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HigH TemperaTure OxidaTiOn prOperTy Of ni Based superallOy Cm247lC prOduCed  
Via seleCTiVe laser melTing prOCess

Cm247LC alloy was manufactured by using selective laser melting (SLm) process, one of the laser powder bed fusion 
 (L-PBF) methods. The hot isostatic pressing (hiP) process was additionally conducted on the SLm-built Cm247LC to control its 
microstructures and defects. The high temperature oxidation property was investigated, and it was compared with conventional 
DS247LC sample (reference) prepared via the directional solidification process. The L-PBF hiP sample showed blocky-type mC 
carbides generated along the grain boundary with average size of about 200 nm. A semi-spherical primary γ' phase of size 0.4-1.0 μm 
was also observed inside the grains. moreover, the DS247LC sample displayed a coarse eutectic γ' phase and many script-type mC 
carbides. Furthermore, cuboidal-type γ' with an average size of about 0.5 μm was detected. High-temperature oxidation tests were 
conducted at 1000°C and 1100°C for 24 hours. The results at 1100°C oxidation temperature showed that the measured oxidation 
weight gains for hiP and DS247LC were 1.96 mg/cm2 and 2.26 mg/cm2, respectively, indicating the superior high-temperature 
oxidation resistance of the L-PBF hiP sample. Based on the above results, a high-temperature oxidation mechanism of the Cm247LC 
alloys manufactured by the SLm process and the directional solidification process has been proposed.

Keywords: ni-based superalloy; Selective laser melting; Directional solidification; microstructure; high temperature oxida-
tion property

1. introduction

ni-based superalloys are used as materials for aircraft parts, 
such as turbine blades, turbine disks, and vanes because of their 
excellent mechanical properties in extreme environments, es-
pecially at very high temperatures, and corrosion and oxidation 
resistance [1,2]. When ni is used as a matrix, Cm247LC exhibits 
excellent physical properties in different applications, such as 
in solid solution strengthening with added elements, viz. W, Co, 
and Cr, in precipitation hardening via carbide formation, and 
in another precipitation hardening to generate γ' phase [ni3Al] 
using the Al element [3,4]. in particular, it is possible to obtain 
a γ' phase with 65% volume fraction using heat treatment and 
high Al content [5]. The γ' phase produced has an L12 structure 
with <2% mismatch with the γ matrix, and when potential passes 
through the γ' phase, an anti-phase boundary (APB) is formed 
to reinforce the alloy [6,7]. ezugwu et al. [8] reported that such 
ni-based superalloys have low machinability due to high con-
centration of the refractory element and complex precipitation 
strengthening, resulting in limitations in controlling complex 

shapes. As developments in the aerospace field require more 
parts with complex shapes and optimized high-temperature, 
extensive research to produce ni-based superalloys using addi-
tive manufacturing (Am) is going on for the past 10 years [9,10].

Am is a process that can control the formation of complex 
three-dimensional shapes, as desired by consumers, by contigu-
ously stacking powders [11,12]. The powder bed fusion-based 
selective laser melting (SLm) process features high cooling rate 
and excellent shape design freedom compared to other Am pro-
cesses [13]. however, most studies on Am technology related 
to ni-based superalloys have focused on manufacturing, micro-
structure, mechanical properties, and deformation mechanism 
of in625 and in718 ni-based superalloys. Therefore, there is 
a need for research that can be applied to aviation parts (turbine 
blade, turbine disk, vane) by highlighting the advantages of the 
SLm process to Cm247LC, which can show excellent physical 
and chemical properties at higher temperatures.

in the present study, the SLm process has been employed to 
manufacture ni-based superalloy Cm247LC. The possibility as 
an alternative process was confirmed by controlling defects and 
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microstructure through hot isostatic pressing, which is a post-
treatment process. Furthermore, high-temperature oxidation 
characteristics were investigated using Cm247LC alloy manu-
factured by the conventional directional-solidification process, 
as a comparative material. Based on the experimental results, 
a high-temperature oxidation mechanism of SLm Cm247LC 
was also suggested.

2. experimental 

Table 1 shows the chemical composition of the powders 
used in this study, as obtained using an inductively coupled 
plasma (iCP) spectrometer.

TABLe 1

Chemical composition of Cm247LC powders used in this study

element ni W Co Cr al Ta Hf Ti mo C
wt.% Bal. 9.4 9.2 8.3 5.5 3.2 1.5 0.8 0.58 0.08

The specimen Cm247LC was formed via SLm process 
under optimal process conditions, obtained from the pre-tests. 
The process conditions included the islands chessboard scanning 
pattern (i.e., raster at 90° angle rotation for each layer), laser 
power (P) of 90 W, laser scanning speed (v) of 600 mm/s, hatch 
spacing (h) of 100 µm, layer thickness (t) of 25 μm to fabricate 
a bar-type specimen sized 10 mm ×10 mm × 75 mm. To express 
direction, we used building direction (BD) and transverse di-
rection (TD), separately. For defect and microstructure control 
of the SLm-built Cm247LC, hot isostatic press (hiP) process 
was performed under the following conditions: the pressure 
was 150 mPa, temperature 1200°C (heating rate of 13°C/min), 
duration was 4 hours, and a sample cooling rate was 10°C/min 
(to be named SLm-hiP sample). Another Cm247LC (to be 
named DS247LC sample) was manufactured via the conven-
tional directional-solidification route and used to compare with 
the SLm Cm247LC. Standard heat treatment (1232°C/2h + 
1079°C/4h + 871°C/20h) was performed on both the materials. 
XrD (ultima iv, scan step size; 0.01 deg., scan rate; 1 deg./min, 
2θ; 30-100 deg.) was used for phase analysis of the CM247LC 
alloys. An optical microscope (om, olympus BX53m) was used 
to measure the porosity, cracks, and macro image analysis. Sub-
sequent element distribution and crystal orientation analysis was 
performed using electron backscatter diffraction (eBSD, nordlys 
nano detector). meanwhile, microstructures were observed using 
field-emission scanning electron microscopy (Fe-Sem, TeS-
CAn mirA 3). oxidation tests were conducted at 1000°C and 
1100°C for 24 hours to examine the high-temperature oxidation 
properties. For this, a thermal gravimetry analysis system (TgA, 
rigaku Tg-DTA 8122) was used in which 79% n2 + 21% o2 
gas, similar to atmospheric environment, at 100 mL/min. flow 
rate was employed, The oxidation specimens used in this study 
were of size 4 mm × 4 mm × 4 mm and polished with silicon 
carbide papers and diamond suspension. The heating rate to the 

specified temperature was set at 10°C/min. After oxidation tests, 
the cross-sections of oxidized samples were analyzed using an 
electron probe X-ray microanalyzer (ePmA, Jeol, JXA-8500F).

3. results and discussion

3.1. material preparation

Fig. 1 shows the shape of the Cm247LC alloy manufactured 
by SLm process (a), XrD analysis results of initial powders 
and as-built alloy (b), and om observation images of both al-
loys (c and d). The powder particles were spherical in shape 
with an average measured size of 34.5 μm (D10 = 22.7 μm, 
D50 = 34.0 μm, D90 = 50.8 μm) (Fig. 1a). XRD analysis results 
showed the peaks of γ and γ' phases only, and unlike the powder 
and SLm-hiP sample, the DS247LC sample showed a high peak 
intensity (200) due to one-way coagulation (Fig. 1b). The micro-
structures of the TD plane were checked to analyze the defect 
density of both alloys. in the SLm-hiP sample, only fine closed 
pores were observed, and image-based analysis confirmed the 
defect density to be 0.28% (Fig. 1c). The DS247LC sample 
showed similar levels of defect density, size, and distribution 
as the SLm-hiP sample (Fig. 1d).

3.2. microstructure of the Cm247lC alloys

Sem images of the TD plane (Fig. 2) were taken to closely 
analyze the microstructure at the intra-grain scale for the two 
alloys. examining the SLm-hiP sample at low magnification 
confirmed the blocky-type mC carbides with an average size 
of about 200 nm along the grain boundary (Fig. 2a). in general, 
the mC carbide produced during Cm247LC alloying is known 
as precipitate containing hf and Ta elements [14]. on the other 
hand, the DS247LC sample showed a coarse eutectic γ' phase, 
and many script-type mC carbides (Fig. 2b). At high magnifica-
tion, the SLm-hiP sample showed mC carbide, with average 
size 0.3 μm, present along the grain boundaries and presence 
of a semi-spherical primary γ' phase of size 0.4 to 1.0 μm 
(Fig. 2c). The γ' volume fraction was measured to be 60.4%. 
in the DS247LC sample, cuboidal-type γ', with average size of 
about 0.5 μm and volume fraction of 62.2%, was found. Yang 
et al. [15] reported the shape of γ' varied with the difference 
of cooling rate in a ni-based superalloy. Therefore, it can be 
also explained that the difference in the shape of γ' between 
the SLm-hiP sample and DS247LC sample is mainly due to 
the difference of cooling rate.

3.3. High-temperature oxidation properties  
of Cm247lC alloys

Fig. 3 shows the weight gains of high-temperature oxida-
tion curves at 1000°C and 1100°C. The oxidation weights of 
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Fig. 1. (a) Sem micrographs of the morphology of the initial Cm247LC powders, (b) XrD analysis results and optical micrographs of (c) SLm-
hiP sample and (d) DS247LC sample

Fig. 2. Sem observation results showing the precipitates in Cm247LC: (a,c) SLm-hiP sample, (b,d) DS247LC sample
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both the materials displayed a parabolic shape curve with time. 
moreover, the weight gain showed a general tendency of in-
creasing with increase in the oxidation temperature. in general, 
when a thermodynamically stable and dense oxide layer (Al2o3, 
Cr2o3) is formed in a ni-based superalloy, the weight gain curve 
over time is typically parabolic in shape [16,17]. The oxidation 
weight gains of the SLm-hiP and DS247LC samples at 1000°C 
after 24 hours were 0.88 mg/cm2 and 1.21 mg/cm2, respectively. 
At 1100°C, they were 1.96 mg/cm2 and 2.26 mg/cm2, indicating 
that the difference in oxidation weight gains of the two alloys 
was larger at 1100°C. it can be also noted that the SLm-hiP 
sample showed relatively better oxidation resistance at both the 
temperatures.

Fig. 3. high temperature oxidation curves of SLm-hiP sample and 
DS247LC sample at 1000°C and 1100°C for 24 hours

For materials that follow the parabolic law in the oxidation 
curve, the relationship between the weight gain and oxidation 
time can be expressed by the following equation [18].

  
1
2W Kp t    (1)

where, W refers to the mass gain, Kp refers to the parabolic rate 
(oxidation rate), and t refers to the oxidation time. As a result 
of calculating the parabolic rate, the kp [mg2/cm4 × s–1] values 
of SLm-hiP sample and DS247LC sample were obtained as 
8.96 × 10–6 and 16.9 × 10–6 at 1000°C, and 4.44 × 10–5 and 
5.91 × 10–5 at 1100°C, respectively. At 1100°C, the measured 
parabolic rate of the DS247LC sample was found to be about 
1.3 times higher (lower oxidation resistance) than that of the 
SLm-hiP sample.

3.4. High-temperature oxidation mechanism  
of slm-Hip Cm247lC alloy

To understand the mechanism of oxide formation behavior, 
cross-sectional ePmA study was done (Fig. 4). vertical cross-
sections of the two materials after oxidation at 1100°C showed 

that oxide formed densely in the metal surface. The SLm-hiP 
and DS247LC samples had average oxidation layer thickness 
values of 4.9 µm and 5.3 µm, respectively, indicating that the 
DS247LC sample possessed a thicker oxide layer. The oxide 
was formed at the metal interface in the order Al2o3, Cr2o3, and 
nio. moreover, both the samples generated many inner oxides 
of hfo inside the metal region. Al2o3 is known as the oxide 
that affects the most for the high-temperature oxidation proper-
ties of Cm247LC alloy [19,20]. Al in elemental state diffuses 
into the γ' having the ni3Al structure at the beginning of high-
temperature oxidation. it then binds with the external o element 
to form a stable Al2o3 passivation film and exhibits excellent 
high-temperature oxidation resistance. An Al depletion zone is 
created at this time. The Al depletion zones are the two oxidized 
SLm-hiP and DS247LC samples were measured as 8.6 µm 
and 11.7 µm, respectively, indicating that the DS247LC sample 
had broader depletion zones. The oxidized DS247LC sam-
ple had a wider Al depletion zone, and it also had a thick oxide 
layer, indicating that relatively non-uniform Al2o3 layers were 
formed to trigger additional oxidation during high-temperature 
oxidation. The oxidation process was mainly influenced by the 
internal penetration of oxygen atoms, and the diffusion of solute 
elements [21]. Therefore, when the same amount of oxygen is 
supplied, the weight gain rate was significantly affected by the 
transportation rate of the solute elements, and grain boundaries 
(gBs) or sub-structures acted as diffusion paths [22,23]. mal-
likarjuna et al. [24] reported that the γ channel acted as an Al 
diffusion path. in other words, many gBs and a higher fraction 
of the γ channel of the SLm-hiP sample observed in the initial 
microstructure acted as the diffusion path for the Al and o ele-
ments to form stable Al2o3 rapidly at the initial stage of the 
high-temperature oxidation, exhibiting better high-temperature 
oxidation resistance than the DS247LC sample. 

4. Conclusions

in the present study, Cm247LC was manufactured via the 
SLm process and hiP post-treatment process was performed. 
The SLm-hiP Cm247LC was then compared with the DS247LC 
sample produced by the conventional directional-solidification 
process. The microstructure and high-temperature oxidation 
properties of the Cm247LC were examined and the following 
conclusions can be drawn.
1. The oxidation weight gains of the SLm-hiP and DS247LC 

samples at 1000°C after 24 hours were 0.88 mg/cm2 
and 1.21 mg/cm2, respectively. They were 1.96 mg/cm2 and 
2.26 mg/cm2 at 1100°C, indicating that the high temperature 
oxidation resistance of the SLm-hiP sample was relatively 
better at both the oxidation temperatures.

2. it was suggested that the superior high-temperature oxida-
tion resistance of the SLm-hiP sample was due to many 
gBs and a large fraction of the γ channels acted as the 
diffusion paths for the Al and o elements for the dense 
formation of Al2o3 at the initial stage of oxidation. 
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