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Abstract: Laminated CoCrFeNiMn high-entropy alloy (HEA) matrix composites reinforced 

with 1.0 wt. % graphene nanoplatelets (GNPs) were fabricated by mechanical ball milling and 

flake powder metallurgy, and were isothermal oxidized at 1000℃ for 100h. Vacuum hot-

pressure sintering (VHPS) shows a distinct nacre structure with the microstructure composed 

of FCC matrix phase, Cr23C6, CrMn1.5O4 precipitated phases, numerous dislocations and twins. 

High-temperature oxidation tests showed that the composites had mass gains at 12h intervals 

from 12 to 100 h respectively. The oxidation kinetic curve changes from a linear pattern in the 

early stages to an exponential pattern in the later stages, which demonstrates better long-term 

oxidation resistance. The anisotropy of the laminated structure results in excellent resistance to 
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high-temperature steam oxidation in the vertical lamellar direction. Observation of the cross-

section reveals that although Cr2O3 (inner layer) is present, (Mn, Cr)3O4 and Mn3O4 are the 

dominant oxides (outer layer). Elemental depletion zones for Mn and Cr exist in the region of 

the matrix near the oxide scales. The results show that the oxidation resistance of the laminated 

GNPs/CoCrFeNiMn composites is mainly influenced by the diffusion of Mn and Cr elements, 

the microstructure of the laminations and the internal oxidation. 
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1 Introduction 

Nowadays, under the requirement of increasing working temperature and pressure, advanced 

structural materials with excellent mechanical strength and high-temperature corrosion 

resistance are required [1, 2]. In contrast to conventional alloys, HEAs maintain stable random 

solid-solution phase [3], excellent mechanical properties [4], corrosion resistant at room and 

high temperatures [5], and good toughness at low temperatures [6]. Cantor alloys (iso-atomic, 

single-phase solid solutions of CoCrFeNiMn are an important HEAs system [7]. The FCC solid 

solution has a simple single-phase structure with good resistance to high-temperature softening, 

forging properties and low temperature yield strength [8-11]. The higher activation energy for 

oxygen diffusion and the higher vacancy mobility in HEAs show better resistance to oxidation 

and radiation than in conventional alloys [12, 13]. There are various ways to improve the 

strength of HEAs, such as plastic deformation, grain refinement and the addition of 

precipitating agents, etc [14, 15].  

In recent years, inspired by nature's biomaterial hierarchies and their associated multi-scale 

toughening mechanisms [16], novel biomimetic structures have been widely used in the 

research of HEAs performance enhancement. The nacreous lamellar structure is better known 

in biomaterials [17, 18]. Graphene nanoplatelets have a large specific surface area, which 

ensures that the carbon nanoplatelets are aligned parallel along the horizontal direction. And it 



forms a strong interface with the metal matrix, which fully exploits its load-bearing capacity 

[19-21]. S. Guan et al. [22] additive fabricated a CoCrFeNiMn/AlCoCrFeNiTi0.5 laminate 

HEAs that exhibited strength-plasticity synergy. Y. Yang et al. [23] similarly prepared 

laminated composites consisting of 304L stainless steel and CoCrFeNiMn HEA by additive 

manufacturing and achieved excellent overall mechanical properties. C. Shu et al. [24] 

synthesized biomimetic microlaminated TiC-CoCrCuFeNi composites with excellent 

mechanical properties and wear resistance. 

So far, the high-temperature oxidation properties of HEAs in high-temperature corrosive 

environments have also received much attention [25-27]. HEAs reduce oxidation by virtue of 

their low diffusion coefficients, high element concentrations and complex composition 

combinations, enhancing the oxidation resistance [28-30]. The oxidation of CoCrFeNiMn 

HEAs at atmospheric pressure results in the formation of a laminar oxide film, which consists 

of an internal oxide rich in Cr and an external oxide rich in Mn [31, 32]. The main reason for 

this is the outward diffusion of metal cations, especially the high mobility and low production 

energy of the Mn element, which has a great influence on the oxidation resistance [33-36]. The 

diffusion of metallic elements to the interface leads to depletion of the elements in the internal 

region and improves the oxidation resistance to some extent [37]. The oxidation behavior of 

Cr-rich alloys (e.g. stainless steels and nickel-based alloys) can be affected by water steam. 

The addition of Mn affects the growth rate of the oxide scales [38, 39]. G.R. Holcomb et al. 

[32] also emphasized that future work should strengthen the analysis at the early stages of 

oxidation to verify whether protective oxides are formed at an early stage. Comparative studies 

of the oxidation mechanisms, oxidation kinetics and degradation behavior of HEAs in dry and 

humid environments are scarce [25].  

In this paper, graphene-reinforced nacreous laminated CoCrFeNiMn HEA matrix composites 

were successfully synthesized by mechanical ball milling and microstructure design method 

for flake powder metallurgy. In previous work [40], the results showed that the laminated 

structure can achieve strength-plasticity synergy. In this work, the laminated composites were 

subjected to 100 h of isothermal water steam oxidation at 1000 ℃. The short-term and long-



term oxidation kinetic curves of the composites were analyzed, and the mechanism of oxidation 

of nacreous laminates, HEAs and graphene to high-temperature water vapor was studied in 

depth using X-ray diffraction, scanning electron microscopy and transmission electron 

microscopy. 

 

2 Materials and methods 

2.1 Materials 

The high entropy alloy powders were pre-alloyed powders with an iso-atomic ratio of 45-

105 μm particle size. Graphene nanoplatelets (GNPs) have a sheet diameter of 7-12 μm and a 

specific surface area of 50-200 m2/g. Using rutin to graft hydrophilic groups on the surface of 

GNPs to improve its dispersion. The powder slurry of GNPs (1.0 wt.%) mixed with flake high 

entropy alloy powder was prepared by mechanical ball milling in a planetary ball mill with a 

ball to material ratio of 20:1 and a rotational speed of 300 rpm for 11 h. GNPs were added and 

ball milling continued for 1 h. The powder slurry of GNPs mixed with flake high entropy alloy 

powder was prepared. The ball-milled slurry mixture was frozen in the vacuum freeze-dryer 

(FD-a-50) for 24h to remove the protective medium (tert-butanol). Vacuum hot-pressure 

sintering (VHPS) was used to prepare GNPs reinforced laminated CoCrFeNiMn high-entropy 

alloy matrix composites. Sintering temperature is 1000 ℃, heating rate 10 ℃/min. The 

temperature was gradually pressurized to 35MPa during the heating process, followed by 

holding for 1h and cooling with the furnace. The process flow diagram is shown in Figure 1. 



 
Figure 1. Schematic diagram of the preparation process of laminated GNPs/CoCrFeNiMn 

HEA matrix composites. 

 

2.2 High-temperature Steam Oxidation Test 

The blocks prepared by sintering were cut out in 5x5x10 mm samples and sequentially 

ground fine to 1500 mesh using SiC sandpaper. The samples were then polished to a mirror 

finish with a W2.5 diamond polishing paste, ultrasonically cleaned using acetone and dried in 

air. The oxidation experiments were done under a high-temperature water steam oxidation oven 

(as in Figure 2) for 100 h at 1000 ℃. Weighing was carried out every 12 h using an electronic 

balance with an accuracy of 0.01 mg. 

 



Figure 2. Schematic diagram of the high-temperature water vapor furnace. 

 

2.3 Characterization 

Cu-Kα radiation X-ray diffraction (XRD, X. Pert Pro-MPD) was used to analyze the phase 

composition of the composites after oxidation at high temperatures, which was scanned over a 

2θ range from 10 ° to 90 ° with a step width of 0.02 °. The surface morphology after oxidation 

was analyzed by scanning electron microscopy (SEM, ZEISS Gemini 300) and the oxide 

composition of the composites was analyzed locally by energy dispersive spectrometer (EDS, 

Smartedx). The microstructure of the composites was characterized using transmission electron 

microscopy (TEM, FEI Tecnai F30) with selected area electron diffraction (SAED). 

 

3 Results and discussion 

3.1 Original structure and Phase 

Mechanical ball milling enables the HEA powder to be broken down from the initial 

spherical particles to flake particles. The flakes of HEA powder made by ball milling are 

thoroughly mixed with GNPs. During the pressing of the raw material into the mold, the HEA 

flakes are aligned in a certain direction due to the force of gravity, resulting in laminated 

structures [41]. After powder metallurgy sintering HEA matrix composites with a laminated 

structure are formed, as shown in Figure 3. As shown in Figure 3(c), the HEA particles act as 

the "bricks", and the broken alloy particles and GNPs form the "slurry", which together form 

the nacreous laminate structure. The SEM images of the cross-section show the presence of 

two second phases in the microstructure, which were examined separately by EDS. The results 

show that the C-rich, Cr-rich phase is uniformly distributed and the O-rich, Cr-rich and Mn-

rich phases are distributed between the "brick" layers. The oxidation of CoCrFeMnNi produces 

predominantly oxides of Mn and Cr rather than oxides of Fe, Co, and Ni, as the Gibbs free 

energy of the former is more negative than that of the latter [36]. During the experiment, the 

powder surface inevitably contacted with air, where Mn and Cr reacted with O. Therefore, 

oxide was formed on the surface of the flakes and on the surface of the broken HEA powder, 



leading to oxide distribution predominantly inside the " slurry " layer. Since Cr reacts readily 

with C, Cr reacts not only with O, but also with C to produce a carbide phase. 

 
Figure 3. SEM images of powder and bulk sections: (a) raw powder, (b) flaky powder, (c, d) 

microstructure at low and high magnification, respectively. 

To further characterize the distribution of the elements in the microstructure, the 

GNPs/CoCrFeNiMn HEA matrix composite cross-sections were scanned by energy 

spectroscopy. The SEM results in Figure 3 are further validated by the homogeneous 

distribution of carbon elements and the enrichment of O with Cr and Mn elements in localized 

areas, as shown in Figure 4. The uniform distribution of the carbide phase is due to the 

increased diffusion of atoms at high temperatures and pressures, resulting in C atoms entering 

the "brick". The oxide phase is mainly distributed in the "slurry" zone, due to the fact that Cr 

and Mn are easily combined with O and oxidation occurs on the surface of flaky and broken 

particles, therefore mainly in the "slurry" zone. 



 
Figure 4. Elemental distribution of laminated GNPs/CoCrFeNiMn HEA matrix composites. 

Figure 5 shows TEM images of the laminated GNPs/CoCrFeNiMn HEA matrix composites, 

further characterizing the microstructure and second phase of the composites. As shown in 

Figure 5(a), there are plenty of dislocations and twins in the microstructure, and the presence 

of dislocations and twins can ensure better mechanical properties of the composite. Due to the 

diversity of elements in HEA, thermal mismatch stresses are generated at grain boundaries at 

high temperatures, so that dislocations undergo massive plugging at grain boundaries. Figure 

5(b) shows the HRTEM image of the carbide phase and the substrate, which shows that the 

carbide phase is well bonded to the substrate. The Fourier Transformation (FFT) shows that 

the crystal plane spacing between the FCC matrix and the carbide phase is 0.210nm and 

0.622nm respectively, thus concluding that the carbide phase is an M23C6 type carbide. Selected 

area electron diffraction (SAED) was performed on the twins and the three phases in the 

microstructure, respectively. Figure 5(c) shows the diffraction pattern of the twins, which 

further confirms the presence of twins. Figure (d-f) show the FCC matrix, oxide phase and 



carbide phase, respectively. The oxide phase is further identified as CrMn1.5O4 and the carbide 

phase as Cr23C6, which is confirmed with each other by the EDS results in Figure 3(d). In 

summary, the microstructure of the laminated GNPs/HEA matrix composites is mainly 

composed of Cr23C6, CrMn1.5O4 diffuse phases, FCC structured solid solution matrix phases 

and the presence of numerous dislocations and twins. 



 

Figure 5. TEM images of the laminated GNPs/CoCrFeNiMn HEA matrix composites: (a) 



TEM image of the composite; (b) HRTEM image of the carbide and matrix; (c-f) diffraction 

patterns of the twin, matrix, oxide and carbide phases, respectively. 

 

3.2 Oxidation kinetics 

Figure 6(a) shows the oxidation kinetic curves of the laminated GNPs/CoCrFeNiMn HEA 

matrix composites. In order to visualize the kinetics of the oxidation of the composite at 

different times, the logarithmic relationship between oxidation weight gain and oxidation time 

is plotted in Figure 6(b). The weight gain per unit area of the metal (alloy) during oxidation as 

a function of oxidation time is as follows [35, 42]: 

∆Wn = 𝑘𝑘𝑝𝑝𝑡𝑡                                 (1) 

Where ΔW indicates weight gain per unit area (mg/cm2), n is the power index, kp is the 

oxidation reaction rate constant (mgn/cm2n) and t is the oxidation time (h). In addition, 

temperature, oxygen partial pressure, the state of the substrate surface and the properties of the 

oxide film all influence the kinetics of the oxidation of the metal (alloy). 

Common oxidation kinetic curves are linear, parabolic and cubic curves [43]. Generally, at 

the same temperature, a higher kp value for the same type of curve indicates a poorer oxidation 

resistance of the alloy. The increase in mass of the alloy is due to a gradual increase in mass as 

the O element diffuses, the oxide increases and the thickness of the oxide scales increases. 

After 100 h of long-term oxidation, the composites showed mass gains of approximately 0.48, 

0.75, 1.16, 1.34, 1.48, 1.55, 1.63 and 1.75 mg/cm2 at 12 h intervals respectively. As can be seen 

in Figure 6(a), a significant oxidation weight gain occurred in the HEA composite. The results 

of the curve fitting in the table show that during the pre-oxidation period of 0-48 h, the 

oxidation reaction level n≈1.3, which approximates a linear rate oxidation law, indicating that 

the oxidation process occurring during the pre-oxidation period is very violent. In contrast, 

during the long-term oxidation process of 48-100 h, the oxidation reaction level n≈2.9, which 

approximates the exponential rate oxidation law, indicating that the HEA matrix composite 

forms an oxide film with some protection as oxidation occurs. G. Laplanche et al. [36] also 

worked on the oxidation behavior of CrMnFeCoNi at 600-900 ℃ for 100 h. The results also 



showed an initial linear oxidation rate which became parabolic after a longer time. 

 

Figure 6. Laminated GNPs/CoCrFeNiMn HEA matrix composites: (a) oxidation kinetic 

curves; (b) oxidation kinetic characteristic curves. 

 

3.3 Surface Morphology and Phases 

Figure 7 shows the XRD spectrum of the laminated GNPs/CoCrFeNiMn HEA matrix 

composites after 24-100h of water steam oxidation at 1000 ℃. Mn and Cr are highly 

susceptible to oxidation, forming Mn-rich and Cr-rich oxide scales. As the oxidation time 

increases, the content of (Mn, Cr)3O4 gradually increases, while the relative content of Mn2O3 

decreases. W. Kai et al. [33] found that the iso-atomic ratio CoCrFeNiMn HEA consists of an 

outer single-phase Mn3O4 layer, an intermediate (Cr, Mn)3O4 layer and an inner Cr2O3 layer, 

regardless of the selected oxygen partial pressure. N.K. Adomako et al. [44] experimentally 

concluded that the addition of Mn enhanced the oxidation kinetics, while Cr reduced the 

kinetics. G. Laplanche et al. [36] concluded that the growth of Mn-oxide is the rate step 

controlling the oxidation kinetics of CoCrFeNiMn and that the outward diffusion of Mn ions 

would control the oxidation kinetics. Oxidation of CoCrFeNiMn produces mainly oxides of 

Mn and Cr, rather than Fe, Co and Ni, as the former has a more negative Gibbs free energy 

than the latter. The intense firing of Mn and Cr with O leads to the rapid formation of oxide 

scales and the formation of an elemental depletion zone in the region below the oxide scales, 

resulting in its increased oxidation resistance. 



 

Figure 7. XRD image of the laminated GNPs/CoCrFeNiMn HEA matrix composite with 

water steam oxidation at 1000 ℃. 

Scanning electron microscopy (SEM) and energy spectroscopy (EDS) were used to observe 

the oxidation morphology after short and long term high-temperature water steam oxidation 

(as shown in Figure 8. As shown in Figure 8(a-b), during the early oxidation process of 24h, 

an oxide film was formed on the surface of the composite. The oxide film surface was sparse 

and porous, which provided a channel for oxygen to enter and accelerated the formation of the 

oxide scales. In addition, there are some oxide clusters on the surface of the composite, which 

are known to be Mn-rich oxides by EDS analysis. Figure 8(c-d) shows the surface morphology 

of the 100h long-term oxidation, the surface has become dense and lost the early sparse porous 

structure, which is good for the oxidation resistance of the substrate. However, some 

exfoliation has begun to occur on the surface of the composite, and EDS analysis shows that 

the exfoliated component is an Mn-rich oxide. It is similar to the XRD results that the Mn in 

the CoCrFeNiMn HEA composite reacts very easily with O. The oxide scales on the surface 

consists mainly of Mn-oxide. As a result, it can be seen that the laminated GNPs/CoCrFeNiMn 



HEA matrix composites rapidly form a thin oxide scales in the early stages and gradually dense 

with oxidation time, thus enhancing their oxidation resistance. F. Ye et al. [45] also 

experimentally found that the grain boundary effect and the Cr and Mn interface were more 

conducive to the outward diffusion of Mn elements and the formation of tight oxide films. 

 
Figure 8. Surface oxidation morphology of laminated GNPs/CoCrFeNiMn HEA matrix 

composites: (a, b) 24h; (c, d) 100h. 

W. Kai et al. [33] also detected quantities of Mn3O4, (Mn, Cr)3O4 and Cr2O3 in both the outer 

and middle layers of the oxide. They found that the cause could be the rapid reaction of MnO 

with oxygen to form Mn3O4 with a high oxygen content. secondly, the formation of ternary 

(Mn, Cr)3O4 oxides under the action of a suitable solid solution between MnO and Cr2O3. That 

is why the oxide scales forms rapidly and is thin and porous. In the multiphase effect [46], the 

formation of Cr2O3, (Mn, Cr)3O4 and Mn3O4 triple complexes on the intermediate scale with 

complete consumption of MnO is kinetically beneficial. And in Cr2O3 sub-lattices, the order of 

diffusion coefficients is Mn+2 > Fe+2 > Ni+2 > Cr+3, with Mn cations diffusing much faster than 

Cr ions [47]. Therefore, the outward diffusion of Mn ions is much faster than the diffusion of 

other cations, which in turn forms a porous Mn-containing oxide scales on the Cr2O3 layer. 



 

3.4 Cross-section Observation of Oxide Scale 

To further analyze the high-temperature water steam oxidation of the laminated HEA matrix 

composites in the early and later stages, the cross-sectional oxide scales were observed using 

SEM, as shown in Figure 9. Figure 9(a, c) shows the oxidation cross-sections in the vertical 

laminated direction at 24 h and 100 h, respectively. An oxide scales with a thickness of 19.56 

μm was formed in the first part of the 24 h period, which then increased to 31.45 μm until 100 

h. In both Figure 9(a) and (c), internal oxides are observed, diffusing locally to the interior 

below the oxide scales, so it can be assumed that the composite is more effective in resisting 

high-temperature water steam. Figure 9(b, d) shows oxidation cross sections in the parallel 

laminated direction at 24 h and 100 h, respectively, with oxide scales thicknesses of 23.77 and 

34.56 μm. In the parallel laminated direction, the internal oxides all diffuse along the interlayer. 

Substantial amounts of internal oxide are produced below the oxide scales, with a tendency to 

diffuse downwards, as shown in Figure 9(b). In contrast, after the prolonged oxidation in Figure 

9(d), oxygen diffuses through the "slurry" layers into the interior, generating a large number of 

oxides distributed between the "brick" layers. As a result, SEM images after prolonged 

oxidation show that the oxide layer tends to expand along the "slurry" layer of the laminate 

structure towards the interior of the composite. 



 
Fig. 9 SEM images of the cross-sectional oxide scales of the laminated GNPs/CoCrFeNiMn 

HEA matrix composite: (a, b) 24 h; (c, d) 100 h 

The cross-sectional elemental distribution was further analyzed by energy spectrometry 

(EDS) to give a clearer picture of the distribution of the elements during the oxidation process, 

as shown in Figure 10. During the 24 h pre-oxidation process, a homogeneous and relatively 

dense oxide scales has been formed, which is Mn-rich externally and Cr-rich internally. The 

low elemental content of Mn beneath the oxide scales suggests that the large diffusion of Mn 

into the outer layers during oxidation reacts with O, resulting in a reduction of the inner 

elemental content. And in the later oxidation period of 100 h (as in Figure 10b), it was found 

that the oxide scales only thickened, indicating that the oxide scales was spreading evenly 

inwards. Meanwhile, the obvious depletion zone of elements (Mn and Cr) appears below the 

oxide scales, which is very beneficial to the oxidation resistance of the composite. The 

depletion of the elements (Mn and Cr) is reduced, and the remaining elements are less likely to 

react with O. This makes it difficult for O to enter the composite, which effectively enhances 

the oxidation resistance. A. Ferrari et al. [48] calculated the free energy of formation of various 

metal oxides and found that the binding of O promoted strong deviations of Cr and Mn of all 



compositions. K.Y. Tsai et al. [49] reported the typical slow diffusion behavior of the 

CoCrFeNiMn alloy and found that the elemental diffusion coefficients Mn > Cr > Fe > Co > 

Ni. D. Gaertner et al. [50] also measured the self-diffusion of Co, Cr, Fe and Ni in iso-atomic 

HEA single crystals, as well as the solute diffusion of Mn in CoCrFeNi, and showed that Mn 

diffuses fastest in the tetrad and pentad alloys. In the cross-sectional SEM image of Fig. 3 and 

the elemental distribution image of Fig. 4, the element C is uniformly distributed in the 

microstructure of the composite in the form of carbide. However, there are several unique C 

element distribution points in Fig. 10, which are the result of the impurities present on the 

surface of the sample during the photographing process, causing the element distribution to 

appear different. 



 

Figure 10. Image of the elemental distribution of the oxide cross-section of the laminated 



GNPs/CoCrFeNiMn HEA matrix composite. 

Figure 11 shows the results of further SEM and EDS analysis of the composite. The results 

show that the thickness of the oxide scales increases significantly after 100h compared to the 

oxidation cross section of 12h. The composition of the oxide scales didn't change significantly 

after the composite was oxidized in a water steam environment for long periods of time. The 

oxide scales is inferred by EDS to be Mn and Cr, with the outer layer rich in Mn and memory 

rich in Cr (as in Figure 11c), and the Cr layer thickens in the oxide scales after 100 h (as in 

Figure 11f). Thus, during the high-temperature water steam oxidation of the laminated 

GNPs/CoCrFeNiMn HEA matrix composites, Mn is most likely to react in contact with O and 

generate an external Mn-rich oxide scales. As the Mn element diffuses outwards, it leads to a 

reduction in the Mn content of the inner layer. At the same time, the O element diffuses inwards, 

reaching the inner oxide scales and depleting the Mn element. Among Co, Cr, Fe and Ni, the 

Cr is more easily bound by O. Therefore, a further Cr-rich oxide scales is formed within the 

external Mn-rich oxide scales. The depleted zones of Mn and Cr elements formed inside the 

oxide scales effectively prevent the diffusion of O atoms into the interior of the matrix. In the 

work of other workers, it has also been found that for CoCrFeNiMn HEA, prolonged exposure 

to air results in the formation of an external Mn2O3 layer and an internal Cr2O3 layer [32, 51]. 

N.K. Adomako et al. [44] similarly noted Cr2O3 layers at the matrix/oxide interface and 

detected depleted zones of Mn and Cr below such oxide scales. J.Y. He et al. [52] also revealed 

that the typical structure of CoCrFeNiMn HEA is an inner layer of Cr oxide (Cr2O3), with the 

outer layer tending towards Mn oxide. Four stable oxides exist in the Mn-O system, namely 

MnO, Mn3O4, Mn2O3 and MnO2, while Cr2O3 is the only stable crystalline phase in the Cr-O 

system [53]. 



 
Fig. 11. SEM-EDS line analysis of water steam oxidation cross-sections of laminated 

GNPs/CoCrFeNiMn HEA matrix composites at 1000 ℃: (a-c) 12 h, (d-f) 100 h. 

 

3.5 Oxidation Mechanism Analysis 



The high-temperature oxidation of alloys is a very complex process which involves not only 

physical but also chemical reactions [54]. When oxygen molecules contact the alloy, oxygen 

molecules are physically adsorbed onto the alloy surface due to the presence of intermolecular 

forces. Subsequently, the oxygen molecule breaks down into oxygen atoms and interacts with 

the metal atoms to produce a metal oxide which grows laterally as an oxide film. The oxide 

generated on the outside of the alloy separates the substrate from the oxygen. The diffusion of 

oxygen and metal ions is hindered, but they are not completely isolated. Material transport can 

still occur through the oxide film and therefore the oxide film will continue to grow thicker as 

the oxidation process progresses. The laminated structure gives the material different 

morphological characteristics in different directions, which also leads to different properties, 

resulting in anisotropy of structure and properties [18, 55-57]. The oxidation mechanism of the 

laminated GNPs/CoCrFeNiMn HEA matrix composites in water steam oxidation at 1000 ℃ 

was investigated based on the SEM images of the oxidation cross-sections in Figure 9 and 

Figure 10, as shown in Figure 12. The formation of the laminate structure can be clearly 

observed in Figure 3, where the interlayer graphene is attached to the HEA substrate, forming 

alternating layers of HEA and graphene, forming an interlayer interlocking pattern of the 

nacreous shell structure [58]. The key advantage of nano-carbon reinforced laminated 

composites is that it ensures the parallel alignment of the carbon nanosheets in the tensile 

direction. It also forms a strong interface with the metal matrix, enabling the nano-carbon to 

fully exploit its load-bearing capacity and to a certain extent impede the diffusion of oxygen 

atoms. Therefore, the laminate structure is able to exert excellent antioxidant properties during 

the corrosion process of high-temperature oxidation by virtue of its unique microstructure. 

As shown in Figure 12(a), during the oxidation of high-temperature water steam, oxygen 

ions diffuse inwards and metal cations (Mn2+ and Cr3+) diffuse outwards. Y.-K. Kim et al. [37] 

similarly found that the high-temperature oxidation behavior of CoCrFeNiMn HEAs was 

mainly influenced by the Cr and Mn elements. The easier combination of Mn and O leads to 

the rapid formation of Mn-rich oxides in the outermost layers, which rapidly expand into oxide 

scales. With the reduction of Mn ions and further diffusion of O ions, Cr3+ combines with O 



below the Mn-rich oxide scales to form an internal Cr-rich oxide scales. As oxidation proceeds, 

the internal Mn and Cr elements diffuse to the surface to form an oxide scales, resulting in the 

formation of a certain area of elemental depletion of Mn and Cr beneath the oxide scales. Thus, 

the oxide scales appears as an external Mn-rich layer, an internal Cr-rich layer and an elemental 

depletion layer in the matrix close to the oxide scales. The presence of the elemental depletion 

zone prevents further diffusion of O ions to the interior and therefore further oxidation 

corrosion. The cation diffusion coefficients of alloying elements in oxides are essential for 

understanding the development of oxide scales. R.E. Lobnig et al. [47] found that the diffusion 

coefficients of the four cations Mn2+, Fe2+, Ni2+ and Cr2+ through Cr2O3 ranged from fast to 

slow. Kautz E J et al. [59] discovered that Cr-rich oxides form first on HEAs, while Mn and Fe 

cations have higher diffusivity and are therefore more likely to form oxide in the outer layers. 

As shown in Figure 12(b), due to the anisotropy of the laminated structure, the oxidation 

mechanism is also different in the parallel laminated direction versus the perpendicular 

laminated direction. In the vertical lamellar direction, the oxide scales are evenly distributed 

and grow parallel to each other, as a result of the unique " brick-slurry " structure of the laminate. 

When the oxygen ions enter the composite matrix in the vertical laminated direction, they are 

affected by the laminated structure and do not easily break through the GNPs layer between 

the layers. The result is a homogeneous parallel oxide scales structure, demonstrating the better 

antioxidant properties of the laminated HEA. However, in the parallel laminated direction, the 

O ions can expand inwards along the "slurry" layer, forming a large amount of internal oxide 

and causing more oxidation corrosion damage to the substrate. As a result, the laminated 

GNPs/CoCrFeNiMn HEA matrix composites exhibit strong oxidation resistance in the vertical 

laminated direction. 



 

Figure 12. Schematic diagram of the water steam oxidation mechanism of the laminated 

GNPs/CoCrFeNiMn HEA matrix composite at 1000 ℃. 

 

4 Conclusion 

The GNPs/CoCrFeNiMn HEA matrix composites with laminated structure were successfully 

prepared by mechanical ball milling and powder metallurgy. The isothermal oxidation behavior 

at 1000 °C was also studied and the following conclusions were obtained:  

(1) Laminated structures can be successfully prepared by mechanical ball milling and powder 

metallurgy. The composites maintain a single FCC matrix phase, with massive dislocations 

and twinning within the grains, while the presence of CrMn1.5O4 and Cr23C6 diffuse phases also 



leads to secondary phase strengthening. 

(2) The composites oxidize faster in the short term and slower in the long term. The elemental 

diffusion of Mn and Cr controls the entire oxidation process, with Mn and Cr forming oxide 

films rapidly in the early stages. As the oxidation proceeds, the diffusion of Mn and Cr slows 

down and the growth of the oxide scales gradually stabilizes. 

(3) The results of the XRD analysis after the high-temperature water steam oxidation test 

show that the matrix is FCC phase and the oxide scales is mainly Mn2O3 and (Mn, Cr)3O4. The 

external oxide scales is mainly (Mn, Cr)3O4 and the internal layer is Cr2O3. Furthermore, there 

are elemental depletion zones for Mn and Cr. 

(4) The laminated structure controls the diffusion path of oxygen ions and changes the 

direction of diffusion of oxygen ions to the interior along the "slurry" layer. Thus, there is 

excellent oxidation resistance in the vertical laminated direction. 
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