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ABSRACT
The accumulative roll bonding (ARB) was employed to prepare micro-nanoscale Ni/Al composites

from pure nickel and aluminum foils of four different thickness, and structural evolution in the
composite was observed throughout the process. The microstructure and energetic properties of the
fabricated Ni/Al energetic composites were then studied to determine the ARB cycles and the ratios of
original thickness. The results indicated that the interlayer thickness decreased as the ARB cycles
increased. With the increasing of ARB cycle, the thickness of composite became very thin and Ni layer
was necked and fractured. Moreover, the intermetallic compound was not found by XRD after multi
cycles, which provided the possibility of obtaining better energetic effect. What's more, with the
thickness of Ni/Al interlayer decreasing, the energy density increased obviously and the initial
temperature reduction of the exothermic reaction was also significant. When the initial thickness ratios
of Ni foil and Al foil was 1:1.4, the energy density was 1362.5J/g, which was about 92% of the
theoretical value and the initial temperature of the exothermic reaction was decreased to 320℃.
Key words: Ni/Al energetic materials; micro-nano materials; accumulative roll bonding;
microstructure; reaction property

1. Introduction
Ni/Al micro-nano energetic materials is widely used because of the high energy density and Ni/Al

intermetallic compounds mainly consist of NiAl, NiAl3, Ni2Al3 and Ni3Al[1-3]. This kind of materials
can undergo a violent chemical reaction and release great amount of heat under strong impact loadings
(such as laser heating, electric pulse, thermal and mechanical shock). It is considered the best
candidate material for air defense missile warheads because of high strength, good controllability and
high energy density.

At present, the magnetron sputtering method is mainly used in the preparation of Ni/Al micro-nano
energetic materials and the research is mainly focus on the high temperature characteristics and
ignition performance of Ni/Al intermetallic compounds. Accumulative roll bonding (ARB) could be
used to obtain severe plastic deformation and ultra-fined grains[4]. In this paper, the micro-nano scale
Ni/Al energetic materials were prepared by accumulative roll bonding, and then the microstructure and
reaction performance were studied. The results of these researches can lay the preliminary theoretical
foundation for the applications in the field of aerospace combat.

2. Experimental Methods

The commercially available pure nickel (99.6% purity) in 35 μm thick and aluminum 1060 in four
different thickness of 35 μm, 50 μm, 80 μm and 150 μm was selected as starting materials. Both sheets
were cut into 50×50 mm in size. The interface between two sheets is degreased with acetone and
sodium hydroxide or nitric acid liquid. For the convenience of expression, the laminates which stacked



in the manner of Al foil thickness with 35 μm and the thickness of nickel foil sheet for 35 μm was
marked material A. The laminates which stacked in the manner of Al foil thickness with 50 μm, 80 μm,
150 μm and the thickness of nickel foil sheet for 35 μm was marked material B, C and D respectively.

Micro-nanoscale Ni/Al composites was fabricated by ARB process, as shown in Figure 1. ARB
experiment were performed on the rolling machine with the roller diameter of 300 mm, and roller
speed was set to a constant of 6 m/min. Roll bonding was conducted under the condition that the
reduction in thickness per cycle was 50% (ε = 0.8/cycle). Prior to each ARB pass, the samples were
held at 250℃ for 1 minute to enhance the diffusion bonding between the two layers.

Figure 1 Schematic illustration of the ARB process
Microstructure observations and element diffusion analysis were conducted by scanning electron

microscope (SEM). Intermetallic compound was determined by X-ray diffraction (XRD). The energy
density was determined by differential scanning calorimetry (DSC).

3. Results and Discussion
The morphology of the A composites after 1,3,8,13 and 18 ARB cycles are shown in Figure 2. It

is found that the interlayer thickness decreases with the increase of the ARB cycles. The thickness of
the interlayer is reduced from 35μm to 0.1 μm. With the increasing of ARB cycle, thin Ni layer is
necked and fractured.

It can be found that the deformation of aluminum in the early stage of rolling is much greater than
that of nickel, and the final deformation of nickel aluminum is more consistent with the increase of the
roll. This phenomenon is mainly caused by the deformation and flow of nickel and aluminum under
the action of strong rolling pressure[5]. The deformation resistance of nickel and aluminum is greatly
different, and the deformation resistance of aluminum layer is relatively low. When the total
deformation is small, the composite process of rolling aluminum layer work hardening capacity is
limited. The plastic liquidity difference of aluminum and nickel is bigger, which is still difficult to
achieve coordination deformation, it is easy found that the deformation of aluminum layer is higher.
With the increase of the rolling, the aluminum layer process is more severe and the deformation
resistance of nickel is gradually achieved. Then nickel aluminum deformation speed gradually
converge, what’s more, due to the plasticity of nickel is far lower than the aluminum at room
temperature, nickel layer in aluminum rolling pressure and the tensile stress, to gradually change the
interface by straight to wavy, and necking and even fracture phenomenon[6].

X-ray diffraction (XRD) analysis of the materials with four layer thickness ratios did not reveal the
formation of intermetallic compounds, which provided a good possibility for the exothermic effect.
The X-ray diffraction analysis are shown in Figure 3.



Figure 2 The morphology of A composites after1,3,8,13,18 ARB cycles
(a)1 cycles;(b)3 cycles;(c)8 cycles;(d)13 cycles;(d)18 cycles

Figure 3 The XRD spectra of the Ni/Al layered material under four different thickness ratio
after eighteenth Accumulative Roll Bonding

(a)1:1; (b)1:1.4; (c)1:2.3; (d)1:4.3
The morphology of the B composites after 1,3,8,13 and 18 ARB cycles are shown in Figure 4. A

relatively flat layer structure can be seen in the Figure4(a), and the combination is well, no interface
cracking. As the rolling passes increases, The fracture of the nickel layer causes the aluminum matrix
on both sides of the nickel layer to contact each other and undergo close bonding. After eighteenth
accumulative accumulative rolling, the deformation of nickel and aluminum is basically the same.



Except for a few places with larger nickel fragments, the thickness between Ni and Al reaches the
same inter layer thickness, and the nickel is more evenly distributed in the aluminum layer. The
aluminum layer is reduced by 50μm to about 0.5μm, and the nickel layer is reduced by 35μm to about
0.5μm. The deformation of aluminum is greater than nickel and aluminum is nearly 1.43 times that of
nickel, and the performance of nickel and aluminum is very different.

Compared to material A, the size of the nickel fragment is larger. The reason is the lower content of
the nickel and the higher content of the softer aluminum[7-9]. In the rolling process, due to the increase
of aluminum content, when nickel necking or fracture after nickel layer embedded in Al matrix, with
the times increasing, the deformation resistance of aluminum increases gradually, but when the
deformation resistance is still lower than that of nickel, nickel debris flows in the aluminum matrix,
resulting in deformation rate of nickel when the deformation resistance decreased, aluminum nickel
inconsistent, nickel fragments will be further deformed, but the same way under the deformation
degree of nickel as A material more severe. At the same time, it can be observed that there are more
shear bands at the fracture surface of the nickel layer, This shows that in the process of rolling
deformation, the nickel is subjected to greater shear stress, while the main reason for the shear stress is
that the fluidity of aluminum is better.

Figure 4 The morphology of B composites after 1,3,8,13,18 ARB cycles
(a)1 cycles;(b)3 cycles;(c)8 cycles;(d)13 cycles;(d)18 cycles

The morphology of the C composites after 1,3,8,13 and 18 ARB cycles are shown in Figure 5.
This shows that in the process of rolling deformation, the nickel is subjected to greater shear stress,
while the main reason for the shear stress is that the fluidity of aluminum is better, The aluminum
layer is thinned from 80μm to about 3.7μm, and the nickel layer is thinned from 35μm to about 3.2μm.
The deformation of aluminum is much larger than that of nickel, and the deformation of aluminum is
nearly 1.98 times of that of nickel. By the figure5(a) and (b), the deformation of the aluminium speed
is greater than the nickel in the early rolling, the deformation of the nickel accelerated began in the



later rolling, and eventually more violent deformation occurred. The reasons for this phenomenon are
consistent with the above analysis. In addition, compared to A material and B material, the distribution
of nickel layer is chaotic in the aluminum substrate, in the process of rolling, rolling force under the
action of the inside of the aluminum layer flow driven nickel, which reduces the effect on the nickel
stress, thus reducing the nickel layer thinning speed. However, this effect decreases with the increase
of the tao. This is because with the increase of the time, was gradually strengthened the rheological
strength of aluminum and nickel materials approaching, eventually lead to two phase metal nickel and
aluminum shared evenly occur deformation.

Figure 5 The morphology of C composites after1,3,8,13,18 ARB cycles
(a)1 cycles;(b)3 cycles;(c)8 cycles;(d)13 cycles;(d)18 cycles

The morphology of the D composites after 1,3,8,13 and 18 ARB cycles are shown in Figure 6.
As can be seen from the diagram, the interlayer thickness of nickel and aluminum decreases gradually
after repeated accumulative roll bonding, The aluminum layer is thinned from 150μm to about 6μm,
and the nickel layer is thinned from 35μm to about 8.1μm. The amount of deformation of aluminum is
much greater than nickel, which is about 5.79 times that of nickel. The causes of this phenomenon are
consistent with the above analysis. Other than A material B material, the distribution of nickel layer is
chaotic in the aluminum substrate, in the process of rolling, rolling force under the action of the inside
of the aluminum layer flow driven nickel, which reduces the effect on the nickel stress, reduce the
thinning rate of nickel layer. In addition, it is worth emphasizing that the ratio of the final deformation
of nickel and aluminum at four thickness ratios of A, B, C and D is 1:1,1:1.43,1:1.98 and 1:5.79,
respectively. It is explained that as the amount of aluminum increases, the deformation of the
aluminum after the same amount of rolling has the higher the deformation rate of the rolling process.

In general, the dissimilar metals showed great differences, the difference is mainly reflected in the
aspects of deformation resistance, ductility and so on, these differences result in the bonding process,
the material is prone to necking or fracture phenomena such as the difference of mechanical properties



of dissimilar metal will make the interfacial instability and lead to hard phase fracture instability, but
also makes the soft material collaborative deformation, and finally tends to be consistent so as to
ensure the uniformity of deformation. With the accumulative rolling times, strain nickel layer and the
aluminum layer is accumulated gradually, the interaction is gradually strengthened, can not achieve the
deformation at the same speed in hard phase and soft phase interface between the aluminum layer due
to uneven stress, and the occurrence of necking in the necking generated at the stress concentration the
grains were elongated, metal materials, work hardening, when the stress exceeds the tensile strength of
the matrix fracture[10]. The direction of necking and fracture appears about 45 degrees in the direction
of rolling, which shows that the shearing stress also plays a role in the process of rolling deformation.
The main reason for the shear stress is that the cumulative strain increases with the increase of rolling
deformation, and is related to the friction between dissimilar metals and the friction between the
material and the roller. For dissimilar metals, the deformation regularity of hard phase and soft phase
is very complex. Whether the coordination deformation between dissimilar metals there are three main
factors, the first is the influence of initial plate thickness, second is the influence of initial hardness of
plate, third kinds of two kinds of metal flow stress. The effects of these three kinds of mechanism the
influence of dissimilar metal rolling composite will be on material interface[11].

Figure 6 The morphology of D composites after 1,3,8,13,18 ARB cycles
(a)1 cycles;(b)3 cycles;(c)8 cycles;(d)13 cycles;(d)18 cycles

The energy density curve of the Ni/Al layered material under four different thickness ratio
after 3,8,13,18 ARB cycles is shown in Figure 7. It is found that with the thickness of Ni/Al
interlayer decreasing, the energy density increases obviously from 788.9J/g to 1362.5J/g and the
initial temperature of the exothermic reaction reduces significantly from 580℃ to 320℃. The DSC
curve can be seen at 300℃, all curves are not exothermic peaks, show that the Ni/Al composite
materials with multi pass ARB income is stable at 300℃,When the temperature exceeds 300℃, with
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the increase of cumulative pack rolling passes, four kinds of layer thickness ratio of material starting
reaction temperature in advance, Reduced from 500℃ of third passes to 313℃ for eighteenth passes.
This is mainly because, with the increase of cumulative pack rolling passes, material interlayer
thickness thinning, nickel aluminum materials increase the contact area per unit volume, improve the
reaction activation energy, when local reactions began, the generated compounds released huge
quantity of heat at the same time, so as to induce exothermic reactions between the surrounding
material.

Figure 7 Energy density curve of the Ni/Al layered material under four different thickness
ratio after 3,8,13,18 ARB cycles
(a)1:1; (b)1:1.4; (c)1:2.3; (d)1:4.3

According to the Figure 7(a) of material A, the starting reaction temperature of the A
material decreases with the increase of accumulated rolling passes, and decreases from 470℃
to 313℃ at third recycle. It is shown that the thickness of Ni and Al layer decreases with the
increase of rolling passes, and the interaction between Ni and Al is advanced as a result of size
effect and the presence of premixed layer in rolling process. At the same time, it can be
observed that the energy density of the material increases with the increase of channel time,
but the energy density of A material is lower, and the increase of the eighteenth energy density
appears stagnation. The reasons are as follows: first of all, The material is formed by warm
rolling in the rolling process, the rolling temperature is 260℃, each pass after all to carry on to
the material surface treatment, but also for the 1min in the heating before rolling, in order to
reduce the critical deformation in the rolling process, because the material critical deformation
of each rolling under pressure is low at room temperature the rate of the rolling process can
result in materials with difficulty[12]. In four kinds of material, A material of nickel content in
the most, and nickel plastic is poorer, at room temperature has the most critical deformation
rate, when the four kinds of materials are all rolling forming at 260℃, A material also has the
most critical deformation rate, which in A material is more difficult in the process of rolling. In
the process of test, A material in the initial stage of rolling, it is easy to realize together, with
the increase of rolling passes, A piece of work hardening phenomenon is serious, the plastic is
reduced, the hardness increased, under the same conditions to increase the difficulty of the
compound, on the 18th, after pack rolling has been appeared in the process of rolling cracking



phenomenon, every crack to A surface treatment and heating of A 1 min or so, the formation of
intermetallic compounds were common function by the thermodynamics and dynamics factors
as A result, the material in the process of rolling in the accumulation of heat produced
enormous deformation and heat treatment effect has the potential to cause nickel aluminium
intermetallic compound trace is generated. In addition, as a result of the limitation of
experimental conditions, the rolling is exposed to air, in the process of rolling material surface
oxidation and reduce the energy density is one of the most important reasons.

As shown in Figure 7(b), the temperature of the initial reaction temperature of the material
as follows is reduced by the increase of the trace and the energy density increases. This is
mainly because with the increase of the time, the material of interlayer thickness decreases
gradually, increase the contact area between the nickel aluminum per unit volume, and
improves the reactivity. When a point reacts, it quickly leads to a nearby point. Further study
found that the materials have been slowly after 400℃ exothermic reaction, and then slowly
accelerate reaction appeared relatively moderate exothermic peak, to a certain extent after the
reaction speed, and at 641.9℃, 604.2℃, 641.9℃ and 547℃ exothermic peak appeared. Trends
from the curve, 3, 8, 13 times only one exothermic peak, and the exothermic peak range is
wide, the figure shows a single exothermic peak do not represent only a reaction, or simply
generate an intermetallic compound, in the process of the actual test, the exothermic reaction
speed, see the DSC curve, may be a superposition of several of exothermic reaction, the
specific species generated compounds by subsequent XRD, leicester and Ni2Al3 heat of
reaction at the theoretical value of 1507.7J/g and 1478.0J/g, both very close, when the reaction
is difficult to from DSC curves of two compounds showed differences in exothermic peak.
From the area of exothermic peak in the DSC curve, it is possible to calculate the heat of the
reaction of the four times lower B material, which is 1186.1J/g, 1258.3J/g, 1362.5J/g and
1358.3J/g. Through the data can be found with the increase of cumulative pack rolling passes
the energy density of the material increased gradually, but in 18 times the energy density
slightly lower, analyze its reasons may be as follows: on the one hand, through the nickel
aluminium rolling can contain material uneven, irregular distribution of nickel in the aluminum
substrate, experiment of intercepting DSC samples, only part of the sample material, atomic
ratio of intercept part will not be able to and the original formula of layer board are consistent,
there is a big fluctuations. Although there are no detected by XRD, on the other hand, the
existence of intermetallic compound and the oxide, but because of the limitation of XRD test
accuracy for content less than 5% of the volume phase, is not able to detect, so can't rule out a
great possibility of the existence of a small amount of intermetallic compound and the oxide.

By Figure 7(c) can be found that with the increase of rolling passes, energy density and the
initial reaction temperature and the above materials have the same rule, the reason is no longer
here. But further observation found that as the reaction progresses, when the temperature
reached 660℃ or so, the four lane are more obvious endothermic peak, this is because the C
material of aluminum content is greater than the nickel, not under the temperature response of
aluminum melting endothermic, and went away with a lot of heat. As the reaction progresses,
the liquid aluminum in the matrix of the flow speed is very fast, can have good contact with
nickel, simultaneous reaction between various points, makes the reaction velocity quickened,
produced a relatively sharp second exothermic peak. By Figure 7(d) can be found, because the
D material of aluminum content more, making it have more obvious endothermic peak around



660℃, curve movement and C material has a similar process, go here.
In order to accurately reveal the reaction process of nickel aluminum energetic materials,

the influence of the original layer thickness ratio on the reaction products and the energy
release level was analyzed comprehensively. It is necessary to determine the kinds of
intermetallic compounds corresponding to the peak values in the DSC curve. Test using
vacuum tube type sintering furnace will be A, B, C, D peak temperature corresponding to the
four kinds of materials of each reaction before the sample was heated to DSC curve, the
heating speed and operating environment and the DSC test process, heating is 20K/min,
heating the atmosphere for the protection of argon (due to high temperature, Al can react), and
nitrogen can effectively avoid the high temperature reaction process is oxidation. When heated
to the peak temperature, immediately stop heating and cooling in the furnace, then remove the
samples by XRD analysis after reaction of different phases and deduce the reaction process.

In order to reveal the composition of intermetallic compounds at each stage of the reaction,
it is necessary to characterize the XRD. In order to facilitate the expression, four materials are
analyzed in turn. Figure 8 is the XRD spectrum of the reaction product after heating at the
corresponding peak temperature after the cumulative rolling of the A material at 3,8,13,18
cycles. In rolling 3 times, when the heating temperature is 614.9℃ the corresponding phase for
Ni2Al3 and NiAl3. In the 8 times, heating temperature of 596.5℃, 13 times heating temperature
is 554.8℃, and 18 times when the heating temperature of 504.8℃, also are Ni2Al3, NiAl3
counterpart. At 13 times temperature is 465.2 ℃ and temperature is 392.3 ℃ of 18 passes for
NiAl3, the results are consistent with the DSC, to show that the reaction is much lower than the
melting point of aluminum began to do a solid solid phase reaction. Compared with high
temperature did not generate Ni2Al3, mainly because of lower reaction temperature, material
occur from spreading out quantity of heat quickly and results in the decrease of the temperature
of heat transfer by radiation didn't get to Ni2Al3 formation conditions

Figure 8 the XRD patteren for material A at different temperature
Observe in Figure 9 indicates that the rolling third passes, temperature is 641.9℃centigrade,

generate Ni2Al3, NiAl3, NiAl, shows that with the increase of temperature, excess nickel and
Ni2Al3 and NiAl3 can interact, and ultimately the formation of stable NiAl, in addition, due to
the advantages of short reaction time, which eventually has nickel the remaining eighth.
Aluminum in the rolling pass, generate Ni2Al3, NiAl3. in thirteenth times to generate a new
phase for NiAl3. in Eighteenth a total of two reaction peaks, new 420.5℃ and 547.6℃ under
the corresponding phaseNiAl3 and Ni2Al3, NiAl3, respectively, show that no NiAl is generated
at this temperature, indicating that temperature is a critical condition for the reaction to occur.



Figure 9 the XRD patteren for material B at different temperature
C material each peak corresponds to the XRD spectrum as shown in Figure10, in all times

rolling generates new phases are Ni2Al3, NiAl3, NiAl, the difference is produced is different.
Due to the short reaction time, the reaction has a certain residual nickel aluminum. Observed
the reaction group the temperature is over 640℃, is close to the melting point of aluminum
materials, once the reaction will immediately cause the occurrence of self propagating
reactions, several reaction stage will be completed instantly.

Figure 10 the XRD patteren for material C at different temperature
The XRD spectrum corresponding to each peak of the D material is shown in Figure11. it

is observed that Ni2Al3, NiAl3, NiAl. are generated at 635.2℃ at 3,8,13 and eighteenth passes.
According to the phase diagram theory shows that the materials were at 854℃, 1133℃ and

1638℃ can produce NiAl3, Ni2Al3 and NiAl., but the XRD characterization showed that when
nickel content is enough material at about 640℃ NiAl is generated, this is because the nickel
aluminum happened between SHS, from which the material itself temperature to reach
thousands of degrees celsius. While 640℃ is the temperature of the furnace, does not represent
the temperature of the sample. found that Lu Huafei et al in the combustion synthesis of nickel
aluminum foil layers, nickel aluminum foils occurred after combustion temperature of the
material can reach self propagatingAt 1900℃ , this is more than all of Ni Al intermetallic
compounds. The melting point and self propagating reaction process is divided into two stages,
the first stage of occurrence of Al rich phase nucleation and fusion grew up in second stages,
for the strong interaction between Ni and Al, intermetallic compound, and a dazzling white
light. This experimental phenomenon was explained on the resultant inference



Figure 11 the XRD patteren for material D at different temperature

4. Conclusions
(1)Ni/Al micro-nano energetic composite can be prepared by the accumulative roll bonding.
(2)The subdivision of Ni layers occurs with the increase of ARB cycle. The structural

formation is controlled by the co-deformation between harder Ni foil and softer Al foil. The
slip bands activated in Al layers approach on the Ni layers, resulting in the fragmentation of Ni
layers in a shearing manner. The heterogeneous strain distribution is caused by the frictions
between roller and surface, as well as between Ni layer and Al layer, which has an important
effect on the structural evolution.

(3)The intermetallic compound is not found in the Ni/Al micro-nano energetic materials after multi
cycles ARB deformation and Al3Ni, Al3Ni2 and AlNi are discovered after exothermic reaction. When
the initial thickness ratios of Ni foil and Al foil was 1:1.4, the energy density is 1362J/g, which is
about 92% of the theoretical value and the initial temperature of the exothermic reaction is decreased
to 350℃.
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