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a b s t r a c t

Atom probe tomography has been used to characterise the effect of varying Ni:Co ratio on elemental

phase partitioning at 800 �C in g-g0 alloys derived from the Ni-Co-Al-Ti-Cr system. In all alloys tested, Al

and Ti were found to partition preferentially to the g0 phase, whereas Co and Cr partitioned preferentially

to the g phase. However, above a critical Co content (~19 at.%), the extent of partitioning of Al and Ti to

the g0 phase reduced. Conversely, Cr partitioned more strongly to the g phase with Co additions of up to

~19 at.%, above which this preferential segregation was less pronounced. This non-monotonic trend of

elemental partitioning behaviour with increasing Co concentration was attributed to a transition in the

chemistry of the L12 g0 phase from Ni3(Ti, Al) to (Ni, Co)3(Ti, Al) and thus to a change in its solute

solubility.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

In the drive to make air travel more sustainable, aero-engines

must operate with greater efficiency and one method of

achieving this is to increase the temperature of the gas entering the

turbine. This imposes more stringent service conditions on the al-

loys from which aero-engine turbine components are fabricated,

requiring new higher performance alloys to be developed that can

sustain these higher operating temperatures. Currently, the poly-

crystalline Ni-based superalloys used for many such components

typically comprise a Ni-rich solid solution (g) exhibiting the face-

centred cubic (A1) crystal structure strengthened by coherent

particles of an intermetallic phase, Ni3(Al, Ti) (g
0), possessing the

L12 superlattice structure [1]. One method by which superalloys

can be designed with higher proof strength and greater creep

resistance is through increasing the volume fraction of the

strengthening g0 phase for a given temperature [2,3]. This can be

readily achieved through increasing the concentration of g0-form-

ing elements such as Al and Ti. Ti additions also offer the benefit of

increasing the anti-phase boundary energy of the g0 phase whilst

not negatively impacting alloy density [4]. However, excessive Ti

additions increase the propensity to form the Ni3Ti (h) phase,

which has the D024 crystal structure and is generally considered

deleterious to alloy properties [5]. This issue may be overcome

through the use of Co-Ti co-additions [6], enabling new superalloy

compositions with improved high temperature strength and creep

resistance.

In the binary Co-Ti phase diagram [7] a two-phase field exists

above 600 �C between an A1 Co-rich solid solution and the L12
Co3Ti intermetallic phase. As with Ni3Al, the monolithic Co3Ti

compound exhibits an increase in proof stress with increasing

temperature [8]. Indeed, the strength of Co3Ti has been shown to

exceed that of Ni3Al at temperatures greater than 730 �C [9] and is

thus anticipated to confer improved high temperature strength

over conventional superalloys. Furthermore, the Co3Ti intermetallic

has the advantage of relatively low cost and low density compared

with other candidate L12 intermetallics such as Co3(Al, W). Unfor-

tunately, alloys based on the Co-Co3Ti two-phase field are not

currently considered as viable alternatives to Ni-based superalloys

as their microstructures are often unstable, precipitating detri-

mental intermetallic phases and exhibiting discontinuous reaction

products at elevated temperature [10e12]. A further barrier to the* Corresponding author.
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commercial use of Co-Co3Ti based alloys is the low solvus tem-

perature of the g0-Co3Ti, which typically lies in the range of

815e872 �C [13]. However, simultaneous additions of Co and Ti to

conventional Ni-based superalloys have been shown to enable the

development of (Ni, Co)-based superalloys that exhibit improved

high temperature properties over conventional superalloys.

A partial phase diagram of the quaternary Ni-Al-Co-Ti system

has been experimentally derived for temperatures between 750

and 1100 �C [14e16]. It has been reported that a continuous L12
phase field exists between Ni3Al and Co3Ti (g

0) along their near-

stoichiometric compositions and that a continuous A1 phase field

(g) exists between the Ni-rich and Co-rich vertices of the phase

diagram. Furthermore, for this range of temperatures, a continuous

two phase field of g and g0 has been shown to exist between the Ni-

Ni3Al and Co-Co3Ti equilibria, such that any alloy composition

within this two-phase field may produce the desirable A1-L12
microstructure [14e16]. Consistent with this result, a number of

studies have shown that, by incorporating elevated concentrations

of Co and Ti into commercial Ni-based superalloy compositions, it is

possible to achieve a g-g0 microstructure that possesses superior

high temperature strength and creep resistance compared with

conventional Ni-based superalloys [4,13,17e19]. This effect has

been attributed to several mechanisms, most notably to an increase

in g0 volume fraction as well as to an increase in the solid solution

hardening of g and g0 by Co and Ti respectively [17,19].

Critically, the relative concentrations of the different alloying

elements in Ni-based superalloys determine the elemental parti-

tioning behaviour between the g and g0 phases and, therefore, the

properties of the alloy. Previous studies have shown that Co par-

titions preferentially to the g phase and has a significant influence

on the solubility of other alloying elements in the g and g0 phases of

Ni-based superalloys [19e22]. For example, additions of Co have

been found to increase the volume fraction of g0 in commercial Ni-

based superalloys [20,23e25] and this has been attributed to the

effect that Co has in reducing the solubility of Al and Ti in the g solid

solution [21,23]. This is consistent with a recent study by Oni et al.

[22], who used atom probe tomography to highlight the differences

in elemental partitioning between the g and g0 phases in three Ni-

Al-Co-Ti alloys with varying Co and Ti content.

Chromium is a critical addition in polycrystalline Ni-based su-

peralloys as it imparts resistance to oxidation and hot corrosion via

the formation of a protective (diffusion-resistant) Cr2O3-rich scale

[2]. However, high Cr concentrations in the alloy increase the

propensity to form deleterious topologically close-packed (TCP)

intermetallic phases such as s [1]. Therefore, it is desirable that the

partitioning of Ni, Al, Co and Ti between the g and g0 phases is

assessed in the presence of Cr, as its concentration in the g phase

must be optimised to provide environmental resistance whilst also

retaining microstructural stability. Elemental partitioning between

the g and g0 phases in such quinary alloys has been shown to affect

their microstructure and resultant properties. Specifically, differ-

ences observed in the hardness of g-g0 Ni-Co-Al-Ti-Cr alloys have

been attributed to the effect of the Ni:Co ratio on the partitioning of

the other elements [26]. Given the importance of elemental parti-

tioning on the microstructure and properties of superalloys, an

improved understanding of the phase equilibria is therefore critical

if optimised compositions are to be designed. To this end, this study

aims to elucidate the influence of the Ni:Co ratio on the elemental

partitioning behaviour in alloys comprising Ni-Al-Co-Ti as well as

Cr, as the latter is a critical addition in polycrystalline superalloys

intended for service below 800 �C due to its ability to impart

oxidation and hot corrosion resistance.

2. Experimental procedure

2.1. Material and heat treatment

The series of model superalloys investigated in the present

study was based on the (Ni, Co)75Al5Ti5Cr15 (at.%) system in which

the Ni:Co concentration ratio was varied from 1:0 to 1:3, Table 1.

The concentration ratio of Al:Ti was kept at one to allow systematic

assessment of the influence of Co on the partitioning of solute el-

ements between the g and g0 phases. Additionally, the total Al þ Ti

content was fixed at 10 at.% to achieve comparable g0 volume

fractions in the alloys. The alloys were named according to their

nominal at.% Co.

Vacuum arc melting was used to fabricate polycrystalline sam-

ples of the seven alloys from raw elements of at least 99.9% purity.

Thermal analysis of the as-cast alloys was performed using differ-

ential scanning calorimetry (DSC) to determine the critical phase

transformation temperatures, knowledge of which was required for

the selection of suitable homogenising temperatures. DSC tests

were performed using a Netzsch 404 heat-flux calorimeter oper-

ating at temperatures of up to 1450 �C with a heating rate of 10 �C

min�1. The alloys were sealed in quartz tubes under an Ar atmo-

sphere before being subjected to a homogenisation heat treatment

in the single g phase field at 1250 �C for 24 h to minimise the effect

of casting-induced micro-segregation. The homogenisation heat

treatment temperature was chosen to be higher than the g0 solvus

temperatures of all of the alloys but sufficiently lower than their

solidus temperatures to avoid incipient melting. Following the

homogenisation heat treatment, all alloys were subjected to an

ageing heat treatment at 800 �C for 1000 h to attain the thermo-

dynamically stable phase distributions at this temperature. The

alloy specimens were then air-cooled.

2.2. Scanning electron microscopy (SEM)

Alloy specimens in the as-homogenised and fully aged condi-

tions were mounted in conductive Bakelite and prepared for met-

allographical examination by grinding usingwet SiC abrasive paper.

They were then polished using progressively finer diamond sus-

pensions down to 1 mm. Specimens were subsequently electrolyt-

ically etched using a 10% phosphoric acid solution in order to

dissolve the g matrices and to highlight the g0 particles. Micro-

structural examination of the alloys was performed using an FEI

Nova NanoSEM 450 scanning electron microscope in secondary

electron mode. Energy dispersive X-ray spectroscopy (EDS) was

performed using a Bruker XFlash 6 solid state EDS system to

identify the overall compositions of the alloys, Table 1, which were

obtained from a minimum of 5 large area scans of at least

0.5 � 0.5 mm in size.

2.3. Differential scanning calorimetry (DSC)

DSC was performed to determine the g0 solvus, solidus and

liquidus temperatures of the seven model superalloys after the

ageing heat treatment of 800 �C for 1000 h. Small discs of 5 mm in

diameter and 1 mm in thickness were extracted from each alloy in

the fully aged condition using spark erosion. DSC tests on these

aged alloy specimens were performed as for the as-cast alloy

specimens using a Netzsch 404 heat-flux calorimeter operating at

temperatures of up to 1450 �C with a heating rate of 10 �C min�1.

Data analysis was performed using Igor Pro 6.3 software [27].

S.C.H. Llewelyn et al. / Acta Materialia 131 (2017) 296e304 297



2.4. Atom probe tomography (APT)

Atom probe tomography (APT) was performed to determine the

compositions of the g and g0 phases within the seven model su-

peralloys aged at 800 �C for 1000 h. Cuboidal rods

(0.5� 0.5� 15mm)were extracted from each alloy in the fully aged

condition using electrical discharge machining (EDM). From these

rods, specimens suitable for APTanalysis were prepared in the form

of sharply pointed needles by a rough electropolish using a 25%

perchloric acid solution at a voltage of 15e20 V, followed by fine

electropolishing using a more dilute perchloric acid solution (2%) at

a voltage of 15 V. All APT experiments were carried out using a

CAMECA local-electrode atom-probe (LEAP) 4000X HR instrument

at the Michigan Center for Materials Characterization. The instru-

ment was operated in the high-voltage pulsing mode with the

superimposed pulsing voltage at nominally 20% of the steady-state

voltage and a detection efficiency of ~36%. Specimen temperatures

were maintained at nominally 50 K. Initial data processing was

performed using the CAMECA IVAS 3.6.8 software. Data were

subsequently processed to deconvolve the overlapping isotopic

peaks. Proximity histograms (proxigrams) were generated from the

data acquired, which displayed the atomic fraction of each element

as a function of its proximity to the g/g0 interface, as defined using

an isoconcentration surface of Al and/or Ti. These surfaces were

used as reference points for calculating the proxigrams, which were

computed 10 nm either side of the interfaces using a 0.5 nm bin

size. Error bars displayed represent one standard deviation (s) and

were calculated using: s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðCið1� CiÞÞ=N
p

, where Ci is the calcu-

lated atomic fraction of each element i and N is the total number of

atoms in each bin [28]. For each alloy, the mean elemental con-

centrations in the g and g0 phases were quantified using data points

away from the interface, where the deviation from the average

value was not more than ~1 at.%. The uncertainty associated with

these values was taken to be the standard deviation of the

elemental concentrations over the range used to calculate the

average values.

The elemental concentration data were used to calculate the

volume fraction of the g0 phase in each alloy using the lever rule:

C
alloy
i

¼ ðC
g
0

i
: f g

0

Þ þ ðC
g

i
: ð1� f g

0

ÞÞ, where C
alloy
i

is the nominal

concentration of element i in the alloy, C
g

i
and C

g
0

i
are the con-

centrations of the same element in the g and g0 phases respectively

and f g
0

is the volume fraction of g0 in the alloy. The overall g0

volume fraction in each alloy was determined by rearranging the

lever rule:

f g
0

¼
C
alloy
i

� C
g

i

C
g
0

i
� C

g

i

Values for C
alloy
i

� C
g

i
were then plotted against values for C

g
0

i
�

C
g

i
for the individual alloying elements and a linear regression

analysis performed to determine the line gradient, equivalent to

f g
0

.

2.5. Computational modelling

The compositions of the g and g0 phases in the quinary Ni-Co-Al-

Ti-Cr alloys were calculated by the CALPHAD approach using the

Thermo-Calc software with the TCNi8 database. Phase equilibria

were calculated for 800 �C without suppressing the formation of

any phases. In addition, the equilibrium phase transition temper-

atures of each alloy were computed using Thermo-Calc with the

TCNi8 database.

3. Results

Duplex g-g0 microstructures were observed in all alloys in their

homogenised condition and following ageing at 800 �C with no

other phases observed, Fig. 1. The Co-free alloy, Fig. 1a, and those

containing up to 38 at.% Co, Fig. 1bee, comprised isolated g0 par-

ticles. The 47Co and 56Co alloys, Fig. 1feg, exhibited elongated g0

precipitates, suggesting directional coalescence during particle

growth. It should be noted that the triangular appearance of the

particles in the 47Co alloy, Fig. 1f, was consistent with the

sectioning plane being away from {100}.

Fig. 2 shows the volume fraction of the g0 phase in each alloy as

derived from the experimental APT data as a function of the

nominal Co content, compared with predicted values determined

using Thermo-Calc with the TCNi8 database. The experimental data

indicate that the g0 volume fraction increased slightly with Co ad-

ditions of up to 19 at.%, with a subsequent decrease in g0 volume

fraction observed as alloy Co content increased further. The

modelled predictions of g0 volume fraction were consistently lower

than experimental values.

3.1. Phase transition temperatures

Fig. 3 shows the g0 solvus, solidus and liquidus temperatures of

the aged alloys as a function of the nominal Co content. The

experimental data indicate that the solvus temperature of the g0

phase decreased with increasing Co concentration, consistent with

Thermo-Calc predictions for the alloys of higher Co content. The Co

concentration appears to have had a less pronounced effect on the

experimentally obtained solidus and liquidus temperatures.

3.2. Elemental phase partitioning

Compositional data obtained from the 0Co alloy were used as a

baseline to which corresponding data from the quinary (Co-con-

taining) alloys could be compared. Fig. 4a displays a 10 nm slice

through the reconstruction of the atom probe sample of the aged

Co-free alloy, showing the Ni, Al, Ti and Cr solute distributions

where each coloured dot represents one atom of a particular solute

Table 1

Nominal chemical compositions of the alloys, together with the measured compositions and their standard deviations (s) for the alloys in the fully aged condition using SEM-

EDS.

Alloy Nominal composition (at.%) Measured composition (at.%)

Ni Co Al Ti Cr Ni ±s Co ±s Al ±s Ti ±s Cr ±s

0Co 75.0 0.0 5.0 5.0 15.0 74.34 0.06 e e 5.46 0.07 5.35 0.06 14.85 0.09

9Co 65.6 9.4 5.0 5.0 15.0 64.9 0.3 9.4 0.3 5.41 0.17 5.4 0.2 14.91 0.10

19Co 56.3 18.8 5.0 5.0 15.0 55.9 0.6 18.85 0.15 5.2 0.9 5.21 0.10 14.83 0.11

28Co 46.9 28.1 5.0 5.0 15.0 46.5 0.2 28.42 0.14 5.24 0.16 5.31 0.09 14.54 0.15

38Co 37.5 37.5 5.0 5.0 15.0 37.55 0.04 37.88 0.06 4.69 0.03 5.13 0.06 14.76 0.06

47Co 28.1 46.9 5.0 5.0 15.0 27.78 0.19 47.9 0.3 4.91 0.17 4.92 0.18 14.52 0.17

56Co 18.8 56.3 5.0 5.0 15.0 18.89 0.08 57.02 0.14 4.31 0.05 5.06 0.05 14.71 0.05
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species. Two phases were identified, pertaining to g and g0 as

indicated. The associated proximity histograms are presented in

Fig. 4b. It can be seen that the concentrations of Ni in the g and g0

phases were similar, although a slight decrease in Ni concentration

at the interface was observed. The other elements showed a

marked difference in solute concentration between the g and g0

phases. The g phase was enriched with Cr (~23 at.%) and the g0

phase was enriched with Ti (~11 at.%) and Al (~11 at.%).

Fig. 5a displays a 10 nm slice through the atom probe recon-

struction of the aged 56Co alloy, showing the Ni, Ti, Al, Cr and Co

solute distributions. It is evident that the g matrix was rich in Cr

and Co and that the g0 precipitates were rich in Ni, Ti and Al. The

corresponding proxigrams shown in Fig. 5b permit an estimate to

be obtained for elemental concentrationwithin the g and g0 phases.

Thus, the g phase comprised approximately 59 at.% Co and 21 at.%

Cr whilst the g0 phase comprised approximately 30 at.% Ni, 12 at.%

Ti and 8 at.% Al. The proxigrams also indicated the presence of a

diffuse interface between the g and g0 phases approximately 20 nm

in width. In the g phase approaching the interface, there appeared

to be a slight enrichment in Co and Cr and depletion in Ni, Ti and Al.

This may be attributed to the coarsening of the g0 precipitates

observed in this alloy (Fig. 1g). Figures showing the atom probe

reconstructions and proximity histograms pertaining to the other

five alloys are available online in supplementary information.

Comparison of Figs. 4 and 5 indicates that the addition of 56 at.%

Co to the Ni-Al-Ti-Cr quaternary alloy caused less extensive parti-

tioning of Al than of Ti to the g0 phase. Increased partitioning of Ni

towards the g0 phase was observed in alloy 56Co compared with

alloy 0Co.

Table 2 shows the mean atomic concentrations of elements

within the g and g0 phases for each alloy, quantified from their

respective proxigrams. The elemental partitioning coefficient (ki)

was defined as the ratio of the concentration of element i in the g0

Fig. 1. Secondary electron images of the A1-L12 microstructure, showing g0 particles embedded in the g matrix of alloys: (a) 0Co, (b) 9Co, (c) 19Co, (d) 28Co, (e) 38Co, (f) 47Co and

(g) 56Co following ageing at 800 �C for 1000 h.

Fig. 2. Volume fraction of the g0 phase in the Ni-Co-5Al-5Ti-15Cr alloys tested as a

function of nominal alloy Co content. Experimental data (markers) are compared with

thermodynamic model predictions (solid lines) obtained using Thermo-Calc with the

TCNi8 database for 800 �C.

Fig. 3. Liquidus, solidus and g0 solvus temperatures of the Ni-Co-5Al-5Ti-15Cr alloys as

a function of nominal alloy Co content. Experimental data (markers) are compared

with thermodynamic model predictions (solid lines) obtained using Thermo-Calc with

the TCNi8 database.
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phase (C
g
0

i
) to the concentration of the same element in the g phase

(C
g

i
) according to:

ki ¼
C
g
0

i

C
g

i

This parameter is useful in the assessment of preferential phase

partitioning of solutes and is displayed for i ¼ Al, Ti, Ni, Cr and Co in

Table 2. As inferred from ki values in excess of 1, it is apparent that

Ti and Al, and to a lesser extent Ni, segregated preferentially to the

g0 phase. At any given alloy Co content, Ti exhibited a higher ki than

Al, suggesting that preferential partitioning to the g0 phase was

higher for Ti than for Al. Conversely, Cr and Co partitioned prefer-

entially to the gmatrix phase in all alloy compositions, as indicated

by ki values of less than unity. The extent of preferential parti-

tioning of individual alloying elements was observed to be highly

dependent on the Ni:Co ratio of the alloy.

3.3. Effects of alloying with cobalt

To elucidate how the partitioning of Al, Ti and Cr between the g

and g0 phases varied with the Ni:Co ratio, the elemental concen-

trations within both phases are plotted in Fig. 6 as a function of

alloy Co content. Superimposed on these plots as solid lines are the

equilibrium elemental concentrations of the phases computed at

800 �C using thermodynamic modelling. For each alloy, the

thermodynamic modelling predicted the formation of a duplex g-g0

microstructure with no additional phases.

The experimental data shown in Fig. 6a indicate that the con-

centration of Al within the g phase decreased up to a Co content of

~19 at.% (Ni:Co ratio of 3:1), above which Al concentration

increased, inferring a transition in elemental partitioning behav-

iour at this Ni:Co ratio. Correspondingly, within the g0 phase,

Fig. 6b, an increase in Al concentration was observed initially on

addition of Co to the quaternary Ni-Al-Ti-Cr alloy, followed by a

decrease in Al concentration as the Co content increased further.

The variation in Al concentration with increasing Co content, as

predicted by thermodynamicmodelling (solid lines in Fig. 6a and b)

followed a similar trend, but suggests that the critical Co content at

which there is a transition in partitioning behaviour was higher

than that found experimentally.

From the Ti partitioning data, Fig. 6c, it can be seen that an

increasing Co content (up to ~19 at.%) gave rise to a decrease in the

Ti concentration within the g phase, followed by increased Ti

concentration as Co content rose further. This suggests that the

observed preferential partitioning to the g0 phase occurred to a

lesser extent at higher Co content. The thermodynamic modelling

data (solid line in Fig. 6c) predicted a similar transition in phase

Fig. 4. (a) Atom probe reconstructions of the spatial distributions of Ni, Ti, Al and Cr

atoms within a 10 nm slice through the volume analysed of aged alloy 0Co. 100% Al

(red), 100% Ti (orange), 100% Cr (blue) ions are shown but only 70% Ni (green) ions are

shown so that the g and g0 phases may be distinguished. (b) Proxigrams showing

solute concentration profiles across the g/g0 interface. Error bars have been included

but are smaller than the symbols used. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

Fig. 5. (a) Atom probe reconstructions of the spatial distributions of Ni, Ti, Al, Cr and

Co atoms within a 10 nm slice through the volume analysed of aged alloy 56Co. To

distinguish the g phase from the g0 phase, only a fraction of the ions are shown for each

element [10% Ni (green), 30% Al (red), 30% Ti (orange), 20% Cr (blue) and 4% Co

(purple)]. (b) Proxigrams showing solute concentration profiles across the g/g0 inter-

face. Error bars have been included but are smaller than the symbols used. (For

interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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partitioning behaviour at ~19 at.% Co. However, the concentrations

of Ti in the g phase, as predicted by modelling, were consistently

higher than those determined by experiment. For the Ti concen-

tration within the g0 phase of each alloy, Fig. 6d, experimental data

showed no clear correlation between Ti concentration and alloy Co

content, whereas corresponding thermodynamic modelling data

predicted an increase and then decrease in Ti concentration within

the g0 phase as Co content increased.

With respect to the partitioning of Cr, Fig. 6e indicates that the

concentration of Cr within the g phase increased slightly up to a Co

content of ~19 at.%. For alloys with significantly higher Co content,

Cr concentration in the g phase was observed to decrease.

Conversely, within the g0 phase, Fig. 6f, an initial slight decrease in

the Cr concentration was observed with increasing Co content (up

to ~19 at.%) followed by an increase in Cr concentration as Co

content increased further. The modelling data displayed a compa-

rable trend to the experimental data, Fig. 6e and f, though the

experimentally-determined Cr concentrations in both the g and g0

phases were consistently higher than those predicted using ther-

modynamic data.

To summarise the experimental data presented thus far, Fig. 7

shows how the elemental partitioning coefficients (ki) were

dependent on the Co content of the alloy. From Fig. 7a, it can be

seen that the ki for Ti was higher than that for Al for each alloy

composition tested, with Ti and Al displaying a peak in ki at a Co

content of ~19 at.%. In contrast, Cr exhibited a minimum in the ki at

this critical Co content (~19 at.%), Fig. 7b. Fig. 7c indicates that Ni

segregated preferentially to the g0 phase in the presence of Co and

did so to a greater extent with increasing Co additions of up to

47 at.%. Furthermore, it appears that Co partitioned to the g0 phase

to a greater extent as Co concentration in the alloy increased.

Fig. 8 shows the elemental constitution of the two sub-lattices of

the g0 phase as a function of alloy Co content, as predicted by

thermodynamic modelling. Fig. 8a and b suggest that, as expected,

Table 2

Average chemical compositions (at.%) of the g and g0 phases and their associated standard deviations in the alloys following ageing at 800 �C for 1000 h, as obtained from the

APT proxigram data.

Alloy Phase Average composition (at.%) Partitioning ratio (C
g
0

i
=C

g

i
)

Al ±s Ti ±s Ni ±s Cr ±s Co ±s kAl ±s kTi ±s kNi ±s kCr ±s kCo ±s

0Co g 1.77 0.03 1.24 0.03 73.77 0.09 23.23 0.09 e e 6.15 0.11 9.2 0.2 1.015 0.003 0.124 0.003 e e

g0 10.85 0.07 11.37 0.12 74.9 0.2 2.87 0.08 e e

9Co g 1.64 0.08 1.00 0.05 60.48 0.18 23.63 0.14 13.25 0.16 6.9 0.4 12.2 0.7 1.180 0.005 0.104 0.005 0.200 0.006

g0 11.30 0.16 12.2 0.3 71.39 0.18 2.46 0.11 2.65 0.07

19Co g 1.41 0.08 0.73 0.05 46.75 0.18 24.99 0.08 26.1 0.2 8.0 0.5 16.6 1.1 1.484 0.006 0.080 0.001 0.202 0.004

g0 11.27 0.09 12.10 0.05 69.37 0.08 2.00 0.02 5.264 0.104

28Co g 1.74 0.08 0.91 0.07 36.6 0.2 23.82 0.18 36.89 0.18 6.5 0.3 13.49 1.05 1.770 0.011 0.086 0.004 0.260 0.006

g0 11.31 0.13 12.22 0.09 64.8 0.2 2.05 0.09 9.6 0.2

38Co g 2.07 0.09 0.95 0.06 25.2 0.3 24.9 0.2 46.8 0.3 5.4 0.3 13.5 0.9 2.28 0.03 0.098 0.004 0.344 0.005

g0 11.12 0.19 12.8 0.2 57.5 0.3 2.45 0.09 16.1 0.2

47Co g 3.09 0.18 1.6 0.2 19.8 0.4 21.7 0.3 53.9 0.5 3.3 0.2 7.3 0.9 2.32 0.05 0.173 0.007 0.527 0.009

g0 10.26 0.19 11.7 0.3 46.0 0.4 3.75 0.15 28.4 0.4

56Co g 3.72 0.15 2.04 0.18 13.9 0.4 21.2 0.4 59.2 0.4 2.27 0.09 5.9 0.5 2.18 0.06 0.308 0.007 0.723 0.006

g0 8.43 0.06 12.0 0.1 30.28 0.15 6.53 0.08 42.79 0.15

Fig. 6. Concentration of (a) Al in the g phase; (b) Al in the g0 phase; (c) Ti in the g phase; (d) Ti in the g0 phase; (e) Cr in the g phase; (f) Cr in the g0 phase as a function of nominal

alloy Co content. Experimental data (markers) are contrasted with thermodynamic predictions (solid lines) obtained using Thermo-Calc with the TCNi8 database for 800 �C.
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Ti preferentially occupies the Al sub-lattice. A significant fraction of

the Cr concentration predicted to reside in the g0 phase (solid line in

Fig. 6f) is anticipated to occupy the Al sub-lattice, Fig. 8c and d. This

is suggested by the comparable concentration profiles of Figs. 6f

and 8d in addition to the relatively high concentration values

calculated for Cr on the Al sub-lattice. Fig. 8e and f would indicate

that, for all alloy Co contents, Co substitutes predominantly onto

the Ni sub-lattice.

4. Discussion

With increasing Co content in g-g0 Ni-Co-Al-Ti-Cr alloys, both Al

and Ti were observed to partition more extensively to the g0 phase

up to the Co content of ~19 at.%, after which the preferential

segregation of Al and Ti to the g0 phase was less extensive, Fig. 7a.

The inference is that a transition in elemental partitioning behav-

iour occurs at a critical Co content in the vicinity of 19 at.%. The

more extensive degree of partitioning of Al and Ti to the g0 phase at

relatively low Co contents may be attributed to the effect that Co

has in reducing the solubility of Al and Ti in the Ni-based g solid

solution [21,23].

In contrast to Al and Ti, with increasing Co additions up to

~19 at.%, the Cr content in the g phase increased, Fig. 6e, accom-

panied by a concomitant decrease in Cr concentration in the g0

phase, Fig. 6f. Increasing concentrations of Cr in the g phase at

relatively low Co content may be due to the increased partitioning

of Al and Ti to the g0 phase, Fig. 6a, c. For alloys with significantly

higher Co content, the concentration of Cr in the g0 phase appeared

to increase, Fig. 6f, with a concomitant decrease in the g phase,

Fig. 6e. This suggests that the g0 phase exhibits a higher solubility

for Cr in the presence of high Co concentrations.

The non-monotonic dependence of elemental concentration

within the g and g0 phases on increasing alloy Co content may be

explained with reference to the quaternary phase diagram of the

Ni-Co-Al-Ti system derived for the temperature range 750e1100 �C

[14,15]. In the Ni-Al rich region of the quaternary phase diagram,

the L12 g
0 phase is likely to be Ni3(Al, Ti). Where Co and Ti content

are increased simultaneously, the effect is to shift the alloy

composition across the g-g0 two-phase field connecting the Ni-

Ni3Al and Co-Co3Ti equilibria. This plausibly corresponds to a

Fig. 7. Variation in elemental partitioning coefficients (ki) of (a) Al & Ti; (b) Cr and (c) Ni & Co as a function of nominal alloy Co content.

Fig. 8. Concentration of (a) Al and Ti on the Ni sub-lattice; (b) Al and Ti on the Al sub-lattice; (c) Cr on the Ni sub-lattice; (d) Cr on the Al sub-lattice; (e) Ni and Co on the Ni sub-

lattice; (f) Ni and Co on the Al sub-lattice with varying alloy Co content, as predicted by Thermo-Calc with the TCNi8 database for 800 �C.
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gradual chemical shift of the g0 phase from Ni3Al-based to Co3Ti-

based [14,15]. The resulting difference in phase chemistry of the g0

would be expected to induce different elemental phase partitioning

in low and high Co variants of alloys from the quaternary Ni-Co-Al-

Ti system. Indeed, it has been reported that in g-g0 Ni-Co-Al-Ti al-

loys, a simultaneous decrease in the concentration ratios of Ni:Co

and Al:Ti corresponds to marked changes in the partitioning co-

efficients of Al and Ti on ageing at 750 �C [22]. However, the

compositions at which these transitions occurred were not estab-

lished in that study as a result of the limited number of samples

investigated. It has been well established that Ti can substitute

extensively for Al in Ni3Al whereas Co3Ti exhibits relatively low

solubility for ternary alloying elements such as Al [29]. In the cur-

rent alloys, the transition in elemental phase partitioning behav-

iour observed with increasing alloy Co content is thus putatively

attributed to a change in the solute solubility in the g0 phase, driven

by the underlying thermodynamics of the system.

Despite the preferential partitioning of Co towards the g matrix

phase (kCo consistently <1; Table 2), an increase in the partitioning

coefficient of Co was observed with its increasing concentration in

the alloy, Fig. 7c. This indicates that the preferential segregation of

Co towards the g phase was occurring to a lesser extent as its

concentration in the alloy increased, and that the partitioning of Co

toward the g0 phase was becoming more pronounced. In a recent

study published by Oni et al. [22], which examined the atomic site

occupancies in g0 within quaternary Ni-Al-Co-Ti alloys, it was re-

ported that the site preference of Co in the A3B structure of g0

changes from a random distribution between the A and B sub-

lattices in the 15 at.% Co alloy to the A sub-lattice with alloy Co

content of 30 and 55 at.%. This would indicate that, in Ni-Al-Co-Ti

alloys, a chemical transition of the g0 occurs from Ni3(Al, Ti) to

(Ni, Co)3(Al, Ti) at a critical Co content in the range of 15e30 at.%.

Thus, in the current study, it is plausible that at Co contents above

~19 at.%, Co preferentially occupies the Ni sub-lattice of the L12
structure to form (Ni, Co)3(Ti, Al) and this may underlie the

observed phase partitioning behaviour at higher Co contents.

However, thermodynamic modelling predicted that the Co parti-

tioning to the g0 phase substitutes predominantly onto the Ni sub-

lattice in all alloys, Fig. 8e and f.

It may be inferred from Fig. 6f that the g0 phase of alloys

comprising Co contents greater than ~19 at.% exhibit rapidly

increasing solubility for Cr. With regards to the atomic site prefer-

ences of Co and Cr in L12Ni3Al, a first-principles study by Chaudhari

et al. [30] suggests that if Co were to reside on the Ni sub-lattice of

the g0 phase, then the most thermodynamically stable atomic

configuration would be for Cr to occupy the Al sites of the L12 lat-

tice. Their study, using density functional theory calculations,

indicated that the substitution of Co on to the Ni sub-lattice of the g0

generates a larger energy barrier for a Cr atom residing on the Al

sub-lattice to transfer to the Ni sub-lattice. The implication is that

by raising the Co content of the alloy, and with its substitution on to

the Ni sub-lattice of the g0 phase, there is an increase in the ther-

modynamic driving force for Cr to partition to the Al sites of the

Ni3Al lattice. Furthermore, it has been shown both theoretically and

experimentally that in the L12 Co3Ti compound, Cr substitutes onto

the Ti sub-lattice [10,29]. Thus, it follows that at higher alloy Co

contents (above ~19 at.%), Cr may increasingly readily partition to

the g0 phase in which it occupies the (Ti, Al) sub-lattice of (Ni,

Co)3(Ti, Al). This is supported by the thermodynamic predictions of

atomic site occupancies in g0, which indicate that the Cr parti-

tioning to the g0 phase at higher Co content substitutes preferen-

tially for Ti and Al, Fig. 8b, d. This substitution of Cr onto the (Ti, Al)

sub-lattice may underlie the observed decrease in the preferential

partitioning of Ti and Al to the g0 with Co contents increasing above

~19 at.%, Fig. 7a.

From Fig. 7c, it is apparent that a Co content of 56 at.% corre-

sponds to a notable decrease in kNi and to a concurrent increase in

kCo that may suggest the onset of a compositional transition of the

g0 from Ni-based to Co-based. It may be inferred from Table 2 that

the g0 phase of alloy 56Co comprises a higher concentration of Co

than Ni and is thus Co3Ti-based. Therefore, it is plausible that, be-

tween 47 and 56 at.% Co in the alloy, there is a chemical transition of

the g0 phase occurring from (Ni, Co)3(Ti, Al) to Co3Ti.

5. Conclusions

Through APT, this study examined the effects that the Ni:Co

ratio has on the elemental phase partitioning in alloys from the (Ni,

Co)75Al5Ti5Cr15 alloy system at 800 �C. The following conclusions

were drawn.

� All alloys were observed to exhibit a two-phase g-g0 micro-

structure in which Ni, Al and Ti segregated preferentially to the

g0 particle phase (ki >1) and Cr and Co partitioned preferentially

to the g matrix phase (ki <1).

� The preferential partitioning of Ti and Al toward the g0 phasewas

observed to become greater with an increase in the Co content of

the alloy up to ~19 at.%. As the Co content increased above this

value, the g0 solubility for both Ti and Al appeared to decline.

� Cr exhibited amore extensive degree of preferential partitioning

toward the g matrix with increasing Co additions of up to

~19 at.%, abovewhich the preferential segregation of Cr occurred

to a lesser extent.

� The non-monotonic correlation observed between elemental

phase partitioning and alloy Co content was attributed to a

transition in the composition of the g0 phase from Ni3(Ti, Al)

towards Co3Ti via (Ni, Co)3(Ti, Al).

� Ni was observed to partition more strongly to the g0 phase

(increasing kNiÞ with increasing Co additions of up to 47 at.%.

However, Co, whilst always partitioning preferentially toward

the gmatrix (kCo <1), did so to a lesser extent with increasing Co

content of the alloy (increasing kCoÞ.

� The substitution of Co onto the Ni sub-lattice at higher Co

contents (greater than 19 at.%) may be responsible for the

apparent increase in Cr substitution onto the Al sub-lattice and

concomitant decrease in the solubility of g0 for Al and Ti,

consistent with the thermodynamic data.

� Although predictions of phase compositions based on thermo-

dynamic equilibrium displayed a similar trend to experimental

results with respect to phase partitioning in relation to Co con-

tent, the absolute values of transition concentrations differed.
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