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a b s t r a c t

Bulk Al–Ni intermetallic composites were synthesized in situ by Friction Stir Processing (FSP) at Al alloy
plate with Ni powder. The microstructures and compositions of the composites were analyzed, the hard-
ness and tensile properties of intermetallics were measured. Defect-free composites with Al3Ni and
Al3Ni2 intermetallics were successfully produced by FSP and heat treatment. The initial nickel pow-
der present three states after FSP: the coarse nickel aggregation, the sandwich-structure composite and
eywords:
riction stir processing
ntermetallics
l–Ni composites
eat treatment

the micron-sized Al3Ni particles. Typical microstructures of Al3Ni intermetallics after heat treatment
have two microstructures, i.e. the submicron-sized equiaxed crystal when there are fine micron parti-
cles uniformly distributed in the aluminum matrix and columnar crystal when Al3Ni2 is surrounded. The
grain refinement and the precipitation hardening effect of the Al3Ni intermetallics lead to a significant
increase of the microhardness and tensile strength of the Al–Ni composites. The aggregated Ni powders

durin
have metallurgy reaction

. Introduction

Aluminum and its alloys are an important class of materials
ecause of their versatile properties which render them suitable
or use in a variety of applications. There has been a constant effort
o improve the mechanical properties of Al alloys by various means.

etal matrix composite (MMC) technology is one such method
hich has become very popular in the past three decades [1]. Alu-
inum intermetallic compounds are expected to serve as practical
aterials for their resistance for ware, high hardness and stability

t an elevated temperature [2]. However, aluminum intermetallic
ompounds such as Al3Ni are so brittle that it alone cannot serve
s a structural material. Attempts have been made to compensate
he brittleness by embedding it in a ductile matrix material [3–6].
hus, the advantageous properties can practically be utilized in a
tructural material and the ductility of matrix material can avoid its
rittle shortcoming. In the past few years, various researches have
een made to fabricate these Al–Al3Ni composites by directionally
olidification [7], equal-channel angular pressing [8], electromag-
etic separation method [9] and mechanical alloying [10].

Friction stir processing (FSP) is a relatively novel multifunctional

etal working method, developed based on the basic principles

f friction stir welding (FSW) [11]. The severe plastic deforma-
ion and material flow in stirred zone can be utilized to achieve
ulk alloy modification via mixing of other elements or second
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phases into the stirred alloys. As a result, the stirred material
becomes a metal matrix composite or an intermetallic alloy with
much higher hardness and wear resistance. Recently, FSP has been
applied successfully to produce Al–Al2Cu in situ composite from
Al–Cu elemental powder mixtures [12], Al–Al13Fe4 in situ nano-
composite from Al–Fe elemental powder mixtures [13], Al–Al3Ti
nano-composite from Al–Ti elemental powder blends [14]. During
the above three experiments, the alloying elements were pre-
mixed with aluminum powders. The pre-mixed alloy powders were
cold compacted to 12 mm × 20 mm × 88 mm billet in a steel die set
using a pressure of 225 MPa. To improve the billet strength for eas-
ier handling in FSP, the green compact was sintered for 20 min at
either 773 or 803 K.

In this study, the Ni powders were dispersed in a 1060 Al plate
as experimental metal. The experiments were designed to research
the feasibility of producing Al–Ni intermetallic composites by FSP
and subsequent heat treatment. It does not need other compres-
sion and sintering, also reduced powder pre-mixing, simplified the
technical process. The distribution of intermetallic in the base metal
was observed, and the microhardness and the tensile properties of
intermetallic were also examined.

2. Experimental details

The initial materials used are pure aluminum plate (99.6% purity, 5 mm thick-

ness) and pure nickel powder (99.0% purity, 2.3 �m). The as-received nickel powder
shows aggregated state before processing in Fig. 1, which makes the uniform dis-
persion of nickel powder in the matrix difficult. The nickel powder were filled into
two rank holes (2.5 mm in diameter and 3 mm in depth) with a interval of 3 mm
on two matrix plate before FSP, as shown in Fig. 2. The FSP tool has a columnar
shape (Ø 28 mm) with a screw thread probe (M10 mm, 8.5 mm in length). The tool

dx.doi.org/10.1016/j.jallcom.2010.05.040
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. SEM image of the as-received commercial nickel powder.

enetrated into the plate until the shoulder’s head face reached 0.4–0.5 mm under
pper surface. The probe was inserted into the interval of two rank holes filled with
he nickel powder. The constant tool rotating rate of 1500 rpm and travel speed of
3.5 mm/min were adopted. The tool tilt angle (angle between spindle and work
iece normal) of 3◦was used. Three FSP passes were applied in order to enhance
he Al–Ni reaction. The subsequent heat treatment performed at 550 ◦C for 6 h after
SP. Transverse sections of the as-produced FSP samples were mounted and then
echanically polished. The distribution of the intermetallic was observed by SEM

FEI QUANTA200), and the microstructure of the etched sample was evaluated by
ptical microscopy. XRD (BRUKERAXS-D8 ADVANCE, Cu K�, 40 kV, 40 mA) and EDS
OXFORD 6650) were utilized to identify the phases. The microhardness of different
hases was measured using a micro-Vickers hardness tester (HVS-1000) with a load
f 50 g for 15 s. Mechanical properties of the composites and 1060Al FSP specimens
achined from the stirred zone (SZ) were carried out on an Instron 3382 universal

esting machine with an initial strain rate of 1 × 10−3 s−1. The dimensions of the
auge section of tensile specimens were 4 mm in diameter and 22 mm in gauge
ength. In tensile test, the loading axis was parallel to the traversing direction of
SP.

. Results and discussion

.1. Phase composition and microstructure

X-ray diffraction was used to determine the Al–Ni reaction prod-
ct in situ via FSP and the phase transformation with heat treatment

n the FSP samples, as shown in Fig. 3. The only product of the Al–Ni
eaction during FSP can be identified as Al3Ni, as shown in Fig. 3(a).

fter 3 passes FSP, the nickel peaks still exist, and then disappear
nd are replaced by Al3Ni peaks after subsequent heat treatment.
ore Al3Ni peaks can be detected from the XRD pattern of heat

reatment specimen, and their intensity increased. Two obvious
l3Ni2 peaks in the XRD curves with 2� = 44–45◦ can be seen for

Fig. 2. Schematic diagram of the Al–Ni compos
Fig. 3. XRD patterns of Al–Ni composites for: (a) 3 passes FSP and (b) heated at
550 ◦C for 6 h after FSP.

specimens with heat treatment, as seen in the magnified view of
the XRD pattern in Fig. 3(b).

SEM images from the alloying region of FSP and heat treated
composites are shown in Fig. 4. No discernible defects were
observed. After 3 passes of FSP, the white particle dispersed within
the regions was macroscopically well dispersed, as shown in
Fig. 4(a). However, the observed clustering particle size is much
larger than the initial nickel powder and the shape of the particle
is stripped or massive. The fine gray particulates are predomi-
nantly spread in this region, which are verified as Al3Ni by energy
dispersive spectroscopy (EDS). The white particles are nickel aggre-

gation, which are dispersed in the Al matrix. The above analyze
is consistent with the XRD results. Therefore, Al3Ni intermetal-
lic was fabricated but nickel powder is not fully reacted with
aluminum.

ites produced by friction stir processing.
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aluminum matrix. The Al3Ni particle with submicron-sized grain
dispersed in the matrix aluminum is equiaxed crystal. However,
when surround Al3Ni2, the grain of Al3Ni is columnar crystal. Due
to severe deformation and short time at elevated temperature in

Table 1
The average chemical compositions of different regions corresponding to Fig. 5
analyzed by EDS (at.%).
ig. 4. SEM micrographs showing the particle dispersion: (a) three passes FSP; (b)
ith subsequent heat treatment at 550 ◦C for 6 h; (c) the enlarged micrograph of
arked A region in (b).

After subsequent heat treatment of the FSP sample at 550 ◦C for
h, the distribution of the gray particles become more uniform in

he Al matrix, as shown in Fig. 4(b) and (c). The surfaces of the
ost particles are smooth. No white particles can be seen from

his region. There were just a few regions in which gray material
rapped around the light gray particulates to construct the com-
osite particles, which prove that a wide range of size exists in the
articles embedded in the matrix. No evidence of particle fall-out
as found. Thus the particles should have better bonding with the
atrix.
An SEM equipped with an EDS is also used for the observation of

he phase shape and the analysis of its composition after heat treat-
ent. EDS spectrum corresponding to the region marked B1–B4 and

1–C3 in Fig. 4(c) are shown in Fig. 5. Quantitative results of the
verage element composition are listed in Table 1. The Al/Ni atom
atio in the region B is in the range of 2.93–3.07, which conclude
hat the phase is most likely to be Al3Ni. The phase in the region C
s probably Al3Ni2, which the Al/Ni atom ratio in the region is in the

ange of 1.49–1.58. X-ray diffraction was also performed, and the
esult in Fig. 3 indicates that intermetallic phases Al3Ni and Al3Ni2
xist in the processing zone with subsequent heat treatment. This
s consistent with the above EDS analysis.
Fig. 5. EDS spectrum corresponding to the region: (a) marked B in Fig. 4(c); (b)
marked C in Fig. 4(c).

Up to now, it can be inferred that the brightest white phase is
identified as Ni, the dark gray matrix is Al, the light gray phase
is Al3Ni2, and the gray phase, which surround Al3Ni2 particle or
dispersed in the Al matrix, is Al3Ni.

The initial nickel powder aggregated before FSP, as can be
seen in Fig. 1. However, it presents three different states after 3
passes FSP as shown in Fig. 6(a). The nickel powders were pre-
dominantly cool welding in this regime by the vigorous stirring
during FSP at the working temperature around 450 ◦C and formed
a coarse nickel particle, like position A pointed out by the arrow
in Fig. 6(a). A gray lamella-structured Al3Ni surround the coarse
nickel aggregation. Fig. 6(b) shows a sandwich structure in region
B of Fig. 6(a). The white layer of micron size is nickel and the
gray layer is Al3Ni, which has been verified by EDS. Fig. 6(c)
shows some very fine gray particles, which are Al3Ni particles, uni-
formly dispersed in the Al matrix. Furthermore, some pits could
be observed in Fig. 6(c), which can prove that particles did not get
real bonding with base metal and fall off during the preparation of
samples.

Typical microstructures of Al3Ni intermetallics fabricated by 3
passes FSP and subsequent heat treatment are shown in Fig. 7. Obvi-
ously, there are fine micron particles distributed uniformly in the
Elements B1 B2 B3 B4 C1 C2 C3

Al 75.01 74.93 75.44 74.55 61.28 59.82 61.02
Ni 24.99 25.07 24.56 25.45 38.72 40.18 39.92
Al/Ni 3.0 2.99 3.07 2.93 1.58 1.49 1.53
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Fig. 6. The microstructure of FSP specimen by SEM: (a) as-FSP condition; (b) the
enlarged micrograph of the marked B region in (a); (c) the enlarged micrograph of
marked C region in (a).

Fig. 7. Optical microscope image of Al3Ni grain.
Fig. 8. Optical microscope images of indentation prints: (a) FSP specimen; (b) heat
treatment specimen.

FSP, grain growth was limited effectively in Al–Al3Ni intermetallic
composites.

3.2. Hardness measurement and tensile properties

Fig. 8 shows the indentation prints marked by the microhard-
ness test under a load of 50 g and a dwell time of 15 s. The optical
micrographs were obtained at the same magnification in order to
compare the size of the indentation prints. For Al–Ni after 3 passes
FSP, as shown in Fig. 8(a), the average microhardness of the Al
matrix and nickel particles were 53 and 238 HV, respectively. At the
sandwich-structure region consisting of nickel and Al3Ni, the value
of microhardness is 441 HV. The microhardness of nickel particles
is lower than that of the pure nickel after equal-channel angular
pressing slightly, which is approximately 250 HV in the Ref. [15].
It can be proved that the initial nickel powders have metallurgy
reaction.

On the other hand, the indentation prints of the Al3Ni and
Al3Ni2 intermetallic are obviously smaller than that of the Al matrix
and nickel phases, as shown in Fig. 8(b). The microhardness for
the Al3Ni2 and Al3Ni intermetallics were measured as 1283 HV
and 841 HV respectively, and the Al matrix was 52 HV for the
sample heat treated by 550 ◦C for 6 h. In addition, the maximum
microhardness for samples fabricated by FSP without nickel pow-
der was 37 HV. It is suggested that the grain refinement and the
precipitation hardening effect of the Al3Ni intermetallics resulted
in the significant increase of the microhardness for the Al–Al3Ni
composites.

The tensile stress–strain curves of composite and 1060Al FSP
specimens are shown in Fig. 9, which presents that the Al–Al3Ni
composite has an average 0.2% yield stress of 110 MPa, an ultimate

strength about 144 MPa, and a failure strain greater than 0.2. The
ultimate strength of composite specimen is much higher than that
of 1060Al FSP (84 MPa). The significant improvement of the tensile
strength can be attributed to the presence of large amount of Al3Ni
in the composite.
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ig. 9. Tensile stress–strain curves for FSP specimens machined from Al–Ni com-
osites and 1060Al.

.3. Reaction mechanism

The intense plastic deformation around the tool and the fric-
ion between tool and workpiece contribute to the heat increase
n the stirred zone during FSP. Localized heating increase the local
emperature of the material to the range in which it can be plas-
ically deformed easily. The maximum temperature in the stirred
one during FSP of various aluminum alloys is found to be between
.6Tm and 0.9Tm, which depends on the ratio of rotation rate to
ranslation speed [11]. In this experiment, the maximum tempera-
ure is about 450 ◦C. Therefore, it is suggested that FSP can provide
evere plastic strain [11,16], which not only promotes mixing, but
lso increases the diffusion rate of elements, thereby accelerates
he reaction between Al and Ni; Otherwise, FSP can also provide
levated temperature to facilitate the formation of intermetallic
hase in situ and accelerate the reaction of Al and Ni to form Al3Ni
articles.

Based on the Ni–Al phase diagram shown in Fig. 10, the binary
ystem exhibits two solid solutions and five stable intermetal-
ic compounds, i.e., Al3Ni, Al3Ni2, NiAl, Ni5Al3 and Ni3Al, two of

hich have been detected in this study. Gasparyan and Shteinberg
17] used a specially designed DTA to show the evidence of pre-
ombustion solid-state reactions, eutectic melting and proposed

hree reaction steps producing Al3Ni, Al3Ni2 and NiAl successively.
he phase formation sequence was described as following equa-
ion:

Al + Ni → NiAl3 + 258 kcal/mol (1)

Fig. 10. Binary phase diagram of Al–Ni system.
Taken from Ref. [18].
pounds 503 (2010) 494–499

NiAl3 + Ni → Ni2Al3 + 90 kcal/mol (2)

Ni2Al3 + Ni → 3NiAl + 212 kcal/mol (3)

During the FSP of Al–Ni compounds, Ni spherical particles were
surrounded by continuous Al matrix. Al are easily deformed and
wrapped around the Ni particulates to construct the composite
particles. The reaction between Al and Ni is exothermic, in which a
NiAl3 phase grows at the Ni–Al interface as a spherical shell accord-
ing to Eq. (1). The heat provided by friction stir of the rotating tool
can initiate the exothermic reaction. The large plastic strain in FSP
can shear the metal powders and break the oxide film surround-
ing Ni particles, which causes intimate contact between Al and Ni
and promotes the reaction. At low temperature, Al is the fastest dif-
fusing species in the Ni/Al diffusion couples [19]. Therefore, NiAl3
grows via the diffusion of Al to the Ni phase at Al/Ni interface.
When the nickel powder is not aggregated, it formed Al3Ni particles
directly and then dispersed in the matrix following the metal flow
of FSP, as can be seen in Fig. 6(c). On the contrary, when the nickel
powder is aggregated, coarse nickel particles are formed. Because
the diffusion length of Al away from the interface is limited in a
short time, only thin films of Al3Ni intermetallics have been pro-
duced in the outer layer of the coarse nickel particles. Some Al3Ni
wrapped around the nickel particulates to construct the composite
particles of Al3Ni/Ni, as seen in Fig. 6(a). As a result of multi-passes
FSP stirring, a sandwich-structure composite of Al/Al3Ni/Ni has
been fabricated, as shown in Fig. 6(b).

With the subsequent heat treatment at 550 ◦C for 6 h after FSP,
NiAl3 grows via the diffusion of Al through the NiAl3 phase to the
NiAl3/Ni interface initially. After all the diffused Al has been con-
sumed, Ni2Al3 starts to grow at the Ni–NiAl3 interface according
to Eq. (2). When Ni is consumed, the reaction rate decreases so
that even after the temperature is raised, a two-layer Ni2Al3/NiAl3
structure is remained as shown in Figs. 4(c) and 7. A similar struc-
ture was also observed by Faber et al. in their studies of the reaction
processes in Ni–Al diffusion couples and Ni–Al powders [20,21].

The released heat due to the exothermic reaction of Al3Ni and
Al3Ni2 maybe cause melting of eutectic Al and Al3Ni. Otherwise,
a great gradient of temperature forms between the interfaces of
Al/Al3Ni and Al3Ni/Al3Ni2. It is believed that the evolution of the
columnar crystal of Al3Ni microstructure is caused by the large
gradient of temperature. The eutectic melting solidified rapidly
because of the quickly dissipated heat from the surrounding alu-
minum matrix.

4. Conclusions

The finding in this work can be summarized as follows:

(1) Defect-free Al–Ni intermetallic composites were successfully
produced by 3 passes FSP and with a subsequent heat treatment
at 550 ◦C for 6 h. Al3Ni and Al3Ni2 exist in the processing zone,
and the particles were found to have good bonding with the
matrix.

(2) The initial nickel powder present three different states after
3 passes FSP: the coarse nickel aggregation surrounded by a
gray lamella-structured Al3Ni, a sandwich-structure composite
with Al3Ni and nickel layers and micron-sized Al3Ni particles
uniformly dispersed in the Al matrix.

(3) Typical microstructures of Al3Ni intermetallics which fabricate
by FSP and heat treatment are: the submicron-sized equiaxed

crystal when there are fine micron particles uniformly dis-
tributed in the aluminum matrix and the columnar crystal when
surround Al3Ni2.

(4) After 3 passes FSP, the grain refinement and the precipitation
hardening effect of the Al3Ni intermetallics resulted in the sig-
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nificant increase of the microhardness and tensile strength for
the Al–Al3Ni composites. The aggregated Ni powders have met-
allurgy reaction during FSP. The microhardness for the Al3Ni2
and Al3Ni intermetallics were measured as 1283 and 841 HV
respectively. The ultimate strength of composite is 144 Mpa,
which is 171% of the 1060Al FSP.
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