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Thermogravimetric analysis was used to study the reactivity of aluminumpowders in air, oxygen, and nitrogen. In

addition, the data were used to characterize active Al content, Al oxide content, volatile impurity content, particle

size, and particle size distribution. Weight gains from complete oxidation of the Al were used to calculate average

particle sizes in the range of 30 to 500 nm. These particle sizes correlatedwell with particle sizes derived from surface

area measurement. Particle size was also examined by scanning electron microscopy, and compared with crystallite

size determined by x-ray diffraction. Particle size distributions were derived from thermogravimetric analysis data

based on amodel of uniform oxidation of Al from the exterior to the interior of the particle. Themethod is well suited

for analyzing samples with broad particle size distributions, and in particular, for monitoring the presence of 500–

5000 nm particles within nominally nanosized samples. Quantitative information was not obtained for particles

around 100 nm or smaller, due to large variations in oxidation behavior below 700�C. Nitridation of Al powders was

studied for extended times at 600�C. Surprisingly, 2 �m powder was nearly completely nitrided in 1 h, indicating

that the nitride product has little inhibiting effect on the reaction.

Introduction

A LUMINUM powders are used in a broad range of applications
including rocket propellants, paints, and powder metallurgy

processes for aircraft and automobile parts [1,2]. Because the
reactivity ofAl increases as the particle size decreases, small particles
are desirable for Al used in propellants, explosives, and powder
metallurgy processes.

Aluminum powders are produced on a large scale in the nominal
size range of 3–200 �m. Over the last decade submicronAl powders
have become commercially available in significant quantities and
with selected sizes in the range of 20 to 500 nm.As these powders are
beginning to find their way into applications, there is a need to
develop specifications and standard characterization procedures [3]
to ensure consistency of the material and its behavior. Key attributes
of Al powders include particle size, size distribution, particle
morphology, agglomeration, and chemical composition (especially
metallic Al andAl oxide content). Commercial powders are typically
supplied with a particle size derived from surface area analysis.
Many users of nanosized Al powders conduct additional analysis to
gain information about chemical composition, particle morphology,
and particle size distribution.

Variations in particle size distribution may significantly affect
reactivity [4]; however, the particle size distribution of nanopowders
has been difficult to quantify by conventional particle size
measurements. Nanopowders tend to form aggregates that only

partially disperse for particle size analysis by light scattering
methods [5]. Many aluminum nanopowders exhibit broad size
distributions, with the size distribution dependent in part on the
method of synthesis [6]. Some powders appear to have a lognormal
size distribution, where the logarithm of the particle diameter has a
Gaussian distribution [7], whereas a bimodal distribution was
reported for an Al powder prepared by an electroexplosion process
[8]. Useful particle size distribution information can be obtained by
scanning electron microscopy (SEM), transmission electron
microscopy (TEM) [9–14], small angle neutron scattering (SANS),
or small angle x-ray scattering analysis (SAXS) [13,15–18].
Quantitative analysis of particle size distribution by SEM or TEM is
usually problematic in dispersing and resolving individual
nanoparticles, and achieving analysis of a representative portion of
thematerial. Representative sampling can be particularly difficult for
broad size distributions or for samples with occasional large
particles. Large particles do not transmit the electron beam, limiting
TEManalysis. Sampling is not a problem for SAXSor SANS, but the
techniques applied to date to aluminum nanopowders are relatively
insensitive to micron-sized particles, and considerable data
interpretation is involved in the analysis. The size distributions for
some aerosolized aluminum nanopowders were recently determined
using a differential mobility analyzer with a condensation particle
counter [19,20].

Thermogravimetric analysis (TGA) of the oxidation of submicron
Al powders is a valuable characterization technique as it provides
information about both reactivity and composition [9,21–23]. Data
from TGA experiments has been used to determine activation
energies [9,22,24–26], active aluminum content [21,27], initial
oxide layer thickness [28–30], and particle size [21]. In the present
paper, we explore the utility of thermogravimetric analysis in
characterizing submicron Al powders and their reactivity to air,
nitrogen, and oxygen. Curve-fitting procedures were developed to
calculate particle size distributions from the TGA data [31].

Experimental Methods

The “ALEX” aluminum powder was obtained from the Argonide
Corporation and was prepared by an electroexplosion process using
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Al wire. Vapor condensation processes were used in the preparation
of Al powders provided by Los Alamos National Laboratory
(“LANL” powders), Naval Surface Warfare Center, Indian Head
Division (“IH-1”), and Technanogy (“Tech 24,” “Tech 52,”
“Tech 73,” “Tech 192,” and “Tech 455”). The “H-2,” “H-3,” and “H-
5” powders were obtained from Valimet and were prepared by a gas
atomization process. The remaining Al powders with CL
designations were prepared by a solution process involving the
catalyzed decomposition of trialkyl amine adducts of alane (AlH3) at
40–110�C [21,32,33]. Titanium isopropoxide was used as the
catalyst, and most of the titanium was reduced and incorporated in
the Al. The molar ratio of catalyst to Al was: 0.1% for CL-01 and 40;
0.15% for CL-B, J, and K; 0.2% for CL-57; 0.5% for CL-06, 35, and
48; 2% for CL-10, 11, and 96; 3% for CL-41; and 10% for CL-49.
After passivation of the Al by controlled exposure to air, samples
were dried as follows to remove organic contaminants: CL-57 was
dried in air at room temperature, samples CL-B, J, and K were dried
under vacuum at room temperature, and the remaining CL samples
were dried under vacuum for about 30 min at 210�C, then cooled to
room temperature before exposing to air.

The active (or metallic) Al content in powders was determined by
quantitativelymeasuring either the gas evolved upon base hydrolysis
[34], or the weight gain upon thermal oxidation to aluminum oxide.
For the hydrolysis method, �0:2-g samples were completely
hydrolyzed in 1 M NaOH or KOH aqueous solution. The weight
percent of active Al in the sample was calculated based on the
stoichiometry in Eq. (1):

Al � OH� � 3H2O� Al�OH��4 � 3
2
H2 (1)

Reported results are the average of three runs. Estimated accuracy is
�2%.

Scanning electron microscopy was conducted on an Electroscan
Environmental Model E-3 in the presence of water vapor at about
600 Pa, and an Amray Model 1400 instrument. X-ray powder
diffraction patterns were obtained from petrolatum (Vaseline)
mounted samples on glass slides using a Scintag PAD V
diffractometer with CuK� radiation. Average crystallite sizes were
calculated from x-ray linewidths using the Scherrer equation [35],
and software provided with the instrument (DMSNT version 1.37
software with Crystallite Size software package version 1.01).
Linewidths were corrected for instrument parameters determined
from a reference scan of aNIST SRMalumina plate. Reported values

are the average of four sizes calculated frompeaks at 2�� 38, 44, 65,
and 78�.

Thermogravimetric analysis (TGA) in flowing air and oxygen
(99.995% purity) was conducted on a TA Instruments 2950
thermogravimetric analyzer with a DuPont 2100 thermal analyst
controller. The highest temperature used in these experiments was
950�C due to the 1000�C limit of the instrument. Sample weights
ranged from 1–5 mg and weight data were corrected for the
instrumental baseline response, based on blank (emptyAl oxide pan)
experiments conducted periodically. The standard TGA experiment
was to heat the sample to 850�C and hold at that temperature for 4 h.
A steady ramp of 20�C=minwas used for samples CL-B, CL-J, CL-
K, LANL-1, and LANL RF19. For the remaining samples,
quantitative analysis was generally conducted with the ramp rate
slowed to 3�C=min in the temperature range of 350–600�C. The
lower heating rate was chosen to prevent ignition of samples, which
sometimes occurred at 500–600�C.When samples were analyzed by
both heating programs, the TGA curves were very similar, but a local
minimum in oxidation rate occurred at about 690�C for the constant
20�C=min ramp, compared with 590–600�C for the 3�C=min ramp.

A secondTGAapparatuswas used for thermogravimetric analysis
under nitrogen, where the isothermal increase in sample weight was
monitored as a function of time at ambient pressure. This apparatus,
shown schematically in Fig. 1, was better suited to providing an
ultrahigh purity nitrogen environment, which facilitated the
nitridation reaction of aluminum. The TGA apparatus contained
four main components: a CAHN-2000 electrobalance with a
cylindrical quartz sample container (bucket) suspended on the
balance beam, a vertical furnace surrounding the reactor, a roughing
pump attached to an oil diffusion pump with a cryogenic stack, and a
set of threeMKS® transducer heads (133, 1330, and 133,000 Pa). To
start a run, a small weight of the powder, normally 12–15 mg, was
placed in the quartz bucket, suspended on the balance beam, and
evacuated to 10�4 Pa for 2 h. The sample was brought to ambient
pressure using ultrahigh pure nitrogen (>99:999% purity) at
atmospheric pressure for 30 min. The concentration of impurities in
the nitrogen stream, as supplied by themanufacturer, was as follows:
0.382 part permillion (ppm)moisture, 0.5 ppmoxygen, 0.1 ppm total
hydrocarbons,<1 ppmCO2 and<1 ppmCO. Samples were heated
at 35�C=min to an isothermal temperature of 600�Cunder a nitrogen
flow rate of 50 cm3=min. The increase in sample weight, attributed
to the reaction 2Al� N2 ! 2AlN, was followed with time. The
increase in weight was monitored as a function of time until the
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Fig. 1 TGA apparatus used for experiments conducted under nitrogen atmosphere.
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weight increase became insignificant or when sample weight
remained practically constant.

The surface area of Al powders was determined by conventional
volumetric gas adsorption technique using either a Micromeritics
Digisorb 2600 or a Quantachrome Autosorb-1C surface area
analyzer. Before each measurement, the powder was heated under
vacuum, in most cases at 250�C for 24 h. This treatment removed the
foreign species adsorbed at the surface such as CO2, H2O, oils, and
grease.After the pretreatment, the evacuated sampleswere immersed
in a liquid nitrogen bath and the adsorption isotherms of nitrogen at
�196�C were obtained. At least two runs were conducted for each
sample, and the results averaged. The isotherms on all powders were
of type II, indicating that the Al powders examined here are typical
nonporous materials [36]. To calculate the surface area from the
isotherms, the Brunauer, Emmett and Teller (BET) equation was
used [37].

Experimental Curve-Fitting Procedures

The experimental TGA curve can be thought of as a weighted sum
of TGA curves of samples with narrower size distributions.
Therefore, the particle size distribution of the sample can be found by
fitting the experimental TGA curve with a weighted sum of TGA
curves from samples with narrower size distributions. These curves
with narrower size distributions are the “basis curves.” Each sample
for the basis curves would ideally be monomodal with a very narrow
distribution. Combined, the sizes of the samples for the basis curves
must span the expected distribution of any experimental samples. In
this paper we examine two types of basis curves, empirical basis
curves and those derived from a “master curve.”

Empirical Basis Curves

The calculation of a curve from a set of basis curves is
straightforward. The weight fraction of each size is used as a
weighting factor for the basis curve. The weighted basis curves are
added together to form the calculated curve. The weightings are then
optimized to give the best fit to the experimental TGA curve. The
empirical basis curves were taken from a set of experimental TGA
curves on samples that appeared to have relatively narrow size distri-
butions, based on both SEM and TGA characterization (see Results
and Discussion section). The weight data were normalized by
dividing the observed weight by the minimum weight reached after
volatile contaminants were lost (typically occurred at about 350�C).
The data were then smoothed and interpolated to give a set of curves
having the same time scale and intervals. These empirical basis
curves are shown in Fig. 2, with nominal sizes given for each sample.

The fitting procedure starts by normalizing, smoothing and
interpolating the experimental curve. A mean particle size is

estimated by the procedure above and is used as the starting point by
interpolating between the two closest basis curves. During the
constrained optimization the weight factor for each pair of basis
curves is varied (one up and one down to keep the total weight
fraction at 1.0) and a new curve is calculated. The deviation from the
experimental curve is squared and compared with the previous point.
If lower, the new point is kept, or else it is discarded. In this way all
possible combinations are examined. After a complete roundwithout
any points kept, the step size is reduced and the procedure started
again. The procedure is stopped when the step size falls below
0.0001.

For this procedure to converge to a global minimum the basis
curves must be as orthogonal as possible. In the present situation, the
basis curves with small average size diverge from each other at the
beginning of the curve, whereas thosewith large average size diverge
at the end of the curve.

Master Curve

Ideally, the basis curves used for curve fitting would each
represent a single particle size. This would be possible if a
mathematical model of the oxidation process was used. The model
used in this work assumes that the samples consist of spherical
particles that are uniformly oxidized from the outside in, independent
of particle size. This model was used to convert experimental weight
vs time TGA curves into curves of thickness of aluminum oxidized
vs time. According to themodel, the thickness of aluminum oxidized
curves for different particle sizes would all overlap if each sample
wasmonosized. Thus, the thickness of aluminumoxidized curves for
14 samples were averaged to give a single “master curve.” From this
master curve, theoretical basis curves for single particle sizes were
calculated and used in the optimization procedure.

The 14 samples used to generate the master curve were chosen to
have relatively narrow size distributions and cover a broad range of
sizes. The six samples chosen in the previous section on empirical
basis curves (see Fig. 2)were included in themaster curve sample set.
The other eight samples with their nominal particle size are: CL-01
(256 nm), CL-48 (138 nm), CL-11 (73 nm), Tech 52 (66 nm), CL-41
(63 nm), LANL RF-A (49 nm), Tech 24 (28 nm), and IH-1 (15 nm).
Each experimental TGA curve was corrected by subtracting a
background curve that was obtained by subjecting an empty sample
pan to the same temperature program in the TGA. The curves were
then normalized to have a minimum weight fraction of 1.0 by
dividing the observed weight by the minimum weight. Smoothing
and interpolation gave a set of curves having the same time scale and
intervals. The weight fraction data were then converted to thickness
of aluminum oxidized using the analysis described in detail in the
following paragraphs. Figure 3 shows plots of thickness of aluminum
oxidized vs time for the 14 samples.

After the loss of volatile contaminants in the TGA experiment, the
particles were considered to consist of an Al core with density
2:702 g=cm3 (dAl), and an Al oxide passivation layer with a
thickness of 2.5 nm (tAl2O3

) and density 3:965 g=cm3 (dAl2O3
).

Equations were developed to relate the following terms: the weight
ratio (R) that was determined by dividing the observed weight by the
minimum weight (reached after loss of volatile contaminants), the
finalweight ratio for a completely oxidized sample (Rf), the radius of
an average passivated particle (rp), the radius of a corresponding
particle in an unpassivated (pure Al) state (rup), and the thickness of
Al oxidized (toxAl). The thickness of Al oxidized in the passivated state
is about 2 nm (i.e., oxidation of the outer 2 nm of a pure Al particle
produces an oxide layer about 2.5 nm thick).

The radius of an average passivated particle (rp) in nanometers can
be found from the maximum weight ratio (Rf) by the equation:

rp �
tAl2O3

1 � f1=
��������������������������������������������������������������������������������������
1� �dAl=dAl2O3

� 	 
�� � 1�=�Rf � 1� � 1�3
p

g
(2)

The factor � is the stoichiometric weight ratio for converting pure
Al to Al oxide (weight of Al2O3/weight of 2Al� 1:889;46). For
samples where complete oxidation did not occur during the standard
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TGA experiment (where samples were held at 850�C for 4 h), the
following procedures were used to determine rp: for CL-40 the
sample was held at 850�C for 16 h to give a stable final weight; for H-
2, H-3, and H-5, the nominal size was used to set rp as 1, 1.5, and
2:5 �m, respectively. The radius of a theoretical unpassivated
particle in which the Al2O3 has been converted to Al (rup) was then
calculated for each sample using the value for rp determined above:

rup�
��������������������������������������������������������������������������������������������������������������������

dAl2O3

dAl 	�	
�
r3p�f
�dAl 	��=dAl2O3

� � 1g 	 �rp � tAl2O3
�3
�3

vuut
(3)

The thickness of the original Al that has been converted toAl2O3 was
calculated at each point from the weight ratio curve:

toxAl � rup 	 �1 � 1:2855 	
��������������������
1 � R=Rf3

q
� (4)

The factor 1.2855 derives from
���������������������
�=�� � 1�3

p
.

The master curve was calculated as the average of the empirical
curves of thickness of Al oxidized vs time. Before averaging, the

portions of the empirical curves corresponding to the upper and
lower 5 wt% were removed. The beginning of each curve was
weighted by the factor �time � time at 5 wt%�=5 for the points
within 5 min of the lower 5 wt% time. Thus, the point at 5 wt%
received aweight of 0, the point 1 min ahead received aweight of 0.2
until a weight of 1.0 was reached. The ending of each curve was
treated similarly, except that the final 10 min was weighted. This
weighting was necessary to avoid discontinuities in the averaged
curve.

An average was thus compiled from all the input curves (Fig. 3).
This curvewas converted into a set of calculated basis curves (weight
ratio versus time) in the following manner. A vector of radii was
assumed (10, 20, 50, 75, 100, 250, 500, 750, and 1500 nm). A final
weight ratio (Rf) was found for each passivated radius (rp) from a
rearranged version of Eq. (2):

Rf � 1� ��� 1� 	
�
1�

�
dAl2O3

dAl

���
rp

rp � tAl2O3

�
3

� 1

���1

(5)

The unpassivated radius was found by the same equation previously
used [Eq. (3)]. The thickness of Al oxidized was converted into
weight ratio by rearranging Eq. (4), and normalizing each calculated
basis curve:

R� Rf 	
�
1 �

��1 � toxAl=rup�
1:2855

�
3
�

(6)

An experimental curve to be fitted is first corrected for
instrumental background and converted to weight ratio (sometimes
referred to asweight fraction), and then smoothed and interpolated so
that it has the same time scale and intervals as the basis curves. The
proportion of each calculated basis curve in the fitted curve is then
varied so that the square of the error between the calculated curve and
the input curve is minimized.

Results and Discussion

Aluminum Powders and Microscopy

The aluminumpowders characterized in this work originated from
four distinct preparation processes: solution, electroexplosion, vapor
condensation, and gas atomization. All of themethods are capable of
producing a range of particle sizes, but the first three methods readily
produce nanosized particles, whereas gas atomization produces
mainly micron-sized and larger particles. Figure 4 shows
micrographs from scanning electron microscopy (SEM) of
representative powders. Particle size and morphology from SEM
data are collected in Table 1. The most common particle size from
visual inspection is given in Table 1, along with the range of sizes
observed. For samples with broad size distributions where there is no
single typical particle size, Table 1 lists an approximate size in the
middle of the distribution for the most common particle size (e.g.,
�250 nm for Tech 455). The solution and vapor condensation
processes can give a narrow particle size range, often varying by a
factor of about 3. The particle size generally varies by a factor of 20 or
more for the electroexplosion and gas atomization processes.
Powders prepared by the solution process tend to be tightly
agglomerated into microscopic clumps, with the larger sizes
exhibiting particles that are fused together (see micrographs for CL-
40 and CL-57 in Fig. 4). The other three methods generally produced
more loosely agglomerated particles.

Thermogravimetric Analysis in Air and Oxygen

Figures 5 and 6 show TGA data in air for some of the powders. All
of the powders show an initial weight loss due to loss of volatile
components (e.g., water and organic compounds) upon heating to
about 350�C. Each TGA curve is normalized to the minimumweight
that was reached between the weight loss due to volatiles and the
weight gain due to Al oxidation. The oxidation proceeds in two
distinct steps separated by slow oxidation from about 600 to 700�C.
The melting of Al at 660�C appears to have no immediate effect on
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the oxidation rate (see Fig. 6 for an expanded view in this region).
The oxidation rate increases above 700�C, reaching a maximum
between 750 and 850�C. Submicron powders are completely or
nearly completely oxidized after several hours of heating at 850�C.
Complete oxidation is indicated by reaching a constant weight and
by the color of the residue, which is bright white when oxidation is
complete, but usually noticeably gray if a small amount (about 1–
2%) of unoxidized Al remains. The weight gained in the first step
depends markedly on the particle size, with the smallest powders
giving the largest weight gain below 700�C.

Ignition of aluminum nanopowders can readily occur in TGA
experiments due to the high reactivity of the smaller powders and the
high exothermicity of the oxidation reaction [24,38]. High heating

rates and large samples sizes facilitate self-heating and runaway
oxidation [39] of the aluminum powder. Figure 6 shows typical
profiles for controlled oxidation and runaway oxidation of sample
CL-B. Runaway oxidation initiated at 588�C (solid curve in Fig. 6),
with about a tenfold increase in peak oxidation rate compared with
the controlled oxidation case (dashed curve). Additional character-
istics of the runaway oxidation are an abrupt decline in oxidation rate
after the rate peaks, and subsequent sluggish oxidation at higher
temperatures (in this case leaving a gray residue after several hours of
heating at 850�C). This profile for runaway oxidationmatches data in
some literature reports [23,40–43], including a case of ignition
identified for an aluminum flake sample [43]. Runaway oxidation
can be avoided and the effects of self-heating minimized by using

Tech 52LANL-1 CL-41

CL-11 CL-35 CL-40

CL-57 ALEX 72095 Tech 192

H-2 ALEX 72095 Tech 192

Fig. 4 SEMmicrographs of aluminum powders. All of the micrographs are at the samemagnification except for the last two micrographs, which show

larger particles in the ALEX 72095 (bar� 10 �m) and Tech 192 (bar� 5 �m) samples. The dark fine-grained background areas in micrographs of
Tech 52, CL-35, and CL-40 are part of the mounting stub surface.

Table 1 Characterization of aluminum powders by SEM and XRD

Sample SEM size (range), nm Particle morphology XRD size, nm

Valimet H-2 —— (200–8000) Loosely agglomerated 580
CL-57 1000 (800–1500) Highly fused 140
CL-40 300 (150–400) Highly fused 105
CL-01 300 (150–350) Highly fused 104
Tech 455 �250 (50–5000) Agglomerated ——

CL-06 250 (100–350) Highly fused 109
Tech 192 �200 (50–3000) Agglomerated ——

CL-35 200 (125–300) fused 120
ALEX 72095 �150 (50–5000) Loosely agglomerated 173
CL-41 150 (70–200) Agglomerated 70
CL-48 125 (75–250) fused 93
CL-11 120 (100–200) Agglomerated 68
CL-49 120 (60–200) Agglomerated 67
CL-10 �100 (50–300) Highly fused 62
CL-96 100 (80–150) Agglomerated 72
Tech 52 70 (�40–100) Loosely agglomerated ——

LANL RF-A 60 (�40–100) Loosely agglomerated 40
Tech 24 40 (�30–100) Loosely agglomerated ——
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very small sample weights with the powder well spread out in the
pan, or by lowering the heating rate. However, if the sample size is
large for a highly reactive powder, ignition can still occur at a
3�C=min heating rate, as shown in Fig. 7 for Al powder CL-11,
which is similar in particle size to CL-B. In this case runaway
oxidation initiated at 525�C, and the peak oxidation rate increased
100-fold, giving a large spike in the temperature recorded by a
thermocouple located a couple of millimeters away from the sample.
Analysis by x-ray diffraction of a TGA residue after ignition (from a
34-mg sample of CL-11) showed intense peaks for Al nitride and Al
oxide, consistent with a previous report [44], along with weaker
peaks for an Al oxynitride phase (either Al2:78O3:65N0:35 or
Al2:81O3:56N0:44) and Al metal.

Runaway oxidation was also observed for ALEX Al when a 10-
mg sample was heated at 25�C=min. The final weight gain after
heating at 1050�C for 1000minwas only 57%, comparedwith a 75%
weight gain for material heated to 950�C for 240min where runaway
oxidation did not occur (4mg sample with a heating rate of 3�C=min
in the range of 350–600�C). In this case the reduced weight gain was
mainly attributed to incomplete oxidation ofAl, rather than extensive
nitridation, because the x-ray diffraction pattern showed intense Al
oxide peaks,medium intensityAlmetal peaks, andweak peaks forAl
nitride. Our results on the products of runaway oxidation
qualitatively match a report where smaller quantities of nano-Al
ignited to give � � Al2O3, residual Al, and trace quantities of nitride,
whereas larger sample weights reached higher temperatures and
produced more nitride at the expense of both residual Al and � �
Al2O3 [45].

If complete conversion of the metallic aluminum to Al2O3 occurs
in the TGA experiment, then the weight gain can be used to calculate
the weight percent of active Al originally present in the sample. For
this calculation the samples are assumed to consist of only unreacted
Al and Al oxide at the point of minimum weight. The subsequent
weight gain is ratioed to the theoretical weight gain of pure Al
converting to Al2O3, where the weight increases by 88.95% [i.e.,
weight fraction of active Al� �Rf � 1�=��� 1�]. The weight
changes for the Al samples are listed in Table 2 (columns 2 and 3),
along with the calculated weight percent of active Al (column 4).

To check for the possibility that nitridation occurs during the
controlled oxidation ofAl in air, TGAwas conducted in pure oxygen.
Figure 8 shows TGA curves of sample CL-35 heated in air and
oxygen. TheTGAcurves are identical, and so there is no evidence for
nitridation during heating in air. Conversion of Al to AlN results in a
weight increase of only 51.91%, compared with 88.95% for Al2O3.
Because the weight gains under air and oxygen are the same
throughout the oxidation process, the rate of oxidation is the same in
air and pure oxygen.

Theweight percent activeAlwas also determined by hydrolysis of
the Al, with quantitative determination of the gas evolved. The
results are listed in Table 3, with the corresponding values fromTGA
data listed for comparison. The TGA values in Table 3 are based on
thematerial “as is,” that is, before loss of volatiles during heating, and
therefore differ slightly from the values in Table 2. Excellent
agreement between the two methods is found for seven samples,
whereas the three smaller China Lake powders gave lower active
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metal contents by theTGAmethod. For theALEXpowder, the active
metal content from hydrolysis, 86.0%, is close to the TGA result of
>83:6%, where the oxidation was not quite complete (the residue
had a dull white coloration).

Surface Area Measurement and Particle Size Determinations by TGA

Surface area measurements are widely used to provide a measure
of average particle size of nano-Al powders. Typically, the particle
size calculation is based on the assumption of monosized spherical
particles. Specific surface area results obtained from gas adsorption
are listed in Table 2, along with the BET average particle size
(particle diameter� 2r) in nanometers calculated using the equation
As � 3000=�r 	 dAl�, where the specific surface area As is inm2=g,

Table 2 Characterization of aluminum powders by TGA and the BET

Samplea %
volatilesb

% weight
gainc

Weight % active
Alf

TGA size,
nm

Surface area,
m2=g

BET size,
nm

% weight gain in N2

(expected)

Valimet H-5, M 0.4 31.4d —— —— —— —— ——

Valimet H-3, M 0.3 46.0d —— —— —— —— ——

Valimet H-2, M 0.2 78.2d —— —— 2.14 1035 48.5 (51.3h)
CL-57 1.6 60.26d —— —— —— —— ——

Tech 455 0.5 66.69d —— —— 5.2 430 ——

CL-40, M 0.4 84.77e 95.3 460 6.9 322 42.8 (49.5)
CL-J 0.5 83.60 94.0 355 —— —— ——

CL-01, M 1.8 81.64 91.9 256 10.6 209 26 (47.7)
Tech 192 1.1 73.30d —— —— 11.7 190 ——

CL-35, M 1.7 79.75 89.6 201 15.7 141 55 (46.5)
CL-06 1.9 79.27e 89.1 190 —— —— ——

ALEX 72095 1.1 75.12d >84:5d >130d 13.3 167 47 (45.1h)
CL-48, M 2.2 75.84 85.3 138 —— —— ——

CL-10 3.1 70.24 79.0 93 —— —— ——

Tech 73, M 2.6 69.86 78.5 90 28.4 78 ——

CL-B 10.4 69.04 77.6 86 —— —— ——

CL-11, M 1.9 65.93 74.1 73 55.4 40 43 (38.5)
CL-96 6.2 64.32 72.2 67 53.6 41 47 (37.5)
Tech 52, M 2.9 63.98 71.9 66 39.0 57 ——

CL-41, M 5.5 63.04 70.9 63 79.0 28 40.4 (36.8)
LANL RF-A,
M

4.3 56.98 64.0 49 48.1 46 43.2 (33.2)

CL-K 10.4 54.59 61.4 45 —— —— ——

LANL-1 3.7 52.40 58.9 41 —— —— ——

LANL RF19 4.1 46.16 51.9 33 —— —— ——

Tech 24, M 3.6 41.08 46.2 28 69.6 32 ——

CL-49 20.9 33.77 39� 2g �23 51.2 43 ——

IH-1, M 10.0 19.93 22.4 15 —— —— ——

aTGA data from the 14 samples with M following the name were used in generating the master curve that was used for TGA curve-fitting analysis.
bThe percent volatiles is the percent weight loss from the initial weight to the minimum weight reached at 300–350�C.
cThe percentweight gain is computed from thefinalweight (typically after 4 h at 850�C) and theminimumweight. Unless otherwise noted, sampleswere heated according to the following
program: 20�C=min to 350�C, 3�C=min to 600�C, 20�C=min to 850�C, hold 4 h at 850�C. For the data in this table, samples CL-J, CL-B, CL-K, LANL-1, and LANLRF19were heated
at 20�C=min to 850�C, then held for 4 h at 850�C.
dOxidation incomplete. The H-2 sample was heated for 8 h at 850�C and 2 h at 950�C (after 4 h at 850�C, the weight gain was 61.02%). The ALEX sample was heated for 4 h at 950�C to
give nearly complete oxidation (after 4 h at 850�C, the weight gain was 70.85%).
eSample CL-40 was heated for 16 h at 850�C to give complete oxidation (after 4 h at 850�C, the weight gain was 83.43%). Sample CL-06 was heated for 8 h at 850�C to give complete
oxidation (after 4 h at 850�C, the weight gain was 78.66%).
fThe weight% of active Al listed here is for the material remaining after volatile components are lost.
gSample contains �10 mole% Ti impurity. The total active metal content is given here and depends on the form of the Ti (i.e., Ti metal or TiO2).
hBased on the weight% active Al determined by base hydrolysis.
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Table 3 Comparison ofweight percent of active aluminummetal as

determined by the hydrolysis method and by the TGA method

Sample Weight% Al, hydrolysis Weight% Al, TGAa

Valimet H-2 98.7 ——

Tech 455 94.9 ——

CL-40 94.5 94.9
Tech 192 89.8 ——

ALEX 72095 86.0 >83:6
CL-48 84.0 83.4
CL-10 80.7 76.6
Tech 73 77.6 76.5
CL-41 72.1 67.0
Tech 52 71.6 69.9
LANL RF-A 61.8 61.2
Tech 24 46.2 44.5
CL-49 35.1 31� 2b

aWeight% Al was calculated for the samples “as is,” that is, before loss of volatiles.
bSample contains �10 mole% Ti impurity. The total active metal content is given
here and depends on the form of the Ti (i.e., Ti metal or TiO2).

JOHNSON ET AL. 675



and the density of particles was taken to be the density of Al,
2:702 g=cm3, without correction for a different density in the oxide
layer. The BET average particle sizes are within the size range
obtained by SEM (see Table 1) for most samples.

Just as surface area data provide a useful indirect measure of
particle size, TGAdata can be similarly interpreted if oxidation of the
Al powder is complete. The weight gain upon complete oxidation of
the Al was used to calculate a weight-averaged particle size using
Eq. (2). For simplicity in this calculation the powders were assumed
to have an oxide coating equivalent to 2.5 nmof fully dense�–Al2O3

(d� 3:965 g=cm3). (In [20], an oxide thickness of 3.68 nmwas used
for calculating particle sizes from TGA data, instead of the currently
preferred value of 2.5 nm. The TGA sizes in [20] can be converted by
multiplying by 2:5=3:68.) Reported values for the thickness of the
native oxide layer on Al exposed to air range from about 2 to 4 nm
[9,10,15,28,46–49]. The density of the Al oxide passivation layer is
actually less than 3:965 g=cm3; however, the exact density varies
between samples. The calculated TGA sizes represent a weight- or
volume-weighted average particle size. Inspection of Eq. (2) shows
that the calculated TGA size is directly proportional to the assumed
oxide thickness. The TGA particle sizes are shown in Fig. 5 and in
column 5 of Table 2. The TGA particle sizes are generally consistent
with the SEM particle sizes shown in Table 1. The data in Table 2
show that the active Al content drops rapidly as the particle size falls
below 100 nm (e.g., 52% active Al for 33 nm particles). For energy
producing applications a tradeoff exists between enhanced reactivity
and reduced energy content. This tradeoff could be mitigated by
using unpassivated submicron Al powders, which are pyrophoric, or
possibly by developing alternatives to oxide passivation of the Al
[20,33].

Particle size data from BET, SEM, and TGA data are presented
graphically in Fig. 9, along with average crystallite sizes determined
by x-ray diffraction. The TGA and BET sizes correlate very well,
with the TGA size generally slightly larger than the BET size. This
confirms that theTGAmethod gives a usefulmeasure of particle size.
The fit between TGA size and BET size could be improved
somewhat by adjusting the oxide thickness and density, however, the
differences may reflect other factors than size, such as surface
roughness, or porosity in the oxide passivation layer. The TGA and
BET sizes show a fair correlation with the SEM sizes. Assigning a
single particle size based on SEM micrographs is somewhat
subjective, and complicated by the agglomeration of particles, the
distribution of particle sizes, and the image resolution limitations for
particle sizes below 100 nm. The average crystallite size correlated
well with particle sizes for the LANL and ALEX materials. For the

China Lake samples, the crystallite size exhibited a much narrower
range than the particle sizes. The results indicate that in the smaller
size powders many of the particles are single crystals, whereas the
larger size materials generally contain polycrystalline particles. The
polycrystalline particles could form by secondary nucleation
occurring on the particle surface, or by many separate particles
aggregating and growing together.

Curve Fitting of TGA Data to Examine Particle Size Distribution

In TGAexperimentswithAl powders, the shape of theweight gain
curve is affected by both particle size and particle size distribution.
This section describes attempts to extract particle size distribution
information from the TGA data by summing together experimental
or calculated TGA curves for various sizes of Al. Details on the
curve-fitting procedures are given in the Experimental Methods
section.

Curve Fitting with Empirical Basis Curves

The initial approach involved the fitting of an experimental curve
of a sample with a broad size distribution by summing together a set
of experimental curves of samples with relatively narrow size
distribution (these curves are shown in Fig. 2). Qualitative
information on size distribution is available from examination of
SEMmicrographs and visual inspection of the TGAcurves, based on
experience with correlating SEM and TGA results. For example,
samples containing micron-sized aluminum particles continue to
gain weight after 4 h at 850�C, whereas samples containing mainly
particles � 50 nm show nearly complete oxidation below the
melting point of aluminum (660�C). A sample containing
predominantly small particles (Tech 73 in Fig. 2) oxidizes more
extensively at low temperature, with a relatively small overall weight
gain at the completion of oxidation due to a high proportion of
aluminum oxide present as the passivation layer. A sample
containing predominantly large particles shows little weight gain at
relatively low temperature, and a sluggish weight increase at high
temperature.

Aluminum powder sample Tech 192 was chosen for curve-fitting
analysis based on the broad size distribution evident by SEM (see
Fig. 4 and Table 1). Sample Tech 192 is nominally 192 nm based on
surface area analysis, and the oxidation curve was fit by combining
the curves from samples nominally 90 nm (“Tech 73”), 200 nm
(“CL-35”), 460 nm (“CL-40”), 2000 nm (“H-2”), 3000 nm (“H-3”),
and 5000 nm (“H-5”). Figure 10 shows the experimental and
calculated curves, alongwith a histogram showing themakeup of the
calculated curve. Overall, there is excellent agreement between the
Tech 192 curve and the combined curve from the basis set samples.
This result supports the notion that the TGAcurve represents the sum
total of the oxidation behavior of essentially independently reacting
particles.

Although the oxidationwas not complete for the Tech 192 sample,
the active Al content can still be estimated by using the active Al
contents of the samples used in the curvefit. The calculated valuewas
88.7%, which agrees well with the experimental value of 89.8%
determined volumetrically by base hydrolysis. Based on 89.8%
active Al content, the weight fraction curve in Fig. 10 would reach
1.798 at complete oxidation.

Curve Fitting with Calculated Basis Curves

Efforts were next directed to deriving a more detailed particle size
distribution by developing calculated basis curves for specified sizes
of Al particles. This approach relies upon a model of Al oxidation
where the reaction proceeds uniformly inward from the exterior of
spherical particles, such that the thickness of the original layer of Al
that has been converted to oxide at any point in time is the same for
different size particles. Thus, the weight vs time data were converted
to thickness of Al oxidized vs time for each experimental curve, as
described in the Experimental Methods section (see Fig. 3) [50]. The
resulting curves were then averaged to give a master curve of
thickness of Al oxidized vs time (also shown in Fig. 3). Note that the
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experimental curves in Fig. 3 were truncated slightly to reduce the
effects of the outer parts of the size distributions on the shape of the
master curve. From the master curve, TGA curves were calculated
for particle diameters of 20, 40, 100, 150, 200, 500, 1000, 1500, and
3000 nm.

Many of the experimental curves deviate considerably from the
master curve in Fig. 3. Before describing the curve-fitting results,
some comments are in order regarding the shape of the master curve
and the variations of the experimental curves. The flat part of the
thickness of Al oxidized curves in the region around 100 min (where
the temperature is about 600�C, see Fig. 3) is related to the formation
of a “barrier” oxide layer, which has been studied for flat pieces of Al
[51–53]. Typical values for the barrier oxide thickness are 17–21 nm
from studies of smooth flat surfaces at 500–600�C [51]. This oxide
thickness would correspond to an Al thickness oxidized of roughly
15 nm,which is about themiddle of the observed values in Fig. 3 (see
the expanded view where most samples are in the range of 8–20 nm
for thickness of Al oxidized at 100 min). In agreement with these
results, estimated oxide thicknesses of 14–20 nm were recently
reported formicron-sized aluminumpowders heated to 650�C, based
on TGA weight gains [43]. Another report estimated an oxide layer
thickness of only 6–10 nm for oxidation below 627�C, but this
thickness may be biased by a low particle size used in the calculation
[30].

Variations between the individual curves in Fig. 3 may indicate
differences in reactivity or incorrect assumptions in the simplemodel
for the oxidation process. Differences in reactivity may relate to
differences in chemical composition or morphology. The CL
samples contain titanium that originates from the catalyst used in the
synthesis process. In Fig. 11, a plot of the thickness of aluminum
oxidized at 600�C vs the amount of titanium catalyst shows that the
oxidation in thefirst step becomes strongly inhibited as the amount of
titanium catalyst is increased from0.1 to 10%.Note that the thickness
of aluminum oxidized before heating is already about 2 nm from air
passivation. Before this analysis, we had considered sample CL-49
(prepared using 10% titanium catalyst) to be an unexplained
“outlier,” due to its nearly nonexistent first oxidation step, yet small
particle size (43 nm by BET). An inhibiting effect of titanium on the
oxidation of Al below 660�C has also been observed for Ti-Al
mechanical alloys [54].

The CL samples exhibit a relatively high degree of particle
agglomeration, with considerable necking between particles for the
larger sizes. This fusing of particlesmay be responsible for theCL-40
and CL-01 curves dropping away from the master curve in Fig. 3 in

the latter stages of the reaction. In addition, there may still be an
inhibiting effect of titanium, even though these samples contain only
about 0.1% Ti.

Some of the observed variations in Fig. 3 may result from
inaccurate particle sizes or excessively broad size distributions. For
the H-2, H-3, and H-5 samples, the true average size may vary from
the nominal size used in the analysis. For example, theBET size ofH-
2 was 1:0 �m (Table 2). Reducing the particle size would lower the
corresponding curve in Fig. 3. The smallest samples, Tech 24 and IH-
1, have lowvalues for the thickness ofAl oxidized near 600�C,which
could be due in part to larger particles in the samples.

Curve fitting with the calculated basis curves gave the results
shown in Fig. 12 for sample Tech 192. The curve fit result is
comparable to that in Fig. 10, where experimental basis curves were
used for fitting (the variance for the curve fit in Fig. 12 is 0.000,06,
whereas the variance for the curve fit in Fig. 10 is 0.000,05). The
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histogram of the size distribution in Fig. 12b shows a broad
distribution of particle sizes from 100 to 3000 nm in diameter. This
distribution matches well with the SEM micrographs in Fig. 4 that
clearly show a broad range of particle sizes up to about 3000 nm in
diameter. Apparent discrepancies are the lack of any contribution
from the 40 and 1000nmbasis curves, although, on aweight basis the
fraction of 40 nm particles is very small. From the histogram results,
the calculated active Al content for Tech 192 is 87.9%, which
compares to 88.7% for the empirical curve-fitting analysis (Fig. 10),
and 89.8% from base hydrolysis analysis.

The curve fit and histogram for the ALEXAl powder are shown in
Figs. 13. The histogram indicates that, whereas particle sizes are
concentrated near 150 nm, roughly 20% of the material consists of
micron-sized particles. Scanning electron micrographs reveal these
micron-sized particles, as shown in Fig. 4 (picture taken at 2000X
magnification), giving qualitative agreement with the histogram
results. The size distribution for this material is distinctly not
monomodal, in agreement with a literature report mentioning a
bimodal distribution with maxima in the regions of 100 and 1000–

3000 nm for a similar electroexploded powder [8]. Broad size
distributions with coarse particles are reported to be inherent for the
exploding wire method [12]. The curve fit in Fig. 13a is rather poor
for the first 30% weight gain, with the sample appearing to react
sluggishly for the first 20% weight gain. This behavior appears to be
unique for the electroexploded powders, and results in the absence of
100 nm particles in the histogram, despite their obvious abundance
from electron micrographs.

Curve fits were also conducted for most of the 14 samples used to
generate the master curve (excluding the largest and smallest
samples). Table 4 lists the results for the curve fits, including the
variance between the calculated and experimental curves. Also
included in Table 4 are mean particle sizes calculated from both the
area distribution (D[3,2]) and volume distribution (D[4,3]), along
with the TGA particle sizes copied from Table 2. The volume mean
diameter is weighted toward large particles, and so this size is much
larger than the area mean diameter when the curve fit indicates the
presence of relatively large particles in the sample. The area mean
particle sizes agree very well with the TGA sizes, consistent with the
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area-weighted nature of the TGA size, and the fact that both sizes are
determined from TGA data.

The curve fit for sample Tech 52, shown in Fig. 14a, exhibited the
largest variance. This sample oxidizes more extensively in the first
step than expected based on the master curve (see Fig. 3). This is
partly due to the master curve being suppressed by the inhibiting
effect of titanium on the oxidation of the CL samples. Although the
curve fit was poor for Tech 52, the size distribution was not
unreasonable, giving 40% of 40 nm and 59% of 100 nm. Similar
reactivity effects account for the high variances for the curve fits of
Tech 73 and LANL RF-A.

For samples CL-41 and CL-11, where the oxidation is strongly
inhibited by titanium, the curvefit tries to account for the smaller than
expected weight gain in the first step by distorting the size
distribution to include both very large and very small particles.
Figure 14b shows the curve fit for sample CL-41, which was
prepared using 3% Ti. Large particles in the calculated curve for CL-
41 lead to weight gains at longer times, whereas the experimental
curve is flat at longer times, indicating that large particles are not
present in this sample (this is also confirmed by the SEM analysis, as
illustrated by the micrograph in Fig. 4).

Thermogravimetric Analysis in Nitrogen

The nitridation of Al powders was studied isothermally at 600�C
by TGA. Figure 15 displays results of TGA experiments under
nitrogen for the current group of powders. The maximum weight
gain is given in the last column in Table 2, along with the expected

maximum weight gain, based on the active metal content. The most
surprising result is the rapid and nearly complete nitridation of the H-
2 powder, shown in Fig. 15a. For comparison, in air H-2 Al gained
only 7 wt% upon heating at 600�C for 900min. Thus, for H-2 Al the
Al nitride product does not significantly inhibit nitridation at 600�C,
unlike the strong inhibiting effect of Al oxide. The second largest
powder studied, CL-40 (TGA size 460 nm), also exhibited rapid and
extensive nitridation. In contrast, the third largest powder studied,
CL-01 (TGA size 256 nm) was the slowest to react and gave by far
the lowest maximum weight gain. The smaller powders gave
somewhat scattered results, but all ultimately gave maximumweight
gains that were larger than expected. Sample CL-35 was run for
28,000 min, giving a maximum weight gain of 55%, which is higher
than the theoretical value of 51.9% for pure Al. These results are
generally consistent with nonisothermal TGA experiments that
showed rapid nitridation of Al nanopowders around 700�C [23,40].

The residues from nitridation of samples CL-41 and CL-35 were
analyzed by x-ray diffraction (XRD). The diffraction pattern in
Fig. 16 for the CL-41 residue shows mainly the hexagonal AlN
phase, some unreacted Al, and possibly Al oxynitride phases that
may be associated with weak peaks in the pattern. Amorphous Al
oxide phases may also be present. The TGA and XRD results
indicate that Al oxynitride or oxide phases are formed, especially at
longer times in the TGAexperiment. Traces of oxygen orwater in the
system apparently react with the Al or with the AlN product.
Thermodynamics dictate that any available oxygen in the system
should form Al oxide, in view of the fact that the conversion of
AlN� O2 to Al2O3 � N2 is favored by 489 kJ=mol Al at 600�C,

Table 4 Particle size distribution results from curve fits using nine calculated basis curves

Sample Mean size, D
3; 2� nma Mean size, D
4; 3� nmb TGA size, nm 20 40 100 150 200 500 1000 1500 3000 Variance

H-2 817 1823 —— 0.00 0.02 0.01 0.00 0.00 0.08 0.00 0.59 0.30 0.00001
CL-40 402 559 460 0.00 0.00 0.01 0.00 0.20 0.59 0.16 0.05 0.00 0.00004
CL-01 246 334 256 0.00 0.00 0.10 0.00 0.42 0.48 0.00 0.00 0.00 0.00015
ALEX 199 715 >130 0.00 0.00 0.00 0.63 0.12 0.05 0.00 0.00 0.19 0.00051
CL-35 189 193 201 0.00 0.00 0.00 0.16 0.84 0.00 0.00 0.00 0.00 0.00007
Tech 192 166 514 —— 0.00 0.00 0.34 0.26 0.13 0.08 0.00 0.14 0.05 0.00006
CL-48 126 135 138 0.00 0.00 0.40 0.55 0.03 0.01 0.00 0.00 0.00 0.00006
Tech 73 91 97 90 0.00 0.07 0.93 0.00 0.00 0.00 0.00 0.00 0.00 0.00206
CL-11 67 152 73 0.15 0.00 0.54 0.29 0.00 0.00 0.00 0.00 0.02 0.00012
Tech 52 62 77 66 0.00 0.40 0.59 0.00 0.00 0.00 0.00 0.00 0.00 0.00419
CL-41 60 267 63 0.24 0.00 0.00 0.71 0.00 0.00 0.00 0.00 0.05 0.00029
LANL RF-A 46 54 49 0.00 0.79 0.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00168
Tech 24 28 32 28 0.45 0.55 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00031

aMean diameter of the area distribution, calculated as ��Vi�=
��Vi=di��, where Vi is the volume fraction for each basis size, and di is the basis size.
bMean diameter of the volume distribution, calculated as ��Vidi=�Vi�.
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Fig. 14 TGA curves for a) Tech 52 and b) CL-41 aluminum powders along with fitted curves using calculated basis curves.
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whereas the conversion of AlN� H2O to Al2O3 � NH3 is favored
by 152 kJ=mol.

Conclusions

Weight changes during thermogravimetric analysis of submicron
aluminum powders in air provide quantitative information on active
metal andAl oxide content, volatile impurities, and particle size. The
time and temperature dependence of the Al oxidation process
provides qualitative information on particle size distribution, and can
also provide evidence for impurities that affect the oxidation process.
Particle sizes calculated from TGA data correlate well with particle
sizes derived from surface area measurement by gas adsorption. This
correlation is reasonable because the weight fraction of the Al oxide
passivation layer depends on the surface area of the particles. In
contrast to oxidation, nitridation at 600�C proceeded with much less
inhibiting effect of the Al nitride product on the reaction.

Curve fitting of TGA data provided useful information on particle
size distribution for Al powders, especially for samples with a broad
range of particle sizes. This method is well suited to monitoring the
presence of 500–5000 nm particles within nominally nanosized
samples. The size distribution results were mostly in qualitative
agreement with SEM characterization. However, the curve-fitting
analysis generally did not provide quantitative information about
particle sizes around 100 nm or smaller, due to large variations in
oxidation behavior below 700�C. One source of variation was the

inhibitive effect of the titanium impurity present in samples prepared
by the solution method. Better fits for the particle size distribution
would likely be obtained if the sample set was limited to high purity
samples prepared by vapor condensation methods.
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