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Abstract

:

Cr2AlB2 and Cr4AlB4 are members of the MAB phases that exhibit unique properties of both metals and ceramics. However, despite these unique characteristics, Cr2AlB2 and Cr4AlB4 phase coatings have not been widely investigated. In this study, Cr2AlB2 and Cr4AlB4 MAB phase coatings were fabricated by magnetron sputtering at room temperature and post-annealing. A composite target, consisting of a phase-pure disc-shaped CrB target overlapped by uniformly dispersed fan-shaped Al slices, was placed parallel to the substrates. The Al content of the coatings was adjusted by altering the areal proportion of the Al slices. MAB phases have crystallized upon post-annealing the as-deposited coatings on Al2O3(0001) substrates in Ar. The phase compositions and morphologies of the crystalline coatings were found to be dependent on the Al content and the annealing temperature. As-deposited coatings with a Cr:Al:B ratio close to 2:1:2 could crystallize as pure and dense Cr2AlB2 phases within the temperature range of 650–800 °C; higher annealing temperatures resulted in the decomposition of Cr2AlB2, while crystallization at lower temperatures was not evident from X-ray diffraction. As-deposited coatings with a Cr:Al:B ratio close to 3:1:3, despite containing a relatively higher Al content than required by the stoichiometry of Cr4AlB4, exhibited insufficient crystallization of Cr4AlB4 with unknown phases below 840 °C. Higher annealing temperatures resulted in the coexistence of Cr4AlB4 and CrB, indicating that achieving phase-pure and well-crystallized Cr4AlB4 coatings proved challenging, possibly due to the inevitable loss of Al during annealing. The configuration of the composite target and the substrates provides a promising strategy for fabricating phase-pure and dense Cr2AlB2 coatings.
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1. Introduction


MAB phases, a group of ternary layered compounds (where M is a transition metal, A is typically Al, and B is boron) [1], are gaining increasing attention due to their resemblance to the well-known MAX phases (with the formula Mn+1AXn, where M is a transition metal, A is a group 13–14 element, X is carbon or nitrogen, and n = 1, 2, 3 …) [2]. MAX phases and MAB phases feature microstructures characterized by alternating M-X or M-B layers interleaved by A atom layers [3,4,5,6]. Unlike the universal formula Mn+1AXn for MAX phases [7], the formula of MAB phases varies depending on different M:B ratios and combinations of M-B slabs and A-layers, including “MAB”(222-type) [5,8], “M2AB2”(212-type) [5,9], “M3AB4”(314-type) [5], “M4AB6”(416-type) [5], and “M4AB4”(414-type) [10]. The inherent characteristic of strong M-B bonds and weak M-A bonds [11] bestows MAB phases with a unique amalgamation of metallic and ceramic properties akin to MAX phases [12], such as good thermal and electrical conductivities [13,14], high toughness [15], radiation tolerance [16,17,18,19], and oxidation resistance [13,20]. These distinctive attributes position MAB phases as promising candidates for applications in high-temperature structural materials.



Within the MAB phase family, the Cr-Al-B system exhibits the greatest structural diversity, featuring four thermodynamically stable Cr-Al-B MAB phases (Cr2AlB2, Cr4AlB4, Cr3AlB4, and Cr4AlB6) [5,10]. The synthesis and properties of single crystals, powder, and bulk Cr-Al-B MAB phases have been investigated. Ade et al. synthesized Cr2AlB2, Cr3AlB4, and Cr4AlB6 single crystals through the reaction of Cr, B, and excessive Al powders, with the crystallographic parameters of these crystals determined [5]. Zhang et al. synthesized phase-pure Cr2AlB2 powders by sintering a mixture of CrB and excessive Al powders, then removing unreacted Al using a NaOH solution [21]. These Cr2AlB2 powders remained stable up to 900 °C in Ar and partially decomposed into Cr4AlB4 and/or CrB at elevated temperatures due to the detachment of Al. Additionally, oxidation experiments conducted on Cr2AlB2 powders in flowing air up to 1200 °C revealed the formation of a protective Cr2O3 or Al2O3 scale on grain surfaces, suggesting promising applications for Cr2AlB2 in high-temperature oxidation-resistant coatings [20]. Kim et al. synthesized bulk Cr2AlB2, Cr3AlB4, and Cr4AlB6 from CrB, B, and Al powders and evaluated the radiation tolerance of these phases in terms of defect kinetics [18]. The newly discovered Cr-Al-B MAB phase, Cr4AlB4, was predicted to be thermodynamically stable via first-principle calculations [22] and detected in powders synthesized from a mixture of CrB and Al powders [10]; however, its properties have not yet been investigated experimentally. The formation mechanisms of Cr2AlB2 and Cr3AlB4 were studied by Hanner et al. [23], who quenched pellets sintered from mixtures of CrB and Al powders (molar ratios of 2:1.5 and 3:1.5:1 for Cr2AlB2 and Cr3AlB4, respectively) at different temperatures. X-ray diffraction (XRD) tests revealed a topotactic formation process involving the direct intercalation of Al into CrB or Cr3B4.



Concerning Cr-Al-B MAB phase coatings, only Cr2AlB2 coatings have been obtained to date [24]. Cr2AlB2 phases were produced in coatings deposited on MgO(100) substrates that were in situ heated to 680 °C, using a combinatorial magnetron sputtering approach involving three tilt-fixed targets (Cr, Al, and AlB2). The resulting morphology revealed cuboid or chimney-shaped grains, precluding the formation of dense coatings. In addition, the elemental gradient instigated by the combinatorial method led to the emergence of impurity phases. These limitations necessitate alternative approaches to yield dense and phase-pure Cr2AlB2 coatings. Encouragement for this endeavor is derived from the successful fabrication of dense MoAlB phase coatings using magnetron sputtering at ambient temperature and subsequent ex situ post-annealing [25], suggesting a promising pathway for achieving dense Cr-Al-B MAB phase coatings through sufficient bulk diffusion of atoms.



Notably, Cr4AlB4 shares with Cr2AlB2 the identical theoretical atomic ratio of Cr:B. Given the aforementioned topotactic formation of Cr2AlB2, it is reasonable that the fabrication method employed for Cr2AlB2 coatings may also be applicable to Cr4AlB4 coatings. In this study, a generic approach for the preparation of both Cr2AlB2 and Cr4AlB4 phase coatings has been proposed, involving magnetron sputtering deposition of Cr-Al-B coatings using a composite target composed of CrB and Al, followed by post-annealing at varying temperatures. The morphology and phase composition of the annealed coatings were characterized, and the deposition and post-annealing parameters for achieving dense and phase-pure Cr2AlB2 phase coatings were elucidated. Furthermore, the effects of the target-substrate configuration on the chemical and phase compositions of the coatings were discussed, which could facilitate improvements in the phase purity of Cr2AlB2 phase coatings.




2. Materials and Methods


Cr2AlB2 and Cr4AlB4 coatings were fabricated using a two-step method involving deposition by magnetron sputtering at room temperature and subsequent ex situ post-annealing in Ar.



The deposition process was conducted in a surface treatment system equipped with magnetron sputtering modules (FJL-5600, SKY Technology Development Co. Ltd., Shenyang, China, Chinese Academy of Sciences). Considering the identical Cr:B ratio in both Cr2AlB2 and Cr4AlB4, a composite target consisting of a disk-shaped CrB target overlapped by uniformly dispersed fan-shaped Al slices was used as the elemental sources (Figure 1a). In detail, the CrB target, confirmed as phase-pure by X-ray diffraction (XRD), was synthesized through sintering a mixture of Cr and CrB2 powders (purity 99.5%, molar ratio 1:1). The as-synthesized CrB bulk was then cut into a disk shape (3 mm in thickness, 60 mm in diameter) and bonded to a Cu backplate (2 mm in thickness, 60 mm in diameter) with silver paste. Al slices with a radius of 30 mm were obtained from a 1 mm thick Al plate (purity 99.999%) by wire cutting. These slices underwent a rigorous process, including polishing with SiC sandpaper, ultrasonic cleaning with acetone, ethanol, and deionized water to remove contaminations, and finally, drying in an oven. The radii of the slices overlapped those of the CrB target, and the total areal proportion of the Al slices in the whole surface area of the underlying CrB disk ranged from 0.20 to 0.31, enabling the adjustment of the relative Al content of the as-deposited coatings. Apart from Cr-Al-B coatings, CrB coatings were also deposited for comparative purposes using a single CrB target with no overlapping Al slices (i.e., the total areal proportion of Al slices was 0). Si(100) and Al2O3(0001) single crystal substrates measuring 1 cm × 1 cm were fixed on the sample holder parallel to the composite target. The substrates were previously subjected to a sequence of ultrasonic cleaning using acetone, ethanol, and deionized water, followed by a drying process. The target-to-substrate distance was 8 cm (Figure 1b). The base pressure in the deposition chamber was below 2 × 10−4 Pa before sputtering. The composite target was sputtered using Ar (purity 99.999%) at 0.3 Pa in the direct current (DC) mode, with the power applied fixed at 60 W during sputtering. The deposition rate was estimated to be 7 nm/min.



Each sample (the as-deposited coating on Al2O3(0001)) was transferred to an individual corundum crucible and subjected to post-annealed in a corundum tube furnace in Ar (purity 99.999%). The tube was evacuated to 5 × 10−2 Pa using a vacuum pump and purged with Ar (purity 99.999%) prior to the annealing process. Titanium plates were strategically placed near the crucible to absorb trace amounts of oxygen during annealing. The heating and cooling rates were 5 °C/min. The post-annealed samples were cooled in situ to room temperature for subsequent characterization.



The phase composition of the post-annealed coatings was analyzed using grazing incident X-ray diffraction (GIXRD) on an X-ray diffractometer with Cu-Kα radiation (λ = 1.5418 Å) (D8 Advance, Bruker, Karlsruhe, Germany). The incident angle, scanning rate, and step size were 3°, 4°/min, and 0.02°, respectively. Scanning electron microscopy (SEM) (Merlin Compact, Zeiss, Oberkochen, Germany) was employed at an acceleration voltage of 15 kV to investigate the morphology of the post-annealed coatings. The sample for the transmission electron microscopy (TEM) analysis was prepared by focused ion beam (FIB) conducted on a Helios G4 PFIB CXe DualBeam FIB/SEM (Thermo Fisher, Waltham, MA, USA) with an Xe ion source. The sample was thinned to c.a. 60 nm for electron transparency. High-resolution TEM (HRTEM) images were obtained using a JEM-2100Plus microscope (JEOL, Tokyo, Japan) at an acceleration voltage of 200 kV.



The authors found that as-deposited coatings on Si(100) underwent a reaction with Si and formed Cr-Al-Si phases when subjected to high-temperature post-annealing, in analogy with the findings reported in [24]. Consequently, these coatings were not subjected to further post-annealing and remained as is for measuring the atomic ratio of the Cr, Al, and B elements using inductively coupled plasma optical emission spectrometry (ICP-OES) (iCAP 6300, Thermo Fisher, Waltham, MA, USA). The ICP-OES results exhibited relative standard deviations of less than 2%. It should be noted that coatings on Al2O3(0001) substrates were deemed unsuitable for such measurements due to potential interference from Al present in Al2O3(0001).



In this study, the areal proportion of Al slices in the composite target ranged from 0 to 0.31, achieved by setting the total central angle of the fan-shaped slices as 0°, 72°, 80°, 90°, or 110°. For clarity, abbreviated strings (Table 1) are used in the following text to distinguish coatings based on the substrates, the total central angle of the Al slices, and the post-annealing conditions (for coatings deposited on Al2O3(0001) substrates). For example, “S72” represents as-deposited coatings on Si(100) derived from a composite target with a total central angle of 72° for the Al slices; “A90p800/9” represents coatings initially deposited on Al2O3(0001) from a composite target with a total central angle of 90° for the Al slices and post-annealed at 800 °C for 9 h. The long holding time and high holding temperature were selected to ensure complete crystallization of the coatings. Notably, since the coating and substrate are inseparable, these strings may also refer to both the coating and the corresponding substrate, representing the entire sample.




3. Results and Discussion


3.1. Coatings with Varying Al Contents


In the initial attempt, A72, A80, A90, and A110 coatings were subjected to tentative post-annealing processes at 800 °C and 900 °C to investigate their phase compositions. Figure 2 shows the GIXRD patterns of these coatings after post-annealing at 800 °C for 9 h (Figure 2a) and at 900 °C for 7 h (Figure 2b). PDF cards #72-1847 and #32-0277 were used to identify Cr2AlB2 and CrB phases, respectively. Cr4AlB4 was identified using the data reported in [10]. As depicted in Figure 2a, the increase in the Al content resulted in improved crystallinity. A80p800 and A90p800 coatings crystallized as the Cr2AlB2 phase. The XRD peaks of A90p800 were sharper and more distinct than those of A80p800, indicating better crystallinity for A90p800 and a slight sub-stoichiometric Al content in A80p800. A110p800, with an excessive Al content, showed (0k0) preferred orientations. As the Al content decreased (A72p800), the XRD peaks did not perfectly match those of either Cr2AlB2 or Cr4AlB4, indicating a possible intermediate state between Cr2AlB2 and Cr4AlB4. A higher post-annealing temperature (900 °C) shifted the phase towards Al-depletion (Figure 2b). A72p900 crystallized as Cr4AlB4 and CrB. A80p900 and A90p900 exhibited three coexisting phases: Cr2AlB2, Cr4AlB4, and CrB. In contrast to A110p800, excessive Al was not detected in A110p900, whereas the preferred orientation remained.



The phases identified in Figure 2 are summarized in Figure 3a. The chemical compositions of the as-deposited coatings are also provided in Figure 3b for clarity. Figure 3 underscores that the phase compositions of the coatings depend on the Al content and the post-annealing temperatures.



	
The effect of the post-annealing temperature






In general, a higher post-annealing temperature promotes the conversion of Al-rich phases into Al-depleted counterparts. In the case of S72, the Cr:Al:B ratio closely approximated 3:1:3, aligning with the phase status of A72p800. However, the coexistence of Cr4AlB4 and CrB phases in A72p900 indicates a Cr:Al ratio exceeding 4, signifying a significant loss of Al. For both A80p and A90p, the Cr2AlB2 phase detected in samples annealed at 800 °C decomposed into Cr4AlB4 and CrB at an elevated temperature (i.e., 900 °C), which conformed to the decomposition mechanism of Cr2AlB2 powders [20]. In the case of A110p, the disappearance of the excessive Al in A110p900 also suggests a loss of Al. The loss of Al from the matrix could be attributed to the outward diffusion of Al at high temperatures [20,26]. Zhang et al. reported that Cr2AlB2 powders annealed in Ar at temperatures exceeding 900 °C decompose into Al-depleted phases, with the lost Al either evaporating or being oxidized to Al2O3 [20]. Tang et al. found a reduction in the Al content of Ti-Al-C coatings annealed at 800 °C, attributing it to the diffusion of Al towards the surface and subsequent oxidation [26]. In our experiments, the residual oxygen in the deposition chamber and the adsorbed oxygen during the transfer of samples could lead to the oxidation of Al during annealing, but XRD results showed no apparent peaks of oxides. In addition, grey zones near the samples were observed on the corundum crucible surface, and the grey zones near the samples annealed at 900 °C were conductive. These factors imply the evaporation of Al during annealing, and the potential oxidation of Al is deemed negligible. Given that Al-containing MAB phases have been obtained after long-time annealing, the loss of Al was very likely to occur concurrently with the crystallization of the coatings and then ceased upon completion of the crystallization.



	
The effect of the Al content






The Cr:B ratios of all four coatings closely approximated 1 (Figure 3b), indicating that the Cr:B ratio in the CrB target remains consistent in the coatings and is unlikely to be influenced by the Al content. However, the effect of the Al content becomes evident through the phase compositions of the annealed coatings. Phase-pure Cr2AlB2 could be formed at 800 °C when the Al content satisfied the stoichiometric requirement. Al-depletion (S72 in Figure 3b) failed to yield Cr2AlB2, while a slight sub-stoichiometry of Al (S80 and S90 in Figure 3b) did not impede the formation of Cr2AlB2. As the Al content exceeded the stoichiometric proportions (S110 in Figure 3b), Cr2AlB2 coexisted with Al. It should be highlighted that excessive Al is unnecessary for the formation of Cr2AlB2 coatings in this study. In contrast, the synthesis of single crystal, bulk, and powder Cr2AlB2 from powder reactants necessitates excessive Al [5,18,21]. This divergence could be ascribed to the degree of mixing the Cr, Al, and B elements. Coatings deposited through magnetron sputtering exhibit homogenous atomic-level mixing of Cr, Al, and B elements. In contrast, the synthesis of single crystals, bulk, and powder Cr2AlB2 entails long-range interdiffusion of elements due to the grain size of the powder reactants (often in the order of micrometers). For all coatings annealed at 900 °C, the increase in Al content corresponded to a decrease in the Cr:Al ratios of the phases, indicating that the unevaporated Al satisfied the stoichiometric requirements of the thermodynamically stable phases [20].



SEM images of the coatings are presented in Figure 4. In the case of A110p800, the excessive Al in A110 facilitated the growth of stick-shaped Cr2AlB2 grains infiltrated by molten Al at high temperatures (as indicated by the liquid-like zone enclosed in the red dashed line in Figure 4m). The molten Al may have served as reservoirs for the nucleation of Cr2AlB2 nuclei and as a rich source of Al for the expansion of the grains. As for A80p800 and A90p800, the amount of Al could only satisfy the local growth of Cr2AlB2 nuclei, and the growth process terminated before the grains could expand extensively, thus resulting in densely packed small grains in the coatings (Figure 4e,f,i,j). Regarding A72, the lower Al content was insufficient for the nucleation of Cr2AlB2, resulting in unknown Cr-Al-B phases (Figure 4a,b). At the elevated temperature of 900 °C, excessive Al in A110 compensated for the loss of Al, and the pure Cr2AlB2 phase remained (Figure 3a). However, other coatings crystallized as mixed phases (Figure 3a), exhibiting an uneven surface and protruding grains, which may be attributed to the rapid growth of Cr-(Al)-B grains along specific crystallographic directions.



The comprehensive investigations above have allowed us to identify advantageous parameters for obtaining phase-pure Cr4AlB4 and Cr2AlB2 coatings. With A90 meeting the Al content requirement for pure Cr2AlB2, further studies regarding the annealing conditions could be carried out to broaden the range of preparation conditions (see Section 3.2). While A72 already possesses an Al content beyond that required for Cr4AlB4, the appearance of the CrB phase at 900 °C necessitates further adjustment to the annealing temperature to avoid the appearance of CrB, thus realizing the preparation of phase-pure Cr4AlB4 (see Section 3.3).




3.2. Cr2AlB2 Coatings from A90


The crystallization behavior of Cr2AlB2 coatings was further studied by annealing A90 coatings at temperatures between 500 °C and 850 °C. Figure 5a shows the GIXRD patterns of the coatings. Coatings annealed below 600 °C, including the as-deposited coatings, remained X-ray amorphous. At 600 °C, XRD peaks of Cr2AlB2 emerged with poor crystallinity. Peaks became sharper above 635 °C, indicating the overall crystallization of the coatings. At the temperature range of 650–800 °C, the as-deposited coatings crystallized as phase-pure Cr2AlB2, and the increase in temperature resulted in improved crystallinity reflected by the peak widths. However, temperatures exceeding 800 °C led to the decomposition of Cr2AlB2 [20]. As mentioned previously, the formation mechanism of bulk Cr2AlB2 involves the topotactic reaction between CrB particles and liquid Al [23]. CrB and liquid Al coexist at 680 °C (above the melting point of Al) and directly react to form Cr2AlB2 at higher temperatures. In our study, no phases such as Al, CrB, or Cr4AlB4 were identified before Cr2AlB2 was detected, which implies that the growth of CrB grains did not occur. It could be inferred that the as-deposited coatings underwent the nucleation of CrB and the prompt intercalation of Al atoms into the adjacent CrB skeletons. The relatively lower crystallization temperature here (not exceeding 650 °C) may be attributed to the thorough atomic-level mixing of Cr, Al, and B atoms during sputtering, which avoids the long-range diffusion of Al atoms in CrB particles in the case of [23]. Furthermore, it is reasonable that the Cr-B bonding in the target may have been partially preserved in the as-deposited coatings, which facilitated the formation of the CrB skeletons. In order to illustrate the role of Al in the formation of Cr2AlB2, as-deposited CrB coatings (A0) were post-annealed at the temperature range of 550–750 °C for 8 h. Remarkable crystallization of the CrB phase with discrete and sharp XRD peaks required an annealing temperature as high as 750 °C (Figure 5b). Considering the solvent effect of liquid Al [27], it could be proposed that Al lowers the nucleation temperature of CrB in A90 and reacts with CrB nuclei to form Cr2AlB2.



Grey zones were also observed on the corundum crucible surface near the A90p samples annealed at 600–850 °C, and the zone near the A90p850 sample was conductive. The lowest temperature required for observing the grey zones (600 °C) coincided with that required for the emergence of Cr2AlB2 phases (A90p600 in Figure 5a). In contrast, such grey zones were not observed near the annealed CrB coatings. These phenomena further suggest that the loss of Al occurred as a competitive process to the crystallization of the coatings. Thus, the formation and decomposition mechanisms of Cr2AlB2 coatings could be summarized as follows:




	(i)

	
At temperatures below 600 °C, the crystallization cannot be activated due to insufficient temperatures.




	(ii)

	
As the temperature approaches the melting point of Al (660 °C), enhanced mobility of Al facilitates the nucleation of CrB skeletons and the intercalation of Al. Simultaneously, the loss of Al occurs due to the outward diffusion of Al to the surface and the subsequent evaporation as a competitive process to the crystallization of Cr2AlB2 (Equations (1) and (2)). Above 650 °C, the Cr2AlB2 phase crystallizes completely.




	(iii)

	
At temperatures exceeding 800 °C, the Cr2AlB2 phase tends to decompose into Al (lost) and Cr4AlB4 (Equations (3) and (4)).











    Al    ( solid )     ⇌     Al    ( liquid )     ⇌     Al    ( gas )     



(1)






   2 CrB  +   Al    ( solid   or   liquid )     →     Cr  2    AlB  2   



(2)






     2 Cr   2    AlB  2   →     Cr  4    AlB  4  +   Al    ( liquid )     



(3)






    Al    ( liquid )     →     Al    ( gas )     



(4)







The temperature appears to exert a more significant influence than the duration of the annealing process. GIXRD patterns of A90p650/8, A90p800/2, and A90p800/9 coatings (Figure 6) exhibit a well-crystallized Cr2AlB2 phase, in line with the SEM images in Figure 7. The grain size of the coatings increased from 650 °C to 800 °C. In comparison, coatings annealed at 800 °C for 2 h or 9 h possessed identical grain sizes, indicating that the grain growth was complete at the early stage of the isothermal holding period. Figure 7g shows the HRTEM image of A90p800/9. The characteristic nanolaminated structure of the MAB phase could be observed. The interplanar spacings, d, of (020) planes (0.574 nm) and (111) planes (0.208 nm) were noted, aligned with the PDF card #72-1847 values (where d020 = 0.5535 nm and d111 = 0.2052 nm).



To summarize, the optimal conditions for obtaining dense and phase-pure Cr2AlB2 coatings have been identified. As-deposited coatings with a Cr:Al:B ratio close to stoichiometry (2:1:2) are recommended for post-annealing at a selected temperature range of 650–800 °C. These conditions result in the formation of dense, phase-pure, and well-crystallized Cr2AlB2 coatings. A broader range of post-annealing temperatures provides diverse options for the large-scale preparation of Cr2AlB2 coatings.




3.3. Cr4AlB4 Coatings from A72


The chemical composition of S72 and the phase composition of A72p (Figure 3) demonstrated that the Cr:Al ratio increased from approximately 3 at room temperature to greater than 4 at 900 °C due to the loss of Al. This deduction enlightened us to lower the annealing temperature with the expectation of yielding phase-pure Cr4AlB4 coatings. Figure 8a shows the GIXRD patterns of A72 post-annealed at 700–850 °C. The A72p700 pattern showed a broad hump, indicating poor crystallinity. As the temperature increased, non-MAB phases (e.g., CrB or Al) were not detected, whereas the (011) peak of Cr4AlB4 could be directly detected, suggesting a direct transformation from the Cr-Al-B amorphous phase to crystalline Cr4AlB4. The broad humps enclosed in the grey rectangles were difficult to identify due to poor crystallinity. At 800 °C and 840 °C, the Cr4AlB4(121) peak could be identified, but the highest peaks at other temperatures fell between the 2θ values of the Cr2AlB2(111) peak and the Cr4AlB4(121) peak. In other words, well-crystalized Cr4AlB4 could not be obtained. As the temperature increased to 840 °C, CrB became detectable, indicating the Cr:Al ratios exceeding 4. From a compositional perspective, the decrease in the Al content could be ascribed to the enhanced loss of Al during annealing at elevated temperatures. Lower temperatures (lower than 840 °C) thus seem promising for obtaining pure Cr4AlB4 (i.e., Cr:Al = 4), but the unidentified peaks fail to support this hypothesis.



A mechanism to explain the coexistence of sharp and broad peaks could be proposed as follows. The relatively lower Al content in A72 cannot meet the requirements for forming Cr2AlB2, as demonstrated in A90p (see Section 3.2). Al atoms are enriched in the vicinity of existing CrB nuclei to enhance their local growth and the subsequent intercalation of Al to form Cr4AlB4 grains. The enrichment leaves behind Al-depleted zones between Cr4AlB4 grains. Any unreacted Al (if present) will either evaporate or remain within the Al-depleted zones, which is insufficient for forming new Cr4AlB4 grains. Ungrown Cr-Al-B nuclei thus result in poor crystallinity with XRD humps. Inhomogeneous grain sizes serve as evidence for this explanation (Figure 8b,c). As the temperature exceeds 835 °C, the more substantial loss of Al results in the appearance of the CrB phase.



In summary, phase-pure and well-crystallized Cr4AlB4 coatings cannot be obtained within our current methods despite previous DFT calculations [22] predicting the stability of Cr4AlB4. Further investigations on mitigating the loss of Al are expected to facilitate the formation of phase-pure Cr4AlB4 coatings.




3.4. Supplementary Discussion on the Configuration of Targets and Substrates


All the aforementioned coatings were deposited using a composite target. The configuration of Al slices overlapping the CrB target can be seen as a variation of the combinatorial approach. However, the general combinatorial sputtering of tilt-fixed multi-targets tends to cause the inhomogeneous distribution of elements in the MAB phase coatings [24,28]. Impurities such as Cr3AlB4 and CrB2 were found in an attempt to prepare Cr2AlB2 coatings by sputtering tilt-fixed Cr, Al, and AlB2 targets [24]. Another MAB phase coating, MoAlB, was generated by combinatorial magnetron sputtering of tilt-fixed MoB and Al targets and crystallized in situ at 700 °C as MoAlB, AlB2, and Mo-B binary phases. This indicated a deviation from the Mo:B ratio of 1:1 [28]. In our research, Cr2AlB2 coatings were also prepared by combinatorial sputtering of tilt-fixed CrB and Al targets, followed by ex situ post-annealing for comparison. Three sites (a, b, and c) along the radius of the circular sample plate were selected to position substrates. Detailed parameters are available in Figure S1 in the Supplementary Material. The chemical compositions of the as-deposited coatings on Si(100) were measured by ICP-OES (Table 2). All coatings contained excessive amounts of Al, and the Cr:B ratio ranged from 1.15 to 1.19. The deviation from the theoretical Cr:Al:B ratio (2:1:2) resulted in the coexistence of Cr2AlB2 and Cr-Al binary phases in the post-annealed coatings on Al2O3(0001) (Figure S2).



It is noteworthy that our method of sputtering the composite target and the parallel configuration of target-substrates effectively addressed the issue that the atomic ratio of Cr:B in the coatings deposited using the aforementioned combinatorial approach deviated from 1:1. The precise control of Cr:B ratio, as well as the relative Al content, guarantees the phase purity of the Cr2AlB2 coatings, which is the core advantage of our method. Moreover, this approach requires only one magnetron site, simplifying the equipment requirements for coatings. It is reasonable to deduce that the composite configuration is not limited to Al slices overlapping the underlying CrB target. Alternately arranged CrB blocks and Al blocks may also be viable, provided the Cr:B ratio is closely controlled around 1.





4. Conclusions


In this study, a two-step method of fabricating Cr2AlB2 and Cr4AlB4 phase coatings on Al2O3(0001) substrates has been employed, involving magnetron sputtering at room temperature on a designed composite target consisting of an underlying CrB target overlapped with a variable number of Al slices, followed by ex situ post-annealing in Ar for crystallization. The Cr:B ratio of the coatings has maintained close to 1 regardless of the varying Al content. The loss of Al during high-temperature annealing necessitates precise control over the Al content and the annealing temperature to ensure the production of phase-pure Cr2AlB2 and Cr4AlB4 coatings. Specifically, as-deposited coatings with a Cr:Al:B ratio close to the stoichiometry of Cr2AlB2 are recommended to be annealed at the temperature range of 650–800 °C for dense, phase-pure and well-crystallized Cr2AlB2 coatings. In contrast, obtaining well-crystallized Cr4AlB4 coatings has proved challenging, possibly due to the loss of Al at high crystallization temperatures (over 700 °C) required for this phase. Our findings substantiate the rationality of the topotactic formation mechanism of Cr2AlB2 and Cr4AlB4 phases, wherein Al intercalates into CrB nuclei to drive the transformation from amorphous phases to crystalline Cr-Al-B MAB phases. Importantly, this transformation process did not yield CrB or Al phases, which could be attributed to the atomic-level mixing of atoms.



The innovative design of our composite target affords flexible control over the Al content of the coatings while ensuring the homogeneous mixing of elements sourced from discrete CrB and Al bulks. It is worth emphasizing that the parallel configuration of target-substrates plays a pivotal role in maintaining the Cr:B ratio of the coatings close to 1, which is not typically available in general combinatorial sputtering using tilt-fixed targets. Our approach to fabricating phase-pure and dense Cr2AlB2 coatings holds promise for application in other MAB phases.
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Figure 1. The configuration of the target and substrates. (a) Top view of the composite target. Fan-shaped Al slices were dispersed uniformly on the CrB target. (b) Substrates were placed parallel to the composite target. 
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Figure 2. GIXRD patterns of the post-annealed coatings on Al2O3(0001). (a) 800 °C for 9 h; (b) 900 °C for 7 h. 
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Figure 3. (a) A summary of the phases identified in the post-annealed coatings. (b) The chemical compositions (atomic ratio) of the as-deposited coatings. 
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Figure 4. SEM images of the coatings. In each combination of Al content and post-annealing parameters, the image on the left (a,c,e,g,i,k,m,o) is the top view of the coating, and the image on the right (b,d,f,h,j,l,n,p) is the cross-section view of the coating. 
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Figure 5. (a) GIXRD patterns of A90 and A90p coatings post-annealed at variant temperatures. The reflection peaks of Cr2AlB2 are indexed in black. (b) GIXRD patterns of CrB (A0) coatings post-annealed at variant temperatures. 
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Figure 6. GIXRD patterns of A90p650/8, A90p800/2, and A90p800/9. 
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Figure 7. SEM and TEM images of A90p. (a,b) SEM top view and cross-section of A90p650/8. (c,d) SEM top view and cross-section of A90p800/2. (e,f) SEM top view and cross-section of A90p800/9. (g) HRTEM bright-field image of A90p800/9. 
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Figure 8. A72 coatings annealed at 700–850 °C. (a) GIXRD patterns. (b) Top view of A72p835/6. (c) Cross-section view of A72p835/6. 
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	Abbreviated Strings
	Descriptions
	Examples





	S[number]
	As-deposited coatings on Si(100):

S = Si(100) substrate;

[number] = the total central angle value of the Al slices (unit: °).
	S72

S90



	A[number]
	As-deposited coatings on Al2O3(0001):

A = Al2O3(0001) substrate;

[number] = the total central angle value of the Al slices (unit: °).
	A90



	A[number]p
	Post-annealed coatings initially deposited on Al2O3(0001):

A = Al2O3(0001) substrate;

[number] = the total central angle value of the Al slices (unit: °).
	A80p



	A[number]p[T]/[t] *
	Post-annealed coatings initially deposited on Al2O3(0001):

A = Al2O3(0001) substrate;

[number] = the total central angle value of the Al slices (unit: °);

[T] = the isothermal holding temperature during annealing (unit: °C);

[t] = the isothermal holding time during annealing (unit: h).
	A0p700/8

A90p800/9

A110p800







* [t] is omitted if not explicitly indicated.













 





Table 2. The chemical composition of the as-deposited coatings by combinatorial sputtering.
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	Sample Site
	Cr:Al (at.)
	Cr:B (at.)





	(a) (near the periphery)
	0.881
	1.15



	(b) (in the middle)
	0.869
	1.19



	(c) (near the center)
	0.846
	1.19
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