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This study investigates the ignition of nano-aluminum (n-Al) and n-Al based energetic materials

(nanothermites) at varying O2 pressures (1–18 atm), aiming to differentiate the effects of free and

bound oxygen on ignition and to assess if it is possible to identify a critical reaction condition for

ignition independent of oxygen source. Ignition experiments were conducted by rapidly heating the

samples on a fine Pt wire at a heating rate of �105 �C s�1 to determine the ignition time and tem-

perature. The ignition temperature of n-Al was found to reduce as the O2 pressure increased,

whereas the ignition temperatures of nanothermites (n-Al/Fe2O3, n-Al/Bi2O3, n-Al/K2SO4, and

n-Al/K2S2O8) had different sensitivities to O2 pressure depending on the formulations. A phenome-

nological kinetic/transport model was evaluated to correlate the concentrations of oxygen both in

condensed and gaseous phases, with the initiation rate of Al-O at ignition temperature. We found

that a constant critical reaction rate (5� 10�2 mol m�2 s�1) for ignition exists which is independent

to ignition temperature, heating rate, and free vs bound oxygen. Since for both the thermite and the

free O2 reaction the critical reaction rate for ignition is the same, the various ignition temperatures

are simply reflecting the conditions when the critical reaction rate for thermal runaway is achieved.
VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4930889]

I. INTRODUCTION

Recent advances in large-scale manufacturing and process-

ing of nanoparticles have motivated research on energetic mate-

rials with nanoscale features and structures.1–3 Nano-aluminum

(n-Al), due to its high energy density and superior reactivity, is

one of the most widely studied nanomaterials for pyrotechnics,

propellants, and explosives applications.4,5 A variety of pow-

dered n-Al explosives and aluminized nanocomposites (nano-

thermites) that contain oxidizers are being evaluated based on

their rate and intensity of energy release,1–3 as well as their sen-

sitivity and stability.6,7 Compared to self-sustaining steady state

combustion, reaction initiation (ignition) is difficult to study

and control due to its very fast transient nature and its sensitiv-

ity to many parameters such as heating rate,8,9 particle size,10,11

and assembly12,13 (influencing the contact area between fuel

and oxidizer). For n-Al, ignition is further complicated by the

thin (�2–5 nm) native oxide shell, alumina (Al2O3) that acts as

a passivation layer at low temperatures.14,15

In order for ignition to occur, a threshold must be sur-

passed where the mutual transfer of Al and O across the

Al2O3 shell is rapid enough to induce a sufficiently higher

energy release rate relative to energy loss to the surround-

ings. It is expected that oxygen anions and aluminum cations

migrate radially inward and outward, respectively, by the

concentration gradients.16 In addition, the outward transport

of Al cations is primarily driven by a built-in electrical field

across the alumina shell, as described by the Cabrera-Mott

theory,17,18 as well as by the pressure-driven outward con-

vection due to the volumetric expansion of Al core during

heating.19,20 Given these two additional mechanisms, and

that the Al cations are smaller than the oxygen anions,16 the

Al flux outwards should exceed that of oxygen inwards. This

diffusion bias is prevailingly evidenced by several reports

showing that hollow structures are formed during the oxida-

tion of n-Al particles.21–23 Therefore, the reaction interface

is expected to be at the outer surface of the aluminum

enriched alumina shell.16,21

Ignition of n-Al in gaseous oxidizers and of aluminum-

fueled nanothermites relies on the same fundamental global

reaction between Al and O. The distinction is that for nano-

thermites, the reactive oxygen that participates in the ignition

event comes from oxygen bound in the oxygen lattice sites

of the solid oxidizers. Based on the availability of free gase-

ous oxygen in the ignition event, the ignition mechanisms

can be divided into two categories: (1) the condensed phase

Al-O reaction and (2) the Al-O2(g) heterogeneous reaction.

For many Al/metal oxide formulations (e.g., Al/Bi2O3
24), O2

is released from oxidizers at a higher temperature than the

corresponding ignition temperature, indicating that ignition

is mainly triggered by the condensed phase reaction between

Al and bound oxygen. In some other cases (e.g., Al/CuO25),

oxygen release is prior too, or synchronized with ignition,

suggesting that the predominant reactive oxygen that partici-

pates in the initiation reaction could be gaseous O2. A recent

study has investigated ignition temperatures of multiple oxy-

salt based thermites in various gaseous environments.26 The

results show that some reactive oxysalts, such as potassium

periodate (KIO4)27 and potassium persulfate (K2S2O8),28 are

more easily decomposed than traditional metal oxides, thus

exhibiting very low O2 release temperatures and ignition

temperatures. In this case, it is believed that free gaseous O2
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plays the predominant role in triggering the ignition

event.26–28 Due to the reactive sintering of fuel and oxidizer

at the initiation stage for many thermite formulations as

observed from post-reaction products analysis29,30 and in
situ fast-heating electron microscopy,29,31,32 the two afore-

mentioned ignition mechanisms may be actually coincident

in a single ignition event. While many studies have sup-

ported these two main ignition mechanisms, they fail to

explain when these different mechanisms exist, and under

what conditions they prevail.28,33

Previous studies have presented a muddled vision of

the criteria that control the ignition of n-Al based energetic

materials. The melting point of Al, or the decomposition

temperature of oxidizer, has been presumed as the criterion

for ignition.34,35 However, some experimental results have

also revealed that there is no correlation between these

characteristic temperatures and ignition temperature.36

These results suggest that the ignition phenomenon is not

merely driven thermodynamically but is also driven kineti-

cally. Previous kinetic models have been proposed for the

oxidation of n-Al in which power-law functions were

adopted to describe the oxidation rate of Al.37–39 Since

these functions were developed to describe oxidation

kinetics when a significant conversion from Al to Al2O3

had occurred, they are inappropriate for ignition kinetics,

which feature a very small conversion ratio. Alternatively,

zero-order Arrhenius models involving no concentration

of reactants,40,41 and 1st order models which include oxy-

gen concentration as a parameter, have been employed.42

However, given that the concentration of Al at the reaction

interface may also change with tempera-

ture,14,19,22,34–36,43–45 an improved model containing both

concentrations of Al and O needs to be evaluated. In addi-

tion, some consideration should be given which will shed

light on the aspect of metal ignition when the source is free

O2 vs bound oxygen.

In this work, the ignition of n-Al based energetic materi-

als was analyzed to explore the role of bound vs free oxygen,

and to assess if it is possible to identify a critical reaction

condition for ignition independent of oxygen source. For

these studies, we evaluate the ignition of n-Al and four alu-

minum based nanothermites (n-Al/Fe2O3, n-Al/Bi2O3, n-Al/

K2SO4, and n-Al/K2S2O8) in O2. What distinguishes this par-

ticular work is that we simultaneously varied the O2 concen-

tration as a control variable through the initial pressure

(1–18 atm). The experimental results were used in conjunc-

tion with a phenomenological kinetic/transport model to

determine a critical condition for ignition and a global acti-

vation energy. When combined with the experimental

results, the model enables us to distinguish the role of free vs

bound oxygen on ignition. The result shows that the critical

reaction condition for ignition is independent of oxygen

source and heating rate.

II. EXPERIMENTAL SECTION

A. Materials

n-Al particles (�50 nm) were obtained from Argonide

Corporation. Bismuth oxide (Bi2O3) and iron oxide

nanoparticles (Fe2O3) (�50 nm) were obtained from

Sigma-Aldrich. Microscale potassium persulfate (K2S2O8)

and potassium sulfate (K2SO4) powders were purchased

from Fluka and Sigma Aldrich, respectively. Nanoscale

potassium persulfate (K2S2O8) and potassium sulfate

(K2SO4) were prepared by spray drying of the K2S2O8

water solution (0.02 mol l�1) at 150 �C, and the K2SO4

water solution (0.02 mol l�1) at 180 �C, respectively.26,28

Nanothermites were prepared by sonicating the n-Al and

nanoscale oxidizers stoichiometrically in hexane for 30

min, followed by stirring overnight and desiccation in

vacuum.

B. Temperature jump (T-jump) ignition measurements

The ignition tests were conducted by coating the

hexane suspension of n-Al or aluminum-fueled nanother-

mites evenly onto a (76 lm diameter� 10 mm long) plati-

num (Pt) wire. The particle layer was found to have a

length of �8 mm and a thickness of 25 lm. In the case

of ignition of n-Al, the mass of n-Al was estimated to be

�30 lg, assuming that the sample pack density on wire

is �20%.25 In the case of ignition of nanothermites, we

controlled the same coating volume of samples on wire

as that for n-Al, and the masses were around 30 lg–75 lg

depending on the formulations. After drying in air, the

wire was resistively heated to �1200 �C within 3 ms (�4

� 105 �C s�1) by a tunable voltage pulse generated by a

home-built power source (Fig. S146). For any given volt-

age, the current passing through the wire was measured

using a current probe (AM503, Tektronix). The transient

voltage and current were simultaneously recorded into an

oscilloscope (WR 606Zi, Teledyne-LeCroy). The tran-

sient temperature on the wire during the pulse time was

measured according to the standard electrical resistance/

temperature relationship for Pt (Callendar-Van Dusen

equation47). The ignition time was determined using a

high speed camera (Vision Research Phantom v12.0)

(Fig. S146) and identified as the onset time of an appreci-

able emission of light above the background signal from

the wire. A new T-jump Pt wire was used for each

experiment. Our previous analysis shows that for a parti-

cle layer up to �30 lm in thickness, the difference in

temperatures of particle layer and basement wire is not

discernible.25 This indicates that the temperature of nano-

powders approximately matches the temperature on the

wire prior to ignition.

To control the ignition of n-Al in different O2 pres-

sures, the T-jump probe was placed in a chamber that

enabled ignition conditions to be varied from 10�10 atm

up to 18 atm (Fig. S146). To control the ignition of n-Al at

different heating rates, n-Al was heated to the same peak

temperature of �1200 �C but within different pulse times

(2 ms, 4 ms, 8 ms, and 16 ms). A thinner Pt wire (radius

¼ 12.7 lm) was also used in the ignition test of n-Al in O2,

to evaluate if the results were dependent on wire diameter.

The mass loaded on the thinner wire was kept constant as

�20 lg.
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III. RESULTS AND DISCUSSION

A. Ignition of n-Al in free oxygen

In order to evaluate the role of free O2, the chamber was

filled with the pure gas at pressures ranging from 10�10 atm

to 18 atm. Fig. 1 shows that the ignition temperature decays

with increasing O2 pressure, and drops below the melting

point of bulk Al at >7.4 atm. As the O2 pressure further

increases to over 15 atm, the ignition temperature asymptoti-

cally approaches a value of �620 �C. This threshold implies

that ignition at this point is limited by the mobility of Al

migrating outwards, so that below a critical temperature, the

surface concentration of Al is too low to support the ignition

event. Considering that a smaller particle size is able to

depress the ignition temperature of bulk Al,36 this critical

temperature is probably correlated with the melting of n-Al.

This strong dependence on O2 pressure for ignition tempera-

ture represents a thermodynamic state (i.e., temperature) for

rapid kinetics sufficient for run-away reaction.

B. Ignition of n-Al based thermites (i.e., bound
oxygen)

In the previous example, O2 was free and its concentra-

tion was systematically varied by changing the pressure.

Next, bound oxygen was investigated through the ignition of

four n-Al based thermites (n-Al/Fe2O3, n-Al/Bi2O3, n-Al/

K2SO4, and n-Al/K2S2O8). Fig. 2 shows that these nanother-

mites have a wide range of ignition temperatures in vacuum,

with the highest ignition temperature for n-Al/Fe2O3 at

825 �C, and the lowest for n-Al/Bi2O3 at 590 �C. Since a low

pressure environment will promote rapid extraction of any

gaseous O2 generated by the oxidizer away from the thermite

mixture on the wire, the initiation reaction for these nano-

thermites in vacuum (�10�10 atm) should be predominantly

controlled by the condensed phase reaction. Given that

the ignition temperatures follow: n-Al/Fe2O3 > n-Al/K2SO4

� n-Al/K2S2O8 > n-Al/Bi2O3, and there is only a small dif-

ference in the oxygen densities of the four oxidizers, the

different ignition temperatures in vacuum are more likely to

be correlated to different activation energies of these four

condensed phase Al-O reactions.

Increasing the O2 pressure resulted in a variety of

mainly decreasing trends that were dependent on the ther-

mite system. The decaying dashed line represents a fit for

pure n-Al from the data in Fig. 1. For the case of n-Al/Bi2O3,

which already possesses a low ignition temperature, increas-

ing the O2 concentration has no discernible effect. This con-

firms previous work33 that the initiation of the n-Al/Bi2O3 is

controlled exclusively by a condensed phase reaction, with

ignition occurring much earlier than the decomposition tem-

perature of Bi2O3 (�1300 �C). This behavior has been

explained by the fact that Bi2O3 has one of the highest

known oxygen ion conductivities among typically used oxi-

dizers,48 which would greatly enhance condensed phase

transport of oxygen.

The opposite extreme to the Bi2O3 containing system

would be one where gas phase O2 is released from the oxi-

dizer at a lower temperature than ignition.27 One such sys-

tem is n-Al/K2S2O8, which shows a significant reduction of

ignition temperature in O2 (610 �C) when compared to that

in vacuum (755 �C). If condensed phase reactions were im-

portant, then we should expect no decrease in ignition tem-

perature between vacuum and 1 atm. However, the fact that

increasing pressure of O2 does not change the ignition tem-

perature implies that O2 release from n-Al/K2S2O8 is con-

trolling. Furthermore, the fact that this reaction has a lower

ignition temperature than the neat n-Al in O2, as repre-

sented by the decaying dashed line (Fig. 2), is consistent

with the fact that the oxygen concentration in solid oxidiz-

ers (7 � 104 mol m�3) is more than 2 orders of magnitude

higher than that in gas (1–100 mol m�3 when the O2 pres-

sure changes from 0.1 atm to 18 atm (Fig. 1)). Thus, in the

case of K2S2O8, the bound oxygen is released at much

higher concentration than the local O2 pressures tested in

this experiment.27,28

FIG. 1. Ignition temperature of n-Al vs external oxygen gas pressure. Each

data point represents the average of at least three measurements. The error

bars of �10% are mainly from our temperature measurement which has a

degree of inaccuracy of 625 �C.

FIG. 2. Ignition temperatures for four different n-Al based thermites (n-Al/

Fe2O3, n-Al/Bi2O3, n-Al/K2SO4, and n-Al/K2S2O8) as a function of external

oxygen pressure. Each data point represents an average of at least two meas-

urements. The decaying dashed line represents a fit for pure n-Al from the

data in Fig. 1.
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For the other two investigated nano-thermite formula-

tions, the ignition temperatures decrease as the O2 pressure

increases (Fig. 2). At O2 pressures below 5 atm, the ignition

temperatures of n-Al/Fe2O3 are higher than the correspond-

ing ignition temperatures of n-Al, while the ignition temper-

atures of n-Al/K2SO4 are in contrast lower (Fig. 2). We have

seen in Fig. 2 that the ignition points of n-Al/Fe2O3 and n-

Al/K2SO4 in vacuum are above and below the dashed line,

respectively, indicating that the reaction rate between Al and

bound oxygen from Fe2O3 is slower than that between Al

and free O2, while the reaction rate between Al and bound

oxygen from K2SO4 is higher. If we consider the overall ini-

tiation reaction for these two nanothermites are comprised of

two competitive reactions (Al reacting with gaseous oxygen

and condensed phase oxygen), since the reaction rates

follows: Al-O (from K2SO4) > Al-O2 (g) > Al-O (from

Fe2O3), one would expect to see that ignition temperatures

follows: n-Al/Fe2O3 > n-Al > n-Al/K2SO4, consistent with

our experimental results in the O2 pressure range of 1–5 atm

(Fig. 2). At O2 pressures above 5 atm, their ignition tempera-

tures asymptotically approach the corresponding ignition

temperature of n-Al (Fig. 2). This indicates that once more

gaseous oxygen is added, n-Al in the formulation initiates

predominantly by a relatively more reactive Al-O2 (g) mech-

anism, and the oxidizers gradually become dead weight in

the system until after ignition.

C. Thermal transfer analysis and criterion for n-Al at
ignition

The ignition results of n-Al and n-Al based nanother-

mites have suggested that ignition temperature is controlled

by the local concentration of oxygen, either in the condensed

phase as in the case of Bi2O3 or alternatively as an effective

local O2 concentration as in the case of K2S2O8. A higher ox-

ygen concentration (or lower activation energy) would lead

to a larger reaction rate between Al and O, which as a result

induces more heat generation at a given temperature. To

evaluate these results more thoroughly, we will develop a

relationship between a global reaction rate at the point of

ignition (Rc), and the ignition temperature. We assume that

n-Al has a radius r of �25 nm and an alumina shell thickness

d of �4 nm, which is roughly consistent with the n-Al

employed in the experiments. Since only one size of n-Al

was used in this study, the effect of contact area between Al

and O was not considered. The energy balance for the n-Al

coated Pt wire is as follows (also see Fig. S2(a)46):

_qa ¼ _qr þ _qe;loss þ _qgain þ _qc;loss þ _qrad;loss þ _qr ;evap; (1)

where _qa is the net accumulated energy of the n-Al coated Pt

wire, _qr is the generated energy from the Al-O reaction,

_qe;loss is the energy loss from Al evaporation, _qgain is the

energy gain from the resistive heating of the wire, _qc;loss is

the conducted energy loss to the environment (mainly the

electrodes that hold the wire), _qrad;loss is the heat loss by radi-

ation, and _qr; evap is the heat generated from the reaction of

O2 and gaseous Al evaporated from the particle surface.

At the peak temperatures around the point of ignition,

Al evaporation and thermal irradiation are not significant;

the heat accumulation is mainly dominated by the resistive

heating of the wire ( _qgain), the energy gain by reaction ( _qr),

and the heat loss to the environment ( _qc;loss). Thus, Eq. (1) at

peak temperatures around ignition point can be simplified as

_qa ¼ _qgain þ _qr þ _qc;loss: (2)

In Eq. (2), _qa and _qr can be expressed as follows:

_qa ¼ nAlCpAl þ nPtCpPtð Þ dT

dt
; (3)

_qr ¼ 4pr2RDHrNn�Al; (4)

where nAl and nPt are the molar amounts of Al and Pt,

CpAl and CpPt are the heat capacities of Al and Pt (CpPt

¼ 25.86 J mol�1 �C�1),49,50 DHr is the heat of reaction per

mole of Al (¼ 837.5 kJ mol�1),22 Nn-Al is the number of n-Al

particles loaded on the wire, and R is the reaction rate. Since

nAl � nPt in our system, Eq. (3) can be simplified as

_qa¼ nPtCpPtdT=dt. According to the dimension of the Pt

wire (length¼ 1 cm, radius¼ 38.1 lm), as well as the density

of Pt at the room temperature (¼ 21.45 g cm�3), the molar

amount of Pt (nPt) is calculated to be 5.1� 10�6 mol.

Considering that the mass loading on the wire is �30 lg in

the case of ignition of n-Al in O2, Nn-Al is calculated to be

1.9� 1011. For the ignition of nanothermites, Nn-Al are dis-

tinct for different formations based on different total mass

loading. In detail, Nn-Al for n-Al/Fe2O3, n-Al/K2SO4, n-Al/

K2S2O8, and n-Al/Bi2O3 are 0.76� 1011, 0.32� 1011,

0.38� 1011, and 0.48� 1011, respectively.

Using our T-Jump heating experiment, the temporal tem-

perature history for n-Al particles, which is consistent with the

temporal temperature history for the carrier Pt wire, was

recorded during the 3 ms pulse time. For a 5 atm external pres-

sure of O2, a typical temperature-time curve for n-Al in the

neighborhood of ignition temperature is shown in Fig. 3. The

experimental temperature curve has a width of �50 �C (as

FIG. 3. Experimental temporal temperature profile on n-Al particles. A fitted

solid curve (red) was centered along the raw curve (blue). The width of our

raw curve is 50 �C (as shown in between two dashed curves along the raw

curve), demonstrating that the accuracy of the temperature measurement is

625 �C. The temperature gradients for n-Al before and after ignition, as

well as the ignition point, are labeled.
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shown by the two dashed curves), demonstrating that the pre-

cision of the temperature measurement is 625 �C. It can be

seen that the slope of temperature-time curve (dT=dtjT<Tig
) for

n-Al is close to constant, and equivalent to the slope of

temperature-time curve on the bare wire (dT=dtjwire) (without

deposition of n-Al) below the ignition point (Fig. 3). This is

consistent with the fact that prior to ignition, the heat accumu-

lation is exclusively from the resistive heating of the wire

( _qgain) subtracted by the heat loss to the environment ( _qc;loss).

So, Eq. (2) prior to ignition can be expressed as

_qajT<Tig
¼ _qgain þ _qc;loss: (5)

At the point of ignition, a rapid excursion in the wire

temperature (Fig. 3) occurs that leads to a higher slope of

temperature-time curve (dT=dtjT>Tig
). This result is indica-

tive that the heat generated by reaction ( _qr) becomes signifi-

cant. From the temperature-time curve for the bare Pt wire,

we also know _qgain and _qc:loss are constants in the neighbor-

hood of ignition point. In this regard, the energy balance at

the point of ignition is

_qajT>Tig
¼ _qgainþq•

r þ _qc;loss: (6)

By combing Eqs. (5) and (6), we find that the reaction rate,

Rc, at the ignition temperature can be taken as a function of

the temperature gradient difference as

Rc ¼
nPtCpPt

4pr2DHrNn�Al

dT

dt

����
T>Tig

� dT

dt

����
T<Tig

 !
: (7)

It should be noted that the ignition point we chose in

Fig. 3 is not the inflection point of the curve. This is to

account for the uncertainty in the temperature measurement

which as can be seen in the figure is �625 �C. Ignition is

defined as the point where the extrapolation of the ignition

curve deviated by at least the uncertainty (25 �C). In regard

to Eq. (7), the value of dT=dtjT>Tig
is defined as the slope at

this point, which can be approximated by the average slope

of fitted wire within the temperature range of 650 �C of the

ignition point. This definition of ignition point is different

from that we utilized to measure the ignition temperatures of

n-Al based energetic materials, which is determined by the

onset of light emission from ignition.24–27 However, since

we found that these two defined ignition temperatures are

usually very close (<50 �C), we will use the current defini-

tion of ignition temperature for the following energy balance

analysis.

In Eq. (7), the number of n-Al loaded on wire is an esti-

mated value based on our calculation from an ideal geometry

of the nanoparticle coating. The actual measurement of the

mass gravimetrically confirms that the deposit of n-Al is

�30 6 10 lg, which gives an uncertainty of 50% to the Rc

value.

Eq. (7) forms the basis of the following discussion to

evaluating the ignition criteria.

D. Critical reaction rate of n-Al with free and bound
oxygen

Ignition is nominally the point when the exothermicity of a

reaction exceeds the energy dissipation rate, which we can

define as the critical reaction rate Rc. The question at hand is

that given the similarity between the overall chemistry there is

the critical reaction rate independent of the source of oxygen.

In terms of our model (Fig. 3), by keeping constant all other

external conditions that may influence the energy balance, such

as the deposited mass on wire, the value of Rc is exclusively de-

pendent on the temperature gradient difference before and after

ignition (Eq. (7)). Evaluation of Eq. (7) from the measured tem-

perature profiles of ignition experiments in different O2 pres-

sures (Fig. 1) shows that the Rc for ignition is indeed a constant

over a range of ignition temperatures, with an average value of

5 � 10�2mol m�2 s�1 (Fig. 4(a)). This is further confirmed

from another experiment using a thinner mass-loaded Pt wire

(radius ¼ 12.7 lm) which has a mass one ninth of that for the

normal wire (radius ¼ 38.1 lm). At 3 atm O2 pressure, the dif-

ference of temperature slopes before and after ignition point

increased by nine folds when compared to that for normal wire.

According to Eq. (7), these changes in temperature slope differ-

ence and Pt content result in a Rc (6.7 � 10�2mol m�2 s�1)

that is similar to those (5 � 10�2mol m�2 s�1) obtained from

our standard wire diameter experiments (see the star point in

Fig. 4(a)). These results indicate that the role of O2 is to enable

achieving the critical reaction condition at a lower temperature

for an increased concentration of O2.

We next explore if the critical reaction rate is dependent

on the heating rate. The corresponding ignition experiments

for pure n-Al were conducted at different initial heating

rates in 3 atm O2 by using different pulse times (2–16 ms).

FIG. 4. Critical reaction rate (Rc) eval-

uated from Eq. (7) at ignition tempe-

ratures for n-Al under different O2

pressures (0.1–18 atm) at a constant

initial heating rate (�4� 105 �C s�1)

(a), and under a constant O2 pressure

(3 atm) at different initial heating rates

(�1� 105��6� 105 �C s�1) (b). The

star point in (a) represents the Rc of n-

Al on a thinner Pt wire (radi-

us¼ 12.7 lm), corresponding to an

ignition temperature of 738 �C and

external O2 pressure of 3 atm.
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Fig. 4(b) shows that over the range of heating rates from �1

� 105 �C s�1 to �6 � 105 �C s�1, the ignition temperature of

n-Al increases by 150 �C. However, the critical reaction rate

remains constant at �5.8 � 10�2 mol m�2 s�1, which is sim-

ilar to the value we obtained from ignition experiments when

oxygen pressure was varied (Fig. 4(a)). The two experiments

offer the same conclusion, namely, that there exists a critical

reaction rate that determines the initiation of reaction

between Al and oxygen.

The critical reaction rate of Al with bound oxygen in the

nano-thermites was also evaluated from the data in Fig. 2. In

vacuum, the unavailability of gas presumably ensures that all

nanothermite ignition follows a condensed phase mechanism

(Fig. 2). Similar to the aforementioned ignition of n-Al in O2

(Fig. 1), the ignition reaction rate of each thermite formula-

tion can be calculated according to Eq. (7) under the vacuum

condition case. Since Eq. (7) is based on an energy balance

that assumes nothing about where oxygen comes from, it is

equally applicable to the measurement of the critical reaction

rate for thermites. The Rc’s for the four thermite formula-

tions were found to be similar (3.5 � 10�2�5.9 � 10�2 mol

m�2 s�1, see Table I), which are also equivalent to the reac-

tion rate of pure n-Al in O2 (Fig. 4), and independent of igni-

tion temperature. Thus, a critical reaction rate for ignition, if

it exists, should have a characteristic that it be constant and

invariant of other factors such as ignition temperature, heat-

ing rate, and oxygen source.

The key point, however, is to note that in both the ther-

mite and the free O2 reaction the critical reaction rate for

ignition is the same, and the various ignition temperatures

are simply reflecting the conditions when the critical reaction

rate for thermal runaway is achieved.

It may seem, at first consideration, odd that both the free

and bound oxygen case have essentially the same critical

reaction rate. However, when one considers these global

reactions, they are actually very similar in both the free and

bound oxygen cases. First, it must be considered that the

same fuel particles are used in every case, so while the given

reaction rate is normalized by surface area, the result is the

same for both cases. Thus, this critical reaction rate implies

that, at ignition, the energy generation rate is the same for

both free and bound oxygen systems. Second, the thermo-

chemistry of the reaction of all the systems is quite similar,

as it is dominated by the exothermic generation of Al2O3. If

we consider a metric of the heat of reaction normalized by

the heat capacity, which is a measure of how much the tem-

perature of the energetic material will rise per unit of reac-

tion, we find that all systems are within a factor of 2. Thus,

the result that the critical reaction rates for thermal runaway

for both the free and bound oxygen cases are similar is per-

haps not so surprising.

E. Arrhenius parameters (free and bound) at ignition

One key takeaway from our results is that the various

ignition temperatures are simply reflecting the conditions

when the critical reaction rate for thermal runaway is

achieved. While this ignition criterion is able to generally

determine when ignition initiates, it does not provide us

details about why different formulations show different

ignition temperatures. We next explicitly investigate sev-

eral vital factors (oxygen concentrations, activation energy,

etc.) that contribute to the global reaction rate, aiming to

systematically understand the control of ignition. From the

results in Figs. 1 and 2, we have seen the critical roles of

oxygen concentration and activation energy in controlling

ignition temperature, though we did not evaluate these pa-

rameters in a quantitative manner. On the other hand, as the

other reactant at ignition, the concentration of Al at the

reaction interface also contributes to the reaction rate. As

the temperature increases, Al will become increasingly mo-

bile and migrate through the oxide shell driven by pressure,

concentration gradient, and built-in electric fields.17–20 The

prevailing evidence shows that aluminum flux outward

exceeds that of oxygen inwards, thus indicating that the Al-

O reaction occurs at the outer surface of the aluminum

enriched alumina shell.16,21 Given that both concentrations

of Al and O change with temperature, we can explore the

above ignition criterion further by explicitly evaluating a

rate law for Rc, expressed as

Rc ¼ kðCs
AlÞ

mðCOÞ
n; (8)

where

k ¼ A exp � Ea

�RT

� �
: (9)

Here, k is the reaction constant, CO and Cs
Al are the concen-

trations of reactive oxygen and aluminum at the reaction

interface, m and n are positive indices of Cs
Al and CO, respec-

tively, A is the pre-exponential factor, and Ea is the activa-

tion energy of the Al-O reaction. For the fast initiation of

n-Al in O2, both thermochemical calculations (using NASA

CEA Code) and tests by T-jump time-of-flight mass spec-

trometry (TOF-MS) have demonstrated that the major inter-

mediate product is Al2O.51 This implies that for the initial

Al-O reaction, the production of Al2O intermediates prevails.

Therefore, the rate law is taken as m ¼ 1, n ¼ 0.5. If we fur-

ther assume that the concentration of oxygen in the proxim-

ity of reaction interface is similar or at least scales with the

external oxygen pressure (CO2 ¼ 0.5 CO), the kinetic equa-

tion is

TABLE I. Ignition temperatures in vacuum, interfacial concentrations of ox-

ygen and aluminum at the ignition temperatures, the activation energies of

the condensed phase Al-O reaction, as well as the condensed phase ignition

reaction rates for n-Al/Fe2O3, n-Al/Bi2O3, n-Al/K2SO4, and n-Al/K2S2O8.

Formulations Es
a (kJ/mol) Rc

0 (mol/(m2 s))

n-Al/Bi2O3 146a 4.1 � 10�2

n-Al/K2SO4 167a 5.9 � 10�2

n-Al/K2S2O8 169a 4.9 � 10�2

n-Al/Fe2O3 181a 3.5� 10�2

n-Al 134b 5.0 � 10�2

aActivation energy of condensed phase reaction of Al and O(s).
bActivation energy of heterogeneous reaction of Al and O2(g).
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Rc ¼ A exp � Ea

�RT

� �
Cs

Al 2CO2ð Þ0:5; (10)

where �R is the universal gas constant.

To evaluate the activation energy (Ea), we employ the

Flynn–Wall–Ozawa isoconversion method52,53 as

lnb ¼ const:� 1:052Ea

�RT
: (11)

To do this, the ignition temperature of n-Al at 1 atm O2

was evaluated at different heating rates (b) from 7.5

� 104 �C s�1 to 6 � 105 �C s�1. The slope of the Arrhenius

plot of heating rate vs ignition temperature shown in

Fig. 5(a) yields an activation energy of 134 kJ mol�1.

Similar experiments at 3 atm O2 yield a similar result of

137 kJ/mol (Fig. S446), indicating that it is independent of

O2 concentration. It should be noted that the activation

energy measured here is smaller than most of the activation

energies of Al oxidation previously reported;14 however,

Jian et al.54 reported a similar result showing that the

decomposition of metal oxides at high heating rates

(�105 �C s�1) has lower activation energies than the values

found at low heating rates. They attributed the decrease in

activation energy to the mass-transfer constraints at higher

heating rates.

In order to evaluate the pre-exponential factor A, it is

necessary to estimate the surface aluminum concentration,

Cs
Al, which we do by a simple transport analysis. In principle,

the outward transport rate of Al should be equivalent to the

sum of the reaction rate of Al with O at the particle surface,

the evaporation rate of Al from the particle, as well as the

accumulation rate of Al at the surface (Fig. S2(b)46). Since

our focus is on ignition where the reaction of Al and O

becomes significant, the outwardly diffused Al is presumably

consumed rapidly suggesting no accumulation of Al on the

reaction interface. Therefore, the mass balance at the ignition

temperature can be expressed as follows:

jevap
Al þ Rc ¼ jE

Al þ jP
Al; (12)

where jevap
Al is the evaporation flux of Al escaped from the

particle surface, jE
Al is the diffusion fluxes of Al through the

alumina shell driven by the built-in electrical field.17–20 jPAl

is the convection flux of Al through the alumina shell driven

by the internal pressure.17–20 Since the Al flux due to the

concentration gradient was reported to be smaller than the

other flux terms,19 we will neglect it in the following analy-

sis. The detailed expressions of these flux terms can be found

in the supplementary material (Eqs. (S1)–(S4)).46

Eq. (12) can be further simplified after comparing the

dimensions of the three flux terms it contains. In terms of our

results on ignition of n-Al in different O2 pressures (Fig. 1),

jEAl was �1 order and �6 orders of magnitude larger than

jP
Al and jevap

Al , respectively (Fig. S546), within the ignition

temperature range in Fig. 1. Therefore, Eq. (12) was simpli-

fied as Rc ¼ jEAl, and can be extended by plugging in the

expression of jE
Al, which is the electric field driven oxidation

(see Eq. (S3) in the supplementary material46),

CS
Al ¼

�RTd

zFDD/
Rc; (13)

where D is the diffusion coefficient of Al (¼ 4.9� 10�11

exp(�4240/T) m2 s�1),22 DU is the Mott potential (¼ �1.6 V

for n-Al),17,18 z is the valency of Al ions (¼ 3), F is the molar

charge of Al ions (¼ 96485 C mol�1), Cs
Al is the surface con-

centration of Al on the outer alumina shell, and d is the alu-

mina shell thickness (¼ 4 nm). Given that Rc at different O2

pressures was already measured, the above Cs
Al can be esti-

mated using likely DU and D, obtained from other studies.

The detailed interpretation of these approximations can be

found in the supplementary material.46

Given that the values of Ea, Cs
Al, and CO2

are known

(Figs. 5(a) and S346), we can calculate the pre-exponential

factor (A). This value is shown in Fig. 5(b) as a function of

ignition temperature and appears to be a constant with the

average value of 2 � 105 m2.5 mol�0.5 s�1 (Fig. 5(b)).

We now turn our attention to ignition in the presence of

bound-oxygen. If we consider the ignition of nanothermites

that undergo a condensed phase reaction as the reaction

between the diffusing Al and bound oxygen from oxidizers,

we can define the reaction rate in a similar manner,

Rc
0 ¼ A0 exp � Es

a
�RT

� �
Cs

AlC
s
O

0:5: (14)

Here, Rc
0 is the condensed phase critical reaction rate, A0 is

the pre-exponential factor for the condensed phase reaction,

Es
a is the activation energy of condensed phase Al-O reaction,

and Cs
O is the interfacial concentration of reactive oxygen in

the condensed phase. For a given thermite formulation, both

reaction mechanisms in Eqs. (10) and (14) may exist. If we

FIG. 5. (a) Arrhenius plot of heating

rate vs ignition temperature at 1 atm

O2. The temperature unit here is

Kelvin. (b) Relationship of the pre-

exponential factor (A) with respect to

the ignition temperature of n-Al under

different O2 pressures.
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further assume that the pre-exponential factors (A and A0) are

similar in Eqs. (10) and (14) (¼ 2 � 105 m2.5 mol�0.5 s�1),

then we can use these equations to better understand the dif-

ferences between the four nanothermites (Fig. 2).

All Rc
0s for the four thermite formulations were dis-

cussed before as the same constant (�5 � 10�2 mol m�2 s�1,

see Table I). The concentration of Al can be estimated in a

similar way as for n-Al, while the concentration of bound O

can be estimated based on the oxygen densities of these oxi-

dizers. Results show that both the concentrations of Al and

bound O are close to constant for these four nanothermites. In

terms of Eq. (14), the Es
a values of condensed phase Al-O

reaction for these thermite formulations can be obtained. In all

cases, the thermites have larger activation energies than the

direct reaction of n-Al with O2 (Table I). This is not surprising

since O2 is freely available, which must be thermally released

from the oxidizers. The other activation energies of condensed

phase Al-O reaction follow: Es
a (n-Al/Bi2O3)<Es

a (n-Al/

K2SO4) �Es
a (n-Al/K2S2O8) < Es

a (n-Al/Fe2O3). Since all Rc
0,

A0, Cs
Al , and Cs

O are constant for different nanothermites, the

difference in activation energy is actually associated with the

difference in ignition temperature for the four nanothermites

in vacuum as: T (n-Al/Bi2O3)< T (n-Al/K2SO4) �T (n-Al/

K2S2O8) < T (n-Al/Fe2O3) (Fig. 2).

(1) n-Al/Bi2O3 shows an invariant ignition temperature

when O2 pressure changes. This is because it has the

lowest Es
a among the four nanothermites, which is corre-

lated to its high oxygen conductivity. Thus, even though

this Es
a is still larger than that for n-Al in O2 (Table I), a

two orders of magnitude higher Cs
O than that for O2

determines that the ignition is dominated by condensed

phased reaction; i.e., independent of O2 pressure.

(2) For n-Al/K2S2O8, the ignition temperature in vacuum is

much higher, correlating to a higher Es
a. However, it

shows a similar constant ignition temperature as n-Al/

Bi2O3 when the O2 pressure is above 1 atm. In this case,

the ignition mechanism is alternatively controlled by Al-

O2(g) reaction, and the reactant O2 gas mostly from the

decomposition of oxysalt which has a much higher oxy-

gen concentration than that for the external O2.

(3) For n-Al/K2SO4 and n-Al/Fe2O3, ignition is controlled

by condensed phase reaction when O2 pressure is

<5 atm. The fact that n-Al/Fe2O3 shows a higher ignition

temperature than n-Al/K2SO4 is consistent with the

Arrhenius model that n-Al/Fe2O3 has a higher Es
a. When

O2 pressure is >5 atm, their ignition temperatures

approach that for n-Al in O2. In this case, the effect of

increased O2 concentration favoring the Al-O(g) reaction

becomes dominant.

The reader is reminded that the activation energies and

reaction rates deduced in this work are presumably only

valid for ignition and should not be assumed to be applicable

to the whole combustion event.

IV. CONCLUSION

Ignition of n-Al and n-Al based energetic materials (nano-

thermites) was examined in different O2 pressures aiming to

differentiate the effects of free and bound oxygen. Results

show that the ignition temperature of n-Al decreased as the

O2 pressure increased, whereas the ignition temperatures of

nanothermites have different sensitivities to O2 pressure

depending on the formulations. We found that a constant criti-

cal reaction rate (5 � 10�2mol m�2 s�1) for ignition exists

which is independent to ignition temperature, heating rate and

free vs bound oxygen. The roles of oxygen concentration and

activation energy of Al-O reaction were demonstrated based

on the ignition results, and were reflected more quantitatively

in a kinetic model. This study suggests that the ignition of n-Al

based energetic materials is controlled by a constant Rc, and fit

a simple Arrhenius model, leading to different ignition temper-

atures for different formulations.
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