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Abstract
In this investigation, the thermal analysis of W-free cobalt-based superalloys based on Co–Al–Mo–Nb and Co–Ni–Al–
Mo–Nb systems was performed. The analysis was performed at different stages of heat treatment process. The differential 
thermal analysis (DTA) was utilized for the determination of characteristic temperatures related to microstructural changes. 
First of all, the DTA analysis was carried out for discussing as-cast alloys in the temperature range of 40–1500 °C. The 
results showed thermal effects connected with melting and important order–disorder transition. The temperature range of 
1200–1250 °C was chosen for performance of a first heat treatment operation for the investigated alloys. Specimens were 
annealed at selected temperature for 5 h. The microstructure of alloys after solution heat treatment was analyzed as well. 
Afterward, the solutionized specimens were subjected to the further thermal analysis in order to select the aging temperature 
according to the order–disorder transformation related to formation of γ′ phase with overall formula  Co3(Al,X). Five aging 
variants were performed in the temperature range of 800–1000 with a step of 50 °C. After each stage of heat treatment, SEM/
EDS analysis and hardness measurements were performed.

Keywords γ/γ′ · Precipitation hardening · W-free superalloys · Cobalt · DTA

Introduction

The starting point of development of the new creep-resist-
ant materials based on Co was discovery of the two-phase 
area in the ternary system Co–Al–W. This field consists of 
γ matrix based on Co with fcc type of lattice and  L12 inter-
metallic phase with overall formula  Co3(Al,W). This fact 
gets the possibility of creation of a new group of Co-based 
superalloys strengthened by  L12 intermetallic phase with 
microstructure very similar to conventional Ni-based super-
alloys of γ/γʹ type [1, 2]. There are two basic groups of these 
alloys at this time. First of them is based on tungsten addi-
tion and  Co3(Al,W) phase as a strengthening structural ele-
ment. The second group is called W-free alloys and consists 

of other high melting point elements such as Mo, Nb and Ta 
as elements forming the desirable  Co3(Al,X) phase [3, 4].

There are many articles related to those alloys, focused 
on microstructure, mechanical properties, oxidation, creep 
resistance and the influence of quaternary and quinary alloy-
ing elements on those properties. However, in the literature 
data exists relatively low information about heat treatment 
parameters and such processes as homogenization solution-
izing and aging [5–12]. Only in few publications, it is pos-
sible to find the information about the influence of alloying 
elements on solidus temperature of Co–Al–W alloys, and 
especially solvus temperature of strengthened structural ele-
ments of  L12 type. This information is related mainly to W 
and Al concentration and eventually to Ni addition as an 
alloying element.

This article concerns the influence of W-replacement 
by Mo and Nb on the thermal effects in Co-based super-
alloys. Some data regarding W-free superalloys are avail-
able in the literature [3, 13, 14]. The similar alloys based on 
Co–Al–Mo–Nb and Co–Ni–Al–Mo–Nb systems were pre-
pared by induction vacuum melting. The thermal analysis 
of discussed superalloys was performed in as-cast state as 
well as on further stages of heat treatment. Moreover, after 
each heat treatment step, the microstructure of alloys was 
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investigated. The influence of W-replacement on thermal 
behavior of Co-based alloys including determination of soli-
dus and solvus temperatures was analyzed.

Materials and methods

The Co–10Al–5Mo–2Nb and Co–20Ni–10Al–5Mo–2Nb 
(at%) alloys were melted using induction vacuum furnace 
VSG 02 Balzers and cast under Ar atmosphere. Pure metals 
were used in the investigation, including Co (min. 99.98%), 
Al (99.98%) Mo (99.98%) and Nb (99.99). Mo and Nb were 
being dosed to liquid bath of Co and Al. The alloys were 
melted in the temperature range of 1600–1700 °C for the 
time of approx. 10 min. The investigated alloys were cast 
into cold graphite molds under the protective gas (Ar). The 
time of solidification did not exceed 10 s. In the next step, 
metal pieces were cut from the cast ingot; samples for heat 
treatment investigations were prepared. The solution heat 
treatment was performed at 1200 °C for 5 h with subsequent 
quenching in water. The solution heat treatment operation 
was carried out in a laboratory furnace with the Ar pro-
tection atmosphere. Afterward, the solutionized specimens 
were subjected to aging at temperatures of 800, 850, 900, 
950, 1000 °C for 5 h in the Ar atmosphere with final water 
quenching.

The thermal analysis including differential thermal analy-
sis (DTA) was carried out on the as-cast, solutionized and 
aged specimens. The DTA analysis was carried out using 
the NETZSCH STA 449 F3 Jupiter thermal analyzer. The 
temperature range of analysis was 40–1500 °C of heating 
and cooling rate 20 °C min−1. As a reference, an empty 
alumina crucible was used. Additionally, differential scan-
ning calorimetry (DSC) was used in order to investigate 
temperature of order–disorder transformation in alloys. The 
measurements in the temperature range of 40–1200 °C were 
performed using multi-HTC high-temperature calorimeter 
from Setaram. The measurements were performed under the 
Ar protection; the heating rate was 5 °C min−1.

The specimens for microstructure evaluation were 
prepared by grinding, polishing and chemical etching. 
In the case of as-cast and as-solutionized samples, a rea-
gent containing 25 mL H2O, 50 mL HCl, 15 g  FeCl3 i 3 g 
 CuCl2  ×  NH4Cl2  ×  H2O was used for etching. The speci-
mens after aging were chemically etched using reagent con-
taining 80 mL of lactic acid, 10 mL of  HNO3 and 10 mL of 
 H2O2, The as-cast microstructure was analyzed by means 
of optical microscopy (OM), scanning electron microscopy 
(SEM) and X-ray diffraction (XRD). The optical micro-
graphs were performed using the Nikon Eclipse MA200 
microscope. In the case of SEM/EDS analysis, the scanning 
electron microscope (SEM, Hitachi S-3400 N) equipped 
with the energy dispersion spectrometer (EDS, Thermo 

Noran System Seven) was utilized. The phase composition 
was evaluated using Phillips X’Pert3 Powder diffractometer. 
Furthermore, hardness of specimens was investigated by 
Vickers method. The measurements were performed using 
the ZWICK ZHV TKV5030 Vickers hardness tester using 
a load of 2.5 kg. The analogous research methodology was 
utilized for the specimens after solution heat treatment and 
aging.

Results and discussion

The first part of work concerns concise description of the 
as-cast microstructure of investigated alloy. In the case of 
Co–10Al–5Mo–2Nb (at%) alloy, the characterization of 
primary microstructure is available [15], whereas the as-
cast microstructure of second alloy is similar. The OM and 
SEM micrographs of investigated alloys in the as-cast state 
can be observed in Fig. 1. Both alloys are characterized by 
a dendritic microstructure, typical for the castings made 
with high cooling rate. For cobalt alloys in which W was 
replaced by Mo and Nb, occurrence of some eutectic phases 
in the interdendritic regions may be observable (phases 
are indicated by white arrows). Taking into account the 
chemical and phase composition of the alloys after casting 
(Fig. 2), the interdendritic spaces may be enriched in  Co3X 
phases (where X = Mo, Nb). Such phases were detected 
via X-ray diffraction analysis. For the alloy with composi-
tion Co–20Ni–10Al–5Mo–2Nb (at%), peaks related to the 

Co–10Al–5Mo–2Nb

OM micrograph OM micrograph

SEM micrographSEM micrograph

Co–20Ni–10Al–5Mo–2Nb

200   mµ 200   mµ

Fig. 1  OM and SEM images of primary microstructure of Co–(Ni)–
Al–Mo–Nb alloys
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Fig. 2  X-ray diffraction patterns Co–(Ni)–Al–Mo–Nb alloys in as-cast state

discussed phases are lower compared to those of Ni-free 
alloy. Furthermore, the microstructural analysis showed 
lower concentration of the interdendritic precipitates for 
alloy with Ni compared to that of Co–10Al–5Mo–2Nb (at%).

After short characterization of the as-cast microstruc-
ture, the analyzed castings were subjected to the differen-
tial thermal analysis. Figure 3 shows the DTA curves cor-
responding to the first, Ni-Free alloy. The heating curve did 
not show any distinct thermal effects up to 1300 °C. One 

substantial endothermic effect that corresponds to the melt-
ing point of alloy may be visible in the temperature range of 
1300–1400 °C. However, the course of DTA curve in this 
range is not sharp; therefore, the accurate determination of 
melting temperature could be difficult. More information 
concerning the thermal behavior of alloy is shown by the 
cooling curve. Except the liquidus temperature (marked by 
green arrow), the green DTA plot allows to observe two 
exothermic effects; the first one started at 1268 °C (effect is 
indicated by black circle), whereas the second one at 950 °C 
(effect is indicated by black arrow). The first thermal effect 
is connected with precipitation of some phase. At compara-
ble temperature (1231 °C) takes place the eutectic reaction 
in Co–Nb system [16]:

The second thermal effect observed at 950 °C is typical 
for precipitation of the γ′ phase that was observed in other 
publication [12]. Afterward, the analyzed specimen was 
subjected to the another DTA experiment under the same 
conditions. The course of both heating and cooling plots 
was comparable to that of the plots from first analysis; how-
ever, one exception occurred. The heating plot exhibits some 
endothermic effect at 1244 °C. Moreover, the cooling curve 
shows reversible effect, which is very similar to the effect 
that occurred in the first analysis (at 1268 °C). These results 
imply that the phase which precipitated at 1268 °C in the 
first analysis was dissolved at 1244 °C in the second analysis 
and then again precipitated in the cooling process.

F i g u r e   4  s h o w s  D T A  a n a l y s i s  o f 
Co–20Ni–10Al–5Mo–2Nb (at%) alloy. The course of 
DTA curves is similar to that of Ni-free alloy; however, 
no effects connected with precipitation or dissolution of 
phases were observed above 1200 °C. The same observation 
may be done after observation of the second analysis. The 

(1)liq ⇌ fcc + Co3Nb
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Fig. 3  Differential thermal analysis of Co–10Al–5Mo–2Nb alloy in 
as-cast state
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temperature of the effect corresponding to γ′ precipitation 
is comparable for both alloys.

Afterward, the W-free Co-based superalloys were solu-
tion heat-treated at 1200 °C. The OM micrographs as well 
as SEM/EDS analysis of as-solutionized alloys are shown in 
Fig. 5. The micrographs made by optical microscopy show 
microstructure of the alloys after solution heat treatment. 
The as-solutionized alloys were characterized by grainy 
microstructure, whereas the size of grains was several hun-
dred µm. After solutionizing of the alloys at 1200 °C, all 
phases observed in the as-cast state were dissolved which 
is confirmed by SEM micrographs. The measurement of 
chemical composition in micro-areas by EDS method shows 
that the chemical composition is in well accordance with the 
nominal one.

After the first heat treatment operation, the alloys were 
analyzed via DTA another time. Figure 6 shows the DTA 
plots corresponding to Co–10Al–5Mo–2Nb (at%) in the 
as-solutionized state. The heating curve exhibits the endo-
thermic effect at 866 °C that corresponds to order–disor-
der transformation related to the γ′ phase. In the case of 
alloy after solution heat treatment, the melting effect is 
clearer and starts at 1313 °C. Furthermore, the cooling 
plot shows an exothermic effect that starts at 1248 °C. This 

effect was reported in the as-cast state. Moreover, the cool-
ing plot did not reveal any effect corresponding to the γ′ 
precipitation that was unexpected. The thermal analysis of 
Co–20Ni–10Al–5Mo–2Nb (at%) alloy is be seen in Fig. 7. 
The course of heating curve is analogous to that of heating 
plot of Ni-free alloy; however, the order–disorder transfor-
mation occurred at c.a. 100 °C higher temperature. The cool-
ing plot did not reveal any precipitation effect, even the γ′ 
precipitation that was also surprising. In order to verify the 
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After aging, the thermal analysis was performed in order 
to investigate the solvus and solidus temperatures of alloys. 
Figure 10 shows the DTA plots of Co–10Al–5Mo–2Nb 
(at%) alloy after aging at 800 °C for 5 h. The heating curve 
revealed three endothermic effects. The first one at 857 °C 
corresponds to the order–disorder transformation, which 
indicates the solvus temperature. The second effect that 
occurred at 1175 °C is similar to the effects observed ear-
lier (Fig. 3); however, in this case, the endothermic effect 
occurred at lower temperature. The third effect is connected 
with start of alloy’s melting, namely the solidus tempera-
ture, which is 1318 °C for the discussed alloy. The melt-
ing start effect corresponding to the solidus temperature 
is substantially lower compared to that of melting tem-
perature of Co–9Al–9W (at%) alloy (1447 °C) [12]. The 
cooling curve showed that precipitation of the γ′ starts at 
845 °C that is similar compared to the temperature of dis-
solution. It is worth to notice that effect related to the γ′ 
precipitation was recorded at substantially lower temperature 
compared to that of as-cast state. The thermal analysis of 
Co–20Ni–10Al–5Mo–2Nb (at%) alloy is shown in Fig. 11. 
In this case, the solvus temperature according to the heating 
curve is 944 °C. Furthermore, the melting point of alloy 
according to DTA analysis is 1338 °C. It is worth to notice 
that the exothermic effect connected with precipitation of 
the γ′ occurred at 846 °C that is almost 100 °C lower com-
pared to that of analogous effect on heating curve. There-
fore, the DSC analysis was performed in order to precisely 
investigate the thermal effect connected with ordering of 
γ′ phase. Figure 12 shows the DSC plots corresponding to 
Co–10Al–5Mo–2Nb (at%) alloy after aging at 800 °C for 

Fig. 8  SEM micrograph of Co–20Ni–10Al–5Mo–2Nb alloy after 
aging at 900 °C

temperature of thermal effects connected with dissolution of 
the γ′ phase, aging operations at different temperatures were 
performed for both alloys.

Figure  8 shows example SEM micrograph of 
Co–20Ni–10Al–5Mo–2Nb (at%) alloy after aging. The 
microstructure composed of tiny cuboidal γ′ precipitates is 
typical for such alloys after the precipitation hardening. In 
order to rate effectiveness of the aging, the hardness meas-
urements were carried out (Fig. 9). The hardness of Ni-free 
alloy in the as-cast state measured by the Vickers method 
was 238 HV2.5, whereas after the solution heat treatment, 
the hardness value decreased to 206 HV2.5. After 5 h of 
aging at 800 °C, the hardness of alloy reached c.a. 303 
HV2.5. This result implies that the γ–γ′ microstructure was 
obtained in this case. The aging operation in the temperature 
range of 850–1000 °C resulted in substantially lower hard-
ness compared to that of after aging at 800 °C. Therefore, 
temperature 850 °C and the higher ones could be too high 
for heat treatment and operation of this alloy, which is in 
accordance with the DTA analysis (Fig. 6), which revealed 
the effect related to dissolution of the γ′ at 866 °C. In the 
case of Co–20Ni–10Al–5Mo–2Nb (at%) alloy, the value of 
hardness in the as-cast state was c.a. 257 HV2.5, whereas 
the solutionizing of alloy at 1200 °C decreased hardness to 
237 HV2.5. The increase in hardness measured by Vickers 
method to c.a. 317 HV2.5 was noted for the specimen aged 
at 800 °C. High hardness was measured also after aging 
at 850 °C and 900 °C and reached c.a. 313 HV2.5 in both 
cases. The value of hardness of specimen aged at 950 °C 
was 218 HV2.5, whereas after aging at 1000 °C, the value 
of hardness was c.a. 213 HV2.5. The obtained results imply 
that temperature 950 °C too created the γ–γ′ microstructure 
in this alloy, which is in accordance with noticed endother-
mic thermal effect (Fig. 7) that implies the dissolution of γ′ 
at 957 °C.
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5 h. The solvus temperature determined using heating curve 
(861 °C) was close to that of indicated by DTA (Fig. 8), 
whereas the temperature of reversible effect during cool-
ing (845 °C) was almost the same in the case of DTA and 
DSC methods. Furthermore, some endothermic effect (indi-
cated by black circle) was observed at 718 °C. Such peak is 
characteristic for magnetic transformation in cobalt and its 
alloys. Cooling curve showed reversible effect; however, its 

intensity was slight. Figure 13 shows the analogous DSC 
analysis of alloy containing Ni. In this case, the solvus tem-
perature indicated by the heating curve was 950 °C. The 
cooling curve showed the exothermic effect related to for-
mation of the γ′ phase at 942 °C. The effects connected with 
magnetic transformation were observed also in this case.
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Fig. 12  Differential scanning 
calorimetry of Co–10Al–5Mo–
2Nb alloy after aging at 800 °C
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Conclusions

The presented analysis revealed many different ther-
mal effects related to different structural processes in 
W-free cobalt superalloys based on Co–Al–Mo–Nb and 
Co–Ni–Al–Mo–Nb systems. The first difference between 
Co–(Ni)–Al–W alloys and alloys containing Mo and Nb was 
in the primary microstructure. In the case of W-free alloys, 
some detrimental Mo- and Nb-rich phases were observed 
in the interdendritic areas. Moreover, the thermal analysis 
revealed precipitation of some phases in the temperature 
range of 1200–1250 °C. Except microstructural aspect, 
W-replacement affected the thermal behavior of alloys.

The solidus temperature of both W-free alloys was about 
100 °C lower compared to that of Co–9Al–9W (at%) alloy 
[12]. Substitution of W by Mo and Nb allows to obtain 
the γ–γ′ microstructure. However, the solvus temperature 
(861 °C) for Co–Al–Mo–Nb alloy is substantially lower 
compared to that of Co–Al–W alloys (~ 990 °C) [2]. More-
over, the γ′ phase is not stable during long-term annealing 
[14] and requires stabilization by other elements.

The solvus temperature For Co–20Ni–10Al–5Mo–2Nb 
(at%) alloy was c.a. 90 °C higher compared to that of Ni-
free Co-based alloy. It is in accordance with fact that nickel 
alloying extends the range of γ′ occurrence in Co-alloys [17]. 
Furthermore, the solidus temperature of Ni-containing alloy 
was slightly higher compared to that of Co–10Al–5Mo–2Nb 
(at%).
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