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Characterization of Ultra-fine Aluminum Nanoparticles 

M. M. Sandstrom, B.S. Jorgensen, B. L. Smith, J. T. Mang, S. F. Son 

ABSTRACT 

Aluminum nanopowders with particle sizes ranging from - 25 nm to 80 nm were 

characterized by a variety of methods. We present and compare the results from common 

powder characterization techniques including transmission electron microscopy (TEM), 

high resolution transmission electron microscopy (HRTEM), BET gas adsorption surface 

area analysis, thermogravimetric analysis (TGA), photon correlation spectroscopy (PCS), 

and low angle laser light scattering (LALLS). Aluminum nanoparticles consist of an 

aluminum core with an aluminum oxide coating. HRTEM measurements of both the 

particle diameter and oxide layer thickness tend to be larger than those obtained from 

BET and TGA. LALLS measurements show a large degree of particle agglomeration in 

solution; therefore, primary particle sizes could not be determined. Furthermore, results 

from small-angle scattering techniques (SAS), including small-angle neutron ( S A N S )  and 

x-ray (SAXS) scattering are presented and show excellent agreement with the BET, 

TGA, and HRTEM. The suite of analytical techniques presented in this paper can be 

used as a powerful tool in the characterization of many types of nanosized powders. 

INTRODUCTION 
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Novel properties associated with nanostructured materials have attracted a great 

deal of interest in recent years. Ultra-fine aluminum nanoparticles provide an example of 

such materials. Research of these materials ranges from composites with increased 

strength and high temperature stability [ 11 to components in rapid-burning thermites [2]. 

The aluminum nanoparticles are prepared by a variety of techniques including dynamic 

gas condensation [3], cryomelting process[4] and by the plasma explosion process 

(ALEX) [ 5 ] .  The cryomelting process produces particles with diameters of about 40 nm. 

By varying the conditions of dynamic gas condensation, the average particle sizes 

obtained are generally in the range of 20nm to 200nm, but larger sizes are possible. The 

particles obtained from ALEX tend to be somewhat larger, about 180 nm with a wide 

particle size distribution. Conventional aluminum particles are generally available in 

sizes that range from 5pm to 1000 pm. A thin aluminum oxide layer on the nanoparticles 

maintains stability in air. Without this layer, the material would be pyrophoric. 

Characterization of the particle diameter, size distribution, oxide layer thickness, 

morphology of the particles and other features is important in predicting their 

performance for specific applications. With the advent of these nanoscale materials, new 

characterization methods are needed. 

A number of methods have been used for determining the characteristics of 

nanoparticles. High resolution transmission electron microscopy (HRTEM) and 

transmission electron microscopy (TEM) have been used to determine both the particle 

diameter and oxide layer thickness. However, these are very labor-intensive processes 

and only probe a small sampling of the total powder volume. Additional complications 

arise because of the irregular particle morphology and because only the smaller particles 
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have low enough mass to allow sufficient transmission and thus visualization of the oxide 

layer. A TEM image of some particles is shown in Figure 1. Rutherford backscattering 

spectroscopy has also been used to determine the oxide layer thickness based on the 

amount of atomic oxygen in the sample [23. X-ray photoelectron spectroscopy ( X P S )  

was used to measure the oxide layer thickness by the amount of A13+ and No present in 

the sample [6]. BET (Brunhaer, Emmet and Teller) surface area analysis has been used 

to measure the average particle diameter of ALEX particles and uptake of nitrogen in 

thermogravimetric analysis (TGA) to form AlN was used to measure the oxide layer 

thickness [7],[8]. Small angle scattering (SAS) techniques such as small angle neutron 

scattering ( S A N S )  and small angle X-ray scattering ( S A X S )  have been used to determine 

the particle size distributions, morphology, and oxide layer thickness [9 ] .  Light 

scattering techniques, including static light scattering (SLS), photon correlation 

spectroscopy (PCS), and laser diffraction or low angle laser light scattering (LALLS), 

have also been used extensively to measure particle size distributions and morphologies 

of a wide variety of nanosize materials[lO-121. 

Our interest at Los Alamos National Laboratory in these materials is for ultra-fine 

thermite powder mixtures referred to as metastable intermolecular composites (MIC) 

[13],[ 141. Mixtures of aluminum and molybdenum trioxide nanoparticles undergo the 

reaction shown in equation 1, 

2A1+ MOO, +- Al,O, + Mo + AH. 
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Due to the small particle size and short reaction distances, reaction rates are suggested to 

be 1000 times greater than conventional thermite [2]. The reaction rate appears to be 

dependent on factors such as the particle size, the size distribution, the aluminum oxide 

layer thickness, stoichiometry of the powder mix, the degree of intermixing of the 

powders and morphological characteristics of the powders. 

We characterized the particles using a variety of techniques and comparing the 

results of the various methods. Average diameter measurements were made using BET, 

TEM, and SAS. Particle agglomerations were characterized by LALLS and PCS. The 

oxide layer thickness was measured by SAS and HRTEM, and also determined indirectly 

by measuring the amount of active aluminum in a sample and then calculating the 

thickness of the layer using the surface area measurement from BET analyses. The 

amount of active aluminum was measured by TGA (thermogravimetric analysis) and a 

wet chemical analysis. Helium pycnometry was used to determine the particle density. 

The measured density was used in the calculation of the particle diameter from the BET 

surface area analysis and the oxide layer thickness. Several of the analytical techniques 

assume a spherical particle shape but TEM images show necking and other irregular 

shapes. 

EXPERIMENTAL PROCEDURE 

Nano-aluminum was synthesized at Los Alamos National Laboratory using 

dynamic gas condensation. These include sample numbers 1 3 100, 3 1500, RF-B, 3 1000, 

32000,32200, and 3 1300. We also purchased nano-aluminum from Technanogy (Irvine, 

California) [15] and Nanotechnologies (Austin, Texas). The Nanotechnologies’ powders 
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were synthesized by proprietary methods and include sample numbers NT-Al-44 and NT- 

A1-80. 

BET measurements were performed using a Micromeritics ASAP 2000 

Accelerated Surface Area and Porosimetry System. Aluminum powder samples of 0.2g to 

1.6g were loaded into sample tubes with a filler rod and seal frit. The samples were dried 

and degassed at 90°C until a vacuum of torr was maintained. The ASAP 2000 

performs fully automatic analysis with ultra-high purity nitrogen, collects data and 

performs calculations to obtain BET surface area. 

A Polymer Laboratories Thermobalance 15000 was used for thermogravimetric 

analysis. A platinum crucible was used and 0.5 mg to 6.0 mg samples were heated from 

ambient temperature to 700°C or 900°C at a rate of 10"C/min in static air. The percent 

weight gained was determined using Polymer Laboratories analysis software. 

A Micromeritics Helium Pycnometer (AccuPyc 1330) was used to determine the 

particle density. 

HRTEM analysis was preformed on a JEOL 3000F at an accelerating voltage of 

300kV. The A1 particles were suspended in hexanol and deposited on holey-carbon Cu- 

mesh grids. Particle size distributions were determined by manual methods utilizing over 

10 images and several hundred particles per sampling. 

SAXS experiments were performed at the University of New Mexico/Sandia 

National Laboratories Small- Angle X-ray scattering Laboratory using both the pinhole 

and Bonse-Hart cameras [16]. Data were collected on a relative scale and corrected for 

instrument resolution and smearing effects. Small-angle neutron scattering measurements 

were performed on the Low-Q Diffractometer (LQD) at the Manuel Lujan Jr., Neutron 
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Scattering Center of Los Alamos National Laboratory [17]. Data were reduced by 

conventional methods and corrected for empty cell and background scattering. Absolute 

intensities were obtained by comparison to a known standard and normalization to 

sample thickness. Both SAXS and S A N S  measurements were performed on dry 

powders. For SAXS measurements the samples were sealed inside an aluminum ring with 

tape and for S A N S  measurements the powders were loaded into rectangular cells made of 

fused silica, having a 1 mm path length. For a detailed discussion of the SAS 

experiments, see reference [9]. 

A Horiba LA900 was used for LALLS. The principle of this measurement is light 

diffraction for particles that are larger than the laser wavelength, while for smaller 

particles Mie theory is employed. The particles were briefly subjected to ultrasonic 

vibration in isopropanol, placed in the instrument and circulated through the sample cell. 

Ultrasonic vibration was then repeated until the measured particle size distribution was 

stable. 

The hydrodynamic diameter (dh) of the particles was measured by PCS using a 

Brookhaven Instruments 900 AT-200SM with a BI-900AT autoconelator. The dh 

includes the particle diameter plus anything that is attached to the particle and moves 

with the surface in solution. A1 particles were suspended in deionized water and 

sonicated for 20 minutes before analysis. In order to dissociate large agglomerates, the 

pH was adjusted to -8 with N&OH on two solutions, one from Los Alamos and one 

from Nanotechnology. Readings were taken at approximately 1 minute intervals after the 

addition of the base to monitor any changes in the particle size distributions. 
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The principle of the concept of the wet chemical analysis is a selective reaction 

between aluminum and water in the presence of sodium hydroxide: A1 + 3H20 - 
Al(OH)3 + 1.5H2 (g). The amount of hydrogen released is measured by displacement of 

water in a buret. The amount of active aluminum is calculated from the volume of 

hydrogen released using the Ideal Gas Law. The oxide layer thickness is then calculated 

in a manner similar to the TGA method. [ 181 

Calculating the Average Oxide Thickness from Thermogravimetric Analysis (TGA) 

When the aluminum nanoparticles are heated in air to around 5OO0C, they begin 

oxidizing and as a result show a weight gain. If the particles are - 40nm or smaller, 

complete conversion takes place. Larger particles do not oxide completely due to the 

formation of a thick oxide layer. The amount of oxygen uptake is measured as a 

percentage of the original sample weight. Since the amount of oxygen uptake is 

proportional to the amount of aluminum in the core of the particles by the reaction 2A1+ 

3/2 0, + Al,O,, the moles of aluminum contained in the core can be calculated and the 

moles of alumina contained in the oxide layer obtained by the difference in weight. 

Lower oxides such as A10 and A1,O can also form [19], as well as aluminum nitrides 

from air, but Al,O, is the predominant species. For the purposes of this study, complete 

conversion to a-Al,O, is presumed. The molar fraction of aluminum present is 

determined by equation 2, 

8 



Where, MF = molar fraction of A1 in particle, r = particle radius, t = oxide layer thickness. 

p, = density of A1 core, and p2 = density of A1,0, layer. The atomic weight of oxygen 

is 26.98, and the molecular weight of M,O, is 101.09. 

Solving equation 2 for t, we obtain, 

RESULTS AND DISCUSSION 

Diameter and Surface Area Measurements 

BET is a method of measuring the specific surface area (m2/g) through 

multimolecular layer gas adsorption. An average particle diameter can be calculated from 

BET surface area measurements assuming that the particles are spherical and monosized. 

By combining the equations for the voIume and surface area of the powder, the average 

particle diameter, D, is obtained by equation 4, 

6 D=-. 
AP 

(4) 

Where A is the specific surface area, and p is the density of the powder as measured by 

helium pycnometry [ 151. As can be seen in the TEM image in Figure 1, the particles are 

not truly spherical or monosized. However, the average diameter obtained by this 

method is still useful since there is a correlation between the surface area and the average 

particle diameter, even though this average diameter is not necessarily a number 

weighted or even a surface weighted average. Other methods for measuring particle 

diameters, such as sedimentation and light scattering can be deceptive when used on very 

small particles. The particles are difficult to disperse and agglomerates may be detected 



giving anomalously large diameters. A source of error in BET measurement comes from 

surface area lost at junctions through inter-particle contact. The degree of surface area 

lost is related to the packing of the particles. Loosely packed particles should show less 

effect than compressed particles. For our measurements, the particles were loaded 

loosely. Also, as seen in the TEM image, some particles are connected, resulting in a loss 

of surface area. In addition to providing information regarding the surface area, the type 

of gas adsorption isotherm obtained is indicative of the particle surface porosity [20]. The 

type of isotherm obtained with the nanoparticulate aluminum indicates a non-porous 

surface. HRTEM also shows a smooth, non-porous surface. Therefore, there is a 

significant degree of confidence that the BET number obtained can be directly correlated 

to an average diameter of the particles. 

In addition to diameter measurements, TEM also provides information regarding 

particle size distribution. As seen in Fig.2, most particles fall within a fairly narrow 

diameter range. However, due to a small sampling size and artifacts that result from 

sample preparation, the calculated average may not be representative of the entire 

population of particles. A comparison of particle diameters obtained by the other 

methods is shown in Table 1. The TEM numbers tend to be larger than the BET results. 

This may be attributed to the fact that necking and other small particle formations are 

measured by BET, whereas in TEM, only the more spherical particles are measured. 

SAS results for particle diameter and surface area are also presented in Table 1. 

Based on SEM images of the powders produced at Los Alamos, the scattering data was 

interpreted using a model of mass fractal aggregates having spherical primary particles 

with a core-shell structure. SEM images of the powders that were purchased from 
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Technanogy and Nanotechnology appeared to be highly polydisperse with large 

individual particles. These powders tend to form very large aggregates over length scales 

outside the range of the instruments (>lOOOnm). Therefore, these particles were modeled 

as polydisperse particles with a core-shell structure [9]. 

The particle diameters are determined by adding the mean core radius, calculated 

from the particle size distribution determined from SAS analysis, and the oxide layer 

thickness. The particle diameters are comparable to the results obtained by BET and 

TEM, but tend to be slightly smaller. This may be due the loss of surface area as the 

result of particle packing in the BET measurement as mentioned previously. 

Furthermore, SAS techniques are able to distinguish between aggregates and primary 

particles, which allows a more accurate and unambiguous measurement of the particle 

size. 

The surface areas calculated from the particle size distributions are also less than 

the surface area measured by BET. This may be due to the fact that BET probes on a 

smaller length scale than SAS. Surface roughness and small artifacts are not measured 

by SAS, but are by BET. 

Our laser light scattering data may provide a clue to other significant 

characteristics of the nanoparticles. Particles that have diameters of - 47 nm as measured 

by BET, showed diameters of about 200 nm by LALLS. As seen in Fig. 3, the sample (# 

13 100) at first shows agglomerates in the micron range. Further sonication broke up 

these agglomerates and all the particles occurred within a Gaussian-like distribution with 

a peak slightly below 200 nm. Further sonication was unable to create a change. 
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Figure 4 shows another sample (#32200), which after sonication, showed no 

changes in the particle size. This sample was measured by BET to have a diameter of 25 

nm and by TEM to have a diameter of 38 nm. 

Similar results are observed with PCS. Figure 5 shows particle size distributions 

for samples 31500 and NT-A1-44. Both figures show large agglomerations in the 1- 

10pm size range and smaller agglomerations between 100 and 300 nm. The NT-A1-44 

sample even shows evidence of free primary particles at -50nm. By increasing the pH to 

-8 with the addition of ",OH, the Van der Waals forces between the particles in the 

large, soft agglomerates are disrupted, causing them to quickly break apart into the 

smaller, hard agglomerates. Meanwhile, the smaller hard agglomerates that were present 

before the base was added appear to be dissolving uniformly. Figures 6 and 7 show the 

change in particle distribution over time after the addition of base. Note that the large 

agglomerates in sample 31500 break up more quickly than the NT-Al-44. 

These results indicate that the primary particles are forming hard agglomerates 

during processing, while the soft agglomerates are probably formed in solution. A 

tentative conclusion is that the particles are physically connected during process or during 

the passivation step and that the degree of connection depends on processing or 

passivation conditions. 

Oxide Layer Thickness Measurements 

A typical TGA scan of aluminum nanoparticles in static air is shown in Fig. 8. A 

weight loss of a few percent is seen initially. This is due to adsorbed moisture and other 

possible Contaminants. At around 250 "C, a slow increase in weight gain is seen. Thin- 

walled or very small particles would be expected to react at lower temperatures. The 
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weight gain increases dramatically around 500 "C. This may be due to either rapid 

diffusion of oxygen through the oxide layer or the thermal expansion of aluminum may 

be causing the oxide layer to crack at this temperature, thus causing a rapid increase in 

oxidation. A small amount of weight gain appears to occur between 500 and 900 "C. 

While there may be some oxidation still occurring, the apparent weight gain may also be 

due to buoyancy. This is often observed in TGA at higher temperatures and is due to 

thermal expansion of the gases surrounding the sample, thus providing less buoyancy to 

the sample and therefore an apparent weight gain. ' 

,Other samples of nanoparticles showed TGA traces as seen in Fig. 9. Here, 

further oxidation is seen up to about 750°C. In these samples there appear to be particles 

that are larger or have thicker oxide layers and do not oxidize until higher temperatures. 

This weight gain appears to not be due to buoyancy, but rather due to particles being 

oxidized at a higher temperature. 

It was somewhat difficult to determine the point where oxidation is complete and 

where buoyancy is the primary source of apparent weight gain. A change in buoyancy is 

due to the fact that at high temperatures the gas surrounding the sample becomes less 

dense due to the heating. As a result of the decrease in density of the surrounding gas, the 

sample is supported less by the gas and therefore shows an apparent slight weight gain 

which increases with temperature. [2 13 To avoid underestimating the oxide layer 

thickness, the percent weight gain was determined at the point where no further reaction 

appeared to be occurring. In the case of samples that showed a TGA scan as in figure 8, 

the percent weight gain was measured at - 550 "C. The difference in oxide layer 

thickness between measuring the weight gain at 550 "C and 700 "C is about 0.5 nm. In the 
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case of samples that showed a TGA scan as in Fig.9, the measurement was taken at - 750 

"C. 

Sample TN-AI-40 was also analyzed by the wet chemical volumetric method. The 

result is shown in Table 2 along with measurements obtained by TGA and SAS. As can 

be seen, there is good agreement among the various methods. The wet chemical method 

is a particularly good approach for larger particles. We have observed that nanoparticles 

above 80 nm do not totally oxidize in TGA but are totally degraded by the wet chemical 

analysis. I 

The oxide layer thicknesses obtained by TEM tends to be larger than 

measurements made by BET/TGA, as seen in Table 1. In some cases the number is 

significantly larger. This may be due to the small sample size and perhaps visual 

artifacts. Another important contributing factor to the observed difference is that an 

entire particle is imaged, and not just a cross-section. The oxide layer will appear thicker 

due to the curvature of the particle. A HRTEM image of an aluminum nanoparticle is 

shown in Fig. 10. 

The SAS oxide layer thickness was determined by fitting the data to a core-shell 

model that assumes that the primary particles have a uniform A1 core surrounded by a 

layer of A1203. The oxide layer thickness value calculated fiom this analysis is dependent 

on the choice of density of the aluminum oxide shell. The density of A1203 is a function 

of its structure and can range from 3.50 - 3.99 g/cm3. The values presented in this paper 

were calculated using 3.99 g/cm3, which corresponds to the a phase of A1203. This 

density of alumina was chosen because it gave the most consistent results between the 
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SAXS and SANS measurements. The error associated with the oxide layer thickness 

presented in Table 1 reflect the range of possible densities for Al2O3. 

The oxide layer thicknesses obtained by SAS are very similar to both TEM and 

TGA, but they tend to be larger than the TGA results. In both analyses, the assumption is 

made that the oxide layer is a-A1203, which may not be the case. There are five different 

phases of each aluminum oxide and aluminum hydroxide [22]. The phase of the 

passivation layer is dependent upon the conditions under which it was formed. If it is 

formed in the presence of water, it will form a hydrated aluminum oxide, which has a 

lower density than an anhydrous oxide. Furthermore, the HRTEM images show that the 

oxide layer is amorphous[l5,23], which has a density of 3.756 g/cc [24] rather than 3.99 

g/cm3. These assumptions and processing conditions may explain the variability observed 

in the results, however it should be noted that the results are very similar, and are close to 

3-5 nm, a range that is commonly quoted in the literature[l, 15,23,25]. 

CONCLUSIONS 

The average particle diameter and oxide layer thickness of several samples of 

aluminum nanopowders with particles sizes ranging from - 40 to 80 nm were 

characterized by a variety of methods. The results for particle size, particle size 

distribution and oxide layer thickness fiom several powder characterization techniques 

including HRTEM, BET, TGA, SAS, PCS and low angle laser light scattering (LALLS) 

where compared. HRTEM measurements of both the particle diameter and oxide layer 

thickness tend to be larger than those obtained from BET, TGA, and SAS. 
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LALLS and PCS measurements show a large degree of particle agglomeration in 

solution; therefore, primary particle sizes could not be determined. The suite of analytxal 

techniques presented in this paper can be used as a powerful tool in the characterization 

of many types of nanosized powders. 
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Table I. 

TN-AI-40 

\JT-AI-44 

\IT-AI -8 0 

31 000 

32000 

32200 

31 300 

Sample I Particle Diameter (nm) I Surface Area (rn2/g) 1 -Oxide Shell Thickness (nm) 

44 -- 
44 -- 
70 -- 

30 40.2 2 8.1 

30 45.12 9.7 

25 38.0 21 2.3 

34 40.2 f 8.9 

I BET I TEM 

32+4 3658 

32+4 3728 

31 500 39.8 2 7.9 

49.8 1 43 2.0 1 2.520.7 

52.0 I 36 I 5.021.0 

4454 48212 

SAS 

30.2 30 2.8 1 2.620.6 

1.6 

surface 
number a rea 

weighted weighted 
average average 

I 
I 

SAS 

1 1.4 

1.6 

BET/TGA 1 TEM 1 SAS 

3626 38212 I 43.0 1 41 1 1.6 2.83 2.420.6 

2822 3028 I 63.7 1 56 I 1.6 I 4.62 1 3.120.4 

3228 36214 I 47.3 I 46 I 3.0 I 1 3.020.6 

I I 



Table 11. 

I Sample TGA I SAS I Volumetric Analysis I 
I TN-AI-40 2.0 nm I 1.8 nm I I 2.5k0.7 nm 



Figure 1 
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Figure 3 
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Figure 4. 

20 

15 

10 

5 -  

0 

- 

- 

- 

I- 

- 
.r 

0 

I 

0 
l-- 

Diameter (urn) 



Figure 5 
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Figure 6 
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Figure 8 
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Figure 9 
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Figure 10 


