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ABSTRACT

The reactivity of aluminum powders was studied by thermogravimetric analysis in
air, oxygen, and nitrogen. Weight gains from complete oxidation of the
aluminum were used to calculate particle sizes in the range of 30 nm to 500 nm.
These particle sizes correlated well with particle sizes derived from surface area

. measurement. Particle size was also examined by scarming electron microscopy |
and atomic force microscopy, and compared to crystallite size determined by x-
ray diffraction. Weight gains from complete oxidation were also used to
determine the amount of active metal and aluminum oxide present in the
submicron powders. Nitridation of aluminum powders was studied for extended
times at 600°C. A fim powder was nearly completely nitrided in 1 h, indicating
that the nitride product has little inhibiting effect on the reaction.




L. INTRODUCTION

; Aluminum powders are used in a broad range of applications including rocket propellants,

] paints, and powder metallurgy processes for aircraft and automobile parts.! Since the

reactivity of aluminum increases as the particle size decreases, small particles are desirable for \
aluminum used in propellants, explosives, and powder metallurgy processes. For examp'l;p ' A)."Mol
1« use of ultrafine aluminum led to doubling the burn rate of a state of the art pro ellant.? :
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Commerc1a11y avallab\eiﬁxmmum powders are generally several microns or larger in size. -
Subrmcron aluminum powders have recently become available in limited quahtltles and sizes.
As these powders are beginning to find their way into applications, there is a need to develop
specifications and standard characterization procedures to ensure consistency of the material
and its behavior. Key attributes of aluminum powders include particle size, size distribution,
particle morphology, agglomeration, and aluminum oxide content.

Thermogravimetric analysis of submicron aluminum powders has been reported by a few
groups to date,” including a preliminary report regarding some of the powders studied in this
paper® In the present paper, we explore the utility of thermogravimetric analysis in
characterizing submicron aluminum powders and their reactivity to air and nitrogen. 7 _Qo-“f )
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II. EXPERIMENTAL (s>

The “ALEX” aluminum powder was obtained from The Argonide Corpora’aon the sk/‘\"
“LANL” powders were provided by Los Alamos National Laboratory, and the H-2,’H S”and
. &{ “H-5%luminum powders were obtained from Valimet. The remaining aluminum powders with
| ' CL- designations were prepared by a solution process, and passivated by slow exposure to
‘ | ait.*® In the solution process, titanium isopropoxide was used as a catalyst. Most of the

titanium was reduced and incorporated in the aluminum.! The molar ratio of catalyst to
aluminum 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 aluminum in 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.
Standard methods were used to hydrolyze aluminum powdefs and quantitatively measure the

gas evolved.’ Briefly, ~0.72¢ samples were completely hydrolyzed in 1M NaOH aqueous

solution. The weight percent of active aluminum in the sample was talculated based on the
stoichiometry in Eq. (1):




Al+OH +3H,0 = Al(OH), +32H, . 1)

Reported results are the average of three runs. Estimated accuracy is £1%.

Scanning electron microscopy was conducted on an Electroscan Environmental Model E-3 in
the presence of water vapor at about 5 torr, 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 Cu K, radiation. Average crystallite sizes were °

calculated from X-ray line widths using the Scherrer equation." Reported values are the average
of four sizes calculated from peaks at 26 = 38, 44, 65 and 78°.

Samples were prepared for atomic force microscopy analysis by dispersing in ethanol by
sonication. A drop of the solution was placed on the sample holder, then allowed to dry. A
Digital Instrument’s Nanoscope III AFM was used to image the sample in air. An F head 275
micron scan range) was utilized along with a 70@11cr0n cantilever. The cantilever was
scanned at a rate of 1.57 Hz in constant cantilever deflection mode of operation.

Thermogravimetric analysis (TGA) in flowing air and oxygen (99.995% purity) was
conducted on a TA Instruments 2950 Thermograwmetnc 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 (empty aluminum
oxide pan) experiments conducted periodically.

For thermogravimetric analys1s under nitrogen, the isothermal increase in sample welaht was
monitored as a function of time at ambient pressure. The TGA apparatus is shown in Fi ig 1 with
its four main components: a CAHN-2000 electrobalance with a cylindrical quartz sample
container (bucket) suspended on the balance beam, a vertical furnace éurrounding the reactor, a
roughing pump attached to an oil diffusion pump with a cryogenic stack, and a set of three MKS®
transducer heads (1, 10 and 1000 Torr). To start a run, a small weight of the powder, normaily
12-15 mg, was placed in the quartz bucket, suspended on the balance beam, and evacuated to 10
torr for two hours. 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 the manufacturer, was as follows: 0.382 ppm moisture, 0.5 ppm
oxygen, 0.1 ppm total hydrocarbons, < 1 ppm CO, and < 1 ppm CO. Samples were heated at
35°C/min to an isothermal temperature of 600°C under a constant nitrogen flow rate of (/
@ The increase in sample weight, attributed to the reaction 2Al + N, — 2AIN, was
followed with time. The increase in weight was monitored as a function’of time until the weight
increase became insignificant or when sample weight remained practically constant.
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The surface area of aluminum powders was détermined by conventional volumetric gas

adsorption technique using a Micromeritics Digisorb 2600 surface area analyzer. Before each
measurement, the powder was evacuated for 24 hours at 250°C. This treatment removed the
foreign species adsorbed at the surface such as CO,, moisture, oils and grease. After the
pretreatment, the evacuated samples were immersed in a liquid nitrogen bath and the adsorption
isotherms of nitrogen at -196°C were obtained. The isotherms on all powders were of Type II,
indicating that the aluminum powders examined here are typical non-porous materials.”! To
calculate the surface area from the isotherms, the Brunauer, Emmett and Teller (BET) equation °
was used."

III. RESULTS AND DISCUSSION

The aluminum powders characterized in this work originated from four distinct
preparation processes: (1) a solution process involving the catalyzed decomposition of
trialkyl amine adducts of alane (AIH;) at 40-80°C (samples with CL- designations),® (2) an
electroexplosion process using aluminum wire (“ALEX™), (3) a vapor condensation process
("LANL”), and (4) a gas atomization process (H- designations). All of the methods are
capable of producing a range of particle sizes, but the first three methods readily produce

nanosized particles, while gas atomization produces mainly micron-sized and larger particles.
Figure 2 shows micrographs from scanning electron microscopy (SEM) of representative
powders. Particle size and morphology from SEM and atomic force microscopy (AFM) data
are collected in Table I. For SEM, the most common particle size is given in Table I, along
with the range of sizes observed. With AFM, the presence of electrostatic charges near
ultrafine aluminum samples caused difficulties and prohibited obtaining valid views of some’
samples in this investigation. The particle size given in Table I is the average size or the
range of sizes observed. The solution and vapor condensation processes tend to 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 small clumps, with the
larger sizes exhibiting particles that are fused together (Figs. 2d-2f). The other three methods
produced loosely agglomerated particles where the clumps can be readily separated

physically.

A. Thermogravimetric Analysis in Air and Oxygen — bwmp Htl fo nue- #Uj,( l




Figures 3 and 4 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 organics) upon heating to
about 350°C. Each TGA curve is normalized to the minimum weight that was reached between
the loss of volatiles and the weight gain due to aluminum oxidation. The oxidation proceeds in
two distinct steps separated by slow oxidation from about 600 to 700°C. The melting of
aluminum at 660°C appears to have no immediate effect on the oxidation rate (see Fig. 4 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 heating at 850°C. Complete oxidation is indicated by reaching a constant weight
and by the color of the residue, which is white when oxidation is complete, but noticeably gray if
a small amount (about 1%) of unoxidized aluminum 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. ‘Further analysis of intermediate stages of the oxidation process is presented in
Section C.

Sample CL-B exhibits a relatively large weight loss due to the presence of residual organics
that were not removed by drying under vacuum at room temperature. When a larger weight of
sample CL-B was used in the TGA experiment, rapid oxidation initiated at 588°C, ascribed to
ignition of the aluminum (dashed curve in Fig. 4). This ignition or runaway oxidation
phenomenon was often observed for the smaller sized powders when larger sample amounts were

used. When ignition occurred, the oxidation rate increased about ten-fold for the first oxidation

step, but subsequent oxidation occurred at a much slower rate, leaving a gray residue after
several hours of heating at 850°C. These results are interpreted in terms of rapid melting of the
aluminum upon ignition, with formation of relatively large droplets of molten aluminum that are

0!

. )
slow to oxidize. Ignition could usually be avoided by using very small sample sizes (abQut@ \3\)\)’\'

mg) spread out in the sample pan. A more reliable approach was to reduce the heating rate from
20°C/min to 3°C/min. This eliminated ignition and allowed for larger sample sizes.

We also observed the runaway oxidation of ALEX aluminum when a 10 mg sample was

heated at 25°C/min. The final weight gain after heating at 1050°C for 1000 min was only 57%,
compared to a 75% weight gain for material heated to 950°C for 240 min where runaway
oxidation did not occur (@g sample with a heating rate of 3°C/min in the range of 350-600°C).
The reduced weight gain was not attributable to extensive nitridation of the aluminum, since/X3
ray diffraction of the product showed weak peaks for aluminum nitride compared to intense
aluminum oxide peaks, with a significant amount of elemental aluminum also present. |

The weight gain observed on complete oxidation was used to calculate the weight percent of
active aluminum in the sample. For this calculation the samples are assumed to consist of only

unreacted aluminum and aluminum oxide at the point of minimum weight. The subsequent
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weight gain is ratioed to the theoretical weight gain of pure aluminum converting to Al,O;, where
the weight increases by 88.95%. The weight changes for the aluminum samples are listed in
Table II (columns 2 and 3), along with the calcﬁlat'éd'weight- percent of active aluminum (column
4). Based on the same assumptions, the weight percent oxygen is also calculated for each sample
(see Table II, column 4).

To check for possible nitridation of the aluminum, oxidation was conducted in pure oxygen.
Figure 5 shows TGA curves of sample CL-35 heated in air and oxygen. The TGA curves are
identical, so there is no evidence for nitridation during heating in air. Conversion of aluminum
to AIN results in a weight increase of only 51.91%, compared to 88.95% for AL,O,. Since 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.

The weight percent active aluminum was also determined by hydrolysis of the aluminum,
with quantitative determination of the gas evolved. The results are listed in Table III, with the
corresponding values from TGA data listed for comparison. The TGA values in Table III are
based on the material before loss of volatiles during heating, and therefore differ slightly from
the values in Table II. Excellent agreement between the two methods are found for four samples,
while the three smaller China Lake powders gave lower active metal contents by the TGA
method. For the ALEX powder, 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, compared to bright white for completely oxidized samples).

The weight gain upon complete oxidation of the aluminum was also used to calculate an
average particle size. For this calculation the powders were assumed to have an oxide coating
equivalent to 2.5 nm of fully dense Al,O;. Reported values for the thickness of the native oxide
layer on aluminum exposed to air range from about 2 to 4 nm.*> An oxide thickness of 2.5 nm
was determined by transmission electron microscopy on LANL samples. Particle sizes were
calculated based on uniform spherical particles according to

FpFops - 1 = (dy0,/ dul(x-20) - 17, )

where F, is the fractional weight gain for oxidation of pure Al to AlL,O, (0.88946), F,, is the
observed fractional weight gain from the minimum weight to the final weight, x is the particle
diameter, and t is the oxide layer thickness (taken as 2.5 nm). Note that F . /F,, is the weight
fraction of active Al that is given as a percentage in Table II, column 4. The density of Al and
Al,O, were taken as 2.702 and 3.97, respectively. 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 Figt;B and in column 5 of Table II. The TGA particle

sizes are generally consistent with the SEM and AFM particle sizes shown in Table I. Figure 6
shows how the particle size relates to the weight percent active aluminum using Eq. (2) and
assuming a constant 2.5 nm oxide thickness for all particle sizes. The curve gives the calculated
dependence, while specific materials are placed on the curve according to the TGA results. For
ALEX and H-2, where oxidation was incomplete, the hydrolysis result for weight percent active

Al in Table III was used. The corresponding sizes, based on Eg. (2), are 157 nm and 2.4 pm-fbrv

ALEX and H-2, respectively. Figure 6 shows that the active aluminum content drops rapidly as

the particle size falls below 100 nm. For energy producing applications a tradeoff exists between

enhanced reaétivity and reduced energy content. This tradeoff could be mitigated by using
unpassivated submicron aluminum powders which are pyrophoric, or possibly by developing

alternatives to oxide passivation of the aluminum.
B. Surface Area Measurement and Comparison of Particle Size Determinations

The data obtained from gas adsorption are listed in Table II. The sixth and seventh columns
list the values of surface area, A, computed from the two runs conducted for each sample.
Assuming that the particles are spherical, the following equation was used to estimate the BET

average particle size d:

6
plglec)x d (microns)

As (mzlg) =

where p is the density of particles (taken here as 2.702 g/cc for aluminum), and the average of
the two- A, values was used. The BET average particle sizes are listed in Table II, and are within
the size range obtained by SEM and AFM (see Table I) for most samples. o
Particle size data from BET, SEM, and TGA data are presented graphically in Fig\\;/ 7, along
with average crystallite sizes determined by x-ray diffraction (XRD). The TGA and BET sizes
correlate very well, with the TGA size generally slightly larger than the BET size. This coqﬁrms
that the TGA method gives a useful measure of particle size. 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 agglomération of particles, by the distribution of
particle sizes, and by 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.




This indicates that, for the larger particles, either renucleation occurred on the surface of growing
particles, or many separate particles combined together.

C. Calculation of Aluminum Thickness Oxidized in TGA Experiments

The controlled oxidation of aluminum in the TGA experiments can be interpreted as the
growth of an increasingly thick layer of aluminum oxide around a shrinking core of aluminum.
Based on this model, an attempt was made to estimate the thickness of aluminum converted to
oxide at various stages of the TGA experiment. Samples that appeared to have relatively narrow
size distributions (from SEM and TGA data) were chosen for this analysis. The weight gained at
three stages of heating was tabulated, and the corresponding stéickness of aluminum oxide was
calculated. The results are summarized in Table IV- and Fig})' 8. For the first oxidation step, the ]
weight increased up to the point where the oxidation rate minimized (near the melting point).
For all five submicron samples analyzed, this corresponded to 12 -15 nm of Al oxidized (see the
first 5 values in column 6 of Table IV ). The thickness includes the original 2.5 nm Al,O, layer.
By similar analysis of the data in columns 7 and 8 of Table IV, the average total thickness of Al
oxidized was about 90 nm for the second oxidation stage and about 300 nm for the third
oxidation stage. Based on these values, the particle size that would be 99% converted to oxide
was calculated. The observation of a kinetically limiting oxidation reaction and limited oxide
growth at high temperature is well documented in the literature. Typicall _y) the oxide thickness on

smooth flat surfaces is 17-21 nm_[Reference?l. This compares very favorably with the results
reported here :n Taiic [V, (3-23 pm with an averase value of 18 pmy, ~Thegreticuiiv. 2 15 nm-
thick Al yields an oxide thickness of =—=~i% nm, as shown in Table IV.

The last three samples in Table IV do not conform to the patterns of oxidation established
above. The ALEX sample exhibited the expected extent of oxidation in the first step, but much
less oxidation in the second and third stages. This is readily explained by the presence of some
micron sized particles as seen by SEM. The larger particles have considerable limitation to
diffusion of oxygen molecules, the oxidation reaction on these particles was not completed.
Thus, the presence of relatively large particles is easily apparent from the calculations developed
here.

Although sample CL-49 has a very small particle size, 23 nm, the oxidation was slow, and
the corresponding calculated thickness was small (columns 6 and 7 of Table 4). This indicates
that the sample contains an impurity that either reduces the weight gain (causing an artificially ‘,,oMD "
low calculated particle size) or inhibits the oxidation reaction. Sample CL-49 contains about @ 'M
mol % Ti that could be inhibiting the reaction via the formation of oxidation resistant titanium




aluminide. Sample CL-10 also has a larger particle size distribution than most of the samples
examined by SEM. It exhibits a behavior intermediate between that of ALEX and CL-49 during
the three stages of oxidation. This sample should be characterized further to check for
impurities. ' '

Thus, the results on the oxidation of aluminum powders indicate that TGA data can be useful
in qualitatively examining particle size distributions, and provide evidence of possible impurities.

D. Thermogravimetric Analysis in Nitrogen

The nitridation of aluminum powders was studied isothermally at 600°C by TGA, expanding
on previous work on an ALEX sainple‘and a §-pm gas atomized powder.* In the previous study,
the (@n powder exhibited a maximum weight gain of only 7.8% after about 2500 min at 600°C.
This result was interpreted in terms of a 147 nm- limiting thickness of AIN surrounding the
particle, which strongly inhibited further reaction. The smaller ALEX material, with a BET size
of 183 nm, exhibited a 47.3% weight gain after about 5400 min at 600°C, indicating that the
nitridation reaction was not limited for this material.

Figures 9 and 10 display results of TGA experiments under nitrogen for the current group of
powders. The maximum weight gain is given in Table II, column 9, with the expected maximum
weight gain, based on the active metal content, given in column 10. The most surprising result is
the rapid and nearly complete nitridation of the H-2 powder, shown in Fig%. For comparison, in
air H-2 Al gained only 7 wt. % upon heating at 600°C for 900 min. 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-40 (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 maximum weight gains that were larger than expected. Sample CL-35 was
* run for 28000 min, giving a maximum weight gain of 55%, which is higher than the theoretical
value of 51.9% for pure Al

The residues from nitridation of samples CL-41 and CL-35 were analyzed by XRD. The
diffraction pattern in Figy 11 for the CL-41 residue shows mainly the hexagonal AIN phase, some
unreacted Al, and possibly aluminum oxy-nitride phases that may be associated with weak peaks

in the pattern. ——=ssss—iqeshesas Sanoes ba sdad s o cne et be coozaiians
: il oas izt —The results indicate that aluminum ss&e—=

nitride phases are formed, especially at longer times in the TGA experiment. Traces of oxygen
or water in the system apparently react with the aluminum or with the AIN product.

Thermodynamics dictate that any available oxygen in the system should form aluminum oxide,




l
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since the conversion of AIN + O, to Al,O; + N, is favored by 489 kJ/mol Al at 600°C, while the
L conversion of AIN + H,O to Al,O, + NH, is favored by 152 kJ/mol Al.

IV. CONCLUSIONS

Thermogravimetric analysis of submicron aluminum powders in air provides quantitative
information on active metal content and particle size, and qualitative information on particle size
distribution. Particle sizes calculated from TGA data correlate well with particle sizes derived -
from surface area measurement by gas adsorption. This correlation is reasonable since the TGA
size is based on the weight fraction of the aluminum oxide passivation layer that covers the
surface of the particles. In contrast to oxidation, nitridation at 600°C proceeded with less
inhibiting effect of the aluminum nitride product on the reaction.

10
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FIG1. TGA apparatus used for experiments conducted under nitrogen atmosphere.
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FIG 2. SEM micrographs of aluminum powders at 20,000X magnification:
Top row: samples CL-11, CL-10, CL-35

Middle row: CL-01, CL-40, CL-57

Bottom row: LANL-1, ALEX 72095, H-2.
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FIG. 3. TGA of aluminum powders oxidized in air. Samples were heated at 20°C/min to 850°C,
then held at 850°C for four hours. The sample weight was normalized to the minimum weight.
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FIG. 4. TGA of aluminum powder CL-B in air showing ignition. Samples were heated af
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FIG. 6. Calculated weight percent of active aluminum as a function of particle size assuming

spherical particles with a 2.5 nm oxide thickness.
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FIG. 8. TGA of aluminum powders CL-40 (460 nm TGA size), CL-35 (201 nm), and CL-11 (73
nm) in air. The table gives an interpretation of the oxidation process in terms of the thickness of

aluminum oxidized for various thermal treatments.
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FIG. 9. TGA of aluminum powder reaction with nitrogen at 600°C.
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FIG. 10. TGA of aluminum powder reaction with nitrogen at 600°C.
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FIG. 11. X-ray diffraction of nitrided aluminum powder CL-41.
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