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Abstract  

In this project we have explored new Co-Ti-based alloys forming a two-phase ’ 

microstructure with cuboidal ’ precipitates of 60 ~ 70% volume fraction and + 0.5 ~ 1.0% 

lattice misfit. Such a microstructure is well-known from modern Ni-based superalloys, used 

in aerospace gas turbine applications, and is reported to be highly beneficial for 

high-temperature strength and creep resistance. However, the simple binary Co-Ti system 

cannot meet the above-mentioned criteria for the ’ microstructure, and hence, the aim of 

the second stage of this project is to identify multicomponent Co-Ti-based alloys forming the 

desired ’ microstructures. The binary Co-Ti reference system, ternary Co-Ti-X (X=Cr, V, 

Mo, W) and quaternary Co-Ti-X-Y (X=Mo, W, Y=Cr, Al) alloys were investigated with 

respect to their microstructure and their high-temperature strength. Aged alloys were 

characterized using scanning electron microscopy (SEM), X-ray diffraction (XRD), and 

atom probe tomography (APT). APT analyses were performed to elucidate the elemental 

partitioning and site-occupation behavior of specific alloying elements and understand the 

changes in ’ volume fraction and morphology upon alloying. The phase transition 

temperatures at elevated temperatures were measured by differential scanning calorimetry 

(DSC). By combining all the above-mentioned characterization techniques, we could 
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elucidate the role of the alloying elements on lattice misfit and γ’ thermal stability. Also, 

mechanical properties of Co-Ti-based alloys at various temperatures were studied based on 

uniaxial compression test. Their deformation mechanism with varying temperatures and 

alloying elements were elucidated utilizing transmission electron microscopy (TEM) and 

electron channeling contrast imaging (ECCI). 

 

Introduction 

Superalloys strengthened by γ’ precipitates show outstanding high-temperature properties 

such as creep, oxidation, and hot corrosion resistance and are therefore the key materials in 

jet propulsion gas turbines. Recently, Co-based superalloys have attracted a great deal of 

attention for high-temperature applications. The interest in these new emerging alloys was 

triggered by the discovery of a γ/γ’ microstructure in the ternary Co-Al-W system, which is 

very similar to that of high-performance Ni-based superallloys. However, the main 

drawbacks of Co-Al-W-based superalloys are a limited γ’ phase stability and relatively low γ’ 

solvus temperatures (usually below ~ 1300 K). Moreover, they show a high density (about 

10% higher than commercial Ni-alloys) due to the high amount of W (~ 10 at.%), which 

limits creep rupture life. 

 

The aim of this project is to develop new γ’-strengthened alloys based on the Co-Ti 

system instead of Co-Al-W.  

 

By choosing Co-Ti as the base system, we expect to obtain alloys with enhanced thermal 

stability, as Co-Ti is the only known binary Co system, which forms γ’ as a 

thermodynamically stable equilibrium phase. Furthermore, by designing W-free or 

W-reduced alloys, we aim to reduce the alloy density and hence to enhance the 

high-temperature specific strength and creep resistance. However, there are also several 

challenges associated with Co-Ti alloys which must be overcome. First, the lattice misfit 

between γ’ (Co3Ti) precipitates and γ matrix is large. Secondly, the γ’ volume fraction in 

binary Co-Ti alloys is low due to the large solubility of Ti in Co. Thirdly, the γ’ solvus 

temperature is low (below ~1300 K), limiting the thermal stability of the microstructure. 

Keeping in mind these characteristics of binary Co-Ti alloys, more advanced alloys with 

optimized properties must be developed.  
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In this project we systematically investigated the effects of the alloying elements Cr, V, Mo, 

and W on the microstructure, lattice mismatch, thermal stability, and mechanical properties 

of ternary Co-Ti-X (X=Cr, V, Mo, W) and quaternary Co-Ti-X-Y alloys (X: Mo, W, Y: Cr, 

Al).  

 

Experimental 

Binary Co-Ti, ternary Co-Ti-X (X=Cr, V, Mo, W) and quaternary Co-Ti-X-Y (X=Mo, W, 

Y=Cr, Al) alloys were prepared by vacuum arc re-melting, where the samples were 

re-melted several times to reduce segregation and chemical inhomogeneity. As-cast alloys 

were homogenized at (or around) 1150°C for 24 h (or 120 h) to minimize micro-segregation, 

followed by an aging treatment at 800°C (900°C for Co-Ti-W) for 24 h to form a γ/γ’ 

microstructure. For all the heat treatments, the alloys were encapsulated in quartz tubes 

back-filled with Ar gas. For microstructural characterization, scanning electron microscopy 

(SEM) was performed using a Zeiss Merlin and Hitachi SU820 instrument both in the 

secondary electron (SE) and backscatter electron (BSE) imaging mode. For obtaining a 

topological contrast in the SE mode, the samples were etched with a solution of 20 ml of 

HCl and 1 ml of H2O2.  

To measure the ’ lattice misfit, X-ray diffraction (XRD) was performed using a RIGAKU 

Smartlab instrument, where the XRD patterns were evaluated with the software PDXL 

(RIGAKU). Detailed scans of (111) Bragg reflections were performed in the angular range 

from 42 to 45° at a step size of 0.01 or 0.02 and scan rates 0.1°/min to 1°/min. Two distinct 

Pseudo-Voigt functions were used for fitting the (111) reflections and for determining the 

lattice parameters of the γ and γ’ phases. The characteristic phase transition temperatures of 

aged alloys were obtained from differential scanning calorimetry (DSC) at a heating rate of 

10K/min under constant argon gas flow, using a NETZSCH DSC 404C instrument. 

Phase compositions, elemental partitioning and in specific cases the sub-lattice occupancy 

within the γ’ phase were measured with APT. To accurately resolve the [001] lattice planes 

for site occupancy investigation, grains with [001] orientation were identified using electron 

backscatter diffraction (EBSD). Wedge-shaped bars were cut and lifted out from those grains 

using a focused ion beam (FIB) instrument (Helios NanoLab 600i). The bars were attached 

to commercial flat-top Si microtips and subsequently FIB milled to needle-shaped APT 

specimens. The specimens were cleaned by a final step at 5 kV acceleration voltage and a 

current of 41 pA to remove the regions severely damaged by Ga implantation. APT 

measurements were performed at the Max-Planck-Institut fuer Eisenforschung in 
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Duesseldorf/Germany with a Cameca LEAP 5000XS system in pulsed laser mode (laser 

wavelength of 355 nm) at a specimen base temperature of 40 K. A laser pulse frequency of 

200 kHz and a pulse energy of 40 pJ were applied. For Co-Ti-W-based alloys, a LEAP 

4000X HR system, installed at the Pohang Institute of Science and Technology (POSTECH), 

was used. Measurements were performed in pulsed laser mode (laser wavelength of 355 nm) 

at a temperature of 70 K, a laser pulse frequency of 200 kHz, and a pulse energy of 60 pJ. 

Data analyses were performed with the software IVAS™ 3.6.14. Uniaxial compression tests 

were carried out at room temperature, 600, 700, 800, and 900°C at a strain rate of 10-4s-1 

using a high temperature universal testing machine (UTM) (MTS 810). For the 

microstructural investigation of deformed samples, compression experiments were 

interrupted at a strain of 2% (Co-Ti alloys tested at room temperature and 700oC) and 6% 

(Co-Ti, Co-Ti-Mo and Co-Ti-Mo alloys tested at room temperature, 700 and 800oC) and the 

samples were water-quenched. A Zeiss Merlin and Cs-corrected STEM (Titan, FEI) operated 

at 300 kV were used for ECCI and STEM analysis, respectively. TEM samples were 

prepared using the FIB lift-out method (Helios 600i, FEI).   

 

 

Results and Discussion 

 

1. Microstructures of aged binary Co-Ti / ternary Co-Ti-X (X=Mo, W, V, Cr) alloys 

 1-1. Microstructures of aged binary Co-Ti / ternary Co-Ti-X (X=Mo, V, Cr) alloys 

 

Figure 1 (a) shows a grain boundary region of an aged Co-12Ti at.% sample (denoted as 

Co-12Ti). No additional phase other phases than γ and γ’ could be observed even at the grain 

boundary. Thus, the aged Co-12Ti alloy exhibited a two-phase γ/γ’ microstructure, where 

plate-shaped γ’ precipitates (black regions in Figure 1 (b)) rather than cubic were formed in 

the γ matrix (white regions in Figure 1 (b)). The plate-shaped γ’ morphology suggests that 

the γ/γ’ interfaces could be semi-coherent.  

 

Distribution A Distribution Approved for Public Release: Distribution Unlimited



5 

 

 

Figure 1. SEM images of Co-12Ti aged at 800°C for 24 h: (a) low-magnification BSE image 

and (b) high-magnification BSE image. 

 

 

Mo is a slowly diffusing refractory element and is hence expected to enhance the creep 

resistance of the Co-12Ti base alloy. In this study we added 4 at.% Mo to the alloy at the 

expense of Co (denoted as Co-12Ti-4Mo). The SEM images in Figure 2 (a) and (b) show a 

two-phase γ/γ’ microstructure. Figure 2 (b) shows more cuboidal γ’ precipitates and an 

increased γ’ volume fraction for the ternary Co-12Ti-4Mo alloy as compared to the base 

Co-12Ti alloy. The transition from plate-shaped to cuboidal precipitate morphology suggests 

that lattice misfit value has decreased upon alloying with Mo. 

 

 

 

Figure 2. SEM images of Co-12Ti-4Mo aged at 800°C for 24 h: (a) low-magnification BSE 

image and (b) high-magnification SE image., 
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Thermodynamic calculations predict a large solubility of V in ’ (Co3Ti). Hence, V could 

significantly increase the ’ volume fraction. We performed homogenization at 1130C for 

24 h and aging at 900C for 24 h and obtained the desired two-phase /’ microstructure. Fig. 

3 (a) and (b) show SEM images of an as-homogenized and aged Co-12 at.% Ti-4 at.% V 

sample (denoted as Co-12Ti-4V), respectively.   

 

Figure 3. SE images of Co-12Ti-4V (a) homogenized at 1130C for 24 h and (b) aged at 

900C for 24 h. 

 

Cr is expected to improve the oxidation resistance of Co-12Ti alloys by inducing the 

formation of Cr2O3 passivation layers. Co-12 at.% Ti-4 at.% Cr (denoted as Co-12Ti-4Cr) 

alloys were therefore investigated. The SEM images in Figure 4 (a) and (b) confirmed a 

two-phase ’ microstructure with cuboidal ’ precipitates. Surprisingly, the ’ volume 

fraction was strongly increased as compared to the Co-12Ti base alloy, though Cr is known 

to be a  former. This phenomenon is related to the sub-lattice occupancy of Cr in ’, as  

discussed below. 

 

 

Figure 4. SEM images of Co-12Ti-4Cr aged at 800°C for 24 h: (a) low-magnification SE  

age at grain boundary region and (b) high-magnification BSE image. 
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1-2. Microstructures of aged ternary Co-Ti-W alloys 

 

A moderate amount of 3 at.% W is expected to enhance creep resistance and 

high-temperature ’ thermal stability, while maintaining the alloy density at a reasonably low 

level as compared to the well-known Co-Al-W, for which up to 10 at.% of W are added. 

Figure 5 (a) and (b) show the microstructure of the Co-15 at.% Ti-3 at.% W alloys (denoted 

as Co-15Ti-3W) with cuboidal γ’ precipitates embedded in the γ matrix. Adding 3 at.% W to 

the Co-Ti base alloy led to an increase in ’ volume fraction and to a transition from 

plate-shaped to cuboidal ’ morphology, similar to the effect of alloying with Mo.  

 

 

Figure 5. SEM images of Co-15Ti-3W aged at 900°C for 24 h: (a) low-magnification SE 

image and (b) high-magnification SE image., 

 

 

2. Microstructures of aged quaternary Co-Ti-X-Y (X=Mo, W, Y=Cr, Al) alloys 

 2-1. Microstructures of aged quaternary Co-Ti-X-Y (X=Mo, Y=Cr, Al) alloys 

 

For improving the oxidation and corrosion resistance and reducing the alloy density, 2 and 4 

at.% of Cr and Al were added to Co-12Ti-4Mo (denoted as Co-12Ti-4Mo-2Cr, 

Co-12Ti-4Mo-4Cr, Co-12Ti-4Mo-2Al and Co-12Ti-4Mo-4Al) as quaternary elements.  

Figure 6 shows SEM images of aged Co-12Ti-4Mo-based quaternary alloy samples. They all 

exhibited ’ microstructures where cuboidal ’ precipitates of high volume fractions were 

embedded in the  matrix. ’ precipitates in Co-12Ti-4Mo-2Cr and Co-12Ti-4Mo-4Cr 

exhibited rather round corners than those in Co-12Ti-4Mo-2Al and -4Al, which is thought to 

be due to a /’ lattice misfit decrease with the addition of Cr. Changes in /’ lattice misfit 

with alloying element additions will be discussed below. 

Distribution A Distribution Approved for Public Release: Distribution Unlimited



8 

 



 

Figure 6. SE images of aged (a) Co-12Ti-4Mo-2Cr, (b) Co-12Ti-4Mo-4Cr, (c) 

Co-12Ti-4Mo-2Al and Co-12Ti-4Mo-4Al at 800C for 24 h. 

 

 

2-2. Microstructures of aged quaternary Co-Ti-X-Y (X=W, Y=Cr, Al) alloys 

 

 For improving the oxidation and hot corrosion resistance and reducing the alloy density, 

from 2 to 6 at.% of Cr and Al were added to Co-Ti-W (denoted as Co-13Ti-3W-2Cr, 

Co-13Ti-5W-4Cr, Co-13Ti-3W-3Al and Co-13Ti-3W-6Al) as quaternary elements. Figure 7 

shows the microstructure of aged Co-Ti-W-Cr or Co-Ti-W-Al alloys. A two-phase ’ 

microstructure could be observed for all alloys, and the addition of both Cr and Al led to 

significant increases in ߛ' volume fraction as compared to the reference Co-12Ti and 

Co-15Ti-3W alloys. The cuboidal ߛ' morphology of the ternary Co-15Ti-3W alloy was 

essentially preserved for the quaternary alloys.  
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Figure 7. SE images of aged (a) Co-13Ti-3W-2Cr, (b) Co-13Ti-5W-4Cr, (c) 

Co-13Ti-3W-3Al and Co-13Ti-3W-6Al at 900C for 24 h. 

 

 

3. APT results of Co-Ti-based alloys (Phase compositions, γ’ fractions and site-occupancy) 

3-1. Binary / ternary Co-Ti-X (X=Mo, W, V, Cr) alloys 

 

To determine phase compositions, ’ volume fractions and the site occupancy of elements 

in the ’ phase, APT analyses of the aged alloys were performed. Figure 8 (a) shows 3D atom 

map of an aged Co-12Ti sample analyzed along the [001] direction. Figure 8 (b) shows a 

proximity histogram across a /’ interface. The proximity histogram reveals that Co 

partitions to the γ phase and Ti partitions to the ’ phase. The  and phase compositions, 

elemental partitioning coefficients (Ki= Ci
’/Ci

), and ’ volume fractions of the binary 

Co-12Ti alloy and all studied ternary alloys are listed in Table 1. Individual  and ’ phase 

regions were selected from the APT datasets to determine the phase compositions from 

evaluation of mass spectra. The ’ phase in Co-12Ti alloys exhibits a composition of nearly 

80 at.% of Co and 20 at.% of Ti, which suggests the existence of point defects, i. e. CoTi 

anti-site defects or Ti vacancies, in the Co3Ti phase. 
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Figure 8. (a) APT reconstruction of the tip aligned along the [001] direction for Co-12Ti 

binary alloys. γ/γ′ interfaces are highlighted by 12.65 at.% Ti isoconcentration surfaces. (b) 

Proximity histogram across a γ/γ′ interface (12.65 at.% Ti isoconcentration surface is the 

chosen reference γ/γ′ interface). 

 

 

Table 1. γ/γ′ phase compositions, partitioning coefficients, and γ′ volume fractions for aged 

Co-Ti and Co-Ti-based ternary alloys. 
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With the phase composition values acquired from APT analyses, the γ’ volume fractions 

were calculated using the lever rule (mass balance equation). If the difference in molar 

volume of γ and γ’ is neglected (which is reasonable because of the similarity of the crystal 

structures and lattice parameters) the mass balance equation reads: 

 

  alminno
xC'f'

xC'f1xC   

 

fγ’ is the gamma prime volume fraction, Cx
γ’ and Cx

γ are the concentrations of element X in 

the corresponding phases, and Cx
nominal is the nominal concentration of X in the alloy. This 

equation can be rewritten as: 

 







 







 


xC'

xC

xCalminno
xC

'f  

 

The concentration values for each alloying element are plotted on a graph to perform a linear 

regression analysis, as shown in Figure 9. The γ’ volume fraction determined from the lever 

rule is about 65.3% for the Co-12Ti-4Mo ternary alloy (see Table 1), which is around the 

optimum volume γ’ fraction range of commercial Ni-based superalloys (60~70%). 

 

 

 

Figure 9. Lever rule plot used for calculating the ’ volume fraction of aged Co-12Ti-4Mo. 
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Figure 10 (a) presents [001] lattice planes resolved in both γ and γ′ phases (yellow green: Co 

atom, dark green: Ti atom). The γ/γ′ interfaces are highlighted by Ti iso-concentration 

surfaces encompassing regions of ≥ 12.65 at.% Ti. Ti atoms are observed to occupy every 

second plane in γ′, as marked by red arrows, which is consistent with the occupation sites of 

Ti in a L12-ordered structure. Element-specific spatial distribution maps (SDMs) were 

calculated along the z-direction. SDMs were acquired in both the γ and γ′ phase along the 

[001] direction, as shown in Figure 10 (b). Within γ, the SDMs of Co and Ti exhibit peaks at 

an average interspacing of approximately 0.18 nm, corresponding to the {002} plane spacing. 

In contrast, the SDM of Co in γ′ reveals alternating high and low peaks every 0.18 nm, 

whereas for Ti, peaks appear at an average distance of 0.36 nm. These findings give clear 

evidence for L12-type ordering of Co and Ti.  

 

 

Figure 10. (a) Resolved [001] lattice planes in γ and γ′ phases in an aged Co-12Ti sample. (b) 

Spatial distribution maps (SDMs) of Co and Ti in γ and γ′ phases along the [001] direction.  

 

 

Figure 11 (a) and (c) and 12 (a) and (c) show 3D atom maps of Co-Ti-X (X=Cr, V, Mo, W) 

ternary alloys. Figure 11 (b) and (d) and Figure 12 (b) and (d) show proximity histograms 

across γ/γ′ interfaces (left : γ phase, right : γ’ phase). In all proximity histograms, elemental 

partitioning between γ and γ′ could be clearly revealed. Ti, Mo, V and W atoms partitioned 

to the γ’ phase, whereas Co and Cr partitioned to the γ phase. Mo, V and W refractory atoms 

partitioned to γ’ and thereby increased the γ’ volume fraction and thermal stability.  
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Figure 11. APT reconstructions of the tips aligned along the [001] direction for (a) 

Co-12Ti-4Cr (12.65 at.% Ti iso-concentration surface) and (c) Co-12Ti-4V (11.23 at.% Ti 

iso-concentration surface). Proximity histogram across γ/γ′ interfaces for (b) Co-12Ti-4Cr 

and (d) Co-12Ti-4V. 
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Figure 12. APT reconstructions of the tips aligned along the [001] direction for (a) 

Co-12Ti-4Mo (10.36 at.% Ti iso-concentration surface) and (c) Co-15Ti-3W (13.32 at.% Ti 

iso-concentration surface). Proximity histograms across γ/γ′ interfaces for (b) Co-12Ti-4Mo 

and (d) Co-15Ti-3W. 

 

 

Figure 13 (a) to (c) show SDMs calculated along the [001] direction in γ′ for Co-12Ti-4Mo, 

Co-12Ti-4V and Co-12Ti-4Cr. Mo, V, and Cr show periodic peaks with an average 

interspacing of about 0.36 nm, identical to Ti (Figure 10 (b)). We could not acquire accurate 

SDMs for the Co-15Ti-3W system since a large difference in evaporation field of W and 

other atoms degraded the spatial resolution of the APT analyses.  
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Figure 13. Spatial distribution maps (SDMs) of Co, Ti and ternary alloying elements in γ′ 

phases along the [001] direction for (a) Co-12Ti-4Mo, (b) Co-12Ti-4Cr, and (c) Co-12Ti-4V 

alloys. 

 

 

As can be seen in Table 1, the sum of Ti and ternary elements concentrations in γ’ phase is 

around 21 at.%, whereas the Co concentration is around 79 at.%. SDMs (Figure 13) and 

concentration values (Table 1) indicate that Mo, Cr, and V share the same sub-lattice with Ti 

atoms in γ’ precipitates. Mo, W, and V were found to act as γ’ stabilizers as they strongly 

partitioned to γ’. 

 

Due to a high evaporation field of W (52 V/nm) compared to Co (37 V/nm) and Ti (26 

V/nm), the measured compositions of W at γ and γ′ phases were less than 4 at.%, as shown in 

Table 1. W atoms were preferentially retained on the APT specimen during pulsed laser APT 

analyses and, resulting in a lower apparent W concentration than expected. 

 

With the addition of ternary elements, the γ’ volume fraction increased from 40.7% for 

Co-12Ti to about 65.3%, 51.8%, 64.2% and 66.6% for Co-12Ti-4Mo, Co-12Ti-4Cr, 

Co-12Ti-4V and Co-15Ti-3W respectively (see Table 1). For the Co-12Ti-4Mo and 

Co-12Ti-4V system, the Ti concentration in γ’ significantly dropped from 20.2 at. % to 16.4 

at.% and 15.7 at.%, respectively (compare with Table 1). Furthermore, the solubility of Ti in 
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γ appeared to be reduced by the addition of Mo or V to the binary alloy, as the Ti 

concentration was 4.9 at.% Ti in Co-12Ti-4Mo and 5.31 at.% Ti in Co-12Ti-4V, as 

compared to 6.4 at.% Ti in aged Co-12Ti. As Ti has a strong tendency to partition to γ’, 

excess Ti resulting from partial substitution of Ti by Mo or V in γ’ contributed to the 

formation of additional γ’. Strong partitioning of alloying elements to γ’ and its tendency to 

occupy the Ti sub-lattice within γ’ as well as a reduced Ti solubility in γ resulted in increases 

in the γ’ volume fraction upon alloying with Mo or V.  

 

With the addition of Cr, the Ti concentration in γ’ decreased to 17.1 at.%. Although Cr 

preferentially partitioned to γ, Cr in γ’ mostly substituted Ti, thus leading to an increase in γ’ 

volume fraction, by virtue of the same mechanism as for Mo and V. However, the solubility 

of Ti in γ was little affected by Cr, which led to a modest increase in γ’ volume fraction for 

Co-12Ti-4Cr as compared to the Co-12Ti alloy.  

 

3-2. Quaternary Co-Ti-X-Y (X=Mo, Y=Cr, Al) alloys 

 

Figures 14 (a), (c), and (e) show 3D atom maps of Co-12Ti-4Mo-2Cr, Co-12Ti-4Mo-4Cr, 

and Co-12Ti-4Mo-2Al. The proximity histograms across γ/γ′ interfaces (see figure 14 (b), (d), 

and (f), left : γ phase, right : γ’ phase) revealed the same partitioning behavior for Mo and Cr 

as in ternary alloys. Phase compositions, partitioning coefficients, and γ' volume fractions 

calculated using the lever rule, are listed in Table 2 for the Co-12Ti-4Mo-based alloys. Table 

2 reveals that Al weakly partitioned to γ with a partitioning coefficient of 0.8, as compared to 

Cr (partitioning coefficient of 0.7) in the Co-12Ti-4Mo-2Cr alloy. 
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Figure 14. APT reconstructions of tips aligned along the [001] direction for (a) 

Co-12Ti-4Mo-2Cr (10.66 at.% Ti iso-concentration surface), (c) Co-12Ti-4Mo-4Cr (8.00 

at.% Ti iso-concentration surface) and (e) Co-12Ti-4Mo-2Al (10.20 at.% Ti 

iso-concentration surface). Proximity histogram across γ/γ′ interfaces for (b) 

Co-12Ti-4Mo-2Cr, (d) Co-12Ti-4Mo-4Cr and (f) Co-12Ti-4Mo-2Al. 
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Table 2. γ/γ′ phase compositions, partitioning coefficients, and γ′ volume fractions for 

Co-12Ti-4Mo-based alloys 

 

 

 

Figure 15 shows SDMs calculated along the [001] direction in γ' for both Co-12Ti-4Mo-2Cr 

and Co-12Ti-4Mo-4Cr alloys. Due to a low evaporation field of Al atoms, SDMs of 

Al-added alloys could not be acquired. The SDMs of Ti, Mo, and Cr in the γ' phase of the 

Co-12Ti-4Mo-2Cr alloy (Figure 15 (a)) show peaks with an interspacing of about 0.36 nm, 

which indicates that Mo and Cr occupy the Ti-sublattice in γ'. With increasing Cr 

concentration from 2 to 4 at.%, changes in the interspacing Mo peaks were observed (Figure 

15 (b)). The peaks showed an interspacing of 0.18 nm, which correspond to the interspacing 

of Co peaks and Ti. This finding suggests that there is a competition between Mo and Cr for 

the Ti-sublattice and excessive amounts of Cr partially drive the Mo atoms into the Co 

sub-lattice. 
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Figure 15. Spatial distribution maps (SDMs) of Co, Ti, Mo, and Cr in γ′ phases along the 

[001] direction for (a) Co-12Ti-4Mo-2Cr and (b) Co-12Ti-4Mo-4Cr alloys. 

 

 

In Table 2, all quaternary alloys showed further increases in γ' volume fraction as compared 

to the ternary Co-12Ti-4Mo. The resulting γ' volume fractions were around the optimum 

value for high-temperature creep resistance in Ni-based superalloys. Both Mo and Cr were 

found to occupy the Ti-sublattice. In the Co-12Ti-4Mo-2Cr alloys, the Ti concentration in γ' 

decreased due to the partial substitution of Ti by Cr atoms, while Ti concentration in γ was 

less affected. Thus, a decrease in the partitioning coefficient of Ti from 3.3 (Co-12Ti-4Mo) 

to 2.7 (Co-12Ti-4Mo-2Cr) was measured. The Mo concentration in γ increased and therefore 

the partitioning coefficient of Mo decreased with the addition of 2 at.% Cr. With increasing  

amount of Cr from 2 to 4 at.%, the γ' volume fraction increased to 72.4%. Increasing the Cr 

content resulted in a competition between Cr and Mo for the Ti sub-lattice sites in γ', as seen 
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in the SDMs in Figure 15. A decrease in Cr partitioning coefficient from 0.7 

(Co-12Ti-4Mo-2Cr) to 0.6 (Co-12Ti-4Mo-4Cr) also gave evidence for the competition for 

limited Ti sub-lattice sites in γ'. Mo atoms pushed out from the Ti sub-lattice in γ' appeared to 

move to the Co sub-lattice in γ' rather than being solved in the γ phase, as the Mo 

concentration value (~ 2 at.%) in γ remained essentially constant for Co-12Ti-4Mo-2Cr and 

Co-12Ti-4Mo-4Cr. While in γ', the Mo concentration decreased by about 0.5 at.%, Mo atoms 

partially replaced by Cr could form additional γ', thus inducing a drop in the partitioning 

coefficient of Mo.  

 

Also, it should be noted that the Co content in γ' decreased by about 1.4 at.%, which may 

have two reasons: one is the occupation of the Co sub-lattice Mo atoms; the other is the 

removal of CoTi anti-site defects by Mo. 

 

3-3. Quaternary Co-Ti-X-Y (X=W, Y=Cr, Al) alloys 

 

Figure 16 (a), (c), (e), and (g) show 3D atom maps of Co-12Ti-4W-Cr and Co-12Ti-4W-Al 

alloys. The proximity histograms in Figure 16 (b), (d), (f), and (h) clearly reveal that Ti and 

W atoms partitioned to the γ' phase, while Co, Cr, and Al atoms partitioned to the γ phase, 

which is consistent with the elemental partitioning behaviors observed for the ternary 

systems.  

 

The average γ/γ' composition values, elemental partitioning coefficients, and γ' volume 

fractions of Co-Ti-W-based alloys are listed in Table 3. As mentioned in the section about 

the ternary Co-15Ti-3W alloy, the evaporation field value of W is significantly higher than 

those of other elements (Co: 37, Ti: 26, W: 52, Cr: 29 and Al: 19 V/nm) and preferential 

field retention effects lead to a loss of W atoms. As a result, the apparent concentrations of 

W in the alloys tended to be lower than the nominal 4 at.%. 
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Figure 16. APT reconstructions of the tips aligned along the [001] direction for (a) 

Co-13Ti-3W-2Cr (11.90 at.% Ti iso-concentration surface), (c) Co-13Ti-5W-4Cr (11.82 at.% 

Ti iso-concentration surface), (e) Co-13Ti-3W-3Al (10.15 at.% Ti iso-concentration surface) 

and (g) Co-13Ti-3W-6Al (10.76 at.% Ti iso-concentration surface). Proximity histogram 

across γ/γ′ interfaces for (b) Co-13Ti-3W-2Cr, (d) Co-13Ti-5W-4Cr, (f) Co-13Ti-3W-3Al, 

and (h) Co-13Ti-3W-6Al. 

Distribution A Distribution Approved for Public Release: Distribution Unlimited



22 

 

Using the lever rule the γ' volume fractions were calculated (see Table 3). With the addition 

of Ti and W the γ' volume fraction increased from 40.7 % for the Co-12Ti binary alloy to 

about 66.6% for Co-15Ti-3W. However, adding about 2 at.% Cr at the expense of Ti 

(Co-13Ti-3W-2Cr) led to a reduction in γ' volume fraction, as Cr and Ti partitioned to γ and 

γ', respectively. The Co-13Ti-5W-4Cr alloy shows an increase in γ' volume fraction to 76.0% 

as compared to the ternary alloy due to the extra amount of W, which showed strong γ' 

partitioning. Adding about 3 and 6 at.% of Al to the ternary alloy at the expense of Co and Ti 

increased the γ' volume fraction to 77.7 and 90.9%, respectively. The effect of Al on the γ' 

volume fraction is at first sight surprising, as it slightly partitions to γ according to the APT 

results. Al appears to enhance partitioning of Ti and in particular W to γ'. As both elements 

are strong γ' formers the Al effect on the increase in γ' volume fraction is significant.  

 

 

Table 3. γ/γ' phase compositions, partitioning coefficients, and γ′ volume fractions for 

Co-Ti-W-based alloys 

 

 

 

4. Lattice misfit measurements 

The ’ lattice misfit controls the ’ morphology and high-temperature strength of 

’–strength superalloys and is defined as follows: 

 

 



a'a

a'a2
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 a and a’ are the lattice parameters of the and the’ phase, respectively. The ’ lattice 

misfit of Co-based superalloys should range from ~ + 0.5 to ~ + 1.0% to obtain a thermally 

stable ’ microstructure and achieve coherency strain hardening. The ’ lattice misfits of 

the aged Co-Ti-based alloys were first investigated by means of XRD. Misfit values were 

determined from (111) reflections. The lattice parameters of and’ phases were calculated 

using following equation: 

 





sin2

2l2k2h
0a  

 

where λ is the X-ray wavelength and (hkl) is the Miller index of the lattice plane under 

investigation. Using two Pseudo-Voigt fit functions, the ϴ value can be acquired.  

 

Lattice parameter and misfit values from (111) XRD reflections are plotted in Figure 17. The 

measured lattice misfit value of Co-12Ti binary alloys was 1.17% in Figure 17 (a). This 

relatively large lattice misfit is the reason why the Co-Ti-based alloy is prone to precipitate 

coarsening even at moderate temperatures. Upon adding the ternary elements Mo, W, and Cr 

to the Co-Ti binary system the γ' lattice parameter slightly decreased, while the γ lattice 

parameter slightly increased, thus inducing a decrease in the lattice misfit. In Figure 17 (b), 

W had a strong effect on increasing the γ lattice parameter, while Mo and Cr decreased the γ' 

lattice parameter, thus resulting in reduced lattice misfits. The addition of the quaternary 

elements Cr or Al to Co-Ti-Mo and Co-Ti-W ternary alloys also caused a decrease in γ/γ’ 

lattice misfits. 

 

Co-Ti-Mo- and Co-Ti-W-based alloys showed reduced lattice misfits, which were in the 

range of 0.5 ~ 1.0 %. The Co-12Ti-4Mo-4Al showed a different trend from the other 

quaternary alloys with large increases in both lattice parameters in γ and γ’. 

 

 

Distribution A Distribution Approved for Public Release: Distribution Unlimited



24 

 

 

Figure 17. Lattice parameters of γ and γ’ and lattice misfits of (a) Co-Ti / Co-Ti-Mo-based 

alloys and (b) Co-Ti-W-based alloys (The dashed lines represent 0%, 0.5%, and 1% lattice 

misfit values)  

 

 

5. Phase transition temperatures 

The ’ solvus, solidus, and liquidus temperature of the aged alloys were determined from 

DSC measurements and are listed in Table 4. The measured ’ solvus, solidus, and liquidus 

temperatures of the Co-12Ti alloy were 1005oC, 1219oC, and 1318oC, respectively. The 

measured ’ solvus temperatures of Co-15Ti-3W, Co-12Ti-4Mo, and Co-12Ti-4Cr were 

1130oC, 1119oC and 1062oC, respectively. They were substantially higher than the ’ solvus 

temperature of binary Co-12Ti (1005°C) and of Co-9.2Al-9W (990°C), suggesting that W, 

Mo and Cr additions enhanced the thermal stability of ’. Especially, the addition of 3 at.% 

of W led to a significant increase in the ’ solvus temperature. Although the W content of the 

Co-15Ti-3W alloy was less than half of that of Co-Al-W-based alloys (about 9~10 at.% W), 

the ’ solvus temperature of Co-15Ti-3W was more than 130°C higher than those of 

Co-Al-W alloys. These results on the ternary Co-12Ti-4Mo and Co-15Ti-3W systems were 

very promising, and there was room for even further improvement by tuning the alloy 

composition and/or adding additional elements to the Co-12Ti-4Mo and Co-15Ti-3W 

system.  

 

Cr additions led to an increase in ’ solvus temperature by 20~30oC in for Co-15Ti-3W and 

10~20oC for Co-12Ti-4Mo. Al additions increased ’ solvus temperatures of Co-15Ti-3W by 
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~ 40oC and of Co-Ti-Mo by ~ 20oC. Thus, Cr and Al also appeared to improve the thermal	

stability of the ’ phase. Unlike ’ solvus temperatures, alloying element additions led to 

decreases in solidus and liquidus temperatures. 

 

 

Table 4. Phase transition temperatures for Co-Ti, Co-Ti-Mo-based, Co-Ti-W-based and 

Co-12Ti-4Cr alloys 

 

 

 

6. Mechanical properties of Co-12Ti-4W-based alloys 

 

Figure 18 shows the variation of the 0.2% offset compressive yield stress with temperature 

for the aged Co-12Ti, Co-12Ti-4Mo and Co-12Ti-4W alloy. A decrease in yield stress up to 

500°C can be seen, followed by an increase in yield stress up to 700°C before the yield stress 

drops for higher temperatures. Such a yield stress anomaly has also been observed in other 

Co-based and Ni-based /’ superalloys and is an important beneficial property for a 

high-temperature structural material.  
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Figure 18. Variation of the 0.2% offset compressive yield stress with temperature for the 

aged Co-12Ti, Co-12Ti-4Mo and Co-12Ti-4W alloy in comparison with literature data. 
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