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Abstract 

The Ni-rich corner of the 1200 ºC isothermal sections of both the Ni-Al-Cr and Ni-Al-Mo 

ternary phase diagrams were obtained using diffusion multiples together with SEM 

imaging and electro-probe microanalysis (EPMA).  In the Ni-Al-Cr system, composition 

regions of both the Cr-based bcc phase and the β-NiAl phase were observed to be very 

different from those reported in the literature. For instance, the bcc phase was found to 

have ~ 26 at% Ni solubility, more than double what has been previously reported in the 

literature and more consistent with the binary Ni-Cr phase diagram.  In the Ni-Al-Mo 

system a new phase was discovered.  This phase, Ni5Al2Mo8, exists in what appears to be 

a near stoichiometric composition.  Its structure is yet to be determined.  Reliable phase 

equilibrium information useful for superalloy development, especially the phase 

boundary between the fcc () phase and the L12 (’) phase was obtained for both ternary 

systems.
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Introduction 

Phase diagrams are a powerful tool for designing alloys for both structural and 

multifunctional applications.  They provide equilibrium phase stability regions as well as the 

multi-phase regions for a given system.  Phase diagrams can be easily plotted for binary and 

ternary systems. For higher order systems, multi-dimensional plots are no longer convenient for 

two dimensional or space.  This challenge can be circumvented by pseudo-binary or pseudo-

ternary phase diagrams.  More recently, modeling software such as Thermo-Calc® has been used 

to determine phase stability in multicomponent alloys.  The major challenge associated with this 

approach is that the calculated phase stability is only as reliable as the database that is being used.  

Hence, if the database is unreliable then none of the calculations can be trusted.  Thus there is a 

great need for reliable thermodynamic data, especially reliable phase stability data. 

 Aluminum, chromium and molybdenum are among the most important alloying elements 

for Ni-base superalloys for jet engine and land-based gas turbine applications, thus reliable Ni-Al-

Cr and Ni-Al-Mo ternary phase diagrams are important for reliable design of superalloys. In 1997 

Fährmann et al
1
 published a paper on precipitation in Ni-Al-Mo alloys.  One of their observations 

was that the /+’ phase boundary was inconsistent with their experimental results, indicating 

that the phase boundary data in the literature were not reliable, as shown in Figure 1.  This 

problem has not been addressed yet in the literature.  

Similar lack of consensus was pointed out by Wu et al.
2
 for the Ni-rich corner of the Ni-

Al-Cr system as shown in Figure 2. 
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Figure 1 The Ni-rich corner of the Ni-Al-Mo phase diagram at 927 ºC showing the 

inconsistency between the phase diagram and the phase compositions 

obtained by Fährmann et al. 

 

 

Figure 2 The Ni-rich corner of the Ni-Al-Cr ternary phase diagram from Wu et al. 

showing lack of consistency in the phase boundaries. 
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The present work was undertaken to obtain reliable phase diagram data at the Ni-rich 

corner of both the Ni-Al-Cr and Ni-Al-Mo systems.  The samples used in this study were 

prepared by long-term annealing treatments to examine the phase boundaries at equilibrium in the 

ternary systems. Results obtained from such long-term annealed samples are supposed to provide 

more reliable phase equilibrium data. 
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Literature Review 

Binary Systems: 

The binary Ni-Al, Ni-Cr, Al-Cr, Ni-Mo, and Al-Mo systems pertinent to both Ni-

Al-Cr and Ni-Al-Mo ternary systems are briefly discussed here.  These systems set the 

boundary conditions for the ternary systems.  The Ni-Al binary system is the base for Ni-

based superalloys. The γ’ (Ni3Al) precipitation from the γ (fcc) matrix provides the major 

strengthening mechanism for Ni-based superalloys.  The Ni-Al phase diagram is shown 

in Fig. 3 which is the result of a significant number of studies. The important features in 

Figure 3 that are pertinent to this study are the solubility limits for the γ, γ’, and β phases.   
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Figure 3. The Ni-Al binary phase diagram.
3
 

 

 

The Ni-Cr binary phase diagram is shown in Figure 4 with several sets of 

experimental data superimposed. This diagram shows a dramatic temperature dependency 

of the solubility of Ni in the α(Cr) phase in the temperature range between 1100 and 1300 

ºC.  There is less dramatic, but still significant change of Cr solubility in the γ phase.  At 

1200 ºC, which is the temperature of the current study, the Ni solubility in bcc (Cr) and 

the Cr solubility in fcc (Ni) is ~ 26 at.% and ~48 at.%, respectively. Those data will be 

important to check the reliability of the ternary phase diagram data.  
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Figure 4. The Ni-Cr binary phase diagram.
3
 

 

 

The Al-Cr binary system is shown in Figure 5.  The important feature in  this phase 

diagram pertinent to this study is the Al solubility in the α(Cr) phase which is about 43 

at.% at 1200 ºC. 
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Figure 5.  The Al-Cr binary phase diagram.
4
 

 

 

For the Ni-Al-Mo system, the Ni-Al binary is repeated.  The Ni-Mo phase 

diagram is shown in Figure 6.  The solubility limits of the γ, δ, and α(Mo) phases are 

important to the present study.  There is only limited solubility Ni in Mo (e.g., 2 at.% at 

1200 ºC), but the solubility of Mo in g (Ni) is quite high, ~26 at.% at 1200 ºC. The -

MoNi intermetallic phase has a limited, but relatively poorly defined composition range 

from ~52 to 54 at.% Mo. 



 

 

8 

 

Figure 6. The Ni-Mo phase diagram.
3
 

 

             

Figure 7. The Al-Mo phase diagram.
5
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Figure 7 is the Al-Mo binary diagram which shows a strong temperature 

dependency of the Al solubility in (Mo).  At 1200 ºC, the solubility is ~ 3 at.%. The 

composition range of the Mo3Al phase is still ill-defined. 

The Ni-Al-Cr Ternary System: 

Oforka and Argent
6
 determined the Ni-Al-Cr ternary phase diagram at 1200 ºC 

(1473 K), as shown in Figure 8.  They show that there are no ternary phases present in 

this ternary system.  There is a large two phase region between the β and α(Cr) phases.  

The Ni solubility limit in the α(Cr) phase in Figure 8 is only ~13 at.% which is far from ~ 

26 at.%  that is expected from the binary Ni-Cr phase diagram (Figure 4).   

Two years after Figure 8 was published, Oforka and Haworth
7
 published a follow 

up phase diagram at 1423 K, Figure 9.  This diagram shows similar discrepancy in the Ni 

solubility limit in the α(Cr) phase. The overall phase diagram features are the same as 

those in Figure 8. 

These investigations were supplemented by the work of Hong, Mishima and 

Suzuki
8
 in the Ni-rich corner.  The work of Hong et al. was undertaken to determine the 

the two-phase regions between the γ and γ’ phases, and the γ’ and β phases.  They also 

determined the γ’ solvus lines with regard to the γ matrix. 
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Figure 8. The Ni-Al-Cr ternary phase diagram at 1423 K by Oforka and Argent. 

               

Figure 9. The Ni-Al-Cr ternary phase diagram at 1423 K by Oforka and Haworth. 
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Figure 10 Ni-rich corner of the Ni-Al-Cr ternary phase diagram at 1400 K by Hong et al. 

 

             

Figure 11 Ni-rich corner of the Ni-Al-Cr ternary phase diagram at 1300 K by Hong et al. 
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 A comparison of Figures 10 and 11 shows that there is a change in phase stability 

between 1300 and 1400 K.  At 1400 K the three-phase region is between the γ, γ’, and β 

phases, while at 1300 K the three-phase region is between the γ, γ’, and α(Cr) phases.  

The Cr solubility in the γ’ phase does not change much between the two temperatures.  

However, it should be mentioned that these studies are based on a single alloy at each 

temperature in the three-phase region. 

Figure 12 from Hong et al. shows the progression of iso-solvus lines (solvus 

projection) of the γ/γ-γ’ phase boundary. It clearly shows the increase Al solubility in the 

γ phase with increasing temperature. 

 

 

                 

Figure 12. The γ solvus lines for the Ni-Al-Cr ternary system by Hong et al. 
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Jia, Ishida and Nishizawa determined the phase boundaries of the γ-γ’ and γ’-β two 

phase regions at 1300 and 1100 ºC.  Their phase diagrams are plotted in wt.% axes 

instead of at.% axes as most other phase diagrams. 

 

 

                                   

Figure 13. Phase boundaries in the Ni-rich corner of the Ni-Al-Cr ternary system at 1100 

and 1300 ˚C by Jia, Ishida and Nishizawa (Note that these diagrams are 

plotted in wt.% instead of at.%). 
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Figure 14. The Ni-rich corner of the Ni-Al-Cr ternary phase diagram at 900 ºC by Brož et 

al. 

 

  

Brož et al.
9
 compared their own experimental results with four other studies in the 

literature in Figure 14.  Their study was performed at 900 ºC, a temperature much lower 

than the current work (1200 ºC); but their work shows that the phase boundaries do not 

agree with each other , especially for the calculated phase diagrams of Dupin vs Huang.  

This further illustrates the need for accurate determination of the phase boundaries of the 

Ni-Al-Cr system. 

 Grushko et al.
10

 made a comparison of 1150 ºC isothermal sections of the Ni-Al-

Cr ternary system from various source as shown in Figure 15.  They showed higher 
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solubility of Ni in the α(Cr) phase than that reported previously, but still much lower than 

what’s expected from the binary phase diagram (Figure 4).  They also show significant 

disagreement in the shape of the other phases present, which calls for further 

investigation of this system. 

 

 

                  

Figure 15. The Ni-Al-Cr ternary phase diagram at 1150 ºC by Grushko et al. 
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The Ni-Al-Mo Ternary System: 

 The Ni-Al-Mo system was studied by Nash, Fielding and West
11

 in 1983.  They 

reported the Ni-rich corner of an isothermal section at 1200 ºC, Figure 16.  The phases 

present are γ, γ’, β, δ, and α(Mo).  The AlMo3 phase that is present in the Al-Mo binary 

diagram is not present in this diagram.  The Mo solubility in the β phase is much less than 

the Cr solubility in the same phase. 

 

 

            

Figure 16. The 1200 ºC isothermal section of the Ni-Al-Mo ternary phase diagram by 

Nash et al. 

 

  

Miracle et al.
12

 measured the Ni-rich corner of the Ni-Al-Mo ternary system at 

five different temperatures as shown in Figures 17 to 21.  The shapes of the γ and γ’ 



 

 

17 

phases in their phase diagrams are significantly different from those reported by Nash et 

al.  For instance, the γ+γ’ two phase region is narrower in Figure 17 than in Figure 16,  

while the solubility limit of Al in the γ phase is approximately the same.  The three-phase 

regions in the two diagrams are similar and have the same compositions in the diagrams. 

 

 

            

Figure 17. The Ni-Al-Mo ternary phase diagram at 1260 ºC by Miracle et al. 

           

Figure 18. The Ni-Al-Mo ternary phase diagram at 1171 ºC by Miracle et al. 
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Figure 19. The Ni-Al-Mo ternary phase diagram at 1093 ºC by Miracle et al. 

 

                 

Figure 20. The Ni-Al-Mo ternary phase diagram at 1036 ºC by Miracle et al. 

 

                  

Figure 21. The Ni-Al-Mo ternary phase diagram at 927 ºC by Miracle et al. 
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Figures 18 to 21 show unsurprising trends of decreasing solubility of Al and Mo in 

γ, δ, and α(Mo) phases as the temperature decreases.  The Mo solubility in the γ’ phase 

remains essentially constant except at 1260 ºC.  Between 1171 and 1093 ºC there is a 

transition in the three-phase regions, from a γ-δ-α(Mo) three-phase region to a γ’-δ-

α(Mo) three phase region.  The phase diagram shown in Figure 21 is the same phase 

diagram shown in Figure 1.  Because of this, the Ni-Al-Mo phase diagram needs further 

investigation. 

Maslenkov and Rodimkina
13

 determined the Ni-Al-Mo phase diagram at 1300 ºC as 

shown in Figure 22.  The overall topology of this isothermal section agree with that of the 

previous investigations by Nash et al. and Miracle et al., but the shapes of the phase 

regions and the compositions of the three-phase regions are quite different.  This phase 

diagram should be regarded only as a schematic since there are not enough data points to 

define the phase boundaries with a high degree of confidence. 
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Figure 22. The Ni-Al-Mo ternary phase diagram at 1300 ºC by Maslenkov and 

Rodimkina. 

 

  

In the same year, Maslenkov and Rodimkina worked with Udovskii and Burova
14

 

to follow up on this system with four more isothermal sections at 1390, 1380, 1360 and 

1340 ºC, Figures 23 to 26.  These phase diagrams show the appearance of liquid above 

1300 ºC in the Al-poor region of the diagram.  They track the continued melting as the 

temperature increases. 



 

 

21 

 

Figure 23. The Ni-Al-Mo ternary phase diagram at 1390 ºC by Maslenkov et al. 

 

 

Figure 24. The Ni-Al-Mo ternary phase diagram at 1380 ºC by Maslenkov et al. 
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Figure 25. The Ni-Al-Mo ternary phase diagram at 1360 ºC by Maslenkov et al. 

 

 

 In Figures 23 and 24, there is a distinct change in the liquid shape and volume.  

The liquid, marked as Ж, was separated by a solid β + α(Mo) two-phase region.  The 

liquid region continues to shrink at 1360 ºC, and the solid phase stability increases.  As 

the temperature decreases the γ-γ’ two-phase region appears and grows.  The eutectic 

temperature in the Ni-Mo binary system is at 1337 ºC.  Figure 26 shows the phase 

diagram at 1340 ºC.  This temperature, just above the eutectic temperature of the binary 

system shows the presence of the liquid phase.  This liquid already exists in equilibrium 

with the α(Mo) and γ’ phases when it extends to the Ni-Mo binary axis. 

Two years later Maslenkov, Burova and Rodimkina
15

 furthered their work with four 

more isothermal sections at 1200, 1100, 880, and 700 ºC, Figures 27-30.  It can be seen 
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from Figure 27 that the γ’, β, and δ phase boundaries are better defined at 1200 ºC than 

before.  The solubility limits of the γ phase are similar to those in Figure 17.   

 

 

 

Figure 26. The Ni-Al-Mo ternary phase diagram at 1340 ºC by Maslenkov  et al. 



 

 

24 

 

Figure 27. The Ni-Al-Mo ternary phase diagram at 1200 ºC by Maslenkov et al. 

 

Figure 28. The Ni-Al-Mo ternary phase diagram at 1100 ºC by Maslenkov et al. 
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Figure 29. The Ni-Al-Mo ternary phase diagram at 880 ºC by Maslenkov et al. 

 

 

In the 1100 ºC isothermal section, Figure 28, the solubility limits of the γ have 

decreased again, which is in agreement with the diagrams from Miracle et al.  Based on 

these diagrams, it can be deduced that the  + ’ + -MoNi + (Mo) four-phase 

equilibrium temperature is between 1100 ºC and 1171 ºC.  

 At low temperatures in the Ni-Mo binary system there is a second binary phase 

that can be seen, the γ’’ (Ni3Mo) phase.  This phase is not seen in 927 ºC phase diagram, 

Figure 21, because it is not stable at high temperatures.  At 700 ºC, Figure 30, there is a 

third binary phase on the Ni-Mo binary system, Ni4Mo.  The solubility of Al and Mo in 

the γ continues to decrease. 
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Figure 30. The Ni-Al-Mo ternary phase diagram at 700 ºC by Maslenkov et al. 

 

 

Hong, Mishima and Suzuki
8
 also contributed to the Ni-Al-Mo ternary system with a 

study of the ternary phase regions involving the γ and γ’ phases.  They reported the Ni-

rich corner of the isothermal sections at both 1400 and 1300 K, Figures 31 and 32.  The  

+ ’ + -MoNi + (Mo) four-phase equilibrium temperature is further constrained by 

these two diagrams to be between 1127 ºC and 1171 ºC. The ’ solvus temperatures were 

also reported in Figure 33, which was appreciably different from those from Miracle et 

al.  Even though several studies have been performed for the Ni-Al-Mo ternary system, 

the apparent discrepancies call for more experimental investigations.  This work attempts 
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to perform additional experimental work to reduce some of the uncertainty in both the Ni-

Al-Cr and Ni-Al-Mo ternary systems. 

 

 

                     

Figure 31. The Ni-rich corner of the Ni-Al-Mo ternary phase diagram at 1400 K by Hong 

et al. 

 



 

 

28 

                     

Figure 32. The Ni-rich corner of the Ni-Al-Mo ternary phase diagram at 1300 K by Hong 

et al. 

            

Figure 33. Solvus lines for the γ’ phase in the Ni-Al-Mo ternary system by Hong et al. 
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Experimental Procedure 

 The diffusion multiples used in this study were produced by Thompson, Zhao and 

Hemker for their study of the martensitic transformation in β-NiAl
16

.  The manufacture of 

these multiples is detailed in their paper.  Each phase diagram reported in the current 

study was generated from a single ternary region of an individual sample.  At the start of 

this study, the diffusion multiples were re-polished to 0.05μm using colloidal silica.  

After the polishing, the ternary junctions were mapped using optical microscopes to 

determine suitable areas for this study.  SEM backscatter electron imaging was then 

performed on the samples.  The SEM images were used to mark the locations of the line 

scans for microprobe analysis.  Figure 34 shows the image that was used in the Ni-Al-Cr 

system.  The red lines marked on the interfaces between phases show the line scan 

positions on this sample.  As can be seen in Figure 34, not all of the scans are into single 

phase regions, and there are voids and pores along the interfaces. 

 Figure 35 shows an SEM backscatter electron image of the ternary region of the 

Ni-Al-Mo diffusion multiple.  The red lines in this figure also indicate the locations of 

line scans along the interfaces.  Along the interfaces between the Mo and the Ni or the 

NiAl there are two phase regions.  Under normal diffusion conditions in solid state, two-

phase regions usually do not exist in binary diffusion couples, but they are allowed for 
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ternary systems where an extra degree of freedom exists. Nevertheless, some of these 

two-phase regions may be formed during cooling. Pores and voids can also be seen along 

the interfaces of this image. 

 

 

 

 

Figure 34.  SEM image of the Ni-Al-Cr diffusion multiple used to identify positions for 

EPMA line scans. The white open circles are for the martensitic 

transformation and they are unrelated to the current work. 
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Figure 35. SEM image of the Ni-Al-Mo diffusion multiple used to identify positions for 

EPMA line scans. 

 

  

The electron probe microanalysis (EPMA) was performed at the Oregon State 

University, and the data and samples were then returned to The Ohio State University.  

All EPMA scans were performed with a 1 m step size. The microprobe data came in 

regular cartesian coordinates and both weight percents and atomic percents of each 

elements. When an EPMA spot hits a pore, the weight percents reported did not add up to 
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rest of the data were normalized.  Then the normalized data was transformed using the 

following equations to plot the data on a triangular plot format that is commonly used for 

ternary phase diagrams: 

)
3

cos()()()(


CCT XAlAl   

)
3

sin()()(


CT XX   

where X represents the elements Cr or Mo in their respective systems, with the subscript 

C for the original Cartesian coordinates and the subscript T for the transformed triangular 

coordinates.  With the data now in triangular coordinates, they were plotted all together.  

The data were then evaluated to determine the phase boundary tie lines.  To do this, each 

line scan was plotted individually both on a triangular plot and on a Cartesian plot against 

the relative distance of the scan.  The phase boundaries were then identified and plotted 

both with and without the tie lines. 
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Results 

The Ni-Al-Cr Ternary System: 

The results of the experiments are presented in the following figures and tables.  

Figures 35 and 36 show the data from line scan #15 in the Ni-Al-Cr system.  In Figure 35 

there is a distinct jump of the concentrations of the Al and the Mo at the 12 m scan 

position, which corresponds to a change in phase, from the -NiAl phase to the  (Ni) 

phase.     
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Figure 36. EPMA results for line scan #15 on the Ni-Al-Cr diffusion multiple at 1200 ºC 

showing composition vs. relative distance of the scan. 
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Ni-Al-Cr Line Scan 15

Cr

Grid

 

Figure 37. EPMA results for line scan #15 on the Ni-Al-Cr diffusion multiple at 1200 ºC 

in a triangular composition vs. composition plot (Data are plotted in at.% 

axes. The lower left corner is Ni, lower right is Al, and top is Cr). 

 

 

There is one point at the 12 m position that appears to be between the two 

phases.  Figure 37 is a plot of the data in a triangular plot that is commonly for with 

ternary phase diagrams.  It can be seen that the point lies on the tie-line between the (Ni) 

phase and the -NiAl phase, indicating that the EPMA point was at the phase interface, 

thus sampling both phases at the same time.  By utilizing this method of data analysis, the 

following results were produced and are recorded in Tables 1. 

Ni Al 

Cr 
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Table 1 Phase boundary results from the EPMA analysis of the Ni-Al-Cr diffusion 

multiple. 

  
Measured 

Concentration 

  

  
Measured 

Concentration 

Scan Phase Ni Al Cr Scan Phase Ni Al Cr 

1 
(Cr) 0.026 0.273 0.701 

28 
(Ni) 0.679 0.154 0.167 

NiAl 0.527 0.445 0.029 NiAl 0.658 0.272 0.070 

2 
(Cr) 0.032 0.278 0.690 

29 
(Ni) 0.701 0.162 0.137 

NiAl 0.524 0.446 0.030 NiAl 0.667 0.275 0.058 

3 
(Cr) 0.039 0.261 0.700 

30 
(Ni) 0.712 0.172 0.116 

NiAl 0.525 0.443 0.032 NiAl 0.672 0.275 0.052 

4 
(Cr) 0.030 0.251 0.719 

31 
(Ni) 0.718 0.167 0.114 

NiAl 0.531 0.434 0.035 NiAl 0.679 0.272 0.049 

5 
(Cr) 0.024 0.182 0.793 

32 

(Ni) 0.740 0.161 0.098 

NiAl 0.550 0.423 0.028 Ni3Al (1) 0.745 0.200 0.055 

6 
(Cr) 0.061 0.014 0.926 Ni3Al (2) 0.737 0.207 0.056 

NiAl 0.580 0.319 0.100 NiAl 0.676 0.278 0.046 

7 
(Cr) 0.111 0.012 0.877 

33 

(Ni) 0.750 0.159 0.091 

NiAl 0.592 0.278 0.130 Ni3Al (1) 0.750 0.198 0.051 

8 
(Cr) 0.127 0.014 0.859 Ni3Al (2) 0.739 0.208 0.052 

NiAl 0.600 0.279 0.121 NiAl 0.678 0.277 0.045 

10 
(Cr) 0.164 0.016 0.820 

34 

(Ni) 0.759 0.157 0.083 

NiAl 0.594 0.275 0.131 Ni3Al (1) 0.756 0.195 0.049 

 
11 

(Cr) 0.181 0.019 0.800 Ni3Al (2) 0.741 0.207 0.052 

(Ni) 
(1) 

0.550 0.105 0.345 NiAl 0.679 0.281 0.042 

(Ni)    
(2) 

0.558 0.108 0.334 

35 

(Ni) 0.764 0.159 0.077 

NiAl 0.601 0.265 0.134 Ni3Al (1) 0.758 0.196 0.046 

12 

(Cr) 0.184 0.020 0.796 Ni3Al (2) 0.739 0.213 0.049 

(Ni) 
(1) 

0.539 0.109 0.352 NiAl 0.686 0.274 0.040 

(Ni) 
(2) 

0.571 0.116 0.313 

36 

(Ni) 0.770 0.158 0.072 

NiAl 0.605 0.267 0.128 Ni3Al (1) 0.760 0.196 0.043 

13 

(Cr) 0.176 0.017 0.806 Ni3Al (2) 0.743 0.211 0.046 

(Ni) 
(1) 

0.535 0.097 0.368 NiAl 0.680 0.280 0.039 

(Ni) 
(2) 

0.585 0.122 0.293 

37 

(Ni) 0.781 0.160 0.059 

NiAl 0.611 0.268 0.122 Ni3Al (1) 0.767 0.195 0.038 

14 

(Cr) 0.189 0.017 0.794 Ni3Al (2) 0.744 0.216 0.040 

(Ni) 
(1) 

0.535 0.089 0.377 NiAl 0.680 0.283 0.035 

(Ni) 
(2) 

0.592 0.116 0.292 
38 

(Ni) 0.793 0.161 0.046 

NiAl 0.617 0.265 0.118 Ni3Al (1) 0.774 0.194 0.032 

Continued 
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15 NiAl 0.620 0.270 0.110 Ni3Al (2) 0.747 0.220 0.034 

(Ni) 0.601 0.121 0.279 NiAl 0.683 0.286 0.031 

16 
(Ni) 0.613 0.262 0.125 

39 

(Ni) 0.814 0.164 0.022 

NiAl 0.629 0.267 0.104 Ni3Al (1) 0.781 0.204 0.015 

17 
(Ni) 0.630 0.135 0.235 Ni3Al (2) 0.752 0.230 0.018 

NiAl 0.636 0.261 0.103 NiAl 0.690 0.293 0.017 

19 
(Ni) 0.643 0.134 0.223 

40 

(Ni) 0.823 0.164 0.013 

NiAl 0.642 0.270 0.087 Ni3Al (1) 0.785 0.205 0.010 

21 
(Cr) 0.262 0.010 0.728 Ni3Al (2) 0.754 0.233 0.013 

(Ni) 0.574 0.070 0.356 NiAl 0.691 0.297 0.012 

27 
(Ni) 0.660 0.140 0.200   

NiAl 0.650 0.272 0.078   

 

 

Table 1 details all of the data points that are included in the isotherm at 1200 ºC 

for the Ni-Al-Cr system.  Each of these points has a corresponding point across a tie line.  

Figure 38 shows the data for the Ni-Al-Cr system with the tie-lines that were measured in 

the experiment.  Two three-phase regions are visible.  These three-phase regions are (Ni) 

+ ’-Ni3Al + -NiAl and (Ni) + -NiAl + (Cr).  The corners of these three phase 

regions can be seen in Tables 2 and 3.  The data in these tables were used to mark the 

three-phase regions on the phase diagrams, Figures 39 and 40 with Figure 40 being an 

expanded view of the Ni-rich corner.  The phase boundaries in Figures 39 and 40 were 

drawn by hand with consideration of the Gibbs phase rule and a consistency with the 

binary phase diagrams. 

 

Table 1 Continued 
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Figure 38. Tie lines for the Ni-Al-Cr ternary phase diagram at 1200 ºC. 

 

Table 2.  Three-phase equilibrium among the γ-β-α(Cr) phases. 

Phase Ni Al Cr 

γ 0.5388 0.1091 0.3522 

β 0.5962 0.2692 0.1346 

α(Cr) 0.1731 0.02 0.8069 

 

Table 3.  Three-phase equilibrium among the γ-γ’-β phases. 

Phase Ni Al Cr 

γ 0.7185 0.167 0.1141 

γ' 0.7385 0.2038 0.0577 

β 0.6791 0.2722 0.0487 
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Figure 39. The Ni-Al-Cr ternary phase diagram at 1200 ºC. 
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Figure 40. The Ni-rich corner of the Ni-Al-Cr ternary phase diagram at 1200 ºC. 

 

 

The Ni-Al-Mo Ternary System: 

The Ni-Al-Mo system was studied in a similar manner to establish an isothermal 

section at 1200 ºC.  A similar set of line scans was employed for EPMA in the Ni-Al-Mo 

system and the results were analyzed by plotting them.  Figure 41 shows a plot of line 

scan #10.  In this line scan, three phases have been measured: -NiAl, Ni5Al2Mo8 and 

(Mo).  There are also points on the plot that likely indicate the EPMA points were on 
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the phase interfaces, thus sampling both phases at the same time.  In the corresponding 

triangular plot (Figure 42), the three phases are very clearly seen. 

Figures 41 and 42 also provide evidence for the existence of the Ni5Al2Mo8 phase.  

In Figure 41, there is a succession of four points that exhibit linear behavior at a 

composition that is neither the (Ni) phase nor the (Mo) phase.  In Figure 42 the four 

points are shown to be clustered together the way that other phases are, and are in a 

location that is not connected to any known phases in the phase diagram. 
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Figure 41. EPMA results for line scan # 10 on the Ni-Al-Mo diffusion multiple at 1200 

ºC showing composition vs relative distance of the line scan. 
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Ni-Al-Mo Line Scan 10

Mo

Grid

 

Figure 42. EPMA results for line scan # 10 on the Ni-Al-Mo diffusion multiple at 1200 C 

in a triangular composition vs. composition plot (Data are plotted in at.% 

axes.  The lower left corner is Ni, lower right is Al, and top is Mo) 

 

 

The same procedure was applied for each of the line scans in the system.  Not 

every scan produced useable results. The Ni5Al2Mo8 phase was present in four scans.  

The presence of the Ni5Al2Mo8 phase in multiple scans is a further argument towards the 

existence of this phase.  The useable data from these scans is listed in Table 4.  Each set 

of two distinct phases within a scan forms the end points of a tie line that follows the 

phase boundaries. 
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Table 4 Phase boundary results from EPMA analysis of the Ni-Al-Mo diffusion multiple. 

  
Measured 

Concentration 

  

  
Measured 

Concentration 

Scan Phase Ni Al Cr Scan Phase Ni Al Cr 

4 
(Mo) 0.025 0.013 0.961 

26 

(Mo) 0.018 0.000 0.982 

(Ni) 0.631 0.361 0.008 MoNi (1) 0.470 0.006 0.524 

5 
(Mo) 0.012 0.008 0.972 MoNi (2) 0.515 0.009 0.476 

(Ni) 0.634 0.356 0.010 (Ni) 0.737 0.041 0.221 

6 
(Mo) 0.024 0.003 0.973 

28 
MoNi 0.481 0.016 0.503 

(Ni) 0.639 0.352 0.009 (Ni) 0.719 0.100 0.181 

10 

(Ni) 0.637 0.347 0.015 
29 

MoNi 0.485 0.017 0.498 

Ni5Al2Mo8 (1) 0.346 0.134 0.520 (Ni) 0.732 0.102 0.166 

Ni5Al2Mo8 (1) 0.337 0.128 0.535 
30 

(Ni) 0.717 0.151 0.132 

(Mo) 0.027 0.002 0.971 Ni3Al 0.733 0.212 0.055 

12 

(Ni) 0.639 0.349 0.015 
31 

NiAl 0.644 0.347 0.009 

Ni5Al2Mo8 (1) 0.340 0.130 0.530 Ni3Al 0.726 0.248 0.026 

Ni5Al2Mo8 (1) 0.333 0.127 0.540 
32 

(Ni) 0.731 0.151 0.118 

(Mo) 0.018 0.001 0.980 Ni3Al 0.741 0.215 0.044 

13 

(Ni) 0.643 0.344 0.013 

33 

(Ni) 0.739 0.150 0.112 

Ni5Al2Mo8 (1) 0.346 0.127 0.528 Ni3Al (1) 0.744 0.206 0.050 

Ni5Al2Mo8 (1) 0.334 0.125 0.540 Ni3Al (2) 0.726 0.250 0.024 

(Mo) 0.015 0.001 0.984 NiAl 0.643 0.349 0.008 

16 
(Mo) 0.033 0.003 0.964 

35 

(Ni) 0.755 0.146 0.098 

(Ni) 0.729 0.238 0.032 Ni3Al (1) 0.750 0.206 0.046 

19 
(Mo) 0.035 0.005 0.959 Ni3Al (2) 0.729 0.248 0.023 

(Ni) 0.733 0.143 0.123 NiAl 0.647 0.346 0.007 

20 
(Mo) 0.012 0.002 0.986 

36 

(Ni) 0.755 0.146 0.098 

(Ni) 0.736 0.135 0.130 Ni3Al (1) 0.748 0.206 0.046 

21 
(Mo) 0.018 0.000 0.982 Ni3Al (2) 0.722 0.256 0.021 

(Ni) 0.735 0.128 0.137 NiAl 0.647 0.346 0.007 

22 
(Mo) 0.026 0.001 0.973 

37 

(Ni) 0.801 0.161 0.038 

(Ni) 0.735 0.120 0.145 Ni3Al (1) 0.764 0.207 0.029 

23 

(Mo) 0.018 0.000 0.982 Ni3Al (2) 0.724 0.257 0.019 

MoNi (1) 0.475 0.011 0.513 NiAl 0.649 0.345 0.006 

MoNi (2) 0.495 0.012 0.493 

38 

(Ni) 0.807 0.173 0.019 

(Ni) 0.737 0.073 0.191 Ni3Al (1) 0.768 0.212 0.020 

24 

(Mo) 0.023 0.001 0.976 Ni3Al (2) 0.727 0.253 0.020 

MoNi (1) 0.478 0.010 0.512 NiAl 0.646 0.349 0.006 

MoNi (2) 0.500 0.010 0.490 

39 

(Ni) 0.809 0.181 0.010 

(Ni) 0.734 0.062 0.204 Ni3Al (1) 0.765 0.222 0.012 

25 

(Mo) 0.015 0.000 0.985 Ni3Al (2) 0.730 0.251 0.019 

MoNi (1) 0.480 0.007 0.513 NiAl 0.645 0.351 0.004 

MoNi (2) 0.502 0.010 0.489 

40 

(Ni) 0.802 0.192 0.006 

(Ni) 0.739 0.051 0.210 Ni3Al (1) 0.767 0.226 0.008 

  Ni3Al (2) 0.727 0.256 0.017 

  NiAl 0.647 0.350 0.004 
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  Figure 43 shows the data and tie-lines for the Ni-Al-Mo system plotted together 

on a triangular plot. There are three three-phase regions that seen in the plot, along with 

two that must be there due to the Gibbs phase rule, but that do not have data confirming 

their existence at this time. 
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Figure 39. Tie lines for the Ni-Al-Mo ternary phase diagram at 1200 ºC. 
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 Tables 5, 6, and 7 report the data for the three-phase regions that can be 

confirmed by Figure 43.  These tables follow the same format that is seen in Table 4.  

They start with left side of the diagram in the (Ni) + -NiMo + (Mo) three-phase 

region and move to the right to end with the -NiAl + Ni5Al2Mo8 + (Mo)  three-phase 

region. 

 

Table 5.  Three-phase region among the γ-δ-α(Mo) phases. 

Phase Ni Al Mo 

γ 0.725 0.1094 0.1656 

δ 0.4847 0.0168 0.4985 

α(Mo) 0.0375 0.0016 0.9609 

 

Table 6.  Three-phase region among the γ-γ’-α(Mo) phases. 

Phase Ni Al Mo 

γ 0.7273 0.1545 0.1182 

γ' 0.7409 0.215 0.0441 

α(Mo) 0.0375 0.0031 0.9594 

 

Table 7. Three-phase region among the β-Ni5Al2Mo8-α(Mo) phases. 

Phase Ni Al Mo 

β 0.6333 0.348 0.0187 

Ni5Al2Mo8 0.3401 0.1301 0.5298 

α(Mo) 0.0312 0.0094 0.9594 

 

 

 The three-phase regions that are reported in Tables 8 and 9 do not appear in their 

entirety in the results of this experiment.  However, they are proposed because of the 
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shapes of the phase boundaries in Figure 43.  There is one tie line between the γ’ and 

α(Mo) phases indicating a stability between the two phases.  Because of this, there must 

be a three-phase region that transitions from that two-phase region to the Ni5Al2Mo8 

phase as shown in Table 8.  Table 9 contains the three-phase region between the γ’, β, 

and Ni5Al2Mo8.  This is shown because there is a three-phase region between the γ’, 

Ni5Al2Mo8 and α(Mo) that has been postulated and there is three-phase region between β, 

Ni5Al2Mo8 and α(Mo) that is seen in Figure 43.  The existence of both of these three-

phase regions shows that there must be another three phase region below the Ni5Al2Mo8 

phase, among the γ’, β, and Ni5Al2Mo8 phases. 

 

 

Table 8. Three-phase region among the γ’-Ni5Al2Mo8-α(Mo) phases. 

Phase Ni Al Mo 

γ' 0.7293 0.2384 0.0323 

Ni5Al2Mo8 0.3521 0.12 0.5279 

α(Mo) 0.0344 0.0047 0.9609 

 

Table 9. Three-phase region among the γ’- β-Ni5Al2Mo8 phases. 

Phase Ni Al Mo 

γ' 0.7291 0.2476 0.0233 

β 0.6473 0.346 0.0067 

Ni5Al2Mo8 0.3525 0.13 0.5175 
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All these information are summarized on the 1200 ºC isothermal sections of the Ni-Al-

Mo ternary system shown in Figures 44 and 45 with Figure 45 being an expanded view of 

the Ni-rich corner. The most noteworthy feature of Figure 44 is the existence of the new 

phase, Ni5Al2Mo8.  This phase did not appear in any previously reported isotherm.  The 

solubility of Mo in the β–NiAl phase is much less than the solubility of Cr.  Consequently 

there is not a three-phase region that involves both γ and β.  The three-phase regions that 

are observed are the γ + δ + (Mo), γ + γ’ + (Mo), and β-NiAl + Ni5Al2Mo8 + (Mo).  

The three-phase regions of γ’ + Ni5Al2Mo8 + (Mo), and γ’ + β-NiAl + Ni5Al2Mo8 are 

proposed from the positions of the phases and the tie-lines that have been observed.  The 

Mo solubility in the γ’ is also less than that of Cr.  The β phase would extend further 

towards the Al-rich corner of the phase diagram if there were data from the experiment 

that covered that composition range.   
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Figure 40. The Ni-Al-Mo ternary phase diagram at 1200 ºC. 
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Figure 41. The Ni-rich corner of the Ni-Al-Mo ternary phase diagram at 1200 ºC. 
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Discussion 

The Ni-Al-Cr Ternary System: 

The shape of the α(Cr) phase region in the Ni-Al-Cr ternary system observed in the 

current study (Figure 39) is also much different from what was previously reported in 

literature.  The phase region was normally reported just a triangle linking the binary Cr-

Ni system to the Cr-Al system, with much higher solubility of Al than of Ni (Figures 8, 9 

and 15).  The current study found that the α(Cr) phase region has an overall shape like a 

90º corner plate or horseshoe, i.e., high Ni solubility was only observed when the Al 

solubility is less than ~3 at.% and similarly high Al solubility was only observed when 

the Ni solubility is less than ~3 at.%. There is no region where both high solubility of Ni 

and Al can be observed.   

Since there are no 1200 ºC isothermal sections of the Ni-Al-Cr ternary system in the 

literature for a direct comparison with the results from the current study. The newly 

determined 1200 ºC section (Figure 39) is compared with Figures 9 and 15, both at 1150 

ºC.  In the α(Cr) phase the expected solubility based on the binary phase diagram (Figure 

4) at 1150 ºC is ~22 at% Ni, and at 1200 ºC it is 28 at% Ni.  Figures 9 and 15 only show a 

solubility around 12 at% Ni and 18 at% Ni, respectively, much lower than what is 
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expected from the binary phase diagram.  Figure 39 from the current study shows a 

solubility at ~26 at%, consistent with the result of the binary phase diagram.  

 The γ corner of the γ + β + α(Mo) three-phase region is reported as Ni-13 at.% Al-

41 at.% Cr in Figure 9 and Ni-12 at.% Al-44 at.% Cr in Figure 15.  These data are in 

reasonable agreement.  The composition of the same corner in Figure 39 is Ni-10.91 at% 

Al-35.22 at% Cr.  The  corner of the γ + γ’ + β three-phase region in Figure 39 is at Ni-

16.5 at.% Al-10.4 at.% Cr.  In Figure 9 the corner is at Ni-15 at.% Al-18 at.% Cr.  The 

increase in the solubility of Cr at a lower temperature does not conform to the pattern of 

behavior seen in the binary diagrams and calls into question the reliability of Figure 9.  In 

all three diagrams the γ’ phase appears to agree with one another. 

The β phase region in Figures 39 and 40 differs greatly from that reported in 

Figures 9 and 15 where a maximum Cr solubility of 10 at.% is reported.  The Cr 

solubility in  is reported to be essentially a constant value, independent of the Al 

concentration.   In Figures 39 and 40, the β phase is observed to have a maximum 

solubility of Cr of 13.5 at% and then decreases with increasing Al concentration to a 

minimum around 2.8 at% Cr.  There is some evidence to suggest that after this minimum 

there is a subsequent increase in the solubility of the Cr.  More data can be collected from 

the diffusion multiple to define the shape of the b phase at higher Al concentration.  

Further work is recommended. 
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The Ni-Al-Mo Ternary System: 

 The new Ni-Al-Mo ternary phase diagram in Figure 44 shows a phase previously 

unreported in the literature.  This phase has a nominal composition of Ni5Al2Mo8, and the 

narrow range of solubility that is observed in line scans 10, 12 and 13 of the Ni-Al-Mo 

diffusion multiple suggest that this phase is a stoichiometric compound.  This phase can 

be seen in Figure 35, with line scans 10, 11, 12 and 13 crossing it.  Line scan 11 is not 

reported in this study because the tie lines from this scan crossed the tie lines of the other 

three scans. 

 The Ni5Al2Mo8 phase is positioned in what has previously been reported as the γ’ 

+ β + α(Mo) three-phase region.  That region as seen on the diagram in Figure 44 is 

divided into three two-phase regions and three-three phase regions.  The two-phase 

regions are between the γ’ and Ni5Al2Mo8 phases, β and Ni5Al2Mo8 phases and the 

Ni5Al2Mo8 and α(Mo) phases.  The three-phase regions are among the γ’ + Ni5Al2Mo8 + 

α(Mo) phases, the γ’ + β + Ni5Al2Mo8 phases, and the β + Ni5Al2Mo8 + α(Mo) phases.  

There are two three-phase regions that appear in both Figure 44 and the previously 

reported phase diagrams, the γ + δ + α(Mo) phases, and the γ + γ’ + α(Mo) phases. 

 Both Figures 16 and 27 are at the same temperature (1200 ºC) at which this study 

was undertaken.  The γ phase region agrees in both Figures.  In Figure 44, the γ phase 

agrees in general: there are two vertices where the two three-phase regions touch the 

single phase boundary.  The two-phase regions that the  phase borders on are also the 

same as those found in Figures 16 and 27.  The shape of the two-phase regions is not the 
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same.  The boundary between the γ and γ’ phases is more curved in Figure 44.  In Figure 

44 the boundary has end points at the Ni-Al binary axis at Ni-20 at.% Al-0 at.% Mo, and 

at Ni-15.45 at% Al-11.82 at% Mo.  The phase boundary moves rapidly to 20 at.% Al 

after leaving the binary axis.  In Figures 16 and 27 the phase region intersects the Ni-Al 

binary axis at 18 at.% Al.  Then the phase boundary move to points that are Ni-15 at.% 

Al-11 at.% Mo and Ni-15 at.% Al-15 at.% Mo.  Figure 16 by Nash, Fielding and West 

shows good agreement with the γ corner of the γ + γ’ + α(Mo) three-phase region in Fig. 

44.  The two-phase boundary between γ and γ’ shows the same minimum of 16 at.% Al. 

 The γ corner of the γ + δ + α(Mo) three-phase region in Figure 44 is at Ni-10.94 

at.% Al-16.56 at.% Mo.  In Figures 16 and 27, the same corner is at Ni-8 at.% Al-17 at.% 

Mo and Ni-7 at.% Al-17 at.% Mo.  The Mo concentration of this corner agrees across the 

diagrams, however, the Al concentration does not.  On the Ni-Mo binary axis the phase 

diagrams agree with one another and that there is a 26 at.% Mo solubility. 

 The δ phase region agrees in all three diagrams.  In Figure 44 this phase pushes 1 

at.% Al further into the than the other two diagrams with the δ corner of the three-phase 

region at Ni-1.7 at.% Al-19.9 at.% Mo. 

The γ’ phase region in Figure 44 also shows rough agreement with previous 

results with γ’ corner of the γ + γ’ + α(Mo) three-phase region at Ni-21.5 at% Al-4.4 at% 

Mo in Fig. 44 and Ni-23 at.% Al-6 at.% Mo in Figure 16 and Ni-21 at.% Al-5 at.% Mo in 

Figure 27.  In all three diagrams the β and α(Mo) phases regions agree well. 
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Conclusions 

The discrepancies in the literature concerning the Ni-Al-Cr ternary phase 

diagrams have been partially addressed.  The α(Cr) phase region has a different shape and 

solubility limits than those previously reported.  The β phase also has a much different 

shape and solubility limits than previously reported results in the literature.  The γ and γ’ 

phases have much better agreement with the published data.  The γ’ phase boundaries 

agree with those in the literature whereas the γ phase boundaries do not agree with the 

published data. 

 In the Ni-Al-Mo system, a phase was observed with a composition of Ni5Al2Mo8 

that has not been previously reported.  This phase is believed to be a stoichiometric phase 

because of the narrow composition range observed.  The data on the β phase that has 

been previously published is accurate, and the published data on the γ, γ’, and δ phases 

give the correct shape of the phase regions. 

 Further work in these systems is recommended to generate more tie-lines between 

the α(Cr) and β phases in the Ni-Al-Cr system to confirm the shape of both phases.  More 

data can be collected from the same diffusion multiple to better define the composition 

regions of both the γ and α(Cr) phases.  Isothermal sections at several temperatures will 

also need to be developed to provide accurate phase diagrams for the Ni-Al-Cr ternary 
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system.  In the Ni-Al-Mo system, the two proposed three phase regions will need to be 

confirmed at 1200 ºC.  The structure and lattice parameters of the Ni5Al2Mo8 phase need 

to be determined to verify the existence of this phase, and the temperature stability of this 

phase needs to be investigated.  Phase diagrams should also be generated at multiple 

temperatures to address the need for accurate phase diagrams for thermodynamic 

modeling. 

One can see the amazing similarity between our measured Ni-Al-Cr isothermal 

section (Figure 39) and that calculated using the thermodynamic assessment of Huang 

and Chang
4
 (Figure 46). The horseshoe shaped (Cr) bcc phase region is very apparent in 

Figure 46.  As a matter of fact, the thermodynamic assessment had a hard time re-

producing the triangular (high solubility) shape of the (Cr) phase region published 

before (Figures 8 and 9) without introducing very unrealistic parameters. It seems that the 

thermodynamic assessment has been right on this point.  The observed (Cr) phase 

region has a slightly higher solubility than the results of the calculation, indicating a 

slight adjustment of the thermodynamic parameter may be needed.   

The shape of the -NiAl phase region is another subject that deserves some 

discussion. The computed result (Figure 46) clearly shows a variable Cr solubility in -

NiAl with changing Al concentration, which agrees well with the experimental data of 

the current study (Figure 39). Previous studies (Figures 8 and 9) reporting almost a 

constant Cr solubility in -NiAl seem doubtful, suggesting that the alloys used in those 

studies might not have reached equilibrium. The variable Cr solubility in -NiAl is due to 

the variation of compositional point defect concentrations as Al composition is deviating 
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from the stoichiometric one.
4
 Again, the thermodynamic assessment predicted this 

behavior against unreliable experimental results.  This system is a good example showing 

the power of the CALPHAD approach in reconciling all the experimental data under a 

systematic thermodynamic framework to root out the reliable data. 
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Figure 46.  Calculated 1200 ºC isothermal section of the Ni-Al-Cr ternary system based 

on the thermodynamic assessment of Huang and Chang.
4
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