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Influence of AlloyIng elements on the mIcrostructure And selected hIgh-temperAture  
propertIes of new cobAlt-bAsed l12-reInforced superAlloys

the study investigated the primary structure of the new generation of superalloys based on Co-10al-5Mo-2nb and Co-20ni-
10al-5Mo-2nb cobalt. research on a group of cobalt-based materials was initiated in 2006 by J. sato [1]. these materials may 
replace nickel-based superalloys in the future due to their excellent properties at elevated temperatures relative to nickel-based 
superalloys. the primary microstructure characterisation of the Co-10al-5Mo-2nb and Co-20ni-10al-5Mo-2nb alloy are the basic 
subject of this article. the Co-10al-5Mo-2nb and Co-20ni-10al-5Mo-2nb alloy are tungsten free alloys of a new type with the 
final microstructure based on the Co-based solid solution l12 phase of the Co3(al,Mo,nb) type as a strengthened structural element. 
the analysed alloys were investigated in an as-cast state after a vacuum casting process applied on graphite moulds. the primary 
microstructure of the alloys and the chemical constituent of dendritic and interdendritic areas were analysed using light, scanning 
electron and transmission microscopy. Currently, nickel-strengthened γ’ phase steels are still unrivalled in aerospace applications, 
however, cobalt based superalloys are a response to their existing limitations, which do not allow maintaining the current rate of 
development of aircraft engines.
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1. Introduction

the term “superalloys” is used to describe alloys resistant 
to high temperatures, i.e. heat resistant alloys based on nickel, 
cobalt or iron. the combination of high temperature behaviours 
allows obtaining a material which, at high operating tempera-
ture, will have surface resistance to an aggressive environment, 
as well as high and stable mechanical properties. it is assumed 
that superalloys may be used at a temperature above 1500 F [2]. 
Currently, research is being carried out to increase the life and 
efficiency of aircraft engines. these studies focus on the search 
for modern materials with the desired mechanical properties at 
temperatures up to 1200°C [3]. 

Materials used for very high temperature operation have to 
withstand considerable stresses at high temperature over a long 
period of time. the concept of each superalloy is to: demon-
strate high strength, i.e. creep strength, yield strength, tensile 
strength or high temperature fatigue. table 1 lists some typical 
physical properties of superalloys based on cobalt and nickel. 
nickel-based superalloys are the primary group (generation) of 
metallic materials used in high temperature applications. the 

good behaviour of nickel-based alloys under operating condi-
tions at high temperature is due to the γ/γ’ microstructure. These 
superalloys are the most commonly used materials in turbine 
engines due to their good combination of high strength, long 
fatigue life and good resistance to high temperature oxidation 
and corrosion [4].

taBle 1

list of physical properties of nickel- and cobalt-based superalloys [5]

properties superalloys based  
on a nickel matrix

superalloys based 
on a cobalt matrix

density 7.6-9.1 g/cm3 8.3-9.4 g/cm3

melting temperature 
(liquidus) 1310-1450oC 1315-1495oC

young’s modulus
room temp.:  

210 GPa
800oC: 160 GPa

room temp.:  
211 GPa

800oC: 168 GPa
thermal expansion 8-18 × 10–6 / oC 12.1-16 × 10–6 / oC

thermal conductivity
room temp.: 
9-11 W/m·k

800oC: 22-23 W/m·k

room temp.: 
10-13 W/m·k

800oC: 25 W/m·k
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Cobalt-based superalloys as well as nickel-based superal-
loys exhibit the same rsC structure at high temperatures. de-
spite the high melting point (1494°C for cobalt to 1455°C for 
nickel), the potential of nickel superalloys is higher due to the 
observed specific microstructure. this microstructure is based 
on the precipitation of an ordered γ’ phase in the matrix with an 
rsC structure. The γ’ phase shows an A3B, stoichiometry, as it 
is in the ni3(al,ti) nickel-based superalloys which has the l12 
structure [5]. 

Fig. 1. list of selected properties of nickel- and cobalt-based materials 

The γ′ phase in the new cobalt superalloys is not a direct 
equivalent of this phase in nickel superalloys, because there 
is no thermodynamically stable compound of this type in the 
 Co-al equilibrium system. the phase with the l12 structure may 
be found in two-component Co-ti (Co3ti) and Co-ta (Co3ta) 
systems [6-7]. in the past, studies were carried out on alloys 
from the Co-ti system. unfortunately, the presence of many 
disadvantages, such as: high degree of crystal lattice mismatch, 
low volume fraction of the γ′ phase, limited ability to dissolve 
the components, and insufficient thermal stability resulted in 
a decline of interest in these materials [8-9].

addition of W and al with proper proportion in Co sta-
bilizes the γʹ structure with the stoichiometry Co3(al,W) that 
are stable up to 900℃ [10]. The addition of Mo as an alloying 
element should give similar structural effects as in the case of 
additional reduction of the alloy density. the range of exchange 
in those between W and Mo is only up to 3 at. %, beyond which 
the Co3Mo equilibrium phase appears with the ordered structure 
d019 [11].

unfortunately, there are no data confirming the existence of 
the Co3(al, Mo) phase with the l12 type of structure compared 
to the confirmed and existing Co3(al, W) phase. l12 ordering 
does not take place on aging between 600℃ and 800℃ only 
takes place at higher temperatures [12] 

the development of Co-al-Mo-nb alloys started in 
2015 year when the first information was presented by Makineni 
et al. The stabilization of the microstructure of the γ-γʹ type is 
influenced by even a small addition of nb [10-12].

this research group was the first to replaced W to Mo be-
cause the density of the W-free alloys is decreased to 8,4 gcm-3 
when compared to 9,2 gcm-3 for Co-7al-7W. at the same time, 
the presence of W makes it difficult to homogenize Co-al-W 
cast alloys [12]. 

the Co-10al-5Mo-2nb alloy has a much lower density 
and shows a high yield strength compared to other cobalt-based 
superalloys including Co-al-W [10-12].

the basic goals of presented investigations are characteriza-
tion of primary microstructure of Co-20ni-10al-5Mo-2nb alloy 
and, identification of segregation effect of chemical constituent. 
another important element is analysis of ni addition influence 
on primary microstructure as well as the precipitation volume, 
chemical composition and its morphology for modified Co-10al-
5Mo-2nb alloy [13].

2. material for testing 

the testing material consisted of Co-10al-5Mo-2nb and 
Co-20ni-10al-5Mo-2nb alloys. they were the product of the 
casting process in the form of a 20×100 mm rod (the shape of 
the castings is shown in Figs. 2 and 3). the chemical composition 
of the cast alloys is presented in tables 2 and 3.

Fig. 2. a) Co-10al-5Mo-2nb superalloy cast, b) longitudinal section, 
and c) cross section through the rod

Fig. 3. a) Co-20ni-10al-5Mo-2nb superalloy cast, b) longitudinal 
section, and c) cross section through the rod
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taBle 2

actual chemical composition of the Co-10al-5Mo-2nb superalloy

Item Al mo nb co
at% 8.5 4.6 2.0 rest
wt% 3.9 7.6 3.2 rest

taBle 3

actual chemical composition of the Co-20ni-10al-5Mo-2nb  
superalloy

Item ni Al mo nb co
at % 20.5 9.8 5.2 2.4 rest
wt % 20.6 4.5 8.5 3.8 rest

3. methodology

the observation of the microstructure of the materials was 
carried out on metallographic microsection. they were made 
of samples cut from the cross section and longitudinal section 
of the rod. the microsections were ground, mechanically pol-
ished and electrochemically etched (reagent 25 ml H2o, 50 ml 
HCl, 15g FeCl3 and 3 g CuCl2 × nH4Cl × 2H2o). the micro-
structure studies were performed using a nicon eclipse 200Ma 
light microscope (lM) at magnification up to 1000× and a Fei 
inspect F scanning electron microscope (seM) at magnification 
up to 5000×. the structure analysis in greater detail and phase 

identification were confirmed using a Fei titan scanning and 
transmission electron microscope (s/TeM). The microanalysis 
of the chemical composition of the precipitates occurring in the 
microstructure of the material was performed using an edX 
detector which analyses chemical composition in micro-areas. 
the detector in the form of an attachment was part of the scan-
ning and scanning transmission electron microscope. 

4. test results

after casting, the Co-10al-5Mo-2nb alloy is characterised 
by a microstructure of a solid cobalt solution (austenitic) with 
a low content of primary precipitates in interdendritic regions. 
the microstructure of the alloy as observed using a scanning 
electron microscope (seM) is shown in Fig. 4a). the distribution 
of crystals in the material structure from the surface toward the 
axis of the sample was observed. the zone of grains “frozen” on 
the surface of the material, elongated grains and equiaxed grains 
was also visible. Fig. 4b) shows the microstructure observed us-
ing a scanning electron microscope (seM) as well and analysis 
of the precipitation area.

Precipitates of complex shape containing a greater amount 
of niobium and molybdenum relative to the matrix can be 
observed in the alloy’s structure. X-ray studies of the phase 
composition showed that these precipitates can be composed of 
Co3Mo and Co3nb phases (Fig. 5).

element wt% At%

Al 04.18 08.97
nb 01.36 00.85
mo 07.14 04.31
co 87.32 85.87

matrix Correction ZaF

fig. 4. Microstructure of the Co-10Al-5Mo-2nb superalloy a) equiaxed crystals b) X-ray microanalysis results for selected areas of the alloy’s 
structure (seM)
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fig. 5. X-ray diffraction pattern of Co-10Al-5Mo-2nb superalloy 
in as-cast condition

after casting, the Co-20ni-10al-5Mo-2nb alloy is also 
characterised by a microstructure of a solid cobalt solution 
(austenitic) with a low content of primary precipitates in inter-
dendritic regions. light microscopy illustrates the morphology of 
columnar and equiaxed grains present in both dominant crystal 
zones. scanning microscopy shows the four basic zones: three 
in interdendritic areas and one corresponding to dendrite cores. 

The results of X-ray microanalysis for selected areas of the 
 Co-20ni-10Al-5Mo-2nb alloy’s structure are presented in fig. 7.

Fig. 8 shows the four zones in the Co-20ni-10al-5Mo-2nb 
alloy. the first of them consists of precipitates with morphology 
typical of a eutectic. areas with a different chemical composition 
and coniferous morphology can be defined in the immediate 
vicinity of this component. this zone is probably related to the 
“cutting” of the microsections on the samples’ cross sections. 
the morphology of the observed elements (table 4) suggests 

element wt% At%

Al 04.25 09.16
nb 02.19 01.37
mo 07.78 04.72
co 65.13 64.29
ni 20.65 20.46

matrix Correction ZaF

fig. 7. Microstructure of the Co-20ni-10Al-5Mo-2nb superalloy a) cross-section (lM) b) X-ray microanalysis results for selected areas of the 
alloy’s structure (seM)

Fig. 6. Microstructure of the Co-10al-5Mo-2nb superalloy observed in 
TeM using an hAAdf detector. The table presents the results of edX 
microanalysis for selected measurement points
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the presence of Co / Co3 (al, Mo, nb) eutectic (first zone) 
with spheroidal Co3Mo and / or Co3nb phase precipitates with 
a d019 lattice (second zone). the area marked as zone iii is the 
coating (envelope) of zones i and ii without the presence of 
a eutectic form, but with very fine-grained Co3 (al, Mo, nb) 
precipitates, possibly of the primary l12 phase. the last identified 

morphological form (zone iV) is a Co-based solid solution as 
a matrix with fine-grained precipitates of probably the primary 
l12 phase with the formula Co3(al, Mo, nb). Compared to the 
aforementioned fine-grained precipitates, in zone iV, this type of 
structure occupies a much larger area and consists of elements 
with a shape similar to spherical or cuboidal.

the studies that were carried out with the use of transmis-
sion microscopy also showed that the alloy’s matrix is made of an 
rsC cobalt solid solution, which was confirmed by selective area 
electron diffraction (Fig. 9). areas rich in niobium, favouring the 

fig. 9. images of the microstructure of the Co-20ni-10Al-5Mo-2nb superalloy observed in s/TeM: a) fragment of the matrix with precipitates, 
b) diffraction and dark field from the marked precipitate, c) diffraction, dark field and hAAdf image from Co matrix. The table presents the 
results of edX microanalysis for selected measurement points

Fig. 8. Zones i-iV occurring in the Co-20ni-10al-5Mo-2nb alloy in 
the as-cast state (seM)

taBle 4

Chemical composition of the analysed Co-20ni-10al-5Mo-2nb  
alloy in four characteristic

Zone co ni Al mo nb
I

at %

57.89 13.87 4.95 6.82 16.58
II 59.20 ↑ 19.27 ↑ 8.67 ↑ 5.65 ↓ 7.22 ↓
III 59.23 ↑ 20.20 ↑ 9.02 ↑ 5.97 ↓ 5.58 ↓
IV 62.72 ↑ 21.31 ↑ 9.52 ↑ 4.88 ↓ 1.58 ↓
I

wt %

52.01 12.43 2.04 9.99 23.53
II 57.51 ↑ 18.65 ↑ 3.86 ↑ 8.94 ↓ 11.05 ↓
III 58.07 ↑ 19.73 ↑ 4.05 ↑ 9.53 ↓ 8.62 ↓
IV 63.53 ↑ 21.50 ↑ 4.42 ↑ 8.04 ↓ 2.52 ↓
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precipitation of Co3 (Al, Mo, nb) phases and nbX precipitates, 
were also observed.

taBle 5

The results of edX microanalysis for selected  
measurement points

element
wt [%]

1 2 3 4 5 6
Al 3.7 5.2 0.4 1.1 1.7 —
co 58.3 40.4 39.7 35.4 22.6 0.6
ni 19.2 7.4 7.8 12.8 10.2 0.1
nb 5.4 31.4 42.0 45.5 62.9 99.1
mo 13.4 15.6 10.1 5.2 2.6 0.2

5. summary

the conducted research showed that the primary structure of 
the Co-10al-5Mo-2nb alloy is characterised by a homogeneous 
microstructure on the macro scale, consisting of the predominant 
content of columnar grains and a small amount of equiaxed 
grains. the obtained microstructure is unfavourable, and further 
development related to the development of the technological 
process is necessary. the main structural ingredient of the alloy 
is a Co solid solution with an addition of al. Mo and nb-rich 
eutectic particles was found in interdendritic areas. the results of 
the X-ray diffraction analysis suggest the possibility of Co3Mo 
and Co3nb occurrence in these zones. however, the X-ray mi-
croanalysis shows the presence of complex multi-component 
Co3(al, Mo, nb) and Co3(nb, Mo) phases. 

the analysis of the primary microstructure of Co-20ni-
10al-5Mo-2nb showed that the solidification process in graphite 
forms had a strong influence on the segregation of alloying 
elements. the strongest tendency to interdendritic segregation 
was found for the addition of nb. a much smaller tendency to 
segregate was observed in the case of the Mo alloying element. 
the formation of the Co3nb and Co3Mo phases was probably 
observed in the interdendritic zone, as well as Coss /Co3(al, 
Mo, nb) eutectic structures. Both structural components had 
different morphological forms. the formation of these structural 
elements causes the depletion of the solution in niobium and 
molybdenum (on a smaller scale) in the immediate vicinity and 
a reduction in the tendency for the formation of the primary Co3 
phase (al, Mo, nb). the dendrite core areas that are rich in Mo 
and nb (in solid solution) showed a much stronger tendency to 

form the primary Co3(Al, Mo, nb) phase in a spherical/cuboi-
dal form. The structure also includes MX precipitates based 
predominantly on niobium.
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