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Abstract

The synthesis and bending strength of nanocrystalline�-phase NiAl intermetallic compound macroalloyed with copper are discussed
in this paper. Nanocrystalline NiCuAl powders were prepared by mechanical alloying of elemental Ni, Al and Cu powders under argon
atmosphere. The alloyed nanocrystalline powders were consolidated by double action pressing at a pressure of 1.20 GPa and sintered
at 1000◦C during 20 min to 80% dense compacts. X-ray diffraction patterns show that 40 min was enough to transform Ni, Cu and Al
elemental powders into NiAl intermetallic compound. The crystallite size measurements revealed that the grain size of the NiCuAl phase
decreased from 8.5 to 5.4 nm with increasing mechanical alloying time from 40 to 240 min. Bending strength shows an increment as the
copper content is raised up to 7.5 at.%. After this point bending strength values decrease. The modulus of elasticity shows the same behavior
as the bending strength.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

NiAl has been studied extensively as a potential structural
material. The attractive attributes of NiAl leading to this
interest include: a high melting temperature, low density,
good environmental resistance, high thermal conductivity,
attractive modulus and metal-like properties, above a mod-
est ductile-to-brittle transition temperature. The principal
limitations of unalloyed NiAl are poor toughness and dam-
age at room temperature, and inadequate strength and creep
resistance at elevated temperature[1].

The technique of high-energy ball milling has been ex-
tensively used to synthesize powders with interdispersed
phases (for ductile materials) and to reduce the grain size
of brittle material. More recently, it has been discovered
that this method can be used for mechanical alloying of
elemental powder mixture on an atomic scale[2]. Consid-
erable effort has been devoted over the past several years to
prepare nanocrystalline intermetallic powders and to consol-
idate them to bulk form, while maintaining an ultrafine mi-
crostructure, often in the hope of obtaining alloys exhibiting
high hardness, high strength or improved ductility[3–5].
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Mechanical alloying is capable of producing homoge-
neous, fine-grained alloys in the solid state, thus providing
a processing technique that can avoid the large-grained in-
homogeneous structures resulting from conventional casting
processes. Although it is well-established now that mechan-
ical alloying leads to a fully nanocrystalline microstructure,
there is still a limited understanding of the fundamentals of
nanostructure formation which is necessary for tailoring ma-
terials with specific physical properties. In particular, little
is known about the influence of the composition of the ma-
terial and the properties of the nanocrystalline powders[6].

The purpose of this work is to explore the effect of
Cu-macroalloying on the mechanical properties of�-NiAl
obtained by mechanical alloying as revealed by the bending
test.

2. Experimental procedure

In order to study the influence of Cu-macroalloying on
the�-NiAl intermetallic compound obtained by mechanical
alloying, Cu-additions were made by maintaining a fixed
ratio of XNi/XAl = 1 as indicated inTable 1. The cases
of interest are shown on the relevant zone of the Ni–Cu–Al
ternary phase diagram, inFig. 1.
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Table 1
Copper added to Ni+ Al elemental powders

Alloy Ni (at.%) Al (at.%) Cu (at.%)

A0-1 50 50 0
A0-2 48.75 48.75 2.5
A0-3 47.5 47.5 5.0
A0-4 46.25 46.25 7.5
A0-5 44.68 44.68 10.64

Ni, Al and Cu powders, with nominal purity of 99,
99.97 and 99.9%, respectively, with particle sizes within
the range 20–50�m were mechanically alloyed in a SPEX

Fig. 1. Ni–Cu–Al ternary phase diagram and�-phase stability zone.

Fig. 2. X-ray diffraction pattern of NiAl elemental powder mixture (a) initial condition; Ni and Al elemental powders and (b) ball milled for 40 min
where a complete transformation into NiAl is detected.

8000 mixer/mill using an AISI 304 stainless steel vial. The
ball-to-powder weight ratio was 15:1.

In order to establish the milling time needed to obtain
the mechanical alloying of NiAl, milling of alloy A0-1 was
performed for time periods ranging between 0 and 240 min.
Specifically, the milling times were 20, 40, 60, 120, 180 and
240 min. The obtained powders were examined by means of
a Siemens D-5000 X-ray diffractometer enabling the selec-
tion of the milling time used during the mechanical alloying
of Ni–Cu–Al powders (alloys A0-2 to A0-5).

After milling, the powders were consolidated using a pres-
sure of 1.2 GPa to obtain compacts of 3.2 cm in length,
1.27 cm in width and 0.15 cm in thickness. The compacts
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Table 2
Average grain size of A0-1 as a function of milling time

Milling
time (min)

Species detected by using
X-ray diffraction patterns

Average grain
size (nm)

0 Ni 35
Al 39

20 Ni 22
Al 30

40 NiAl 8.5
60 NiAl 6.5

120 NiAl 5.9
180 NiAl 5.5
240 NiAl 5.4

were sintered during 20 min at 1000◦C under Ar atmo-
sphere.

The room temperature mechanical properties of the sin-
tered compacts were studied by the bending test, using an
Instron 1125 testing machine (50 kg load). At least three
sintered probes of each case under study were tested.

3. Results and discussion

Using the X-ray diffraction patterns it was possible to
establish that the NiAl intermetallic compound was com-
pletely formed after 40 min of milling (Fig. 2). Taking into
account that NiAl shows an explosive compound-formation
reaction according to Atzmon[2], the grain size of NiAl af-
ter this reaction must be smaller than the initial grain size.
Grain size was determined from the X-ray diffractograms
using the Scherrer equation[7].

Table 2shows the results of grain size as a function of
milling time and the species obtained in each case. As can
be observed as the result of NiAl formation there is a notori-
ous decrease of the grain size after a milling time of 40 min
followed by a slight decrease for higher milling times con-
trarily to the work of Chen et al.[8].

Mechanical alloying of alloys A0-2 to A0-5 (seeTable 1)
was performed using a milling time of 40 min. The results
of the bending test are shown inFigs. 3–5including the ob-
served dispersion at 95% confidence intervals.Fig. 3shows

Fig. 3. Bending proof strength as a function of Cu additions.

Fig. 4. Modulus of elasticity as a function of Cu additions.

Fig. 5. Displacement at break as a function Cu additions.

the effect of copper content on the bending strength of the
probes, where it can be seen that the bending strength trend
as a function of copper content apparently shows a maxi-
mum for a copper content of 7.5 at.%, reaching an increase
in the bending strength of approximately 37%, when com-
pared with the corresponding value associated to the binary
�-NiAl.

It can be observed inFigs. 4 and 5that the modulus of
elasticity and the displacement at break as a function of
copper content shows a similar trend to that shown by the
bending strength. At the maxima, there is an increase of 44
and 12%, in modulus of elasticity and displacement at break,
respectively, with respect to the binary�-NiAl.

From the results depicted inFigs. 3–5it is apparent that
the mechanical properties of�-NiAl obtained by mechanical
alloying can be enhanced by macroalloying with copper, at
least in the experimental conditions present in this work.

Further work is needed to explain this behavior and to
explore the effects of Cu-macroalloying in the Ni-rich and
Al-rich zones of the�(Ni, Cu)-Al ternary phase diagram.

4. Conclusions

A maximum of bending strength, modulus of elasticity
and displacement at break was obtained for the�-NiAl al-
loy with 7.5 at.% Cu. The outcome of this work shows that
mechanical properties of�-NiAl obtained by mechanical al-
loying may be enhanced by macroalloying with copper, at
least in the experimental conditions present in this work.
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