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Abstract: Oxidation tests at 1095 oC were performed on cubes of IN738LC doped with Y2O3 

nanoparticles processed by laser powder bed fusion (LPBF). Adding Y2O3 nanoparticles led to grain 



coarsening and the formation of Y4Al2O9, both of which were expected to lead to reduced corrosion 

resistance in this alloy through a change from an Al-type oxide scale to Cr-type. However, 0.05 wt% 

Y2O3 addition was found to nonetheless be beneficial for corrosion resistance. Results and mechanisms 

for this were discussed and further work was recommended, in particular for the grain coarsening. 
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1. Introduction 

Additive manufacturing (AM) is a novel manufacturing technology being used to fabricate or 

repair complex components in a layer by layer manner, which is nowadays attracting more and more 

attention from both engineering and research communities. Laser powder bed fusion is a type of 

powder bed AM technology with metallic powders as feedstock and has the ability to fabricate 

components with high precision [1]. In this process, powders with the size range from 15 μm to 53 μm 

are melted with a high-energy laser beam selectively under the control of a computer system [2]. After 

solidification, strong metallurgical bonds are formed between materials within a layer. Then the 

building substrate moves down by one-layer distance, and another layer is spread by a recoater [3]. 

This process is repeated until the whole component is completed. 

The nickel-based superalloy Inconel 738LC (IN738LC) is mainly strengthened by fine γ′ 

precipitates with Ni3(Al, Ti) chemical composition and L12 crystallographic structure [4] and is now 

being explored for use in LPBF. IN738LC has been widely used in the aerospace industry, such as for 

turbine blades, vanes and heat shields, etc. [5], which require high strength and excellent oxidation 

resistance at elevated temperatures. Recently, IN738LC has been applied to manufacture components 

using LPBF in order to achieve the challenging requirements of producing complex shapes with 

excellent properties [6-8].  



The flexibility of LPBF provides an opportunity for making high-quality composites by directly 

introducing external particles to original powders using a mixture of powder or ball milling process 

[9,10]. Xia et al. [11] mixed 20 wt% WC ceramic particles into Inconel 718 powders and built parts 

by LPBF. They found that the micro-hardness and the ultimate tensile strength were enhanced due to 

the refined Ni2W4C particles between the primary dendrites and the fine (Nb, M)C particles in the 

matrix. Martin et al. [12] decorated TiB2 nanoparticles onto Al7075 powders and successfully 

fabricated high-strength aluminum alloys using LPBF. And the performance of the material could be 

comparable to that of the wrought alloy. Song et al. [13] showed that the strength of the alloy 

manufactured by LPBF from Fe powders with ball-milled 2.2 wt% SiC particles was significantly 

improved. Compared with pure iron, Fe/SiC samples displayed a higher ultimate tensile strength that 

could reach 764 MPa due to the fine-grain and particulate strengthening mechanisms. In particular, 

oxide dispersion strengthened (ODS) alloys can be produced when some oxide particles (ThO2, Y2O3, 

Al2O3, etc.) are added into the material matrix [14] and improved physical and mechanical properties 

can be obtained [15]. Li et al. [16] found that the addition of La2O3 was helpful to fabricate a crack-

free coating in the laser cladding process and also led to high micro-hardness and good corrosion 

resistance. Sun et al. [14] investigated the effect of Y2O3 additions on the high-temperature oxidation 

behavior of ODS Ni-20Cr-5Al alloy and found that the alloy with the addition of 0.2 wt% Y2O3 showed 

the best oxidation resistance. Chen et al. [17] examined the oxidation behavior of 9 at% Cr ODS 

ferritic/martensitic steel exposed to supercritical water at different application temperatures. They 

suggested that the oxidation resistance was improved from a small quantity of yttrium (0.28 wt%) 

because the element migration was accelerated in the microstructure, which was beneficial for the 

formation of a continuous spinel layer. 



However, there is as yet little information on the microstructural characteristics, tensile strength 

and oxidation resistance of IN738LC manufactured by the LPBF process with the addition of Y2O3 

nanoparticles. In the present study, the oxidation behavior at 1095 oC of IN738LC doped with nano-

sized Y2O3 particles processed by LPBF was investigated. The structure of the oxide scales and the 

oxidation products were systematically analyzed. The oxidation mechanisms and the effects of Y2O3 

were also discussed. 

2. Experimental procedure 

2.1 Material preparation 

Argon-atomized IN738LC powders produced by the AMC POWDER Co., Ltd were used in this 

study. The powders had a size distribution of D10 = 18.9 μm, D50 = 30.1 μm and D90 = 47.4 μm. The 

Y2O3 particles were from Shanghai Shuitian material technology Co., Ltd with an average size of 100 

nm. The chemical composition of the IN738LC powder is given in Table 1. Morphologies of the 

IN738LC and Y2O3 powders were observed by a ZEISS Merlin scanning electron microscope (SEM), 

as shown in Fig. 1a and Fig. 1b, respectively. The nano-sized Y2O3 particles were introduced into the 

IN738LC powders with the content of 0 wt%, 0.05 wt%, 0.2 wt% and 0.6 wt% using a Turbula T2F 

3D swing mixer for 3 h. Fig. 1c-f shows the composites of the Y2O3 nanoparticles and the IN738LC 

powders and the insert images exhibit the details of the powder surfaces in high magnification. 

Ni Co Cr W Ta Ti Al Mo Nb Zr B C 

Bal. 8.47 15.83 2.67 1.63 3.41 3.36 1.71 0.74 0.06 0.009 0.1 

Table 1 Chemical composition of the IN738LC powder in wt%. 

2.2 LPBF process 

An SLM solutions 125 system equipped with a continuous wave IPG fiber laser with a maximum 



output of 400 W and maximum scan speed 10 m/s was used to manufacture the test samples with 

dimensions of 50 mm × 15 mm × 10 mm. A 67o raster scan strategy was used, in which the scanning 

directions were uniform in a layer and rotated 67o between layers. Other processing parameters in this 

study are listed in Table 2. 

Laser power Scan speed Hatch distance Layer thickness Preheated 

270 W 950 mm/s 90 μm 30 μm 200 oC 

Table 2 Parameters used in the LPBF process. 

2.3 High-temperature oxidation tests 

A standard heat-treatment was carried out before the oxidation tests. It consisted of a solution 

treatment at 1120 oC for 2 h followed by air cooling and then an aging treatment at 850 oC for 24 h 

followed by air cooling [18]. Afterwards, all the samples were sectioned into dimensions of 15 mm × 

10 mm × 5 mm (with the surface with the size of 15 mm × 10 mm parallel to the building direction), 

polished down to 3000 CW and ultrasonically cleaned in ethanol for 5 min. Al2O3 crucibles were used 

to hold the samples for the oxidation tests. In order to eliminate the effects of moisture in the holders, 

the Al2O3 crucibles were preheated to 1000 oC for 24 h and cooled down to room temperature. All the 

preheated Al2O3 crucibles were weighed. The preheating process was repeated until the weight of these 

crucibles kept constant. Then the Al2O3 crucibles, together with the samples, were exposed at 1095 oC 

in an air atmosphere for 240 h altogether in a high-temperature furnace (KSL-1200X). The furnace has 

a 5 mm hole connecting to the outside air in order to guarantee enough oxygen to react with the samples. 

After every 24 h, all the samples were taken out from the furnace, cooled down to room temperature 

and measured for total mass together with the crucibles. The oxidation behavior was investigated by 

the mass gain per unit area of the samples over the heated time. There were three samples for each 



alloy and the results were the average values. 

2.4 Material characterization 

Microstructural observation after the standard heat treatment was carried out by an EDAS 

Digiview 4 Electron backscattered diffraction (EBSD) and a Talos F200X transmission electron 

microscope (TEM) with an energy dispersive spectrometry (EDS) under 200 kV before the oxidation 

tests. The thin foils for TEM were prepared using an electrolytic twin-jet thinning system (Struers 

TenuPol-5) in a solution of 10% perchloric acid ethanol under 15 V for 5 min below -15 ℃. EBSD 

was conducted on the largest surface (the surface with the size of 15 mm × 10 mm) parallel to the 

building direction in order to investigate the grain size distribution of the samples. The average grain 

size was obtained by scanning nine different view-fields for each sample with the software TSL OIM 

Analysis 7 64×. The samples for EBSD were prepared by a Buehler VibroMet 2 vibratory polisher in 

OPS suspension for 3 h. The oxide scale surfaces were observed with a KEYENCE laser scan confocal 

microscope (LSCM) and a ZEISS Merlin SEM with an EDAX Octane Pro EDS under 15 kV. Cross-

sections of the oxide scales were ground sequentially by 240 CW, 600 CW, 1000 CW, 1500 CW, 2000 

CW and then polished down to 0.04 colloidal silica suspension for the SEM observation and the EDS 

test. ECO X-ray diffraction (XRD) testing was conducted with a Cu-Kα source and a ceramic X-ray 

tube at 40 kV and 25 mA on the oxide scale surfaces from 20o to 80o. The relative density of the samples 

was obtained by the image threshold technique with Image J, i.e., using the characteristics of color 

differences between materials and defects such as pores, cracks, etc., on the polished surfaces. Seven 

images were taken into consideration for each alloy composition, and the quoted results were the 

averaged values. 

3. Results  



3.1 Microstructure before oxidation 

Fig. 2 shows the TEM image of the alloy containing 0.05 wt% Y2O3, revealing the distribution of 

the added nano-sized particles. These particles were found scattered in the material with a size range 

between 20 nm and 50 nm. In addition, the bimodal distribution of the primary and secondary γ′ phases 

was visible. The average sizes of the cuboidal primary γ′ and fine secondary γ′ precipitations were 

about 350 nm and 50 nm, respectively. Fig. 3 is an EDS mapping image of the nano-sized particle. The 

enrichment of Al, Y and O is apparently shown in the EDS results, which supports the identification 

of these particles as being of the Y–Al–O type. Fig. 4a shows an example of the particle in high 

magnification. The corresponding Fast Fourier Transformation (FFT) image of the nano-sized particle 

is presented in Fig. 4b. This result is in good agreement with the monoclinic crystal structure YAM 

phase, i.e., Y4Al2O9 with zone axis of [1 -1 0]. The inverse pole figures (IPFs) with respect to the 

building direction by EBSD of the LPBF-processed IN738LC components under the conditions for 

adding various amounts of Y2O3 are depicted in Fig. 5. It is apparent that the grain size continued 

increasing with the addition of Y2O3. The average grain size increased from 57.4 μm to 72.1 μm when 

0.05 wt% Y2O3 was added. Subsequently, the average sizes of the alloys containing 0.2 wt% Y2O3 and 

0.6 wt% Y2O3 were 81.9 μm and 103.4 μm, respectively. 

3.2 Oxidation kinetics 

Fig. 6a shows the mass gain of the LPBF-processed IN738LC components under the conditions 

for adding various amounts of Y2O3 as a function of the exposure time at 1095 oC in the air atmosphere. 

It is evident that the mass gain increased continuously with the time for all the samples. The alloy 

containing 0.6 wt% Y2O3 exhibited the highest oxidation rate among these alloys, followed by the 

alloy containing 0.2 wt% Y2O3 and the alloy without Y2O3. The alloy containing 0.05 wt% Y2O3 had 



the best oxidation resistance. Fig. 6b shows the mass gain rate as a function of the exposure time. The 

mass gain rate was calculated as: 
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where ri is the mass gain rate in the current testing period, Δm is the mass change, A is the surface area, 

(Δm / A)i is the mass change per unit area in the current testing period, (Δm / A)i-1 is the mass change 

per unit area in the previous testing period and T is the testing period, i.e., 24 h. For all the samples, 

the mass gain rate generally showed a gradual downward trend with the exposure time, implying that 

the oxidation rate gradually slowed down with the progress of the oxidation tests. The oxidation 

kinetics curve in Fig. 6a can be described as a parabolic shape like [19]: 
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where kp is the parabolic oxidation rate constant, t is the time. The lower the kp value is, the better the 

oxidation resistance. The summary of the fitting results is listed in Table 3 and all the coefficients of 

determination R2 were close to 1, indicating that the results fit well with a parabolic curve as described 

in Eq. (2). It can be seen that the addition of 0.05 wt% Y2O3 improved the oxidation resistance 

significantly. Compared with the alloy without Y2O3, the oxidation rate constant kp decreased from 

0.56 mg2cm−4h−1 to 0.39 mg2cm−4h−1. However, with the further increase of Y2O3 content, the 

oxidation resistance decreased and the kp values increased to 0.73 mg2cm−4h−1 and 1.17 mg2cm−4h−1 

for the alloys containing 0.2 wt% and 0.6 wt% Y2O3, respectively. 

Y2O3 content (wt%) 0 0.05 0.2 0.6 

kp (mg2cm−4h−1) 0.56 0.39 0.73 1.17 

R2 0.94 0.94 0.96 0.97 



Table 3 Oxidation rate constant kp in Eq. (2) by fitting the experimental results. 

3.3 Oxide scale surface 

Fig. 7 shows the surface roughness (Ra) and the 3D reconstruction images of the oxide scale 

surfaces by LSCM of the LPBF-processed IN738LC components with varying amounts of Y2O3 after 

the oxidation test at 1095 oC for 240 h. The alloy without Y2O3 had a surface roughness of 7.6 μm and 

a small nodular morphology was visible on the oxide scale surface (Fig. 7a). For the alloy containing 

0.05 wt% Y2O3, a relatively flat surface was attained and the surface roughness decreased to 5.5 μm. 

With increasing Y2O3 content, the oxide scale surfaces became rougher and more irregular with a 

surface roughness of 11.1 μm for the alloy containing 0.2 wt% Y2O3 and 13.7 μm for the alloy 

containing 0.6 wt% Y2O3. Large nodular structures appeared on these oxide scale surfaces, as shown 

in Fig. 7c and d, accordingly leading to a higher surface roughness. For all the alloys, spalled zones 

were detectable on the oxide scale surfaces, which also reduced the surface quality. From the surface 

reconstruction images, it seems that the spallation phenomenon was more severe for the alloys 

containing 0.2 wt% and 0.6 wt% Y2O3. 

Fig. 8 illustrates the oxide scale surface morphologies by SEM of the alloy samples in both low 

and high magnifications after the oxidation tests at 1095 oC for 240 h. It is apparent that the 

morphology of the oxide scale surfaces of IN738LC fabricated by LPBF was affected by the addition 

of Y2O3. A reasonably flat oxide scale was observed on the surfaces of the alloy without Y2O3 (Fig. 8a) 

and the alloy with 0.05 wt% Y2O3 (Fig. 8c). While the additions of 0.2 wt% and 0.6 wt% Y2O3 led to 

a large number of nodular structures on the oxide scale surfaces, as shown in Fig. 8e-h. 

3.4 Oxidation product 

Fig. 9 shows the XRD analysis results of the LPBF-processed IN738LC components with varying 



amounts of Y2O3 after the oxidation tests at 1095 oC for 240 h. It shows that the main oxidation 

products were Al2O3, Cr2O3, NiO, NiCr2O4 and CoCr2O4. From the signal intensity in the XRD results, 

it shows that a large amount of Al2O3 was formed in the oxide scale for the alloy without Y2O3. With 

increasing Y2O3 content, the diffraction peaks of Cr-rich oxides became stronger and NiCr2O4, 

CoCr2O4 and Cr2O3 were considered as the primary oxidation products in the alloys containing 0.2 wt% 

and 0.6 wt% Y2O3. On the contrary, the intensity level of Al2O3 was lower than that for the alloy 

without Y2O3. 

Three different morphologies were observed on the oxide scale surfaces, namely crystalline, 

lamellar and nodular structures, as presented in Fig. 10. The crystalline structure contained Cr, O, Ni, 

Ti and Co, as shown in Fig. 10g, which is considered to be a type of Cr-rich oxide. This kind of oxide 

was observed in all the samples among the four alloys. Fig. 10h shows that the lamellar oxide mainly 

contained Al and O. Combined with the results of XRD, it indicates the presence of Al2O3. Al2O3 was 

visible in the alloy without Y2O3 and the alloy containing 0.05 wt% Y2O3 but only rarely in the alloys 

containing 0.2 wt% and 0.6 wt% Y2O3. EDS detected a large amount of Ni and O, implying that the 

nodular structure primarily consisted of NiO, as shown in Fig. 10i. These nodular structures scattered 

on the oxide scale surfaces were commonly observed in the alloy without Y2O3 and the alloys 

containing 0.2 wt% and 0.6 wt% Y2O3. Detailed observation, however, showed that NiO also existed 

in the alloy containing 0.05 wt% Y2O3 as a blocky morphology (black arrow) ranging from 0.5 μm to 

5 μm, as shown in Fig. 11a and Fig. 11b is the EDS result. 

Fig. 12 shows the EDS chemical mapping analysis results of the oxide scale for the LPBF-

processed IN738LC component without Y2O3 after the oxidation tests at 1095 oC for 240 h. It can be 

seen that the oxidation products were mainly composed of O, Al and Cr, but heterogeneously 



distributed in the oxide scale. The Al2O3 and Cr-rich oxides were found to compete with each other, 

i.e., little Cr-rich oxide was found in regions rich in Al2O3 and vice versa. Because Al2O3 was the main 

constituent that occupied a large part of the oxide scale, therefore, this scale is defined as an Al-type 

scale. The enrichment of Cr was observed to be associated with O in the oxide scale, which is therefore 

considered as Cr-rich oxide. It is worth noting that a thin layer rich in Cr can be seen in the outer layer 

of the oxide scale. Combined with the XRD results, it is reasonable for this layer to be considered as 

spinel oxides such as CoCr2O4 and NiCr2O4. However, the microstructure and the chemical 

composition distribution were found to be quite different for the alloy containing 0.6 wt% Y2O3, as 

shown in Fig. 13. It is apparent that this scale was instead composed largely of oxides with a high 

concentration of Cr. In this Cr-type oxide scale, however, the formation of Al2O3 was only found 

underneath the Cr-rich layer, with an irregular and discontinuous morphology extending down into the 

parent metal.  

Fig. 14 shows the SEM cross-sections of the oxide scales of the LPBF-processed IN738LC 

components for the alloy without Y2O3 and the alloy containing 0.05 wt% Y2O3 in both low and high 

magnifications after the oxidation tests at 1095 oC for 240 h. Similar to Fig. 12, it can be seen that the 

oxide scale consisted of a thin upper Cr-rich layer (5-10 μm typically) and a thicker Al2O3 sublayer 

(15-25 μm typically). The compositions are shown in Fig. 14e and f from EDS analysis. Both of these 

layers were mostly continuous. The parent metal beneath these layers was fully continuous. By contrast, 

in Fig. 15, for the alloys containing 0.2 wt% and 0.6 wt% Y2O3, the parent metal beneath the oxide 

scales can be seen to have been strongly discontinuous, with significant jagged lines of Al2O3 presence 

(Fig. 15e). But now there was no longer a mostly-continuous Al2O3 layer near the surface, just a Cr-

rich layer (Fig. 15f). These observations are consistent with the higher-magnification results shown in 



Fig. 13. 

4. Discussion 

4.1 Effects of Y2O3 on the microstructure before oxidation 

Fig. 5 indicates that the addition of Y2O3 led to the coarsening of the grains in the microstructure. 

Some particles are known to be heterogeneous nucleation centers, which can effectively refine the 

grains in materials [20,21]. In the present investigation, however, the grains were coarsened to nearly 

double their original size with the addition of 0.6 wt% Y2O3 rather than being refined. Wilms et al. [22] 

suggested that there was a poor wettability of Y2O3 by the Ni-Cr melt in stainless steel manufactured 

by the laser AM process, where grain refinement by Y2O3 was not observed. In the IN738LC parts 

produced in this work, it could be argued that this is due to a reduction in thermal diffusivity during 

solidification because Y4Al2O9 can be used as a type of thermal barrier material due to its low high-

temperature thermal conductivity [23]. The thermal conductivity of Y4Al2O9 is about 1.56 W/m/K at 

1273 K [24], which is much lower than that of IN738LC (24.9 W/m/K) [25]. Therefore, a sufficient 

amount of dispersed nano-sized Y4Al2O9 particles could retard the heat dissipation from the current 

location to the surrounding materials in the process of solidification, thus decreasing the cooling and 

solidification rate of the melt and leading to the formation of coarser grains. However, the amount of 

Y2O3 was added at a very low level. There are, therefore, significant doubts that these particles could 

have so strong an effect on the thermal properties as to be the route to influence the microstructure. 

Instead, the authors propose that this should be an area of future investigation. 

The effects of grain size on the oxidation behavior have been widely investigated among metallic 

and ceramic materials [26,27]. Jo et al. [28] examined the internal oxidation behavior of as-received 

and grain-refined Alloy 617 at 950 oC up to 2000 h. They found that the internal oxidation rate of the 



grain-refined alloy increased rapidly in the initial stage of the tests and gradually decreased during 

prolonged exposure, while the as-received alloy exhibited a constant oxidation rate during the whole 

oxidation process. Besides, large cracks were observed due to the high stress concentration from the 

longer internal oxides in the as-received alloy. By contrast, short cracks in the grain-refined sample 

were scattered near the surface due to the relatively low stress concentration related to more densely 

stretched internal oxides. Pérez [29] suggested that fine grains were beneficial for oxidation resistance 

due to increased nucleation of Al2O3 particles, which led to the formation of a pure Al2O3 scale and 

accordingly increased the oxidation resistance. Generally, the improvement of oxidation resistance by 

refined grains is widely reported [30,31], which is primarily due to the acceleration of diffusion of 

some protective elements to form oxide scales related to more grain boundaries. In the present study, 

the addition of Y2O3 led to coarse grains, which probably was the cause of the increased oxidation rate, 

as shown in Fig. 6. However, 0.05 wt% Y2O3 was favorable to improve the oxidation resistance. 

Therefore, the oxidation mechanisms and the effects of Y2O3 need to be further investigated. 

4.2 Effects of Y2O3 on the oxidation behavior 

Based on the results of EDS and XRD, the main oxidation products found in these experiments 

were Al2O3, Cr2O3, NiO, NiCr2O4 and CoCr2O4. According to oxidation kinetics, the more stable the 

oxide is, the more preferentially the corresponding element is oxidized. In the alloy systems of Ni-Cr-

Al such as IN738LC, oxidation priority of the main elements is Al > Cr > Ni, indicating Al2O3 is 

formed firstly followed by Cr and Ni oxides. However, the affinity with O2 is not the only factor 

deciding the oxidation behavior [14]. The formation of Al2O3 has an important effect of hindering O2 

diffusion, thus preventing the oxidation progress with other elements in the parent alloy. Cr2O3 can 

react with NiO and CoO to form NiCr2O4 and CoCr2O4 by the reactions: 



Cr2O3 + NiO (or Ni + 1/2O2) = NiCr2O4                          (3) 

Cr2O3 + CoO (or Co + 1/2O2) = CoCr2O4                    (4) 

XRD also indicated the formation of NiCr2O4 and CoCr2O4, as shown in Fig. 9. NiCr2O4 and CoCr2O4 

belong to the group of spinel oxide [14,32] and its typical morphology is shown in Fig. 10a and d. 

Zhou et al. [33] proposed that Ni cations diffused slowly in the structure of NiCr2O4, indicating that 

NiCr2O4 could inhibit the diffusion of Ni cations and thus improve the oxidation resistance. Sun et al. 

[14] believed that NiCr2O4 improved the compactness of the oxide scale and further prevented the alloy 

from reacting with O2. 

YCrO3 was found in some previous studies [14] of the alloy containing Y2O3 during the oxidation 

tests. YCrO3 is formed according to the reaction: 

Cr2O3 + Y2O3 = 2YCrO3                       (5) 

YCrO3 is a type of perovskite structure with symmetric Pbnm space. The melting point of YCrO3 is 

about 2290 oC [34]. The high thermal and structural stabilities lead it to be considered as inclusions in 

the oxide scale, which deteriorate the exfoliation resistance. Moreover, Sun et al. [14] reported that 

YCrO3 favored creating compressive stress on crystal grains of the matrix phase and then the oxide 

scale tended to crack and peel off with the accumulation of stress. However, the YCrO3 peak was not 

found in the XRD analysis in this study since it is difficult to produce a complete diffraction pattern 

for XRD to detect when the content of a phase is too low in the multiphase mixture. 

From Fig. 6, adding 0.05 wt% Y2O3 reduced the oxidation rate of the LPBF-processed IN738LC 

component. The result is consistent with some previous reports for Fe-Cr alloy [35] and austenitic 

stainless steel [36]. In the study of Stringer et al. [37], rare earth element oxide particles such as Y2O3, 

CeO2, etc., can act as nucleation centers for oxides, especially Cr2O3, thereby promoting the formation 



of Cr2O3. It is possible that more spinel oxides, i.e., NiCr2O4 and CoCr2O4, were formed in the 

oxidation cycle in the alloy containing 0.05 wt% Y2O3, related to the observation in Fig. 14 and the 

XRD analysis in Fig. 9. As a result, the oxidation rate was reduced due to the presence of spinel oxides. 

Moreover, Bautista et al. [38] believed that Y2O3 improved the adherence and the resistance to 

spallation of the oxide scale, which was also favorable to improve the oxidation resistance of alloys. 

However, it was found that the further increase of Y2O3 up to 0.2 wt% had a negative effect on the 

oxidation resistance. This is ascribed to the low amount of Al2O3 in the oxide scales of the alloys 

containing 0.2 wt% and 0.6 wt% Y2O3, as Al2O3 is believed to be more effective to prevent materials 

from being oxidized than Cr2O3 [39].  

Generally, the oxides were mainly composed of Al2O3 for the alloy without Y2O3 and the alloy 

containing 0.05 wt% Y2O3, as depicted in Fig. 14. While when more nano-sized Y2O3 particles were 

added to the IN738LC alloy, Cr2O3 and other Cr-rich oxides became the dominant oxides in the scale 

and the formation of Al2O3 was largely limited to jagged regions penetrating down into the parent 

metal. The change of the oxide scale from Al-type to Cr-type by the addition of Y2O3 in the LPBF-

processed IN738LC components can be explained by the finding of Giggins et al. [40] in 1971. They 

argued that there were three different mechanisms of oxidation in the system of Ni-Cr-Al according to 

the different composition of the alloy. The oxide scale in the first mechanism (Ⅰ) consists of a layer of 

NiO with a subscale of Al2O3 and Cr2O3 in the matrix, while the second (Ⅱ) type is a layer of Cr2O3 

with an Al2O3 subscale in the matrix and the third (Ⅲ) one is a continuous layer of Al2O3. Fig. 16 

presents the isothermal diagram exhibiting the compositional limits for these three mechanisms of 

oxidation in the Ni-Cr-Al system. The chemical composition of IN738LC is almost at the borderline 

between Mechanism Ⅱ and Mechanism Ⅲ, indicating even a slight reduction in Al content can 



completely change the oxidation behavior of the IN738LC alloy. It is worth noting that the added Y2O3 

could react with Al to form Y4Al2O9, which effectively consumed Al in the composition of the alloy, 

as shown in Fig. 3. Presumably, the addition of Y2O3 reduced the amount of Al, inducing the change 

of the oxide scale from a continuous layer of Al2O3 (Mechanism Ⅲ, Fig. 14) to a layer of Cr2O3 with 

an Al2O3 subscale in the parent alloy (Mechanism Ⅱ, Fig. 15). 

 Furthermore, Lou et al. [41] suggested that the increase of grain size altered the oxide scale 

formed on the surface from Al-type into Cr-type, where the diffusion of Al atoms was delayed due to 

the relatively small number of grain boundaries in the coarse microstructure. The minimum Al 

concentration NAl required to form an Al2O3 scale in the pure oxidizing condition is given by Wagner 

[42,43]:  
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where g is a constant near 0.3, Vm is the molar volume of the alloy, No is the concentration of O atoms, 

Do is the diffusivity of O atoms in the alloy, Vox is the molar volume of A12O3 and DAl is the diffusivity 

of Al atoms in the alloy. It is well believed that the diffusion at grain boundaries is much more rapid 

than that inside the grains. The addition of Y2O3 led to coarse grains and a relatively small number of 

grain boundaries, which decreased the diffusivity of Al atoms and further increased NAl. Therefore, the 

critical Al concentration required for the formation of the A12O3 scale was increased, indicating that 

the A12O3 scale was suppressed. On the contrary, the formation of A12O3 was facilitated by the 

relatively fine microstructure in the alloy without Y2O3. 

4.3 Oxidation scale spallation 

From Fig. 7 and Fig. 8, the high surface roughness was primarily attributed to the spallation 

phenomenon and the nodule structures on the oxide scale surfaces. Spallation occurs when the stress 



is larger than the adhesion between the parent alloy and the oxide scale in materials [44]. Severe 

spallation of the oxide scales for the alloys containing 0.2 wt% and 0.6 wt% Y2O3 after the oxidation 

tests at 1095 oC for 240 h can be found in Fig. 17a-d. It was seen that the oxide scales cracked and 

tended to peel off from the parent alloy, which played an important role resulting in a high oxidation 

rate.  

Fig. 18 shows the relative density as a function of the Y2O3 content. It can be seen that the relative 

density for the alloy without Y2O3 was similar to that for the alloy containing 0.05 wt% Y2O3, i.e., 

99.66% and 99.43%, respectively. While when the contents of Y2O3 increased to 0.2 wt% and 0.6 wt%, 

the relative densities decreased to 99.06% and 98.85%, respectively. Sun et al. [14] suggested that 

defects were generated due to the development of a weak nanoparticle-matrix bonding when excess 

nanoparticles were added related to the grain boundary segregation and the capillary force. Evans et 

al. [45] reported that the oxide scale wrapped first at the “pre-existing interfacial flaw” under the action 

of compressive stress or tensile stress perpendicular to the interface generated on the periphery of 

warping, leading to the expansion of warping and cracks in the oxide scale. Spallation will occur when 

the cracks go through the oxide scale. Similarly, Rahmel et al. [46] summarized the critical strain 

equation for the oxide scale rupture: 
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where -c is the critical strain, KIC is the fracture toughness, f is the geometric factor, a is the size of 

defect at the interface, r is the length of oxide intrusion into the matrix for a wavy interface, d is the 

thickness of oxide scale, EO is the elasticity modulus of oxide scale, and is the Poisson’s ratio of 

oxide scale. According to Eq. (7), the large defects and the thick oxide scales in the alloys containing 

0.2 wt% and 0.6 wt% Y2O3 were favorable to reduce the value of -cand directly increased the risk of 
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spallation.  

The Pilling-Bedworth ratio (PBR) [47] is defined as the ratio of oxide volume to metal volume 

and can be determined in Eq. (8): 

PBR O M

M O

M

A i








 
                          (8)  

where MO is the molar mass of oxide molecules, is the density of metal, AM is the molar mass of 

metal atoms, is the density of oxide and i is the number of metal atoms in the corresponding oxide 

molecule. PBR is useful to determine the integrity of an oxide scale. The higher the PBR value is, the 

more easily the oxide scale peel off. The values used to calculate PBRs can be found in Table 4 [48]. 

Using Eq. (8), the calculated PBRs of Al2O3, NiO and Cr2O3 are 1.29, 1.68 and 2.01, respectively, 

indicating that Cr2O3 is more likely to peel off due to its high internal stress during the repeated heating 

and cooling process in the oxidation cycle. The stress related to PBR in the oxidation process can be 

determined as [49,50]: 
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where Eo is the Young’s modulus of the oxide, is the Poisson’s ratio of the oxide. And the PBR for 

Al2O3 and Cr2O3 are 42.02 GPa and 102.19 GPa (the relative values used in the calculation are listed 

in Table 4), respectively, implying the stress generated in Cr2O3 scale is much larger than that in Al2O3 

scale. 

 
MO 

(mol/g) 



g/cm3 

AM 

 (mol/g) 
i 



g/cm3 



GPa
o 



× 10-6 /K

Al2O3 101.96 2.7 26.98 2 3.96 370 0.22 9.6 

NiO 74.69 8.88 58.69 1 6.72 N/A N/A N/A 

Cr2O3 151.99 7.19 52 2 5.22 273 0.3 5.7 



Table 4 Values used to calculate PBR, PBRand CTE [48,51]. 

Furthermore, cracking also results from the large difference in thermal expansion coefficients 

(CTEs) between oxide scales and alloys [51]. The corresponding stress in the oxide scale can be 

calculated by the following equation [52]: 
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where is the thermal expansion coefficient, the subscripts s and o refer to the substrate and the oxide 

and is the temperature difference between the oxidation temperature and room temperature 

CC = CThe thermal expansion coefficients of the parent alloy and the oxides 

can be found in Ref. [53] and Table 4, respectivelyUsing Eq. (10), the CTE values are 3.2 GPa and 

4.26 GPa for Al2O3 and Cr2O3, respectively. It is worth noting that although the CTE of Cr2O3 is larger 

than that of Al2O3, the difference is very small compared to that in PBR. In addition, PBR is noticeably 

larger than CTE. Actually, there are two assumptions about using PBR to estimate the stress generated 

in oxide scales during the oxidation process. First, all new oxides are formed within or beneath the 

scale (since there is no stress on free surfaces if these oxides are formed at the external). Moreover, the 

stress relief mechanism is also ignored. In this case, the stress calculated by Eq. (9) is the maximum 

possible value. Therefore, the PBR is unrealistically large in this investigation. 

In conclusion, the spallation tended to occur in the Cr-type scale, i.e., the alloys containing 0.2 

wt% and 0.6 wt% Y2O3 due to the relatively large stress in the oxide scale, thus increasing the oxidation 

rate. From Fig. 17e, the EDS result in Region 2 proves that the spallation layer is Cr-rich. And peaks 

of Ta, Nb, etc., can be observed in Region 1 beside the spallation layer, indicating that the parent alloy 

was exposed to air due to the spallation. 

4.4 Oxidation process 



The effect of rare earth elements and/or their oxides on the oxidation behavior was widely 

reported in Al2O3-forming and Cr2O3-forming alloys and termed the “reactive element effect” (REE) 

[54]. It is based on two effects from reactive elements on the oxidation behavior, i.e., the ability to 

change the structure of oxide scales by affecting the oxidation mechanism and the ability to improve 

the adhesion of oxide scales [55]. Hou et al. [54] suggested that the reactive elements and their oxides 

could promote the formation of Cr2O3 scales on alloys by developing Cr2O3 scales with less Cr in the 

chemical composition and suppressing further oxidation process of the base metal in the presence of a 

stable Cr2O3 scale, which was related to the enhancement of Cr diffusion in the microstructure and 

oxide nucleation theory [37]. For the improvement of scale adhesion, three mechanisms [54] were 

proposed as (I) reducing the internal stress by modifying the scale growth mechanism, (II) enhancing 

the bonds at the alloy-scale interfaces and (III) increasing the toughness of existing scale, thus 

improving the exfoliation resistance of oxide scales.  

In the present investigation, in which the addition of Y2O3 nanoparticles led to increased grain 

size in IN738LC components manufactured by LPBF, the following analysis is proposed. According 

to the formation mechanism of multilayer oxides in previous studies [56], a schematic diagram of the 

scale formation process of the LPBF-processed IN738LC components with various amounts of Y2O3 

is proposed in Fig. 19. In the first stage, O2 was adsorbed onto the surface of the alloy. Cr cations 

initially diffused towards the metal/oxide interface and firstly reacted with O2. Cr2O3 nucleated on the 

surface as the outer oxide and more Cr2O3 was formed in Cr-type oxide scales when 0.2 wt% and 0.6 

wt% Y2O3 were added. Subsequently, Ni cations migrated to the continuous Cr2O3 film and 

participated in the reaction between O2 and Cr2O3 to form spinel NiCr2O4. Simultaneously, the 

oxidation reaction of Ni took place when the parent alloy was exposed to O2 due to the spallation of 



Cr2O3 and/or NiCr2O4 and the nodular NiO accordingly grew to the top surface of the oxide scale, as 

depicted in Step 2. In the Al-type scale, a large number of Al cations diffused towards the top surface, 

inducing Al2O3 to nearly occupy the whole sublayer (in the alloy without Y2O3 and the alloy containing 

0.05 wt% Y2O3). However, the formation of Al2O3 was suppressed in the alloys containing 0.2 wt% 

and 0.6 wt% Y2O3, which might be primarily attributed to the thick Cr-rich layer hindering the reaction 

of O2 and Al atoms [54]. Furthermore, the coarse grains in the Y2O3-containing alloys also inhibited 

the rapid formation of Al2O3 by slowing the diffusion of Al atoms due to the reduced grain boundaries 

in the microstructure, as discussed before. 

5. Conclusion 

1. It was found that the LPBF-processed IN738LC alloy grains were coarsened apparently with 

increasing Y2O3 content. It could be argued that this was due to the formation of the YAM phase, 

i.e., Y4Al2O9, decreasing the cooling rate of the melt in the solidification process. However, the 

volume fraction of Y4Al2O9 was thought to be much too low and this effect should, therefore, be 

investigated in future work. 

2. Adding 0.05 wt% Y2O3 was found to improve the oxidation resistance, causing the oxidation rate 

constant kp to decrease from 0.56 mg2cm−4h−1 to 0.39 mg2cm−4h−1. However, further additions to 

0.2 wt% and 0.6 wt% Y2O3 increased the oxidation rate, and the kp values were then 0.73 

mg2cm−4h−1 and 1.17 mg2cm−4h−1, respectively. 

3. The surface roughness of the oxide scale surface was 7.6 μm for the alloy without the addition of 

Y2O3, 5.5 μm for the alloy containing 0.05 wt%, 11.1 μm for the alloy containing 0.2 wt% and 13.7 

μm for the alloy containing 0.6 wt% Y2O3. The main factors that affected the surface roughness of 

the oxide scale surfaces were the nodular structures and spallation. 



4. The main oxidation products were Al2O3, Cr2O3, NiO, NiCr2O4 and CoCr2O4. The addition of 

sufficient Y2O3 was found to cause the oxide scale to become dominated by Cr-rich oxides, pushing 

the Al2O3 sublayer found in the oxide scale into jagged regions in the parent alloy. 

5. The oxidation resistance of the LPBFed IN738LC components was found to be affected by many 

factors such as the characteristics of the oxide scale, the chemical composition of the alloy and the 

microstructure (grain size and defects), etc. 
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Figure Captions 

 

Fig. 1. SEM images of the powder morphologies, (a) IN738LC, (b) Y2O3, the mixture powders with 

(c) 0 wt% Y2O3, (d) 0.05 wt% Y2O3, (e) 0.2 wt% Y2O3, (f) 0.6 wt% Y2O3, the insert images showing 

the details of the powder surfaces in high magnification. 

 

Fig. 2. TEM image of the alloy containing 0.05 wt% Y2O3 showing the distribution of the added nano-

sized particles (white arrow). 



 

Fig. 3. STEM EDS mapping results of the nano-sized particle. 

 

Fig. 4. (a) TEM image of the added nano-sized particle in high magnification, (b) the corresponding 

Fast Fourier Transformation (FFT) image of the nano-sized particle. 



 

Fig. 5. EBSD maps showing the IPFs of (a) the alloy without Y2O3 and the alloys containing (b) 0.05 

wt%, (c) 0.2 wt% and (d) 0.6 wt% Y2O3 before the oxidation tests. 

 

Fig. 6. (a) Mass gain and (b) mass gain rate as a function of the exposure time. 



 

Fig. 7. 3D reconstruction images of the oxide scale surfaces after the oxidation tests at 1095 oC for 240 

h of (a) the alloy without Y2O3 and the alloys containing (b) 0.05 wt%, (c) 0.2 wt% and (d) 0.6 wt% 

Y2O3 by LSCM and the corresponding surface roughness. 



 

Fig. 8. SEM images of the oxide scale surfaces after the oxidation tests at 1095 oC for 240 h of (a,b) 

the alloy without Y2O3 and the alloys containing (c,d) 0.05 wt%, (e,f) 0.2 wt% and (g,h) 0.6 wt% Y2O3 

in low and high magnifications. 



 

Fig. 9. XRD patterns of the oxide scale surfaces after the oxidation tests at 1095 oC for 240 h of the 

alloys with different contents of the Y2O3 nanoparticles. 



 

Fig. 10. SEM images of the oxide scale surface after the oxidation tests at 1095 oC for 240 h of the 



alloy without Y2O3, indicating three different morphologies, i.e., (a,d) crystalline, (b,e) lamellar and 

(c,f) nodular, (g), (h) and (i) showing the EDS analysis on the corresponding morphological regions. 

 

Fig. 11. (a) SEM image of the nodular structures after the oxidation tests at 1095 oC for 240 h of the 

alloy containing 0.05 wt% Y2O3 and (b) the corresponding EDS result. 

 

Fig. 12. EDS chemical composition mapping of the oxide scale after the oxidation tests at 1095 oC for 



240 h of the alloy without Y2O3. 

 

Fig. 13. EDS chemical composition mapping of the oxide scale after the oxidation tests at 1095 oC for 

240 h of the alloy containing 0.6 wt% Y2O3. 



 

Fig. 14. SEM images of the oxide scales after the oxidation tests at 1095 oC for 240 h of (a,b) the alloy 

without Y2O3 and the alloy containing (c,d) 0.05 wt% Y2O3 in low and high magnifications, (e) EDS 

result of Region 1 and (f) EDS result of Region 2. 



 

Fig. 15. SEM images of the oxide scales after the oxidation tests at 1095 oC for 240 h of the alloys 

containing (a,b) 0.2 wt% and (c,d) 0.6 wt% Y2O3 in low and high magnifications, (e) EDS result of 

Point 1 and (f) EDS result of Region 1. 



 

Fig. 16. The isothermal diagram [40] showing the compositional limits for these three mechanisms of 

oxidation in the Ni-Cr-Al system. 



 

Fig. 17. SEM images of the spallation phenomenon after the oxidation tests at 1095 oC for 240 h 

observed from the oxide scale surfaces of the alloys containing (a) 0.2 wt% and (b) 0.6 wt% Y2O3 and 

from the oxide scale cross-sections of the alloys containing (c) 0.2 wt% and (d) 0.6 wt% Y2O3. (e) an 

example of the oxide scale spallation and the corresponding EDS results. 



 

Fig. 18. Relative density as a function of the Y2O3 content. 

 Fig. 19. A 

schematic diagram showing the oxidation mechanism of the LPBF-processed IN738LC components 



at 1095 oC with the oxide scale in Al-type and Cr-type. 


