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Abstract

In the present work we study the phase transformations taking place by mechanical alloying in the Ni-Al system and with further consolidation by
sintering at high pressures with the aim of maintaining nanometric grain size. Different phase transformations were observed during milling, a Ni(Al)
saturated solid solution for Ni-25 at.% Al and the formation of the intermetallic compound for Ni-50 at.% Al. Amorphization and recrystallization
was also observed after prolonged milling. These phases remain after sintering with nanometric grain size and very high values of hardness.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

NiAl intermetallic compounds have low density, high
strength and good corrosion and oxidation resistance. Mechani-
cal alloying has been successfully applied to Ni—Al alloys by
a number of authors [1-7]. These works show that the final
structure obtained strongly depends on the milling process. Atz-
mon [1] established the occurrence of a self-sustaining reaction
during ball milling for this system; this result was also con-
firmed by Cardellini et al. [3] However, Zbiral et al. [7] have
proposed that, in general, alloying occurs by a diffusion mech-
anism of one element into the other but the mechanism is not
totally clear. Paby and Murty [5] studying mechanical alloying
of Ni5o—Alsq obtained evidence of formation of NiAl intermetal-
lic compound after 8 h of milling but it was only after 20 h that
the complete disappearance of elemental powders was observed.
Ur and Nash [8] obtained complete transformation to the inter-
metallic compound NiAl after 61 h of milling. For compositions
of Ni-25 at.%Al some authors [3,4] reported the formation of
Ni(Al) supersaturated solid solution by mechanical alloying,
however Pabi et al. [5] reported the presence of disordered Niz Al
for this composition. Other authors have work on phase transfor-
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mations of the intermetallic NiAl when adding a third element
during milling [9-11]. Consolidation of the milled powders by
hot pressing and by extrusion has also been carried out [12—15],
the authors obtained high strength at room and elevated tem-
peratures and good compressive ductility. They report a yield
strength of 1200 MPa at room temperature for the mechani-
cally alloyed consolidated powder compared to only 300 MPa
for the as-cast alloy. High pressure torsion (HPT) consolida-
tion techniques at room temperature have also been successfully
employed [16] to obtain consolidated nanophase metallic com-
pounds.

In the present work we performed mechanical alloying (MA)
of the Ni-25 at. %Al and Ni—50 at.% elemental powders, from
1 to 50 h with the aim of studying the phase transformations
taking place during the process. Consolidation by sintering at
high pressures and intermediate temperature, of the powders
milled for 5, 20 and 50 h, was carried out.

2. Experimental

Elemental high purity Ni powders, analytical grade, with an average particle
size of 2 um were mixed in a proportion of 50 at.% and 75 at.% with Al powders
of particle size of 12 wm in a WAV turbule during 1 h and then mechanically
alloyed under nitrogen atmosphere, using a SPEX 8000, for different milling
periods, using vial and balls of stainless steel, and a ball-to-powder weight ratio
(BPR) of 8:1. Sintering of the milled powders was performed at 700 °C and
2 GPa for 30 min in an uniaxial press equipped with a high temperature furnace.
The characterization of powders and sintered material was carried out by X-
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Fig. 3. Variation the lattice parameter for Ni-25 at.%Al and Ni—50 at.%Al with
the milling time.
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Fig. 4. Variation the grain size for Ni-25 at.%Al and Ni-50 at.%Al with the
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Fig. 5. Bright field images of Ni-25 at.%Al mechanically alloyed: (a) 5h and (b) 50 h.

3.555 A after 50 h, attributed to a distortion of the Ni lattice by
diffusion of Al

The XRD pattern for Ni—50 at.%Al show the formation of
the intermetallic NiAl, after only 1 h of milling, with some Ni
reflexions still present, complete transformation to NiAl inter-
metallic compound was observed after Sh of milling, with a
grain size of 11 nm. Further milling induces peak broadening
to the extent that the structure becomes amorphous after 20 h;
this was also observed by electron microscopy analysis. A par-
tial phase transformation from amorphous to a supersaturated
Ni(Al) solid solution was observed at 30 h of milling, which
is completed at 50 h. The lattice parameter after 1 h of milling
is 2.87 A, corresponding to the value of the NiAl intermetallic
compound, this value is maintained up to 20h and from 30h
onwards increases to 3.55 A, which is the expected value for
Ni(Al) solid solution. The grain size decreases from 18 nm after
1h of milling to 4nm after 20h, and then slightly increases
with further milling to 9 nm after 50 h, due to crystallization and
growth of the new phase formed. Figs. 3 and 4 show the vari-
ation in lattice parameter and grain size with milling time for
both alloys.

Figs. 5 and 6 show the TEM bright field images and elec-
tron diffraction patterns of the Ni-25 at.% Al and Ni—50 at.%Al,
respectively, milled 5 and 50 h. The electron diffraction pattern
corresponding to Ni-25 at.%Al alloy milled 5h shows spotty
rings with some texture present, indicating the strong defor-
mation in the material, also evident in the bright field image,
however after 50 h of milling a very small uniform grain size was
observed and by electron diffraction the formation of the Ni(Al)
solid solution was confirmed. TEM analysis of Ni—-50 at.%Al
milled for 5 h and 50 h revealed the presence of the intermetallic
compound NiAl consistent with XRD results and a very small
and uniform grain size after 50 h of milling is observed in the
bright and dark field images (Fig. 6b). The analysis of the mate-
rial milled 20 h reveals an amorphous structure in the electron
diffraction pattern (Fig. 7a), however this sample after a few sec-
onds under the electron beam radiation begins to crystallize in
situ, as can be observed in the sequence of electron diffraction
patterns taken with a few seconds intervals to the same sam-
ple area (Fig. 7b—c), crystallization is completed after approx-
imately 2 min of electron beam radiation. This phenomenon is
an indication of the high deformation energy accumulated in
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Fig. 6. TEM images of Ni—50 at.%Al mechanically alloyed (a) 5 h, bright field image (b) 50 h, bright and dark field in the inset.
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40 nm

Fig. 7. Bright field images with their respective electron diffraction patterns of Ni—50 at.%Al mechanically alloyed 20 h. Micrographs were taken in sequence with

a few seconds intervals of sample exposure under the electron beam radiation.

the material and could explain the crystallization of this alloy
observed after prolonged milling from 20 h onward. The XRD
patterns of the powders milled and sintered for both alloys are
compared in Figs. 8 and 9. Ni-25 at.%Al did not suffer any
phase transformation during the sintering process for any of
the milled samples, Ni(Al) solid solution was obtained for all
the cases, only a small increase in the grain size was observed
from 7 nm in the 5 h milled powder to 19 nm after sintering and
for the 50 h milled powders from 9 to 28 nm. It is interesting
to notice the very small increase in grain size obtained after
sintering probably due to the very high pressures used in this
process helping consolidation without the need of prolonged
treatments at high temperature, resulting in a nanometric bulk
material.

Ni—50 at.%Al (Fig. 9) show an increase in grain size from
11 to 32nm after sintering. The 20h milled alloy is almost
completely amorphous however after sintering the formation of
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the nanometric NiAl intermetallic compound is observed with
a grain size of 7nm. Analogously, it has been recently reported
that high-pressure torsion can be used to compact amorphous
ribbons [17]. In the sample previously milled 50 h and sintered
the Ni(Al) solid solution was preserved with a grain size of
18 nm, also small amounts of the NiAl intermetallic compound
were obtained. The variation of grain size with sintering for the
different milled powders is shown in Table 1. These values are
much lower than those reported for NiAl MA consolidated by
different methods [12—-16]. Microhardness measurements per-
formed in the sintered materials are shown in Table 2, the values
obtained are in the range of 1000-900 Hv, these are very high
compared those reported for hot pressed and vacuum hot pressed
materials [11], the highest values are observed for the sintered
alloys previously milled 5h. The hardness value for the alloy
Ni—50 at.%Al milled 5 h and sintered is slightly higher than for
the 25 at.%Al. The values obtained in the samples milled 50 h
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Fig. 8. XRD Ni-25 at.%Al mechanical alloyed (MA) and sintered at 2 GPa and 700 °C.
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Fig. 9. XRD Ni-50at.%Al after mechanical alloying (MA) and Sintering at
2GPa and 700 °C.

Table 1
Variation the grain size values for Ni-25 at.% Al and Ni-50 at.%Al Alloys with
milling for different periods and sintering

Milling time (h) Process Grain size (nm)
Ni-50 at.%Al Ni-25 at.%Al

5 Milling 11 7

Sintering 32 19

Milling 5 -
20 Sintering 7 -
50 Milling 9 9

Sintering 18 28

and sintered are slightly lower, probably due to a better sintering
process in the samples milled for 5 h.

SEM micrographs of the sintered samples of both alloys are
observed in Figs. 10 and 11. The 5 h milled samples show a bet-
ter consolidation with less apparent porosity in the images. This

Table 2
Microhardeness values after sintering for Ni-25 at.% Al and Ni-50 at.% Al

%Al Milling time (h) Sintering conditions Microhardness (HV)

25 5 2GPa,700°C 1004
25 50 2GPa,700°C 913
50 5 2GPa,700°C 1050
50 20 2GPa,700°C 961
50 50 2GPa,700°C 961

Fig. 10. SEM images Ni-25 at.%Al powders sintered at 2 GPa and temp. 700 °C
after MA (a) 5h and (b) 50 h.

can be due to the sintering mechanism of mechanically alloyed
powders, in which the agglomerate size controls the sintering
process. After 5 h of milling the size of agglomerates has a wider
distribution than for 50 h and this seems to help the sintering pro-
cess. TEM analysis of the sintered samples showed nanometric
grain size with a very uniform distribution, a bright field image
and diffraction pattern of the sintered materials milled 50h is

25 pm
. —

Fig. 11. SEM images Ni—50 at.%Al powders sintered at 2 GPa and temp. 700 °C after MA (a) 5h (b) 20 h and (c) 50h.
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Fig. 12. Bright field images of Ni—50 at.% Al milled 50 h and sintered at 2 GPa
and 700 °C.

shown in Fig. 12, in very good agreement with the XRD mea-
surements.

4. Conclusions

The formation of Ni(Al) solid solution is observed alter 5h
of milling up to 50 h for the Ni-25 at.%Al. For the Ni-50 at.% Al
the formation of NiAl intermetallic compound is observed
after 1h of milling and is completely formed after 5Sh. This
alloy amorphizes after 20 h of milling and with further milling

crystallization to a new solid solution is observed with the for-
mation of a small amount of NizAl.

Sintering of both alloys previously milled for different peri-
ods show nanometric grain size with very high microhardness
values in the range of 1000-900 Hv.
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