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Abstract
The concept of compositionally complex alloy (CCA) has recently been applied in developing compositionally complex oxide (CCO). In this contribution, we discovered a new CCO with a spinel structure that is embedded in a new body-centered cubic CCA matrix. The crystal structure of the newly found CCO is characterized by neutron diffraction and high-resolution transmission electron microscopy. It is found that the chemical formula of the new CCO is Mn(V,Ti,Al)2O4, where the Mn atoms occupy the tetrahedral position while the V, Ti and Al atoms share the octahedral sites. The elements that take the octahedral sites are interchangeable. The mechanical behavior was characterized by nano-indentation experiments and the localized strength of CCA is effectively promoted with the existence of CCO. The present work illustrates that the combination of new CCO with new CCA matrix could be a new strategy to develop new oxide-metal composites. 

[bookmark: OLE_LINK2][bookmark: OLE_LINK1]Keywords: compositionally complex alloy; compositionally complex oxide; spinel structure; crystallography; nano-indentation.

[bookmark: OLE_LINK5][bookmark: OLE_LINK7]Since first reported nearly two decades ago [1], compositionally complex alloy (CCA) [2-4], which is also known as high entropy alloy (HEA) [5-7] or medium-entropy alloy (MEA) [8-10] has been substantially investigated in recent years. Rather than having to require five or more elements within a single metallic material, the definition of CCA is broadened by incorporating either a varied amount or a lower number of constituting elements. To develop unique properties for harsh environment applications such as nuclear plants, different properties of CCA/HEA including thermal [11, 12], magnetic [13, 14], and mechanical [15-19] have been investigated. Interestingly, the concept of high entropy has recently been applied in developing new high entropy oxide (HEO) [20-23]. Different types of HEO are classified according to the crystal structures, including rock salt HEO [24, 25], Fluorite-type HEO [26, 27], Perovskite-type HEO [28-30] and Spinel-type HEO [31, 32]. However, the classification of HEO still tends to be limited to the fact that the number of cations per equivalent position has to be greater than or equal to five [22, 33, 34]. The terminology of compositionally complex oxide (CCO) has a more relaxed definition which allows multiple elements of cations residing on one or more sublattice and does not make assumptions about whether they are randomly distributed [34].
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]Traditionally, oxides have been extensively integrated for decades into metallic matrices, forming various metal-oxide composites [35], including aluminum- [36], and molybdenum- [37, 38] matrix composites. Nano-sized oxide particles are often employed in oxide dispersion strengthened (ODS) steels [39-44] for potential applications in nuclear plants. It is noted that these existing oxides have simple chemical compositions and are largely different from CCO.
[bookmark: OLE_LINK6]The combination of new CCO in new CCA is worthy of investigation which could bring new discoveries of oxide-metal composite. Here, we report a new CCO with a rod-like morphology embedded in a new low-activation body-centered cubic (BCC) CCA matrix. This new CCO has a chemical composition of Mn(V,Ti,Al)2O4, which is determined by detailed elemental analysis. The present work focuses on the crystal structure investigation of this newly developed CCO.
[bookmark: OLE_LINK3]The BCC CCA matrix with a chemical composition of VCrMn0.66Fe0.33Ti0.01 (in atomic percentage) was designed based on thermodynamic calculation using ThermoCalc software with the TCFE8 database. V was selected owing to the outstanding performance of V-based alloys in fusion reactors and its high melting point. The selection of Cr was due to its infinite solid solubility in V and contribution to corrosion resistance. Mn and Fe were added to enhance the high-entropy effect, such as lattice distortion, and also to reduce the cost of alloy production. All elements are low-activation with BCC crystal structure. The aim of Ti doping is to absorb possible atmosphere impurities such as O and N. This CCA was fabricated by vacuum arc melting of high-purity metals under argon atmosphere. The 35g ingot was flipped and remelted for five times to ensure the homogeneity of chemical compositions. The cuboid specimens with a dimension of 10 mm× 6 mm× 3 mm were prepared from the ingot by using wire electrical discharge machining and then sealed in the vacuumed quartz tube for isothermal heat treatment at 650 ℃ for 48 h and finally quenched in water. The actual elemental composition and microstructure of the heat-treated samples were characterized by scaning electron microscope (SEM, Sigma 300) equipped with energy dispersive spectroscopy (EDS, Oxford X-Max) detector and electron back-scattering diffraction detector (EBSD, Oxford Symmetry S3). The samples for SEM observation were prepared by initial grounding with silicon carbide grinding papers from p240 to p4000 and final polishing using 0.06 μm colloidal silica suspensions. Based on the preliminary results obtained from the SEM-EDS analysis, transmission electron microscopy (TEM, Talos F200X) armed with a high-angle angular-dark-field (HAADF) detector and super-X EDS detector was used to identify the chemical composition and crystal structure of the new CCO. The specimens for high-resolution transmission electron microscopy (HRTEM) observation were prepared by focused ion beam (FIB) milling from the site-specific region using the lift-out and final thinning method. To verify the existence of the CCO in the BCC CCA matrix and to obtain accurate crystal structure, neutron diffraction tests were performed using the general purpose powder diffractometer (GPPD) at the China Spallation Neutron Source (CSNS). Samples were loaded in 9mm TiZr cans and patterns were collected at room temperature with wavelength band 0.1-4.9Å. Time-of-flight (TOF) neutron data were collected from the 90 ° detector bank with fine radial collimator. The nanoindentation test was performed to verify the strengthening effect of the new CCO on CCA using Bruker Hysitron PI 88 Picoindenter with a Berkovich indenter with a half angle of 65.3° under peak load of 1000 μN at room temperature. 
The present CCA matrix has a dominated single-phase BCC microstructure with coarse grain size as demonstrated by EBSD measurement shown in Fig. 1(a). This is consistent with the thermodynamic calculation which also indicates the formation of single BCC phase as long as the temperature does not reach the onset precipitation temperature of both laves and sigma phases (Fig. S1). Note that the noticeable particles within the matrix could be inclusions introduced during the melting process (Fig. 1(a)). The EDS mapping results confirm relatively homogeneous distribution of alloying elements (Fig. 1(b)). The actual composition of the CCA matrix is listed in Table 1, which is consistent with the initial design of chemical composition (VCrMn0.66Fe0.33Ti0.01). Note that the minor Al content could be due to the impurity during fabrication process. 
[bookmark: OLE_LINK8]Interestingly, intensive CCOs with rod-like morphology are distributed in the matrix (Fig. 1(c)). Note that the distribution of the CCO depends on the observed depth of the samples. The area fraction of CCO decreases from 3.8% to almost 0% from edge to center (~1.5mm) of the specimen. The gradient distribution of CCO is most likely due to the gradual oxidation starting from the outside part to the inner part of the specimen during isothermal heat treatment. Although the samples were sealed in a quartz tube, the residual oxygen may react with the (Ti,Al)-riched inclusion and finally formed the CCO. The area fraction is determined based on the multiple SEM images at different locations and thickness using the ImageJ software. The existence of precipitates in BCC matrix can also be verified from the neutron diffraction experiment (Fig. 1(d)). The dominated BCC phase in the present CCA has a lattice parameter a=0.291 nm and most of the detected minor peaks are because of the presence of CCO. 
[image: ]
Fig. 1. (a) EBSD phase map overlapped with band contrast, (b) EDS mapping, (c) backscattered electron (BSE) image and (d) Neutron diffraction peak profiles of the presentCCA containing the compositionally complex oxides.

[bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK12]The CCO is subjected to detailed TEM elemental analysis (Fig. 2). Fig. 2(a) is the HAADF-STEM image where the CCO can be clearly identified in the CCA matrix based on the contrast and morphology. This CCO is enriched with Ti, Al, and O and is depleted with Cr and Fe as confirmed from the HAADF-EDS mapping (Fig. 2(b)). In addition, the CCO has a smaller content of V and Mn as compared to that of matrix. The semi-quantitative analysis on the local variation of chemical composition between CCA and precipitate is carried out by using STEM-EDS line-scanning (Fig. 2(c)). The atomic fraction of Ti and Al in the CCO is ~11% and ~7%, respectively. In contrast, these two elements are negligible in the CCA matrix (Table 1). Surprisingly, Cr and Fe which are two principal constituent elements can no longer be detected in the CCO (Fig. 2(c)). The atomic percentage of V in the precipitate is ~21%, which is smaller than that in the matrix (~33%). In contrast, the content of Mn in the precipitate exhibits a very limited reduction as compared to that in matrix (Table 1). Note that the exact concentration of O which belongs to light element in CCO could be subjected to minor error (~2%) using the present detection technique. However, the high concentration of O in the CCO unambiguously confirms the precipitate is indeed oxide (Table 1). A selected area of STEM-EDS mapping on the precipitate is shown in Fig. 2(d). Different from the reported oxides in V-based alloys [45-47], no one or two of the metallic elements in the CCO phase are dominant. Thus, the present rod-like CCO in the CCA matrix can be considered as a new CCO. Among the different alloying elements, the free energy of oxidation of Cr and Fe is the highest while that of Ti and Al is the lowest under isothermal holding at 650 ℃ (Fig. S2), which may suggest that the Ti and Al could replace the Cr and Fe during the formation of CCO to some extent.
[image: ]
Fig. 2. (a) HAADF-STEM image showing the lamellar morphology of CCO in CCA. (b) HAADF-EDS mapping and (c) line-scanning results of the black-dashed rectangular and orange region, respectively. (d) The HAADF-EDS spectrum of CCO as marked by region A in (a). Cu peak is the artificial signal given by the Cu grid and is not considered in the calculation of the chemical composition of CCO.

Table 1 
The actual chemical composition of CCA and region A. Oxygen content in CCA is not concluded.
	Area
	Actual composition (at. %)

	
	V
	Cr
	Mn
	Fe
	Ti
	Al
	O

	CCA
	33.4
	33.9
	22.0
	10.2
	0.4
	0.1
	-

	Region A
	21.1
	0
	19.2
	0
	11.0
	6.8
	41.9



[bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK9][bookmark: OLE_LINK15][bookmark: OLE_LINK16]Detailed analysis on the crystal structures of both CCA matrix and CCO are carried out using HRTEM as presented in Fig. 3. The area containing both CCA matrix and CCO is selected (Fig. 3(a)), with enlarged high-resolution images of three representative regions shown in Fig. 3(b)(d)(f), respectively. According to the fast Fourier transformation (FFT), the lattice parameter of CCO is determined as a=b=c=0.872 nm and the d-spacing of plane (220) is calculated to be 0.31 nm, which corresponds to a typical spinel structure. In general, the chemical formula of compound with a spinel structure can be written as AB2O4, where A and B are two metallic elements. The metallic elements tend to occupy either tetrahedral sites or octahedral sites in the crystal structure. However, the EDS result of the CCO shows a more complex element composition as around Mn:V:Ti:Al = 3:3:2:1 in atomic percentage (Table 1). From this perspective, the rod-like CCO can be considered as spinel-type compositionally complex oxide. Note that the atomic ratio of metallic elements in the present CCO is calculated as Mn/(V+Ti+Al)=19.2/38.9, which is close to 1/2. On the one hand, sites A and sites B are always occupied by divalent cations and trivalent cations, respectively. Note that the most common valences of V, Ti, Al are trivalent while Mn is divalent. On the other hand, Mn tends to form MnV2O4, MnTi2O4, and MnAl2O4 while taking the divalent tetrahedral position. Considering the above scenarios, Mn atoms are deemed to occupy the sites A while V, Ti, Al atoms occupy sites B together in current CCO. Therefore, the chemical formula of the CCO can be determined as Mn(V,Ti,Al)2O4. The CCA matrix has a BCC structure with a lattice parameter a=b=c=0.291 nm and a d-spacing of (011) plane of 0.21 nm (Fig. 3(d)-(e)). Note that the peaks labeled with the orange hollow triangle in neutron diffraction analysis (Fig. 1(d)) show the same lattice parameter of CCO given by the HRTEM, even though their intensity is much weaker compares to the CCA. Thus, the TEM observation is consistent with the neutron diffraction analysis. Fig. 3(f) exhibits a high-resolution image of a region overlapped with CCO and CCA matrix. The FFT diffractogram in Fig. 3(g) shows that there are two sets of diffraction patterns corresponding to CCO and CCA. The green circles in Fig. 3(g) represent the overlapped diffractogram of the two phases. A specific parallel relationship between the CCO and CCA ((220)CCO // (011)CCA) is confirmed from the diffraction analysis (Fig. 3(g)).
[image: ]
Fig. 3. (a) HRTEM image of the interface of CCO and CCA. (b), (d) and (f) Enlarged high-resolution images of CCO, CCA, and overlapped area in (a), respectively. (c) and (e) The FFT diffractogram of (b) and (d), respectively. (g) FFT diffractogram of (f) showing a specific parallel relationship (220)CCO // (011)CCA between the CCO and CCA.

To clarify the occupancy of each atom in the present CCO, a three-dimensional crystal structure model was established as shown in Fig. 4(a) by using VESTA. Mn atoms are likely to take the tetrahedral sites of spinel structure (Fig. 4(a)), which are surrounded by green tetrahedrons (Fig. 4(b)). Meanwhile, the octahedral sites in spinel structure are shared by V, Ti and Al atoms and indicated by black octahedrons (Fig. 4(b)). Note that the occupancy of V, Ti, Al is interchangeable without preference. Therefore, the amount of atoms of each element in the crystal schematic model which is a single repeating unit can represent only an approximate number rather than the true atomic percentage. The two-dimensional view of Fig. 4(a) along [110] direction is shown in Fig. 4(c), where the oxygen atoms are deleted manually for clarity. Such two-dimensional view can be well correlated to the atomic-resolution STEM image of the CCO crystal structure which is also captured along [110] direction (Fig. 4(d)). The tetrahedral sites are demonstrated by green circles (Fig. 4(d)), which correspond to the occupancy of Mn atoms. The V, Ti and Al atoms are shown in yellow, cyan and purple squares, respectively (Fig. 4(d)). These atoms share octahedral sites together. The crystal structure and parameters of the present CCO can be finally determined as Mn(V,Ti,Al)2O4 and a=b=c=0.872 nm, respectively. 

[image: 图片包含 图示

描述已自动生成]
Fig. 4. (a) A three-dimensional view of the crystal structure model of the CCO. Note that the occupancy of V, Ti, Al is interchangeable. (b) Mn atoms take the tetrahedral sites (shown in green), while V, Ti, Al atoms share the octahedral sites (shown in black). (c) Schematic and (d) atomic-resolution STEM image of the crystal structure observed along [110] direction. Oxygen atoms are deleted for clarity.

[bookmark: OLE_LINK19][bookmark: OLE_LINK20]A series of in-situ nano-indentation experiments have been conducted on different parts of specimens with and without the CCO to analyze the mechanical properties from the perspective of load-displacement curve and nanohardness. The nano-indentation impressions shown in Fig. 5(a) were distributed on the CCA matrix and the distances between two near indents were at least 2 μm, which is larger than the length of five indents. The indentation results with the CCO, which is the darker contrast precipitates in Fig. 5(a), were presented in Fig. 5(b). The size of indents in Fig. 5(b) is smaller than that in Fig. 5(a) and the data was analyzed in Fig. 5(c)-(d). Interestingly, the load-displacement curve (Fig. 5(c)) showing the displacement of CCA matrix is significantly larger than the one with CCO under the same peak load. In other words, the strength of CCA is reinforced by the introduction of CCO. As plotted in Fig. 5(d), the results of in-situ nanoindentation demonstrate the nanohardness of the CCA matrix is lower than that of the CCO+CCA. The average nanohardness of the CCA matrix equals to 9.20 GPa and the value of the CCO+CCA is 11.45 GPa. Thus, the CCO is harder than the CCA matrix at room temperature and the presence of CCO can effectively elevate the localized strength of CCA.
[image: 图表

中度可信度描述已自动生成]
Fig. 5. SEM images showing the indents on (a) CCA matrix and (b) CCO+CCA. (c) The load-displacement curves of CCA matrix and CCO+CCA. (d) The average nanohardness of CCA matrix and CCO+CCA. The error bar represents the standard deviation of at least four measurements. 

In summary, we report a new CCO which is embedded in a new low-activation BCC CCA matrix. Based on the detailed microstructure characterization using both HRTEM and neutron diffraction, the crystal structure of the new CCO is determined as spinel with a chemical formula of Mn(V,Ti,Al)2O4, in which Mn:V:Ti:Al  = 3:3:2:1 in atomic percentage. Moreover, it is found that the introduction of CCO can increase the localized strength of CCA matrix from ~9.20 GPa up to ~11.45 GPa. The present work shows that combining new CCO with new CCA could be a new strategy to develop new oxide-metal composites.
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