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Abstract 

We characterized nine commercial aluminum (Al) powders using several methods to measure 

particle characteristics and thermal analysis, with the goal to understand how these parameters 

influence energy release. Although it is well-known that lot-to-lot variations in commercial 

nanoparticles are common, the Al powders were more heterogeneous than anticipated – both with 

regards to particle size distributions and impurities. Manufacturer specifications – often quoted in 

the literature without confirmation – were not always accurate for the specific sample lots we 

investigated. In several cases, different conclusions could be drawn from individual particle size 

techniques; a combination of multiple techniques provides a clearer picture of the powder 

properties. Thorough characterization of Al powders is required prior to interpretation of 

experimental results from a variety of applications. In particular, previous studies have shown 

contradictory results on the influence of Al on detonation performance, perhaps partially due to 

insufficient characterization of the Al powders themselves. 
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Commercial Aluminum Powders, Part I: Particle Size Characterization and Slow 

Heating Rate Thermal Analysis  
 

 

1 Introduction 

Aluminum is a high energy density material that has been used for many years as an 

additive in energetic formulations to increase total energy output; the complete oxidation of Al 

releases 31 kJ/g.[1-2] By comparison, the energy of detonation of TNT is -4.46 kJ/g and its heat 

of combustion is 14.5 kJ/g.[3] The Al reaction requires an external oxygen source and its reaction 

occurs on a longer timescale than the detonation of TNT, releasing energy at a significantly slower 

rate. To realize the full potential of Al as an energetic material, the oxidation reaction mechanisms 

have been investigated and experimental testing of numerous formulations has been performed 

over the years. Questions remain regarding to what extent and at what rate the energy from Al 

combustion contributes to the overall performance of an aluminized explosive. Previous studies 

have defined several timescales of combustion which can affect an explosive event.[4-7] Briefly, 

the reactions in the first stage occur in the chemical reaction zone driving the detonation wave (<1 

μs), reactions in the second stage enhance the Gurney energy (10’s of μs or less), and reactions 

that occur in the third stage contribute to the blast effects, fireball temperature, and overpressure 

(milliseconds or longer). Aluminum reactions that occur in the third stage are much better 

understood and characterized simply because the relevant combustion experiments are safer and 

cheaper – and it is easier to follow the Al reaction during these slower timeframes. In the first 

stage, conventional micron-sized Al is not expected to significantly react since Al oxidation times 

have been shown to be much longer than detonation reaction times of high explosives. Aluminum 

oxidation times have for the most part been determined from low heating rate, low pressure 

combustion experiments.[8] However, it has been demonstrated that under certain conditions some 

energetic formulations have higher detonation velocities when Al is part of the formulation.[9-12] 

The question of how much (if any) Al reaction contributes to the chemical reactions behind the 

detonation wave remains an active area of research and depends on the properties of the Al, the 

formulation, and the experimental configuration.  

Aluminized explosives experiments have used a wide variety of formulations, particle 

sizes, and rates of heating. In particular, explosive performance has been studied as a function of 

particle size. Studies that showed limited differences due to particle size tended to use Al powders 

Revised Manuscript Click here to view linked References

https://www.editorialmanager.com/powtec/viewRCResults.aspx?pdf=1&docID=50525&rev=2&fileID=1967361&msid=39cb2db3-b812-4aea-a5ff-2c8be413b125
https://www.editorialmanager.com/powtec/viewRCResults.aspx?pdf=1&docID=50525&rev=2&fileID=1967361&msid=39cb2db3-b812-4aea-a5ff-2c8be413b125


in the micron-sized range.[6, 13-14] On the other hand, studies that showed that particle size did 

influence performance used a wider range of powder sizes, extending into the nanometer range.[7, 

15-16] The degree to which the Al was characterized varied in these previous studies – and thus 

the morphology, particle size distribution, degree of agglomeration, and active Al content may 

have affected experimental results even if the mean Al particle sizes were reported to be nominally 

the same. In addition, some studies rely on manufacturer-provided particle specifications – which 

may not be accurate for every sample lot, particularly after handling or storage. To perform a 

comprehensive particle size study, the physical characteristics of the particles must be well 

understood. 

As Al particles decrease in size, they generally ignite at lower temperatures and burn 

faster.[17-18] The burn time for micron-sized particles is diffusion-limited and scales with the 

diameter to the nth power. The n value is typically less than two and can vary over particle size 

regimes (i.e., nano- versus micron-sized particles).[19] Micron-sized Al burns in a standoff 

diffusion flame (i.e., homogeneous combustion), where the vaporized Al reacts with gaseous 

oxidizer surrounding the Al core. As the particle size decreases, a transition from diffusion-limited 

to kinetic-limited oxidation reactions occurs.[20-21] As the particle size further decreases beyond 

this threshold, the burn rate scales with diameter to the 1st power. In the kinetic-limited regime, 

the oxidizing gas diffuses close to the surface and thus the rate-limiting value for the reaction is 

the surface temperature. Since nano-Al combustion reactions occur near the surface, the energy 

released from the combustion reaction can further radiatively and convectively heat the particle. 

Previous studies have added Al nanoparticles to formulations for enhanced performance in 

a variety of explosive applications.[7, 11, 22-26] The efficacy of the Al additive depends on a 

variety of factors. Brousseau and Anderson[22] observed no detonation velocity increase with 

nanoaluminum/Composition-B and ANFO formulations, but measured higher detonation 

velocities and heats of detonation with nano-Al/TNT formulations compared to micron-sized 

Al/TNT. Vadhe et al.[11] found nano-Al/Composition-B formulations have lower detonation 

velocities. Gogulya et al.[23, 26] also found that nanoaluminum/HMX composites have lower 

detonation velocities than micron-sized Al/HMX composites; however the peak pressure increased 

when particle size decreased. They also observed increased plate acceleration for Al compositions 

compared to energetic materials without Al. The increase was lower for nano-Al compared to 

micron-sized Al. Zhou et al.[7] observed faster detonation velocities and higher pressures for nano-



Al/TNT compositions compared to micron-sized Al/TNT and AlF3/TNT compositions. Zhou et 

al.[7] cited Gogulya et al.[23] as an experiment that shows the advantages of nanoparticles because 

they believe detonation pressure is one of the most important performance parameters. 

Makhov[24] found Al increases the ability to accelerate metal, but that nano-Al has no clear 

advantage over micron-sized Al. In contrast to Goguyla et al.,[23] they observed an increase in 

detonation velocity in Al/HMX compositions. All of these experiments used nanopowders in the 

30-200 nm range. From these studies, we see that the experimental conditions, explosive 

properties, and the Al particle size influence the measured effect of Al on the detonation 

performance. The extent of Al characterization in these studies, e.g., measuring particle size 

distributions, active Al content, and oxide shell thickness, varied significantly from study to study 

– and deviations from manufacturer specifications could have influenced the interpretation of the 

results. Many questions remain on the effectiveness of incorporating nanoaluminum with energetic 

materials. 

The overall goal of this work is to demonstrate the importance of thoroughly characterizing 

the aluminum powder in energetic studies. It is important to not rely entirely on manufacturer 

specifications without some confirmation of the listed Al properties.  In this paper (Part I), we will 

focus on a comprehensive comparison of the properties of nine commercial Al powders, with 

diameters ranging from tens of nanometers to tens of microns, by determining specific surface 

area, particle size distribution, active Al content, impurity content, and the rates and extent of heat 

release due to Al oxidation at slow heating rates via conventional thermo-oxidative experiments. 

Such extensive comparisons of particle size effects are relatively rare in the published literature 

and typically limited in scope.[27-31] Moreover, we have compared different methods commonly 

used for determining Al properties of interest, evaluated their strengths and weaknesses, and 

aggregated all of those results together for the first time. A thorough characterization of the Al 

powder properties will aid in the interpretation of energy release results at high heating rates in 

Part II, in which we investigate the pulsed laser excitation of Al powders and the resulting chemical 

reactions and energy release on the micro- and millisecond timescales.[32] 

 

2 Experimental 

We utilized several nano- and micron-sized Al particle samples obtained directly from 

commercial vendors or via colleagues at the US Army Combat Capabilities Development 



Command Army Research Laboratory (DEVCOM ARL). The supplier-provided descriptions for 

nanoparticles (18 nm, 44 nm, 80 nm, 91 nm, and “Nanopowder”) and micron-sized particles (1-2 

μm, 3-4 μm, <45 μm, <75 μm) are shown in Table 1. The names of the samples used throughout 

the manuscript are taken from the vendor-supplied sample labels, but do not necessarily reflect the 

actual particle sizes. The characterization included several particle size distribution methods, 

scanning electron and transmission electron imaging (SEM/TEM), thermal, and impurity detection 

analyses. 

 

2.1 Particle Sizing and Imaging  

2.1.1 Two-Laser Diffraction (LD) 

Particle size distributions for each of the micron-sized Al powders (1-2 µm, 3-4 µm, 

<45 µm, and <75 µm) were measured using LD (Horiba Scientific, Partica LA-950V2). The 

primary particle diameters for the nanopowders are below the range of the LD instrument (1 μm). 

The particles were suspended in isopropyl alcohol (IPA) and ultra-sonicated to break up particle 

agglomerates. Each sample was measured six times to ensure uniformity. The particle size results 

are based on a volume distribution assuming spherical particles. The particle size distribution is 

described by the median size (D50), the size where 10% of the distribution is smaller (D10), and 

the size where 90% of the distribution is smaller (D90).  

 

2.1.2 Dynamic Light Scattering (DLS) 

Nanoparticle sample (18 nm, 44 nm, 80 nm, 91 nm, and Nanopowder) particle size 

distributions were obtained with DLS (Horiba Scientific, SZ-100 NanoPartica). The particle size 

distribution determined with DLS is an intensity-weighted distribution; the contribution of each 

particle is due to the intensity of the light scattered. The intensity is roughly proportional to the 

particle size to the sixth power.[33] Therefore, size distributions from DLS will be skewed towards 

larger particles. For DLS measurements, the detector was set at 90 degrees. Each run duration was 

30 seconds with an average of three measurements per run. A minimum of two replicate runs were 

acquired for each sample. The samples were suspended in IPA and sonicated for 5-10 minutes 

before the measurement. The resulting suspensions were further diluted in IPA until mostly clear, 

then transferred to a cuvette for the DLS measurement with a transfer pipette fitted with a 0.1 μm 

polyvinylidene difluoride filter. 



 

2.1.3 Brunauer–Emmett–Teller Analysis (BET) 

The specific surface area of all samples was determined using BET[34] (Micromeritics, ASAP 

2420). Approximately 50 mg of each powder was off-gassed overnight at 90 °C under vacuum. 

Nitrogen isotherms were measured at 77 K. Effective particle size can be calculated from the 

measured specific surface area of a powder sample. This method has many associated assumptions: 

i) spherical powder morphology, ii) no porosity, iii) pure Al, i.e. no alumina shell presence, iv) no 

surface functional groups that could react with nitrogen. Based on these assumptions, the sample 

particle size, D (in nm),  can be determined using equation 3:[35] 

𝐷=
6000

𝑆𝜌
         (3) 

where S is the measured specific surface area (in m2/g) and ρ is the material density (in 

g/cm3). 

 

2.1.4 Scanning Electron Microscopy (SEM) 

To confirm powder size distributions and determine particle morphology a field emission 

SEM (Hitachi, S4700) was used to obtain wide-field images of all samples. Secondary electron 

images were captured using 5 kV accelerating voltage at various magnifications.   

 

2.1.5 Transmission Electron Microscopy (TEM) 

Higher resolution images of nanoparticle samples were obtained with TEM. All specimens 

for TEM characterization were prepared by suspending the sample particles onto the porous carbon 

support film of a copper grid (300 mesh, Ted Pella, Inc.) via a colloidal solution prepared using 

acetonitrile as the diluting medium.[36] A field emission TEM (JEOL 2100 F, JEOL USA, Inc.) 

with 200 kV accelerating voltage was used to acquire bright field images at different 

magnifications. The TEM acceleration voltage was 200 kV. The field of view varied from 10 to 

several hundred square microns depending on the magnification. The images were analyzed and 

the sizes of individual particles were measured using microscopy software (Gatan Digital 

Micrograph, Gatan Inc.). The number-weighted size distributions from the TEM images were 

converted to volume-weighted distributions, assuming spherical particles. The number distribution 



compared to the volume distribution of the Nanopowder sample is shown in Figure S1. The volume 

distribution of each sample is described by the mean, D10, D50, and D90.  

 

2.2 Zeta Potential 

The zeta potential is an indicator of a particle’s tendency to agglomerate or aggregate in 

solution. As the measured zeta potential increases, the sample becomes more resistant to 

agglomeration.[37] Typically a zeta potential between -30 mV and +30 mV will have a tendency 

to agglomerate, and those that are between -5 mV and +5 mV will rapidly agglomerate. The zeta 

potentials of four nanoparticle samples (44 nm, 80 nm, 91nm, and Nanopowder) were collected 

for the authors using a Zetasizer Pro (by Malvern Panalytical) in order to measure their aggregation 

potential and surface functionality. The samples were dispersed in IPA, mixed by hand, and then 

sonicated for 10 minutes. One ml of each sample was diluted with 5 ml of IPA. Three 

measurements were performed for each sample.  

 

2.3 Differential Scanning Calorimetry / Thermogravimetric Analysis (DSC/TGA)  

Active Al content was determined using simultaneous DSC/TGA (TA Instruments, 

SDT650). Approximately 5 mg of each sample was heated to 1450 ˚C in 90 μL alumina crucibles 

at 50˚C/min, then held isothermally at 1450 ˚C until no further mass gain (i.e., oxidation) was 

observed. Experiments were run under a mixture of argon/oxygen (80/20%) at a flow rate of 

20 mL/min. As the temperature is increased, Al reacted with oxygen to produce alumina based on 

the following reaction: 

4Al(s) + 3O2(g)  2Al2O3(s)       (1) 

We used the measured mass gain to determine the amount of unoxidized Al originally in 

each sample. The following equation is used to determine the active Al content: 

𝑚𝐴𝑙=
4𝑀𝐴𝑙

3𝑀𝑂2
𝑚𝑂2       (2) 

where MAl and MO2 are the molecular weight of Al and O2, respectively, mO2 is the mass of reacted 

O2 which equals the mass gain of the sample, and mAl is the amount of Al that has reacted with 

oxygen at a certain point in the TGA experiment. Therefore, mAl represents the active Al content 

of the sample, provided all the Al has fully oxidized.  

 



2.4 Laser-Induced Breakdown Spectroscopy (LIBS) 

The analysis of the time-resolved optical emission from a laser-induced plasma (referred 

to as laser-induced breakdown spectroscopy, or LIBS) enables, among other things, identification 

of the atomic species in the ablated material (e.g., Ref. [38]). This qualitative compositional 

information provides valuable insight into impurities present in the samples, though without 

calibration standards their relative concentrations can only be inferred, e.g., based on the ratio of 

intensities for different atomic species. For LIBS experiments, a few milligrams of each sample 

were spread on double-sided tape affixed to a glass microscope slide. An Nd:YAG laser (Quantel, 

Brilliant b) operating at 1064 nm with a pulse length of 6 ns and pulse energy of 850 mJ was 

focused just below the sample surface with a 10 cm lens to ensure a laser-induced plasma was 

generated on the sample surface. A fiber-coupled UV-enhanced reflective collimator was used to 

collect the light emitted by the laser-induced plasma and direct it through a 25 μm pinhole entrance 

for an echelle-type spectrometer (Catalina Scientific, SE 200) via a 600 μm optical fiber. An ICCD 

(Apogee, AP2Ep) with the gain set to 900 served as the detector. This system provides time-

resolved, high-resolution, broadband spectra (200-1000 nm, λ/Δλ=2700). The camera gate delay 

was set to 1.5 μs, with a 10 μs gate width. Twenty single-shot spectra were acquired for each 

sample, including all nine Al powder samples, reduction-grade Al2O3 powder (NIST SRM 699), 

and the blank tape substrate. 

 

2.5 X-Ray Diffraction (XRD) 

Powder diffraction patterns of Al samples were analyzed with a single crystal 

diffractometer (SuperNova, Dualflex, EosS2) using a Mo Kα (λ = 0.71073 Å) radiation source and 

a CCD detector (EosS2) at 298 K. Analysis software (CrysAlis PRO) was used for data collection 

and data reduction. Typical 2-theta versus intensity plots were loaded into software (MDI JADE 

9.0) for pattern processing and comparison to standards in the Diffraction Data (ICDD) 

database.[39] 

 

3 Results and Discussion 

3.1 Particle Size 

Particle sizes and size distributions of the nine Al samples were determined using several 

techniques described in the Experimental section. No single technique employed was applicable 

https://www.sciencedirect.com/topics/physics-and-astronomy/diffractometers
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for the entire range of particle sizes in this study. Tables 2 and 3 show information for micron-

sized and nanoscale samples, respectively.  

 

3.1.1 Micron-sized Particles  

We used LD, BET and SEM imaging to determine the particle size, size distribution, and particle 

morphology of the micron-sized samples. The mean particle size and the D10, D50, and D90 

specification points describe the particle size distribution of the <75 m, <45 m, 3-4 m, and 1-

2 m samples. The median particle size determined follows the trend of the sample “labels”, i.e., 

“1-2 m” < “3-4 m” < “<45 m”  < “<75 m.” Within the distribution there is overlap between 

the 1-2 m  and 3-4 m samples, so we anticipate their reaction performance will be similar. The 

<45 μm sample is two to three times larger than the smallest micron-sized sample, and the <75 μm 

sample is four to five times larger. As seen in Table 2, the particle sizes calculated from BET 

surface areas are about an order of magnitude smaller than those determined from laser diffraction. 

The assumptions required for BET particle size calculations are probably not applicable to the 

micron-sized samples. 

We collected SEM images of the micron-sized particles. The images shown in Figure 1, 

while not representative of the entire bulk sample, help illustrate the powder morphology and size 

distribution. The <75 m and <45 m Al particles are non-spherical and have significant particle 

size variations, as indicated by the distribution from the laser diffraction results in Table 3. While 

the 1-2 m and 3-4 m samples appeared to be more spherical, they also have a large size 

distribution range. Taken together, LD, with corroboration from SEM images, gives an accurate 

assessment of the micron-sized particle distributions. The BET particle size results are contradicted 

by the SEM analysis and are assumed to be erroneous. This is likely due to the low specific surface 

areas of the micron samples, which are known to be poorly measured using N2.[40]  

 

3.1.2 Nanoparticles 

We determined the particle size distributions of the nanoparticles using DLS, BET, and 

multiple TEM images containing hundreds of particles to obtain more representative distributions. 

The particle size distributions from each technique are shown in Table 2. We also collected SEM 

images (Figure 2) of each Al nanoparticle sample. Qualitatively, these micrographs show that: a) 

the 18 nm sample has needle-like structures throughout the sample, b) the 44 nm sample is a fine 



powder, with a few larger particles observed in the lower right, c) the particles in the 80 nm sample 

are uniform, d) the 91 nm sample has the largest size distribution range from very fine powders to 

particles that are >100 nm in diameter, and e) the Nanopowder sample appears to have a uniform 

size distribution except for occasional large (~ 1 micron) particles interspersed throughout the mix. 

In addition to imaging the samples, TEM was used to measure the size of several hundred particles, 

The large standard deviation reflects the broad distribution of particle sizes observed in the SEM 

and TEM images. From the DLS results, we observed two distinct particle size distributions from 

each of the nanoparticle samples (except for the 80 nm sample). We used a 100 nm filter to block 

any large particles or agglomerations that would obscure the “primary” nanoparticle size. 

However, some re-agglomeration after filtering occurred resulting in the second, larger particle 

size distribution.  

We expect the BET analysis to be more indicative of the primary particle size of the 

nanoparticle samples since they are likely to be more spherical and have greater specific surface 

area than the micron-sized samples. However, nanoparticle samples have significantly higher 

alumina content than the micron-sized samples, which can cause errors in the BET calculation if 

only one density is used. BET also provides the specific surface area of the sample (Table 3), 

which influences the chemical reactions of the particles since surface atoms are more reactive.[16] 

Unfortunately, the instrument used for BET analysis in this work does not provide any information 

about the particle size distribution, an important characteristic for analyzing the performance of Al 

nanoparticles as energetics.[41]  

The 18 nm sample had the largest deviation from information reported on the label, and is 

an excellent example of why manufacturer specifications should be verified. The particle size 

distribution of the sample is shown in Figure 3, accompanied by SEM and TEM images. The large 

distribution that is centered on 1.4 m is due to agglomerations that form after filtering. The 

smaller particle distribution is more indicative of the primary particle size in the sample. The SEM 

and TEM images reveal the sample consists of a distribution of spherical particles and rod 

structures. The images show that many of the nanoparticles are embedded along the rods, forming 

complex structures of varying sizes. In recent communications, the supplier indicated the sample 

was discontinued and referred to the sample as a mixture of Al nanoparticles and nanowire. Energy 

dispersive X-ray spectroscopy (EDS) analysis and bulk Fourier-transform infrared spectroscopy 

(FTIR) measurements of the 18 nm sample reveals the presence of silicon and silicate features 



(Supplemental Figures S2 and S3). Based on Z-contrast in the SEM images, the Si-related features 

are concentrated on the nanorods – particularly the spheres at either end. Silicon is not observed 

in any of the other samples.  

The 44 nm sample (Figure 4) has a large particle size distribution feature that is greater 

than 1 μm. Similar to the 18 nm sample, it can be attributed to post-filtering agglomeration. The 

zeta potential for the 44 nm was found to be 3.1 ± 0.5 mV, indicating the material is likely to 

agglomerate. There are multiple distributions of particle sizes around 100 nm. Based on TEM 

images, the distribution at 40 nm could be indicative of the primary particle size. The SEM image 

shows a large range of particle sizes from very fine particles in the top portion of the image 

(circled) to particles >200 nm (arrows). Statistics obtained from TEM images give a distribution 

of 80 ± 40 nm. The particle size determined from BET analysis is 43 nm, in agreement with the 

smallest distribution observed by DLS. Also observed in the TEM image are small flakes/needles 

distributed throughout the sample that could influence the particle size measurements from DLS 

and BET analyses. 

 The 80 nm sample (Figure 5) has a monomodal particle size distribution around 840 ± 10 

nm formed via post-filtering agglomeration, as obtained from DLS. SEM and TEM images show 

the sample appears to have more uniformly-sized particles compared to the other samples, with 

the primary particle size distributed around 86 ± 42 nm. The particles are spherical, with no rods, 

flakes, or other oddly shaped particles visible. TEM images also show evidence of aggregation 

with particles “joined” together (circled). The particle size determined from BET analysis is 

82 nm. In this case, the assumptions of the BET calculation – uniform spherical shapes and non-

porous particles – are more likely to be met, in contrast to the previously discussed samples. For 

this sample, both TEM and BET particle size analyses return particle sizes that are representative 

of the primary particle size. The difficulty in obtaining smaller size distributions in DLS suggests 

that this sample may be more prone to agglomeration than the other samples. The zeta potential of 

the 80 nm sample was found to be 3.3 ± 1.1 mV, indicating it will likely agglomerate. 

 The DLS of the 91 nm sample (Figure 6) has a bi-modal particle size distribution. The 

larger size distribution centered at 1.57 μm is due to agglomerates. The origin of the smaller size 

distribution centered at 180 nm is less clear. In the SEM image, there is qualitatively a large range 

of particle sizes. Quantitatively, the size distribution calculated from the TEM analysis has a wide 

range, 140 ± 100 nm, matching the smaller size distribution from DLS. Depending on the 



distribution of the pore sizes in the 100 nm filter used for DLS, the smaller size distribution could 

be due to larger individual particles that were able to pass through the filter – or agglomerates of 

particles that formed post-filtration. The zeta potential of the 91 nm sample is -9.3 ± 4.0 mV 

indicating that the particles are less likely to agglomerate compared to the 44 nm and 80 nm 

sample. This could be the reason that the frequency is so much higher for the size distribution at 

180 nm relative to the size distribution at 1.57 μm.  BET analysis indicates the particle size is 77 

nm, but note that this value is skewed to the smaller end of the size distribution range and the 

particles are not perfectly spherical. The TEM image in Figure 6c shows other non-spherical 

materials with tendrils that could affect the various particle size distribution measurements. The 

difficulty of determining a singular size distribution of the 91 nm sample is due to the variety of 

particle sizes, shapes, and agglomerations observed in the sample by SEM, TEM, DLS, and BET. 

 The Nanopowder sample (Figure 7) also has a bi-modal particle size distribution according 

to the DLS measurements. The size distribution at 660 nm is due to agglomeration. The smaller 

size distribution at 110 nm, right around the pore size in the filter,is likely due to individual 

particles. Further evidence is provided by the TEM analysis, which identified primary particles 

with a size distribution of 130 ± 80 nm. Particles in the SEM image appear to be fairly uniform 

except for several very large particles (> 1 μm) interspersed throughout the sample. There appears 

to be some evidence of aggregation similar to the 80 nm sample in the TEM image as well (white 

circle). Interestingly, unlike the other nanoparticle samples, the particle size determined from the 

BET analysis, 191 nm, is much larger than the TEM analysis and the smaller size distribution from 

DLS. This could indicate differences in the shell thickness, porosity, or surface functional groups. 

The zeta potential for the Nanopowder sample is -23 ± 2.7 mV. This indicates it is the least likely 

to agglomerate. This can be seen in the 110 nm particle size distribution having a larger frequency 

than the 660 nm size distribution, which also has a smaller average size than the large distribution 

from other nanoparticles (>800 nm). 

Using DLS, we found that only the 18 nm and 44 nm samples had particle size distributions 

less than 100 nm that could be definitively assigned to the primary particle size distribution. The 

Nanopowder sample likely has individual particles with size distribution centered around 100 nm. 

However, the determination is not definitive since 100 nm is on the order of the filter pore size. 

The larger size distributions in the 18 nm, 44 nm, 80 nm, 91 nm, and Nanopowder samples 

observed via DLS are attributed to post-filtering agglomerations.  



The particle sizes determined from BET calculations are lower than those from the TEM 

analysis, except for the Nanopowder sample. The SEM image of the Nanopowder sample in Figure 

2 appears to contain a majority of particles in the 100-200 nm range. The particle size determined 

from BET analysis for the 80 nm and 91 nm samples are 82 and 77 nm, respectively. However, 

SEM images show very different shapes for these two samples. In addition, the 80 nm sample 

appears to have a much more uniform particle size whereas the 91 nm sample has a range of 

particle sizes; in certain regions, the particles are very fine (Figure 2c,d). Thus, even though the 

particle sizes calculated by BET method for the 80 nm and 91 nm sample are similar, their 

distributions are different – and significant differences in their energy release behavior would be 

expected.  

The TEM particle size measurements follow the general trend in “label” size, 91 nm > 80 

nm > 44 nm > 18 nm. However, the standard deviation from these samples is so large they 

essentially overlap from sample to sample. The TEM analysis is limited in that there are only 

several hundred particles measured for particle size analysis – and aggregation or agglomeration 

of the particles is neglected. From the SEM images in Figure 2, it is obvious that different particle 

size results could be obtained from the same sample depending on the analyzed region of interest. 

This is especially true for the 91 nm sample.  

These techniques all have drawbacks for determining particle sizes. The DLS 

measurements over-represent larger particles and agglomeration is difficult to overcome. This is 

problematic for determining the primary particle size distribution. The BET calculation is derived 

from the measured specific surface area, depends on several (sometimes erroneous) assumptions, 

and only returns the particle diameter without the size distribution of the system. The statistics 

obtained from TEM images include only several hundred particles from the bulk sample and is 

dependent on the particles in the selected region of interest. The particle size distribution in these 

samples is far more complicated than the particle size listed on the label. The combination of 

imaging, laser-based particle size analysis, and specific surface area measurements provide a more 

accurate representation of subtle morphological differences between the samples. These 

differences are essential for understanding their energetic performance. 



 

3.2 Thermal Analysis 

We used simultaneous DSC/TGA to determine the active Al content of each sample and 

compare their oxidation behavior. The oxidation is influenced by a variety of factors, including 

particle size, heating rate, alumina (Al2O3) shell thickness, particle size distribution, surface area, 

and shape.[28, 42-43] When the heating rate is low, the diffusion oxidation mechanism (DOM) 

can be used to describe the Al oxidation process.[18, 44] The DOM is described as the diffusion 

of oxygen and Al through a growing oxide shell undergoing phase transitions as the temperature 

rises. The oxidation process occurs as a series of steps during heating. The first step involves the 

growth of the amorphous alumina shell due to the outward diffusion of Al. The next oxidation step 

is controlled by the diffusion rate, melting of the Al, and the kinetics of crystallization of the shell. 

The diffusion rate is altered by the phase transitions occurring during the crystallization of the 

alumina shell. The phase transition from amorphous alumina to crystallized γ-Al2O3 occurs when 

the oxide layer reaches a critical thickness (4 nm).[45-47] The density of γ-Al2O3 is higher than 

that of amorphous Al2O3 and therefore the shell does not completely cover the Al surface, leading 

to cracking and a rapid increase in the oxidation rate of the freshly exposed Al surface. When the 

Al core begins to melt, pressure and molecular motion increases in the core putting stress on the 

outer layer.[48-49] The combination of phase transitions and stress provides channels and altered 

pathways that enable faster Al diffusion. As a result, Al diffuses through the shell faster than 

surrounding oxygen diffuses into the shell, so oxidation occurs at the surface. Evidence of this is 

revealed by energy-filtered TEM images that show a thin Al layer surrounding the shell at this 

stage of oxidation.[50] The final step of the oxidation is marked by a drop in the oxidation rate due 

to the final phase transition forming the dense and stable α-Al2O3 polymorph. Further heating 

continues the oxidation process due to the increased oxygen diffusion rate.[45] In this work, we 

used a heating rate of 50 °C/min and held the temperature at 1450°C to ensure complete oxidation 

of the Al particles. The heating rate has been shown to influence ignition temperature in 

nanoparticles.[49] Previous studies have typically only used heating rates of 5-10 °C/min and end 

the experiment as soon as it reached a maximum temperature around 1200 °C.[29, 45-46, 49-53]   

 



3.2.1. Micron-sized Particles 

Simultaneous TGA and DSC curves of the four micron-sized Al samples demonstrate that 

the magnitude and intensity of the mass percent change and heat flow are dependent on the particle 

size. Figure 8a-b shows three distinct Al oxidation steps (I-III) in each micron-sized sample. As 

heating of each sample begins, the mass decreases slightly beginning at 200 °C until about 600 °C. 

The dip is due to loss of moisture and/or release of adsorbed CO/CO2. Around 600 °C, the first Al 

oxidation stage begins and the mass percent and heat flow begin to increase. During this stage, the 

alumina shell begins a phase transformation from amorphous Al2O3 to γ-Al2O3.[45]  

Onset temperatures and peak temperatures (Table 4) from the DSC curves depend on the 

particle size. All of the onset temperatures for the first oxidation stage begin right before the 

melting point of Al, ~660 °C. Thus, while the exothermic energy release due to oxidation begins 

before the melting point, it is convoluted with the negative endothermic peak due to the melting 

process, making it difficult to determine onset temperatures and peak oxidation temperatures. Heat 

release magnitudes of the first oxidation stage are also affected by the convolution. However, the 

relative heat release energies can be compared from one sample to another; the heat energies 

released from the <75 m and <45 m samples are less than the heat energies released from the 

3-4 m and 1-2 m samples.  

The mass percent increase begins to slow at the melting point (~660 °C) and reaches a 

plateau at 700 °C. At this temperature, the extent of Al oxidation is low; the mass percentage of 

reacted Al is below 7% for all the micron samples (Table 5). According to previous studies, smaller 

particles are more likely to oxidize before the melting point than larger Al particles.[53] This 

indicates there is not a significant mass percentage of smaller particles in the micron samples, 

although the number of smaller particles could be enough to influence the energy release rates. 

As the temperature continues to rise the next oxidation stage begins. The diffusion rate 

increases due to changing diffusion pathways caused by phase transitions and the molten Al core 

increasing stress on the oxide shell. The 1-2 m and 3-4 m samples oxidize at a faster rate than 

the <45 m and <75 m samples, as evidenced by the larger heat release energies: 10,810 and 

6204 J/g compared to 2059 and 1329 J/g, respectively.  

Another plateau is reached at 1200 °C. At this temperature, the oxide shell has mostly 

converted to the dense and stable polymorph, α-Al2O3. In the 1-2 m sample, the mass percentage 

of reacted Al at this stage is 84%. In contrast, the mass percentage is only 20% and 13% in the 



<45 m and <75 m samples, respectively. As the temperature continues to increase the oxidation 

rate and heat flow begins to rise for each of the samples around 1300 °C. From 1300 °C to 1450 °C, 

the oxidation rate increases rapidly for the 3-4 m, <45 m, and <75 m samples. Once the 

maximum temperature of 1450 °C is reached, the samples are held there for tens of minutes to 

completely react all of the remaining Al. In Figure 9, the mass percent increase after reaching 1450 

°C for each micron-sized sample is shown as a function of time. The mass percentage of the reacted 

Al continues to increase significantly for the <45 m and <75 m samples when held at 1450 °C. 

The final column in Table 5 shows the overall active Al content for the micron-sized samples 

determined from equation (3) – approximately 100%, as expected. The active Al percentages at 

and above 100% are in part due to approaching the edge of the temperature calibration range at the 

highest temperature (~1450 °C).[45] 

 

3.2.2. Nanoparticles 

Figure 8c-d shows the simultaneous TGA and DSC curves for the five Al nanoparticle 

samples. We observed more than three distinct oxidation stages in the DSC/TGA curves. 

Beginning at 200 °C in the TGA curves, the mass percent decreases due to loss of moisture and/or 

CO/CO2 desorption. At around 550 °C, the mass percent increases sharply in the 18 nm, 44 nm, 

80 nm, and 91 nm samples. The mass percent of the Nanopowder does not begin to rise until 600 

°C. At this temperature, the oxide shell thickens and undergoes a phase transformation from 

amorphous Al2O3 to a denser γ-Al2O3. The denser γ-Al2O3 crystallites do not completely cover the 

aluminum surface, resulting in the exposure of bare aluminum core to the surrounding atmosphere, 

thereby facilitating further oxidation.[50, 53-55] The heat generated from the exothermic oxidation 

process of nanoparticles cannot be dissipated as easily as it can for a larger micron particle.[46, 

56] Thus, the heat release values (Table 4) and the extent of oxidation, indicated by the mass 

percent increase (Table 5), are much larger than those observed in the first oxidation stage of the 

micron samples. Notably, the heat release and the mass increase in the Nanopowder sample is 

lower than the other nanoparticles in the first oxidation stage (but still higher than the micron-sized 

particles).  

At approximately 700 °C, the next oxidation stage begins. There is little evidence of 

melting in the DSC traces, i.e., no significant endotherms are observed. This is because there is 

less active Al in nanoparticles and more of the Al is oxidized in the first oxidation stage than in 



the micron-sized particles. However, there may be a very small endotherm due to the Al melt in 

the 91 nm sample. As we previously discussed, this sample has a number of much larger Al 

particles. As the temperature continues to rise phase transitions continue in the oxide shell, 

facilitating further Al oxidation as the remaining molten Al diffuses to the surface.[50 , 57] At this 

point, the oxidation rate is following a chemical kinetic mechanism.[56] The heat release during 

the second oxidation stage is lower than the heat release for the micron-sized samples, especially 

for the 18 nm and 44 nm samples, an indication that most of the Al has already undergone 

oxidation. However, the heat release in the Nanopowder sample from the second oxidation stage 

is similar to the first oxidation stage. As the temperature reaches 1100 °C and continues rising 

there is minimal mass percent increase in the 18 nm, 44 nm, and 80 nm samples. After 1100 °C 

the oxide shell has transformed into dense and stable α-Al2O3, thus slowing the oxidation rate.[45-

46] 

In contrast, the mass of reacted Al increases by 15% in the 91 nm and Nanopowder samples 

above 1100 °C. This behavior is similar to the TGA curve of the 1-2 m sample, suggesting the 

influence of larger particles in the 91 nm and Nanopowder samples. We also observed a third 

exotherm in the 91 nm and Nanopowder samples at 1100 °C in the DSC with heat release values 

of 575 and 1368 J/g, respectively. These are indicators of the presence of relatively large particles 

in the 91 nm and Nanopowder samples since the micron-sized particles also have exotherms at 

1100 °C. As we observed in the SEM images of the 91 nm (Figure 6) and Nanopowder (Figure 7) 

samples, larger particles are indeed present, particularly in the Nanopowder sample. 

The total active Al content for each nanoparticle after it is held at 1450 °C for tens of 

minutes is shown in Table 5 . Minimal oxidation occurs after 1450 °C since almost all of the Al 

has been oxidized before this point. The overall active Al content is lower for nanoparticles 

compared to the micron-sized particles (i.e., the oxide layer is a larger percentage of the particle 

mass as the particle diameter decreases). Among the nanoparticle samples, the total active Al 

content is higher for the Nanopowder and 91 nm sample since larger diameter particles are 

dispersed throughout.  

The differences in reactivity with slow heating rate between the micron-sized and 

nanoparticle samples are evident from the DSC/TGA results, as are significant differences between 

the nanoparticles based on particle size distributions. The nanoparticles begin to oxidize at lower 

temperatures and more rapidly, as indicated by the heat release values in the first oxidation stage. 



The first stage of oxidation for the nanoparticles results in the largest exotherm and occurs before 

reaching the melting point of Al. The largest heat release for the micron-sized particles occurs 

during the second oxidation stage at temperatures higher than the melting point of Al. Large 

particle size distributions result in a convolution of these attributes. 

   

3.3 Impurities  

The LIBS spectra of the nine Al powders all contain (to varying degrees) emission features 

from Al I, Al II, AlO, Na, H, C, N, and O. Na is a common contaminant and is present in most 

materials. The organic impurities for each sample, which most likely result from surface functional 

groups and adsorbed materials, are shown in Figure S4 (normalized to the maximum observed 

intensity for each species). The 18 nm and 44 nm samples contain significant C and H. The 44 nm 

and Nanopowder samples have lower O and N intensities than many of the other samples, while 

the <75 μm sample has less O relative to N compared to the other samples. Although the 

entrainment of air into the laser-induced plasma contributes significantly to the observed O and N 

emission lines, the ratio of O/N should be constant if there is no contribution from the sample. 

Nevertheless, the O/N ratios for each sample ranged from 2.8 (91 nm) to 2.2 (<75 μm), indicating 

compositional differences. The nanoparticle samples have higher O/N ratios than the micron-sized 

samples since the oxide layer consists of a larger percentage of the total mass. The O/N ratios have 

an approximate inverse correlation to the active Al content (Figure 10), with the 91 nm sample 

having a higher O/N ratio than expected. This may indicate the presence of surface functional 

groups containing oxygen. A thicker oxide layer would also result in more O content and decrease 

the active Al content. The <75 μm sample has a lower O/N ratio than expected based on the linear 

fit.  

In addition to the organic impurities, trace amounts of metallic impurities were observed 

from the different samples (see Figure S5). Na, Ca and K are common impurities typically 

introduced into samples via chemical solvents during synthesis and post-synthesis processing. 

Previous studies on bulk Al have shown that the anions from Na-containing salts can facilitate the 

removal of the oxide layer on the Al surface.[58] Here we note that the Nanopowder sample has 

the 2nd highest Na intensity, following the 18 nm samples. The 18 nm sample also contains Si, Mg, 

and Li. Several of the nanoparticle and micron-sized samples contain Fe and/or Zn. The <45 μm 

sample also contains trace amounts of Ti. LIBS sensitivities for metal species are typically in the 



range of ppm or lower, although no quantitative measurements were made for these experiments.  

Although trace metal impurities might not significantly affect the chemical reactions of the Al 

powders, they can indicate lot-to-lot changes in synthesis or processing, leading to potential 

compatibility issues in formulations with energetic materials. Therefore it is important to be aware 

of their presence in each sample. 

X-ray diffraction results for all samples are shown in Figure S6. No crystalline impurities 

are apparent, though the 18 nm sample does contain a significant amount of crystalline alumina. 

Other samples do not show any alumina peaks as it is amorphous in the as-received materials. 

None of the impurities identified in LIBS analysis appear in the XRD results, indicating they are 

either present in only very small quantities or that they are not in a crystalline form.  

 

4 Conclusion 

We have characterized nine commercial Al powder samples to comprehensively study the 

influence of particle morphology on energy release at both slow heating rates (this work) and at 

fast heating rates (Part II). [32] A variety of techniques have been used to determine the mean 

particle sizes, particle size distributions, active Al content, and the types of impurities within the 

samples. In some cases, the determined particle sizes were close to those reported by the suppliers, 

while in other cases the average particle size deviated from the specifications and depended on the 

measurement method (detailed summary included in Supplemental Data). For the nanoparticle 

samples, unexpectedly large particle size distributions are apparent in the images (91 nm and 

Nanopowder samples), as were unusual shapes (18 nm and 44 nm samples), larger average particle 

sizes than specified on the “label”  (44 nm, 91 nm, and Nanopowder samples), and metal impurities 

that could affect the reaction chemistry. Ultimately, a comprehensive understanding of the true 

particle size, shape, and morphology for an aluminum powder sample requires detailed 

characterization via SEM/TEM imaging, DLS, and BET analysis.  

The active Al content was determined for each of the samples from TGA analysis using a 

relatively high heating rate (50 ˚C/min) for TGA and an unusually long exposure time at 1450 °C. 

This enabled us to use the same method for calculating active Al content for both the nanoparticles 

and micron-sized particles, which require higher and more sustained temperatures to fully oxidize. 

The results from the TGA analysis, including onset temperatures and total heat release, indicate 

that the nanoparticle samples were more reactive, as expected. They also demonstrate that the 



measured active Al content can be quite different than expected based on average particle sizes, as 

a result of differences in the particle shape and oxide layer properties.  Future work can include 

techniques that more thoroughly characterize the oxide shell, such as determination of the phase, 

thickness, and porosity – as well as the identification of surface functional groups. 

The results from these experiments should point to the importance of fully characterizing 

any Al powder sample used as an additive in energetic formulations. Using manufacturer-provided 

specifications or measuring only one characterization parameter could lead to erroneous 

conclusions in energetic performance experiments – and possibly for other applications as well.  

Despite this, it is unfortunately uncommon in the literature to see thorough characterization of 

metal nanoparticles used in application-oriented papers. 

In part II, we will explore the reactivity of nanoparticles using very high heating rates 

(~1013 K/s). The Al samples will be subjected to a high energy, nanosecond-pulsed laser and 

optical emission diagnostics and laser-induced shock wave imaging will measure the energy 

release on a microsecond-timescale. It has been shown that there are major differences in the 

oxidation mechanisms of nanoparticles at different heating rates.[8, 57, 59] The Al powder 

properties delineated in this work were essential for interpreting the results of those experiments. 
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Table 1. Sample names and descriptions 

Table 2. Micron sample particle size information 

Table 3. Nanoparticle sample size information  

Table 4. Data obtained from DSC Curves 

Table 5. Mass percent increase due to aluminum oxidation at various temperatures 

Figure 1. SEM images of micron-sized Al powder samples a) <75 μm (scale bar 10 μm), b) <45 

μm (scale bar 10 μm), c) 3-4 μm (scale bar 5 μm), and d) 1-2 μm (scale bar 5 μm) 
 

Figure 2. SEM images of Al nanoparticles a) 18 nm, b) 44 nm, c) 80 nm, d) 91 nm, and e) 

Nanopowder 
 

Figure 3. a) DLS size distribution of the 18 nm nanoparticles. b) SEM and c) TEM images are 

inset 
 

Figure 4. a) DLS size distribution of the 44 nm nanoparticles. b) SEM and c) TEM images are 

inset 
 

Figure 5. a) DLS size distribution of the 80 nm nanoparticles. b) SEM and c) TEM images are 

inset 
 

Figure 6. a) DLS size distribution of the 91 nm nanoparticles. b) SEM and c) TEM images are 

inset 

Figure 7. a) DLS size distribution of the Nanopowder nanoparticles. b) SEM and c) TEM images 

are inset 
 

Figure 8. TGA curves from the micron-sized particles (a) and the Al nanoparticles (c) as a 

function of temperature. DSC curves from the micron-sized particles (b) and the Al nanoparticles 

(d) 
 

Figure 9. TGA curves from the micron-sized particles as a function of time. 

Figure 10. O/N intensity ratios from the laser-induced plasma emission for the Al powders as a 

function of active Al content 
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Sample 

Name 
Supplier 

Supplier-Provided Information 

Particle 

Size 

Metals 

Purity 

Active 

Al 

Specific 

Surface 

Area (m2/g) 

Morphology 

Oxide 

Shell 

Thickness 

18 nm Accumet 18 nm 99.6% — 40 - 60 Spherical — 

44 nm unknown* 44.2 nm — 29.4% 45.4 — 1.8 nm 

80 nm NovaCentrix 80 nm — 75% 25 — — 

91 nm unknown* 91.2 nm — 82.2% 23.7 — 2.5 nm 

Nanopowder Sigma Aldrich <5 μm 99.5% — — — — 

1-2 μm 
Skyspring 

Nanomaterials 
1-2 μm >98% — — 

Near 

spherical 
— 

3-4 μm Alfa Aesar 3-4.5 µm >97.5% — — Spherical — 

<45 μm Alfa Aesar 7-15 μm 99.5% — — — — 

<75 μm Sigma Aldrich <75 μm — — — Powder — 
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Sample 

Name 

LD (μm) BET (m2/g, μm) 

Morphology 
D10 D50 D90 

Specific 

Surface Area 

Calculated 

Size 

1-2 μm 2 4 ± 2 7 2.6 0.855 Spheres 

3-4 μm 4 6 ± 2 9 5 0.444 Spheres 

<45 μm 8 17 ± 9 28 2 1.11 Oblong 

<75 μm 13 28 ± 15 46 1.1 2.02 Oblong 
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Sample Name 

DLS Mean (nm) TEM (nm) BET (m2/g, nm) 

Morphology Small 

Distribution 

Large 

Distribution 
Mean D10 D50 D90 

Specific 

Surface Area 

Calculated 

Size 

18 nm 53 ± 7 1,480 ± 140 72 ± 46 25 62 138 28.7 77 Rods and Spheres 

44 nm 40 ± 1 1,410 ± 50 79 ± 41 35 59 140 52.2 43 Spheres 

80 nm — 840 ± 10 86 ± 42 58 79 127 27.2 82 Spheres 

91 nm 180 ± 10 1,570 ± 90 139 ± 97 48 121 223 28.9 77 Spheres and Flakes 

Nanopowder 110 ± 20 660 ± 60 131 ± 76 71 119 187 11.6 191 Spheres 
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Sample 

Name 

1st Stage 2nd Stage 

Onset (°C) Peak (°C) 
Heat Release 

(J/g) 
Onset (°C) Peak (°C) 

Heat Release 

(J/g) 

18 nm 552 ± 1 604 ± 4 4,960 ± 890 721 ± 31 860 ± 10 1,313 ± 750 

44 nm 534 ± 2 597 ± 20 5,980 ± 1,840 672 ± 20 805 ± 32 1,390 ± 1,070 

80 nm 563 ± 0.3 606 ± 2 4,140 ± 280 741 ± 1 818 ± 2 3,000 ± 140 

91 nm 552 ± 5 604 ± 14 5,310 ± 1,690 735 ± 14 828 ± 16 1,990 ± 1,300 

Nanopowder 594 ± 5 628 ± 4 3,080 ± 340 770 ± 4 849 ± 4 2,890 ± 690 

1-2 μm 583 ± 0.3 626 ± 4* 1,079 ± 100* 821 ± 4 1,071 ± 11 10,810 ± 440 

3-4 μm 600 ± 0.8 646 ± 0.5* 452 ± 21* 831 ± 1 1,073 ± 6 6,200 ± 78 

<45 μm 624 ± 0.3 659 ± 0.3* 136 ± 6* 935 ± 11 1,082 ± 0.7 2,060 ± 170 

<75 μm 599 ± 0.04 659 ± 0.3* 326 ± 22* 960 ± 21 1,082 ± 2 1,330 ± 230 

*peak temperature and heat release from oxidation exotherm is convoluted with aluminum melting endotherm 
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Sample 

Name 

%Mass Gain at: Total Active 

Content 700 °C 1200 °C 1500 °C 

18 nm 28 ± 4 44 ± 0.7 46 ± 2 47 ± 3% 

44 nm 33 ± 5 50 ± 2 53 ± 1 55 ± 1% 

80 nm 27 ± 2 64 ± 3 70 ± 3 72 ± 3% 

91 nm 23 ± 3 65 ± 2 77 ± 2 80 ± 2% 

Nanopowder 20 ± 1 75 ± 5 82 ± 4 91 ± 2% 

1-2 μm 6.1 ± 0.4 85 ± 1 103 ± 1 105 ± 2% 

3-4 μm 3.3 ± 0.1 53 ± 4 97 ± 2 99 ± 1% 

<45 μm 1.3 ± 0.1 20 ± 0.5 56 ± 3 100 ± 1% 

<75 μm 1.0 ± 0.1 12 ± 0.1 43 ± 3 103 ± 5% 
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