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Abstract

:

In this work, we study three aluminum oxides (alpha, gamma, boehmite) and various oxidized metallic aluminum powders to observe their dehydration and decomposition behavior using in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and scanning electron microscopy (SEM). We find that a temperature increase to the aluminum oxides (aluminas) reduces physically adsorbed water molecules to reveal the presence of hydroxyl groups. All three aluminas contained bridged hydroxyls located at 3670 cm−1; we found additional surface hydroxyls, which varied based on the oxidation state of the aluminum atom. Oxidized metallic aluminum powders that were aged resulted in similar behavior; however, the results differed depending on the method of aging. We find that naturally aged aluminum (NA-Al) powders with heavy oxidation in the form of the tri-hydroxide decomposed and did not reveal any detectable surface hydroxyl peaks. When aged using artificial methods (AA-Al), we find both surface hydroxyls, including bridged hydroxyls at 3670, 3700, and 3730 cm−1, and a remaining boehmite-like surface. These results show that metallic aluminum powders can be tailored for specific applications, regardless of age. It also elucidates different ways to pre-process the powders to control the surface oxide layer, corroborated by comparison with the models oxides studied herein.
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1. Introduction


Metallic aluminum powders have a wide variety of engineering applications, including catalysis [1,2,3], propulsion [4,5,6], pigments [7,8], and as foaming agents [9]. Aluminum continues to find innovative uses and is prominent in the continuing evolution of additive manufacturing [10,11,12]. The particle surface properties are fundamental to understanding how the powders will perform in filling, spray, and composite applications. To this end, we study the surface properties and thermal behavior of both alumina and metallic aluminum powders to better understand their as-received and dried state behavior. In our work, the alumina powders will serve as a reference for the study of the more complex surfaces found on the metallic aluminum powder surfaces using infrared spectroscopy (IR).



For aluminum powders specifically, the oxidized and hydrated surface layers can influence the powder packing, increase agglomeration, and be detrimental to the mechanical properties of fabricated parts. Recent work on alumina coatings has included characterization, including X-ray diffraction (XRD), atomic force microscopy (AFM), and energy dispersive spectroscopy (EDS) [13]. We hope to fill an important knowledge gap to help researchers identify the initial state, dehydration, and decomposition properties of aluminum powders in wide variety of states using a simplistic IR setup. This allows for the easy identification of the oxide (Al2O3), oxy-hydroxide (AlO(OH)), and hydroxide (Al(OH)3) phases present on different powders in terms of age and water exposure. Subsequently, we study the dehydration and decomposition behavior to see how the phases change as a result of applied heat. Similar studies have been completed for various types of aluminas; however, to the best of our knowledge we have not seen a study performed in situ with aluminum powders [14]. The ability to prepare aluminum powder surfaces for improved chemical receptivity is of interest to a wide variety of industrial, medical, and academic applications where the surface state is critical for the final product properties [15]. This is especially relevant in additive manufacturing where the powder is typically recycled [16].



Both aluminum and alumina powders are hygroscopic, leading to the formation of chemisorbed surface hydroxyls and accumulated physisorbed water, which can inhibit or change their surface reactivity. After exposure to atmospheric water, the surface is covered with hydroxyl groups which differ depending on the coordination of the Al atom, the state of the oxygen, and other hydrogen bonding contributions. Physisorbed water molecules can form two hydroxyl groups on a coordinational-unsaturated (cus) Al surface atom and subsequently create sites for molecular water physisorption. The distribution of hydroxyl types varies depending on the crystalline phase, face, and aging (i.e., exposure to atmospheric water and temperature). There are several models that have been developed over the years that describe the structure of these surface hydroxyls, most notably Peri [17,18], Tsyganenko [19], Knözinger’s [20], Busca [21], and Morterra [2,8,22,23,24]. We use these models to identify the surface hydroxyls observed in each IR spectrum to help build an encompassing picture of the dehydration behavior of both alumina and metallic aluminum powder particles. In this two part series, we also use probe molecules to show how these types of surface hydroxyls interact with organosilanes.



Aging of the aluminum particle surface happens over time and the resulting phases are a direct result of the storage conditions [25,26,27]. The tri-hydroxide phase changes the surface morphology by preferentially forming needles and triangular units on the particle surface, which have lowered reactivity and influence flow behavior by increasing the chances of mechanically inter-locking between particles. Thermal treatment has been utilized to decompose these phases into the more reactive phase boehmite and to liberate the hydrogen bond surface hydroxyls. This is particularly relevant to metallurgical processing and additive manufacturing, where the surface hydroxides and oxides can interfere with the final product [28]; additionally, surface aging can interfere with flow properties impeding proper powder distribution [15].



Previous work in our research group has included the surface analysis of aluminum powders under ambient conditions [29,30]. In this contribution, we report the thermal behavior of metallic aluminum particles using model, high surface area alumina powders as reference materials. Moreover, we demonstrate this behavior using in situ DRIFTS with the ability to track the behavior. Using this method, we can take advantage of the different IR absorbance peaks related to each phase to follow the behavior of the powders.




2. Materials and Methods


2.1. Materials


Ethanol (Pharmco), Boehmite (50 nm, Sasol),  α -alumina (300 nm, Electron Microscopy Sciences, Hatfield, PA, USA),  γ -alumina (50 nm, Aldrich), and aluminum powder (20  μ m, Valimet H15) were all used as received. Additional characterization data are provided in Appendix A. Distilled water was utilized for immersion studies. Ethanol (99.5 (w/w), <0.1 water (w/w), KOPTEC, PA, USA) was used as received for all rinsing procedures.




2.2. Powder Preparations


The as-received aluminum powder (AR-Al) was not modified prior to analysis. Naturally aged (NA-Al) aluminum samples were retrieved from ambient storage conditions after ten years of aging under ambient storage and in air. The samples experienced temperature fluctuation during storage, however, were not exposed to extreme high or low temperatures or humidity.



A relative humidity (RH) chamber was used to investigate the effect high temperature and humidity conditions on the accelerated aging process (AA-Al). Powdered aluminum (10 g, Valimet) was loaded in to the bottom of a 50 mL beaker and placed in a humidity chamber at 85 °C and 85 percent RH for 1 h. The samples were agitated to prevent localized surface exposure. The resulting sample was rinsed with ethanol and dried under N2 prior to analysis.



The water-immersed (WI-Al) sample was prepared using powdered aluminum (Valimet, H15) in distilled water at a concentration of 100 g/50 mL at 70 °C and allowed to stir for 1 day. These conditions were previously studied by Hart for the preparation of boehmite films. Subsequently, the sample was rinsed three times with ethanol and dried in a chamber under N2 before the analyses were completed.




2.3. Scanning Electron Microscopy (SEM)


The powder samples were imaged using a Verios G-4 scanning electron microscope (ThermoFisher Scientific, Hillsboro, OR, USA) at various magnification levels. A small amount of powder was mounted on typical SEM stubs using carbon tape and subsequently coated with 5 nm iridium to reduce charging.




2.4. Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS), Ambient and Heating Experiments


All of the spectra collected in this manuscript were measured on a Fourier transform infrared spectrophotometer (Bruker, Vertex V70). We used the Praying Mantis® accessory (Harrick Scientific, Pleasantville, NY, USA), which enabled us to use a reactor chamber capable of heating the sample. The detector used was Mercury-Cadmium-Telluride (MCT) and the reaction chamber utilized CaF2 windows with an 900 cm−1 cutoff. The measurements were collected at 6 cm−1 resolution and 400 scans. The samples were heated in situ through the sample cup, which was increased by a temperature controller with a 110 V proportional-interval-derivative (PID) control (Harrick Scientific). The temperature was increased sequentially at a step size of 10 °C or as noted on the figures. The chamber was continuously purged with argon to remove atomospheric water and oxygen.





3. Results and Discussion


3.1. Aluminas: Boehmite, Gamma, Alpha


The dehydration of the model aluminas was studied to understand the nature of the surface composition and to identify the possible surface hydroxyls present on each surface. The infrared spectra presented in this section were collected in the following manner: the sample was heated and equilibrated at surface temperatures of 100, 200, and 230 °C, under a constant Ar purge and ambient pressure in the in situ DRIFTS cell. We selected the high temperature of 230 °C so that any tri-hydroxide content would decompose and that we would be above the water desorption temperature of 100 °C. All spectra were collected on the same sample and referenced to dried KBr. The spectral contribution of water vapor was accounted for by subtraction of the gas phase water vapor spectrum.



Figure 1 shows the IR spectra for the dehydration of boehmite as a function of temperature where the spectra are presented from highest temperature to the lowest. At ambient temperature, the two modes for the bulk, layered hydroxyls appear at 3290 and 3096 cm−1 for the asymmetric and symmetric modes, respectively. Heating to 100 °C shows a small shift and increase in the surface hydroxyl region. Upon heating to 200 °C, there is continued shifting and broadening of the associated hydroxyl region, attenuation, and appearance of surface hydroxyl absorbance peaks due to the loss of physisorbed water. When the sample hit the maximum temperature of 230 °C, there is a small amount of blue shifting of the associated hydroxyls (2 cm−1) and increased broadening. The vibrational frequencies of the associated hydroxyls shift due to the increase in –OH bond lengths as a result of the increase in temperature and relaxation of the lattice structure [31]. The surface hydroxyl groups liberated by dehydration are of the bridged and tri-bridged by Morterra’s model and appear at 3730, 3700, and 3665 cm−1 as shown in Figure 1.



Figure 2 shows the corresponding in situ dehydration process of  γ -alumina presented from lowest to highest temperature. Heating to 100 °C shows a decrease in the intensity of the broad –OH feature at 3500 cm−1 corresponding to the loss of molecular water, which makes the surface hydroxyl peaks visible at 3760, 3720, and 3670 cm−1. Increased heating to 200 °C shows continued loss of absorbance in the board –OH feature. At 230 °C, the broad band still appears with a maximum around 3500 cm−1, suggesting that some of the surface hydroxyls are still hydrogen bound [32]. The assignment of the 3760 and 3670 cm−1 sites are of the bridged and surface hydroxyl groups. The peak at 3720 cm−1 site, however, remains debatable in the literature. It has been assigned as either molecular water coordinated to a pentavalent, Al Lewis acid site [33] or a displaceable hydroxyl [34]. According to observations by Liu, drying increases the intensity of this peak, which is consistent with the appearance of this peak [35].



The dehydration behavior for  α -alumina is shown in Figure 3. There is a broad –OH absorbance which decreases upon heating from 30–100 °C. The strong absorbance centered around 3500 cm−1 is attributed to associated hydroxyl groups and the presence of molecular water. The surface hydroxyls appearing on  α -alumina are bridged (3670 cm−1), tri-bridged (3710 cm−1) and fully isolated octahedral (3775 cm−1). The  γ  and  α -alumina powders contained two similar groups, however, the 3720 cm−1 site was not present. The  α -alumina structure contains Al coordinated octahedrally throughout the bulk, but also shows absorbances for tetrahedrally coordinated Al surface hydroxyls. This is consistent with the idea that the surface should be considered an extended defect, where unique surface sites occur to surface reorganization and relaxation. The presence of such peaks has been reported in the literature [36,37] and is shown in Figure 3.



Alumina surfaces are “activated” through heating, which liberates physisorbed molecular water to render surface hydroxyls available for interactions with adsorbates. The drying regime used in this work was selected based on the low temperature of 230 °C to maintain the integrity of the boehmite structure. Under this protocol, the three aluminas produced surface hydroxyls, which were structurally similar according to literature models after dehydration. Boehmite produced a single, sharp absorbance at 3665 cm−1, distinguishing itself from the  α  and  γ  phases. This absorbance is assigned as the bulk bridge hydroxyls present in the crystal structure as described in the introduction. We use the information gathered here to better understand the behavior of metallic aluminum powders, discussed in the next section.




3.2. Metallic Aluminum


One of the primary interests of this work is to study the behavior of naturally and artificially aged aluminum powders subjected to thermal treatments. The data presented in the previous section served as comparison behavior under the same conditions for the various phases. Herein, we used variability in aluminum powder surfaces as a function of age and water exposure to further understand and explore the surface phases.



Basic image analysis using scanning electron microscopy (SEM) revealed surface features which we can corroborate with the IR data presented in this section. Figure 4 shows representative micrographs of AR-Al particles, where we see few morphological features. The particle surface has attached satellite particles, which is due to the gas atomization method used in their production [38]. The surface appears fairly smooth with a scale-like appearance or fracture lines that form during the oxidation process. These are discontinuities in the oxide structure, likely formed during the high temperature gas atomization process and formation of grain boundaries and micro-fractures.



The DRIFT spectrum for AR-Al did not reveal not any detectable absorbance peaks in the surface hydroxyl region of the spectrum at any of the measured temperatures. The only detectable absorbance was at 950 cm−1, which is an Al-O vibration from the amorphous oxide as seen in Figure 5. This absorbance is close to the cutoff of the CaF2 windows, so a well-defined peak was not observed. The lack of a detectable molecular water peak made it difficult to ascertain that the physisorbed water was lost, however, this drying temperature was shown to be sufficient for water removal on the model oxide surfaces. The ambient temperature spectrum is shown in Figure 5 as there were no detectable changes observed as a function of drying the powder. Further investigations could be performed, such as thermogravimetric analysis to better understand the water loss on the as-received particle surfaces.



Representative SEM micrographs of the NA-Al particles are shown in Figure 6 and reveal signs of aging from the morphological changes manifested through pyramidal structure. The tri-hydroxide has been shown to grow preferentially in the Z direction, which is why we see outward growth on the surface of the particles [15]. These features are sub-micron sized and we also note the loss of the scale-like surface structure from aging. The satellite particles appear in a similar manner to the AR-Al and do not appear to have been dislodged during the aging process.



In order to observe the decomposition of the oxy- and tri-hydroxides, we raised the ceiling temperature to 300 °C, which yielded compelling results. The samples were dried to 300 °C for one hour to push the full decomposition of the tri-hydroxides as initial experiments equilibrated at 230 °C did not fully decompose. The naturally aged sample was dehydrated to 300 °C and its decomposition shown in Figure 7. Initially, there are several absorbance peaks attributed to the tri-hydroxides stretches as similar to those reported in the literature. Upon increasing temperature, these absorbance peaks decreased in intensity until there were no longer any detectable absorbance bands observed after reaching 300 °C. This behavior suggests that the tri-hydroxides complexes were decomposed and no detectable hydroxyl content was left on the surface after drying. The absorbance peaks observed at 3655, 3620, 3548, and 3525 cm−1 are typical of the tri-hydroxide, bayerite polymorph of Al(OH)3 [39]. The additional absorbance peaks, 3464 and 3437, have been identified as the reactive surface groups on the tri-hydroxide complexes on Gibbsite, another polymorph of the tri-hydroxide [40]. It is likely that there is a combination of tri-hydroxide phases on the particle surface. This particular sample did not show any isolated or surface hydroxyls for comparison.



Figure 8 reveals the micrographs associated with the AA-Al sample. We see a large assortment of plate and needle-like structures that fully cover the particle surfaces (Figure 8a). There is also possible fusion occurring at the different particle interfaces. The higher magnification image shown also reveals a fine needle-like structure on the surface, with additional geometric shapes on top of the layer (Figure 8b). These structures are quite remarkable and show that the scale-like features on the as-received powder are no longer visible after this type of aging in high RH with temperature (85 °C).



Shown in Figure 9 is the dehydration of AA-Al aluminum surface. The spectrum at room temperature appears differently than the NA-Al sample with additional absorbance peaks in the hydroxide region. The different shapes of bayerite clusters, such as the needles, rods, and pyramids observed in the SEM images, present different IR absorbances. Upon increasing the temperature to 300 °C, there is a loss of tri-hydroxide absorbance peaks, however, the boehmite absorbance peaks observed at 3100 and 3300 cm−1 are maintained. Surface hydroxyls emerge at 3670 and 3730 cm−1. The surface hydroxyl peaks observed on this sample are consistent with those observed on the boehmite model oxide presented earlier, without the presence of the tri-bridged hydroxyl at 3700 cm−1. It is possible that, due to the short-range order associated with the amorphous oxide layer, that this hydroxyl structure may not be present in high enough concentration and fell below the detection limit of the instrumentation.



SEM images of the WI-Al particles are shown in Figure 10. Here, we can see some larger tri-hydroxide structures at the particle surface, similarly to the naturally aged powder (a) and the boehmite surface at higher magnification (b). These findings are in agreement with others reports showing a needle and platelet-like structure consistent with boehmite [41,42,43]. The formation of bayerite clusters is favorable in solution preparation of boehmite surfaces at the temperatures used in this work. Additionally, the satellite particles were not dislodged as a result of stirring in solution.



The IR spectra for drying WI-Al are shown in Figure 11; After dehydration above 100 °C, the boehmite absorbances for the associated symmetric and asymmetric modes appear distinctly with some blue-shifting, consistent with the model oxide, boehmite that we presented in the aluminum oxides section. As the sample continues to dry, the tri-hydroxide content clearly falls below the detection limit by 200 °C. It is likely that these isolated structures were likely decomposed into boehmite structures as described in the literature [44]. It is also possible that they were overshadowed by the high absorbance of the associated hydroxyl groups for boehmite. With continued heating and equilibration, the surface hydroxyl peaks begin to appear. Similarly to the AA-Al, we find peaks at 3730 and 3665, in addition to the mode found at 3700 cm−1. These hydroxyls are bridged and tri-bridged structures based on the Peri and Tsyganenko models [17,18,19]. In this sample, there is likely a much higher concentration of the tri-bridged hydroxyl, due to the intentional growth of a boehmite layer. The AA-Al sample was exposed to high temperature and high humidity, which resulted in higher tri-hydroxide content. Although it decomposed into a boehmite-like structure, the SEM images show that the surface structures on the AA-Al sample were primary tri-hydroxide geometric shapes (Figure 8).



Due to the amorphous nature and short-range order of the surface oxides, oxy-hydroxides, and tri-hydroxides, the aged surfaces are complex. It has been reported that the amorphous oxide layer on aluminum is a meta-stable form of  γ alumina, which we were unable to unambiguously identify on the AR-Al. Interestingly, both the AA and WI samples contained surface hydroxyls similar in absorbance location to  γ alumina, with the 3730 and 3670 being the predominant type on both powders. This could potentially mean that some of the boehmite was decomposed into  γ alumina at the particle surface. In the temperature regime that we studied, it is unlikely that the surface structure was crystalline  γ -alumina. As the density of the crystalline phase is higher than the amorphous state, the detection limits of the instrumentation may limit the ability to quantify these groups. The most notable difference is the lack of the 3720 associated water type “hydroxyl”. In this instance, it is likely that there were not any available sites to support this structure, as both surfaces were fully hydrated.





4. Conclusions


In this work, we reveal the dehydration and decomposition behavior of alumina and metallic aluminum powders using in situ DRIFTS. The key insight we gleaned from this data is that the structure of the oxide and hydration dictates whether surface hydroxyls are accessible through drying or decomposition of the heavily oxidized surfaces of the metallic aluminum. The aluminas and artificially aged aluminum powder revealed, upon raising the temperature beyond the desorption temperature of physically absorbed water (100 °C), accessible hydroxyl groups of several different types. The most notable difference was the lack of detectable surface hydroxyls on the naturally aged sample. The increased temperature resulted in the decomposition from trihydroxide. We observed boehmite-like surfaces on the powders we artificially aged by exposure to high temperature and RH. The IR spectra of these powders showed decomposition of the trihydroxide into a boehmite-like surface.



An important follow on experiment to this work would be to investigate the SEM images resulting from heating using a temperature controlled stage in the SEM. We found interesting, three-dimensional surface structures resulting from the aging methods. How they change, physically, as a function of temperature is an important implication got their flow behavior. Decompositon of these features may change the inter-locking potential for particles to flow freely against eachother.
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The following abbreviations are used in this manuscript:



	AR-Al
	As-received aluminum



	AA-Al
	Artificially aged aluminum



	BET
	Bruneauer-Emmett-Teller



	DTGS
	Deuterated Triglycine Sulfate



	DRIFTS
	Diffuse Reflectance Infrared Fourier Transform spectroscopy



	MCT
	Mercury Cadmium Telluride



	NA-Al
	Naturally aged aluminum



	RH
	Relative Humidity



	WI-Al
	Water-immersed aluminum



	XPS
	X-ray Photoelectron Spectroscopy










Appendix A


Table A1 gives a summary of the bulk and surface area properties of the as received aluminum oxide and aluminum powders. Surface area was measured using a standard N2 adsorption isotherm and the BET method. Boehmite and gamma alumina were found to have comparable surface areas, however alpha alumina was significantly lower which is attributed to the larger particle size (300 nm vs. 50 nm).
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Table A1. A summary of the bulk and surface area properties of the as received aluminum oxide and aluminum powders.






Table A1. A summary of the bulk and surface area properties of the as received aluminum oxide and aluminum powders.





	Sample
	Surface Area (m2/g)
	Average Particle Size (d50, nm)





	Boehmite
	153.7007
	50



	Alpha
	17.0227
	300



	Gamma
	139.4133
	50



	Aluminum
	0.2277
	20 (µm)








XPS analysis of the as-received aluminas and aluminum were completed to measure the surface composition. Binding energies for the Al 2p peak for the oxidized component for boehmite, alpha, and gamma alumina are reported in the literature as varying by 0.1–0.5 eV. The values measured in this study were 73.6, 74.2 and 74.1 eV respectively and are in agreement with the published literature. The C 1s peak was shown to have two binding energies of 285 eV and 288 eV maxima which are expected to be due to adventitious carbon and carbonate on the surface. Metallic aluminum presented similar values including the metallic Al peak at 71.3 eV.



The dehydration spectra also contain carbonates, which is corroborated with the XPS findings. Carbon dioxide from the atmosphere has been shown to form carbonate like complexes at the aluminum oxide surface. Boehmite and gamma alumina both contained carbonates detectable using DRIFTS. The spectrum of alpha alumina was complicated with high absorbance in this area, however, carbonates were found in the XPS data. With increasing temperature, the absorbance peaks for the carbonates were shown to gradually reduce in intensity for boehmite and gamma alumina. Heating to 230 °C removed carbonate material from the surface of the aluminum oxide powders. The loss of carbonate for the surface of boehmite is shown in Figure A1 and for gamma alumina in Figure A2.
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Figure A1. The loss of carbonate for the surface of boehmite. 






Figure A1. The loss of carbonate for the surface of boehmite.
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Figure A2. The loss of carbonate for gamma alumina. 






Figure A2. The loss of carbonate for gamma alumina.
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Figure 1. Dehydration of boehmite from 30–230 °C: (a) spectra labeled by temperature and surface hydroxyl peaks labeled by wavenumber: contains absorbance peaks at 3730, 3700, and 3665 cm−1, which can be attributed to bridged and tri-bridged surface hydroxyls (b). 
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Figure 2. Dehydration of  γ -alumina from 30–230 °C: (a) spectra labeled by temperature and surface hydroxyl peaks labeled by wavenumber: contains absorbance peaks at 3760, 3720, and 3670 cm−1, which can be attributed to bridged, physically adsorbed water, and a fully surface hydroxyl group (b). 
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Figure 3. Dehydration of  α -alumina from 30–230 °C: (a) spectra labeled by temperature and surface hydroxyl peaks labeled by wavenumber: contains absorbance peaks at 3775, 3710, and 3670 cm−1, which can be attributed to bridged, tri-bridged, and fully isolated hydroxyl groups (b). 
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Figure 4. Scanning electron micrograph of as-received aluminum (AR-Al) sample showing few surface structural features other than satellite particles, which are an artifact of their production method (labeled by green circles). 
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Figure 5. AR-Al sample DRIFTS spectrum, showing no detectable absorbance bands above the CaF2 window cutoff at 900 cm−1. Initial high absorbance band attributed to Al-O at around 950 cm−1. 
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Figure 6. SEM micrographs detailing the particle surface of the naturally aged (NA-Al) sample: (a) full particles show outward growths of tri-hydroxide phases; (b) surface images reveal finer structure of complexes as indicated by green circles. 
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Figure 7. NA-Al sample, showing the dehydration behavior from ambient to 300 °C. Ambient temperature absorbance peaks found at 3655, 3620, 3548, and 3525 are consistent with tri-hydroxides and also observed in the SEM images (Figure 6). 
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Figure 8. Scanning electron micrographs of AA-Al sample, showing full coverage of particle surface with platelet-like structures which are a form of the tri-hydroxide (a), High magnification image shows surfaces of complexes (b); this finding can be corroborated with the IR spectra observed for this sample. 
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Figure 9. AA-Al sample, showing the dehydration behavior from ambient to 300 °C. Individual spectra are labeled by temperature and hydroxyl peaks identified wavenumber. 
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Figure 10. SEM micrographs detailing the particle surface of the water-immersed (WI-Al) sample: (a) particle shows some outward extrusions, consistent with some presence of the tri-hydroxide; (b) higher magnification surface image showing the boehmite surface features, considered nano-platelets or needles. 
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Figure 11. WI-Al sample, showing the dehydration behavior from ambient to 200 °C. Individual spectra are labeled by temperature and hydroxyl peaks identified by wavenumber. 
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