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AlN/BN ceramic composites are materials of interest for high-temperature applications because of their low elastic 

modulus and high thermal shock resistance. Concerns of side products that could form, due to the oxidation of BN 

into reactive B2O3, motivate the study of the influence of B2O3 on the oxidation of AlN and AlN/BN. This 

investigation explores such an effect by comparing the oxidation kinetics of AlN with that of B2O3-coated AlN, 

offering insight into how liquid B2O3 films provide AlN with improved protection against oxidation at temperatures 

from 1200 to 1300 °C. These concepts are extended to AlN/BN in oxidative environments. We discuss the 

formation of Al18B4O33 whiskers from B2O3 and Al2O3 and analyze how the microstructure evolves into hollow 

crystals with prolonged exposure to high-temperatures. Ultimately, this study provides a novel perspective on the 

oxidation of AlN/BN and serves as a guide to understanding the morphological evolution of Al18B4O33. 
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1. Introduction 

Aluminum nitride/ boron nitride (AlN/BN) composites are popular high-temperature ceramics, desired 

for their improved machinability and increased thermal shock resistance over traditional aluminum 

nitride (AlN).  The inclusion of hexagonal boron nitride (BN) in the material lowers the toughness and 

compliance of the composite, making it easier to machine and thus more affordable to process. The 

mechanical properties and the dielectric behavior of AlN/BN composites are desirable for applications 

in the automotive and aerospace industries.  

The presence of BN in the composite, however, poses challenges due to its oxidation into boria (B2O3), 

a highly reactive material that has reportedly created unwanted side products in other BN-bearing 

composites, such as SiC/BN [1]. Previous studies have explored this in depth, demonstrating how the 

oxidation products of SiC and BN (SiO2 and B2O3, respectively) can react together in high-temperature 

environments over 1000 °C to form borosilicate glass, commonly found in oxidized SiC/BN/SiC 

ceramic-matrix composites [1,2]. With this in mind, it is an intuitive next step to study whether similar 

challenges could be expected in AlN/BN composites exposed to comparable conditions, where BN can 

oxidize into boria.  

Boria exists as a liquid oxide at temperatures up to 1000 °C, after which its evaporation rate increases 

exponentially [3]. The viscosity of boria decreases with increasing temperature, from 100 poise at 1000 

°C to 40 poise at 1200 °C [4]. It is also hygroscopic; its evaporation rate intensifies in humid 

environments, as it is easily converted to boric acid in the presence of water [5]. Furthermore, boria is 

capable of reacting with other oxides, forming products that are less volatile, e.g., borosilicate and 

aluminum borate [3,6,7].  
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Earlier studies focusing on the fabrication of composites like Al2O3/BN [8–10], AlON/BN [11,12], 

AlN/B2O3 [13], AlN/HfB2 [14], and AlN/TiB2 [15], have noted that aluminum borate whiskers can form 

from the reaction between alumina and boria starting at temperatures of 1000 °C. Thus, we expect 

whiskers to also be detected in AlN/BN composites exposed to elevated temperatures in oxidizing 

environments. Interestingly, aluminum borate whiskers have also been used in other applications as 

reinforcements to enhance toughness in aluminum composites [16,17] and glass composites [18], 

given their low density (2.93 - 2.94 g/cm3), high hardness (Mohs hardness of 7) and high Young’s 

Modulus (400 GPa) [16,18]. Nevertheless, the role of aluminum borate whiskers and boria in the 

oxidation of AlN/BN composites has not been the focus of any comprehensive study.  

In the current study, we explore how the presence of liquid boria alters the oxidation kinetics of AlN by 

comparing AlN to boria-coated AlN and AlN/BN composites. We examine how boria can provide AlN 

with added protection against oxidation. We also investigate the chemical composition and 

microstructure of the aluminum borate whiskers created in these material systems. Moreover, we shed 

light on how the whisker morphology evolves with exposures to high-temperature environments, and 

how this affects the oxidation protection of AlN. 

 

2. Materials and Methods  

2.1. Materials and Processing 

Commercially available sintered AlN and AlN/BN were used in this study. Sintered AlN bars (ST-200, 

Sienna Technologies) were cut into 6 mm x 8 mm x 8 mm sized coupons. ST-200 has a density of 3.3 

g/cm3 and a purity of 95%, with the remaining 5% being from the Y-rich binder. Sintered AlN/BN 

(Shapal Hi-M Soft, Precision Ceramics) were cut into 3 mm x 4 mm x 6 mm sized coupons. Shapal Hi-

M Soft has a density of 2.88 g/cm3, thermal expansion coefficient (from RT to 800 °C) of          , 

and a purity just under 99%, with trace amounts of O (0.9 wt.%), Ca (1300 ppm), C (300 ppm), Cr (<1 

ppm), Mg (1 ppm), Ni (<2 ppm), Fe (8 ppm), Si (40 ppm) and Ti (20 ppm). 

Boria-coated AlN was prepared by covering the topmost face of the ST-200 coupons with 0.019 ± 0.003 

g/cm2 of boric acid powder (H3BO3, Sigma-Aldrich) and heating the sample to 450 °C in stagnant air. 

H3BO3 powder was used instead of B2O3 due to the hygroscopic, volatile nature of the oxide. H3BO3 

dehydrates into B2O3 at 300 °C, which then melts into a glassy film at 450 °C, below the oxidation 

temperature of the AlN substrate. The oxidation tests outlined in section 2.2 were carried out during the 

same heating cycle.  

2.2. Oxidation Studies 

The oxidation behavior of AlN (ST-200, Sienna Technologies) was investigated at temperatures varying 

from 800 °C to 1300 °C using a high-temperature box furnace (CM Rapid Temp 1700 °C Furnace) in 

stagnant air.  The holding times at each temperature ranged from 5 h to 48 h. The heating and cooling 

rates were both 3 °C/min to minimize thermal shock effects. The individual experiments are further 

summarized in Table 1.  

The oxidation experiments were then repeated with boria-coated AlN (ST-200, Sienna Technologies). 

The oxidation temperature range in this case was restricted from 1000 °C to 1300 °C, to ensure 

significant oxide growth while still limiting the amount of boria lost by evaporation.  The holding times 

and ramp rates were identical to those used for the reference AlN samples. 
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The oxidation of AlN/BN composites (Shapal Hi-M Soft, Precision Ceramics) was studied using dry air 

(AI Z200, Airgas) to minimize the amount of water vapor influencing the oxidation of BN. Studies have 

shown that BN can easily oxidize into boria vapor in the presence of water [19,20]. In order to 

investigate the interactions between liquid boria and alumina, a dry air environment with negligible 

amounts of water vapor (2 ppm H2O) was chosen. The oxidation exposures studied ranged from 1200 

°C to 1300 °C over 48 h or 60 h. We chose to focus on these exposure conditions because they 

resulted in stoichiometric amounts of both boria and alumina that were needed for aluminum borate 

growth.  

 

Table 1. Summary of oxidation conditions for each experiment.  

Materials 
System 

Oxidation Temperature 
(°C) 

Holding Times (h) 

AlN (ST-200) 800 12 

1000 5, 12, 24, 36, 48 

1100 5, 12, 24, 36, 48 

1200 5, 12, 24, 36, 48 

1300 5, 12, 24, 36, 48 

Boria-coated 
AlN (ST-200) 

1000 5, 12, 24, 36, 48 

1100 5, 12, 24, 36, 48 

1200 5, 12, 24, 36, 48 

1300 5, 12, 24, 36, 48 

AlN/BN 
(Hi-M Shapal 

Soft) 

1200 48 

1250 48, 60 

1300 48 

1350 48 

1450 48 

 

2.3. Characterization 

Scanning electron microscopy and energy dispersive X-ray spectrometry (SEM-EDS, ZEISS 1550VP 

FESEM, Carl Zeiss Microscopy GmbH, Jena, Germany) were used to detect the oxide layers of cross-

sectioned samples, and to measure the whisker dimensions. The oxide thicknesses were measured 

after each exposure experiment using the Region of Interest Manager of the image-processing tool 

ImageJ (National Institutes of Health). An average of 35 thickness measurements were carried out for 

each sample over the length up to 800 µm, with measurements being made in evenly spaced intervals. 

The widths of the aluminum borate whiskers were also measured using ImageJ with an average of 100 

whiskers being measured for each sample. The width was defined as the averaged thickness of the 

orthorhombic crystal, measured perpendicular to the direction of crystal growth. These measurements 

were taken near the mid-section of the whisker to avoid the narrow widths of the tips and better 

represent the whisker size. Note that due to the interlocking nature of the whiskers, it was not possible 

to determine the distribution of whisker lengths. The reported values of oxide thickness and whisker 

widths were determined using number averaging, with the error term representing one standard 

deviation. 

X-ray powder diffraction (XRD, PANalytical X'Pert Pro) and transmission electron microscopy (TEM, 

TF-30, Tecnai) were also carried out to characterize the oxidized samples and aluminum borate 

crystals respectively. Mass attenuation coefficients and penetration depths were calculated using 
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PANalytical’s HighScore Plus Software. Single crystal electron backscatter diffraction (HKL EBSD 

system, on the ZEISS 1550VP FESEM) was performed using a focused beam with a 70° tilted stage. 

The crystallographic orientation of the whiskers was determined by matching the experimental EBSD 

pattern with crystallographic information of Al18B4O33 from Ihara et al. (1980) [21]. 

 

3. Results and Discussion 

3.1. Influence of Boria on the Oxidation of Aluminum Nitride 

3.1.1. Oxidation of Aluminum Nitride 

The oxidation kinetics of AlN were studied by tracking the growth of the Al2O3 layer as a function of 

time. This was achieved by measuring the thickness of the oxide layer of each experiment outlined in 

Table 1. Figure 1a illustrates the oxidation kinetics of AlN within the temperature range 1000 °C to 1300 

°C.  

 

Figure 1. a) Oxide thickness of AlN versus holding times for oxidation exposures at 1000 °C, 1100 °C, 1200 °C 

and 1300 °C. Scanning electron micrograph image of (b) as-received AlN surface, (c) oxidized AlN surface and 

(d) oxidized AlN cross-section, following exposures to 1300 °C in air for 12 h. 

 

The results and best fits displayed in Figure 1a suggest that the oxidation of AlN behaves linearly at 

1000 °C and 1100 °C. This indicates that the growth rates of the oxide layer at these temperatures are 

constant and completely controlled by Reaction 1.   

                      (1) 

At higher temperatures, the results and best fits shown in Figure 1a imply that the oxidation behavior of 

AlN is parabolic at 1200 °C and 1300 °C. This suggests that the oxide layers formed at these 

temperatures are sufficiently thick to act as physical barriers that restrict oxygen diffusion to AlN. In 

parabolic oxidation, the rate of oxidation is no longer controlled by Reaction 1, but instead is influenced 

by the diffusivity of oxygen into the bulk. More details of this behavior can be found in the 

supplementary information.  
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The oxidation of AlN into Al2O3 has been examined in the past, and is shown to depend greatly on the 

properties of the starting material, such as the grain size, porosity and impurity content of the reported 

AlN [22–27]. The surface microstructure of the as-received AlN is shown in Figure 1b. In high-

temperature environments over 800 °C, AlN can oxidize into Al2O3 with the evolution of nitrogen gas, as 

seen in Reaction 1. Previous studies have demonstrated that the evolving nitrogen gas creates pores 

within the oxide layer [22,25,26], facilitating paths for oxygen diffusion into the substrate. There is a 

significant difference between the coefficients of thermal expansion (CTE) of Al2O3 (    
   /°C) and 

AlN (       /°C), which results in a large thermal mismatch between the two layers on cooling from 

the oxidation temperature [23]. This can cause cracks to form in the porous Al2O3 layer, which can 

extend through its thickness as seen in Figure 1c,d. The appearance of cracks, in addition to pores, 

assists the transport of oxygen to AlN, allowing for continued and rapid oxidation with increasing 

temperature and exposure time.  

 

3.1.2. Oxidation of Boria-coated Aluminum Nitride 

In Figure 2a-d, we compare the oxidation of AlN with that of boria-coated AlN. At 1000 °C, seen in 

Figure 2a, the measured oxide thickness of boria-coated AlN is greater than the thicknesses measured 

for AlN at the same temperature due to the inclusion of boria as a coating in the former. The added 

liquid oxide increases the overall thickness of the oxide layer, which remains constant at 6 ± 2 µm for all 

holding times. The constant thickness reflects the low evaporation rate of boria at 1000 °C [3]. At 1100 

°C, seen in Figure 2b, the oxide thicknesses for boria-coated AlN remains constant at 10 ± 2 µm for all 

the holding times, indicating that the low evaporation rate of boria is maintained at this temperature [3]. 

 

Figure 2. Oxide thickness of AlN (empty markers) and boria-coated AlN (filled markers) versus holding times for 

oxidation exposures at a) 1000 °C, b) 1100 °C, c) 1200 °C and d) 1300 °C. e) SEM-EDS maps of oxidized 

coupons exposed to different oxidative conditions: AlN (left), boria-coated AlN (right). 

 

 

At 1200 °C, seen in Figure 2c, the oxide thicknesses for the boria-coated AlN samples are superseded 

by the oxide layer thickness of corresponding AlN samples. Oxide thickness is reduced by as much as 

86% with the inclusion of boria, demonstrating a protection against oxidation and against Al2O3 
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formation due the inclusion of the boria coating. This protection diminishes with increased holding time 

because of the significant evaporation rate of boria at 1200 °C [3]. Likewise at 1300 °C, seen in Figure 

2d, the added boria continues to protect AlN against oxidation, as evidenced by the lower oxidation rate 

compared to uncoated AlN. However, this protection is not as effective as what was observed at 1200 

°C because of the higher volatility of boria at 1300 °C compared to 1200 °C [3]. 

 

Figure 3. a) XRD spectra of boria-coated AlN at oxidation temperatures ranging from 800°C to 1300°C in contrast 

to as-received AlN, b) XRD spectra of boria-coated AlN compared to AlN at an oxidation temperature of 1200 °C 

for 12 h, 24 h and 36 h. Spectra show presence of AlN (○), Al18B4O33 (●), boria (◊), YAG/YAP (□), Al2O3 (■). 

 

To further elucidate the observed oxidation behavior, X-ray diffraction spectra of boria-coated AlN 

coupons were collected after exposure. It was revealed that the oxide layers formed in every oxidation 

experiment contained varying mixtures of unreacted B2O3, Al2O3, and aluminum borate, as seen in 

Figure 3a. There are two stable phases of aluminum borate, Al4B2O9 and Al18B4O33 [28]. Both arise from 

the reaction between B2O3 and Al2O3. 

                     (2) 

                       (3) 
  

The Al18B4O33 phase forms when there is a low concentration of boria and high concentration of 

alumina, while the Al4B2O9 phase forms with higher concentrations of boria. Due to the volatile nature of 

boria, Al4B2O9 transforms into Al18B4O33 with increasing temperatures, commencing near 1040 °C 

[18,28]. Similarly, Al18B4O33 converts to Al2O3 when boria completely volatizes out of the crystal [28]. 

Figure 3a shows that the Al18B4O33 phase was present within the oxide layer of boria-coated AlN 

coupons after treatments at 1000 °C, 1100 °C and 1200 °C, indicating a low initial concentration of 

boria relative to alumina. The diffraction peaks that correspond to Al18B4O33 decrease in intensity as the 

temperature increases. Simultaneously, Al2O3 peaks grow in intensity with increasing temperature, 
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beginning at 1100 °C. This suggests that the Al18B4O33 crystals start to convert to Al2O3 with the high-

temperature evaporation of boria. This conversion appears to be complete by 1300 °C. Figure 3 also 

indicates the presence of YAG (yttrium aluminum garnet) and YAP (yttrium aluminum perovskite), 

which originate from the commercially available sintered AlN. Y-rich additives are commonly added to 

high-temperature ceramics like AlN to improve their sinterability [29,30]. However, these Y-rich phases 

are not considered any further for this analysis. 

A notable observation from the X-ray diffraction data is that the underlying AlN substrate is protected 

against oxidation by the addition of the boria coating. This protection is particularly obvious during 12 h 

holds at 1200 °C, seen in Figure 3b, where the AlN peaks are strong in boria-coated AlN coupons, but 

greatly diminished in uncoated AlN coupons. To verify this observation, we refer to the expected X-ray 

penetration depths for each system, assuming that 95% of the information collected pertains to the 

volume of the material from the surface to the penetration depth, and not the material below this layer 

[31]. In samples of boria-coated AlN that had been exposed to air for 12 h at 1200 °C, we see that the 

X-rays can penetrate the 23 ± 4 µm thick Al18B4O33-rich oxide layer and probe the underlying AlN 

substrate as seen in Figure 3b. In contrast, for samples of uncoated AlN exposed to the same 

conditions, the X-ray penetration is limited within the 164 ± 13 µm thick Al2O3 layer, never reaching the 

underlying AlN substrate, seen in Figure 3b. This suggests that the addition of boria creates a 

superficial liquid barrier to oxygen diffusion that ultimately results in thinner oxide layers, and thus, a 

greater protection against oxidation. Figure 3b shows that the Al18B4O33-rich oxide layer in boria-coated 

AlN only starts to oxidize into Al2O3 past 24 h exposures, when the trapped boria within Al18B4O33 starts 

to evaporate. 

 

Hence, we see that boria serves as a barrier to oxygen diffusion, protecting the underlying AlN 

substrate from being oxidized, while actively reacting with any created alumina to form aluminum borate 

on the surface of the samples, as seen in Reactions 2 and 3. Thus, we can deduce that it is a 

combination of Reactions 1-3 that results in an overall diminished thickness of the oxide layers seen in 

Figure 2a-e.  
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Figure 4. Scanning electron micrographs of boria-coated AlN after 12 h hold at described oxidation temperatures 

(a-g), including insets of transmission electron microscopy micrographs (b,e). Green arrows indicate features of 

interest, such as whiskers, dimple craters and hollow crystals. h) Histograms show whisker width distributions 

from images displayed in 4b,c,e,g. 

 
 

The resulting surface microstructures of the boria-coated AlN coupons, observed using SEM, can be 

seen in Figure 4a-g. In contrast to the as-received AlN surface (Figure 1b), we can identify acicular 

crystals on these surfaces, indicating that Al18B4O33 is present in whisker form. At 800 °C, boria melts 

into a thin amorphous film that covers the surface of the AlN coupon. The cracks that are seen in Figure 

4a are a result of the thermal expansion mismatch that occurs during cooling of the glassy film to room 

temperature, as noted earlier. No whiskers are observed, indicating that boria has not yet reacted with 

any alumina that may be present from AlN oxidation. At 1000 °C, this is no longer the case, and we 

observe highly acicular crystals (Figure 4b) growing from many nucleation sites. The Al18B4O33 whiskers 

can be seen again at 1100 °C (Figure 4c), appearing coarser and with a shape that is consistent with 

the orthorhombic morphology of Al18B4O33. Exposing boria-coated AlN coupons to 1100 °C for an 

additional 12 h (Figure 4d), we observe that Al18B4O33 whiskers start to develop dimple craters on their 

tips (noted by green arrows), a feature that we will refer to later in this discussion.  

 

At 1200 °C or higher (Figure 4e-g), the whiskers appear deformed due to the evaporation of boria. 

Porous Al2O3 whiskers, confirmed by XRD in Figure 3, result with the loss of boria, some of which have 

shrunk in size (Figure 4g), as noted by the shift in the whisker width distribution to smaller sizes in 

Figure 4h. Curiously, under prolonged exposure to high-temperature environments, tube-like hollow 
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crystals can be seen in Figure 4f,g. The whiskers can be seen on both the micro and the nanoscale. 

Displayed in the insets in Figure 4b,e are bright field TEM images that show whiskers grown at 1000 °C 

and 1200 °C for 12 h. The morphology of the nanocrystals closely resembles their micro-sized 

counterparts. 

 

3.2. Oxidation of AlN/BN Composites 

X-ray diffraction patterns indicate that Al18B4O33 crystals formed during the dry air exposures of AlN/BN 

composites, seen in Figure 5a. Unlike the previously discussed boria-coated AlN system, the formation 

of aluminum borate in the composite depends on the oxidation of AlN into alumina as well as the 

oxidation of BN into boria. During these experiments, the stoichiometric quantities of alumina and boria 

needed to produce Al18B4O33 whiskers were developed between 1200 °C to 1300 °C, after exposures of 

48 h or longer.  

 

Figure 5. a) XRD spectra of oxidized AlN/BN composites in dry air from 1200°C to 1450°C, showing AlN (○), BN 

(◌), Al18B4O33 (●), Al2O3 (■), in contrast to as-received AlN/BN. SEM images of b) as-received AlN/BN composite, 
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(c-h) oxidized AlN/BN composites in dry air, including oxidation temperature and exposure time. i) Histograms 

show whisker width distributions from images displayed in 5d-g.  

Figure 5 b-h shows SEM images of the as-received composite and the composite surface after being 

exposed to dry air from 1200 °C to 1450 °C, for holding times ranging from 48 h to 60 h, further 

described in Table 1. The images reflect the various stages of whisker growth produced from the 

reaction between boria and alumina. Early stages of Al18B4O33 growth can be seen in Figure 5c on the 

surface of the oxidized AlN grains after 48 h long exposures to 1200 °C. The pores and crevices 

present between the AlN grains are due to the oxidation of the BN flakes into liquid boria. The growth of 

Al18B4O33 acicular crystals can be seen in Figure 5d with an increase in temperature to 1250 °C for 48 

h. As the temperature is increased further to 1300 °C (Figure 5e) or the exposure time is increased to 

60 h (Figure 5f), we see a change in whisker morphological characteristics from solid to hollow crystals 

of Al18B4O33, both longer and wider than the acicular crystals seen at 1250°C for 48 h (Figure 5d). 

Although the morphology of the crystals is significantly different in Figures 5d-g, the corresponding XRD 

data confirms that the aluminum borate phase present in every case is Al18B4O33. 

X-ray diffraction patterns (Figure 5a) show that Al18B4O33 starts to convert to Al2O3 at 1350 °C. One 

possible explanation for the inter-whisker voids, seen in Figure 5g, is the collapse of hollow crystals. By 

1450 °C seen in Figure 5h, the conversion is complete and isotropic grains of Al2O3 cover the surface 

with no signs of Al18B4O33. The whisker width distributions are summarized in Figure 5i. The distribution 

of whiskers exposed to 1200 °C for 48h is narrow, centered near 0.5 µm. In contrast, at higher holding 

times or temperatures, the distribution widens, predominantly from widths < 1 µm to > 5 µm. The broad 

distributions, seen in both Figures 5i and 4h, may be attributed to the scatter in nucleation times, 

coarsening, and whisker deterioration, the latter being due to the high-temperature transition of the 

whiskers into porous Al2O3.   
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Figure 6. a) Oxidation plot from Figure 1 including data points from AlN (empty markers), boria-coated AlN (filled 

markers), and AlN/BN (★) at 1200 °C (black) and 1300 °C (blue). SEM-EDS maps of oxidized AlN/BN cross-

sections b) held at 1200 °C for 48 h, c) 1250 °C for 48 h, d) 1300 °C for 48 h, e) 1200 °C for 60 h, f) 1350 °C for 

48 h, and g) 1450 °C for 48 h.  

 

Cross-sections of oxidized AlN/BN composites were analyzed using SEM-EDS to measure the 

thickness of the Al18B4O33 oxide layer. In Figure 6a, the oxide thickness of AlN/BN after 48 h at 1200 °C 

(Figure 6b) and 1300 °C (Figure 6d) were included in the oxidation plot from Figure 2. From this 

comparison, it is clear that the oxidation protection previously discussed in boria-coated AlN coupons 

can also be seen in AlN/BN composites. The inclusion of liquid boria within the system, both through an 

applied coating or from BN, can impede the oxidation of AlN.  

The whisker morphology can also significantly influence the oxide layer’s ability to protect the 

underlying composite. We see that the Al18B4O33 whiskers (Figures 5d) result in an oxide layer that is 

184 ± 6 µm thick (Figure 6c). In contrast, the hollow crystals (Figures 5f) lead to an oxide layer that is 

262 ± 10 µm thick (Figure 6e). The increase in oxide thickness observed by exposing the composite to 

1250 °C for an additional 12 h can be explained by the tubular morphology of the hollow crystals, 

observed in Figure 5f. Such crystals provide additional pathways for oxygen diffusion into the AlN/BN 

substrate via tunnels through the crystal. Similar observations can also be made of boria-coated AlN 

samples. Referring to Figure 2, the oxide layers of coupons with hollow crystals (Figure 4f,g) appear to 

be thicker than those of coupons with capped whiskers and dimples (4b-e). The thickness of the oxide 

layer is obviously also a function of temperature and time, yet it is worth noting that the whisker 

morphology could also influence the transport of oxygen into the AlN-rich material. With this in mind, 

the oxidation protection witnessed via the growth of Al18B4O33 greatly depends on the whisker 

morphology.   
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Figure 6f suggests that the oxide layer developed after 48 h at 1350 °C is comparable to the same time 

at 1300 °C. The hollow crystals seen at 1300 °C create pathways that are still present at 1350 °C in the 

form of voids between coarsened Al18B4O33 crystals. In contrast, Figure 6g demonstrates the full 

conversion of AlN/BN into porous Al2O3, and no protection against oxidation is observed in the absence 

of Al18B4O33.  

 

3.3. Aluminum Borate Crystal Microstructures  

When boria-coated AlN coupons and AlN/BN composites are exposed to high-temperature oxidative 

environments, liquid boria can form and react with oxidized AlN to produce Al18B4O33 (Reaction 2). 

Referring to the Al2O3-B2O3 phase diagram by Gielisee [28], the liquid oxide layer can contain dissolved 

aluminum borate and unreacted boria within the temperature range of 470 °C to 1035 °C. Once 

supersaturation is reached, Al18B4O33 starts to crystallize out of the liquid oxide [32]. Based on SEM 

observations, nucleation and growth results in highly anisotropic whisker-like crystals.  

 

Figure 7. a) Back-scattered electron image of Al18B4O33 whiskers, where green cross shows point analyzed in 

EBSD, white dotted line shows outline of analyzed whisker, white arrow shows direction of crystal growth. b) 

Proposed orientation of crystallographic axes of outlined whisker with corresponding pole figures from this 

analysis. Note that crystallographic information from Ihara et al. (1980) was used for indexing [21]. 

Electron backscatter diffraction was used to determine the direction of crystal growth. Figure 7a shows 

a back-scattered electron image of Al18B4O33 whiskers, taken from the sample seen in Figure 4c. The 

indexed EBSD patterns (provided in supplementary information) and corresponding pole figures (Figure 

7b) were used to determine that the direction of growth of the analyzed crystal was perpendicular to the 

(001) plane. Previous studies on Al18B4O33 whiskers have shown similar results, supporting that the 

direction of the anisotropic crystal growth of Al18B4O33 is <001> [32,33]. 
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Figure 8. a) Super cell (3x3x6) of Al18B4O33 with black arrows showing direction of crystal growth along <001>, b) 

view of Al18B4O33 along the (001) plane, showing channels through crystal, and c) close-up of exposed BO3 units 

along the channels. Lattice parameters are defined as a = 0.7692 nm, b = 1.4973 nm, c = 0.5682 nm [21,34]. 

 

It is possible to link the acicular morphology of Al18B4O33 to the fundamental structure of the single 

crystal. Referring to Figure 8a, uninterrupted chains of strong bonds run parallel to the c-axis of 

Al18B4O33, including structural chains of AlO6 octahedra, chains of AlO4 tetrahedra, and chains of 

alternating AlO4 tetrahedra and planar BO3 groups. According to Hartman et al.’s periodic bond chain 

(PBC) theory, crystal growth in the direction of such continuous chains is preferred [35,36]. The theory 

states that crystal faces that are parallel to two or more strong chains  dominate the crystal habit, and 

can grow from the vapor through spiral growth from a dislocation, or through layer-by-layer growth 

[36,37]. 

There is a separate yet critical observation that can be made when looking at the crystal structure of 

Al18B4O33. Across the (001) plane shown in Figure 8b, we see empty channels running along <001>. 

Such channels directly expose planar BO3 groups along the length of the crystal, seen in Figure 8b,c. 

This structure provides a pathway for high-temperature volatilization of trapped boria within the crystal 

structure, which can result in the breaking of PBC chains. The release of boria is considerable at 

temperatures over 1200 °C, when the evaporation rate [3] of boria is sufficient to initiate the 

transformation of Al18B4O33 to porous Al2O3, as seen in Figures 3 and 4. The structural change 

observed with the loss of boria is significant, affecting the crystal’s composition and microstructure.  
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From our observations, the morphology of the Al18B4O33 whiskers evolves with increased exposure to 

high-temperature environments. For example, whiskers grown on AlN/BN composites at 1250 °C after 

48 h appeared to be capped by pyramid tips. In contrast, in AlN/BN composites oxidized at 1250 °C for 

60 h, dimples craters and hollow cores begin to emerge in the crystals, as shown in Figure 5f. 

The occurrence of dimples and hollow cores in Al18B4O33 is not fully understood. One possible reason 

for these morphological features can be ascribed to Frank’s theory of capillary equilibria [38], a theory 

that assumes spiral crystal growth. Frank argued that hollow cores can form in single crystals to 

minimize the strain energy from screw dislocations. With increased exposure to high temperatures, a 

balance is sought between the surface tension and the line tension of the dislocation, which can lead to 

the creation of a free surface along the dislocation line that produces a hollow core in the crystal [37]. 

The diameter of the hollow core can be directly related to the strain energy of the dislocation, being a 

function of the square of the Burgers vector [39]. In Figure 5f, we see that the core diameters can range 

from ~0.5 µm to 6 µm. Based on Frank’s theory, this would imply that there is a wide discrepancy in 

dislocation strain energies from whisker to whisker. Thus, there may be other factors contributing to the 

development of such large cores. 

A second possible cause could be the partial dissolution of Al18B4O33 whiskers, potentially from excess 

boria in the environment. Studies on zeolites [40] and quartz [41] have described how voids and etch 

pits can form from the dissolution of these crystals in strong bases and silica melts respectively. 

Interestingly, these studies suggest that dissolution is most likely to occur in areas along boundaries, 

and where defect sites are abundant. The hollow cavities in Al18B4O33 might therefore arise from the 

dissolution of dislocations within its core (e.g., screw dislocations) or of energetically unstable phases 

located in the core, through excess boria, a liquid oxide known to dissolve alumina [28,32]. In order to 

establish this, future studies might explore how easily Al18B4O33 crystals dissolve in liquid boria, and if 

screw dislocations are truly responsible for the acicular growth of Al18B4O33.  

A third potential reason for these features relates back to PBC theory. At high temperatures, the 

breaking of PBCs from the loss of boria could induce a roughening transition that transforms steps 

(along the edges and corners of the crystal) into kinks [35]. The rough edges from the kinks could act 

as preferred sites for layered growth along <001> [42], causing the crystal to protrude out on its edges 

and corners, as seen in Figure 5f. Consequently, this preferred growth along the edges and corners 

could account for the formation of hollow cores within Al18B4O33 which, as previously outlined and 

shown in Figure 6d-f, provide additional, yet undesirable, pathways for oxygen diffusion [37]. Though 

beyond the scope of the current work, these three hypotheses point to future experiments. 

 

4. Summary and Implications 

The oxidation kinetics of AlN were compared to that of boria-coated AlN, where it was shown that the 

inclusion of liquid boria resulted in the growth of thinner oxide layers containing Al18B4O33. Based upon 

SEM-EDS and XRD results, the boria film protected the AlN substrate from oxidation by 1) acting as a 

barrier to oxygen diffusion and 2) reacting with freshly oxidized AlN to form Al18B4O33 crystals, actively 

trapping boria into the oxide layer as it is incorporated within the Al18B4O33 crystal structure. The porous 

oxide layer of Al18B4O33 has a CTE similar to that of AlN and AlN/BN [7,23]. This offers a more 

compatible oxide layer for AlN ceramics than Al2O3, where thermal mismatch cracks are widely 

observed in the latter [23]. The Al18B4O33 layer eventually transforms to Al2O3 with prolonged exposure 

to high-temperature environments, behaving as a transitional oxide layer that slows down the rate at 

Jo
ur

na
l P

re
-p

ro
of



which AlN oxidizes to Al2O3. Similar observations were revealed in AlN/BN composite structures, 

indicating that the inclusion of BN in the composite results in a similar oxidation retardance in high-

temperature, dry air environments.  

Al18B4O33 whiskers display a variety of morphological features, with some crystals exhibiting dimples or 

hollow cores after prolonged exposure to high-temperature environments. This change in morphology is 

still not fully understood. Nevertheless, potential reasons were offered, including dislocation strain 

energy, dissolution, and promoted growth along the edges and corners. It was further shown that the 

crystal morphological features could greatly affect the oxidation protection of the composite, with hollow 

cores providing pathways for oxygen diffusion that could be damaging to the non-oxide. This, coupled 

with the transformation of Al18B4O33 to Al2O3, indicates that the oxidation protection witnessed from the 

Al18B4O33 layer is temporary, and depends on the duration and temperature of the exposure. 

Overall, the role of boria on the oxidation kinetics of AlN was revealed in detail, with helpful new 

insights into Al18B4O33 growth and how the crystal morphological features can affect the oxidation 

protection of AlN/BN composites. 
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Highlights 

 Oxidation kinetics of AlN were compared to B2O3-coated AlN and AlN/BN composites. 

 Presence of B2O3 in AlN led to Al18B4O33 surface layers that retarded Al2O3 growth. 

 Protective layers of Al18B4O33 compared to Al2O3 are thermally compatible with AlN. 

 Evolution of hollow cores in Al18B4O33 limit its use for AlN oxidation protection. 
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