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1- Introduction

Commonly used energetic materials are based on
monomolecular compounds, such as TNT, RDX, HMX,
CL-20, etc. The maximum heat of combustion of such
materials is generally limited by the enthalpy of formation
of their reaction products, CO; and H,O upon complete
oxidation. Recent developments in materials processing
and characterization resulted in the discovery of a new
type of reactive materials containing nano-scaled metal
components. The well-known high oxidation energies of
metallic fuels can now be released very rapidly because
of the very high reactive interface areas in such metal-
based reactive nanomaterials. Consequently, these
materials are currently being examined for an entire range
of applications. Recently, the studies have been focused
on the use of Reactive Materials (RM) and Reactive
Material Structures (RMS) for military purposes. Alloys
based on the intermetallic compound of nickel and
aluminum (e.g., NiAl and Ni3Al) possess an ideal
combination of mechanical and physical properties that
make them attractive candidates for many high-
temperature applications in aviation, automotive, and
nuclear power engineering. These properties include a
high melting point, high strength-to-weight ratio, low
density, and high thermal conductivity. Besides, the Ni-
Al system has an additional advantage of existence of
large differences in the heats of reaction of its various
intermetallic compounds (e.g., NiAI3, Ni2AlI3, NiAl, and
Ni3Al). The development trend of reactive materials is to
increase the strength, density, reaction energy and to
control the insensitivity of reactive materials. Greater
strength can ensure the structural reliability and improves
penetrating performance when used as warheads. Greater
density can increase the kinetic energy in the process of

penetrating target and therefore leads to a further
improvement of penetrating performance. Greater
reaction energy can play a contributing factor to the
lethality enhancement of warheads. Greater insensitivity
can improve the safety during transport and store.

2- Experimental

In this study, the Al-Ni (with 2:1, 1:1 and 1:3 molar ratios)
composites were fabricated first by high energy ball
milling of Al (spherical, 20 um, purity: 99.9%) and Ni
carbonyl (spherical, 10 um, purity: 99.8%) powders. The
sample codes and molar ratio of powders are shown in
Table 1. Also, Fig. 1 shows FESEM images of Al and Ni
powders. The ball-to-powder mass ratio was
approximately 20:1. The raw powders were mixed for 6 h
at 430 r/min in argon to avoid mechanical alloying. To
distinguish this process from mechanical alloying that is
mostly generated by high-energy ball milling, the
blending process is referred to as mechanical mixing in
the work. 2 wt.% of stearic acid was added into the
mixtures to prevent cold welding. For mechanical test
samples, the mixed powders were pressed at 1400 MPa
for approximately 10 min, followed by sintered at argon
atmosphere. Briefly, the oven temperature was ramp up to
400 °C with a rate of approximately 10 °C/h. The pressed
specimens were held at 400 °C for 1 h. The specimens
were further cooled to ambient temperature with an
average cooling rate of 10 °C/h. For thermal test samples,
the mixed powders were pressed at 500 MPa for
approximately 5 min.

The microstructure of the composites was determined
by X-ray diffraction (XRD, PW 1730, Philips) with Cu Ka
radiation (1.54060 A) and Field Emission scanning
electron microscopy (FESEM, TESCAN MIRA3)
augmented with energy-disperse spectroscopy (EDS).
Thermal analysis was accomplished through thermo
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gravimetric and differential scanning calorimetry
(TGeDSC) (STAS504, Jupiter, NETZSCH). The samples
(approximately 10 mg) were heated to 800 °C at a heating
rate of 10 K/min in a high-purity argon atmosphere (40
mL/min). Dynamic compressive tests were performed
using compression test (at the strain rate of 0.6 mm/min)
and Split-Hopkinson Pressure Bar (equipped with 14.5
mm diameter steel bar at the strain rate of 103 s?) at least
three samples were tested repeatedly.

1500 x 20 pm

Figure 1 FESEM images of a) Al and b) Ni powders.

Table 1. Sample code and molar ratio of powder.

molar ratio
Sample code -
Al Ni

1 2 1

2 1 1

3 1 3

3-Results and Discussion

Figures 2 to 4 show the FESEM images of the Al-Ni
powders with ratios of 2:1 (sample 1), 1:1 (sample 2) and
1:3 (sample 3) with two different magnifications
respectively. Ni particles that are brittle are crushed and
turned into smaller particles due to impact. Also, these
particles change the shape of Al plastic. Therefore, as the
molar ratio of Ni increases, Al particles becomes finer and
penetration of Ni particles improves.

Figure. 2 FESEM images showing surface morphological of
2Al: Ni

20 um

Figure. 3 FESEM images showing surface morphological of
Al: Ni
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Figure. 4 FESEM images showing surface morphological of
Al:3Ni

The results of DTA test for samples 1 to 3 are shown
in Figure 5. In sample 1, there are two exothermic peaks
at the temperature of 585 °C and 630 °C. According to Al-
Ni phase diagram, the first peak is related to the formation
of AI3Ni and the second peak is related to the formation
of AI3Ni2; because with the increase in the temperature
and phase penetration after the formation of the AI3Ni
phase, the thermodynamic conditions for the formation of
the phase richer in Ni are provided. In sample 2, there is
an exothermic peak around 615°C, which shows the
formation of AINi. In sample 3, there are two overlapping
exothermic peaks around 615 °C and 640 °C (Figure 5-C).
According to Al-Ni phase diagram, the first peak is related
to the formation of AINi and the second peak is related to
the formation of AINi3; Because with the increase of the
temperature and phase penetration after the formation of
AINi phase with the presence of some remaining Ni in the
structure, thermodynamic conditions are provided for the
formation of a phase richer in Ni.
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Figure. 5 DTA diagram of samples a) 1, b) 2 and c¢) 3.

The results of the ignition test are shown in Table 2.
The maximum temperature of the reaction shows that two
Al-Ni samples with molar ratios of 2Al: Ni and Al:Ni
release a lot of energy compared to the other sample,
which is due to the presence of more Al in these two
samples; But comparing samples 1 and 2, more heat is
released in the reaction with final product of AINi.

Table 2. The results of the ignition test

Sample code 1 2 3

Temperature of Start reaction (°C) | 223 210 | 190
778 870 | 730

Maximum temperature (°C)

ignition
duration (s) 166 | 3.16 | 5.53
Velocity (mm/s) 18.07 | 14.42 | 5.42

Figures 6 and 7 respectively show the stress-strain
curve obtained from the Hopkinson test and the
compressive strength obtained from the pressure and
Hopkinson tests of the composites prepared with different
percentages of Al-Ni. In both compressive and Hopkinson
tests, the lowest strength is related to sample 1 (2Al: Ni)
and the highest strength is related to sample 2 (Al: Ni).
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Figure 6. Stress-Strain diagram of SHPB test for samples
with different molar ratio of Al-Ni.
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Figure 7. Compressive strength of compression and SHPB
test for samples with different molar ratio of Al-Ni.

4- Conclusion

In this study, the effect of the different molar ratio of

constituent particles on the microstructure, thermal

and mechanical properties of Al-Ni composites were
investigated. The results are as follows:

1- FESEM images showed the creation of a more
uniform and fine-grained structure with the
increase of Ni particles of the resulting composite
in the mechanical milling.

2- In the ignition test, due to the AINi product, the
highest value of the heat released was related to a
sample with 1:1 Al: Ni molar ratio.

3- In the compression and Hopkinson tests, the
highest values of compressive strength were
208.7 and 309.7 MPa respectively, which belong
toa 1:1 Al: Ni molar ratio.

4- The results showed that the compressive strength
increased by changing the strain rate from 0.01
st (in the compression test) to 1000 s? (in the
Hopkinson test).
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Experimental Investigation Thermal and Mechanical Behavior of Ni/Al Reactive Composites
Synthesized by Mechanical Alloying

Ali Alizadeh’ Mehdi Abdollahi Azghan”

Abstract Reactive composites are a new group of composite materials consisting of two or more metal materials that
can not ignite or explode in the environment but can release a lot of energy due to shock and severe impact loads. This
study aimed to investigate the effect of the ratio of constituent particles on the microstructure and thermal and mechanical
properties of the Al-Ni composite. For this purpose, the Al-Ni compound with 2:1, 1:1 and 3:1 molar ratios was milled
and mixed. Then the samples were cold pressed and sintered at 400 “C under argon atmosphere for one hour. The
microstructure of samples was analyzed by microstructure field emission scanning electron microscopy (FESEM) and
XRD. For the investigation of thermal and mechanical properties, DTA and ignition tests and compression and Hopkinson
tests were used respectively. In the ignition test, due to the AINi product, the highest value of heat released was related
to a sample with 1:1 Al:Ni molar ratio. In the compression and Hopkinson tests, the highest values of compressive strength
were 208.7 and 309.7 Mpa respectively, which belong to a 1:1 Al:Ni molar ratio. Also, the results showed that the
compressive strength increased by changing the strain rate from 0.01 s (in the pressure test) to 1000 s™* (in the Hopkinson
test).

Key Words: Reactive composites, Compressive properties, Thermal properties, Mechanical alloying.
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