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We performed a combined experimental and theoretical investigation of the oxidation behavior of pure Ni and of the following multi-component Ni-containing alloys with nearly equiatomic compositions: FeNi, CoFeNi, CoCrFeNi, and CoCrFeMnNi. The materials were exposed to air at ambient pressure and at a temperature of 800°C for 150 min, their weight-gain due to oxidation was continuously monitored and the products of oxidation were subsequently characterized by XRD. The most common oxides formed have spinel or halite structure and the materials resistance to oxidation increases as: FeNi < CoFeNi < Ni < CoCrFeMnNi < CoCrFeNi. We found further that the oxidation-resistance of the materials does not correlate linearly with the number of elements present, instead the type of elements impacts significantly the materials susceptibility to oxidative damage. Cr is the element that imparted higher resistance to oxidation while Mn and Fe worsened the materials performance. In order to better understand the mechanisms of oxidation we employed thermodynamic equilibrium calculations and predicted the phase stability of oxides of the elements that are present in the materials, in different ranges of temperature, composition and oxygen activity. Additionally, we determined the phase compositions for the thermodynamically stable oxides at 800°C. The results from the thermodynamic modeling are in good agreement with the experimental finds. The alloys with low resistance to oxidation such as CoFeNi and FeNi, form the Fe3O4 spinel phase which tends to dominate the phase diagram for these materials. The presence of Cr increases the resistance to atomic rearrangement due to slow diffusion in the complex structure of Cr containing spinel phases. This causes the extremely high resistance to oxidation of the CoCrFeNi alloy. The presence of Mn in CoCrFeNi stabilizes the Mn3O4 spinel, which reduces the oxidation-resistance of the alloys due to the high mobility of Mn.
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INTRODUCTION

Single-phase concentrated solid solution alloys, including high-entropy alloys (HEAs), have attracted wide interest in materials science due to their superior mechanical properties and stability at high temperature (Senkov et al., 2011; Zou et al., 2015). One important factor for the performance of the HEAs is the high entropy effect (Xia et al., 2017a). Even for a process with a positive change in enthalpy (ΔH), the change in Gibbs free energy (ΔG) can become negative at high temperatures because of the contribution of the entropy term (-T·ΔS) (Zhang et al., 2014, 2018). As a result, the high configurational entropy of HEAs can favor the formation and stability of a single phase and restrain the formation of intermetallic compounds with simple phases such as body-centered cubic (bcc), face-centered cubic (fcc), or hexagonal close-packed (hcp) (Gao, 2006). In addition to the unique mechanical properties (Xia et al., 2017b) and the wide temperature range of applications (Gludovatz et al., 2014), the increased resistance to radiation damage (Nagase et al., 2015; Xia et al., 2015) is another interesting feature of HEAs. Increasing the number of elements or increasing the structural complexity of HEAs is an effective way to improve their radiation resistance. For example, among Ni and the single-phase fcc concentrated solid solution alloys: FeNi, CoFeNi, CoCrFeNi and CoCrFeMnNi, the CoCrFeMnNi HEA shows the highest tendency for point defect recombination under irradiation (Lu et al., 2016). Also, Jin et al. reported that the volume swelling was reduced when the number of elements was increased and the CoCrFeMnNi HEA shows the best swelling resistance when compared to other alloys (Jin et al., 2016). Additionally, as reported by Wang et al. (2017b), the thermal vacancy equilibrium concentration was significantly enhanced by increasing the number of elements in HEAs. It has been suggested that the improved radiation resistance is correlated with increased complexity when going from pure Ni to more complex alloys that are single-phase solid solutions (Zhang et al., 2015; Zhao et al., 2017). These works demonstrate that controlling the composition of these alloys can significantly improve their irradiation performance. This makes them promising candidates for structural materials in nuclear reactors.

The best performing high entropy alloys are not always those with the highest number of elements and because of this HEAs are often designated “nonlinear alloys” (Miracle, 2017). A considerable number of investigations has shown that the mechanical performance of HEAs has little or no dependence on the number of elements present in equiatomic ratios (Wu et al., 2014). It has been demonstrated further that for the successful design of multicomponent alloys with improved properties more parameters than only an increase in entropy have to be considered (Yao et al., 2014; Deng et al., 2015). At present there is no knowledge on how the composition affects the high-temperature oxidation behavior of pure Ni and Ni-containing multi-component alloys of elements with equimolar ratios and their high-temperature oxidation behavior may also be nonlinear with regard to the number of constituents (Holcomb et al., 2015). For example the presence of Mn in HEA does not improve the oxidation resistance because Mn has a higher mobility than many other elements. This is also the main reason why most heat resistant commercial stainless steels and superalloys have a relatively low content of Mn. For example, high temperature Ni-based superalloys have a maximum specified level of Mn of approximately 0.5 wt% (Young, 2008).

The high-temperature oxidation behavior of HEAs is a relatively new and important topic and so far only a few studies on oxidation and corrosion of HEAs have been performed (Huang et al., 2004; Tsai et al., 2011; Senkov et al., 2012; Butler et al., 2015; Gorr et al., 2015, 2016; Holcomb et al., 2015; Liu et al., 2015; Butler and Weaver, 2016; Laplanche et al., 2016; Dabrowa et al., 2017). Here we report a study of the high-temperature oxidation behavior of Ni, FeNi, CoFeNi, CoCrFeNi, and CoCrFeMnNi. We aimed at assessing the effect of elemental composition in the oxidation kinetics and products formed. For this we have chosen materials that contain elements that typically facilitate the oxidation, such as Mn, and elements that typically increase the oxidation resistance, such as Cr. We found that CoCrFeNi has the highest resistance to oxidation and overall the presence of Cr tends to increase the materials resistance to oxidation. As observed for other systems the presence of Mn has a detrimental effect in the oxidation resistance of the materials.

MATERIALS AND METHODS

Ni, and its alloys FeNi, CoFeNi, CoCrFeNi, and CoCrFeMnNi, were synthesized as ingots with sizes of approximately Φ 40 mm × 10 mm via the arc-melting method starting from elements of high chemical purity (>99.99%) on a water-cooled copper hearth under an inert high-purity argon atmosphere. In order to ensure the chemical homogeneity of the samples, each ingot was flipped and re-melted four times. The ingots were then cut into 2 mm thick discs using electrical discharge machining. Thereafter, samples with sizes of 5 × 5 × 2 mm were cut with a diamond cutting wheel. Each sample was ground and polished with 0.6 mm diamond paste at the last polishing step according to the standard procedure.

Following polishing, the samples were dissolved and the stoichiometry of the alloys was determined using the technique of inductively coupled plasma atomic emission spectrometry (ICP-AES) with a Thermo Fisher iCAP 6000 instrument. For this, 100 mg of each alloy was dissolved in a mixture of hydrochloric and nitric acid (volume ratio 3:1). The resulting highly concentrated solutions were diluted 2,000 times with purified water (18.2 MOhm.cm, Merck MilliQ). In the ICP-AES measurements, the concentrations of Co, Cr, Fe, Mn, and Ni were determined at three different wavelengths for each element and the average of these three values was used for data evaluation.

Imaging of surface morphology and chemical analysis on the metals before oxidation were also performed using a scanning electron microscope (SEM) equipped with energy dispersive X-ray spectrometer (EDS).

Before the oxidation tests the specimens were ground to a 1,200 grit surface finish using SiC paper, cleaned with alcohol, dried and then stored in a two-neck glass vial under inert argon atmosphere. In order to obtain the weight-gain per unit surface area (ΔW/A) due to oxidation, we employed the geometrical surface areas of the samples, that were determined with a Vernier caliper. One disadvantage of this method is that it neglects the eventual surface roughness and porosity.

The oxidation of the samples was performed with a controlled air flow and the weight-gains recorded continuously as a function of time using a thermobalance TGA-TA Instruments Discovery TG in which the specimens were held in a platinum pan. The specimens were placed in the TGA instrument chamber at room temperature and the temperature was increased rapidly to that of the isothermal oxidation, 800°C, in order to minimize the oxidation during the process of heating.

For the comparison between the phases of the oxides as predicted by the thermodynamic modeling and those obtained in the oxidation experiments, we simulated the diffractograms of the oxide phases predicted by the thermodynamic modeling and compared with those obtained in the experiments. XRD measurements were performed in air at room temperature. The patterns were recorded with a PANalytical X'Pert PRO diffractometer using Cu Kα radiation (λ = 1.5418 Å) and Bragg–Brentano geometry in the 2θ range from 10° to 100°. The simulations of the diffractograms were done with Rietveld refinements with RIETAN-FP (Izumi and Momma, 2007).

Thermodynamic calculations were performed using combined databases, the latest versions of TCHEA (Chen et al., 2017; Mao et al., 2017) and TCNI (Bratberg et al., 2012), from the Thermo-Calc Software package (Andersson et al., 2002). The databases are developed based on the CALPHAD approach, which couples phase diagram information and thermochemical properties. In the present study, equilibrium phase relations were calculated at various temperatures and oxygen contents for different metal systems. The phase equilibria at 800°C were further determined for varying oxygen activities.

RESULTS AND DISCUSSION

Structural, Microstructural and Chemical Analysis

The microstructure of the alloys after polishing and prior to oxidation are shown in Figure 1. It can be seen from the SEM images that all alloys exhibit a coarse equiaxed grain structure with sizes of several hundred micrometers or larger. Additionally, small pores with average sizes of around 10 μm can be seen in the multicomponent materials. The number of pores (or the total area occupied by pores) tends to increase with the number of components in the alloys except for FeNi. However, even for the most extreme case (CoCrFeMnNi), the fraction of the area occupied by the pores is small and therefore will have a negligible effect on the diffusion of gaseous oxygen and on the oxidation kinetics. The X-ray diffractograms (see section Structures of the Oxides) show that the alloys have a fcc structure.
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FIGURE 1. BSE-images of: (A) pure Ni, (B) FeNi, (C) CoCrFe, (D) CoCrFeNi, and (E) CoCrFeMnNi alloys.



The stoichiometries of the materials are given in Table 1. It can be seen that for three of the four multicomponent materials there are slight deviations from an equiatomic composition. The material with the largest deviation is CoFeNi and the material with the composition closest to equiatomic is CoCrFeNi. Nevertheless, for all alloys, the deviations from equiatomic compositions are small, which shows that our synthesis method is accurate.


Table 1. Composition of the alloys used in this work.
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Oxidation Kinetics

The oxidation kinetics of the materials at T = 800°C are shown in Figure 2, where the weight gain per unit surface area (ΔW/A) is plotted as a function of oxidation time t. CoCrFeNi has the highest resistance to oxidation with a very small mass gain close to that of the detection limit of the instrument, while FeNi has the lowest resistance to oxidation. For pure Ni, CoFeNi, and CoCrFeMnNi, there were no obvious irregularities or fast changes in the slopes of the curves which indicates the absence of spalling. In order to quantify the oxidation rates, we plotted the logarithm of the weight gain per unit surface area, ΔW/A, vs. logarithm of time, which revealed the parabolic oxidation behavior (slope = 0.5), which is shown in Figure 3. Therefore, the values of ΔW/A were analyzed in terms of parabolic kinetics with the parabolic rate constant (kp) defined by Equation 1 according to the work of Holcomb (Holcomb et al., 2015).
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FIGURE 2. Weight gain per unit surface area (ΔW/A) as a function of oxidation time for pure Ni and other studied alloys after isothermal oxidation testing at 800°C for 150 min.
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FIGURE 3. The logarithm of the weight gain per unit surface area, ΔW/A, vs. logarithm of time.



The log (kp) data is given in Table 2 together with the goodness of the fit (R2) of the data to Equation 1. It should be noted that the obtained log (kp) value for the CoCrFeMnNi alloy is −11.52 g2/cm4/s, which is in good agreement with the previously reported value by Laplanche et al. (2016), −10.78 g2/cm4/s. Meanwhile, the mixing entropy dependence of oxidation resistance is shown in Figure 4. It can be shown that the presence of more alloying elements does not necessarily increase the oxidation resistance. This suggests nonlinear oxidation behavior in the multi-component alloys here studied. The results of log (kp), show that the oxidation rate of CoCrFeNi is the lowest among all materials studied. This demonstrates that this material has the highest resistance to oxidation. It should be noted that the low R2 value for CoCrFeNi alloy is due to the very small mass changes during oxidation which are close to the detection limit (0.01 mg) of the TGA instrument and as such suffer from larger uncertainties.


Table 2. log kp of the alloys oxidized in air at 800°C.
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FIGURE 4. The oxidation resistance as a function of the mixing entropy.



Thermodynamic Calculations

In this as well as the following paragraphs the authors refer to phases such as halite, spinel, corundum etc. It thereby solely referred to the structure type and not the respective mineral. Figure 5 shows the equilibrium phase relations of various metals-oxygen isopleths. In the Ni-O system (Figure 5A) the metallic FCC phase is in equilibrium with halite in the full range of temperatures, while halite is the only oxide in contact with the (O2) gas phase. In this case FCC_L12 represents the disordered FCC (Ni) phase, while HALITE represents NiO. In the FeNi-O system (Figure 5B) the FCC_L12 represents the disordered FCC (Fe, Ni), HALITE (Fe, Ni)O, and SPINEL stands for magnetite Fe3O4 with limited Ni solubility. The SPINEL phase is stable in wide temperature and O-content ranges. The gas phase is in equilibrium with both HALITE and SPINEL. In the CoFeNi-O system (Figure 5C) FCC_L12 represents the disordered FCC (Co, Fe, Ni). The FeO HALITE with a small amount of Co is stable in a wide temperature range and in the whole range of mole fractions of oxygen studied. The magnetite Fe3O4 is denoted as SPINEL, while the new phase, SPINEL#2, in this case stands for the Co3O4 spinel with Fe impurities. With increasing mole fraction of oxygen, O2 gas is in equilibrium with HALITE and both SPINEL phases. In the CoCrFeNi-O system (Figure 5D) FCC_L12 represents the disordered FCC (Co, Cr, Fe, Ni) and this is in equilibrium with the Cr2O3 CORUNDUM phase in the full temperature range. At low temperatures there is an additional ordered BCC (B2) phase that coexists with FCC. At high mole fraction of oxygen the stable oxides are the HALITE and SPINEL phases. It is worth mentioning that both SPINEL phases have the ability of accommodating large amounts of Cr. In the CoCrFeMnNi-O system (Figure 5E) FCC_L12 represents the disordered FCC (Co, Cr, Fe, Mn, and Ni). The SPINEL Mn3O4 that provides considerable solubility for Cr and Fe, is stable in wide ranges of both temperature and O composition. The ordered B2 phase appears at low temperatures.
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FIGURE 5. Calculated equilibrium phase relations of metals-oxygen isopleths (A) Ni-O; (B) FeNi-O; (C) CoFeNi-O; (D) CoCrFeNi-O; (E) CoCrFeMnNi-O.



In order to understand the oxidation mechanism and the products at 800°C, the dependency of the chemical activity of O with the overall O molar fraction was calculated using the CALPHAD-type thermodynamic databases. The results are shown in Figure 6. For the oxidation of pure Ni, Figure 6A, there is only one oxide namely HALITE i.e., (Ni+2)1(O−2)1 at high O activity. For the oxidation of the FeNi alloy, see Figure 6B, both oxides with the structure of HALITE and SPINEL tend to be in equilibrium with O2 gas. According to our calculations, the HALITE is mainly NiO with Fe solubility in the formulae of (Ni+2, Fe+2)1(O−2)1, while the SPINEL is mainly Fe3O4 with dissolved Ni as (Fe+3)1(Fe+3, Ni+2)2(O−2)4 i.e., an inverse spinel. For the oxidation of the CoFeNi alloy, see Figure 6C, there is a second SPINEL phase in addition of the HALITE and SPINEL. The corresponding phase constitutions are predicted to be: (Ni+2,Co+2,Fe+2)1(O−2)1 for HALITE, (Fe+3)1(Ni+2,Fe+3,Co+3)2(O−2)4 for the inverse SPINEL, and (Co+2,Co+3,Fe+3)1(Co+3,Fe+3,Co+2)2(O−2)4 for the normal SPINEL#2. For the oxidation of the CoCrFeNi alloy, see Figure 6D, the stable oxides are the same as that of the CoFeNi-O system, i.e., HALITE+SPINEL+SPINEL#2. However, with the presence of Cr in the system, the composition of the SPINEL phases become (Fe+3)1(Ni+2,Fe+3,Cr+3)2(O−2)4 for the inverse SPINEL and (Co+2,Fe+3)1(Cr+3,Fe+3,Co+2)2(O−2)4 for the normal SPINEL#2. For the oxidation of the CoCrFeMnNi alloy, see Figure 6E, the two SPINEL phases are the most stable oxides at high O activities. Our calculations show that most of Mn constitutes the inverse SPINEL with the formulae (Fe+3,Mn+2)1(Ni+2,Mn+4,Mn+3)2(O−2)4, while a minor amount is present in the normal SPINEL#2 (Co+2,Fe+3)1(Cr+3,Mn+3,Co+2)2(O−2)4.
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FIGURE 6. Calculated oxygen activity corresponds to various phase equilibria at 800°C for the oxidation of different metal systems. The reference state is the gas phase at this temperature. (A) Ni-O; (B) FeNi-O; (C) CoFeNi-O; (D) CoCrFeNi-O; (E) CoCrFeMnNi-O.



Structures of the Oxides

In order to identify the crystal structures of the oxides formed in the oxidation experiments a characterization with XRD was performed. To unequivocally assign the oxide peaks in the diffractograms, the unoxidized specimens and the sample-holders were also characterized by XRD. The measured diffractograms of the oxides on the oxidized samples were then compared with simulated diffractograms of the oxides predicted in the thermodynamic modeling reported in the previous section, as shown in Figures 7A–E.
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FIGURE 7. The comparison between the diffractograms of the oxides formed in the oxidation experiments and the simulated diffractograms of the oxides predicted by Calphad modeling. (A) Ni-O; (B) FeNi-O; (C) CoFeNi-O; (D) CoCrFeNi-O; (E) CoCrFeMnNi-O.
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FIGURE 8. XRD patterns on the pure Ni and other studied alloys at 800°C for 150 min. (A) Sample holder; (B) Pure Ni; (C) FeNi; (D) CoFeNi; (E) CoCrFeNi; (F) CoCrFeMnNi.



Figures 8B–F show the room-temperature XRD patterns of the materials before and after oxidation at 800°C for 150 min. Besides, the XRD pattern of the sample holder is given, as shown in Figure 8A. It can be seen that all unoxidized materials have a single fcc solid-solution phase (Wu et al., 2014). The peaks at ~ 79.0 degrees visible in all diffractograms are due to the sample-holder and not to the materials being studied. For the oxide formed in the pure Ni sample, all peaks correspond to NiO with halite structure (Yue and Zhou, 2007), with the exceptions of the peak at 52 degrees with high intensity and the peak at 44.7° that corresponds to the fcc-Ni substrate (Ogata et al., 2002) as shown in Figure 8B. For FeNi, the products of oxidation consist mainly of iron-rich oxides with spinel-Fe3O4 and α-Fe2O3, the peaks at 24.0, 33.1, 35.6, 40.8, 49.4, 54.0, 62.4, and 63.9 in the XRD pattern of α-Fe2O3 indicate the presence of the hematite phase (Kittel, 2005), while the pattern of Fe3O4 shows peaks at 30.1, 35.6, 43.3, 57.1, and 62.8 corresponding to the magnetite phase (Tian et al., 2005). These results agree well with previously reported work by Saiphaneendra et al. (2017). For CoFeNi, the higher intensity peaks reveal that the oxide contains mainly the Fe3O4 (spinel) phase while the peaks with lower intensities reveal the presence of FeO (Figure 8D). For the CoCrFeNi alloys (Figure 7E), the diffractogram obtained after oxidation is still dominated by the peaks of the CoCrFeNi alloy which is consistent with the low mass gain during oxidation and confirms the high resistance of the material to oxidation. For CoCrFeMnNi, the oxide formed consists of Mn3O4 with Hausmannite phase which is in agreement with a previously obtained result for this alloy at 900°C in air (Laplanche et al., 2016). For both CoCrFeNi and CoCrFeMnNi, the XRD patterns obtained after isothermal oxidation show one peak at ~30 degrees, which appears to correspond to the ordered phase with B2 structure (Xia et al., 2015; Wang et al., 2017a), however, further experiments are needed in order to confirm this observation.

Oxidation Mechanism

The thermodynamic calculations show that for pure Ni metal, the halite structure of NiO is the only stable oxide and this product has not been observed in the experiments. For NiFe the oxide Fe3O4 with spinel structure is observed in the experiments but has not been predicted in the thermodynamic modeling. This discrepancy between the experiments and calculations has origin in the fact that the oxidation is largely a kinetic process and some oxidation products do not correspond to a global equilibrium. When the metal is in contact with gas, both halite and spinel products tend to form through the diffusion of O-atoms into the metal (while a number of metal atoms will migrate toward the surface). As long as sufficient O enters the interstitial sites of the Fe FCC lattice, the Fe3O4 spinel crystallizes through nucleation and grows. The rather open structure of Fe3O4 can locally accommodate an extra amount of O yielding the new Fe2O3 phase. At the same time the growth of Fe2O3 suppresses the formation of halite. The appearance of Fe2O3 and the absence of halite can probably be attributed to a local equilibrium in the oxidation experiments. With the addition of Co to the system, the oxidation products of CoFeNi observed in the experiments are the spinel and halite, which agrees well with the predictions of the calculations. It should be mentioned that the calculations also predict the existence of a second spinel phase. This is mainly the normal Co3O4 spinel with a small amount of dissolved Fe, and the inverse Fe3O4 spinel phase with considerable amounts of dissolved Ni and Co. The presence of Ni and Co in the spinel phase makes the formation of Fe2O3 unfavorable. This indicates that the oxidation kinetics in the CoFeNi are slower than those in the FeNi alloy which can be due to the increased composition complexity and/or configurational entropy. This observation seems to be supported by the fact that the best oxidation resistance alloy is the CoCrFeNi. Moreover, a detailed thermodynamic calculation on the oxidation of CoCrFeNi revealed an extensive involvement of Cr in the spinel phases. The coupling of the complex constitution of the spinel phase and the slow diffusion of Cr in the complex FCC CoCrFeNi matrix contributes to high oxidation-resistance of the CoCrFeNi alloy. However, adding Mn to this alloy changes the composition of the formed spinel phase to almost solely Mn3O4. The relatively simple composition of the oxide in the CoCrFeMnNi system compared to that in CoCrFeNi, plus the faster diffusion of Mn, results in the formation of Mn3O4 spinel and in the oxidation of the CoCrFeMnNi alloy.

In the XRD patterns for CoCrFeNi and CoCrFeMnNi shown in Figures 7E,F, besides the peaks corresponding to the oxides there is one unknown peak. This could be related with the metallic B2 phase. This phase was predicted as being stable in these systems at temperatures slightly lower than 800°C. A minor amount of B2 could be readily formed during the heating and oxidation due to the semi-coherency of B2 and FCC matrix.

CONCLUSIONS

The oxidation behavior of pure Ni and the four Ni-containing high entropy alloys: FeNi, CoFeNi, CoCrFeNi, and CoCrFeMnNi was investigated with a combined experimental-thermodynamic modeling approach. Our results show that for the oxidation at 800°C caused by air, the number of elements in the alloys does not lead directly to higher oxidation resistance. Instead, the type of elements present in the materials largely determines their performance. The resistance to oxidation increases in the order FeNi < CoFeNi < Ni < CoCrFeMnNi < CoCrFeNi. The highest oxidation resistance has been obtained for the Cr containing alloys, while the alloys FeNi and CoFeNi are those that oxidize faster. Overall we found that the presence of Cr improves the resistance to oxidation of the alloys while the presence of Mn and Fe is detrimental. From these two elements Mn is the one that has a more negative impact on the materials performance. These phenomena are related with the type of oxides that are formed in the oxidation of the materials. The formation of oxides where diffusion of metal atoms is faster leads to a lower resistance to oxidation and vice versa. The analysis of the plots of the parabolic rate constants for oxidation shows that the rate of oxidation of CoCrFeNi is the lowest which indicates that the activation energy for the oxidation of this material may be the highest among all the materials here studied.

Our study suggests that for applications in oxidizing environments at high temperatures, equimolar alloys should contain Cr and the presence of Mn should be avoided.
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