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A B S T R A C T   

Thermal processing of powder media such as annealing and quenching alters particle surface properties and can 
influence the powder’s reactivity. In this study, thermogravimetric analysis (TGA) was performed with micro- 
sized (4 µm characteristic particle diameter) aluminum (Al) powder. Two powders were examined, namely, 
untreated Al (UN Al), i.e., procured from the manufacturer, compared with thermally processed Al by annealing 
and quenching (i.e., called super-quenched aluminum, SQ Al). TGA experiments were designed to compare the 
rate of oxidation of both materials. A new data processing technique was introduced that allows for a direct 
demonstration of altered reactivity by comparing the sample behavior during heating and cooling. The approach 
analyzes a normalized derivate drop of mass gain data throughout a programmed heating and cooling cycle 
depending on particle exposure time to oxygen at select temperatures. Results clearly confirm a difference be
tween SQ Al and UN Al at temperatures around 600 ◦C, i.e., just below the Al melting temperature. The powders 
were also characterized using inverse gas chromatography (iGC) that showed a substantially higher surface 
energy of UN Al. Based on the experimental results, there is a correlation between Al reactivity and particle 
surface energy that substantiates recent observations of two different modes of Al particle combustion. Particle 
surface energy can be controlled to affect the mechanism for metal oxidation thereby affecting the rate of metal 
combustion.   

1. Introduction 

The chemical potential energy stored in a metal particle has an upper 
yield limit. For aluminum powder the theoretical maximum for 
aluminum oxidation is 31 kJ/g [1]. In applications, there are two 
important criteria for using metal powders to generate energy. The first 
is to harness all the potential chemical energy available and avoid 
leaving unburned, wasted fuel that results in decreased efficiency. The 
second criterium is more focused on the rate of energy generation 
because the timed release of energy contributes to the potential power 
available from metal oxidation. This study is designed to assess physical 
properties that influence reaction mechanisms and ultimately the rate of 
energy generation. 

The burn times of single Al particles have been studied extensively 
[2–4]. A recent graphic summarizing years of burn time data collection 
for Al particles is shown by Sundaram et al. [3]. Once the nominal 

particle diameter reduces from about 10 µm, an inflection in the trend of 
burn time reduction with particle diameter is observed. Recently, two 
different regimes of aluminum (Al) particle combustion with two 
different burn times at a given particle diameter were experimentally 
observed [5]. Combustion of thermally processed (annealed and 
quenched) Al powder (called super-quenched aluminum, SQ Al) pref
erentially occurs in the fast mode (a shorter burn time), while untreated 
Al (called UN Al) mostly burns in the slow mode (a longer burn time). 

Beyond burn times, different combustion regimes also resulted in 
different morphologies of final combustion products. A greater amount 
of nano-oxides is observed in the product residue recovered from SQ Al 
combustion compared with UN Al [6]. Combustion of SQ Al is also 
characterized by higher radiant fluxes compared with UN Al [6]. Both 
the variations in nano-oxide concentration and higher radiant fluxes 
resulting from SQ Al indicate differences in reaction mechanisms that 
control the rate of energy release. 
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While there is a measurable distinction in combustion of SQ Al and 
UN Al particles, an explanation for their differences requires further 
analysis. Moreover, revisiting fundamentals of the standard models 
[1–4] describing the Al combustion process is essential. Current com
bustion models try to predict how the burn time depends on the particle 
diameter and do not allow for two different times at a given particle size 
as has been directly observed using SQ Al compared with UN Al. Besides 
its fundamental importance, the discovery of different combustion re
gimes of Al particles has implications to energetic applications such as 
ordnance and propulsion technologies, in which the particle burn times 
and radiant fluxes govern heat exchange, and therefore, the system 
performance. 

A logical way to address the puzzle related to different burn times for 
the same particle size of UN Al and SQ Al powders should be split into 
two parts. The first part should analyze the physical parameters that are 
different in the two materials because those parameters could be 
responsible for the varied burn times. The second part should focus on 
particle combustion modeling because developing an analytical model 
could provide an explanation for different combustion regimes. 

A metal particle combustion concept that allows for two different 
regimes has been recently introduced [7]. In that discussed concept, the 
fast regime is common vapor-phase combustion with aluminum vapor 
reacting with oxygen gas in a reaction zone surrounding a metal particle. 
The slow combustion regime is realized via surface oxidation of 
aluminum followed by evaporation of metal suboxides. The essential 
condition of the slow regime is the existence of a layer of the aluminum 
oxide on the surface of a burning particle. An oxide layer of sufficient 
thickness should appear before the ignition onset that favors the slow 
combustion regime. 

Although the concept needs to be further detailed, one theory is that 
UN Al and SQ Al may generate oxide films with different thicknesses at 
the pre-ignition stage. A hypothesis is that UN Al and SQ Al can arrive at 
ignition with the oxide film of different thicknesses and provide condi
tions that favor either slow combustion (i.e., UN Al with a thicker film) 
or fast combustion (i.e., SQ Al with a thinner film). The latter means that 
the pre-ignition reactivity of UN Al is higher than SQ Al, as required to 
produce a thicker oxide film on UN Al. Higher pre-ignition reactivity will 
lead to UN Al exhibiting stronger oxidation at low temperatures. 

Pre-ignition reactivity can be resolved using thermal equilibrium 
analysis techniques. In the current paper, thermogravimetric analysis 
(TGA) was performed to directly demonstrate that more significant UN 
Al oxidation occurs at low temperatures compared to SQ Al. We show a 
data processing approach that eliminates possible experimental un
certainties commonly inherent for absolute measurements in order to 
distinguish a different amount of oxide accumulated on the two metal 
powders under identical conditions. The method is based on comparing 
rates of the sample mass gain during heating and cooling. Besides its 
importance for the particular problem explored in the current paper, the 
suggested data processing methodology could be useful for further 
advancing the TGA capabilities. 

Variations in particle reactivity experimentally observed are linked 
to surface energy characterized using inverse gas chromatography 
(iGC). A higher surface energy of UN Al is shown to correspond to higher 
reactivity at low temperatures. Higher reactivity at low temperatures 
explains why more surface reactions with UN Al ultimately lead to a 
thicker pre-ignition oxide film yielding its burning in the slow regime. 

2. Material and methods 

The Al powder was supplied by Alfa Aesar (MA, USA) with a char
acteristic Al particle diameter of 4 µm. Two powders were used in the 
experiments. The first was untreated, as-received powder, UN Al. The 
second was thermally processed and identified as super-quenched, SQ 
Al. The thermally processed powder has been detailed previously [6,8] 
but is summarized here. The Al powder was annealed to 320 ◦C and held 
for 10 min. After annealing, the powder was quenched rapidly using a 

prescribed powder metallurgical technique detailed in [6,8]. During the 
thermal processing, Al powder was kept in the sealed container. The 
material properties of both powders were well-characterized in our 
previous work [8]. The major physical parameter found different in 
these powders until now is their stress, which is an order of magnitude 
higher in SQ Al [8]. 

The powder materials were also demonstrated to behave differently 
in energetic applications [8–11] including the slower combustion of UN 
Al compared to preferential combustion of SQ Al in the fast regime [5,6]. 
Previous results that summarize particle properties are presented in 
Supplementary Information in Table S1. In the current paper, iGC and 
TGA are used to characterize and further link the powder surface en
ergies and reactivities. Both iGC and TGA data combined together have 
not previously been investigated for SQ Al compared with UN Al but 
have potential to reveal key physical variations that contribute toward 
describing reaction dynamics. 

An iGC Surface Energy Analyzer, SEA (Surface Measurement Sys
tems, Alperton, UK) was used for powder measurements and the data 
were analyzed using SEA Analysis Software. Detailed methodology and 
results processing have been described elsewhere [12–15] but also 
summarized in Supplementary Information. The total surface energy as 
well as its different components (dispersive and acid-base) were deter
mined depending on surface coverage. In the iGC experiments, the 
normalized surface coverage, n/nm, was calculated as a ratio of number 
of moles of injected vapor, n, to the number of moles corresponding to a 
monolayer of coverage for the specific surface area, nm. 

A Netzsch STA 449 F3 Jupiter (NETZSCH-Gerätebau GmbH, Selb, 
Germany) was used for thermal gravimetric analysis (TGA). Calcium 
oxalate was used for calibration and was within 1% of standard refer
ence values. In an experiment, a controlled environment of 20% argon 
and 80% oxygen within the instrument chamber was created and a 
powder sample of 6 mg was placed in an alumina pan. A hole in the 
center of the pan’s lid allowed oxygen from the environment to diffuse 
into the powder thereby contributing to Al oxidation. Lidded TGA cru
cibles produce less noise in the signal and provide a more sensitive 
analysis of mass change. At the beginning of each experiment, the 
sample was kept for 30 min at room temperature (30 ◦C) in order to 
stabilize the instrument. The temperature cycle was designed for both 
heating and cooling. The target set temperature varied from 600 ◦C to 
640 ◦C, and the temperature scan rate changed from 5 K/min to 20 K/ 
min. The value of highest set temperature (640 ◦C) was chosen to avoid 
Al melting, so powders preserve morphology. The range of the scan rates 
was based on preliminary tests that determined regimes to isolate var
iations in mass change rate. The measured sample mass gain was 
differentiated to obtain a relative powder reactivity at a given temper
ature. The difference in the calculated derivative values at heating and 
cooling at the same temperature (i.e., the reactivity drop) was further 
analyzed. For this analysis, the normalized reactivity drop, i.e., the 
difference in derivative values normalized with respect to the derivative 
value at heating, was calculated at varied temperatures. Data indicating 
a greater reactivity drop is associated with powder exhibiting greater 
reactivity thereby producing a thicker aluminum oxide film. Conversely, 
a lower reactivity drop is associated with less reactive powder and a 
thinner oxide film. 

3. Results and discussion 

Results of iGC measurements are presented in Fig. 1 for the combined 
total surface energy and its dispersive and acid-base components. The 
major result of these measurements is a noticeably lower surface energy 
of SQ Al compared to UN Al. We believe that the experimentally found 
difference between surface energies is related to thermal processing of 
Al particles. A possible mechanism of the surface energy alteration is 
based on the change in the metal microstructure, and, in particular, on 
void shrinkage, as described by Zhang et al. [16]. That void shrinkage 
can also result in the elevated stress in SQ Al that is absent in UN Al [8]. 
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A further study is required to advance that understanding. 
The total mass gain in the TGA cycles (heating followed by cooling) 

varied within the range between 1% and 3.5% depending on the target 
set temperatures and scan rates. The TGA curves can be characterized by 
an asymmetry parameter, ε, which is defined as 

ε ≡
Δmc

Δmh
(1)  

with Δmh and Δmc being mass gains during heating and cooling, 
respectively. Table 1 presents asymmetry parameters calculated ac
cording to Eq. (1). 

A significant asymmetry of TGA curves, i.e., the parameter ε being 
noticeably smaller than unity, means that the mass gain during heating 
is measurably greater than that during cooling. As one can see, the 
revealed asymmetry of TGA curves is more pronounced for UN Al 
compared to SQ Al. Considering the mass gain is a measure of material 
oxidation, the effective oxidation rate during cooling is reduced 
compared to heating, and that reduction is stronger for UN Al (Table 1). 

The mass gain derivative of the TGA curve, which is a measure of the 
oxidation rate, can be utilized in order to further detail the phenomenon. 
Fig. 2 demonstrates the mass gain derivatives for TGA scans with the 
target set temperature of 600 ◦C. A significant derivative drop seen for 
sample cooling compared to sample heating directly indicates a decrease 
in the oxidation rate. Decreased oxidation rate can occur due to oxide 
accumulation on the powder surface during the temperature cycle that 
reduces oxygen transport toward metal. A comparison of UN Al scans 
performed at different scan rates allows for the conclusion that this drop 
is not a hysteresis-like artifact but instead is indeed due to oxidation at 
select temperatures. 

In order to quantify the derivative drop, a normalized derivative 
drop, η, defined as 

η ≡
ΔR
R

(2)  

can be used. As illustrated in Fig. 3, the derivative value at cooling is 
subtracted from the derivative value at heating in order to obtain a 
difference, ΔR. The derivative value at heating, R, is used for normali
zation. Since the normalized derivative drop can be obtained at any 
temperature, it is a direct characteristics of the oxidation rate reduction 

Fig. 1. Surface energy of Al powders. Total energy and its dispersive and acid-base components are obtained depending on surface coverage as defined in the text.  

Table 1 
Asymmetry parameters of the TGA curves at different target set temperatures 
and scan rates.   

600 ◦C @ 5 K/ 
min 

600 ◦C @ 10 K/ 
min 

640 ◦C @ 10 K/ 
min 

640 ◦C @ 20 K/ 
min 

SQ 
Al 

0.72 0.87 0.27 0.22 

UN 
Al 

0.29 0.61 0.14 0.10  

Fig. 2. The mass gain derivatives for TGA scans with the target set temperature 
of 600 ◦C. The arrow shows the temporal scan direction. A comparison of two 
different scan rates presented for UN Al demonstrates the stronger oxidation 
drop at the lower scan rate. It allows for the conclusion that the difference 
between oxidation rates at cooling compared to heating is not a hysteresis-like 
artifact. A comparison of scans for UN Al and SQ Al at the same scan rate 
demonstrates a difference between these material behaviors. 

Fig. 3. Data processing sketch that illustrates how parameters entering calcu
lations of the normalized derivative drop, ie., ΔR and R, can be obtained from 
the TGA mass gain derivative. 
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unlike the asymmetry parameter being an integral value. Moreover, at 
any given temperature, η is calculated using values (ΔR and R) obtained 
at the same temperature, i.e., those corresponding to the same phase of 
the accumulated alumina film. Then, the normalized derivative drop is a 
direct indication of oxide accumulation during the temperature scan, 
with a larger derivative drop indicating stronger oxidation. Thus, a 
benefit of using the normalized derivative drop is related to the possi
bility of excluding an alumina phase change, which may occur [17] 
during temperature scans from the analysis. 

Fig. 4 demonstrates the normalized derivative drop of UN Al at two 
different target set temperatures performed at the same scan rate of 10 
K/min. The much bigger drop occurs at the larger target scan temper
ature, i.e., when the sample was exposed to higher temperatures and 
more oxide accumulation inherently occurs. Fig. 4 shows that oxide 
accumulation is a strong function of temperature, and higher oxidation 
temperatures will produce thicker films. 

A comparison of normalized derivative drops for UN Al and SQ Al 
(see Fig. 5) clearly shows that the UN Al drop is consistently higher 
compared to the SQ Al drop. 

Two major conclusions about the normalized derivative drop 
behavior can be drawn based on the analysis of the results presented 
above:  

• Powder exposure to an oxygen environment at higher temperatures 
leads to a more pronounced drop for both powders studied.  

• At the same exposure to higher temperatures, the drop for UN Al is 
noticeably bigger compared to SQ Al. 

The only reasonable explanation for the derivative drop is an oxide 
accumulation on the surface of metal particles during the thermal 
experiment. A thicker oxide leads to a relatively lower oxidation rate at 
cooling compared to heating. Then, a bigger drop for UN Al compared to 
SQ Al means a larger amount of oxide accumulated on the UN Al powder 
surface during the same temperature cycle. The latter can only be 
possible if the initial rate of UN Al oxidation is higher compared to SQ Al 
and that means a higher initial reactivity of UN Al powder. 

The conclusion on the different oxide accumulation for UN Al 
compared with SQ Al drawn from the analysis of Fig. 5 is more reliable 
than what could be obtained from the transmission electron microscope 
(TEM) diagnostics. Based on the total mass gain observed in the TGA 
experiments, the thickness of accumulated oxide shells is on the order of 
10 nm. Assuming that the difference between UN Al and SQ Al is on the 
order of 10%, the TEM analysis should statistically distinguish a 

thickness difference of about 1 nm that could be doable, in principle. The 
major issue is, however, related to the sample recovery from the TGA 
instrument. It will essentially involve an additional powder oxidation 
during cooling that is stronger for SQ Al (see Fig. 2). Thus, the powder 
samples available for the TEM would be compromised leading to an 
inaccurate interpretation. On the contrary, the normalized derivative 
drop analysis, which deals with in situ data, is free of those TEM issues. 

It should be noted that the discussed reactivity is a characteristic of 
powders and is not dependent on the powder heating rates. Then, the 
higher reactivity of UN Al powder at low temperatures extends to 
significantly higher heating rates relevant to combustion conditions. 

It is worth noting that the revealed link between surface energy and 
reactivity of Al particles likely originates from the Arrhenius-like 
behavior of metal oxidation [18]. Surface energy can influence oxygen 
adhesion affecting the molecule residence time on the surface, and, 
therefore, the magnitude of the pre-exponent. An initial energetic state 
of oxygen migrating across the shell is also dependent on the surface 
energy, which can affect the activation barrier as well. These phenom
ena are worth further studies. 

The different low temperature reactivity of super-quenched and 
untreated aluminum particles demonstrated in the current work allows 
for filling gaps in understanding of their distinctive combustion behav
iors. As shown in Fig. 6, the thermal processing leads to elevated stress 
and a lower surface energy. Results from this study show surface energy 
governs pre-ignition oxidation resulting in a thinner oxide film for SQ Al. 
Thus, SQ Al burns more intensively compared with UN Al, because a 
thinner oxide barrier reduces diffusion times that result in faster burning 
Al particles. The insights gained from the experiments designed here 
explain a mechanism responsible for differences in burn time. Explicitly, 
the mechanism is variation in oxide film formation thickness resulting 
from particle surface energy differences. 

4. Concluding remarks 

The TGA study performed in the current paper provides evidence of 
higher initial reactivity of UN Al compared to SQ Al at low temperatures 
(i.e., < 640 ◦C). A unique data analysis approach is introduced to tweeze 
out the development of an oxide film associated with particle interface 
reactions. It is worth emphasizing that the reactivity characterization 
methodology, which is based on the normalized derivative drop anal
ysis, developed in the current paper may be of general interest as a novel 
analytical tool. 

Being linked to the measured particle surface energy, low tempera
ture Al oxidation is concluded to increase with that surface energy. The 
stronger reactivity of UN Al at low temperatures leads to more oxide 
accumulation (i.e., a thicker oxide film) on the metal particle surface 
during their pre-ignition heating. Thus, UN Al ignites with a surface 
oxide film that is thicker compared to SQ Al. The development of an 
oxide film and its distinct variation in thickness with surface energy is a 
possible explanation of the mechanism of different modes of aluminum 
combustion depending on the particle thermal treatment. On the other 
hand, the correlation between the particle surface energy and reactivity 
at low temperatures established in the current work can guide further 
development of metal fuels for different applications, in which either 
slow or fast combustion is beneficial. 
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