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Aluminum–magnesium alloys, fabricated by bi-directional rotation ball milling, were used as a kind
of promising solid fuel in “reactive material” that can be ignited by impact to release a large quantity
of heats. Different percentages of Mg were added to Al to yield Al90%–Mg10% and Al70%–Mg30% alloys
in order to probe the effect of Mg content on the microstructure and thermal reactivity of Al–Mg
alloys. Structural characterization revealed that a nanometer-scale structure was formed and oxida-
tion of as-fabricated alloy powders was faint. Moreover, as the Mg percentage increased, the particle
size of alloy decreased with increasing brittleness of Al–Mg. TGA/DSC curves of the [Al70%–Mg30%]–O2

−1

echanical alloying

hermites
anostructure
hermal reactivity
mpact-initiation

system exhibited an intense exothermic peak before melting with reaction heat of 2478 J g and its
weight increase reached 90.16% of its theoretical value, which contrasted clearly with 181.2 J g−1 and
75.35% of [Al90%–Mg10%]–O2 system, respectively. In addition, other than [Al90%–Mg10%]–Fe2O3 system, the
[Al70%–Mg30%]–Fe2O3 system exhibited a considerable solid–solid reaction and a low activation energy.
Finally, target penetration experiments were conducted and the results confirmed that a projectile
composed of [Al70%–Mg30%]–Fe2O3 displayed a more complete ignition of target than that of Al–Fe2O3
formulation.

. Introduction

The term “reactive materials” denotes a class of energetic mate-
ials that generally combines two or more non-explosive solids. The
ompositions have features of high density, high energy release,
ow sensitivity (such as impact, friction, shock, electric spark, and
ame sensitivities), and can be initiated by a strong impact to
elease a large quantity of chemical energy [1–4]. There is interest
n enhancing the power of warheads and projectiles by including
reactive materials” in them, such as making reactive fragments and
eplacing standard metal liners in shaped charges or using explo-
ively formed penetrators [5–7]. A number of studies have indicated
hat many types of metastable materials may be used as “reactive
aterials”; thermites are promising because of their large exother-
icity, high density, reliable safety, and thermal properties that can

e readily tailored by varying the oxidizer to fuel ratio [8–12]. Fer-
anti found that the reactive velocity of an Al–Fe2O3–epoxy resin
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reactive fragment reached 163 m s−1 after impact initiation [2].
Baker investigated the penetration performance of powder liners
composed of “reactive materials” with fuel-rich, oxygen-rich, and
neutral fuel–oxygen balance, and their results indicated that the
active liner destroyed a concrete structure more effectively than the
common Al liner [7]. Notably, Dolgoborodov prepared an Al/Teflon
composite by mechanical ball milling and mold-pressing to give
a highly compact and high-hardness pellet [1]. The experiments
revealed that the Al/Teflon pellet impact-initiated and generated a
deflagration, with a maximum deflagration velocity of 1.28 km s−1.

The research described above confirmed the feasibility of using
thermites as “reactive materials” but also exposed the deficiency
of traditional thermites. Because they are composites, the reac-
tion mechanism of thermites is different due to their granular
nature from that of monomolecular energetic materials. Tradi-
tional thermites are generally composed of coarse Al particles
present poor reactivity characteristics such as a low burning rate,

◦
poor heat release, and high ignition temperatures (Tign > 900 C)
and because of which they are not suitable for use as “reactive
materials” and found no further application [13]. Much research
has been conducted to solve this problem, investigating options
such as the implementation of mechanical milling or the use of

dx.doi.org/10.1016/j.tca.2010.10.013
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
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l nanoparticles as fuel. Umbrajkar prepared an Al/CuO nanocom-
osite with coarse Al (40 �m) and CuO (1–5 �m) powders by
rrested reactive milling [14]. He found that ignition of the Al/CuO
anocomposites was driven primarily by the lower-temperature
xidation processes. Plantier blended Al nanoparticles with Fe(III)
xide nanoparticles and found that the maximal burn rate of this
ano-sized thermite reached 617 m s−1 [11]. Valliappan’s experi-
ents also indicated that the average combustion front velocity

f the nanometer Al–WO3 system was 412 m s−1, i.e., more than a
0-fold increase over the coarse Al–WO3 system [15].

Therefore, it is possible that enhancing the thermal reactivity of
l particles may potentially improve the performance of thermites.

n our previous report, coating micron-sized Al with nanometer-
ized metal particles by a displacement method overcame the poor
eaction mechanism, i.e., the active Al particles encased in unreac-
ive Al2O3 layers [16,17]. However, it is difficult to mass-produce
he Al/metal nanocomposites due to the erosive reaction between
l and water. Alternatively, powders of metastable Al-based alloys
ave been proposed as promising solid fuels with high reactivity
nd high energy release to improve the performance of propellants
nd thermites. Shoshin fabricated metastable Al–Ti mechanical
lloys of Al0.90Ti0.10, Al0.85Ti0.15, Al0.80Ti0.20, and Al0.75Ti0.25 and
tudied their ignition and combustion [18,19]. He found that the
xidation of Al–Ti alloys was no longer restricted by surface Al2O3
ayers, and Al0.75Ti0.25 was ignited at 830 K and observed blazing
urning at 900 K, at a heating rate of 3000 K s−1. These results are

mpossible using coarse Al powder.
Because Ti is expensive, a good alternative is Mg for promoting

he reactivity of coarse Al. Shoshin prepared Al–Mg solid solutions
y mechanical alloying [20]. The experimental results indicated
hat the grain size sharply decreased from more than 100 nm
pure Al) to 6 nm (Al0.50Mg0.50) after alloying. In addition to the
ecrease in grain size, the ignition temperatures of Al0.90Mg0.10
nd Al0.80Mg0.20 fell to 1170 K and 1095 K, respectively, compared
ith about 2300 K for pure Al. When the Mg content increased to

0 wt.%, the ignition temperature of the alloy shifted to that of pure
g powder (about 980 K). Moreover, the Al–Mg alloy exhibited a

igher burning rate and flame temperature than pure Al powder in
ir.

To a large degree, the thermal reactivity of coarse Al was
mproved by the mechanical alloying of Al with another metal.
ood ignition determines whether the solid fuel can be applied as
reactive material. For Al–Mg alloys, the loose MgO layer and the
anostructure formed from mechanical alloying are two important

actors for free oxidation and good ignition. Moreover, the oxida-
ion of Mg, accompanied with a mass heat release, will less depress
he energy of the solid fuel. However, excess Mg will decrease the
ensitivity of the “reactive materials”. For example, in the course
f pelleting, the exothermic reaction between available Al–Mg and
2O will lead to inactivation of the fuel.

Therefore, although alloying with Mg can improve the oxidation
f Al powder, the content of Mg must optimized to keep a bal-
nce between reactivity and sensitivity. Bi-directional rotation ball
illing was employed in this research to fabricate Al–Mg mechani-

al alloy particles with nanometer-scale structure, and their energy
elease characteristics were investigated in detail.

. Experimental

.1. Materials
Raw Al powder (99.9% purity) was purchased from Hongwu
anometer Materials Ltd., China. Coarse Mg particles (99% purity,
0–200 mesh) were obtained from Sinopharm Chemical Reagent
o., Ltd., China. The Al and Mg powders were used as starting
aterials. Stearic acid (C.P.) as a grinding agent, n-hexane (A.R.),
Fig. 1. Particle size distribution diagrams of Al90%–Mg10% (a) and Al70%–Mg30% (b):
d50 is the median diameter of the sample.

and Fe2O3 powders were purchased from Shanghai Chemical Ltd.,
China.

2.2. Fabrication

A 1000-g mixture of Al and Mg (10 or 30 wt.% magnesium) was
introduced into a ball mill and the machine was started without any
milling balls. After 30 min, stainless steel balls with diameters of
2–8 mm were added into the mill and cooling water was circulated.
After running a period of time in which stearic acid (1.5–5 wt.%
of the materials) was added at a certain break, the machine was
stopped and an N2/O2 (2–5 vol.% O2) gas was passed through
the cavity in another 48 h. After this process, the Al90%–Mg10% or
Al70%–Mg30% alloy had been fabricated.

According to the specific mass-proportion of Al to Mg within
each alloy, the thermites were prepared by mixing the fuel and
oxidizer stoichiometrically according to Eqs. (1) and (2) [21]

Al + 1
2

Fe2O3 → Fe + 1
2

Al2O3 + 4.003 kJ g−1
Thermite (1)

Mg + 1
Fe2O3 → 2

Fe + MgO + 1.775 kJ g−1 (2)

3 3 Thermite

The mixtures of the fuel (Al90%–Mg10%, Al70%–Mg30%, or pure Al)
and oxidizer (Fe2O3) were ultrasonicated in n-hexane, heated at
low temperature in vacuum to evaporate the n-hexane, and finally
sifted through a wire mesh of 200 �m to obtain the thermites used
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n this investigation. To contrast the impact-initiated characteris-
ics of pure Al and Al–Mg alloys, two kinds of thermites blends with
moderate gas-forming agent, seldom catalyst, and a minimum of
inder were pressed to highly compact, high-hardness pellets (�
0 mm × 10 mm).

.3. Characterization

The morphology and surface elements of the samples were
xamined by an S-4800 field-emission scanning electron micro-
cope (SEM) coupled with energy dispersive spectroscopy (EDS).
ifferential scanning calorimetry of the thermites was performed
n a TA Model Q600 differential scanning calorimeter from room
emperature to 1100 ◦C in air or argon gas flowing at 10 mL min−1,
nd heating rates of 5, 10, and 20 K min−1 were adopted. The phase
ariations of Al–Mg alloys were investigated by a Bruker Advance
8 X-ray diffractometer, using Cu K� radiation at 40 kV and 30 mA.
he selected still-frame photographs for the impact testing of the
hermite pellets were recorded by a high speed camera (Vision
esearch).

. Results and discussion
.1. Structural characterization

The particles size distributions of the fabricated powders were
easured and the diagrams were presented in Fig. 1. By means

Fig. 2. SEM images of Al90%–Mg10% (a–c) and Al70%–Mg30% (d–f): (b), (c), (e), an
Acta 512 (2011) 233–239 235

of cumulative distribution curve, the median diameter (d50) of
Al90%–Mg10% and Al70%–Mg30% were calculated as the results of
6.64 �m and 0.75 �m, respectively. Diminution of particle size
implies decreasing the ductility of the Al–Mg powder as the Mg
content increases from 10 wt.% to 30 wt.%. In virtue of frequency
distribution curve, the broad size distribution was inferred for both
samples, and the multi-peaks mean the heterogeneous particle
size distribution because it is impossible to control whole pow-
der material subjected to a same mechanical actions in the course
of milling.

The representative electron microscope images of the Al–Mg
alloys particles are shown in Fig. 2. Fig. 2(a–c) indicates that
microscopic morphology of the alloy particles are as granular
as well-dispersible and plump granules instead of agglomerative
flake. Accordingly, alloying with Mg increases the brittleness of the
Al powder that should have been ground into flakes after milling
due to the intrinsic ductility. The granular structure expands the
effective application of this solid fuel because it helps ensure a
high charge density. At a magnification of 150,000×, it is quite clear
that the surface of Al90%–Mg10% and Al70%–Mg30% particles are both
structured on nanometer scale with a high surface roughness. EDS

spectra (Fig. 3) indicate that the surface of the Al90%–Mg10% parti-
cles primarily contains aluminum, implying that the Mg element
went into solid solution with the Al due to the milling. In addition,
the appearance of a faint O peak indicates minor oxidation of the
Al70%–Mg30%.

d (f) are the enclosed surface shown in (a), (b), (d), and (e), respectively.
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to its nanostructured surface and the very fine alloy particles. In
addition, the high temperature reaction of Al70%–Mg30% has prece-
dence over the incomplete exothermic peak of Al90%–Mg10%. TGA
data indicate that the oxidation of Al70%–Mg30% is more com-
plete because its weight increase ratio (the ratio of the actual
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Fig. 3. EDS spectra of Al90%–Mg10% (a) and Al70%–Mg30% (b).

Fig. 4 displays the X-ray diffraction patterns of two Al–Mg alloys.
t is obvious that the Al–Mg solid solution phase was produced by

echanical alloying, although faint peaks for intermetallic Al3Mg2
nd Mg exist. MID jade5.0 software was employed for peak fitting,
nd the average crystallite size of 21.7 nm for Al90%–Mg10% and
5.4 nm for Al70%–Mg30% were calculated with the peaks located
t a 2� of 38◦.

.2. Thermal analysis

.2.1. Oxidation in air
Fig. 5 illustrates the TGA/DSC traces of Al90%–Mg10% and

l70%–Mg30%. In each DSC curve, the endothermic peak at about
60 ◦C, i.e., the theoretical melting point of aluminum, is observed

nd may be associated with the melting of Al–Mg alloys. Before
nd after the melting point, two exothermic peaks indicate
wo courses of oxidation for the alloys. The peak at about
20 ◦C for Al70%–Mg30% is highly exothermic and its oxidation
eat of 2478 J g−1 is about a 14-fold increase compared with
Fig. 4. XRD patterns of Al90%–Mg10% (a) and Al70%–Mg30% (b): the inset graph is a
magnification of the area in the circle.

Al90%–Mg10%. Furthermore, for Al70%–Mg30%, the intensity and heat
of its solid–gas reaction are distinctly higher than those of its
liquid–gas reaction occurring at about 990.5 ◦C, which is attributed
11001000900800700600500400

100

Temperature (
o
C)

Fig. 5. TGA/DSC traces of the alloys at a heating rate of 20 K min−1 in the air.
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Table 1
Thermal analysis data of Al–Mg alloy heated in air.

Alloy �Hr (low) (J g−1) �Hr (high) (J g−1) WActual (%) WActual
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T
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100% (%)

Al90%–Mg10% 181.2 – 144.39 75.35
Al70%–Mg30% 2478 2169 164.31 90.16

eight increase to the theoretical weight increase) is higher
see Table 1).

.2.2. Thermite reaction
As thermite fuels, reactions of Al–Mg alloys with Fe2O3

ere investigated by thermal analysis. Results in Fig. 6
anifest the considerable differences in reactivity between
l70%–Mg30% and Al90%–Mg10%. Unlike [Al90%–Mg10%]–Fe2O3, the

Al70%–Mg30%]–Fe2O3 system released more heat at 545.3–584.1 ◦C,
nd its high temperature reaction occurred at a lower tempera-
ure, which implies a distinct solid–solid reaction as well as good
gnition.

The representative DSC data of thermite reactions for two
Al–Mg]–Fe2O3 systems at heating rate of 20 K min−1 in high pure
r were listed in Table 2. It is found that the diminished theoreti-
al value of reaction heat is responsible to increasing mass ratio of
g to Al. However, the actual heat released, as compensating for

ecrease of theoretical energy, enhances significantly if the percent
f added Mg increased to 30%. Remarkably, the solid–solid reaction
f [Al70%–Mg30%]–Fe2O3 system is more considerable accounting
or the 309.4 J g−1 higher of reaction heat than the counterpart of
Al90%–Mg10%]–Fe2O3 system. Meanwhile, under the same condi-
ion, the values of Qmax (the maximum heat-flow at individual peak
oint) were employed to simply assess the intensity of thermite
eaction. Comparing the data in Table 2, it is no doubt that in the
ame duration, [Al70%–Mg30%]–Fe2O3 may release more heat than
Al90%–Mg10%]–Fe2O3 system.

The Starink method was used in the kinetic evaluation of the
hermite DSC traces obtained at different heating rates [22–25]

n

(
T1.8

p
)

= A · Ea + C (3)

ϕ RTp

here Tp is a peak temperature in the DSC curve in Kelvin;

is the heating rate in K min−1; Ea is the activation energy
n J mol−1; A is pre-exponential factor, as is an expression of

able 2
hermodynamic parameters of the thermite reaction for [Al–Mg]–Fe2O3 systems.

Thermites �Hr (low) (J g−1) �Hr (high) (J g−1) �Hr

[Al90%–Mg10%]–Fe2O3 74.3 – 3780
[Al70%–Mg30%]–Fe2O3 383.7 697.6 3334

able 3
inetics parameters of the thermite reaction for [Al–Mg]–Fe2O3 systems.

Reaction types Thermites � (K min−

Solid–solid reaction (low temperature) [Al90%–Mg10%]–Fe2O3 5
10
20

[Al70%–Mg30%]–Fe2O3 5
10
20

Liquid–solid reaction (high temperature) [Al90%–Mg10%]–Fe2O3 5
10
20

[Al70%–Mg30%]–Fe2O3 5
10
20
Temperature ( C)

Fig. 6. DSC traces of alloys obtained at different heating rates: (a)
[Al90%–Mg10%]–Fe2O3 and (b) [Al70%–Mg30%]–Fe2O3.
1.0070 − 1.2 × 10−8 Ea; R is gas constant of 8.314 J mol−1 K−1; C is
a constant. Meanwhile because the values of R2 in Table 3 (sym-
bol R2 is used to identify the linear coefficient of ln(Tp

1.8 · ϕ−1) to
104 · T−1

p ) display some difference between samples, the final acti-

(theoretical) (J g−1) Qmax (low) (W g−1) Qmax (high) (W g−1)

.2 0.40 1.53

.6 1.65 1.64

1) ln(T1.8
p · ϕ−1) 104 · T−1

p (K−1) R2 Ea (kJ mol−1)

10.446 12.206 0.990 203.762
9.820 11.891
9.161 11.666

10.371 12.863 0.995 167.355
9.729 12.503
9.078 12.218

11.275 7.788 0.998 247.159
10.629 7.583

9.991 7.357
11.108 8.545 0.999 312.416
10.451 8.372

9.796 8.197
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Fig. 7. Frames from high-speed video of the impact and reaction process for thermite pellets composed of Al–Fe2O3 (a–d) and [Al70%–Mg30%]–Fe2O3 (e–j).
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ation energy of each sample is expressed as an average value of
a (Ea) calculated from Starink’s formula with DSC data collected at
very two heating rates.

a = 1
3

·
∑

i,j

E
a(i−j K min−1) (4)

here array (i, j) of heating rate refers to (5, 10), (5, 20), or
10, 20), respectively, and Ea(5−10 K min−1), Ea(5−20 K min−1) and

a(10−20 K min−1) are the activation energies calculated from Eq. (3)
y Starink’s method.

Results listed in Table 3 indicate that the increasing Mg con-
ent decreases the activation energy of the solid–solid reaction
etween the Al–Mg alloy and ferric oxide. However, for the high
emperature reaction, the Ea of [Al70%–Mg30%]–Fe2O3 increased by
5.257 kJ mol−1, which can be ascribed to the obstruction of residue
enerated from the solid–solid reaction.

.3. Impact-initiation characteristics

In our study, the goal of mechanical alloying Al with Mg is to
btain a kind of real reactive material that can release a large quan-
ity of energy when it undergoes a severe impact action, for which
he impact-initiated energy release characteristics were tested by
arget penetration experiments. The target was a sealed steel jar
roughly � 40 cm × 40 cm) filled with diesel oil. The pressed ther-

ite pellet was used as a bullet core and was inserted into a
rojectile, which was shot by a gun. Due to its low volatility and
igh knocking critical point, the diesel oil cannot be ignited until
he thermite pellet releases enough energy, resulting in a very high
ame temperature.

The selected still-frame photographs of the impact and reaction
rocesses from high-speed video are shown in Fig. 7. Fig. 7(a–d)
xhibits the impact event of an Al–Fe2O3 thermite pellet. It
s very clear that although the impact action ignited the col-
mn, the flame was soon extinguished by the diesel–oil because
his chemical reaction released insufficient energy and gener-
ted a weak deflagration. In contrast, the projectile charged with
Al70%–Mg30%]–Fe2O3 destroyed the target in complete ignition,
nstead of the incomplete ignition by that charged with Al–Fe2O3
hermite.

. Conclusion

As solid fuels with high thermal reactivities, Al–Mg alloys with
ifferent Mg contents were fabricated using mechanical ball milling
ith bi-directional rotation. Structural characterization indicated
hat introducing Mg increased the brittleness of Al and the aver-
ge crystallite size of Al–Mg alloys decreased to 21.7–25.4 nm after
xtended ball milling.

Thermal analysis results indicated that Al70%–Mg30% was inten-
ively oxidized in the solid state, while Al90%–Mg10% was not. The

[
[
[
[

Acta 512 (2011) 233–239 239

weight increase of Al90%–Mg10% and Al70%–Mg30% in air, about
75.35% and 90.16% of their respective theoretical values, indicated
effective oxidation. Moreover, an obvious solid–solid state reaction
also appeared in the DSC traces of the [Al70%–Mg30%]–Fe2O3 sys-
tem in a pure Ar atmosphere. For the same thermite, its solid–solid
reaction activation energy was lower than that of the liquid–solid
reaction. These results strongly suggest that mechanical alloying
with Mg is a good approach to substantially improving the ignition
and reactivity of coarse Al particles.

Target penetration experiments, conducted using thermite pel-
lets as projectiles and sealed steel jars filled with diesel oil as targets
confirmed that the projectile composed of [Al70%–Mg30%]–Fe2O3
displayed a suitable impact-initiated characteristics for use as
a kind of impact-initiated reactive material, given its effective
destruction of the target with good ignition.
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