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Abstract The phase equilibria in the Ni-Co rich region

(\50 at.%Al) of the Al-Co-Ni system were studied

experimentally for two isothermal sections at 1100 and

800 �C. Metallography, energy dispersive spectroscopy,

hardness and x-ray diffraction were used for characteriza-

tion and determination of c, c0 and b phases within the

ternary system. Phase boundaries in the isothermal sections

and a partial liquidus projection are modified compared to

previously published work. Comparison is made to the

isothermal sections computed using Thermo-Calc and the

TCNI8 database. No definitive experimental evidence

corroborating the predicted existence of a Nishizawa horn

was obtained.

Keywords Al-Co-Ni system � lattice parameter � phase
diagram

1 Introduction

The Al-Co-Ni system is of interest as the basis for high

temperature structural materials,[1] for shape memory

properties,[2–4] catalysts[5] and for production of large scale

nanostructures.[6] The Al-Co-Ni ternary alloy system has

been studied over many decades, with the aim of under-

standing the phase constitution in the system.[7] Previous

studies show that there are four phases existing in the Al-

deficient region of the system: c ((Ni)1: A1), c0 (Ni3Al:
L12), b ((Ni,Co)Al: B2) and b0 (martensite (L10)).

[1] The

crystal structures of these phases are shown in Fig. 1. The

precipitation of c0 from the c matrix makes it the basis for

structural high-temperature alloys. Over a limited compo-

sition range, b phase alloys undergo a thermoelastic

martensitic transformation from the B2 structure to b0

(martensite with an L10 structure) and this transformation

exhibits the shape memory effect.[8–10] The addition of Co

to Ni decreases the stacking fault energy and significantly

improves the creep resistance at elevated temperature and

the coarsening rate of the c0 phase.[11]

According to the review of Ref 7 and previous reports,

the isothermal sections and liquidus projection in the Al-

poor region have been studied and established by Ref 8

(experimental), 12 (calculation), 13, 9 (critical review), 14

(critical review) and 1 (experimental). Ref 15 also inves-

tigated the phase relations and thermodynamic properties

of Al-Co-Ni using first-principles calculations based on

density functional theory (DFT) and compared their results

with published experimental data from 900 to 1300 �C.
There are also some phase composition data determined

using electron probe microanalysis on the c ? c0 phase

field at 800, 750 and 700 �C.[16] Tie-lines between c and c0

phases were also determined by Ref 17.

Despite these studies uncertainties exist regarding the

exact positions of the phase boundaries and in addition,

Thermo-Calc (Database: TCNI8) isothermal sections at

temperatures below 1000 �C show discrepancies with the

experimental data. In particular the Thermo-Calc
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calculations predict the formation of a Nishizawa horn

leading to a two-phase field of ferromagnetic cf ? para-

magnetic cp, which has never been experimentally

observed. The Nishizawa horn, was first reported in Ref 18

in a paper discussing the thermodynamic analysis of sol-

ubility and miscibility gaps in ferromagnetic a-Fe alloys.

He found that the miscibility gap and its spinodal in aFe-X
solid solutions are of abnormal shape, having a sharp horn

or a broad bump at the Curie temperature. People later

named this phenomenon the Nishizawa horn in his honor

for describing the magnetic contributions to the Gibbs

energy that lead to a two-phase field having the shape of a

horn.[19] Interestingly, such a Nishizawa horn was pre-

dicted using the CALPHAD approach for several Co-based

binary systems long before the experimental confirmation,

which is difficult to establish due to kinetic con-

straints.[20,21] Recently, Ref 22 and 23 both reported cal-

culated Nishizawa horns in bcc Fe-Cr and Al-Co with a

first-principles based thermodynamic model and the

CALPHAD method, respectively.

Therefore, more work is needed for experimental con-

firmation of the Nishizawa horn and verification of the

phase boundaries in the Al-Co-Ni ternary alloy system. We

have revisited the phase equilibria among the c, c0 and b
phases in the Al-Co-Ni system on the basis of previous

work, modifying the isothermal sections at two tempera-

tures–1100 and 800 �C as well as confirming the liquidus

projection in the Ni-Co rich region.

2 Experimental Methods

A series of 18 Al-Co-Ni alloy samples were prepared in the

composition range Ni-(10-70)at.%Co-(4-30)at.%Al as

shown in Fig. 2, henceforth designated as Ni X-Y, which

means X at.% of Co and Y at.% of Al. The nominal

compositions of the samples are listed in Table 1. All

samples were arc-melted from elemental starting materials

of 99.99 wt.% purity into ingots weighing from 25 to 30 g

followed by 24 h homogenization at 1200 �C. The arc-

melted ingots were weighed and the mass loss in all cases

was less than 3%. The ingots from Alloys 1 to 13 were then

cold rolled from 5 to 50% reduction, depending on their

ductility, to assist in breaking down the cast structure and

removing chemical segregation resulting from casting

during subsequent annealing. The remaining alloys could

not be cold rolled due to the high content of Al, making the

samples brittle.

Samples 1 through14 were then annealed at 1100 �C
from 24 to 96 h, as listed in Table 1. Sample 15-18 were

annealed at 1200 �C for 24 h. Subsequently all samples

were annealed at 800 �C for 2 weeks and 600 �C for 4

weeks. All the annealing treatments were performed under

argon atmosphere. An additional heat treatment of 240 h at

800 �C was also performed on selected samples to verify

that equilibrium was achieved for the initial 2-week heat

treatment.

The materials were then examined optically, after using

Marble0s etchant, to investigate the phase morphology

existing after each annealing process. Back Scattered

electron Composition mode imaging (BSC) and Energy

Dispersive Spectroscopy (EDS) on a Scanning Electron

Microscope (SEM) were used to observe and measure the

phase composition of each sample using an accelerating

voltage of 20 kV. Regions for phase analysis were carefully

selected to minimize errors from adjacent phases. For each

sample, 4 areas of interest were selected for phase com-

position analysis, where the result is an average value of 16

to 20 analyses for each phase. The hardness was evaluated

using a diamond indenter with a loading of 0.3 kgf for 15s

holding time in a Micro-Vickers hardness tester. The

hardness values are the average of 10 measurements. Dif-

ferential scanning calorimetry (DSC) analysis was used to

determine the solidus temperature of alloy samples as well

as verifying the monovariant liquidus line in Al-Co-Ni. The

DSC experiments were performed in a Setaram SETSYS

16/18 calorimeter under argon atmosphere at a heating rate

of 10K/s. X-ray Diffraction (XRD) was used to analyze the

Fig. 1 Phases in the Al-Co-Ni alloy system below 50 at.%Al
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Fig. 2 The nominal atomic

percent compositions of the Al-

Co-Ni alloys studied in this

work

Table 1 Nominal composition and amount of cold work in Al-Co-Ni alloy samples

Alloy no. Alloy nominal composition Nominal composition, at.% Amount of cold work, % 1100 �C annealing time, h

Ni Co Al

1 Ni61Co35Al4 61 35 4 50 94

2 Ni50Co40Al10 50 40 10 50 24

3 Ni40Co50Al10 40 50 10 50 24

4 Ni30Co60Al10 30 60 10 50 24

5 Ni20Co70Al10 20 70 10 50 24

6 Ni75Co10Al15 75 10 15 15 96

7 Ni58Co22Al20 58 22 20 8 96

8 Ni50Co30Al20 50 30 20 17 24

9 Ni40Co40Al20 40 40 20 15 24

10 Ni30Co50Al20 30 50 20 50 96

11 Ni20Co60Al20 20 60 20 50 24

12 Ni65Co10Al25 65 10 25 5 96

13 Ni50Co25Al25 50 25 25 5 94

14 Ni5Co70Al25 5 70 25 0 94

15 Ni50Co20Al30 50 20 30 0 n.a.

16 Ni40Co30Al30 40 30 30 0 n.a.

17 Ni30Co40Al30 30 40 30 0 n.a.

18 Ni20Co50Al30 20 50 30 0 n.a.
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crystal structures of the phases present in the samples. The

XRD spectra were obtained on a Thermo ARL h-h
diffractometer using Cu-Ka radiation. The GSAS II soft-

ware package was used to refine the lattice parameters and

phase fractions. Thermo-Calc with the TCNI8 database

was used to calculate the isothermal sections.

3 Results and Discussion

3.1 Phase Equilibria

Based on the EDS analysis, the equilibrium compositions

of b-(CoAl, NiAl), c-(Co,Ni) and c0-(Ni,Co)3Al phases

annealed at 1100 and 800 �C are listed in Tables 2 and 3.

The corresponding isothermal sections are plotted in

Fig. 3, 4, 6, 7, and 9. Three symbols are used to represent

the different phases—the star is for Gamma (c) phase; the
half solid circle is for Gamma prime (c0) phase; the square
is for Beta (b) phase, and the triangle is for the average

measured composition of the alloys from EDS analysis, in

which the solid triangle symbol represents the alloy com-

position with multiple phases while the empty triangle is

for the alloy composition that is single-phase at that

temperature.

3.1.1 Isothermal Section at 1100 �C

The results of our experimental investigation of the sam-

ples annealed at 1100 �C are shown graphically in Fig. 3,

superimposed on three previously reported isothermal

sections of the Al-Co-Ni system at 1100 �C by Ref 13, 9,

and 1.

From Fig. 3(a) it can be seen that the difference between

the experimental data and the reported phase boundaries

are significant. The two-phase region between c and b
phase is narrower as shown by the star and square symbols.

The c phase field boundary lies mainly along 14–17 at.%

Al while the b phase field boundary is parallel to 34 to 36

at.% Al. The three-phase field (c0 ? c ? b) which is

indicated as a triangle in the isothermal section according

to Jackson et al.0s results does not match the experimental

data either. This consequently affects the c0 single phase

field and the c0 ? c two-phase field as well. Since the

phase diagram by Jackson et al. contains many hypothetical

field boundaries,[13] the phase boundaries can not be con-

sidered accurate and this explains why there is significant

difference between our experimental data and the pub-

lished one. As a result, our present work is helpful in

confirming and improving the accuracy of the phase

diagram.

The isothermal sections shown in (Fig. 3b and c) are

similar to each other and are closer in agreement with our

experimental data. In both figures, the c phase field

boundary matches the experimental results. It can be seen

that alloys 1–6 are in the c single-phase region at 1100 �C.
For the boundary of the b phase field, our experimental

data matches Fig. 3(c) better except for the data point of

alloy 14, which indicates that at higher Co amount the

boundary is bending towards higher-Al content instead of

Table 2 Equilibrium compositions of b, c and c0 phases in Al-Co-Ni alloys equilibrated at 1100 �C and overall alloy compositions determined

using EDS

Alloy no. Alloy nominal composition Gamma (c), at.% Gamma prime (c0), at.% Beta (b), at.% Alloy content, at.%

Ni Co Al Ni Co Al Ni Co Al Ni Co Al

1 Ni61Co35Al4 60.0 35.5 4.5 … … … … … … 60.0 35.5 4.5

2 Ni50Co40Al10 49.0 40.2 10.8 … … … … … … 49.0 40.2 10.8

3 Ni40Co50Al10 39.3 50.1 10.6 … … … … … … 39.3 50.1 10.6

4 Ni30Co60Al10 29.7 59.3 11.0 … … … … … … 29.7 59.3 11.0

5 Ni20Co70Al10 19.8 69.5 10.7 … … … … … … 19.8 69.5 10.7

6 Ni75Co10Al15 73.2 10.2 16.5 … … … … … … 73.2 10.2 16.5

7 Ni58Co22Al20 55 25.6 19.3 58.2 17.8 24 … … … 56.6 21.9 21.5

8 Ni50Co30Al20 49.0 32.1 18.9 … … … 48.7 20.4 30.9 48.1 30.3 21.6

9 Ni40Co40Al20 38.6 43.4 17.8 … … … 40.9 28.1 31.0 39.1 39.8 21.1

10 Ni30Co50Al20 29.3 53.0 17.7 … … … 33.0 35.0 32.0 30.4 47.4 22.2

11 Ni20Co60Al20 18.0 65.0 17.0 … … … 22.3 45.4 32.3 19.2 59.1 21.7

12 Ni65Co10Al25 … … … 63.4 10.1 26.5 … … … 63.4 10.1 26.5

13 Ni50Co25Al25 49.4 32.6 18.0 … … … 50 20.2 29.8 48.2 24.7 27.1

14 Ni5Co70Al25 4.0 80.8 15.2 … … … 5.7 60.6 33.7 4.9 70 25.1
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lower Al-content. When it comes to the c0 ? c ? b three-

phase field, our EDS results show that the three phase tri-

angle should be located at higher Co content than shown in

the previous work. As a result of this, the upper end of the

c0 single-phase field should extend to greater Co solubility,

higher than 18 at.%. Another difference lies in the c0 sin-
gle-phase region, which should be shifted to higher Al

content to include the composition of alloy 12 according to

the experimental data.

From the comparison above, it could be seen that the

existing isothermal sections by Hubert-Protopopescu et al.

and Kainuma et al. are in reasonable agreement with our

data while some areas have small discrepancies. In Fig. 4,

our data are superimposed on the 1100 �C isothermal

section calculated from the TCNI8 database using Thermo-

Calc. It should be noted that in TCNI8, FCC_L12 repre-

sents the paramagnetic c phase, FCC_L12#2 denotes the

ordered c (Ni3Al) phase and FCC_L12#3, represents the

ferromagnetic c phase, which will appear in later figure and
discussions. The calculated results show partial agreement

with the experimental data in the low Al content region

except for the c single-phase field boundary and the two-

phase field of c0 ? b. In the recent published work by Ref

15 where Thermo-Calc is used based on first-principles

calculations, the calculated results are in good agreement

with the experimental results in this work.

In addition, the binary data were evaluated for com-

parison with the current experimental data. The calculated

Al-Co binary phase diagram reported by Ref 23 is shown in

Fig. 5 (Solid lines), which shows minor discrepancies from

the b phase boundary at 1100 �C. On the binary side of Al-

Ni, comparison was also made with the evaluated diagram

by Okamoto (supplementary Fig. S1).[24] The binary end of

the c0 single-phase region is seen to be in good agreement

with the isothermal section in Fig. 3(c). At 1100 �C the

binary Co-Ni phase diagram exhibits complete solid

solubility.

Therefore, combining with previously published data by

Ref 17, 24 and 23, the isothermal section of Al-Co-Ni in

the Ni-rich region (\50 at.%Al) at 1100 �C could be

established as shown in Fig. 6. From the diagram, it can be

seen that the published data by Ref 17 near the Ni-Al

binary end agree very well with the data by Ref 24 for the

binary Ni-Al, and these are also in good accordance with

the present experimental results.

3.1.2 Isothermal Section at 800 �C

After annealing at 800 �C for 2 weeks, all 18 alloys were

analyzed with EDS. Figure 7 shows the published diagram

by Ref 8 also including the experimental data from this

work for comparison. It can be seen that the b phase field

boundary is in excellent agreement with the published

work as well as the c0 ? b two-phase region. However

there is a significant difference in the position of the c
phase field boundary. From our experimental results, the

Table 3 Equilibrium compositions of b, c and c0 phases in Al-Co-Ni alloys equilibrated at 800 �C determined using EDS

Alloy No. Alloy nominal composition Gamma (c), at.% Gamma prime (c0), at.% Beta (b), at.% Average, at.%

Ni Co Al Ni Co Al Ni Co Al Ni Co Al

1 Ni61Co35Al4 59.9 35.4 4.7 … … … … … … 59.9 35.4 4.7

2 Ni50Co40Al10 48.7 40.1 11.2 … … … … … … 48.7 40.1 11.2

3 Ni40Co50Al10 39.4 50.3 10.3 … … … … … … 39.4 50.3 10.3

4 Ni30Co60Al10 29.4 59.6 11.0 … … … … … … 29.4 59.6 11.0

5 Ni20Co70Al10 20.1 68.4 11.5 … … … … … … 20.1 68.4 11.5

6 Ni75Co10Al15(a) … … … … … … … … … 74.1 10.4 15.5

7 Ni58Co22Al20 57.3 32 10.7 59.3 18 22.7 … … … 57.4 22 20.6

8 Ni50Co30Al20 39.6 50 10.4 53.7 22.1 24.2 45.3 19.4 35.3 51 29.1 19.9

10 Ni30Co50Al20 28.4 56.3 15.3 … … … 35.3 29.3 35.4 30.2 47.1 22.7

11 Ni20Co60Al20 16.9 69.7 13.4 … … … 24.7 39.2 36.1 19.6 57.3 23.2

12 Ni65Co10Al25 … … … 65.4 10.1 24.4 … … … 65.4 10.1 24.4

13 Ni50Co25Al25 34.5 52.9 12.6 52.9 23.8 23.3 43.2 22.3 34.4 51.2 25.2 23.7

14 Ni5Co70Al25 3.9 85.3 10.8 … … … 6.4 52 41.6 4.6 74.7 20.7

15 Ni50Co20Al30 … … … 54.4 20.6 25 45.2 20.4 34.5 50.2 20 29.8

17 Ni30Co40Al30 22.4 63.1 14.5 … … … 30.3 33.7 36 28.5 39.1 32.4

18 Ni20Co50Al30 13.8 72.5 13.6 … … … 20.3 43.9 35.8 18.9 49.7 31.4

(a) The precipitate phase is too small in size to be determined quantitatively by EDS
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boundary is observed to be located at higher Al content, as

shown in the figure. For the c0 ? c ? b three-phase region,

we had two alloys Ni 30-20 and Ni 25-25, located in the

three-phase field. These data indicate that the c vertex is at

lower Co content compared with the 800 �C isothermal

section by Schramm, which makes the three-phase region

smaller than on the previously reported diagram. The c0

single-phase field is in good agreement with our experi-

mental results.

Similarly, the calculated isothermal section at 800 �C
using Thermo-Calc (TCNI8 database) is shown in supple-

mentary Fig. S2, with our experimental data superimposed

on it. Compared with the results in this work, significant

difference can be seen between the calculated diagram and

the experimental one. The three-phase field of c0 ? c ? b
is actually shifted to lower Co content. Moreover, from the

calculated isothermal section, there is a small two phase

region extending into the c single-phase region which

corresponds to a cp paramagnetic/cf ferromagnetic phase

separation according to the calculated results. This region

extends towards lower Co content on decreasing the tem-

perature to 600 �C (supplementary Fig. S3). Since none of

the initial alloy compositions lie in the Nishizawa horn

region predicted by Thermo-Calc an additional alloy, Ni

Fig. 3 Isothermal sections at 1100 �C in the Al-poor area adapted from SpringerMaterials and used with permission. The phase compositions

determined in this work using EDS are superimposed on the published diagrams by (a) Ref 13; (b) Ref 9; (c) Ref 1
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35-4 (Alloy No.1) was produced and heat treated at 600 �C
for 2 weeks. This should place it in the two-phase Nishi-

zawa horn region (Fig. S3), where the predicted composi-

tion difference between the phases should manifest itself in

the alloy properties. However, from EDS, XRD, hardness

tests and optical microscope observations, the predicted

phase separation to cp ? cf was NOT observed. A Nishi-

zawa horn is predicted to occur in the Co-Al binary system

(Fig. 5)[23] and the one predicted in the ternary system

appears to be an extension from the binary system. How-

ever, the Thermo-Calc calculations we have performed

show that it is not predicted to be stable in the ternary

system at high Cobalt content. This suggests that some

parameter adjustment in the TCNI8 database may be nee-

ded if the Nishizawa horn is indeed stable in the binary Al-

Co diagram. It should be noted that what appears to be a

Fig. 4 Isothermal section at

1100 �C superimposed on the

calculated diagram using

Thermo-Calc (TCNI8 database)

Fig. 5 The published Al-Co binary phase diagram by Stein et al.

shows a Nishizawa horn at high Co content[23] used with permission

from Elsevier Fig. 6 Isothermal section at 1100 �C established in this work
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single three-phase region, c0 ? c ? b, in Fig. S2 must in

fact have a second, narrow three-phase region

c0 ? cp ? cf. It appears that 800 �C is close to the calcu-

lated four phase equilibrium temperature corresponding to

c0 ? b ? cp ? cf.
As mentioned above, from the calculated isothermal

section from Thermo-Calc, the Nishizawa horn starts to

occur as the temperature drops to 832 �C. Fig. S2 and S3

show that the horn-shape area is seen to start at the high Co

content region and extends towards lower Co content on

decreasing the temperature to 600 �C. Although it was

impossible to generate the appropriate isothermal sections

that show the phase equilibria as a function of temperature

in this region, the transition in phases relating to the

Nishizawa horn with a decrease in temperature is shown

schematically in Fig. 8, from which a transition reaction

relating 4 phases could be obtained; b 1 cp ? c0 1 cf.
The b 1 cp 1 cf phase field must exit the ternary at the

Al-Co binary side at the eutectoid temperature.

Similarly, based on published data, the 800 �C isother-

mal section of Al-Co-Ni in the Ni-rich region was con-

structed as shown in Fig. 9. It can be seen that the c single-

phase region based on our data is observed to tend towards

higher Al content, compared with the diagram by Ref 8,

wavelength dispersive spectroscopy data from Ref 16 and

calculated results from Thermo-Calc. The c0 single phase

and b ? c0 two-phase areas together with the Al-Ni binary

end are confirmed with reasonable agreement with pub-

lished data. However, for the Al-Co binary end, experi-

mental data from a Co-30 at.%Al sample annealed at

800 �C, which we used to determine the phase boundaries,

agrees with Ref 23 data on the b phase boundary but

exhibits significant discrepancy at the c phase boundary. It

is not yet clear if the difference comes from the phase

separation of paramagnetic/ferromagnetic c phases

according to the calculated data by Ref 23, which predicts

the occurrence of a Nishizawa horn.

Since at 800 �C the only previously published isother-

mal section is from the work by Ref 8, which was not based

on direct measurement of phase compositions, the present

experimental results are more reliable.

3.2 Liquidus Projection

After arc-melting, the alloys were polished and observed

using optical microscopy and the primary phase and

eutectic compositions were determined using EDS. The as-

cast microstructures are arranged in order of increasing Al

composition. Fig. 10 shows the variation of as-cast

microstructure from low Al (4 at.%) content to high Al

content (30 at.%). It can be seen that when the Al content is

lower than 15 at.%, only chemical segregation is observed

within the grains and the grain boundaries are clearly

observable as shown in Fig. 10(a)-(c). The grain size also

Fig. 7 Isothermal section at

800 �C based on the published

diagram by Ref 8 adapted from

SpringerMaterials and used with

permission. The phase

compositions determined using

EDS in this work are

superimposed on the section
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varies as the composition changes. When Al content

increases to 20 at.%, distinct dendrites appear and in the

interdendritic regions there is a eutectic structure, as shown

in Fig. 10(d), (e). With Al content increasing to 25 at.%, in

Fig. 10(f) and g), not only is a eutectic structure observed,

but within the b phase dendrites, a martensite structure

appears as indicated within the circle in Fig. 10(g). Finally,

when the Al content is increased to 30 at.%, Fig. 10(h), (i),

the eutectic structure disappears. Plate-like martensite still

exists in alloy 15, Ni 20-30, with a small amount of a light

contrast phase between the grain boundaries. In alloy 18,

Ni 50-30, Fig. 10(i), cored dendrites were observed, which

were determined to be b phase by EDS as expected due to

high Al content.

Analyzing the average composition of the eutectic

structure in the as-cast microstructures in Fig. 10, provides

approximate compositions corresponding to the mono-

variant liquidus line as shown in Fig. 11. Such measure-

ments are approximate because the measurement is

averaging two phases and the sampled region may not be

representative of the phase fractions, also the regions are

usually quite small so it is possible that x-rays may be

sampled from the primary phase as well as the eutectic

structure. Figure 11 shows the experimental compositions

determined in this work superimposed on the published

liquidus projection for the Al-poor composition region by

Ref 8, as well as the change in as-cast microstructure of

alloys with different compositions. It can be seen that the

experimental data are in good agreement with the liquidus

line determined by Ref 8.

In addition, DSC analysis was performed on selected

samples with compositions close to the liquidus line to

determine the solidus temperature. Supplementary Fig. S4

shows a typical DSC heat flow versus sample temperature

curve during the heating process. It can be seen that a

significant endothermic peak appeared with an onset

Fig. 8 The phase transition relating to the Nishizawa horn with decrease in Temperature

Fig. 9 Isothermal section at 800 �C established in this work
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temperature of 1374 �C. Another peak occurred at

663.9 �C which corresponds to the Curie transformation

temperature of c. Table 4 lists the determined solidus

temperatures of the Al-Co-Ni samples, which was observed

to decrease with a decrease in Co content. The measured

data also indicate the direction of decreasing temperature,

which is in agreement with the isotherms in Fig. 11.

Therefore, from the above microstructure evolution,

with decreasing Co content from 60 at.% to 10 at.%, the as-

cast structure changes from mostly eutectic structure

between the dendrites to peritectoid structures as shown in

the lower left corner of Fig. 11. This indicates that the

three-phase triangle (liquid ? c ? b) rotates with

decreasing temperature, changing the solidification char-

acter from eutectic to peritectic. According to the binary

phase diagrams the invariant reaction temperature in the

Al-Co system[23] is 1399 �C (L ? c ? b) and in the Al-Ni

system[24] are 1362 �C (L ? c ? c0) and 1360 �C
(L ? b ? c0). Based on Schramm0s[8] work there is a four-
phase transition reaction (L ? c ? c0 ? b) in the ternary

system close to the NiAl binary side and the rotation of the

(L? c ? b) phase field as Co content decreases is con-

sistent with this observation.

3.3 Microstructure Evolution

After determining the isothermal sections at 1100 and

800 �C, the microstructural evolution of alloys with dif-

ferent compositions was studied systematically with

decreasing temperature as shown in Fig. 12. Four typical

alloys with Al composition varying from 10 to 30 at.%

were analyzed with optical microscopy and BSC imaging.

From Fig. 12(a)-(c), at low Al content, 10 at.%, after

1100 �C homogenization for 24 h, the chemical segrega-

tion disappeared and the resulting microstructure exhibits

large grains with twins inside. In alloy 5, Ni 70-10, it could

be seen that after annealing at 1100 and 800 �C, the alloy is

single c phase, in accordance with the EDS results

(Fig. 12a, b). While when aged at 600 �C for 4 weeks, after

etching, plate-like c0 discontinuous precipitation (DP) from

Fig. 10 Optical microstructure of as-cast alloys (a) No. 1: Ni 35-4; (b) No. 2: Ni 40-10; (c) No. 6: Ni 10-15; (d) No. 7: Ni 22-20; (e) No. 11: Ni

60-20; (f) No. 12: Ni 10-25; (g) No. 13: Ni 25-25; (h) No. 15: Ni 20-30; (i) No. 18: Ni 50-30
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the c matrix was observed as shown in Fig. 12(c). A film of

discontinuous c ? c0 precipitation was seen to occur along

the grain boundaries. This is consistent with previous work

that indicated a propensity for discontinuous precipitation

of c ? c0 with increasing Co content and decreasing

temperature.[25]

When the Al content is 30 at.%, alloy 18, as shown in

Fig. 12(d), at 1200 �C, the alloy was single phase b. After
annealing this alloy at 800 �C, small precipitates of c have

formed in the b matrix, Fig. 12(e). The precipitates are

very small in size so that it is not clear by optical micro-

scopy. The precipitation could also be inferred from the

increased rough surface of the grains after etching. When

the annealing temperature is 600 �C, at a higher

magnification, needle-like precipitates of c phase could be

observed in the matrix, Fig. 12(f).

From the above results, it can be seen that alloys 5 and

18, with low Al (10 at.%) and high Al content (30 at.%)

respectively, are both single phase at high temperature but

have a second-phase precipitation when annealing at lower

temperatures. This indicates decreasing solubility with

decreasing temperature for both c and b phases. The next

two alloys in Fig. 12 have an Al composition between 20

and 25 at.%, which produces a more complex structure

than the above two alloys, as shown in the BSC images,

Fig. 12(g)-(l). In alloy 11, Ni 60-20, compared with the as-

cast structure in Fig. 10(e), the eutectic structure was

removed after homogenization and high temperature

annealing at 1100 �C, resulting in a two-phase structure

(b ? c), as indicated in Fig. 12(g). In composition-mode

of backscattered electron imaging, the c phase has lighter

contrast due to the lower Al content, resulting in a higher

average atomic number than for the b phase. When

annealing at 800 �C, it is seen that within both phases, a

second-phase appears, which is explained as precipitation

of b-phase in c phase and vice versa, Fig. 12(h), consistent

with both single-phase boundaries decreasing in solubility

with decreasing temperature. The microstructure is also in

good agreement with the previous isothermal section

Fig. 11 Liquidus projection of Al-Co-Ni system in the Al-poor composition region by Schramm superimposed with interdendritic region

compositions determined in this work using EDS,[8] adapted from SpringerMaterials and used with permission

Table 4 The determined

melting points of selected Al-

Co-Ni samples

Sample Melting point, �C

Ni70-25 1376

Ni60-20 1374

Ni50-20 1369

Ni40-20 1364

Ni25-25 1364

Ni10-25 1359
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experimental results indicating a two-phase structure at this

temperature. Subsequently, after 600 �C annealing, a third-

phase c0 was seen to precipitate out discontinuously from

the c phase regions as shown Fig. 12(i).

Finally, in alloy 13, the equilibrated microstructures are

shown in Fig. 12(j)-(l). From the 1100 �C isothermal sec-

tion, this alloy is seen to fall in a two-phase field and the

microstructure shows the two phases (c ? b0) accordingly.

The two phases are marked as shown in Fig. 12(j), which

can be inferred by the variance in contrast caused by dif-

ferent atomic numbers under compositional backscattered

mode in the SEM. When annealing at 800 �C, Fig. 12(k),
the three phases are quite obvious, where the c0 lies around
the dark b phase due to a peritectoid reaction c ? b ? c0.
The b phase no longer exhibits a martensitic structure since

its equilibrium composition at this temperature is different

Fig. 12 Microstructure evolution of alloys No. 5, 18, 11 and 13:

Optical images of alloy No. 5: Ni 70-10, equilibrated at (a) 1100 �C,
(b) 800 �C and (c) 600 �C; of alloy No. 18: Ni 50-30, equilibrated at

(d) 1200 �C, (e) 800 �C and (f) 600 �C; Back Scattered electron

Composition mode images of alloy No. 11: Ni 60-20, equilibrated at

(g) 1100 �C, (h) 800 �C and (i) 600 �C; alloy No. 13: Ni 25-25,

equilibrated at (j) 1100 �C, (k) 800 �C and (l) 600 �C
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from that at 1100 �C (see Tables 2 and 3). After the alloy

was annealed at 600 �C, Fig. 12(l), it can be seen that

similarly, a certain amount of secondary-c phase is coming

out from the primary b phase, and c0 phase is also pre-

cipitating out from the c matrix discontinuously as indi-

cated in the image, making the microstructure even more

complex. It is also probable that c0 is precipitating con-

tinuously in the c matrix region but on a scale not

observable under these imaging conditions.

In summary, from the microstructure evolution of the

four alloys selected, a general conclusion can be made: the

high temperature homogenization treatment employed

removes the dendritic and eutectic structures and chemical

segregation; secondary phases precipitate out from the

primary phase on annealing at lower temperatures. Both the

optical microscopy and BSC observation confirm the

experimentally determined isothermal sections based on

EDS data.

3.4 Martensitic Transformation

According to Ref 1 and 26, who investigated the marten-

sitic transition starting temperature Ms, they confirmed that

in high Co alloys with more than 30 at.%, martensitic

transformation was seen to occur and Ms decreases with

increasing Co and Al content as well as increasing

annealing temperature. In this work, as shown in Fig. 12(j),

plate-like b0 martensite phase is observed in Ni 25-25,

since the sample was quenched from 1100 �C. The crystal

structure was confirmed by XRD as discussed in sec-

tion 3.6. Besides, the sample Ni 30-20 and Ni 20-30 also

exhibit martensite structure after annealing at 1100 and

1200 �C, respectively followed by quenching, which is

shown in supplementary Fig. S5. No martensite structure

was found in other samples with 20 at.% and 30 at.%Al.

From the summary data in Ref 26, when Co and Al com-

positions increase to higher than 30 at.%Co and 30 at.%Al,

Ms drops below room temperature, so it will not be

detected unless the sample is quenched in liquid nitrogen or

even lower temperature.

From the above discussion, the results in the present

work are seen to be in good agreement with the previous

studies.

3.5 Hardness Test

The room temperature hardness of the alloy samples

equilibrated at different temperatures is summarized as

shown in supplementary Table S1. It can be seen in the

table that for Ni 35-4, the hardness does not change with

decreasing annealing temperature. It remains almost the

same at around 116HV with small standard deviations.

This suggests the alloy remains single phase and does not

undergo a phase separation into ferromagnetic and para-

magnetic phases. As Al content increases to 10 at.%, all

four samples exhibit the same change in hardness values,

which remain similar after 1100 and 800 �C annealing and

increase significantly after annealing at 600 �C to twice the

hardness value of the higher temperature annealing. This

indicates precipitation hardening occurring at 600 �C,
which means that the alloy composition falls in a single

phase region at 1100 and 800 �C while it enters a two

phase-region when the temperature is decreased to 600 �C.
The microstructural observations discussed above also

correlate with the hardness increase. As Al content keeps

increasing, some of the alloys tend to have a similar

hardness increase as the Al 10 at.% samples–Ni 40-20, Ni

50-20, Ni 60-20, Ni 25-25.

For samples with 30 at.%Al content, a hardness decrease

was found in the predominantly b phase samples Ni 30-30,

Ni 40-30 and Ni 50-30 annealed at 800 �C. Since all the

samples were quenched from the isothermal annealing

temperatures, lower hardness at lower annealing tempera-

tures may be explained as resulting from a lower vacancy

concentration since it is well known that vacancy harden-

ing exists in intermetallic compounds.[27,28] It is also pos-

sible that some greater degree of long range order may be

achieved at even lower temperature, which might explain

the increased hardness for the Ni 40-30 and Ni 50-30

samples annealed at 600 �C compared to 800 �C.
The hardness test summary from the table above indi-

cates that at low Al content, the samples tend to be single

phase at high temperatures with low hardness values.

While as the Al content increases, due to the increasing

amount of b phase, the hardness increases gradually to a

high value. In addition, upon annealing at low temperature,

600 �C, the hardness usually increases significantly due to

the precipitation from the matrix. The microstructure

evolution discussed in the previous sections is in accor-

dance with the hardness test results.

3.6 Lattice Parameters of Solid Phases

After analyzing the microstructure of samples under dif-

ferent heat-treatment conditions, XRD was performed on

the characterized samples. Figure 13 shows the typical

XRD pattern changes as the sample Ni 25-25 was annealed

at different temperatures. For comparison, CrystalMaker�
(CrystalMaker Software Limited, Oxfordshire, UK) was

used to define the standard crystal structure unit cell and

the standard powder diffraction patterns were generated by

CrystalDiffract� accordingly as shown in Fig. 14. The

General Structure Analysis System (GSAS) II software

package[29] was used to determine the lattice parameters of

the phases present in each sample. The Crystallographic

Information Files (CIF) of the four phases were obtained
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from Pearson’s Crystal Database with the entry numbers

and references: c (Ni) —1822334,[30] c0 (Ni3Al (L12))—
1815423,[31] b (NiAl (B2))—1010999,[32] b0 (Martensite

(L10))—1932023,[33] respectively.

The phase transformation process of Ni 25-25 could thus

be inferred from the XRD results with reference to the

standard XRD patterns shown in Fig. 14. At 1100 �C, two
phases were detected in the alloy: c and b0. This corre-

sponds to the microstructure observation and EDS analysis.

Since the sample was quenched from 1100 �C, a martensite

(L10) structure is expected to be formed. The microstruc-

ture (both optical microscope and SEM) shows the plate-

like morphology of the b0 phase. However, from EDS

results we can only determine the phase composition of the

b0 phase, the crystal structure (whether it is normal b or the

martensite b0) cannot be determined. While the XRD result

clearly indicates the presence of b0 phase and thus con-

firmed the martensitic transformation in Ni 25-25 when

quenching from 1100 �C.
After annealing at 800 �C, a significant change in the

XRD pattern could be seen, combining with the analysis

from GSAS refinement, a third phase c0 appeared, but was
overlapped with the c fundamental peaks at certain 2h
positions. The peaks changed from those of c and b0 phases
to c, c0 and b. This is in accordance with the EDS analysis

result. The superlattice peaks of (001)c
0 and (110)c

0 are

intense enough to be detected, which also suggests the

Fig. 13 XRD patterns of Ni 25-25 annealed at different temperatures

compared with the calculated results

Fig. 14 Standard powder diffraction x-ray patterns of selected phases in the Al-Co-Ni system generated by CrystalDiffract�
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phase fraction of c0 is significant. The presence of both c
and c0 gives overlapping fundamental peaks and so the

presence of both is difficult to establish. When the

annealing temperature was decreased to 600 �C, the

diffraction peaks of c, c0 and b phases were also detected as

in the 800 �C sample. From the microstructure observation,

a second c0 phase with lamellar structure precipitated from

the b phase, which was distributed homogeneously but

very small in size preventing accurate determination of the

composition by EDS analysis.

The GSAS refinement was used to determine the lattice

parameters of phases in Al-Co-Ni samples at different

annealing temperatures 1100 and 800 �C. The results are

shown in Table 5 below. For the lattice parameters the

variation is based on composition of Al and Co with

addition of Al leading to a larger increase in lattice

parameter than addition of Co to Ni, which is consistent

with the results of Ref 34.

4 Conclusions

In this work, the phase equilibria among c, c0, b and b0

phases in the Al-Co-Ni system were determined experi-

mentally. The partial isothermal sections at 1100 and

800 �C as well as a partial liquidus projection determined

here result in modifications to previously published work.

Through the microstructure evolution as a function of

temperature, we can see that, cold work followed by

homogenization is effective in removing the dendritic and

eutectic structures and chemical segregation in as-cast

alloys. At lower temperatures, 800 and 600 �C, second

phases will tend to precipitate out from the primary phases.

Comparing the experimental results with the calculated

results using Thermo-Calc (TCNI8), there is reasonable

agreement. The predicted separation of the c phase into a

two-phase ferromagnetic and paramagnetic region has

never been observed experimentally in this or other pub-

lished work. However, the observation of such a region is

not straightforward and is unlikely to be observed

serendipitously without some prior knowledge as is pro-

vided by Thermo-Calc. Future work should explore the

ferromagnetic and paramagnetic phase separation, as pre-

dicted using Thermo-Calc, to verify its occurrence in this

system.
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