strategy lies in the search of the elements

with similar or even lower diffusion coefficients in nickel-

based matrix in comparison with that of Re.[13–19] Very

recently, the diffusion coefficients of Os in nickel-based

superalloys at 1573 K were observed in our research group
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to be even lower than those of Re.[15,16] In order to further

investigate whether Os can be used as a new additional

element to replace or partly replace Re in nickel-base

single crystal superalloys, a comprehensive study on phase

equilibria and mechanical properties for nickel-base

superalloys with Os is the prerequisite. However, the rel-

evant information is still missing in the literature except for

binary Ni-Os system.[15]

Consequently, the Ni-Al-Os ternary system is chosen as

the target in the present work. The major aims of this paper

are (1) to determine the phase equilibria of the Ni-Al-Os

system in Ni-rich region by using both annealed and as-cast

alloys in combination with x-ray diffraction (XRD) and

electronic probe microscopy analyzer (EPMA) techniques;

(2) to measure the microhardness for both annealed and as-

cast alloys as a function of Os concentration, and (3) to

further discuss whether Os is possible to substitute or

partially substitute Re in nickel-based superalloys or not.

2 Experimental Procedure

Six ternary Ni-Al-Os alloy samples containing 65 at.% Ni

but with different Al/Os ratios were designed. The speci-

mens with nominal compositions listed in Table 1 were

prepared by arc-melting the pieces of pure Ni, Al and Os

(purities: 99.99, 99.95 and 99.99%, respectively) in an arc

melting furnace (WKDHL-I, Opto-electronics Co. Ltd.,

Beijing, China) under a high purity argon atmosphere,

which was equipped with a non-consumable tungsten

electrode and a water-cooled copper anode. To ensure

refractory element Os fully integrated into the alloy ingot,

the smelting procedure was divided into the following three

steps:[15,16] first, the master Ni-Os ingots were melted.

After that, the Ni-Os ingots were sheared into small pieces

and re-melted several times to ensure the composition

homogeneity. In the third step, the appropriate Al content

was finally added into each Ni-Os alloy ingot and melted

together. During this step, all the ingots were melted

repeatedly five times to improve the composition homo-

geneity. Because the total weight loss for each alloy ingot

is less than 1 wt.%, and thus no further composition

analysis is needed. Each sample was divided into two

pieces. One piece was directly subjected for as-cast anal-

ysis, while the other was encapsulated in the evacuated

quartz tube for annealing at 1273 K for 52 days to achieve

the equilibrium state, followed by water quenching.

The XRD powder measurement of all the samples was

performed using a Cu-Ka radiation on a x-ray diffrac-

tometer (Rigaku D-max/2550 VB?) at 40 kV and 300 mA

to identify the phase structure. After standard metallo-

graphic preparation, the samples were examined by optical

microscope (Leica DMLP, Wetzlar GmbH, Germany).

Then, the microstructure of each sample was examined

using the electron probe microanalysis (EPMA) (JXA-

8100, JEOL, Japan) in backscattered electron (BSE)

imaging mode equipped. Moreover, all the annealed sam-

ples were examined by EPMA to determine the composi-

tion of each phase. The microhardness of each sample was

measured by a microhardness tester (Micromet5104,

BUEHLER. Ltd, USA) equipped at maximal load of 9.8 N

Table 1 List of constituent

phases and their compositions in

the Ni-Al-Os ternary alloys

annealed at 1273 K

Alloy Nominal composition, at.% EPMA results, at.%* Phase equilibria

Ni Al Os Ni Al Os

#1 65 31 4 63.7(4) 35.1(4) 1.15(4) b

74.0(2) 25.8(2) 0.15(2) c0

21.4(2) 4.3(22) 74.3(20) d

#2 65 25 10 65.6(9) 33.3(9) 1.15(1) b

75.7(7) 24.1(7) 0.17(1) c0

15.6(15) 5.3(5) 79.2(26) d

#3 65 22 13 75.69(1) 24.12(3) 0.20(2) c0

11.3(14) 4.5(4) 84.2(20) d

#4 65 19 16 77.3(2) 21.63(4) 1.1(3) c0

8.5(5) 4.8(18) 86.7(25) d

#5 65 15 20 78.4(5) 20.8(4) 0.83(9) c0

84.8(3) 13.7(2) 1.51(5) c

11.7(17) 4.6(3) 83.7(15) d

#6 65 5 30 88.9(3) 9.1(3) 1.97(4) c

11.9(6) 0.27(10) 87.9(5) d

*The standard deviation of the last significant digit is indicated in parentheses
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to measure the hardness of integrated microstructure. Five

measurements were carried out for each sample.

3 Results and Discussion

3.1 Isothermal Section at 1273 K in Ni-Rich Region

Phase equilibria of the Ni-Al-Os ternary system in Ni-rich

region at 1273 K were firstly studied on the basis of the

samples annealed at 1273 K for 52 days. The obtained

experimental information on the phase equilibria in the Ni-

Al-Os ternary system is summarized in Tables 1 and 2, and

briefly listed as follows.

The microstructure and XRD patterns of alloys #1, #2,

and #5 annealed at 1273 K are shown in Fig. 1 and 2. In

Fig. 2(a) and (b), the XRD results show that alloys #1 and

#2 are in the same three-phase region, consisted of b, c0 and
d phases. In combination with the BSE results, the white,

dark gray and pale gray grains in Fig. 1(a) and (b) are d, c0

and b phases, respectively. The average equilibrium con-

centrations of Os in c0 phase and b phase of alloys #1 and

#2 are measured to be 0.15 at.% and 1.22 at.%. As for

alloy #5, the white d phase, the dark gray c0 phase, and the

pale gray c phase are observed in BSE image in

Fig. 1(e) and also confirmed by the XRD patterns in

Fig. 2(e). The average concentrations of Os in c0 phase and
c phase are 0.83 and 1.50 at.%, respectively. On the basis

of the above results on alloys #1, #2 and #5, the two three-

phase regions, (b ? c0 ? d) and (c0 ? c ? d), are

confirmed.

The microstructure and XRD patterns of alloys #3, #4

and #6 are also shown in Fig. 1 and 2. It can be seen in

Fig. 1(c), (d) and (f) that all these samples contain two

phases, i.e. gray c or c0 phase and white d phase. The

EPMA results indicate that alloys #3 and #4 locate in the

two-phase region of (c0 ? d). The solubilities of Os in c0

phase of alloys #3 and #4 are 0.20 and 1.09 at.%, respec-

tively. The micrograph and XRD pattern of alloy #6 dis-

played respectively in Fig. 1(f) and 2(f) show that the gray

c phase and white d phase co-exist in this alloy, indicating

that alloy #6 locates in the two-phase region of (c0 ? c).
Based on the above experimental results from all the

alloys annealed at 1273 K together with the phase equi-

libria on the boundary binary Ni-Al[20] and Ni-Os

systems,[21] the isothermal section of the ternary Ni-Al-Os

system at 1273 K in Ni-rich region is constructed in Fig. 3.

It can be clearly seen that the existence of 2 single-phase

regions (c0 and c), 4 two-phase regions (c0 ? b, c0 ? d,
c ? c0, and c ? d), and 2 three-phase regions (d ? c0 ? b
and c ? c0 ? d) can be confirmed at 1273 K.

3.2 Liquidus Projection in Ni-Rich Region

All the samples in as-cast state were also analyzed by XRD

and EPMA, and the results are shown in Fig. 4 and 5,

respectively, from which a schematic layout of the liquidus

projection of ternary Ni-Al-Os system in Ni-rich corner can

be constructed.

The XRD pattern of as-cast alloy #1 confirms the co-

existence of b phase and c0 phase. Together with EPMA

analysis, the gray matrix, the dark gray grains and the light

white gray islands in alloy #1 are determined to be b phase,

c0 phase and c phase, respectively. The primary phase is b
followed by eutectic reaction involving b and c. c0 phase is
regarded to form via a ternary invariant reaction between

residual liquid and b phase. The solidification sequence for

alloy #1 is proposed as follows:

L ! b

L ! bþ c

Lþ b ! cþ c0

Table 2 Ni-Al-Os crystal

structure data
Phase Pearson Space group Strukturberich designation Prototype

c cF4 Fm-3 m A1 Cu

c0 cP4 Pm-3 m L12 Cu3Au

d hP2 P63/mmc A3 Mg

b cP2 Pm-3 m B2 CsCl

Fig. 1 XRD patterns of all the alloys (1# * 6#) annealed at 1273 K
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Fig. 2 BSE images of the

alloys annealed at 1273 K:

(a) #1; (b) #2; (c) #3; (d) #4;

(e) #5; (f) #6

Fig. 3 Isothermal section of the ternary Ni-Al-Os system at 1273 K

in Ni-rich region is constructed. The phase equilibria on the boundary

binaries[20,21] were used

Fig. 4 XRD patterns of all the as-cast alloys (1# * 6#)
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Moreover, there are also some very fine white blocks

connecting b phase and c0 phase, which are determined to

be d phase forming as the temperature decreases. From the

BSE image shown in Fig. 5(a), the fine white needle-like d
phase can be observed not only along the b grain bound-

aries but also in b matrix. Thus, it can be roughly con-

cluded that the d phase precipitates from the b phase.

As-cast alloy #2 owns more complex microstructure

with four phases. The XRD pattern of as-cast alloy #2

shows the obvious characteristic peaks of d and c0 pha-
ses. Combined with EPMA analysis, the white phase is

determined to be primary d. The solidification is along

the e2-U1-U2 line, and the grey region is the mixture of

b phase, fine d phase, c0 phase, c phase. Based on the

above analysis, the solidification sequence for alloy #2 is

given as follows:

L ! d

L ! bþ d

Lþ d ! bþ c

Lþ b ! cþ c0

For the transition-type invariant reaction L ? d ?
b ? c, one can clearly see the primary d grains surrounded

by c phase from Fig. 5(b), which is a typical peritectic

structure. As for the b phase, it forms via binary eutectic

reaction, and distributes dispersedly. That is why it is hard

to clearly distinguish the peritectic structure.

As-cast alloys #3 and #4 exhibit the similar

microstructure. The XRD patterns confirm the existence of

d and c0 phases. Together with EPMA results, the matrix is

a mixture of c phase (grey region) and c0 phase (dark-grey

region) because a clear interface between the two phases

Fig. 5 BSE images of the as-

cast alloys: (a) #1; (b) #2;

(c) #3; (d) #4; (e) #5; (f) #6
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exists. Moreover, according to the EPMA analysis, the

white islands which are surrounded by c phase are identi-

fied to be primary d phase. That is because the peritectic

process along p2-U1 line is very slow when c phase has

surrounded d phase. The liquid tends to cross the

U1U2p1Nip2 region by forming c phase directly and

arrives at U2p1 line. The solidification sequence for alloy

#3 and alloy #4 is proposed as follows:

L ! d

Lþ d ! c

L ! c

L ! cþ c0

The microstructure of as-cast alloys #5 and #6 are

comprised of d dendrites and occasionally cored c matrix.

Such coring phenomenon occurs when fast cooling does

not allow sufficient diffusion to occur to equilibrate the

compositional differences between the different layers

deposited at lowering temperatures during solidification.[22]

The XRD patterns show broad peaks for c phase since it is
cored. Thus, it is deduced that the martix phase in both

alloys 5 and 6 is single c phase based on XRD and EPMA

results analysis. In some regions the obviously irregular

outline which usually associate with a peritectic reaction

appears. In Fig. 5(e) and (f), one can see different mor-

phologies for d phase, like coarse dendrites and small

grains with nearly round shape. This fact indicates that d
phase solidifies from the liquid. The solidification sequence

for alloy #5 and alloy #6 is presented as follows:

L ! d

Lþ d ! c

Based on the experimental results and analysis above,

the liquidus projection of the Ni-Al-Os system in Ni-rich

region is constructed in Fig. 6. The alloy compositions are

also superimposed. As can be seen, four primary solidifi-

cation surfaces, i.e., c0, c, b and d phases, are contained in

the liquidus projection.

3.3 Hardness Behavior

The measured microhardnesses in the as-cast and annealed

specimens as a function of Os content are shown in Fig. 7.

It can be seen that the hardness shows an obvious change as

the increase of Os content. This fact is expected since

different contents of Os in the alloys yield very different

phases and microstructures, as explained in the previous

sections.

Firstly, the highest hardness is observed in the as-cast

alloy #2, which can be attributed to the contribution of very

fine b/d eutectic structure. The as-cast alloys #5 and #6,

comprised by large c and d phases, are with the lowest

hardness. The other as-cast alloys are with the moderate/

high hardness due to the existence of c0 phase. The highest
value observed in the annealed specimens is sample #3

which is constructed of c0 and d phases. The other annealed

alloys are lower than sample #3 due to the decrease amount

of c0 phase. In general, the evolution trend of microhard-

ness in both as-cast and annealed alloys with Os addition

increases firstly, and then decreases. By coincidence, one

can also find that as the Os contents in alloys increases, the

content of c0 phase increases firstly, and then deceases,

which generally conforms with the trend of microhardness.

Thus, one may conclude that the dispersed c0 phase is the

mainly strengthening one in all the Ni-rich Ni-Al-Os

alloys.

Fig. 6 Liquidus projection of the Ni-Al-Os in Ni-rich region

determined in the present work

Fig. 7 Measured microhardness in all the annealed and as-cast alloys

as the Os content increases
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Secondly, it can be also observed that the microhard-

nesses of the as-cast alloys are higher than those of the

annealed alloys when the content of Os is lower than

13 at.%, while the microhardnesses of the annealed alloys

are higher when the content of Os in alloys exceeds

13 at.%. Thus, besides the effect of c0 phase stated above,

the fraction of disperse hard d-(Os) phase and the grain size
should be the other major reasons.

4 Further Discussion on the Possible Substitution
of Re

Based on the presently measured partial isothermal section

at 1273 K, the maximum solubilities of Os in c0 phase and

c phase are 0.83 and 1.50 at.%, respectively. Due to lack of

any experimental data for the ternary Ni-Al-Re at 1273 K,

the experimental information of Ni-Al-Re alloys at

1313 K[23] was used instead for direct comparison. In the

same two-phase region, the maximum solubilities of Re in

c0 phase and c phase are 1.50 and 2.22 at.%, respectively.

Similar with Re that is one of solid solution strengthening

elements in nickel-base single crystal superalloys, Os is

also more incline to dissolve in c phase than in c0 phase.
Therefore, the fact that Os dissolves in c phase matrix can

also produce the effect of solid solution strengthening in

nickel-base single crystal superalloys.

The c/c0 lattice misfit, usually defined as

d ¼ 2ðac0 � acÞ=ðac0 þ acÞ,[24] is one of the major

microstructural characteristics to influence the creep

properties in the nickel-based single-crystal superalloys.

Consistent with Vegard’s law,[1] one can have the rela-

tionship, i.e., ac ¼ a0
c
þ
P

i C
c
i x

c
i and ac

0 ¼ a0
c
0 þ

P
i C

c
0

i x
c
0

i .

The coefficients Cc
Os and Cc

0

Os are 5.99 9 10-4 and

3.47 9 10-4 nm/at.%, respectively. While the coefficients

Cc
Re and Cc

0

Re are 4.41 9 10-4 and 2.62 9 10-4 nm/at.%,

respectively.[1] The calculated c/c0 lattice misfit along the

phase boundary between (c ? c0) to (c ? c0 ? d) at

1273 K in the Ni-Al-Os system is 2.16 9 10-3. Similarly,

the lattice misfit in the Ni-Al-Re system at 1313 K is

1.94 9 10-3. The small positive or even negative misfit is

beneficial to the high-temperature creep resistance when

the service temperature of nickel-base superalloys is more

than 0.6Tm (Tm, melting point).[25–27] Here, such small

positive c/c0 lattice misfit is beneficial to the high-temper-

ature creep resistance. Moreover, our previous studies

show that the diffusion coefficients of Os in nickel-based

superalloys at 1573 K are even lower than those of

Re,[15,16] which also indicates that nickel-based single-

crystal superalloys with Os own the better the creep

resistance.[1] From the above analysis, we infer that Os

addition can improve the high-temperature creep property

of nickel-base single crystal superalloys, similar as Re.

Furthermore, we also analyze the possibility for Re-

substitution by Os in terms of formation of harmful TCP

phases. Generally, the TCP phase is considered as an

electronic compound, and the electronic factor is an

important criterion to judge the formation of TCP phase.

The conventional PHACOMP approach for calculation of

average electron vacancy number in c phase[27–31] has been
widely used in the alloy design for nickel-base single

crystal superalloys to predict microstructure stability and

precipitation trend of TCP phase. The TCP phase tends to

precipitate when the average electron vacancy number is

larger than the critical value.[27] Moreover, the smaller the

average electron vacancy number, the smaller the possi-

bility for TCP formation. The calculated electron vacancy

number of element Re is 3.66.[31] While the electron

vacancy number of element Os is evaluated to 2.66, which

is equivalent to the values of elements Fe and Ru.[27]

Considering that the average electron vacancy number of

Os is much smaller than Re, the formation possibility for

TCP precipitates in nickel-based alloys with Os addition

should be smaller than that in nickel-based alloys with Os

addition. Furthermore, the previous studies[32,33] have

revealed that Ru, which is with the equivalent electron

vacancy number as Os, can inhibit the precipitation of TCP

phase, and has been included in the new generation of

single crystal Ni-based superalloys. Hence, we can also

infer that Os addition may also suppress the formation of

TCP phase in nickel-base single crystal superalloys.

On one hand, Os tends to dissolve in c phase as a

solution strengthening element like Re, which can improve

the strength of alloy. On the other hand, the small positive

c/c0 lattice misfit as well as the lower interdiffusion coef-

ficients in alloys with Os addition are beneficial to improve

the creep resistance at high temperatures. Moreover, the

formation possibility for TCP phase in alloys with Os

addition is also smaller than that in alloys with Re addition.

Thus, it is anticipated that Os may be used as a new

additional element to replace or partly replace Re in nickel-

based single-crystal superalloys.

5 Conclusion

• The isothermal section of the Ni-Al-Os ternary system

at 1273 K in Ni-rich region was determined on the

basis of the XRD and EPMA analysis results of 6

equilibrated alloys. Two single-phase (c0 and c), four
two-phase (c0 ? b, c0 ? d, c ? c0, and c ? d), and two

three-phase (b ? c0 ? d, and c0 ? c ? d) regions were
confirmed. Moreover, the solubilities of Os in c and c0

phases were measured to be limited, and the solubility
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of Os in c phase is slightly larger than that in c0 phase at
1273 K.

• The liquidus projection of the Ni-Al-Os system in Ni-

rich corner was constructed by using 6 as-cast alloy

together with XRD and EPMA analysis. Four primary

solidification surfaces (c0, c, b and d) and two ternary

invariant reactions were confirmed on the determined

liquidus projection.

• The microhardnesses in both as-cast and annealed

samples were measured. It was found that the micro-

hardness in both as-cast and annealed alloys with Os

addition generally increases first, and then decreases.

Moreover, the microhardness of the as-cast alloys is

higher than that of the annealed alloys when Os

addition is lower than 13 at.%, while the microhardness

of the annealed alloys is higher when Os addition

exceeds 13 at.%.

• The possible substitution of Re by Os in new-genera-

tion nickel-based single-crystal superalloys was com-

prehensively discussed in terms of strengthening

degree, high-temperature creep resistance, and possi-

bility for formation of harmful TCP phases. Os addition

not only has the tendency to increase the strength and

the high-temperature creep resistance, but also the

possibility for suppressing the formation of TCP phase.

It is finally concluded that Os can replace Re or partly

replace Re in new-generation nickel-base single crystal

superalloys.
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