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a b s t r a c t 

The effects of Ni and Ta additions on the mechanical properties in the L1 2 compound Co 3 (Al,W), the 

strengthening phase of Co-based superalloys, have been investigated by compression tests between room 

temperature and 10 0 0 °C, in order to elucidate the effects of stability of the L1 2 phase on the mechanical 

properties. The additions of Ni and Ta, both of which are L1 2 -stabilizers that increase the L1 2 solvus 

temperature, increase the yield strength at intermediate and high temperatures. The strength increase 

is shown to be more significant as the amount of additions of these elements and thereby the stability 

of the L1 2 phase increases. Two factors account for the strength increase at intermediate temperatures: 

The reduction of the onset temperature of yield stress anomaly (YSA-onset) due to the increased complex 

stacking fault (CSF) energy and the increase in both the base strength and the intensity of the yield stress 

anomaly associated with an increased anti-phase boundary (APB) energy on (111) planes. The strength 

increase at high temperatures, on the other hand, arises from the increase in the peak temperature due 

to the increased L1 2 solvus temperatures. The increased strength of the L1 2 phase due to a higher phase 

stability thus partly accounts for the improved creep strength of Co-based superalloys upon alloying with 

Ni and Ta. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Microstructures of the ternary Co-Al-W system consist of two 

hases, an ordered Co 3 (Al,W) phase (L1 2 crystal structure, usu- 

lly designated as the γ ’ phase) and a face centered (fcc) Co-rich 

olid solution [1] . There has been a significant research activity 

n the development of Co-based superalloys where Co 3 (Al,W) is 

he strengthening phase [2–14] . There was initially an expectation 

hat high-temperature mechanical properties of Co-based superal- 

oys would outperform those of Ni-based superalloys. This was re- 

ated to the fact that precipitation of the γ ’ phase in the γ matrix 

ccurs coherently and forms cuboidal precipitates like in Ni-based 

uperalloys with the advantage that both the melting tempera- 

ure and the elastic stiffness are higher for Co than for Ni [ 15 , 16 ].

n spite of this early expectation, however, the high-temperature 
∗ Corresponding author at: Department of Materials Science and Engineering, Ky- 

to University, Kyoto 606-8501, Japan. 
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reep strength of Co-based superalloys which were so far devel- 

ped are modest, only comparable to those for Ni-based super- 

lloys of the first generation (such as IN10 0, NM0 02 and others) 

 2 , 4 , 11 , 14 , 17–23 ]. Many factors such as the low γ ’ solvus tempera-

ure [ 4 , 18 ], low γ ’ volume fractions at high temperatures [4] , low

igh-temperature strength of the γ ’ phase [ 24 , 25 ] and positive lat- 

ice misfit between γ and γ ’ phases [26] were suggested as be- 

ng responsible for this disappointing finding. It is important to 

ote that the factors described above are all directly related to a 

ower phase stability of the γ ’ phase in these alloys [ 4 , 8 , 16 , 18 , 20 ].

lloying elements that can increase the phase stability of the γ ’ 

hase (i.e. γ ’-forming elements) have thus been investigated ex- 

ensively, exploring whether one can benefit from the fact that el- 

ments like Ni, Ta and Ti are effective in increasing the γ ’ phase 

tability [27–33] . In fact, the creep properties of Co-based super- 

lloys have been reported to improve considerably upon alloying 

ith these elements to the level comparable to those of Ni-base 

uperalloys of the second generation (such as RR20 0 0, SRR 99 and 

thers) [ 7 , 34 ]. This has been associated with an increased γ ’ solvus
nc. This is an open access article under the CC BY license 
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Fig. 1. Typical SEM BSE images of microstructures of (a) 10Ni, (b)20Ni and (c) 20Ni- 

2Ta alloys after annealing at 850 °C for 168 h. Some minor phases identified are 

indicated in each of the figures. 
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emperature as well as with an increased γ ’ volume fraction [ 7 , 34 ].

he strength of the γ ’ phase is also expected to be improved when 

hese alloying elements are added, but nothing is known at present 

bout whether or not and how a higher strength of the γ ’ phase 

ontributes to an improved creep strength of Co-based alloys. 

In the present study, we investigate the compression behavior 

f L1 2 compounds Co 3 (Al,W) with Ni and Ni + Ta additions in a

emperature range from room temperature to 10 0 0 °C. Emphasis 

s placed on the deformation microstructures of these L1 2 com- 

ounds through detailed transmission electron microscopy (TEM) 

nvestigations, paying special attention to how the anomalous in- 

rease in yield stress (often referred to as ‘yield stress anomaly’ 

n L1 2 compound research [35–41] ) occurs in these L1 2 com- 

ounds, in comparison with the ternary Co 3 (Al,W) base alloy with 

 composition of Co-12 at.%Al-11 at.%W [25] . We will discuss how 

nd why the mechanical properties of the Co 3 (Al,W) compounds 

hange upon alloying with Ni and Ni + Ta and how the changes in

echanical properties of the γ ’ (Co 3 (Al,W)) phase contribute to 

he improved high-temperature creep strength of Co-based super- 

lloys. 

. Experiment procedures 

Ingots with nominal compositions of (Co 0.9 Ni 0.1 )-12 at.%Al-11 

t.%W, (Co 0.8 Ni 0.2 )-12 at.%Al-11 at.%W and (Co 0.8 Ni 0.2 )-12 at.%Al- 

 at.%W-2 at.%Ta were prepared by arc-melting using high-purity 

eed stock of the elements Co, Al, W, Ni and Ta under an Ar at-

osphere. These alloys are referred to as 10Ni, 20Ni and 20Ni- 

Ta alloys throughout this paper. These compositions were cho- 

en for the following reasons. The high Ni-solubility allows to in- 

rease the γ ’ solvus temperature of γ / γ ’ two-phase Co-based al- 

oys by sufficient amounts of Ni additions [ 11 , 25 , 30 ], even though

mall amounts of Ni are not very effective. On the other hand, 

he increase in the γ ’ solvus temperature of γ / γ ’ two-phase Co- 

ased alloys by small additions of Ta or Ti addition is significant 

ut the Ta and Ti solubilities are limited in general to a few at% 

 11 , 28 , 29 , 31 ]. Ingots were sealed in a quartz ampoule with Ar gas

nd annealed at 850 °C for 168 h followed by air cooling. All 

he three alloys exhibit columnar grains elongated in the thick- 

ess direction of the button ingots (i.e., in the heat-removal di- 

ection during solidification in arc-melting) with typical dimen- 

ions of 20 0 ∼40 0 μm in diameter and 50 0 ∼10 0 0 μm in length.

icrostructures and chemical compositions of the phases present 

n the annealed ingots were examined by a JEOL 7100F scanning 

lectron microscope (SEM) equipped with a JEOL energy-dispersive 

-ray spectrometer (EDS). γ ’ solvus temperatures were measured 

y differential scanning calorimetry (DSC) at a heating rate of 

0 °C/min under an Ar gas flow. 

Specimens with dimensions of 1.8 × 1.8 × 5 mm 

3 were cut 

rom the annealed ingots by electro-discharge machining. The 

ompression axis was set parallel to the thickness direction of the 

utton ingots. Their surfaces were mechanically polished first with 

iC paper and then electrolytically in a solution of perchloric acid, 

utanol and methanol (1:6:12 by volume) at - 40 °C and 18 V. 

ompression tests were conducted on an Instron-type testing ma- 

hine from room temperature to 10 0 0 °C in vacuum ( < 10 −3 Pa)

t a strain rate of 1 × 10 −4 s − 1 . Deformation markings on the 

pecimen surface were examined by optical microscopy to deter- 

ine the operative slip systems through trace analysis on two 

rthogonal side faces with additional crystallographic information 

btained by electron backscattered diffraction (EBSD) in the SEM. 

islocation structures were examined using a JEM-20 0 0FX trans- 

ission electron microscope (TEM) operated at 200 kV with thin 

oils cut parallel to the {111} macroscopic slip planes from coarse 

rains. Thin foils for TEM observations were obtained with the 

bove-described solution at - 30 °C and 18 V. 
2 
. Results 

.1. Microstructures 

Fig. 1 (a)–(c) show typical SEM backscattered electron (BSE) im- 

ges of microstructures of the 10Ni, 20Ni and 20Ni-2Ta alloys, re- 

pectively. Although a small amount of additional phases such as 

oAl and Co 3 Ware observed (never exceeding 8% by volume), the 

ajor phase is γ ’ (L1 2 –Co 3 (Al,W)) for all three alloys. The total vol- 

me fraction of additional phases is particularly small for the 20Ni 

lloy; the volume fractions of the CoAl and Co 3 W phases in aver- 

ge are 6.2 and 0.2% for the 10Ni alloy, 2.2 and 0% for the 20Ni

lloy and 7.4 and 0.5% for the 20Ni2Ta alloy, respectively. Chemical 

ompositions of the γ ’ phase in the three alloys measured by EDS 

re listed in Table 1 . Compositions of the γ ’ phase are close to the

lloy nominal compositions as listed in Table 1 . 
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Table 1 

Compositions of the γ ’ phase in the three alloys investigated. 

at.% Co Al W Ni Ta 

10Ni 70.8 9.4 11.7 8.1 –

20Ni 63.4 9.4 11.7 15.5 –

20Ni-2Ta 62.6 9.9 10.2 15.5 1.8 
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.2. γ ’ solvus temperature 

Fig. 2 (b)–(d) show DSC curves of the 10Ni, 20Ni and 20Ni-2Ta 

lloys respectively. The DSC curve of the ternary L1 2 –Co 3 (Al,W) 

ase compound (Co-12 at%Al-11 at.%W) [25] is presented in 

ig. 2 (a) for comparison. The γ ’ solvus temperature is defined as 

he endothermic peak temperature as indicated by arrows in Fig. 2 , 

nd these are determined to be 1084, 1094 and 1113 °C for the 

0Ni, 20Ni and 20Ni-2Ta alloys, respectively. All three alloys have 

igher γ ’ solvus temperatures as compared of the ternary L1 2 –

o 3 (Al,W) compound (1061 °C) [25] . The increase of the γ ’ solvus 

emperature scales with the amount of the Ni and Ta additions. 

his is consistent with previous reports [ 27 , 29–31 ] on the benefi-

ial effects of Ni and Ta on γ ’ solvus temperatures. A similar trend 

s observed also for the temperature above which the FCC phase 

tarts to precipitate in the γ ’phase, as indicated by double-arrows 

n Fig. 2 (the starting temperature for the endothermic reaction). 

hat temperature is called ‘ γ ’ dissolving temperature’ hereafter 

hroughout this paper, as the temperature is very important when 

iscussing the high temperature strength. These γ ’ dissolving tem- 

eratures were determined to be 983, 1020 and 1040 °C for the 

0Ni, 20Ni and 20Ni-2Ta alloys, respectively. The extent of the in- 

rease in the γ ’ solvus temperature depends, however, on chemical 

ompositions of the base compounds to which alloying additions 

re made. For example, while the increase in the γ ’ solvus tem- 

erature is 23 °C when 10 at.%Ni is added to the ternary L1 2 base

ompound (Co-12 at%Al-11 at.%W), it is only 10 °C when another 

0 at.%Ni is added. Moreover, while the increase in the γ ’ solvus 
ig. 2. DSC curves of (a) the ternary L1 2 -Co 3 (Al,W) compound (Co-12 at%Al-11 

t.%W), (b) 10Ni, (c) 20Ni and (d) 20Ni-2Ta alloys respectively. The γ ’ solvus tem- 

erature is defined as the endothermic peak temperature (indicated by arrows), 

hile the γ ’ dissolving temperature is defined as the staring temperature of the 

ndothermic reaction (indicated by double-arrows). 

Fig. 3. Selected strain-stress curves of (a) 10Ni, (b) 20Ni and (c) 20Ni-2Ta alloys 

obtained in compression at temperatures indicated. Yield stress is defined as 0.2% 

offset stress as marked by arrows. 
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3 
emperature upon adding 2 at.% Ta is reported to be more than 

00 °C for the ternary L1 2 base compound [27] , it is only 19 °C
hen Ta is added to the base alloy with 20 at.%Ni. 

.3. Compression deformation 

.3.1. Strain-stress behavior and temperature dependence of yield 

tress 

Fig. 3 (a)–(c) show strain-stress curves of the 10Ni, 20Ni and 

0Ni-2Ta alloys at some selected temperatures, respectively. The 

lastic to plastic transition occurs smoothly in general for all these 

lloys, and therefore a yield stress is defined using the classical 

.2% offset stress criterion (positions marked by arrows in Fig. 3 ). 

hese yield stresses are plotted in Fig. 4 as a function of temper- 
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Fig. 4. Temperature dependence of yield stress for the ternary L1 2 -Co 3 (Al,W) com- 

pound (Co-12 at%Al-11 at.%W) and the 10Ni, 20Ni and 20Ni-2Ta alloys. Allows 

pointing upward and downward indicate the boundary between the low and inter- 

mediated temperature regimes and that between the intermediated and high tem- 

perature regimes, respectively. The former corresponds to the onset temperature of 

yield stress anomaly. 
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ture for all three alloys, together with those for the ternary base 

1 2 compound (Co-12 at%Al-11 at.%W) [25] . The data points plotted 

n Fig. 4 were all obtained from individual specimens, and a small 

xperimental scatter is apparent. All three alloys show the same 

eneral trend. At low temperatures yield stresses stay almost con- 

tant and decreases only little with increasing temperature. Then, 

here is an increase towards a stress maximum in the interme- 

iate temperature regime which is followed by a sharp decrease 

n the high temperature regime. Arrows pointing up and down 

n Fig. 4 indicate the transitions between the low and intermedi- 

te (upward arrows) and the intermediate and high temperature 

egimes (downward arrows). The yield stress anomaly apparent in 

ig. 4 is in the focus of the present paper. The elementary pro- 

esses which are responsible for this anomaly will be studied us- 

ng transmission electron microscopy (TEM), as will be described 

n the forthcoming sections. We keep in mind that Fig. 4 shows 

hat the YSA-onset (650 ±50, 500 ±50 and 400 ±50 °C, respectively) 

or the 10Ni, 20Ni and 20Ni-2Ta alloys are 150, 30 0 and 40 0 °C
ower than what was observed for the ternary L1 2 base compound 

800 ±50 °C). Throughout the present paper, the onset of the yield 

tress anomaly will be referred to as YSA-onset. The extent of this 

ecrease in onset temperatures of the yield stress anomaly is di- 

ectly related to the increase in the thermodynamic stability of the 

’ phase, i.e., the increase in the γ ’ solvus temperature. 

The boundary between the intermediate and high temperature 

egimes is defined as the peak temperature in Fig. 4 , and the peak

emperature is also observed to increase by 100–150 °C upon alloy- 

ng with Ni and Ta. The increase in the peak temperature, however, 

s the largest for the 10 Ni alloy, and its extent is not consistent 

ith the increase in the γ ’ dissolving temperature for the three 

lloys. This will receive attention in the next section, to clarify this 

henomenon is another scientific objective of the present paper. 

s compared to the ternary L1 2 base compound, the three alloys 

0Ni, 20Ni and 20Ni-2Ta show a lower YSA-onset and increased 

eak temperatures. They show a larger intermediate temperature 

egime of yield stress anomaly, and thereby improving the inter- 

ediate and high temperature strength quite drastically. 

.3.2. Deformation markings 

Fig. 5 shows deformation markings observed on a side surface 

f the 10Ni, 20Ni and 20Ni-2Ta specimens deformed at tempera- 
4 
ures indicated next to each micrograph. The trace analysis results 

or the activated slip planes are also indicated in each figure, to- 

ether with stereographic projections of crystal orientations of all 

rains analysed. For all three alloys, {111} planes are the only the 

ctivated slip planes below the peak temperature, independent of 

he crystal orientation ( Fig. 5 (a),(d),(g)). {111} type of planes are 

ound to be the only the activated slip planes also for the tempera- 

ure regime above the peak temperature ( Fig. 5 (b),(c),(e),(f),(h),(i)), 

nlike in many other L1 2 intermetallic compounds such as Ni 3 Al, 

n which {010} cube slip is usually found to be activated except 

or some limited orientations close to [001]. It is important to note 

hat the dominant activation of {111} slip planes is observed be- 

ow ( Fig. 5 (b),(e),(h)) and above ( Fig. 5 (c),(f),(i)) the γ ’ dissolving

emperature for all three alloys. This indicates that although the 

ield stress maximum is considered to correspond to the γ ’ dis- 

olving temperature for the ternary L1 2 base compound [25] , the 

ctivation of the {111} slip planes above the peak temperature is 

ot related to the appearance of the disordered FCC phase but is 

n inherent property of the L1 2 –Co 3 (Al,W) compounds. This will 

e discussed in detail later in Section 4.3 . 

.3.3. Dislocation structures 

Fig. 6 shows TEM dislocation structures observed in the 

0Ni, 20Ni and 20Ni-2Ta alloys deformed at temperatures below 

 Fig. 6 (a), (c), (e)) and above ( Fig. 6 (b), (d), (f)) the YSA-onset, as

he deformation temperature is indicated in each of the figures. 

ll thin foils were cut parallel to the (111) macroscopic slip plane, 

nd the YSA-onset were judged by the extent of alignment of dis- 

ocations parallel to their screw orientations (by bright-field (BF) 

mage as shown in Fig. 6 ) and the occurrence of cube cross-slip 

f screw dislocations (by weak-beam dark-field WBDF imaging as 

hown in Figs. 7 and 8 ), both of which are well-known charac- 

eristics for dislocation structures in the anomalous temperature 

egime in many L1 2 compounds [ 36 , 37 , 42 , 43 ], including Co 3 (Al,W)

25] . Most dislocations imaged in Fig. 6 are those with b (Burgers 

ector) = [ 1 01] gliding on (111) for all the three alloys. While these 

islocations are in general curved smoothly without preferred ori- 

ntations on their slip plane at low temperature (i.e., below the 

SA-onset) ( Fig. 6 (a), (c), (e)), the extent of alignment of dislo- 

ations along their screw orientation becomes significant in the 

F-TEM images in the anomalous temperature regime where the 

ield stress increases anomalously with temperature ( Fig. 6 (b), (d), 

f)). The YSA-onset thus determined by TEM observations coincides 

ith those determined from the yield stress-temperature curves of 

ig. 4 . 

Low-magnification TEM images of dislocations with b = [ 1 01] 

liding on (111) observed in the 10Ni, 20 Ni and 20Ni2Ta al- 

oys deformed respectively at 750, 60 0 and 60 0 °C in the anoma- 

ous temperature regime are shown in Fig. 7 (a), (d) and (g). For 

ll three alloys, the dislocations are observed to dissociate into 

wo superpartial dislocations with b = 1/2[ 1 01] separated by an 

nti-phase boundary (APB) with a general tendency to align along 

he screw orientation, and these screw segments are observed to 

e connected with each other by a superkink that contains edge 

omponents. Tilting analysis made for a different dislocation with 

 = [ 1 01] in the same foil of the 10Ni alloy indicates that the APB

imited by the two coupled superpartials with b = 1/2[ 1 01] lies 

ostly on the (010) cube cross-slip plane as opposed to the (111) 

lide plane. The separation distance for the coupled superpartials 

s observed to be the widest along the [010] zone-axis ( Fig. 8 ). Es-

entially, the same dislocation configurations are observed in the 

0Ni and 20Ni2Ta alloy ( Fig. 7 (d) and (g)). This clearly indicates 

hat thermally-activated cube cross-slip of 1/2[ 1 01] superpartial 

islocations is responsible for YSA for Co 3 (Al,W) compounds as in 

any other L1 2 compounds [ 36 , 37 , 44–46 ]. For all the 10 Ni, 20

i and 20Ni2Ta alloys, two-fold dissociation of the [ 1 01] disloca- 
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Fig. 5. Deformation markings observed on a side surface of (a)–(c) 10Ni, (d)–(f) 20Ni and (g)–(i) 20Ni-2Ta alloys deformed at temperatures indicated in each of the figures. 

The results of trace analysis for the activated slip plane are also indicated in each of the figures, together with stereographic projections of crystal orientations of grains 

analysed. The crystal orientation of the grain of the figure are marked with a circle in the stereographic projection. 

Table 2 

The APB energies on (111) and (010), APB energy anisotropy parameter ( λ), activation enthalpy ( H ) for thermally-activated 

cross slip of super-partial dislocations from (111) to (010), CSF energy and base strength of ternary base, 10Ni, 20Ni and 

20Ni2Ta alloys. 

γ APB(111) (mJ/m 

2 ) γ APB(010) (mJ/m 

2 ) λ γ C SF (mJ/m 

2 ) H (kJ/mol) Base strength (MPa) 

Ternary [25] 153 139 0.91 137 135 240 

10Ni 160 145 0.90 163 117 260 

20Ni 169 156 0.89 183 104 235 

20Ni2Ta 246 194 0.79 199 91 290 
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ion is also observed along superkinks without any evidence of 

urther sub-dissociation of each of the coupled 1/2[ 1 01] superpar- 

ials into two Shockley partials with b = 1/6 < 112 > , as shown in

he enlargement of the framed areas in Fig. 7 (b), (e) and (h). This

iffers from what is observed in the ternary Co 3 (Al,W) base com- 

ound, in which four-fold dissociation involving these four super- 

hockley partials is clearly observed along superkinks [25] , indicat- 

ng that the energy of a CSF bounded by two super-Shockley par- 

ials with b = 1/6 < 112 > is fairly increased by additions of Ni and

a to Co 3 (Al,W). 

The APB energies on (111) ( γAPB (111) ) for the three alloys were 

stimated by measuring the dissociation widths along the su- 

erkink with edge components as a function of the angle θ be- 

ween the Burgers vector and line vector ( Fig. 9 (a)–(c)), while 

hose on (010) ( γAPB (010) ) were estimated by measuring the dis- 

ociation width along the screw dislocation (7.1, 6.6 and 5.3 nm 

espectively for the 10 Ni, 20 Ni and 20Ni2Ta alloys). The latter is 

ased on the assumption that the Kear-Wilsdorf lock formed along 

he screw orientation is of the complete type, in which the APB 

ounded by two super-partial dislocations with b = 1/2[ 1 01] lies 

xclusively on (010). Indeed, the ratio of the dissociation width 

rojected along [010] to that projected along [111] was close to the 

.74, expected for the complete Kear-Wilsdorf lock for all three al- 

oys ( Figs. 7 and 8 ). In the calculation of APB energies on (111) and

010), we used the shear modulus (101 GPa) for the ternary base 

o 3 (Al,W) compound [15] , as we have not measured elastic con- 

tants for any of 10 Ni, 20 Ni and 20Ni2Ta alloys. The results of 

alculations are tabulated in Table 2 . As we expected, the APB en- 
5 
rgy on (111) increases by alloying with Ni and Ta in the order of 

0 Ni < 20 Ni < 20Ni2Ta. This is also the case for the APB energy

n (010). This is exactly what we expect: The increased APB energy 

pon alloying with Ni and Ta is coupled to the stabilizing effect of 

hese elements on the γ ’ phase. 

. Discussion 

In our previous study on polycrystals of ternary Co 3 (Al,W) with 

he L1 2 structure (Co-12 at%Al-11 at.%W) [25] , we have shown that 

he intermediate-temperature strength of this ternary L1 2 base 

ompound is low as the YSA-onset is as high as 700 °C and that 

he high-temperature strength is also low with the low peak stress 

emperature as the γ ’ phase is easily destabilized due to the low 

’ solvus temperature ( ∼1060 °C). Thermally-activated cross slip 

f 1/2[ 1 01] superpartial dislocations from (111) to (010) planes is 

dentified to be responsible for YSA in ternary Co 3 (Al,W) as in 

any other L1 2 compounds such as Ni 3 Al, but the low CSF energy 

s supposed to lead to the high YSA-onset in ternary Co 3 (Al,W) 

25] . In the present study, however, both the intermediate- and 

igh-temperature strengths of the L1 2 –Co 3 (Al,W) compound are 

ignificantly increased by alloying with Ni and Ta, both of which 

re known as the γ ’-phase stabilizer, through increasing the YSA- 

nset and the peak stress temperature, respectively ( Fig. 4 ). We be- 

ieve that both the increased intermediate- and high-temperature 

trengths of L1 2 –Co 3 (Al,W) contribute to the improved creep 

trength of Co-based alloys upon alloying with these γ ’-phase sta- 

ilizing elements [ 7 , 9 , 11 , 14 , 27 , 41 ]. We thus discuss in the follow-



Z. Chen, K. Kishida, H. Inui et al. Acta Materialia 238 (2022) 118224 

Fig. 6. TEM dislocation structures observed in (a),(b) 10Ni, (c),(d) 20Ni and (e),(f) 20Ni-2Ta alloys deformed at temperatures below ((a), (c), (e)) and above ((b), (d), (f)) the 

onset temperature for yield stress anomaly. All thin foils were cut parallel to the (111) macroscopic slip plane. 
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ng the possible reasons for the improved intermediate- and high- 

emperature strengths of the L1 2 compound itself. 

.1. Improved intermediate-temperature strength; reduced YSA-onset 

As seen in Fig. 4 , the increased intermediate-temperature 

trength of L1 2 –Co 3 (Al,W) is due to the decreased YSA-onset upon 

lloying with Ni and Ta. The YSA-onset decreases more signifi- 

antly as the amount of additions for these γ ’-phase stabilizing el- 

ments (Ni and Ta) increases. In many L1 2 compounds, yield stress 

nomaly is known to occur by thermally-activated cross slip of su- 

erpartial dislocations with b = 1/2[ 1 01] from (111) to (010), and 

his is confirmed also for the ternary L1 2 –Co 3 (Al,W) base com- 

ound [25] and for Ni- and Ta-added L1 2 –Co 3 (Al,W) compounds 

n the present study. Cross slip of the superpartial dislocation with 

 = 1/2[ 1 01] in L1 2 compounds can be considered similarly to that 

f the perfect dislocation with b = 1/2[ 1 01] in fcc metals. This is

ue to the fact that the L1 2 structure is a superlattice structure 

ased on the fcc structure, although the planar fault bounded by 

wo super-Shockley partial dislocations with b = 1/6 < 112 > in the 

1 2 structure is not a simple stacking fault as in the fcc structure 

ut is CSF that accompanies not only with a fault in stacking of 
6 
111} atomic planes but also with a fault in atomic bonding be- 

ween like and unlike atoms. The energy to form a constriction 

 W c : constriction energy) is needed for the perfect dislocation to 

ross slip in fcc metals, as formulated by Stroh [ 47 , 48 ]. 

 c = 

μb 2 d 

30 

[
ln 

(
d 

b 

)] 1 
2 

, (1) 

here d is the separation distance of Shockley partial dislocations 

long the screw orientation and b is the magnitude of the Burgers 

ector of the perfect dislocation with b = 1/2[ 1 01]. The separation 

istance of partial dislocations ( d ) along the screw orientation can 

e calculated as a function of the stacking fault energy ( γ SF ) (the 

SF energy ( γ C SF ) in the case of the L1 2 structure) in the isotropic

lasticity approximation with the following equation. 

 = 

μb 2 p 

8 πγSF 

2 − 3 ν

1 − ν
(2) 

here μ is shear modulus, ν is Poisson’s ratio and b p is the magni- 

ude of the Burgers vector of the Shockley partial dislocation. The 

requency ( q ) for thermally-activated cross slip of the perfect dis- 

ocation is then described with the usual Arrhenius-type equation, 
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Fig. 7. Low-magnification TEM images of dislocations with b = [ 1 01] gliding on (111) observed in (a) 10Ni, (d) 20 Ni and (g) 20Ni2Ta alloys deformed respectively at 750, 600 

and 600 °C in the anomalous temperature regime. The enlargements of the framed areas in (a), (d) and (g) are shown in (b) and (c), (e) and (f), and (h) and (i), respectively. 
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s follows. 

 = q 0 exp 

[ 
−W c 

kT 

] 
(3) 

here q 0 is the pre-exponential factor of the order of 10 13 s − 1 , k

s the Boltzmann constant and T is absolute temperature. Fig. 10 (a) 

hows the temperature-dependent frequency for cross-slip in L1 2 –

o 3 (Al,W) calculated as a function of CSF energy with the re- 

orted values of shear modulus ( μ= 101 GPa) and Poissson’ ration 

 ν= 0.289) for the ternary L1 2 base compound [15] . The onset tem-

erature for cross slip tends to increase quite significantly with the 

ecrease in the CSF energy due to the increased constriction en- 

rgy when the CSF energy changes from 200 to 140 mJ/m 

2 . 

Paidar, Pope and Vitek (PPV) [49] deduced the activation en- 

halpy ( H ) for thermally-activated cross slip of superpartial dis- 

ocations with b = 1/2[ ̄1 01] from (111) to (010) to give rise to

ield stress anomaly in L1 2 compounds, incorporating the energy 

f two constrictions formed on the superpartials, the self-energy 

f the double kink, the energy gain of the dislocation due to the 
7 
nisotropy of APB energy, the energy of cross-slip derived by the 

tress component on the cross-slip plane and the interaction en- 

rgy between two kinks. Later, Yoo [50] pointed out that cube 

ross slip is promoted also by torque force acting on the coupled 

uperpartials with b = 1/2[ ̄1 01] arising from the elastic anisotropy 

that is usually expressed as A = 2 C 44 /( C 11–C 12 ) with single-crystal

lastic stiffness constants C ij ). Hirsh [48] subsequently re-wrote the 

ctivation enthalpy in a way slightly different from the formulation 

y PPV [49] , incorporating the torque force effect in the term for 

he energy of cross-slip derived by the stress component on the 

ross-slip plane and assuming a double jog mechanism for cube 

ross-slip as follows. 

 = 2 W c + 

μb 2 

2 π(1 − ν) 

[ 
ln 

(
2 w 

eb 

)
− ( 1 − ν) 

] 
+ 

μb 2 w 

4 π
− 2 F AC wl c 

(4) 

The first term is the energy of constrictions as calculated by 

1), the second term is the self-energy of the two jogs of height w 
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Fig. 8. Tilting analysis of a dislocation with b = [ 1 01] gliding on (111) observed in the 10Ni alloy deformed at 750 °C. The zone-axis orientations ( B ) used imaging are indicated 

in each of the figures. 
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usually taken as b /2), the third is the core energy estimate, and 

he forth term is the combined expression for the work done by 

he effective stress on (010) and the interaction energy between 

he two jogs. F AC is the force on the leading partial on the (010)

lane as expressed with 

 AC = EγAPB (111) + τ(010) b − γAPB (010) (5) 

ith 

 = 

A cos ϕ sin ϕ 

sin ϕ [ ( A − 1 ) cos 2 ϕ + 1 ] 
(6) 

here τ(010) is the resolved shear stress on (010). E is calculated 

o be 1.061 with ϕ(angle between (111) and (010)) = 54 °44 ′ and 

 = 3.26 for the ternary base alloy [15] . We used the same value

or the elastic anisotropy parameter ( A = 3.26) for all three alloys 
8 
ontaining Ni and Ta, as we have not measured elastic constants 

or any of the three alloys. As the resolved shear stress on (111) 

 τ(111) ) and τ(010) is approxomated as τ(010) ≈ 0 . 8 τ(111) for orienta- 

ions near the center of the streographic triangle, the Eq. (5) can 

e written as, 

 AC = 1 . 061 γAPB (111) − γAPB (010) + 0 . 8 τ(111) b = γAPB (111) ( 1 . 061 − λ) 

+0 . 8 τ(111) b (7) 

here λ is the APB energy anisotropy factor defined as λ = 

APB (010) /γAPB (111) . l c in (4) is the critical length of double jog as 

xpressed with 

 c = 

1 

2 

(
μb 2 w 

πF AC 

)1 / 2 

(8) 
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Fig. 9. Dissociation width between two coupled super-partial dislocations with 

b = 1/2[ 1 01] measured along superkinks on (111) as a function of the angle θ be- 

tween the Burgers vector and line vector for (a) 10Ni, (b) 20 Ni and (c) 20Ni2Ta 

alloys deformed respectively at 750, 600 and 600 °C in the anomalous temperature 

regime. 

Fig. 10. (a) Temperature-dependent frequency for cross-slip in L1 2 –Co 3 (Al,W) cal- 

culated as a function of CSF energy. (b) Temperature dependence of the normal- 

ized resolved shear stress on (111) ( τ(111) b/γAPB (111) ) in L1 2 -Co 3 (Al,W) calculated as a 

function of CSF energy with two different λ values (0.7 and 0.9) for the APB energy 

anisotropy. (c) Temperature dependence of resolved shear stress on (111) ( τ (111) ) in 

L1 2 -Co 3 (Al,W) calculated as a function of CSF energy and the APB energy on (111) 

with a fixed APB energy anisotropy ( λ= 0.9 ). 

s

l  

i

w  

i

9 
Then, the activation enthalpy ( H ) for thermally-activated cross 

lip of super-partial dislocations from (111) to (010) can be calcu- 

ated with the use of the Eqs. (1) , (7) , (8) and appropriate numer-

cal values. The elastic energy (second) term becomes negative for 

/b < 2 and is taken to be zero as in [48] . The ‘work’ (fourth) term

s found to be insensitive to τ(111) , as it is calculated to be 11.0, 
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Fig. 11. Comparison of the calculated temperature dependence of yield stress with experimental results for the ternary base and 10Ni, 20Ni and 20Ni2Ta alloys. 
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2.1 and 13.0 kJ/mol respectively for τ(111) = 40, 125 and 200 MPa 

or γAPB (111) = 200 mJ/m 

2 and λ = 0.8. We thus use a fixed value of 

(111) = 40 MPa for the activation energy calculation. Then, the re- 

olved shear stress on (111) plane ( τ(111) ) can be expressed with H 

n (4) as [49] , 

τ(111) b 

γAPB (111) 

= C exp 

( −H 

3 kT 

)
(6) 

here C is a constant (suggested to be close to unity [49] ). We

alculate the temperature dependence of the normalized resolved 

hear stress on (111) ( τ(111) b/γAPB (111) ) in Fig. 10 (b) to see how the 

SF energy and APB energy anisotropy affect the onset temper- 

ture and temperature variation of yield stress anomaly in L1 2 –

o 3 (Al,W) with the use of C = 1. Fig. 10 (b) clearly indicates that

he YSA-onset decreases as the CSF energy increases so as to in- 

rease the intermediate-temperature strength rather significantly 

ut that the magnitude of yield stress anomaly does not much de- 

end on the APB energy anisotropy (in the range of λ= 0.7 ∼0.9) 

or a given CSF energy when the stress is expressed with the nor- 

alized resolved shear stress on (111) ( τ(111) b/γAPB (111) ). The signif- 

cance of the APB energy on (111) in determining the temperature- 

ependent strength becomes evident, however, when the resolved 

hear stress on (111) ( τ (111) ) is plotted as in Fig. 10 (c) instead of the 

ormalized resolved shear stress on (111) ( τ(111) b/γAPB (111) ) as in 

ig. 10 (b). As the APB energy on (111) increases, the extent of yield

tress anomaly (i.e., the increase in the resolved shear stress on 

111) with temperature) becomes more significant. On top of that, 

he base strength (the strength before yield stress anomaly starts 

o occur) tends to increase with the increase in the APB energy on 

111) and the CSF energy, as will be discussed later in detail. 

The temperature-dependent yield stresses for the 10Ni, 20 Ni 

nd 20Ni2Ta alloys as well as for the ternary base alloy are calcu- 

ated in Fig. 11 as the sum of the base strength (the strength before

ield stress anomaly starts to occur) and the stress calculated with 

he Eq. (5) multiplied by a factor of 6 (but not by the Taylor fac-

or of 3.06) referring to our previous study [ 24 , 25 ] with the use of

he APB energy on (111), APB energy anisotropy ( λ) and the CSF 

nergy tabulated in Table 2 . The factor of 6 was found when con-

erting the CRSS value obtained from micropillar compression tests 

24] into the bulk polycrystalline yield stress in the ternary com- 
10 
ound [25] , most probably accounting for the grain size effects. 

s the specimen preparation method is exactly the same for the 

ernary base alloy and other three alloys containing Ni and Ta, the 

rain sizes for all the alloys are indeed very similar. While the APB 

nergy on (111) and APB energy anisotropy ( λ) used are those ex- 

erimentally determined in the present study, the CSF energy that 

s important to determine the YSA-onset is used as a fitting param- 

ter. As seen in Fig. 11 , the temperature-dependent yield stresses 

or the 10Ni, 20 Ni and 20Ni2Ta alloys as well as for the ternary 

ase alloy are reproduced very well. 

.2. Improved intermediate-temperature strength; increased L1 2 
hase stability 

The CSF energies could not be experimentally determined for 

he 10Ni, 20 Ni and 20Ni2Ta alloys, as the corresponding dissocia- 

ion widths were below the resolution limit for WBDF-TEM imag- 

ng. However, these values could be estimated as a fitting parame- 

er in the calculation of the temperature-dependent yield stresses 

f Fig. 11 . The deduced CSF energies are plotted in Fig. 12 (a) as a

unction of the APB energy on (111) for the ternary base alloy and 

he 10Ni, 20 Ni and 20Ni2Ta alloys. Obviously, there is a clear cor- 

elation between the two; the CSF energy tends to increase with 

he increase in the APB energy on (111). This is a natural conse- 

uence for the increased L1 2 phase stability, as can be easily un- 

erstood from the expression of the APB energy on (111) and CSF 

nergy of the L1 2 compound of the A 3 B-type with pair-wise inter- 

ctions considering only the first- and second-nearest neighbours 

s described, 

APB (111) = (2 V 

(1) − 6 V 

(2) ) / 
√ 

3 a 2 (7) 

CSF = γAPB (111) + 4 { φAA (r ′ ) + φAB (r ′ ) } / √ 

3 a 2 (8) 

here a is the lattice parameter and V 

(k) are the k th neighbor 

rdering energies given as 

 

(k ) = { φ(k ) 
AA 

+ φ(k ) 
BB 

− 2 φ(k ) 
AB 

} / 2 (9) 

nd φ(k ) 
i j 

are the pairwise interaction energies between k th neigh- 

or atoms i and j , and φi j (r ′ ) is the interaction energy between
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Fig. 12. The relationship (a) between the APB energy on (111) and CSF energy and (b) between the base strength and the CSF energy in the ternary base and 10Ni, 20Ni and 

20Ni2Ta alloys. 
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 and j atoms at the separation r ′ = (2 / 
√ 

3 ) a . Both the APB en-

rgy on (111) and the CSF energy of the L1 2 compound increase 

ith the increase in the ordering energy, i.e., the phase stabil- 

ty. Of interest to note is that the increase in the APB energy on 

111) as well as that in the CSF energy tend to increase both the 

ield strength at a given temperature (below the peak tempera- 

ure) and the base strength (that can be defined as the stress be- 

ore yield stress anomaly occurs) as shown in Fig. 12 (b), in which 

he base strength is plotted as a function of the CSF energy for the 

ernary base alloy and the 10Ni, 20 Ni and 20Ni2Ta alloys. The base 

trength of the 20 Ni alloy is exceptionally low. This may be related 

o microstructure characteristics of the 20 Ni alloy that the volume 

raction of the incorporated second and third phases is particularly 
11
ow ( Fig. 1 (b)). Indeed, the YSA-onset is low and the extent of yield

tress anomaly is high for this alloy ( Fig. 4 ). The increased yield 

trength at a given temperature with the CSF energy was discussed 

y Hemker and Mills [51] and subsequently by Caillard and Martin 

52] in terms of the increased dislocation exhaustion rate that is 

romoted with the increase in the CSF energy through frequently 

ccurring cross-slip, leading to higher stress needed to keep a con- 

tant strain rate. 

The increased L1 2 phase stability is thus considered to in- 

rease the intermediate-temperature strength of L1 2 –Co(Al,W) by 

ecreasing the YSA-onset with the increased CSF energy, and by 

ncreasing the base strength and the extent of yield stress anomaly 

at a given temperature) with the increased APB energy on (111). 
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.3. Improved high-temperature strength 

In our previous study, the peak temperature is considered to 

orrespond to the γ ’ dissolving temperature for the ternary L1 2 
ase compound [25] . In the present study, however, the γ ’ dis- 

olving temperature for the L1 2 compound is increased consider- 

bly as the phase stability of the L1 2 phase is increased by alloy- 

ng with Ni and Ta, both of which are known as a γ ’-stabilizing 

lement. As a result, the peak temperatures for these Ni and Ta 

dded alloys are observed well below the γ ’ dissolving tempera- 

ures, indicating that the peak temperature is not defined by the 

’ dissolving temperature. Of interest to note is that {111} slip per- 

ists in these Ni and Ta added alloys even above the peak tem- 

eratures where the L1 2 phase is stable. This is quite different 

rom what is usually observed for Ni 3 Al-based L1 2 compounds, in 

hich {010} slip is observed above the peak temperature except 

or a narrow orientation range close to < 001 > [ 36 , 37 , 53 ]. However,

he persistence of {111} slip above the peak temperature is simi- 

arly observed for Co 3 Ti-based L1 2 compounds [54–56] . The YSA- 

nset is known to be far below room temperature for most Ni 3 Al- 

ased compounds [ 36 , 37 , 57 ] while it is reported to be as high as

00 °C for Co 3 Ti-based L1 2 compounds [54–56] . As the CSF en- 

rgy is considered to determine the YSA-onset as we discussed in 

he previous sections, these two different types of L1 2 compounds, 

i 3 Al- or Co 3 Ti-based compounds, are supposed to have quite dif- 

erent CSF energies. Although there is no experimental report in 

he past, Co 3 Ti-based L1 2 compounds are considered to have a rel- 

tively low CSF energy as Co 3 (Al,W)-based L1 2 compounds when 

udged from their high YSA-onset [54–56] . The relatively low CSF 

nergy indicates that each of two super-Shockley partial disloca- 

ions (with b = 1/6 < 112 > ) separated by a CSF possesses a core

tructure spreading in a planar manner on the (111) glide plane 

s the Shockley partial dislocation in the fcc structure does, mak- 

ng slip on (010) in a substantially long distance difficult even at 

igh temperatures and leading to the persistent {111} slip above 

he peak temperature. A study on the dislocation core structure to 

lucidate this has yet to be done. If this is the case, however, the 

trength decrease above the peak temperature might result from 

iscous flow. Then, any alloying elements that reduce the over- 

ll atomic diffusivity of the L1 2 compound must be effective for 

urther improving the high-temperature strength by increasing the 

eak temperature. 

. Conclusions 

The effects of Ni and Ta additions on the mechanical properties 

f the L1 2 compound Co 3 (Al,W) have been investigated by com- 

ression testing between room temperature and 10 0 0 °C. The re- 

ults obtained are summarized as follows: 

(1) Additions of Ni and Ta result in an increase of both the L1 2 
solvus temperature and the yield strength at intermediate 

and high temperatures. The strength increase scales with the 

amount of additions of these elements and thus with an in- 

creasing stability of the L1 2 phase. 

(2) The increased L1 2 phase stability is considered to increase 

the intermediate-temperature strength of L1 2 –Co(Al,W) by 

decreasing the YSA-onset with the increased CSF energy and 

by increasing the base strength and the extent of yield stress 

anomaly (at a given temperature) with the increased APB 

energy on (111). 

(3) The increased L1 2 phase stability is considered also to in- 

crease the high-temperature strength of L1 2 –Co(Al,W) by in- 

creasing the peak temperature with the increased γ ’- dis- 

solving temperature so that the peak temperature is not de- 
12 
fined by the γ ’ dissolving temperature unlike in the ternary 

base compound. 

(4) The increased strength of the L1 2 strengthening phase due 

to the increased phase stability thus accounts for the im- 

proved creep strength of Co-based superalloys upon alloying 

with these L1 2 -stabilizers. 
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