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Abstract 

Oxidation of Laser Powder Bed Fused (L-PBF) IN625 was studied in the as-built and heat-treated 

conditions. Following heat treatment, recrystallisation was observed with a large fraction of twin grain 

boundaries, and Nb-rich carbides decorated grain boundaries. Samples of L-PBF IN625 were exposed at 

950°C in laboratory air and pressure for up to 504 h. An external chromia scale was formed, alongside a 

near-continuous δ-phase layer at the scale/alloy boundary. The kinetics of oxidation were similar to 

wrought IN625, but more closely followed cubic behaviour. It is suggested that the cubic behaviour was 

caused by the formation of the δ-phase layer. 

 

Keywords: Oxidation, Additive Manufacturing, Microstructure 

 

1. Introduction 

Inconel 625 (IN625) is a chromia forming Ni-based superalloy with excellent corrosion resistance at 

temperatures up to 980°C [1]. A significant downside to its use, however, is poor machineability due to 

strain hardening, making the fabrication of complex geometries difficult [2].  Additive manufacturing is 

able to produce complex near-netshape components and IN625 lends itself well to Laser Powder Bed 

Fusion (L-PBF) due to its superior weldability over alloys such as CM247 [2,3]. Fast solidification rates, 
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common to L-PBF of the order of 106 K/s, can produce fine dendritic microstructures with high 

dislocation densities giving rise to high tensile strength; often exceeding those of wrought IN625 [3,4].  

Despite this, low nucleation barriers associated with high dislocation densities can lead to the 

accelerated formation of the brittle Ni3Nb δ-phase, following the segregation of Nb and Mo to 

interdendritic spaces [2,5]. Heat treatments are thus necessary to relieve the significant residual 

stresses and microsegregation formed during solidification. 

 

The oxidation performance of as-built and solution heat-treated L-PBF IN625 oxidised at 900°C for 8-96 

hours has been reported [6]. Each condition formed an adherent chromia scale embedded with clusters 

of Nb-rich oxide (Nb2O5). Significant microstructural evolution of the bulk of the alloy was shown, with 

large amounts of inter-/intragranular δ-phase forming. However, there is little research into the high 

temperature oxidation properties of L-PBF IN625 at longer exposures. This is an area where further 

research is required, as the use of additively manufactured components expands to more demanding 

applications.  In this paper an investigation into the oxidation performance of L-PBF IN625 exposed at 

950°C for up to 504 h, in the as-built and two heat treated conditions, is presented. 

 

2. Material and Methods 

Fully dense rods of L-PBF IN625 were built with an EOS M280 (400 W), using the default 

IN625_Performance_110 parameter set, with a layer height of 40 μm. Standard IN625 composition 

powders of sizes 15-45 μm were used. This was confirmed using a combination of LECO, ICP-MS 

(Inductively Coupled Plasma Mass Spectroscopy) and XRF (X-ray Fluorescence). The following heat 

treatments were applied [7]: 

 Heat Treatment 1 (HT1): Anneal at 1038°C, 1h. 

 Heat Treatment 2 (HT2): Solution treatment at 1177°C, 1 h. 

Discs of the as-built and heat-treated conditions were cut to size (14 mm diameter, 2 mm height) using 

electrical discharge machining. Sample surfaces were ground, and polished to a 0.25 μm finish, and the 
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edges were chamfered. Samples were weighed using a five-figure calibrated balance and the dimensions 

of each sample were measured. 

 

Prior to oxidation, samples were degreased in acetone, placed into open alumina crucibles, and inserted 

into pre-heated furnaces. Oxidation testing was carried out at 950°C in laboratory air and pressure for 

exposures of 24-504 h. At each interval, all samples were weighed, and selected samples were removed 

from each batch for inspection of the oxide film. The remaining samples were returned to the furnace. 

For cross-sectional analysis, samples were sputtered with gold, Ni-plated, and cold mounted in low 

shrinkage resin. These samples were then cut in half, ground and polished to a 0.25 μm finish. 

 

Scanning Electron Microscopy (SEM) with Backscattered Electrons (BSE) was performed to examine the 

as-received microstructure and oxide films. Compositional information was gathered using Energy 

Dispersive X-ray Spectroscopy (EDS). Electron Backscatter Diffraction (EBSD) was conducted using step 

sizes and scanning areas of 2.5 μm and 680 μm by 400 μm for as-built samples, and 1.5 μm and 500 μm 

by 400 μm for heat-treated samples to obtain Inverse Pole Figures (IPFs) and average sample grain sizes. 

The percentages of Twin Grain Boundaries (TGBs) (𝜃= 60°) were also measured. X-Ray Diffraction (XRD) 

was conducted using an automated X-Ray Diffractometer with a Cu kα radiation source, indexed 

between a 2𝜃 range of 20-100°. 

 

3. Results and Discussion 

Figure 1 shows the as-received microstructures of the as-built and heat-treated L-PBF IN625. The as-

built material demonstrated a fine cellular microstructure, with grains <30 μm in size. Fine columnar 

dendrites were found to extend parallel to the build direction. 

 

The heat-treated microstructures were near-identical to wrought IN625, showing recrystallisation and 

equiaxed grains, <25 μm [8]. Globular precipitates decorated the grain boundaries in both conditions, 

enriched in Nb (7 wt.%) and Mo (17 wt.%). It has been shown in the literature that these precipitates are 
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NbC and MoC [5, 8]. HT2 showed a decrease in the number and size of precipitates compared to HT1, 

suggesting the successful redistribution of solute at the higher temperature. 

 

The IPFs collected, Figure 1, showed that the heat-treatments resulted in an increased fraction of TGBs 

(𝜃 = 60°), where HT2 yielded the largest fraction. An increased proportion of TGBs have been attributed 

to a significant improvement in the corrosion rate in IN600 by promoting the early formation of a 

chromia scale [9]. 

 

Figure 1. SEM micrographs and IPFs of the as-received microstructure of as-built, HT1 and HT2 L-PBF 
IN625, where Z is indicated as the building direction. Highlighted are MC primary carbides and TGBs. 

 

The oxidation data collected for the as-built, HT1 and HT2 L-PBF IN625 was fit to the classical Wagner 

equation. 

                                                                                (∆𝑚) = 𝐾′ ∙ 𝑡                                                                  (1) 

where ∆m is specific mass gain/area (g.cm-2), K’n is the growth rate constant ((g.cm-2)n.s-1), n is the 

exponent, and t is the exposure time (s). 

 

A value of n≈3 was found for all variants in this study, Table 1. The data was fit to Eq. 1 using  
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n=3 assuming cubic kinetics, and n=2 for a comparison to traditional parabolic behaviour, giving KC and 

KP, respectively, Table 1. The mean mass change data with the cubic fit is shown in Figure 2, where it can 

be seen that the heat-treated variants showed slightly lower oxidation rates compared to the as-built 

alloy. Fitting the data to parabolic kinetics constants, Table 1, showed that all conditions oxidised at a 

comparable rate to wrought IN625, also included in Figure 1 [10], demonstrating the manufacturing 

route does not affect the oxidation properties. No noticeable spallation was observed in this study. 

 

Figure 2. Mean mass gain/area vs time for each condition of L-PBF IN625, oxidised at 950°C for up to 
504 h, compared to wrought IN625 [10]. The lines show the fit to the cubic oxidation kinetics. 

 

Table 1. Exponent n, parabolic, KP, and cubic, KC, rate constants for the oxide growth at 950°C. 

Alloy Condition Kp (g2cm-4s-1) n Kc (g3cm-6s-1) 
As-Built 1.25×10-12 2.97 1.69×10-15 

HT1 1.14×10-12 2.91 1.46×10-15 

HT2 1.12×10-12 2.81 1.41×10-15 

Wrought IN625 [10] 1.17 ×10-12 2.58 1.21×10-15 

 

BSE with EDS of cross-sections through the samples for all conditions examined, and the XRD patterns 

produced for the samples exposed for 504 h, Figure 3, showed that a porous and fairly uniform chromia 

scale was formed in all conditions. Beneath the chromia scale, a near-continuous Nb-rich layer formed 

at the scale/alloy interface, revealed to be δ-phase (Ni3Nb). This phase is known to form on this alloy 

under oxidising conditions [10].  A slight enrichment of Mn was also noted within the scale across all 
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specimens and XRD identified small quantities of MnCr2O4 spinel forming on the heat-treated samples 

[8,11]. 

 

Figure 3. a) BSE and EDS maps of cross-sections through as-built, HT1 and HT2 for 24 h and 504 h 
exposure at 950°C. b) XRD patterns of the as-built, HT1 and HT2 oxidised at 950°C at 504 h. c) BSE EDS 

line scan of the oxide scale and alloy sub-surface region formed for HT1, exposed for 24 h. 

 

Figure 3c shows the distribution of selected elements across the scale, δ-phase and into the bulk alloy 

for HT1, exposed for 24 h, confirming the low solubility of Cr in the δ-phase. The solubility of Cr in the δ-

phase is ~4 wt.% at 950°C, also shown using Atom Probe Tomography [11]. Figure 3c also shows a slight 

enhancement of Cr in the bulk alloy adjacent to the δ-phase associated with the effect of the formation 

of the δ-phase.  The presence of a continuous low Cr containing phase at the scale/alloy interface could 

reduce the supply of Cr from the alloy to the growing chromia layer. This reduction could have the effect 

of producing cubic-like oxidation kinetics. Further work is needed to assess the diffusion of Cr through 

the δ-phase including at the grain boundaries and is an aspect of further study. 

 

4. Conclusions 

The following conclusions can be drawn: 

 Heat-treated L-PBF IN625 showed a similar microstructure to wrought IN625 with large 

fractions of TGBs present. 
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 A surface chromia scale and a near-continuous underlying δ-phase layer formed at the outer 

surface of all alloy variants, as expected for this alloy. 

 Parabolic rate constants determined for L-PBF IN625 showed a similar performance to the 

wrought alloy.  

 Detailed analysis of the oxidation data demonstrated cubic mass change oxidation kinetic. It is 

suggested that the formation of the δ-phase layer is affecting these kinetics.  
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