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In  this  research,  Al/Ni  multilayers  composites  were  produced  by  accumulative  roll  bonding  and  then
annealed  at different  temperatures  and  durations.  The  structure  and  mechanical  properties  of  the  fabri-
cated metal  intermetallic  composites  (MICs)  were  investigated.  Scanning  electron  microscopy  and  X-ray
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diffraction  analyses  were  used  to  evaluate  the  structure  and  composition  of  the  composite.  The  Al3Ni
intermetallic  phase  is formed  in  the  Al/Ni  interface  of  the  samples  annealed  at  300  and  400 ◦C. When  the
temperature  increased  to 500 ◦C, the Al3Ni2 phase  was  formed  in the  composite  structure  and  grew,  while
the Al3Ni and  Al  phases  were  simultaneously  dissociated.  At these  conditions,  the  strength  of MIC  reached
the  highest  content  and  was  enhanced  by  increasing  time.  At  600 ◦C,  the  AlNi  phase  was  formed  and  the
mechanical  properties  of  MIC  were  intensively  degraded  due  to  the  formation  of  structural  porosities.
. Introduction

Aluminum intermetallic compounds are being studied as a
tructural material for special applications which demand light
eight, high thermal stability, corrosion resistance, and good
echanical properties at high temperature [1–4]. Among various

ntermetallic compounds, Al–Ni based intermetallic compounds
eem to be suitable for practical applications in the transporta-
ion, aerospace, and similar industries [5].  However, the intrinsic
ow ductility and low fracture toughness at room temperature
onfine their application in engineering designs. A main method
o compensate the brittleness of intermetallic compounds is the
mbedding of the intermetallic phases in the ductile matrix mate-
ials in the form of particles or laminates [2]. Hereon, when a crack
ropagates inside the intermetallic phase and reaches the ductile
etallic phase, owing to plastic deformation at the crack tip, the

rack is blinded. Thus, the useful properties can practically be uti-
ized in a structural material and the ductility of matrix material
ould avoid its brittle deficiency.

It has been reported that Al/Ni metal intermetallic composites
MICs) have proper properties, such as high strength, resistance
gainst fatigue and creep, good ductility and toughness, corrosion
esistance and so on [6–8]. These properties make them suitable for

ome application, for instance aerospace, transportation and med-
cal. Different methods have been used to produce MICs, including
acuum hot pressing, physical vapor deposition, magnetron
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sputtering, direct solidification and so on [3]. Generally, the pro-
duction methods of MICs directly affect the shape and distribution
state of intermetallic phases. Each technique has some specific
advantages and disadvantages [3].  Most of them need expen-
sive equipments and complex processes, which limits their usage
at commercial and industrial scales. Dimensional limitations and
time-consuming fabrication are other main problems for these
methods.

Accumulative roll-bonding (ARB) is a severe plastic deformation
process to produce nanostructered materials by introducing struc-
tural defects such as dislocations inside the material [9].  ARB is the
only severe plastic deformation process applicable to produce con-
tinuous bulky materials [10]. Rolling in the ARB process is not solely
a deformation process but is a bonding process that could lead to a
single-body solid material. The ARB process is also applicable in the
fabrication of foams and various types of metal matrix composites
[11–15]. Recently, the ARB process and subsequent annealing reac-
tions have been used as a new production method of MICs [16,17].
In this technique, complex heat and chemical treatments, such as
heat treatment at controlled environment, are not required [18].
Also, simplicity, no dimensional limitations and cheaper primary
commodity are the other major advantages of the ARB process for
the production of MICs.

To the best of our knowledge, no evaluation has been conducted
on the production of Al/Ni MIC  by the ARB process. It would be
worth mentioning that compared with low-formable Ti alloys usu-

ally used for the same applications, this work aims to employ a
general forming process (rolling) to fabricate Al/Ni MICs.

In this research, initially Al/Ni metallic composites were fabri-
cated by six ARB cycles of Al and Ni foils. Afterward, the composites

dx.doi.org/10.1016/j.jallcom.2011.07.103
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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phase, as schematically illustrated in Fig. 2.
Fig. 5 shows the SEM images of the Al/Ni multilayers annealed

at 400 ◦C at the different periods. In the similar way  to the previ-
A. Mozaffari et al. / Journal of Alloys

ere annealed at different periods and temperatures. Then, the
omposition, structure, and mechanical properties of the produced
ICs were investigated.

. Experimental procedures

.1. Materials

The initial materials used in this research were commercial pure Al and Ni alloys
aving the specifications listed in Table 1.

.2. Preparation of the initial Al/Ni multilayer composites

To  process the initial metallic multilayer composites, Al and Ni foils were
egreased in acetone for 30 min  and subsequently wire-brushed. Then, six Ni and
ve  Al foils were stacked together. Afterward, the stacked strips were rolled at room
emperature to reduce the multilayer total thickness from 1.1 mm  to 0.7 mm.  Then,
he  initial rolled stacks were cut into two equal pieces in length, degreased, scratch
rushed and stacked for the ARB process.

ARB of the initial Al/Ni sandwich stack comprised of two main steps: firstly,
he surface was  degreased in acetone, dried in air and then wire brushed. Secondly,
he stacked sandwich samples was concurrently rolled by a 170 mm diameter roll

ill  at a 15 rpm rolling speed which was repeated six times at room temperature
ithout any lubrication. Cold roll bonding was applied under the condition where

he thickness reduction per cycle of the ARB process was  50% (ε = 0.8/cycle), while
or the primary sandwiches ε was 0.5.

.3. Heat treatment regime

The produced metallic multilayer composites were heat treated at a calibrated
lectrical furnace at 300, 400, 500 and 600 ◦C at four different durations including
0,  40, 50 and 60 min. Totally, the sixteen regimes of the heat treatment procedure
ere used.

.4. Thermal analyses

The phase formation and heat of reactions were investigated by differential
canning calorimetry (DSC) in a nitrogen atmosphere. The samples were small
iscs (10 mg) of the primary composite and heated in the temperature range of
00–620 ◦C at a constant rate of 20 ◦C/min. The base line was achieved by the repe-
ition of the thermal cycle and to normalize, the base line was  eliminated from total
eat  flow.

.5. Structural evaluation

The cross-section of the produced composites was prepared for the evaluation
f  their structure by scanning electron microscope (SEM). The thicknesses of the
hases were evaluated perpendicular to the rolling direction drawn at several ran-
om  positions and the average size of 150–200 layers was measured each time. In
he  metallography stage, the samples were grounded and polished by 1 �m dia-

ond paste in the last polishing step. The chemical compositions gradient of the
nterface of the layers were determined by an EDX spectrometer and corrected by
AF  factor using Link ISIS software and calibrated using pure Ni and Al standards.

.6. X-ray diffraction analysis

In order to identify the phases, the X-ray diffraction technique was  used in the
ross section of the heat treated composites. Diffraction patterns were recorded
sing a Philips X’Pert diffractometer employing Cu K� at the room temperature. The
ata  were collected for the diffraction angles of 10◦ ≤ 2� ≤ 105◦ , with a step width of
.05◦ and a step time of 2 s. The phases were determined using the X’pert software.

.7. Mechanical properties

Tensile tests were carried out by an Instron testing machine at room temperature
t  a strain rate of 8.3 × 10−4 s−1. The tensile test samples were prepared according
o  one fifth of the JIS-5 standard dimensions, oriented along the rolling direction.
he  gauge length and the width of the tensile test specimens were 10 and 5 mm,
espectively.

. Results and discussion

.1. Structure
The structural and mechanical properties of the initial Al/Ni
etallic composite produced by six ARB cycles were investigated in

he previous study [15]. Fig. 1 shows the SEM micrograph of the ini-
ial non heat-treated Al/Ni composite. In order to specify the proper
Fig. 1. SEM micrograph of the initial Al/Ni metallic composite after six ARB cycles.

heat treatment regime to produce MICs, it is essential to determine
the formation temperatures of intermetallic compounds. DSC anal-
yses were conducted for this purpose. Fig. 2 shows the result of the
DSC experiment. As it can be seen, there exist four peaks. Each peak
shows an exothermic reaction. Owing to the presence of peaks in
the ranges of 300–400, 400–500 and 500–600 ◦C, the borders of
these ranges were selected as the annealing temperatures.

Fig. 3a shows the XRD patterns of the non-heat treated and the
samples annealed at 300 ◦C. The only intermetallic phase which
is present in this annealing temperature and both the durations
is Al3Ni. The interface structures of Al/Ni annealed at 300 ◦C for
different times are illustrated in Fig. 4. As it can be seen, initially
the intermetallic phase is nucleated at the Al/Ni interface (Fig. 4a).
By increasing time, the new intermetallic phase islands grow along
interface (Fig. 4b) to form a relatively uniform layer on the interface
(Fig. 4c). Finally, the intermetallic phase growths perpendicular to
the interface (Fig. 4d). Previously, Coffey et al. [19] obtained the
similar result in the fabrication of Al-rich phase in the Al/metal
multilayers during the annealing process.

The development of nucleation at the initial interface plane
broadens the DSC peaks. As it can be seen in Fig. 2, the Al3Ni peak
consists of two adjacent peaks. The first peak (at 305 ◦C) is cor-
respond to the lateral growth and the second peak (at 320 ◦C) is
referred to the perpendicular growth of the Al3Ni intermetallic
Fig. 2. DSC curve of the ARBed Al/Ni multilayer sample. Schematic illustration of
the  Al3Ni growth stages and the present phases at each temperature resulted by the
XRD analyses are also being shown.
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Table 1
Specifications of the Al and Ni foils.

Materials Chemical composition (wt.%) Sheet dimensions (L, W,  t)
(mm  × mm × mm)

Hardness (VHN) Elongation (%) Yield strength
(MPa)

Al (1060) 99.5 Al, 0.20 Si, 0.25 Fe, 0.05 Cu 120 × 60 × 0.1 27 13.2 34.7

o
A
(
i
s
i
A
a

6
l
a
A
t

F

Ni  (200 series) 99.6 Ni, 0.3 Mn,  0.05 Si, 0.05 Fe 120 × 60 × 0.1 

us annealing temperature, an intermetallic phase is formed in the
l/Ni interfaces and grows by time. Corresponding to the DSC result

Fig. 2), the XRD analysis shows that at 400 ◦C the only existing
ntermetallic phase likewise is Al3Ni (Fig. 3b). Fig. 6a quantitatively
hows the increment in the thickness of the Al3Ni phase by increas-
ng the annealing time at 300 and 400 ◦C. The higher thickness of the
l3Ni layers in the identical time at 400 ◦C is due to higher diffusion
nd growth rate.

The XRD patterns of the samples annealed at 500 ◦C for 30 and
0 min  are showed in Fig. 3c. The peaks of the Al3Ni2 intermetal-
ic phase are also shown together with Al, Ni and the Al3Ni peaks
t 30 min. Also, at the heating period of 60 min, the peaks of the
l phase are relatively not present. The SEM images of the mul-

ilayers annealed at 500 ◦C for the different periods are shown in

ig. 3. XRD patterns of the samples annealed for 30 and 60 min  at (a) 300 ◦C and also non
81 9.8 126.4

Fig. 7. In the SEM images, the formation of the new intermetallic
phase is obvious and distinguishable by a different color. As it can be
seen, the Al3Ni2 phase is formed at the interface of the Al3Ni and
Ni phases. Furthermore, after 50 min, the Al phase is dissociated
completely, which corresponds to the XRD result. These images
indicate that the increment in the heat treatment period leads to
the simultaneous consumption and the production of the Al3Ni and
Al3Ni2 phases, respectively. Fig. 6b quantifies the thickness of each
intermetallic layer as well as their total thickness.

Fig. 3d displays the XRD pattern of Al/Ni multilayer heat treated

at 600 ◦C for 30 and 60 min. At this temperature, the peaks of the
AlNi intermetallic phase are also revealed besides the Al3Ni, Al3Ni2
and Ni phases peaks. Also, the peaks of the Al phase obliterated
in both the period. The EDX analyses also confirm the presence of

 heat-treated Al/Ni multilayer composite, (b) 400 ◦C, (c) 500 ◦C and (d) 600 ◦C.
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Fig. 4. SEM images of the samples annealed at 300

he Al3Ni, Al3Ni2 and AlNi phases in the composite structure at this
emperature (Fig. 8). As it can be seen, the AlNi phase grows in the
i/Al3Ni2 interface.

Generally, in different methods in which Al/Ni multilayers are
sed for the fabrication of intermetallic phases, the Al3Ni is the first
roduced phase [20]. The reason is the difference in the diffusion

oefficient of Al and Ni atoms, in such a way that the diffusion of
i atoms in the Al substrate is higher than the vice versa condition

20]. It is due to the lower atomic radius of Ni atoms. Nevertheless,
ased on the nominal composition of the multilayer and the process

Fig. 5. SEM images of the samples annealed at 400 ◦C fo
r (a) 30 min, (b) 40 min, (c) 50 min and (d) 60 min.

type, other primary phases such as AlNi, AlNi3 and even Al9Ni2
metastable phase has been reported [18]. The former difference
is due to the concentration gradient imposed before the annealing
stage [21]. When the time and/or temperature of the heat treatment
process increase, from the rich side of the Al element in the Al–Ni
phase diagram, various intermetallic phases are formed gradually.
The SEM images of the samples at the four annealing peri-
ods at 600 ◦C are shown in Fig. 9. As shown in this figure, due
to the fully consumption of the Al phase and also high activation
energy for diffusion in the intermetallic phases, when the annealing

r (a) 30 min, (b) 40 min, (c) 50 min and (d) 60 min.
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Fig. 6. Changes in the thickness of the intermetallic phases when the annealing
period increases at the annealing temperatures of (a) 300 and 400 ◦C and (b) 500 ◦C.

Fig. 7. SEM images of the samples annealed at 500 ◦C fo
ompounds 509 (2011) 9938– 9945

time increases, the total thickness of the intermetallic layers is
not approximately changed. However, the thickness of a phase is
altered and the intermetallic phases are transformed to each other,
in such a way  that the Al3Ni phase is dissociated and the two other
intermetallic phases grow. As it can be seen, porosities are cre-
ated in the composite structure at this annealing temperature and
grow by progression of annealing (Fig. 9e). The quantitative mea-
surements of the layers thickness at this condition are too difficult
because of the porosities presence. It can be seen that the thickness
of the AlNi layer is approximately narrow (Fig. 8).

The simultaneous occurrence of several phenomena is respon-
sible for the porosity formation. Owing to the vacancies diffusion
toward the interface, the Kirkendall voids are formed and the bond-
ing decreases in this zone [16]. Also, the crystal structure of the
intermetallic phases is more compact with respect to Al and Ni
metals. Consequently, the volume changes during the intermetal-
lic phase formation cause the residual stress [4].  This effect and the
dissimilar contraction behavior of the Al3Ni and Al3Ni2 phases dur-
ing the cooling period [22] create cracks and voids between some
layers.

3.2. Mechanical properties

Fig. 10 shows the total elongation (TE) of the Al/Ni mul-
tilayer composites heat treated at the different durations and
temperatures in comparison with the initial metallic composite.
Considering Fig. 10,  the composites annealed at 300 ◦C show higher
TE (at the same heat treating period) with respect to the other sam-
ples. Moreover, TE is enhanced more than 17% by increasing the
annealing time from 30 min  to 60 min. The changes in the engineer-
ing yield strength (YS) and tensile strength (TS) of these samples
are also illustrated in Fig. 11.  With attention to Fig. 11,  YS and TS of
these composites decrease when the annealing time increases. The

samples annealed at 400 ◦C have middle values of TE, YS and TS.
In contrast to the samples annealed at 300 ◦C, TE decreases, but YS
and TS increase when annealing prolongs. At the same annealing
times, TE is reduced approximately 1.25 units, but YS is increased

r (a) 30 min, (b) 40 min, (c) 50 min  and (d) 60 min.
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Fig. 8. EDX spectra acro

early 22 MPa  at all the annealing times and TS is enhanced 20, 36,
0 and 48 MPa  at 30, 40, 50 and 60 min  annealing period, when the
nnealing temperature is raised from 400 ◦C to 500 ◦C. The samples
nnealed at 500 ◦C show the maximum YS and TS at all the periods.
specially at 60 min, 340 and 445 MPa  were obtained for YS and
S respectively. As indicated in Figs. 10 and 11,  the minimum TE
oincides with the minimum TS and YS at the annealing tempera-
ure of 600 ◦C. TE, TS and YS decrease continuously with increasing
he annealing time. Quantitatively, when annealing is prolonged
rom 30 min  to 60 min, TE, TS and YS decrease 38%, 37% and 30%
espectively.

Hereon, two factors play a main role in the evolution of the
echanical properties. First, the recrystallization of the initial Al

nd Ni phases leads to the decrement of the strength and the
nhancement of TE of the composite. In this case, the Al phase usu-
lly has a more important role because of its continuity and its

unction as a matrix material. The second factor is the formation of
he intermetallic phases. The presence of these phases increases the
trength and decreases TE of the composites, due to their intrinsic
igh strength and low toughness [23]. On the other hand, the severe
structural layers of MIC.

plastic deformation of the initial composite results in a reduction
in the recrystallization temperatures of the Al and Ni phases, owing
to the high quantity of microstructural defects and the thermal
instability of severe plastic deformed materials [24]. Generally, Al
and Ni metals are recrystallized at ∼200 and 600 ◦C, respectively
(based on the half of their standard melting points). Considering
the reduction of the recrystallization temperature, the Ni phase is
still recrystallized at a temperature in which the composite struc-
ture mainly includes the intermetallic phases. Therefore, at high
annealing temperatures the continuity of the high strength inter-
metallic phases reduces the effect of the Ni phase recrystallization
on the mechanical properties of the composite. Owing to the low
recrystallization temperature of the Al phase, the low volume frac-
tion of the intermetallic phases at low temperatures and also the
continuity of the Al phase, the influence of this phase at the low
annealing temperatures is more.
Based on the previous statements, at 300 ◦C, the recrystalliza-
tion of the Al phase is the main cause of the increment in TE and
the decrement in YS and TS of MICs. At this temperature, the rel-
atively low volume fraction (low thickness) of the produced Al3Ni
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Fig. 9. SEM images of the samples annealed at 600 ◦C for (a) 30 min,

ntermetallic phase cannot compensate the recrystallization soft-

ning (Fig. 6a). When the annealing temperature increases to 400
nd 500 ◦C, the increment in the thickness of the intermetallic
ayer(s) can compensate the recrystallization softening of the Al

ig. 10. Total elongation of MIC  at the different annealing times and temperatures
ith respect to the initially ARBed metallic composite.
 min, (c) 50 min, (d) 60 min  and (e) porosities formed in the sample.

phase. As a consequence, TS and YS of the composites are enhanced
and TE decreases. At 500 ◦C, the harder Al3Ni2 phase is added
to the MIC  structure [2].  Its crystal structure is more compact
(p3m1 space group in comparison to pnma space group of Al3Ni)

[25]. This lowers the dislocation mobility inside the Al3Ni2 phase,
leading to more strengthening in composite. When the volume frac-
tion of the Al3Ni2 phase increases and the Al phase is completely

Fig. 11. Tensile and yield strength of MIC  produced at the different annealing
regimes in comparison with the ARBed non-heat treated sample.



 and C

c
l
Y
4
o
r
T

4

b
A
t
t
p
i
g
m
a
i
t
s
o
t
i
r
p
t
t
t
t

[

[
[
[
[
[

[
[
[
[

[
[

[

A. Mozaffari et al. / Journal of Alloys

onsumed at 500 ◦C, the formation of the continuous intermetal-
ic phases results in the decrement in TE and the increment in
S and TS of MICs with respect to the composites annealed at
00 ◦C. At the annealing temperature of 600 ◦C, the development
f the structural porosities as a crack (Fig. 9e) leads to a crucial
eduction in the mechanical properties in terms of TE, YS and
S.

. Conclusions

According to the results of this research, accumulative roll
onding followed by annealing is a suitable process to process
l–Ni metal intermetallic composite. At the annealing tempera-

ure of 300 ◦C, the Al3Ni phase is formed in the Al/Ni interface in
wo stages by progression of annealing. Firstly, the intermetallic
hase is nucleated in preferential locations and grows along the

nterface. Secondly, the Al3Ni islands coalesce and subsequently
row perpendicular to the interface. The occurrence of the Al
atrix recrystallization softening, as a dominant mechanism in the

nnealing stage results in the increase in TE and the decrement
n TS and YS of the composites. When the annealing tempera-
ure increases to 400 ◦C, the increment in the thickness of the high
trength intermetallic layer reduces TE and is enhanced TS and YS
f MICs. At 500 ◦C, the harder Al3Ni2 phase is added to the struc-
ure of MICs and the volume fraction of the intermetallic phases
ncreases. Therefore, TE decreases and the strengths increase with
espect to the samples heat treated at 400 ◦C. The AlNi phase was
roduced at 600 ◦C and grown by time; however, the formation of

he porosities at this temperature leads to the intensive reduction in
he mechanical properties. Consequently, the highest increment in
he strength of the metallic composite is obtained at the annealing
emperature of 500 ◦C.

[
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