
 

This is a postprint version of the following published document: 

Cartón-Cordero, Marta; Campos, Mónica; Freund, Lisa P.; 
Kolb, Markus; Neumeier, Steffen; Göken, Mathias; Torralba, 
José M. (2018). Microstructure and compression strength of 
Co-based superalloys hardened by γ′ and carbide precipitation, 
Materials Science and Engineering: A, v. 734, pp.: 437-444. 

 

 

DOI: https://doi.org/10.1016/j.msea.2018.08.007 

© 2018 Elsevier B.V. All rights reserved 

 
This work is licensed under a Creative Commons 

AttributionNonCommercialNoDerivatives 4.0 International License 

https://doi.org/10.1016/j.msea.2018.08.007
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


Formation of a / microstructure in Co-based superalloys 
produced by a powder metallurgy route 

Abstract 
A Co-based superalloy, Co-9Al-9W (at%), was processed by mechanical alloying by high-

energy milling of elemental powders and consolidated by field assisted hot pressing (FAHP). 

The milled powder particles mainly consist of undissolved bcc-W as well as WC and an Al and 

W rich fcc- Co solid solution. After consolidation and heat treatment a fine grained 

microstructure with a high fraction of carbides and a / microstructure was obtained. The 

compressive yield strength at room temperature was found to be 45% higher than that of 

previously reported results for Co-based superalloys. A similar level of strength was found at 

700 ºC. These extraordinary properties can be explained due to the multitude of hardening 

mechanisms that sintered Co-based superalloys possess:  precipitation, carbide formation and 

the ultra-fine -grain size promoted by the fast consolidation technique. 

1. Introduction
Increasing the efficiency and safety of aircraft engines is of great importance and drives the 

development of advanced materials and processes.  Ni-based superalloys are used for high-

temperature applications, such as turbines blades, because of their effective fine strengthening 

precipitates, which are coherently embedded in the fcc Ni -matrix [1]–[3]. In 2006, Sato et al.

[4] studied the Co-Al-W ternary diagram and discovered the intermetallic Co3(Al,W) phase, with

a L12 structure and A3B stoichiometry. This phase is stable at high temperatures and can 

produce similar microstructures compared to those in Ni-based superalloys. This finding opens 

the possibility of obtaining -strengthened Co-based superalloys with improved high-

temperature properties compared to conventional carbide-strengthened Co-based superalloys. 

Additionally, conventional Co-based alloys demonstrate better corrosion resistance than Ni-

based superalloys, which makes them also to potential candidates for high temperature 

applications [5], [6]. It was shown that the / Co-Al-W-based superalloys can exceed the 

strength of Ni-based superalloys at high temperatures by alloying with -stabilizing elements, 

such as Ta [7]. 

After the discovery of the Co3(Al,W) phase , many research studies have focused on the 

development of / Co-based alloys [7]–[14] by traditional ingot metallurgy methods. Defects 

such as macrosegregation, microsegregation, porosity, solidification shrinkage and second-

phase inclusions are typical for ingot metallurgy. These defects can be overcome by using a 

powder metallurgy route (PM) because powdered metal can be almost fully consolidated by 

processing methods that apply pressure and temperature simultaneously. PM is a flexible near 

net-shape technology that starts from powder and converts it into strong and precise parts with 

high performance. Additionally, PM can be employed to achieve unique microstructures and to 

produce materials that are challenging to cast or forge. It is possible to manufacture tailored 

powder compositions by mechanical alloying (MA) that offers a non-equilibrium processing 

technique capable of producing metastable alloy systems due to the high density of lattice 



defects after milling. Thus, the obtained mechanically alloyed powder is highly active for mass 

transport phenomena during the following sintering step.  

Zhang et al. [13–17] studied Co-Al-W-based oxide-dispersion-strengthened (ODS) alloys 

fabricated by PM with the purpose of strengthening the alloy by Y2O3 dispersion and Hf addition 

and promoting ’ precipitation. They achieved well-dispersed coherent or semi-coherent 

nanoscale oxide particles in the matrix, as well as small areas of . Therefore Co-Al-W-based 

ODS alloys showed a similar high-temperature strength compared to that of the cast Co-based 

alloys. However, this work showed that the milling step is the critical factor for the resulting 

quality of the material. 

The mechanical alloying process to obtain powder from Co-Al-W alloys was optimized in 

previous work [20], where a systematic study of the influence of the milling parameters on the 

evolution of the microstructure and the mechanical properties of the sintered parts of the Co-Al-

W alloys were conducted. Due to the activity of the mechanically alloyed powders, carbides can 

precipitate in the microstructure and thus contribute to strengthen the material at intermediate 

temperatures.  

The dissolution of Al and W into the Co lattice by MA is critical, and the absence of 

characteristic X-ray diffraction peaks from the solute phases may not be a sufficient evidence 

for complete solid solubility [21]. In addition, the formation of grains with nanocrystalline 

structure during milling broadens the X-ray diffraction peaks significantly, which makes it more 

difficult to confirm the solid solution formation. However, the formation of a nanocrystalline grain 

structure facilitates the formation of a solid solution [22]. The large density of lattice defects due 

to the large volume fraction of grain boundaries is expected to enhance the diffusion and 

increase the solubility levels.  

The aim of this work is to design a PM processing route that maximizes the precipitation of  in 

the selected Co-based superalloy. Hence, the suitability of the PM route is evaluated and 

validated to produce Co-Al-W alloys by MA. Processed powders are sintered using a field-

activated technique (FAHP) where pressure and temperature are simultaneously applied due to 

the Joule effect provided by a continuous alternating current. This technique improves the 

sintering kinetics avoiding grain growth but enables an almost fully dense material [23], [24]. To 

validate the mechanical properties, compression tests were performed with the Co-Al-W-PM 

alloy, and the results are compared with a cast Co-9Al-9W (at.%) alloy investigated by Suzuki et 

al. [7] and a commercial Co-alloy [25]. 

 

2. Experimental Procedure 
To evaluate the influence of the manufacturing method on the phase evolution during the PM 

process, the final microstructure and the mechanical properties, an alloy with the nominal 

composition Co-9Al-9W (at.%; henceforth referred to as Co9-9) was processed by the PM route. 

The PM route comprises two steps: 1) high-energy mechanical milling to produce the powders 

and 2) consolidation of the powders. Mechanical alloying was carried out in a planetary high-

energy ball mill (Pulverisette 6, Fritsch, Oberstein, Germany) under an Ar atmosphere, starting 



from pure elements (99.7 %-purity Co with an average particle size of 3.5 μm; 99.0 %-purity Al 

with an average particle size of 45.0 μm; and 99.9 %-purity W, with an average particle size of 

20 μm). The ball-to-powder mass ratio was 10:1, and the milling process was performed at a 

speed of 300 r.p.m. To minimize the contamination, a hard metal (Co-WC type) vessel and balls 

were used. The consolidation of samples was performed by FAHP (field-assisted hot pressing), 

where the material is heated by Joule effect by low-frequency alternating current (AC), under 

vacuum at a heating rate of 100 °C/min up to 1250 °C, followed by a 10 min holding time with 

an applied pressure of 50 MPa, as is explained in detail in [20], [26], [27]. 

After consolidation, heat treatments under high vacuum (10-5 mbar) were conducted to 

promote the  phase precipitation in the  matrix. Starting with a solution treatment at 1250 °C 

for 24 h, followed by an ageing treatment at 900 °C for 24 h (samples labelled Co9-9-HT) and 

with a cooling rate of 100 °C/min, the final microstructures were compared with the as-

consolidated sample (samples labelled Co9-9-AS). 

The consolidated specimen surface was prepared by conventional grinding and further polishing 

with 9 and 3 µm diamond pastes and a 0.04 m colloidal silica solution.  

Scanning electron microscopy (SEM) was carried out with either an SEM EVO® MA15 (Carl 

Zeiss Company, Germany) or a Helios 600i (FEI Company, USA) dual-beam system, both 

equipped with an Oxford INCA 350 EDS system for chemical analysis. Transmission electron 

microscopy (TEM) was conducted with an FEG S/TEM (Talos F200X, FEI, USA). The sample 

preparation of a thin electron-transparent lamella from the bulk specimen was carried out by 

focused ion beam (FIB) milling. To prevent beam damage, a Pt layer was deposited on the 

cutting area. Afterwards, using the lift-out technique, the lamella was mounted on a TEM grid. 

The information obtained by microscopy was supported with X-ray diffraction measurements 

(XRD) to determine the phases formed during processing and heat treatment. The XRD 

experiments were conducted using an Empyrean X-ray diffractometer (PANalytical, 

Netherlands) with CuKα radiation (=1.54 A) in the range of 2θ=20°−100° using a step size of 

0.0131°. The XRD patterns were analysed via X’Pert HighScore software. 

The porosity level was calculated by image analysis (ImageJ software) considering SEM images 

at different stages of the processing route, always measuring an area greater than 5000 m2 (3 

images per sample with different magnifications and locations). 

To characterize the mechanical properties of the consolidated alloys, local hardness tests and 

compression tests were conducted. Due to the complexity of the microstructure, 

nanoindentation hardness measurements were performed using a Nanoindenter XP and a 

G200 (Keysight Technologies) using the CSM mode (45 Hz). At least 5 indents on each 

condition with a final indentation depth of 150 nm were carried out. Compression tests were 

conducted from room to high temperature (850 °C) using an Instron machine at a strain rate of 

1×10-4 s-1. The size of the cylindrical specimens for compression tests was 3 mm in diameter 

and 4.5 mm in height.  

 

3. Results 



3.1 Characterization of the mechanically alloyed powder 
The powder evolution during the milling process was investigated in a previous study [20]. 

According to the X-ray diffraction measurements, the elemental powders were composed of fcc 

Al, bcc W and a mixture of fcc and hcp Co solid solutions. Co shows an allotropic transformation 

and should have an hcp structure at room temperature that turns into -fcc at 430 ºC. However, 

this martensitic transformation strongly depends on the thermal background, purity and grain 

size [28]. The cubic phase can remain stable in pure Co, even at room temperature, if it has 

undergone a high cooling rate as in this case for example during the atomizing process.  

In this work, after 30 h of the high-energy milling process a steady state is achieved, the phases 

detected in the final powder by X-rays are bcc W, hexgonal WC and a fcc- Co solid solution 

(Error! Reference source not found. a). In this stage, the alloying elements together with the 

strain induced martensitic transformation stabilize the fcc- structure at RT.  

The SEM image presented in Error! Reference source not found. b) depicts the cross section 

of the milled powder particles. The inset is added to illustrate the powder morphology at a lower 

magnification. The rounded powder particle shape confirms that a proper milling time was 

chosen to reach a final powder size between 20 and 100 m. This size range is useful for the 

consolidation process because a dense powder packing can be achieved. During the MA 

process, the powders are subjected to high energy collisions, which causes plastic deformation, 

cold welding and finally fracture. Plastic deformation and cold welding are predominant during 

the initial stages of ball milling, in which the deformation leads to a change of the particle shape 

to a flatter form, and cold welding leads to an increase in particle size as new particles are 

formed with a sandwich structure. With increasing milling time, the powder shape becomes 

more rounded. However, as the ball milling is continued, the ability of the particle to accept 

further plastic deformation is diminished; hence, fracturing becomes a significant process. This 

process leads to a decrease in the particle size until an equilibrium is reached between cold 

welding and fracture [29].  

In the cross-sectional image in Error! Reference source not found. b., the small white 

precipitates homogenously dispersed in the fcc- matrix are undissolved bcc-W and hexagonal-

WC, the latter an unavoidable contamination from the milling tools. The hardness of the raw W 

powder and the low solubility of W in Co due to the large atomic size of W, limited the amount of 

W that can be introduced by milling to form a solid solution into the  phase. Even though the 

SEM-EDX analysis (Co: 83 ± 1, Al: 7 ± 2, W: 9 ± 1 at.%) is in accordance with the nominal 

composition, it becomes clear that undissolved W particles remain in the powder. Therefore, the 

actual W concentration of the  phase is below the designed nominal composition. 

 

3.2 Microstructure of the consolidated and heat-treated samples.  
The mechanically alloyed Co9-9 powder was consolidated by FAHP with the aim of attaining a 

fully dense material. Nonetheless, the hardening induced in the powder during milling prevented 

the total specimen densification, and for this reason, a porosity level of under 3% remains.  



Figure 2 depicts the microstructure of the Co-9-9 alloy just after consolidation (Co-9-9-AS). In 

this state, the material consists of a fcc- Co matrix phase with a homogeneous dispersion of 

precipitates of 500 nm to 1 µm size (with a “popcorn” shape and bright contrast, Figure 2 a)). 

The fcc- matrix composition is Co: 86.5 ± 0.3, Al: 8.9 ± 0.2, W: 4.6 ± 0.2 at. %, where the 

measured areas were selected carefully without precipitates. According to previous studies [4], 

[30]–[32], the W content in the fcc- phase of the Co9-9-AS sample (4.6 at.%) should still be 

high enough to precipitate  after heat treatment.  

By using EDX analysis coupled with SEM and TEM as well as XRD (Figure 4 a)) these 

precipitates can be characterized as a ternary carbide phase with a Co6W6C stoichiometry and 

complex structure. The contamination from the grinding media favours the formation of this 

complex carbide instead of the  phase following the reaction (MC + → M6C) proposed in [2] 

picking up the free W and Co from the matrix. The EDX-TEM mapping of Figure 2 b) shows the 

partial transformation of a primary WC to Co6W6C forming a core-rim gradient of Co content.  

After the solution and ageing heat treatment, the microstructure changed significantly. (Error! 
Reference source not found. a)). The former Co6W6C carbides (white contrast precipitates) 

were partially dissolved (from 29.1 vol% to 19.0 vol.%), providing an increase in W content that 

facilitates the formation of a dual phase /’ microstructure in the matrix areas (grey contrast) 

and in the same way, some C dissolution. The element distribution of Co, Al, W and C displayed 

in Error! Reference source not found. b), reveals that the precipitates that formed are W- and 

Al- rich , which indicates that they are indeed the  phase Co3(Al,W). Due to the C content 

available, C might also have contributed to the formation of the precipitates, because C can 

form a Co3AlC phase with Co and Al with similar stoichiometry and crystal structure [33]). 

The TEM study reveals a bi-modal size distribution of nanocubic  precipitates, with one having 

a mean size of about 25 nm and the second one of around 120 nm. Those precipitates could be 

generated according to the precipitation mechanisms proposed in [34]–[37] for Ni-base 

superalloys: When the temperature falls below the  solvus temperature, the first nucleation 

burst occurs at high temperature, where the atomic diffusion is faster and the first precipitates 

grow more strongly. During further cooling, the diffusion is slowed down but the driving force 

increases and many small precipitates form during the second nucleation wave, which are 

greater in number but smaller in size. In the case of Co-based superalloys produced by PM 

route, Error! Reference source not found. b) shows that the shape of primary  is more 

cuboidal than that of the secondary  precipitates. 

The primary   size of approximately 120 nm is a typical size for  precipitates obtained on the 

Co-Al-W system by different processing routes compared with PM [4], [7], [8]. Longer annealing 

heat treatments and faster cooling rates should lead to a more homogenous size distribution of 

larger  precipitates. 

Error! Reference source not found. a) shows a comparison between the XRD results of the 

as-consolidated state and after ageing. Apparently, the diffraction patterns are analogous, but 

the  peaks of Co9-9-HT appear at smaller diffraction angles than of Co9-9-AS. This finding is 



due to an increase of the lattice parameter by W dissolving in the fcc -Co solid solution during 

heat treatment. The common phases for both samples are the fcc -Co matrix (solid solution of 

Al and W into the Co lattice) and Co6W6C. Co9-9-HT also has an extra peak at 26 °, which 

corresponds to the  phase. The  peaks of the heat-treated sample are in accordance with 

Shinagawa et al. [38]. 

A critical aspect that influences the mechanical high-temperature behaviour of Co superalloys is 

the lattice misfit between the coherent  precipitates and the  matrix. The misfit is influenced by 

the phase compositions and determines the morphology of the  precipitates, depending on 

their size. The lattice misfit, , is defined as [39], [40]: 

    
      

      

 

where a’ and a are the  and  lattice parameters, respectively. These parameters can be 

calculated from the XRD results presented in Error! Reference source not found. b), the 

lattice parameter of each phase is calculated with the (1 1 1) peak. This evaluation yields the 

constrained lattice misfit and does not correspond to the equilibrium lattice parameters of the 

relaxed single phases. The higher relative intensity of the  peak (Error! Reference source not 

found. b)), compared to the  peak, confirms the massive precipitation throughout the bulk. 

The / misfit of Co base superalloys is positive in contrast to Ni-base superalloys where the 

sign of the lattice misfit is typically negative [41]. Here, the Co-9-9-HT condition reveals a lattice 

misfit  of approximately 0.26%, which is slightly smaller than the misfit reported in [42]. 

 

3.3 Mechanical Behaviour  

To assess the effect of the ’ precipitates, samples after consolidation and heat treatment were 

mechanically characterized. The results of compression tests at different temperatures are 

depicted in Figure 1 (from RT to 850 °C). The evolution of the mechanical properties of both 

states was similar. At RT and 400 °C, the stress-strain curves showed a continuous range of 

strain hardening with a peak stress that reached approximately 1000 MPa; moreover, the  

precipitation seems to result in a more ductile behaviour of Co9-9-HT compared to Co9-9-AS at 

400°C and especially RT. The compression strength shows a strong dependence on 

temperature and decreases continuously with increasing temperature up to 850 °C. 

The 0.2% compression flow stress (Y.S.) for each of the alloys is plotted as a function of 

temperature in Figure 5 a) and b). The behaviour of the processed PM-alloys is compared with 

the induction-melted Co-9Al-9W alloy with a two-phase /’ microstructure, published by Suzuki 

et al. [7], and the conventional carbide and solid-solution-hardened Co-based alloy Mar-509 

[25].  

From RT to 600 °C, where the grain size is very small and carbides occupy a considerable 

volume of the microstructure, the mechanical response is dominated by their strengthening 

mechanisms. Therefore the yield strength (Y.S.) is twice as high in this temperature range than 



that reported for other types of Co based alloys [9], [18]. The presence of fine carbides at grain 

boundaries can inhibit their sliding at high temperature.  

The effect of -phase precipitation becomes evident at 600 °C in the heat-treated sample Co9-

9-HT compared to that of the as-sintered state Co9-9-AS. While Co9-9-HT maintains a Y.S. of 

approximately 660 MPa, Co9-9-AS has a Y.S. of only, approximately, 400 MPa. This significant 

difference between 600 and 700 °C can be an indication of the beneficial strengthening effect of 

the precipitates during high-temperature deformation. At 850 °C, the strengthening effect of 

the  precipitates seems to get lost and both alloys reach the same level of strength below the 

compared Co-base alloys. The carbide dissolution during heat treatments could also contribute 

to a decrease in the material strength. At 700 °C, no anomalous behaviour for the yield strength 

could be found, as reported by Sato et al. [7], although the Y.S. level is similar to that reported 

by Suzuki et al. in [9].  

Reasons for this finding could be the strong hardening effects expected from the fine  grain 

size, and the carbide precipitation, which might be superimposed to the strengthening 

contribution of the  precipitates. 

 

Figure 1. Compression test results (a.) stress strain curves of the as sintered Co-9-9-AS and 

(b.) heat treated Co-9-9-HT specimens. (c.)Compressive yield strength vs. temperature of 

studied Co9-9-AS, Co9-9HT produced by PM, compared to arc melted Co-9Al-9W reported in 

[9] and Co-Alloy Mar-509 reported in [25]  

To distinguish between the precipitation strengthening effect of  and the influence of the 

carbides, nanoindentation tests were performed on the two states (Error! Reference source 
not found.). In case of Co-9-9-AS, which gets 10.6 GPa, since the nanoindents cover all 

microstructural constituents, the values reflect the effect of the fine carbide precipitation, solid 

solution hardening and the ultrafine grain structure. In case of Co9-9-HT, which has 8.6 GPa, 

the slightly coarsened microstructure made it possible to perform the measurements in the 

carbide-free areas, and hence, the presented hardness corresponds to the / microstructure. 

The average hardness of the /areas of the Co-based PM alloys corresponds well with the 

average between  and  data published by Povstugar et al. for Co-9Al-9W [43]. In their work, 

the indentations were positioned in the  and  phases separately. The comparison between the 

two states shows a higher average hardness for the AS-sample, which indicates that at room 

temperature, the hardening effects of fine grains and carbides are stronger than the ones by the 

 formation. This also corresponds to the very high strength determined at temperatures below 

500  C. In Error! Reference source not found. also the average values for the Young’s 

modulus obtained from the nanoindentation tests are reported. These values for the modulus, 

230 GPa and 247 GPa for Co-9-9-AS and Co-9-9-HT respectively, are quite similar to those 

obtained in [43] for a similar alloy processed in similar conditions, despite the fact that the 

hardness values are higher in the present work. 

 

4. Conclusions 



The PM route was validated as a manufacturing method of Co-based superalloys with 

promising results. The following conclusions can be derived from this work:  

 

- It was possible to manufacture a milled powder by high-energy milling able to develop a 

complex microstructure including a high fraction of carbides and a matrix composed by 

/ structure after consolidation and heat treatments. The mechanical milling 

contamination and the undissolved W led to Co6W6C formation through the reaction 

between WC and Co during consolidation, even if the chosen technique improved the 

sintering kinetics. 

- The  phase precipitated after ageing heat treatment with a bimodal size due to the 

lower cooling rate that promotes the secondary  precipitation The /lattice misfit is 

close to the values published in previous studies. 

- The compression test showed that the PM Co-based alloys demonstrate a higher 

strength up to 600 °C compared to that of the commercial alloy MAR-509 and the Co-

9Al-9W alloy produced by Suzuki et al. [9] because of the carbide strengthening 

contribution and the small grain size of the matrix. At high temperature, the strength 

drops rapidly in the as-sintered sample, whereas the heat-treated sample maintains a 

higher strength at temperatures above 600 °C due to  strengthening and the carbide 

solubilisation. 

- The / hardness and Young’s modulus of the HT samples, obtained by 

nanoindenation, are 8.6 GPa and 247 GPa, respectively, which is comparable to the 

literature data for / Co-base superalloys.  
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Abstract 16 
A Co-based superalloy, Co-9Al-9W (at%), was processed by mechanical alloying by high-17 

energy milling of elemental powders and consolidated by field assisted hot pressing (FAHP). 18 

The milled powder particles mainly consist of undissolved bcc-W as well as WC and an Al and 19 

W rich fcc- Co solid solution. After consolidation and heat treatment a fine grained 20 

microstructure with a high fraction of carbides and a / microstructure was obtained. The 21 

compressive yield strength at room temperature was found to be 45% higher than that of 22 

previously reported results for Co-based superalloys. A similar level of strength was found at 23 

700 ºC. These extraordinary properties can be explained due to the multitude of hardening 24 

mechanisms that sintered Co-based superalloys possess:  precipitation, carbide formation and 25 

the ultra-fine -grain size promoted by the fast consolidation technique. 26 

 27 

Key Words: Co-Al-W superalloys, PM route, mechanical properties, nanoindentation, 28 

mechanical milling 29 

 30 
1. Introduction 31 

Increasing the efficiency and safety of aircraft engines is of great importance and drives the 32 

development of advanced materials and processes.  Ni-based superalloys are used for high-33 

temperature applications, such as turbines blades, because of their effective fine strengthening 34 

precipitates, which are coherently embedded in the fcc Ni -matrix [1]–[3]. In 2006, Sato et al. 35 

[4] studied the Co-Al-W ternary diagram and discovered the intermetallic Co3(Al,W) phase, with 36 

a L12 structure and A3B stoichiometry. This phase is stable at high temperatures and can 37 

produce similar microstructures compared to those in Ni-based superalloys. This finding opens 38 

the possibility of obtaining -strengthened Co-based superalloys with improved high-39 

temperature properties compared to conventional carbide-strengthened Co-based superalloys. 40 

Additionally, conventional Co-based alloys demonstrate better corrosion resistance than Ni-41 

based superalloys, which makes them also to potential candidates for high temperature 42 

applications [5], [6]. It was shown that the / Co-Al-W-based superalloys can exceed the 43 

strength of Ni-based superalloys at high temperatures by alloying with -stabilizing elements, 44 

such as Ta [7]. 45 
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After the discovery of the Co3(Al,W) phase , many research studies have focused on the 46 

development of / Co-based alloys [7]–[14] by traditional ingot metallurgy methods. Defects 47 

such as macrosegregation, microsegregation, porosity, solidification shrinkage and second-48 

phase inclusions are typical for ingot metallurgy. These defects can be overcome by using a 49 

powder metallurgy route (PM) because powdered metal can be almost fully consolidated by 50 

processing methods that apply pressure and temperature simultaneously. PM is a flexible near 51 

net-shape technology that starts from powder and converts it into strong and precise parts with 52 

high performance. Additionally, PM can be employed to achieve unique microstructures and to 53 

produce materials that are challenging to cast or forge. It is possible to manufacture tailored 54 

powder compositions by mechanical alloying (MA) that offers a non-equilibrium processing 55 

technique capable of producing metastable alloy systems due to the high density of lattice 56 

defects after milling. Thus, the obtained mechanically alloyed powder is highly active for mass 57 

transport phenomena during the following sintering step.  58 

Zhang et al. [13–17] studied Co-Al-W-based oxide-dispersion-strengthened (ODS) alloys 59 

fabricated by PM with the purpose of strengthening the alloy by Y2O3 dispersion and Hf addition 60 

and promoting ’ precipitation. They achieved well-dispersed coherent or semi-coherent 61 

nanoscale oxide particles in the matrix, as well as small areas of . Therefore Co-Al-W-based 62 

ODS alloys showed a similar high-temperature strength compared to that of the cast Co-based 63 

alloys. However, this work showed that the milling step is the critical factor for the resulting 64 

quality of the material. 65 

The mechanical alloying process to obtain powder from Co-Al-W alloys was optimized in 66 

previous work [20], where a systematic study of the influence of the milling parameters on the 67 

evolution of the microstructure and the mechanical properties of the sintered parts of the Co-Al-68 

W alloys were conducted. Due to the activity of the mechanically alloyed powders, carbides can 69 

precipitate in the microstructure and thus contribute to strengthen the material at intermediate 70 

temperatures.  71 

The dissolution of Al and W into the Co lattice by MA is critical, and the absence of 72 

characteristic X-ray diffraction peaks from the solute phases may not be a sufficient evidence 73 

for complete solid solubility [21]. In addition, the formation of grains with nanocrystalline 74 

structure during milling broadens the X-ray diffraction peaks significantly, which makes it more 75 

difficult to confirm the solid solution formation. However, the formation of a nanocrystalline grain 76 

structure facilitates the formation of a solid solution [22]. The large density of lattice defects due 77 

to the large volume fraction of grain boundaries is expected to enhance the diffusion and 78 

increase the solubility levels.  79 

The aim of this work is to design a PM processing route that favours the precipitation of  in the 80 

selected Co-based superalloy. Hence, the suitability of the PM route is evaluated and validated 81 

to produce Co-Al-W alloys by MA. Processed powders are sintered using a field-activated 82 

technique (FAHP) where pressure and temperature are simultaneously applied due to the Joule 83 

effect provided by a continuous alternating current. This technique improves the sintering 84 

kinetics avoiding grain growth but enables an almost fully dense material [23], [24]. To validate 85 



the mechanical properties, compression tests were performed with the Co-Al-W-PM alloy, and 86 

the results are compared with a cast Co-9Al-9W (at.%) alloy investigated by Suzuki et al. [7] and 87 

a commercial Co-alloy [25]. 88 

2. Experimental Procedure 89 

To evaluate the influence of the manufacturing method on the phase evolution during the PM 90 

process, the final microstructure and the mechanical properties, an alloy with the nominal 91 

composition Co-9Al-9W (at.%; henceforth referred to as Co9-9) was processed by the PM route. 92 

The PM route comprises two steps: 1) high-energy mechanical milling to produce the powders 93 

and 2) consolidation of the powders. Mechanical alloying was carried out in a planetary high-94 

energy ball mill (Pulverisette 6, Fritsch, Oberstein, Germany) under an Ar atmosphere, starting 95 

from pure elements (99.7 %-purity Co with an average particle size of 3.5 μm; 99.0 %-purity Al 96 

with an average particle size of 45.0 μm; and 99.9 %-purity W, with an average particle size of 97 

20 μm). The ball-to-powder mass ratio was 10:1, and the milling process was performed at a 98 

speed of 300 r.p.m. Conventionally, milling tools are made of stainless steels, in this case, to 99 

minimize the material transfer it was selected vessel and balls made by a hard metal (Co-WC 100 

type) chemically compatible with the processed alloy that avoid the possible Fe contamination 101 

during milling [20]. Hence, the possible material transfer form hard metal milling tools to the 102 

alloys will be more compatible with their composition. The consolidation of samples was 103 

performed by FAHP (field-assisted hot pressing), where the material is heated by Joule effect 104 

by low-frequency alternating current (AC), under vacuum at a heating rate of 100 °C/min up to 105 

1250 °C, followed by a 10 min holding time with an applied pressure of 50 MPa, as is explained 106 

in detail in [20], [26], [27]. 107 

After consolidation, heat treatments under high vacuum (10-5 mbar) were conducted to 108 

promote the  phase precipitation in the  matrix. Starting with a solution treatment at 1250 °C 109 

for 24 h, followed by an ageing treatment at 900 °C for 24 h (samples labelled Co9-9-HT) and 110 

with a cooling rate of 100 °C/min, the final microstructures were compared with the as-111 

consolidated sample (samples labelled Co9-9-AS). 112 

The consolidated specimen surface was prepared by conventional grinding and further polishing 113 

with 9 and 3 µm diamond pastes and a 0.04 m colloidal silica solution.  114 

Scanning electron microscopy (SEM) was carried out with either an SEM EVO® MA15 (Carl 115 

Zeiss Company, Germany) or a Helios 600i (FEI Company, USA) dual-beam system, both 116 

equipped with an Oxford INCA 350 EDS system for chemical analysis. Transmission electron 117 

microscopy (TEM) was conducted with an FEG S/TEM (Talos F200X, FEI, USA). The sample 118 

preparation of a thin electron-transparent lamella from the bulk specimen was carried out by 119 

focused ion beam (FIB) milling. To prevent beam damage, a Pt layer was deposited on the 120 

cutting area. Afterwards, using the lift-out technique, the lamella was mounted on a TEM grid. 121 

The information obtained by microscopy was supported with X-ray diffraction measurements 122 

(XRD) to determine the phases formed during processing and heat treatment. The XRD 123 

experiments were conducted using an Empyrean X-ray diffractometer (PANalytical, 124 



Netherlands) with CuKα radiation (=1.54 A) in the range of 2θ=20°−100° using a step size of 125 

0.0131°. The XRD patterns were analysed via X’Pert HighScore software. 126 

The porosity level was calculated by image analysis (ImageJ software) considering SEM images 127 

at different stages of the processing route, always measuring an area greater than 5000 m2 (3 128 

images per sample with different magnifications and locations). 129 

To characterize the mechanical properties of the consolidated alloys, local hardness tests and 130 

compression tests were conducted. Due to the complexity of the microstructure, 131 

nanoindentation hardness measurements were performed using a Nanoindenter XP and a 132 

G200 (Keysight Technologies) using the CSM mode (45 Hz). At least 5 indents on each 133 

condition with a final indentation depth of 150 nm were carried out. Compression tests were 134 

conducted from room to high temperature (850 °C) using an Instron machine at a strain rate of 135 

1×10-4 s-1. The size of the cylindrical specimens for compression tests was 3 mm in diameter 136 

and 4.5 mm in height.  137 

 138 

3. Results 139 

3.1 Characterization of the mechanically alloyed powder 140 

The powder evolution during the milling process was investigated in a previous study [20]. 141 

According to the X-ray diffraction measurements, the elemental powders were composed of fcc 142 

Al, bcc W and a mixture of fcc and hcp Co solid solutions. Co shows an allotropic transformation 143 

and should have an hcp structure at room temperature that turns into -fcc at 430 ºC. However, 144 

this martensitic transformation strongly depends on the thermal background, purity and grain 145 

size [28]. The cubic phase can remain stable in pure Co, even at room temperature, if it has 146 

undergone a high cooling rate as in this case for example during the atomizing process.  147 

In this work, after 30 h of the high-energy milling process a steady state is achieved, the phases 148 

detected in the final powder by X-rays are bcc W, hexgonal WC and a fcc- Co solid solution 149 

(Error! Reference source not found. a). In this stage, the alloying elements together with the 150 

strain induced martensitic transformation stabilize the fcc- structure at RT.  151 

The SEM image presented in Error! Reference source not found. b) depicts the cross section 152 

of the milled powder particles. The inset is added to illustrate the powder morphology at a lower 153 

magnification. The rounded powder particle shape confirms that a proper milling time was 154 

chosen to reach a final powder size between 20 and 100 m. This size range is useful for the 155 

consolidation process because a dense powder packing can be achieved. During the MA 156 

process, the powders are subjected to high energy collisions, which causes plastic deformation, 157 

cold welding and finally fracture. Plastic deformation and cold welding are predominant during 158 

the initial stages of ball milling, in which the deformation leads to a change of the particle shape 159 

to a flatter form, and cold welding leads to an increase in particle size as new particles are 160 

formed with a sandwich structure. With increasing milling time, the powder shape becomes 161 

more rounded. However, as the ball milling is continued, the ability of the particle to accept 162 

further plastic deformation is diminished; hence, fracturing becomes a significant process. This 163 



process leads to a decrease in the particle size until an equilibrium is reached between cold 164 

welding and fracture [29].  165 

In the cross-sectional image in Error! Reference source not found. b., the small white 166 

precipitates homogenously dispersed in the fcc- matrix are undissolved bcc-W and hexagonal-167 

WC, the latter an unavoidable material transfer from the milling tools. The hardness of the raw 168 

W powder and the low solubility of W in Co due to the large atomic size of W, limited the amount 169 

of W that can be introduced by milling to form a solid solution into the  phase. Even though the 170 

SEM-EDX analysis (Co: 83 ± 1, Al: 7 ± 2, W: 9 ± 1 at.%) is in accordance with the nominal 171 

composition, it becomes clear that undissolved W particles remain in the powder. Therefore, the 172 

actual W concentration of the  phase is below the designed nominal composition. 173 

3.2 Microstructure of the consolidated and heat-treated samples.  174 

The mechanically alloyed Co9-9 powder was consolidated by FAHP with the aim of attaining a 175 

fully dense material. Nonetheless, the hardening induced in the powder during milling prevented 176 

the total specimen densification, and for this reason, a porosity level of under 3% remains.  177 

Figure 2 depicts the microstructure of the Co-9-9 alloy just after consolidation (Co-9-9-AS). In 178 

this state, the material consists of a fcc- Co matrix phase with fine grain size around 50 to 100 179 

nm and a homogeneous dispersion of precipitates of 500 nm to 1 µm size (with a “popcorn” 180 

shape and bright contrast, Figure 2 a)). The fcc- matrix composition is Co: 86.5 ± 0.3, Al: 8.9 ± 181 

0.2, W: 4.6 ± 0.2 at. %, where the measured areas were selected carefully without precipitates. 182 

According to previous studies [4], [30]–[32], the W content in the fcc- phase of the Co9-9-AS 183 

sample (4.6 at.%) should still be high enough to precipitate  after heat treatment.  184 

By using EDX analysis coupled with SEM and TEM as well as XRD (Figure 4 a)) these 185 

precipitates can be characterized as a ternary carbide phase with a Co6W6C stoichiometry and 186 

complex structure. The material transfer from the grinding media favours the formation of this 187 

complex carbide instead of the  phase following the reaction (MC + → M6C) proposed in [2] 188 

picking up the free W and Co from the matrix. The EDX-TEM mapping of Figure 2 c) shows the 189 

partial transformation of a primary WC to Co6W6C forming a core-rim gradient of Co content.  190 

After the solution and ageing heat treatment, the microstructure changed significantly with a 191 

grain size grow up to 5 m (Error! Reference source not found. a)). The former Co6W6C 192 

carbides (white contrast precipitates) were partially dissolved (from 29.1 vol% to 19.0 vol.%), 193 

providing an increase in W content that facilitates the formation of a dual phase /’ 194 

microstructure in the matrix areas (grey contrast) and in the same way, some C dissolution. The 195 

element distribution of Co, Al, W and C displayed in Error! Reference source not found. b), 196 

reveals that the precipitates that formed are W- and Al- rich , which indicates that they are 197 

indeed the  phase Co3(Al,W). Due to the C content available, C might also have contributed to 198 

the formation of the precipitates, because C can form a Co3AlC phase with Co and Al with 199 

similar stoichiometry and crystal structure [33]). 200 

The TEM study reveals a bi-modal size distribution of nanocubic  precipitates, with one having 201 

a mean size of about 25 nm and the second one of around 120 nm. Those precipitates could be 202 

generated according to the precipitation mechanisms proposed in [34]–[37] for Ni-base 203 



superalloys: When the temperature falls below the  solvus temperature, the first nucleation 204 

burst occurs at high temperature, where the atomic diffusion is faster and the first precipitates 205 

grow more strongly. During further cooling, the diffusion is slowed down but the driving force 206 

increases and many small precipitates form during the second nucleation wave, which are 207 

greater in number but smaller in size. In the case of Co-based superalloys produced by PM 208 

route, Error! Reference source not found. b) shows that the shape of primary  is more 209 

cuboidal than that of the secondary  precipitates. 210 

The primary   size of approximately 120 nm is a typical size for  precipitates obtained on the 211 

Co-Al-W system by different processing routes compared with PM [4], [7], [8]. Longer annealing 212 

heat treatments and faster cooling rates should lead to a more homogenous size distribution of 213 

larger  precipitates. 214 

Error! Reference source not found. a) shows a comparison between the XRD results of the 215 

as-consolidated state and after ageing. Apparently, the diffraction patterns are analogous, but 216 

the  peaks of Co9-9-HT appear at smaller diffraction angles than of Co9-9-AS. This finding is 217 

due to an increase of the lattice parameter by W dissolving in the fcc -Co solid solution during 218 

heat treatment. The common phases for both samples are the fcc -Co matrix (solid solution of 219 

Al and W into the Co lattice) and Co6W6C. Co9-9-HT also has an extra peak at 26 °, which 220 

corresponds to the  phase. The  peaks of the heat-treated sample are in accordance with 221 

Shinagawa et al. [38]. 222 

A critical aspect that influences the mechanical high-temperature behaviour of Co superalloys is 223 

the lattice misfit between the coherent  precipitates and the  matrix. The misfit is influenced by 224 

the phase compositions and determines the morphology of the  precipitates, depending on 225 

their size. The lattice misfit, , is defined as [39], [40]: 226 

    
      

      

 

where a’ and a are the  and  lattice parameters, respectively. These parameters can be 227 

calculated from the XRD results presented in Error! Reference source not found. b), the 228 

lattice parameter of each phase is calculated with the (1 1 1) peak. This evaluation yields the 229 

constrained lattice misfit and does not correspond to the equilibrium lattice parameters of the 230 

relaxed single phases. The higher relative intensity of the  peak (Error! Reference source not 231 

found. b)), compared to the  peak, confirms the massive precipitation throughout the bulk. 232 

The / misfit of Co base superalloys is positive in contrast to Ni-base superalloys where the 233 

sign of the lattice misfit is typically negative [41]. Here, the Co-9-9-HT condition reveals a lattice 234 

misfit  of approximately 0.26%, which is slightly smaller than the misfit reported in [42]. 235 

3.3 Mechanical Behaviour  236 

To assess the effect of the ’ precipitates, samples after consolidation and heat treatment were 237 

mechanically characterized. The results of compression tests at different temperatures are 238 

depicted in Error! Reference source not found. (from RT to 850 °C). The evolution of the 239 

mechanical properties of both states was similar. At RT and 400 °C, the stress-strain curves 240 



showed a continuous range of strain hardening with a peak stress that reached approximately 241 

1000 MPa; moreover, the  precipitation seems to result in a more ductile behaviour of Co9-9-242 

HT compared to Co9-9-AS at 400°C and especially RT. The compression strength shows a 243 

strong dependence on temperature and decreases continuously with increasing temperature up 244 

to 850 °C. 245 

The 0.2% compression flow stress (Y.S.) for each of the alloys is plotted as a function of 246 

temperature in Figure 5 a) and b). The behaviour of the processed PM-alloys is compared with 247 

the induction-melted Co-9Al-9W alloy with a two-phase /’ microstructure, published by Suzuki 248 

et al. [7], and the conventional carbide and solid-solution-hardened Co-based alloy Mar-509 249 

[25].  250 

From RT to 600 °C, where the grain size is very small and carbides occupy a considerable 251 

volume of the microstructure, the mechanical response is dominated by their strengthening 252 

mechanisms. Therefore the yield strength (Y.S.) is twice as high in this temperature range than 253 

that reported for other types of Co based alloys [9], [18]. The presence of fine carbides at grain 254 

boundaries can inhibit their sliding at high temperature.  255 

The effect of -phase precipitation becomes evident at 600 °C in the heat-treated sample Co9-256 

9-HT compared to that of the as-sintered state Co9-9-AS. While Co9-9-HT maintains a Y.S. of 257 

approximately 660 MPa, Co9-9-AS has a Y.S. of only, approximately, 400 MPa. This significant 258 

difference between 600 and 700 °C can be an indication of the beneficial strengthening effect of 259 

the precipitates during high-temperature deformation. At 850 °C, the strengthening effect of 260 

the  precipitates seems to get lost and both alloys reach the same level of strength below the 261 

compared Co-base alloys. The carbide dissolution during heat treatments could also contribute 262 

to a decrease in the material strength. At 700 °C, no anomalous behaviour for the yield strength 263 

could be found, as reported by Sato et al. [7], although the Y.S. level is similar to that reported 264 

by Suzuki et al. in [9].  265 

Reasons for this finding could be the strong hardening effects expected from the fine  grain 266 

size, and the carbide precipitation, which might be superimposed to the strengthening 267 

contribution of the  precipitates. 268 

To distinguish between the precipitation strengthening effect of  and the influence of the 269 

carbides, nanoindentation tests were performed on the two states (Error! Reference source 270 

not found.). In case of Co-9-9-AS, which gets 10.6 GPa, since the nanoindents cover all 271 

microstructural constituents, the values reflect the effect of the fine carbide precipitation, solid 272 

solution hardening and the ultrafine grain structure. In case of Co9-9-HT, which has 8.6 GPa, 273 

the slightly coarsened microstructure made it possible to perform the measurements in the 274 

carbide-free areas, and hence, the presented hardness corresponds to the / microstructure. 275 

The average hardness of the /areas of the Co-based PM alloys corresponds well with the 276 

average between  and  data published by Povstugar et al. for Co-9Al-9W [43]. In their work, 277 

the indentations were positioned in the  and  phases separately. The comparison between the 278 

two states shows a higher average hardness for the AS-sample, which indicates that at room 279 

temperature, the hardening effects of fine grains and carbides are stronger than the ones by the 280 



 formation. This also corresponds to the very high strength determined at temperatures below 281 

500  C. In Error! Reference source not found. also the average values for the Young’s 282 

modulus obtained from the nanoindentation tests are reported. These values for the modulus, 283 

230 GPa and 247 GPa for Co-9-9-AS and Co-9-9-HT respectively, are quite similar to those 284 

obtained in [43] for a similar alloy processed in similar conditions, despite the fact that the 285 

hardness values are higher in the present work. 286 

 287 

4. Conclusions 288 

The PM route was validated as a manufacturing method of Co-based superalloys with 289 

promising results. The following conclusions can be derived from this work:  290 

- It was possible to manufacture a milled powder by high-energy milling able to develop a 291 

complex microstructure including a high fraction of carbides and a matrix composed by 292 

/ structure after consolidation and heat treatments. The mechanical milling transfer 293 

and the undissolved W led to Co6W6C formation through the reaction between WC and 294 

Co during consolidation, even if the chosen technique improved the sintering kinetics. 295 

- The  phase precipitated after ageing heat treatment with a bimodal size due to the 296 

lower cooling rate that promotes the secondary  precipitation The /lattice misfit is 297 

close to the values published in previous studies. 298 

- The compression test showed that the PM Co-based alloys demonstrate a higher 299 

strength up to 600 °C compared to that of the commercial alloy MAR-509 and the Co-300 

9Al-9W alloy produced by Suzuki et al. [9] because of the carbide strengthening 301 

contribution and the small grain size of the matrix. At high temperature, the strength 302 

drops rapidly in the as-sintered sample, whereas the heat-treated sample maintains a 303 

higher strength at temperatures above 600 °C due to  strengthening and the carbide 304 

solubilisation. 305 

- The / hardness and Young’s modulus of the HT samples, obtained by 306 

nanoindenation, are 8.6 GPa and 247 GPa, respectively, which is comparable to the 307 

literature data for / Co-base superalloys.  308 
 309 
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Abstract 16 
A Co-based superalloy, Co-9Al-9W (at%), was processed by mechanical alloying by high-17 

energy milling of elemental powders and consolidated by field assisted hot pressing (FAHP). 18 

The milled powder particles mainly consist of undissolved bcc-W as well as WC and an Al and 19 

W rich fcc- Co solid solution. After consolidation and heat treatment a fine grained 20 

microstructure with a high fraction of carbides and a / microstructure was obtained. The 21 

compressive yield strength at room temperature was found to be 45% higher than that of 22 

previously reported results for Co-based superalloys. A similar level of strength was found at 23 

700 ºC. These extraordinary properties can be explained due to the multitude of hardening 24 

mechanisms that sintered Co-based superalloys possess:  precipitation, carbide formation and 25 

the ultra-fine -grain size promoted by the fast consolidation technique. 26 

 27 

Key Words: Co-Al-W superalloys, PM route, mechanical properties, nanoindentation, 28 

mechanical milling 29 

 30 
1. Introduction 31 

Increasing the efficiency and safety of aircraft engines is of great importance and drives the 32 

development of advanced materials and processes.  Ni-based superalloys are used for high-33 

temperature applications, such as turbines blades, because of their effective fine strengthening 34 

precipitates, which are coherently embedded in the fcc Ni -matrix [1]–[3]. In 2006, Sato et al. 35 

[4] studied the Co-Al-W ternary diagram and discovered the intermetallic Co3(Al,W) phase, with 36 

a L12 structure and A3B stoichiometry. This phase is stable at high temperatures and can 37 

produce similar microstructures compared to those in Ni-based superalloys. This finding opens 38 

the possibility of obtaining -strengthened Co-based superalloys with improved high-39 

temperature properties compared to conventional carbide-strengthened Co-based superalloys. 40 

Additionally, conventional Co-based alloys demonstrate better corrosion resistance than Ni-41 

based superalloys, which makes them also to potential candidates for high temperature 42 

applications [5], [6]. It was shown that the / Co-Al-W-based superalloys can exceed the 43 

strength of Ni-based superalloys at high temperatures by alloying with -stabilizing elements, 44 

such as Ta [7]. 45 
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After the discovery of the Co3(Al,W) phase , many research studies have focused on the 46 

development of / Co-based alloys [7]–[14] by traditional ingot metallurgy methods. Defects 47 

such as macrosegregation, microsegregation, porosity, solidification shrinkage and second-48 

phase inclusions are typical for ingot metallurgy. These defects can be overcome by using a 49 

powder metallurgy route (PM) because powdered metal can be almost fully consolidated by 50 

processing methods that apply pressure and temperature simultaneously. PM is a flexible near 51 

net-shape technology that starts from powder and converts it into strong and precise parts with 52 

high performance. Additionally, PM can be employed to achieve unique microstructures and to 53 

produce materials that are challenging to cast or forge. It is possible to manufacture tailored 54 

powder compositions by mechanical alloying (MA) that offers a non-equilibrium processing 55 

technique capable of producing metastable alloy systems due to the high density of lattice 56 

defects after milling. Thus, the obtained mechanically alloyed powder is highly active for mass 57 

transport phenomena during the following sintering step.  58 

Zhang et al. [13–17] studied Co-Al-W-based oxide-dispersion-strengthened (ODS) alloys 59 

fabricated by PM with the purpose of strengthening the alloy by Y2O3 dispersion and Hf addition 60 

and promoting ’ precipitation. They achieved well-dispersed coherent or semi-coherent 61 

nanoscale oxide particles in the matrix, as well as small areas of . Therefore Co-Al-W-based 62 

ODS alloys showed a similar high-temperature strength compared to that of the cast Co-based 63 

alloys. However, this work showed that the milling step is the critical factor for the resulting 64 

quality of the material. 65 

The mechanical alloying process to obtain powder from Co-Al-W alloys was optimized in 66 

previous work [20], where a systematic study of the influence of the milling parameters on the 67 

evolution of the microstructure and the mechanical properties of the sintered parts of the Co-Al-68 

W alloys were conducted. Due to the activity of the mechanically alloyed powders, carbides can 69 

precipitate in the microstructure and thus contribute to strengthen the material at intermediate 70 

temperatures.  71 

The dissolution of Al and W into the Co lattice by MA is critical, and the absence of 72 

characteristic X-ray diffraction peaks from the solute phases may not be a sufficient evidence 73 

for complete solid solubility [21]. In addition, the formation of grains with nanocrystalline 74 

structure during milling broadens the X-ray diffraction peaks significantly, which makes it more 75 

difficult to confirm the solid solution formation. However, the formation of a nanocrystalline grain 76 

structure facilitates the formation of a solid solution [22]. The large density of lattice defects due 77 

to the large volume fraction of grain boundaries is expected to enhance the diffusion and 78 

increase the solubility levels.  79 

The aim of this work is to design a PM processing route that favours the precipitation of  in the 80 

selected Co-based superalloy. Hence, the suitability of the PM route is evaluated and validated 81 

to produce Co-Al-W alloys by MA. Processed powders are sintered using a field-activated 82 

technique (FAHP) where pressure and temperature are simultaneously applied due to the Joule 83 

effect provided by a continuous alternating current. This technique improves the sintering 84 

kinetics avoiding grain growth but enables an almost fully dense material [23], [24]. To validate 85 



the mechanical properties, compression tests were performed with the Co-Al-W-PM alloy, and 86 

the results are compared with a cast Co-9Al-9W (at.%) alloy investigated by Suzuki et al. [7] and 87 

a commercial Co-alloy [25]. 88 

2. Experimental Procedure 89 

To evaluate the influence of the manufacturing method on the phase evolution during the PM 90 

process, the final microstructure and the mechanical properties, an alloy with the nominal 91 

composition Co-9Al-9W (at.%; henceforth referred to as Co9-9) was processed by the PM route. 92 

The PM route comprises two steps: 1) high-energy mechanical milling to produce the powders 93 

and 2) consolidation of the powders. Mechanical alloying was carried out in a planetary high-94 

energy ball mill (Pulverisette 6, Fritsch, Oberstein, Germany) under an Ar atmosphere, starting 95 

from pure elements (99.7 %-purity Co with an average particle size of 3.5 μm; 99.0 %-purity Al 96 

with an average particle size of 45.0 μm; and 99.9 %-purity W, with an average particle size of 97 

20 μm). The ball-to-powder mass ratio was 10:1, and the milling process was performed at a 98 

speed of 300 r.p.m. Conventionally, milling tools are made of stainless steels, in this case, to 99 

minimize the material transfer it was selected vessel and balls made by a hard metal (Co-WC 100 

type) chemically compatible with the processed alloy that avoid the possible Fe contamination 101 

during milling [20]. Hence, the possible material transfer form hard metal milling tools to the 102 

alloys will be more compatible with their composition. The consolidation of samples was 103 

performed by FAHP (field-assisted hot pressing), where the material is heated by Joule effect 104 

by low-frequency alternating current (AC), under vacuum at a heating rate of 100 °C/min up to 105 

1250 °C, followed by a 10 min holding time with an applied pressure of 50 MPa, as is explained 106 

in detail in [20], [26], [27]. 107 

After consolidation, heat treatments under high vacuum (10-5 mbar) were conducted to 108 

promote the  phase precipitation in the  matrix. Starting with a solution treatment at 1250 °C 109 

for 24 h, followed by an ageing treatment at 900 °C for 24 h (samples labelled Co9-9-HT) and 110 

with a cooling rate of 100 °C/min, the final microstructures were compared with the as-111 

consolidated sample (samples labelled Co9-9-AS). 112 

The consolidated specimen surface was prepared by conventional grinding and further polishing 113 

with 9 and 3 µm diamond pastes and a 0.04 m colloidal silica solution.  114 

Scanning electron microscopy (SEM) was carried out with either an SEM EVO® MA15 (Carl 115 

Zeiss Company, Germany) or a Helios 600i (FEI Company, USA) dual-beam system, both 116 

equipped with an Oxford INCA 350 EDS system for chemical analysis. Transmission electron 117 

microscopy (TEM) was conducted with an FEG S/TEM (Talos F200X, FEI, USA). The sample 118 

preparation of a thin electron-transparent lamella from the bulk specimen was carried out by 119 

focused ion beam (FIB) milling. To prevent beam damage, a Pt layer was deposited on the 120 

cutting area. Afterwards, using the lift-out technique, the lamella was mounted on a TEM grid. 121 

The information obtained by microscopy was supported with X-ray diffraction measurements 122 

(XRD) to determine the phases formed during processing and heat treatment. The XRD 123 

experiments were conducted using an Empyrean X-ray diffractometer (PANalytical, 124 



Netherlands) with CuKα radiation (=1.54 A) in the range of 2θ=20°−100° using a step size of 125 

0.0131°. The XRD patterns were analysed via X’Pert HighScore software. 126 

The porosity level was calculated by image analysis (ImageJ software) considering SEM images 127 

at different stages of the processing route, always measuring an area greater than 5000 m2 (3 128 

images per sample with different magnifications and locations). 129 

To characterize the mechanical properties of the consolidated alloys, local hardness tests and 130 

compression tests were conducted. Due to the complexity of the microstructure, 131 

nanoindentation hardness measurements were performed using a Nanoindenter XP and a 132 

G200 (Keysight Technologies) using the CSM mode (45 Hz). At least 5 indents on each 133 

condition with a final indentation depth of 150 nm were carried out. Compression tests were 134 

conducted from room to high temperature (850 °C) using an Instron machine at a strain rate of 135 

1×10-4 s-1. The size of the cylindrical specimens for compression tests was 3 mm in diameter 136 

and 4.5 mm in height.  137 

 138 

3. Results 139 

3.1 Characterization of the mechanically alloyed powder 140 

The powder evolution during the milling process was investigated in a previous study [20]. 141 

According to the X-ray diffraction measurements, the elemental powders were composed of fcc 142 

Al, bcc W and a mixture of fcc and hcp Co solid solutions. Co shows an allotropic transformation 143 

and should have an hcp structure at room temperature that turns into -fcc at 430 ºC. However, 144 

this martensitic transformation strongly depends on the thermal background, purity and grain 145 

size [28]. The cubic phase can remain stable in pure Co, even at room temperature, if it has 146 

undergone a high cooling rate as in this case for example during the atomizing process.  147 

In this work, after 30 h of the high-energy milling process a steady state is achieved, the phases 148 

detected in the final powder by X-rays are bcc W, hexgonal WC and a fcc- Co solid solution 149 

(Error! Reference source not found. a). In this stage, the alloying elements together with the 150 

strain induced martensitic transformation stabilize the fcc- structure at RT.  151 

The SEM image presented in Error! Reference source not found. b) depicts the cross section 152 

of the milled powder particles. The inset is added to illustrate the powder morphology at a lower 153 

magnification. The rounded powder particle shape confirms that a proper milling time was 154 

chosen to reach a final powder size between 20 and 100 m. This size range is useful for the 155 

consolidation process because a dense powder packing can be achieved. During the MA 156 

process, the powders are subjected to high energy collisions, which causes plastic deformation, 157 

cold welding and finally fracture. Plastic deformation and cold welding are predominant during 158 

the initial stages of ball milling, in which the deformation leads to a change of the particle shape 159 

to a flatter form, and cold welding leads to an increase in particle size as new particles are 160 

formed with a sandwich structure. With increasing milling time, the powder shape becomes 161 

more rounded. However, as the ball milling is continued, the ability of the particle to accept 162 

further plastic deformation is diminished; hence, fracturing becomes a significant process. This 163 



process leads to a decrease in the particle size until an equilibrium is reached between cold 164 

welding and fracture [29].  165 

In the cross-sectional image in Error! Reference source not found. b., the small white 166 

precipitates homogenously dispersed in the fcc- matrix are undissolved bcc-W and hexagonal-167 

WC, the latter an unavoidable material transfer from the milling tools. The hardness of the raw 168 

W powder and the low solubility of W in Co due to the large atomic size of W, limited the amount 169 

of W that can be introduced by milling to form a solid solution into the  phase. Even though the 170 

SEM-EDX analysis (Co: 83 ± 1, Al: 7 ± 2, W: 9 ± 1 at.%) is in accordance with the nominal 171 

composition, it becomes clear that undissolved W particles remain in the powder. Therefore, the 172 

actual W concentration of the  phase is below the designed nominal composition. 173 

3.2 Microstructure of the consolidated and heat-treated samples.  174 

The mechanically alloyed Co9-9 powder was consolidated by FAHP with the aim of attaining a 175 

fully dense material. Nonetheless, the hardening induced in the powder during milling prevented 176 

the total specimen densification, and for this reason, a porosity level of under 3% remains.  177 

Figure 2 depicts the microstructure of the Co-9-9 alloy just after consolidation (Co-9-9-AS). In 178 

this state, the material consists of a fcc- Co matrix phase with fine grain size around 50 to 100 179 

nm and a homogeneous dispersion of precipitates of 500 nm to 1 µm size (with a “popcorn” 180 

shape and bright contrast, Figure 2 a)). The fcc- matrix composition is Co: 86.5 ± 0.3, Al: 8.9 ± 181 

0.2, W: 4.6 ± 0.2 at. %, where the measured areas were selected carefully without precipitates. 182 

According to previous studies [4], [30]–[32], the W content in the fcc- phase of the Co9-9-AS 183 

sample (4.6 at.%) should still be high enough to precipitate  after heat treatment.  184 

By using EDX analysis coupled with SEM and TEM as well as XRD (Figure 4 a)) these 185 

precipitates can be characterized as a ternary carbide phase with a Co6W6C stoichiometry and 186 

complex structure. The material transfer from the grinding media favours the formation of this 187 

complex carbide instead of the  phase following the reaction (MC + → M6C) proposed in [2] 188 

picking up the free W and Co from the matrix. The EDX-TEM mapping of Figure 2 c) shows the 189 

partial transformation of a primary WC to Co6W6C forming a core-rim gradient of Co content.  190 

After the solution and ageing heat treatment, the microstructure changed significantly with a 191 

grain size grow up to 5 m (Error! Reference source not found. a)). The former Co6W6C 192 

carbides (white contrast precipitates) were partially dissolved (from 29.1 vol% to 19.0 vol.%), 193 

providing an increase in W content that facilitates the formation of a dual phase /’ 194 

microstructure in the matrix areas (grey contrast) and in the same way, some C dissolution. The 195 

element distribution of Co, Al, W and C displayed in Error! Reference source not found. b), 196 

reveals that the precipitates that formed are W- and Al- rich , which indicates that they are 197 

indeed the  phase Co3(Al,W). Due to the C content available, C might also have contributed to 198 

the formation of the precipitates, because C can form a Co3AlC phase with Co and Al with 199 

similar stoichiometry and crystal structure [33]). 200 

The TEM study reveals a bi-modal size distribution of nanocubic  precipitates, with one having 201 

a mean size of about 25 nm and the second one of around 120 nm. Those precipitates could be 202 

generated according to the precipitation mechanisms proposed in [34]–[37] for Ni-base 203 



superalloys: When the temperature falls below the  solvus temperature, the first nucleation 204 

burst occurs at high temperature, where the atomic diffusion is faster and the first precipitates 205 

grow more strongly. During further cooling, the diffusion is slowed down but the driving force 206 

increases and many small precipitates form during the second nucleation wave, which are 207 

greater in number but smaller in size. In the case of Co-based superalloys produced by PM 208 

route, Error! Reference source not found. b) shows that the shape of primary  is more 209 

cuboidal than that of the secondary  precipitates. 210 

The primary   size of approximately 120 nm is a typical size for  precipitates obtained on the 211 

Co-Al-W system by different processing routes compared with PM [4], [7], [8]. Longer annealing 212 

heat treatments and faster cooling rates should lead to a more homogenous size distribution of 213 

larger  precipitates. 214 

Error! Reference source not found. a) shows a comparison between the XRD results of the 215 

as-consolidated state and after ageing. Apparently, the diffraction patterns are analogous, but 216 

the  peaks of Co9-9-HT appear at smaller diffraction angles than of Co9-9-AS. This finding is 217 

due to an increase of the lattice parameter by W dissolving in the fcc -Co solid solution during 218 

heat treatment. The common phases for both samples are the fcc -Co matrix (solid solution of 219 

Al and W into the Co lattice) and Co6W6C. Co9-9-HT also has an extra peak at 26 °, which 220 

corresponds to the  phase. The  peaks of the heat-treated sample are in accordance with 221 

Shinagawa et al. [38]. 222 

A critical aspect that influences the mechanical high-temperature behaviour of Co superalloys is 223 

the lattice misfit between the coherent  precipitates and the  matrix. The misfit is influenced by 224 

the phase compositions and determines the morphology of the  precipitates, depending on 225 

their size. The lattice misfit, , is defined as [39], [40]: 226 

    
      

      

 

where a’ and a are the  and  lattice parameters, respectively. These parameters can be 227 

calculated from the XRD results presented in Error! Reference source not found. b), the 228 

lattice parameter of each phase is calculated with the (1 1 1) peak. This evaluation yields the 229 

constrained lattice misfit and does not correspond to the equilibrium lattice parameters of the 230 

relaxed single phases. The higher relative intensity of the  peak (Error! Reference source not 231 

found. b)), compared to the  peak, confirms the massive precipitation throughout the bulk. 232 

The / misfit of Co base superalloys is positive in contrast to Ni-base superalloys where the 233 

sign of the lattice misfit is typically negative [41]. Here, the Co-9-9-HT condition reveals a lattice 234 

misfit  of approximately 0.26%, which is slightly smaller than the misfit reported in [42]. 235 

3.3 Mechanical Behaviour  236 

To assess the effect of the ’ precipitates, samples after consolidation and heat treatment were 237 

mechanically characterized. The results of compression tests at different temperatures are 238 

depicted in Error! Reference source not found. (from RT to 850 °C). The evolution of the 239 

mechanical properties of both states was similar. At RT and 400 °C, the stress-strain curves 240 



showed a continuous range of strain hardening with a peak stress that reached approximately 241 

1000 MPa; moreover, the  precipitation seems to result in a more ductile behaviour of Co9-9-242 

HT compared to Co9-9-AS at 400°C and especially RT. The compression strength shows a 243 

strong dependence on temperature and decreases continuously with increasing temperature up 244 

to 850 °C. 245 

The 0.2% compression flow stress (Y.S.) for each of the alloys is plotted as a function of 246 

temperature in Figure 5 a) and b). The behaviour of the processed PM-alloys is compared with 247 

the induction-melted Co-9Al-9W alloy with a two-phase /’ microstructure, published by Suzuki 248 

et al. [7], and the conventional carbide and solid-solution-hardened Co-based alloy Mar-509 249 

[25].  250 

From RT to 600 °C, where the grain size is very small and carbides occupy a considerable 251 

volume of the microstructure, the mechanical response is dominated by their strengthening 252 

mechanisms. Therefore the yield strength (Y.S.) is twice as high in this temperature range than 253 

that reported for other types of Co based alloys [9], [18]. The presence of fine carbides at grain 254 

boundaries can inhibit their sliding at high temperature.  255 

The effect of -phase precipitation becomes evident at 600 °C in the heat-treated sample Co9-256 

9-HT compared to that of the as-sintered state Co9-9-AS. While Co9-9-HT maintains a Y.S. of 257 

approximately 660 MPa, Co9-9-AS has a Y.S. of only, approximately, 400 MPa. This significant 258 

difference between 600 and 700 °C can be an indication of the beneficial strengthening effect of 259 

the precipitates during high-temperature deformation. At 850 °C, the strengthening effect of 260 

the  precipitates seems to get lost and both alloys reach the same level of strength below the 261 

compared Co-base alloys. The carbide dissolution during heat treatments could also contribute 262 

to a decrease in the material strength. At 700 °C, no anomalous behaviour for the yield strength 263 

could be found, as reported by Sato et al. [7], although the Y.S. level is similar to that reported 264 

by Suzuki et al. in [9].  265 

Reasons for this finding could be the strong hardening effects expected from the fine  grain 266 

size, and the carbide precipitation, which might be superimposed to the strengthening 267 

contribution of the  precipitates. 268 

To distinguish between the precipitation strengthening effect of  and the influence of the 269 

carbides, nanoindentation tests were performed on the two states (Error! Reference source 270 

not found.). In case of Co-9-9-AS, which gets 10.6 GPa, since the nanoindents cover all 271 

microstructural constituents, the values reflect the effect of the fine carbide precipitation, solid 272 

solution hardening and the ultrafine grain structure. In case of Co9-9-HT, which has 8.6 GPa, 273 

the slightly coarsened microstructure made it possible to perform the measurements in the 274 

carbide-free areas, and hence, the presented hardness corresponds to the / microstructure. 275 

The average hardness of the /areas of the Co-based PM alloys corresponds well with the 276 

average between  and  data published by Povstugar et al. for Co-9Al-9W [43]. In their work, 277 

the indentations were positioned in the  and  phases separately. The comparison between the 278 

two states shows a higher average hardness for the AS-sample, which indicates that at room 279 

temperature, the hardening effects of fine grains and carbides are stronger than the ones by the 280 



 formation. This also corresponds to the very high strength determined at temperatures below 281 

500  C. In Error! Reference source not found. also the average values for the Young’s 282 

modulus obtained from the nanoindentation tests are reported. These values for the modulus, 283 

230 GPa and 247 GPa for Co-9-9-AS and Co-9-9-HT respectively, are quite similar to those 284 

obtained in [43] for a similar alloy processed in similar conditions, despite the fact that the 285 

hardness values are higher in the present work. 286 

 287 

4. Conclusions 288 

The PM route was validated as a manufacturing method of Co-based superalloys with 289 

promising results. The following conclusions can be derived from this work:  290 

- It was possible to manufacture a milled powder by high-energy milling able to develop a 291 

complex microstructure including a high fraction of carbides and a matrix composed by 292 

/ structure after consolidation and heat treatments. The mechanical milling transfer 293 

and the undissolved W led to Co6W6C formation through the reaction between WC and 294 

Co during consolidation, even if the chosen technique improved the sintering kinetics. 295 

- The  phase precipitated after ageing heat treatment with a bimodal size due to the 296 

lower cooling rate that promotes the secondary  precipitation The /lattice misfit is 297 

close to the values published in previous studies. 298 

- The compression test showed that the PM Co-based alloys demonstrate a higher 299 

strength up to 600 °C compared to that of the commercial alloy MAR-509 and the Co-300 

9Al-9W alloy produced by Suzuki et al. [9] because of the carbide strengthening 301 

contribution and the small grain size of the matrix. At high temperature, the strength 302 

drops rapidly in the as-sintered sample, whereas the heat-treated sample maintains a 303 

higher strength at temperatures above 600 °C due to  strengthening and the carbide 304 

solubilisation. 305 

- The / hardness and Young’s modulus of the HT samples, obtained by 306 

nanoindenation, are 8.6 GPa and 247 GPa, respectively, which is comparable to the 307 

literature data for / Co-base superalloys.  308 
 309 
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