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Abstract 

In this study, Co-Al-W superalloys forming γ/γ' microstructures were fabricated by laser-

directed energy deposition and investigated with respect to their susceptibility to hot-cracking 

during manufacturing. Two alloys of different nominal compositions (Co-12Al-8W, Co-7Al-

8W (at.%)) were deposited to characterize their microstructures on multiple length scales. 

While the as-deposited Co-12Al-8W alloy was free of cracks, the Co-7Al-8W alloy exhibited 

numerous cracks, particularly along high-angle grain boundaries due to internal oxidation 

cracking. The former Al-rich alloy showed a continuous and dense-packed Al2O3 scale on its 
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surface, preventing internal oxidation. After homogenization heat-treatment at 1300°C for 24 

h and subsequent aging at 900°C for 24 h, the Co-12Al-8W alloy revealed a homogeneous 

γ/γ' microstructure without hot-cracking. By contrast, the Co-7Al-8W alloy did not exhibit a 

passivation layer but only internal Al2O3 particles due to the reduced Al content and 

insufficiently fast transport of Al to the oxidation front. These particles acted as stress 

concentration and crack initiation sites during directed energy deposition, thereby limiting the 

printability of the Co-7Al-8W alloy. The compressive creep results reveal a similar creep 

resistance of crack-free Co-12Al-8W alloy compared to conventionally processed ternary Co-

Al-W alloys. 

 Keywords: Additive manufacturing, Directed energy deposition, Co-based superalloys, 

Hot-cracking, Creep 

 

1. Introduction 

The discovery of a γ/γ' microstructure similar to that of Ni-based superalloys has attracted a 

lot of interest in Co-Al-W alloys [1] as promising high-temperature alloys for gas turbine 

applications [2–4]. Since Co has a higher melting temperature than Ni [5] and γ/γ' Co-based 

superalloys exhibit positive lattice misfits [6], Co-based systems show potential for enhanced 

high-temperature stability and creep resistance as compared to their Ni-based counterparts [6].  

Until now, Co-Al-W-based alloys have been mostly fabricated by traditional casting 

methods [7,8]. However, due to the complexity of the gas turbine components, such as 

turbine blades including cooling channel arrays, additive manufacturing (AM) of Co-Al-W 

alloys is of great technological interest. AM enables the fabrication of complex three-
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dimensional parts of net-shape and has undergone rapid developments in recent years [9–11]. 

In addition, directed energy deposition (DED) [12,13] is a specific type of AM based on 

directing energy from a source on a feedstock material, such as a powder, and fusing and 

solidifying the material layer-by-layer on a substrate. Another reason Co-based superalloys 

are attracting attention as suitable materials for AM is their excellent weldability [14–18]. 

The AM is amenable to weldable alloys [19] and the weldability of conventional Co-based 

superalloys is known as superior and enough to use as wear-resistant coating [17]. There are 

several reasons why Co-Al-W alloys exhibit excellent weldability. First, Co-Al-W-based 

superalloys have a low γ' solvus temperature and high solidus temperature and liquidus 

temperature, i.e. good hot workability [1,15]. Moreover, the γ' precipitates of Co-based 

superalloys are known to show a lower deformation resistance compared to those of Ni-based 

superalloys, which could decrease the strain age cracking susceptibility [20,21]. Furthermore, 

Co-based superalloys usually show a low degree of segregation during solidification than Ni-

based superalloys leading to the reduction of heat affected zone cracking susceptibility [22–

24].  

The feasibility of AM was demonstrated for several Ni-based superalloys [25–28]. However, 

a serious issue of AM of superalloys is the formation of hot-cracks during manufacturing, in 

particular for alloys that contain more than 6 wt.% of the γ' forming elements Al and Ti [29]. 

Hariharan et al. [30] studied the effects of solute enrichments and grain boundary 

misorientation on solidification cracking in Inconel 738LC manufactured by selective laser 

melting (SLM). Chen et al. [31] investigated liquation cracking in the Inconel 718 fabricated 

by SLM for varying heat input, scanning speed, and grain boundary misorientation. Zhang et 

al. [32] observed ductility-dip cracking at triple junctions of grain boundaries and the tip of 
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liquation cracks in the Inconel 738 fabricated by DED. According to the above studies, it is 

generally accepted to be difficult to print the superalloys containing more than 6wt.% of Al 

and Ti, which induces severe hot-cracking during AM regardless of processing parameters. 

AM of a few Co-based alloys such as Co-Cr-Mo [33–39], Co-Ni-based alloy [24,40,41], and 

Co-based superalloys [42–45] was reported as well. Aydogan et al. [42] investigated the 

fabricability of commercial T800 alloy with different mixture compositions of NiCr alloys by 

laser DED. Wei et al. [43] showed that the as-SLM built GH5188 Co-based superalloy 

exhibits excellent mechanical properties including nano-hardness, tensile strength, and 

ductility compared to forging and casting samples. Park et al. [44,45] manufactured Co-Ni-

W-Al alloys with γ/γ' microstructures using ink-extrusion three-dimensional printing and 

pack-cementation surface alloying. In addition, Athira et al. [18] and Haußmann et al. [15] 

recently reported that Co-based superalloys were free of post-weld heat treatment (PWHT) 

cracking or strain age cracking using laser welding similar to AM. However, to the best of the 

authors’ knowledge, no reports exist on additively manufactured Co-Al-W alloys, which form 

the fundamental basis for the design of novel γ/γ'-strengthened Co-based superalloys. In this 

work, we fabricated two alloys of Co-12Al-8W and Co-7Al-8W (at.%) by DED and 

investigated their microstructure. We could reveal substantial differences in the hot-cracking 

behavior and the formation of an external or internal Al2O3 phase, depending on the amount 

of Al. Then compressive creep experiments were performed on the crack-free alloy to 

evaluate its creep resistance at high-temperature. 
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2. Material and methods 

2.1  Sample preparations 

Two master alloys were fabricated by vacuum induction melting and gas-atomized to 

powders. The powders were sieved to obtain particles of 45 ~ 150 μm in size. The particle 

size distribution and oxygen contents of powders after sieving are shown in Fig. S1 and Table 

S2 in supplementary materials. A DED machine (InssTek MX-3) equipped with an ytterbium 

fiber laser of 1,070 nm wavelength was used to fabricate samples of 32030 mm3 in 

dimension on carbon steel (S45C) substrate. A laser power of 400 W, a scan speed of 0.85 

m/min, a hatch spacing of 0.5 mm, a laser dwell time of 3.5 seconds and a powder feed rate 

of 4 g/min were used as deposition parameters, using 7 L/min of Ar as a powder carrier and 

shielding gas. As-deposited Co-12Al-8W specimens were homogenized at 1300°C for 24 h 

and subsequently aged at 900°C for 24 h, similar to heat-treatments for conventional cast 

alloys [46], to remove the residual stress and obtain γ/γ' microstructures. The differential 

scanning calorimeter (DSC) was employed to determine the heat treatment condition (Fig. 

S3). 

To investigate the creep behavior, the crack-free Co-12Al-8W samples were fabricated of 

141412 mm3 in dimension with deposition parameters described above (see Fig. S4). After 

identical heat-treatments, cylindrical specimens with a diameter of 5 mm and a length of 7.5 

mm were produced by electro discharge machining. To avoid the effect of surface roughness 

and surface oxide or diffusion from the substrate, the compressive creep specimens were 

machined from the interior of bulk specimen (Fig. S4(e)). No cracks or oxides were observed 

in the specimens processed for the creep test (Fig. S4(f) and (g)). Creep experiments were 

conducted using a custom-built pneumatic compression creep testing machine at temperatures 
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of 800, 850, and 900°C and stresses of 300, 350, and 400 MPa. 

2.2  Characterization methods 

The compositions of the powders and as-deposited specimens, determined by inductively 

coupled plasma optical emission spectroscopy (ICP-OES), are listed in Table 1. 

Microstructural characterization was done by scanning electron microscopy (SEM) (Hitachi 

SU5000, SU8230) in backscattered electron (BSE) imaging mode, energy dispersive X-ray 

spectroscopy (EDS), and electron backscatter diffraction (EBSD) (Bruker QUANTAX 

CrystAlign 400). X-ray diffraction (XRD) (RIGAKU SmartLab, Cu Kα radiation) analyses 

were conducted in the θ-2θ mode. To analyze the surface oxides, grazing incidence X-ray 

diffraction (GIXRD) (RIGAKU D/MAX-2500) was performed at an incidence angle of 2°. 

X-ray microscopy (XRM) (ZEISS Xradia 520 Versa) was performed at an acceleration 

voltage of 160 kV to image the three-dimensional path and morphology of the cracks. 

Focused ion beam milling (FEI Helios G4, ZEISS Auriga) was applied for the preparation of 

transmission electron microscope (TEM) and atom probe tomography (APT) specimens. 

TEM investigations were conducted (FEI Talos F200X operated at 200kV) in combination 

with scanning TEM (STEM) – EDS analyses. APT (CAMECA LEAP 4000X HR) analyses 

were conducted in pulsed UV-laser mode at a base temperature of 50 K, a laser pulse 

frequency of 100 kHz, a pulse energy of 100 pJ, and a detection rate of 0.5%.  

Table 1 Compositions of powder and as-deposited specimens determined by ICP-OES 

Alloy 
Sample 

Condition 
Co (at.%) Al (at.%) W (at.%) 

Co-12Al-8W 

Powder bal. 12.1 7.6 

As-deposited bal. 12.0 7.6 
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Co-7Al-8W 

Powder bal. 7.2 7.9 

As-deposited bal. 6.7 9.5 

 

3. Results and discussion 

3.1  Cracking behavior of DED-fabricated Co-Al-W alloys 

Fig. 1(a) and (b) show the Co-12Al-8W and Co-7Al-8W alloy powders, respectively. The 

powder particles were nearly spherical in shape and showed a face-centered cubic (FCC) 

crystal structure (Fig. S5). A schematic figure of the DED process, the applied laser scan 

strategy, and the specimen dimensions are shown in Fig. 1(c). Fig. 1(d) and (e) reveal striking 

differences in the surface morphology of the as-deposited alloys. While the surface of the Co-

12Al-8W alloy was smooth and did not exhibit any macroscopic defects, the surface of the 

Co-7Al-8W alloy was rough and revealed several cracks indicated by white arrows. Although 

some samples showed release from the substrate after the DED process as shown in Fig. 1(d), 

no cracks were observed in the Co-12Al-8W alloy. From this, it can be expected that the 

separation between the sample and the substrate occurred not because of the high thermal 

stress but due to the poor surface of the substrate or lack of fusion. Most specimens 

investigated in this study adhered well to the substrate (see Fig. S4 and S6). Moreover, 

differences in crack formation between these two alloys could be clearly observed using 

XRM. XRM tomogram of the Co-12Al-8W alloy did not reveal any micro-cracks (Fig. 1(f)). 

In contrast, XRM analysis of the Co-7Al-8W alloy displayed a high density of micro-cracks 

and voids, where the crack widths and void sizes amounted to ~ 100 μm (Fig. 1(g)). Thus, the 

Al content was critical for the crack susceptibility and the printability of Co-Al-W alloys. 
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Figure 1 Powder feedstock used for DED: (a) Co-12Al-8W and (b) Co-7Al-8W alloy; (c) 

schematic figure of the DED process, including the track of the laser beam; surface 

morphology of (d) Co-12Al-8W and (e) Co-7Al-8W; XRM tomograms of the (f) Co-12Al-

8W and (g) Co-7Al-8W alloy taken from the middle of specimens. White arrows indicate the 

cracks. 

Cross-sectional SEM-EDS maps of the two alloys are shown in Fig. 2. A continuous Al2O3 

oxide layer of ~ 4 μm in thickness was detected on the surface of the Co-12Al-8W alloy (Fig. 

2(a)-(c)). Below the Al2O3 layer, a heterogeneous distribution of complex oxides comprising 

Co, Al, and W was detected. The low magnification SEM images of as-deposited Co-12Al-

8W alloy that show the surface Al2O3 layer and absence of Al2O3 particles and cracks within 

the alloy are shown in Fig. S7. However, the Co-7Al-8W alloy revealed a crack and an 

external discontinuous surface oxide of ~ 1 μm in thickness, which was identified as Co3O4 

(Fig. 2(f)). Several Al2O3 islands (Fig. 2(e)), which could not be detected by GIXRD 

presumably due to their low volume fraction, were formed in between Co3O4 regions.  
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Figure 2 As-deposited Co-12Al-8W alloy of (a) SEM image of cross-sectional surface; (b) 

EDS maps of the region in (a); (c) corresponding GIXRD pattern; As-deposited Co-7Al-8W 

alloy of (d) SEM image of cross-sectional surface; (e) EDS maps of the region in (d); (f) 

corresponding GIXRD pattern.  

Fig. 3 shows correlative SEM-EDS, XRM, and EBSD maps of an identical region in the Co-

7Al-8W alloy, exhibiting cracks, voids, and oxide particles. Regions highlighted with a cyan 

color in Fig. 3(b) represent oxides inside the bulk alloy. Fig. 3(d) reveals two Al-oxide 

particles of ~ 10 μm in size, formed at a high-angle grain boundary (HAGB) (see Fig. 3(c)). 

These two particles were connected by a thin Al2O3 film decorating the same HAGB, 

however, without any cracks nearby. Uncracked Al-oxide observed by TEM is also shown in 

Fig. S8. These internal Al2O3 particles were probably formed by oxygen diffusing through the 

external Co3O4 layer into the metal along the HAGB and reacting with Al. Some of the 

internal Al2O3 particles acted as crack initiation sites (Fig. 3(e)). As the Al2O3 particle broke 

apart, a crack nucleated and crossed the entire particle. Besides the pronounced cracking 
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along Al2O3 particles at HAGBs, grain interior cracking, which appeared to be a branch of a 

neighboring macro-crack was also observed (Fig. 3(c)). The detailed mechanisms of internal 

oxidation and cracking will be explained in the following section 3.2. 

 

 

Figure 3 Correlative SEM-EDS, XRM, and EBSD maps of the as-deposited Co-7Al-8W 

alloy, revealing cracks, voids, and oxides. (a) Cross-sectional SEM image; (b) 2D slice 

through XRM tomogram; (c) EBSD inverse pole figure (IPF) map. (b) and (c) show the same 

region of interest as shown in (a); EDS maps of (d) oxide and (e) cracked oxide. 
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3.2  Hot-cracking mechanism 

We detected external Al2O3 for both Co-12Al-8W and Co-7Al-8W alloys, however, only the 

former showed a thick and continuous Al2O3 scale (Fig. 2). Although Ar was used as a 

shielding gas during the manufacturing, Al2O3 formed due to oxygen in the DED chamber 

(As mentioned in the supplementary materials Table S2, the oxygen contents of the powders 

were very low). Al2O3 shows the lowest standard Gibbs free energy of formation among all 

Co-, Al-, and W-oxides [47]. Due to a reduced Al content, the Co-7Al-8W alloy did not form 

a continuous Al2O3 scale. The observations in this work are in agreement with Ref. [48], 

which thermodynamically assessed the stability of oxide phases in Co-8.1Al-8.4W and Co-

10Al-8W alloys. 

The external Al2O3 scale formation is dependent on the Al concentration [49], where the 

critical Al composition for forming external Al2O3 is inversely proportional to DAl
1/2, the 

square root of the Al diffusivity [50]. It was reported that the interdiffusion coefficient of Al 

in FCC-Co increases with Al concentration at elevated temperatures [51,52]. As a result, the 

increase in Al concentration from 7 (Co-7Al-8W) to 12 at.% (Co-12Al-8W) promotes the 

formation of external Al2O3 not only by an enhanced thermodynamic driving force but also 

by an enhanced Al diffusivity. According to recent oxidation studies on Co-based superalloys 

[53,54], more than 11 at.% of Al is required to induce the formation of an external Al2O3 

layer, which is in agreement with the observations of this work. 

The continuous and dense Al2O3 surface layer of Co-12Al-8W alloy acted as a diffusion 

barrier, substantially lowering the oxygen transport to the bulk alloy [44,55]. Therefore, 

internal oxidation and, most importantly, the cracking were suppressed. Since the difference 

between solidus and liquidus temperature, freezing range, was only about 10°C (Fig. S3), this 
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alloy did not exhibit liquation or solidification cracks, as common for Ni-based superalloys 

[56–58]. As a result, the Co-12Al-8W alloy showed superior printability under laser-DED 

fabrication. 

In contrast, the Co-7Al-8W alloy formed Al2O3 islands embedded in a discontinuous Co3O4 

layer on its surface. Co3O4 is a non-compact and non-protective oxide [59], which can be 

easily penetrated by oxygen [60]. Oxygen atoms indeed diffused along the grain boundaries 

of the Co-7Al-8W alloy to form internal Al2O3 particles since the grain boundary diffusivity 

of oxygen within metals is 104 to 106 times higher than its lattice diffusivity [61]. In particular, 

it was reported that random HAGBs can act as fast channels for oxygen diffusion [62–64].  

Thermal gradients induced by cyclic heating and cooling during DED can lead to severe 

thermal stresses and tensile stresses can act on vertically aligned columnar grain boundaries 

due to material shrinkage during the solidification and cooling process [65]. Thermal stresses 

acting on thin-walled DED specimens are estimated to be on the order of several hundred 

MPa [66–68]. In addition, internal Al2O3 particles can act as stress concentration sites due to 

a difference in coefficients of thermal expansion (CTE) as compared to the alloy matrix. The 

CTE of Al2O3 and Co-9Al-9W are reported to be ~ 8  10-6/°C [69] and ~ 1.2 - 1.6  10-5/°C 

[70], respectively, below 1000°C. Thus, the matrix expands more than the Al2O3 particles 

during heating and induces tensile stress on the particles. Moreover, in the previous studies 

[71,72] which assess the CTE effect between alumina inclusion and RR1000 Ni-based 

superalloys, upon cooling from the heat treatment steps, the RR1000 matrix was contracting 

more than the alumina inclusion, thereby forcing the matrix adjacent to the inclusion into a 

compressive stress state. These stresses are expected to be substantially higher than the 

critical stress of ~ 270 MPa, above which micro-cracking in Al2O3 is induced according to 
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Ref [73,74]. Since brittle Al2O3 particles cannot accommodate plastic deformation, they are 

preferential void and crack nucleation sites. Al2O3 particles form long films along random 

HAGBs in the Co-7Al-8W alloy, giving rise to even macro-cracks.  

 Recently, the crack-free and creep resistant AD730 Ni-based superalloys were achieved with 

the Boron addition by laser powder bed fusion [75]. In addition, considering that the Boron 

could alleviate the poor grain boundary cohesivity while inhibiting the internal oxidation [76], 

similar grain boundary strengthening effect with reduced cracking density also can be 

expected in the additive manufacturing of Co-Al-W alloys. 

3.3  Crack-free microstructure of Co-12Al-8W alloy 

A cross-sectional EBSD-IPF map of the as-deposited Co-12Al-8W specimen is shown in 

Fig. 4(a). Columnar grains were formed approximately along the build direction due to a 

steep temperature gradient toward the substrate [77]. The columnar grains were tilted with 

respect to the build direction in a zigzag pattern, which could be ascribed to the laser scan 

path. As-deposited specimens were single-phase FCC (Fig. S5(b)) without γ' precipitates 

(also observed by TEM and APT analysis, Fig. S9), presumably due to the high cooling rates 

of thin-wall samples fabricated by laser deposition [32], which range from ~ 100 to 1000°C/s 

[78]. Fig. 4(b) shows that the initially columnar grains of the Co-12Al-8W alloy transformed 

into equiaxed grains of several hundreds of micrometers after homogenization and aging. 

Recrystallization is the sign of dislocation stored during the DED process due to high thermal 

stresses causing local plastic deformation [79]. These grains exhibited cuboidal γ' precipitates 

regularly aligned within the γ matrix (Fig. 4(b) and (d)). In addition, no other phase besides γ 

and γ' was detected by XRD in the aged Co-12Al-8W alloy (Fig. 4(c)). The γ/γ′ lattice misfit 

was obtained by the equation of δ=2(aγ′-aγ)/(aγ'+aγ), where aγ′ and aγ are the lattice parameters 
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of the γ' and γ phases, respectively [80]. The measured room temperature γ/γ′ lattice misfit 

was ~ 0.3% (aγ′ = 3.60 Å, aγ = 3.59 Å) by fitting the (111) peaks of FCC and L12 using 

Pseudo-Voigt functions, as shown in the inset of Fig. 4(c). Furthermore, the APT 

measurement (Fig. 4(d)) revealed that Co partitioned to γ while Al and W partitioned to the γ' 

phase, as reported for cast Co-Al-W alloys [81]. The γ' volume fraction calculated using the 

lever rule [81] was ~ 64% and thus within the range of values yielding optimal creep 

resistance for single crystal Ni-based superalloys [82]. 

 

Figure 4 EBSD inverse pole figure (IPF) map of (a) as-deposited and (b) homogenized and 

aged Co-12Al-8W alloy. The inset shows a magnified BSE image of the γ/γ' microstructure 

formed after heat-treatment; (c) XRD scan of the heat-treated specimen. The inset shows a 

detailed scan in the 2θ range from 42° to 45°; (d) a three-dimensional atom map and 

corresponding proximity histogram of the heat-treated specimen. 
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3.4  Compressive creep of Co-12Al-8W alloy 

The compressive creep properties of aged Co-12Al-8W alloys were summarized in Fig. 5 at 

three different temperatures and stresses. Fig. 5(a) and (b) showed the typical compressive 

creep curves of Co-Al-W superalloys [83]. Fig. 5(a) revealed that the strain rate decreased as 

the stress decreased at 850°C. As expected, when the stress was fixed at 400 MPa (Fig. 5(b)), 

the strain rate decreased as the temperature decreased and the shapes of the creep curves were 

similar at different temperatures and stresses. 

 The compressive creep behavior is known to follow a creep power-law equation [84]: 

𝜀̇ = Aσ𝑛exp(−Q/RT) 

where 𝜀̇ is the creep strain rate in the secondary creep regime (here, the minimum strain 

rate), A is a constant, n is the stress exponent, σ is the applied stress, Q is the creep activation 

energy, R is the ideal gas constant, and T is the absolute temperature. The stress exponent of 

DED specimen, which describes the stress-dependence of the alloy under creep conditions, is 

plotted in Fig. 5(c) with reference of the minimum strain rate of polycrystalline Co-Al-W-(B) 

alloys and single crystal alloy at 850°C [85]. The calculated stress exponent of Co-12Al-8W 

alloy was about 11. This is similar to the stress exponents of cast, polycrystalline Co-Al-W-

based superalloys, since they exhibit stress exponents of 10 ~ 15 at 850°C [86]. Furthermore, 

the minimum strain rates of the studied alloys are somewhat higher than the B-containing 

alloys and single crystal alloy, probably due to the insufficient grain boundary strength of the 

DED specimens. Interestingly, DED-fabricated Co-12Al-8W shows a much lower minimum 

strain rate than the conventional cast B-free Co-9Al-9W alloy plotted as a black dot. However, 

as the Al and W content differ between the two alloys, further investigations on conventional 
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cast Co-12Al-8W with the same grain size would have to be performed for a direct 

comparison. This shows the potential of the high-temperature application of the DED-

fabricated alloys developed in this study. Considering the grain boundary strengthening effect 

of B on the cast alloys (Fig. 5(c)), the minimum strain rate of Co-12Al-8W alloy could be 

strongly decreased by several orders as well with B addition. 

The creep activation energy is also calculated using creep power-law equation (Fig. 5(d)). 

Co-12Al-8W alloys showed about 456 kJ/mol, which is in between the lattice diffusion of Co 

(280 kJ/mol) [87] and the activation energy of Co-9Al-9W-0.12B (742 kJ/mol) [88]. Further 

study will be performed to elucidate the creep mechanism of DED specimens including 

deformation mechanisms, diffusion, and microstructural evolution. 
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Figure 5 Creep curves of Co-12Al-8W alloy manufactured by DED and several reference 

alloys. (a) creep strain and strain rate of DED specimen performed at 850°C with several 

stresses; (b) creep strain and strain rate of DED specimen performed at 400 MPa with several 

temperatures; (c) applied stress and minimum strain rate of Co-12Al-8W manufactured by 

DED and reference cast alloys [85] tested at 850°C. (d) reciprocal absolute temperature and 

the natural log of minimum strain rate performed at 400 MPa. The red slopes in (c) and (d) 

provide the stress exponent and the activation energy of the DED specimens. 
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4. Conclusions 

 In summary, we compared the crack susceptibility of two Co-Al-W alloys during DED. We 

demonstrated that crack-free fabrication of the Co-12Al-8W alloy is feasible, as it forms a 

protective external Al2O3 scale. We conclude that the printability of Co-Al-W alloys 

fabricated under laser-DED processing conditions strongly depends on the Al content and in 

particular on whether an external or internal Al2O3 phase is formed. The Co-12Al-8W alloy 

forms a crack-free and regular γ/γ' microstructure under standard heat-treatments. 

Compressive creep properties of printed Co-12Al-8W alloy show better creep strength 

compared to a B-free Co-9Al-9W alloy manufactured by casting. 
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