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Ball milling (BM) was used to produce reactive Al-Ni powder mixtures that exhibit self-propagating
exothermic reactions (SPER) for nano-micro heater applications. Powders with an Al-Ni molar ratio of
1:3 were milled, cold pressed into pellets and ignited using a heat source. The structural and thermal
properties of the pellets were characterized before and after ignition using X-ray diffraction (XRD), scan-
ning electron microscopy (SEM) and differential scanning calorimetry (DSC). The reaction characteristics
of the pellets were evaluated using an infrared camera during ignition experiments. Pellet microstruc-
tures show that the BM technique created nanoscale lamellar structures, with dimensions diminishing
with increasing milling time. Pellets milled longer than 16 h exhibited SPER. Flame velocity increased

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, there has been considerable effort in inves-
tigating various material systems for micro/nanoscale device
manufacturing through thermal material removal, deposition, join-
ing, or shaping. However, there are fundamental technical limits
that prohibit the use of traditional heat sources for such miniatur-
ized systems [1]. Methods taking advantage of the energy released
by nanoscale materials that exhibit self-propagating exothermic
reactions (SPER) are a promising alternative for thermal manu-
facturing owing to their ability to provide intense localized heat.
Alternating nanoscale layers of selected materials that exhibit
exothermic reactions produced in thin film form using vacuum
deposition methods require expensive equipment and long pro-
cessing times [2-5]. A potential economical method to produce
nanoscale lamellar structures that exhibit SPER is ball milling (BM)
[6-9]. BM is a simple technique that provides mechanical energy
to the powders through repeated collision events with steel or
ceramic balls in a rotating drum. Milling parameters, such as ball
mass and material, ball to powder weight ratio, rotation velocity
and duration influence the resulting microstructure of the pellets.
Continuous micro-welding and shearing of the powders facilitate
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the formation of nanoscale microstructures and intermetallic or
amorphous phases [10]. The microstructure of the pellets, in turn,
is expected to influence their ignition and reaction characteristics.

In this study, we selected the Al-Ni system to be investigated
because both powders are relatively inexpensive, and their reac-
tions are highly exothermic and well characterized [11-14]. A
low-energy ball miller was used to process these powders without
forming nickel aluminides. The compacted powders were ignited
thermally to initiate the exothermic reactions. The temperature
of the pellets was monitored using an infrared (IR) camera and
the reaction speed was correlated to the ball milling parameters,
ignition processing conditions and compact density.

2. Experimental

A low-energy Fritsch Planetary Mono Mill “Pulverisette 6” was used for milling
Al and Ni powders in nitrogen atmosphere. The mesh size of the powders was 325,
the molar ratio was 1:3, corresponding to the molar ratio of AINi3 intermetallic
compound, and the purity was 99.5% and 99.95%, respectively. The total weight
of the powders was 32 g. Milling was performed in an 80 ml vial with a rounded
cylindrical volume, using five 20 mm diameter stainless steel balls. The starting ball
to powder weight ratio was 5.1:1 and the rotational speed of the miller was set to
300 rpm.

The BM run was interrupted every 2 h, with the first interval at 4h and the
last one at 22 h. During each interval, 2 g of the sample material was removed for
analysis and ignition experiments. In order to avoid exposure to air, the sample
removal procedure was conducted in a nitrogen filled glove box.

Pellets, 10 mm in diameter and 1.3 mm in thickness, were formed by pressing
0.5 g of the powder under a pressure of 50.9 MPa. The pellets were analyzed before
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Fig. 1. SEM images of the (a) 6 h, (b) 12 h, (c) 18 h and (d) 22 h polished samples.

and after ignition experiments, using scanning electron microscopy (SEM - Tescan
Vega LSU) and X-ray diffraction (XRD - Shimadzu 6000 Series). Differential scanning
calorimetry (DSC - Linseis TG-DTA/DSC) measurements were carried out at a heating
rate of 10 K/min with temperatures up to 1773 K.

The pellets were ignited in air using a propane torch (flame temperature
~2200K) with its nozzle 30 mm away from the sample. The flame from the torch
covered only the edge of the pellet and was removed when ignition was established,
which s characterized by a rapid increase in temperatures outside the flame affected
area. The ignition time is defined as the time it takes for the reaction to start. The
ignition process was recorded using a FLIR System A40 Thermovision IR camera
operated at 50 frames/s with a temperature range of 573-1973 K to measure (a) the
ignition temperature (IT), which is the recorded temperature in the heated zone
under the flame when the reaction begins, (b) the sample temperature (ST), which
is the average temperature of the rest of the sample at the time of ignition and (c)
the pellet overall maximum temperature (MT) reached as the reaction progresses,
which was nearly constant along the pellet surface for all samples. The hemispheri-
cal emissivity of the pellets was measured before and after reaction using a hot plate
and the IR camera for calibration.

A separate batch of 7.5 g of AlI-Ni powders with a 1:3 molar ratio was milled for
4h and consolidated at 12.7, 25.5, 38.2, 50.9 and 63.6 MPa with thicknesses 1.7, 1.5,
1.4, 1.3 and 1.25 mm, correspondingly, and ignited to investigate the effect of pellet
density and porosity on flame front velocity.

3. Results and discussion

The microstructure of samples ball-milled for 6, 12, 18 and
22h is shown in Fig. 1. Longer milling durations result in finer
microstructural features. After 6 h, softer Al particles mechanically
mix with micro-welded Ni fragments and accommodate most of the
plastic deformation, whereas hard Ni particles do not experience
significant deformation (Fig. 1(a)). Fragmentation of the Ni parti-
cles increases after 12 h of milling accompanied by more boundary
welding and shear deformation, and lamellar morphology starts to
emerge (Fig. 1(b)). This is due to the hardening of the Al-rich matrix,
resulting in more efficient load transfer to the Ni particles. Further
milling (18 h) results in the formation of a finer lamellar structure
as the mechanical and thermal shocks generate aggregates [8,15]
composed of thin layers of Al and Ni along with the remaining larger
highly deformed Ni particles (Fig. 1(c)). Similar observations are
made for samples processed for 22 h. However, much finer lamel-
lar structures are observed and no Ni particle remains at this stage
(Fig. 1(d)).

The XRD patterns of the 6, 12, 18 and 22 h specimens before
and after ignition tests are shown in Fig. 2. Only symmetric Al and
Ni peaks are discernible in the as-milled samples except for the
22 h sample, which shows asymmetric overlapping peaks. It has
been speculated that ball-milled powders equivalent to the 22h
samples in this study, show the formation of a single phase AlNi3
with the absence of superlattice peaks, which is then attributed to
this phase being disordered [ 16]. However, this final product might
instead be a very fine mixture with compositions ranging from
extended Ni-rich solid-solutions and AlNis to AINi with broad over-
lapping peaks, because Fig. 1(d) clearly shows some compositional
variation within the particles.

Ignition results in the formation of AINi and AINi3 intermetallic
compounds (Fig. 2). The relative peak intensities of the inter-
metallics vary with milling time, proportional to their present
quantities. For example, the ignited 12 h sample consists of mostly
AINi and some AlINi3, whereas for the ignited 18 h sample, AlNi3 is
the major phase that is present. In the Al-Ni system, AINi phase has
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Fig. 2. XRD patterns of the 6, 12, 18 and 22 h samples before and after ignition tests.
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Fig. 3. DSC traces of the 6, 12, 18 and 22 h samples.

the highest formation enthalpy and its formation is thermodynam-
ically favored. Therefore, it is most probable that AINi is always the
first phase to form rapidly during reactions, but some of it trans-
forms into AlNis at the layer interfaces through enhanced diffusion
(due to the existence of many nanoscale layers compared to bulk)
when temperatures rise locally. For lower milling times, the local
composition within lamella are closer to AINi composition as some
of the Ni remains separate (Fig. 1(b)), which would reduce the for-
mation of AINi3. With increasing milling time, more of the Ni is
incorporated into the lamellae through mixing (Fig. 1(c)), increas-
ing the local compositions closer to AlNis, resulting in increased
amounts of this phase. None of the other intermetallic phases are
stable at the reaction temperatures involved, hence their peaks are
absent in the spectra. Ni peaks remain in all of the ignited samples,
so the phase transformation is never complete after the reactions.
This is due to the relatively large dimensions of the remaining Ni
layers shown in Fig. 1 for different milling times.

DSC traces show that increasing milling time results in addi-
tional peaks as well as a general peak shifting trend towards lower
temperatures, related to further mixing and lamellae refinement
(Fig. 3), similar to those observed in continuously rolled Al and
Ni multilayer foils [17]. The 6 h sample shows four peaks at (1)
905K (endothermic), (2) 910K (exothermic), (3) 1630 K (endother-
mic)and (4) 1660 K (endothermic). The 12 h milled sample exhibits
three exothermic peaks centered at (1) 513K, (2) 660K, (3) 827 K.
Additionally, there are two endothermic peaks at (4) 1630K and
(5) 1650K. The 18 h milled sample shows four exothermic peaks
centered at (1) 506K, (2) 550K, (3) 639K and (4) 723 K and similar
endothermic peaks at (5) 1630K and (6) 1650 K. The comparison
of the results with other work suggests the formation of nanoscale
structures within 18 h of milling [4,7,18,19]. The low temperature
peaks are most probably associated with the formation of AlgNi,,
Al3Ni and AlNis, similar to those observed in nanoscale multilayer
foils with a bilayer thickness of 200 nm [4]. The 22 h milled sam-
ple shows one exothermic peak centered around (1) 500K and an
endothermic peak starting around (2) 1630K. Contrary to shorter
durations, there are no other peaks in between and at ~1650K.
Furthermore, the total amount of heat released is less than that
measured for other samples, possibly due to the formation of some
intermetallic phases during milling. The 1630 and 1650K peaks
probably correspond to the melting of AINi3 and Ni as there are no
other possible endothermic reactions at these temperatures in the
Al-Ni system.

Table 1 shows the ignition characteristics of the samples as a
function of milling time. In general, increasing the milling time

Table 1
Ignition test temperature measurements as a function of ball milling time.
BM time (h) IT (K) ST (K) MT (K)
6 1414 1414 >1973
8 1251 1251 >1973
10 1453 1453 >1973
12 1126 952 >1973
14 1289 797 >1973
16 873 581 >1973
18 821 <573 1644
20 904 <573 1580
22 891 <573 1375

resulted in substantial decrease in the required ignition time due to
smaller diffusion distances across the more refined lamellar struc-
tures [20-24]. Furthermore, the results suggest that the pellets may
be grouped into two categories. The first category includes sam-
ples milled for up to 14 h, characterized by an ignition temperature
(IT) between 1126 and 1455K. In this case, complete reaction was
only observed after sample temperature (ST) reached values in the
vicinity of IT. The recorded maximum temperature (MT) was near
the maximum calibration limit of the IR camera (1973 K). The sec-
ond group of samples consist of pellets ball-milled for more than
14 h. These samples exhibited SPER relatively fast without requir-
ing a substantial increase in ST with IT values near the melting
temperature of Al (~933 K).

Fig.4(a)and (b) show the difference between the reaction modes
among the samples milled for 12 and 18 h, respectively, where the
temperature profiles are obtained along the diameter of the pellets.
Heating of the 12 h sample initiated complete reaction only after
the temperature of the entire pellet (ST) increased above 950K.
The flame front uniformly affected the whole sample, and after
removing the heat source (t=0s), the temperature increased until
t=1.24 s to the maximum recorded temperature (MT) (Fig. 4(a)). In
contrast, the flame front of the 18 h sample appeared sharper where
the front started at the heated edge and travelled rapidly across the
pellet, also evident in the measured temperature profiles (Fig. 4(b)).
The MT values for samples milled for up to 16 h are significantly
higher than the room temperature adiabatic formation tempera-
ture of AINi3 (~1600K [25]), as these samples require extensive
heating until reaction was initiated (thus higher ST during ignition).

Two different propagation modes were suggested by Moore and
Feng [26] and are referred to as simultaneous combustion mode
versus self-propagating mode. In the first mode, overall sample
temperature is required to be kept high, as was the case for the
12 h sample. This mode is observed for microscale sputtered mul-
tilayers and powder mixtures where the large diffusion distances
prohibit a sustained reaction in the presence of high thermal gra-
dients ahead of the flame front due to cooling [25]. In the second
mode, the flame front is able to self-propagate in spite of the cooling
effect, due to shorter diffusion distances across adjacent layers and
faster intermetallic growth. This phenomenon was observed in the
18 h sample as well as in sputtered nanoscale multilayers [2,4,5].

The MT values decreased as milling times increased from 18 to
22 h. MT for the 18 h sample is near the room temperature adi-
abatic formation temperature of AINi3 (~1600K [26]), indicating
optimum reaction conditions. It is possible that some intermetallics
have started to form at the lamellae interfaces during further
milling [9,15], which would decrease the available excess enthalpy
and produce lower MT values. This is also suggested by the propa-
gation velocities of 18, 20 and 22 h samples, which were 0.38, 0.25
and 0.1 m/s, respectively. For sputtered nanoscale multilayer foils,
low temperature annealing was shown to generate intermetallics
atthe interfaces and result in lower flame velocities, as these phases
act as diffusion barriers [5].



470 A. Hadjiafxenti et al. / Journal of Alloys and Compounds 505 (2010) 467-471

Fig. 4. Infrared camera images of the reaction and the temporal evolution of tem-
perature profiles of the surface of the pellets along the diameter for (a) 12 h and (b)
18 h milled samples at ignition (0s) and after 0.12, 0.28 and 1.24s.

The flame front velocities measured for the second set of BM
(4 h milling time and a total mass of 7.5 g) was found to increase
with pellet density, as shown in Fig. 5. This is due to better thermal
contact between particles compacted at higher pressures resulting
in lower porosity (higher densities) [27]. The best fit was a weak
exponential function, slightly better than a second order polyno-
mial. The non-linear nature of the curve suggests this effect not only
directly increases the rate of heat transfer due to reduced thermal
resistance between particles, but also the diffusive mass transfer
across particles due to the breaking-up of surface oxides, hence the
deviation from a linear behavior. There was no dependence of the
maximum temperatures reached (1973 £25K) on the measured
densities, suggesting that reaction heats are not affected and the
effect is only kinetic.
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Fig. 5. Relationship between the measured pellet density and flame front velocity.
The fitted curve is an exponential function.

4. Conclusions

Ball milling of Al and Ni powders causes extensive mechanical
mixing and the formation of nanoscale lamellar microstructures
with increasing milling time. With a ball to material weight ratio
of 5.1:1 and a rotational speed of 300 rpm, 16-18 h of milling time
produce easily ignitable powder mixtures with little intermetallic
formation that exhibit self-propagating reactions, comparable to
magnetron sputtered nanoscale multilayers. The reaction velocity
increases with compacted pellet density due to enhanced thermal
contact among the particles. Therefore, BM is shown to be an alter-
native viable method for the generation of micro and nanoscale
heat sources for thermal manufacturing.
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