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A new NisAl-based alloy has been successfully made via densification of mechanically alloyed powders
with nominal compositions of Ni-8.14A1-7.83Cr-1.45Mo0-0.01B (wt%). Mechanical alloying (MA) was car-
ried out in a planetary ball mill under different conditions. The effect of MA on the structure of elemental
powders was investigated. A Ni-based solid solution was produced after 10 h of milling that transformed

to a disordered Ni3Al intermetallic compound with nanocrystalline structure on further milling. The rate
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decreased.

of this transformation depended on milling variables such as mill rotation speed and milling media. The
yield strength of produced alloy increased with increasing temperature up to 600°C beyond which it

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

NisAl-based alloys are well known for their excellent high tem-
perature properties such as good mechanical strength, positive
temperature coefficient of flow stress, attractive oxidation, creep
resistance and alloy design flexibility. The most attractive property
of Ni3Al is that its yield strength increases with increasing tem-
perature up to about 800°C [1-3]. Poly-crystalline NizAl is a brittle
material at room temperature [1,4] and has poor strength and creep
properties at high temperatures [5,6]. A number of NizAl-based
alloys have been designed to overcome these limitations. In these
alloys, the third element is used to enhance the mechanical proper-
ties. Boron is added as the key trace addition since it improves the
grain boundary cohesive strength and room temperature ductility.
The other alloying additions include Cr for reducing environmen-
tal embrittlement and oxidation at higher temperatures, Mo for
increasing strength at ambient and elevated temperatures, and Zr
for reducing solidification shrinkage and macroporosity through
the formation of y+NisZr as a low melting point (1170 °C) eutectic
phase [3].

NijAl-based alloys, especially the well known alloy of IC-221M,
are produced by melting and casting processes [6-12]. The major
problem in production of these alloys via melting processes is the
strong tendency of aluminum to oxidize at elevated temperatures
and metal-ceramic interaction during the melting [6,10,12]. On the
other hand, the presence of 1.7 wt% Zr in the IC-221M alloy leads
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to the formation of y+NisZr eutectic phase [9]. NisZr segregates in
grain boundaries and hardly dissolves in the alloy [13]. In addition,
it limits the hot working of IC-221M. One approach to overcome
these problems is to produce the NisAl-based alloys in their net
shape by a powder metallurgy process as there is no melting step
in these processes. Therefore, Zr can be removed from the chemical
composition of the alloy.

In this research, a new alloy with nominal compositions of
Ni-8.14A1-7.83Cr-1.45Mo0-0.01B (wt%) was produced by mechan-
ical alloying and hot pressing processes. The effects of process
variables such as milling media (wet or dry milling) and milling
speed on the kinetics of the MA process were also investigated.

2. Experimental
2.1. Materials and procedures

Elemental high purity Ni, B, Cr, Mo and Al powders with an average
particle size of 10wm were mixed to give the nominal compositions of
Ni-8.14A1-7.83Cr-1.45Mo0-0.01B (wt%). MA was performed for different milling
times at room temperature using a Fritsch P6 planetary ball mill under Ar atmo-
sphere. The powder and the stainless steel milling balls were sealed in a stainless
steel vial. The ball-to-powder weight ratio was 10:1. MA was carried out under three
different milling conditions, series I-III in Table 1. Samples were taken at selected
time intervals and characterized by X-ray diffraction (XRD) in a Seifert 3003TT
diffractometer using filtered Cu Ka radiation (A =0.15406 nm) at 40 kV and 30 mA.
Energy-dispersive X-ray spectroscopy (EDX) coupled with the “Vega©Tescan” scan-
ning electron microscope (SEM) was used for the semiquantitative examination of
microstructure. The lattice parameters, the mean crystallite size and the mean lattice
strain (the latter two determined by the Williamson-Hall method) were calculated
from the XRD data taking into account Cu Ko radiation.

A hot pressing machine (model ASTRO HP-20-4560) was used for densification
of mechanically alloyed powders. Densification was carried out in a graphite mold
under a pressure of 6 MPa at a temperature of 1,000 °C for 10 min. The compressive
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Table 1

Mechanical alloying conditions.

Series Rotation speed (rpm) Milling media
I 300 Hexane

Il 150 Hexane

I 300 -

tests were carried out on cylinder samples (D: 4 mm, L: 6 mm) at room, 300, 600
and 700°C using an Instron model 8503 tensile/compressive testing machine at
a strain rate of 10~2s~!. Elevated temperature compressive tests were performed
in air taking about 20 min to equilibrate the specimens at the relevant tempera-
ture in order to complete the test. Hardness measurements were conducted using a
Koopa model UV1 machine. Density of materials was measured using Archimedes
method.

2.2. Determination of mean crystallite size and mean lattice strain

The Williamson-Hall method was used for calculating the mean crystallite size
and mean lattice strain, from the XRD data. In the Williamson-Hall method, the
modified Scherrer’s equation can be written as follow [14]:

Bcos 6:%+esin9 (1)

B= /B — B (2)

where B is the modified peak full width at half the maximum intensity of XRD pat-
terns, 6 is the Bragg angle, A is the wavelength of the X-ray used, d is the crystallite
size, e is the lattice strain, By and B, refer to milled and annealed powders, respec-
tively. Thus, when Bcos 6 was plotted against sin 6, a straight line was obtained with
the slope as e and the intercept as 0.9A/d. From these, crystallite size, d, and lattice
strain, e, were calculated [14].

3. Results and discussion
3.1. Mechanical alloying process

The evolution of the transformations occurring during milling
process was performed by X-ray analysis as shown in Fig. 1. Accord-
ing to Fig. 1, the peaks related to raw materials (Al, Ni, Cr and Mo)
can be seen in starting materials. After 5h of milling, the peaks
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Fig. 1. X-ray patterns of powders of series I after different milling times.
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Fig. 2. X-ray patterns of powders of series II after different milling times.

related to Al, Cr and Mo vanished but only Ni peaks remained vis-
ible. After 10 h of milling, the Ni peaks shifted to lower angles that
can be described by the diffusion of the elements Al, Cr and Mo into
Ni structure and the formation of a Ni-based solid solution phase.
A Ni3Al intermetallic compound was formed after 15 h of milling.
Lack of superlattice diffraction peaks suggests that the crystalline
NisAl phase has a disordered structure. There is no major differ-
ence among the peaks of the materials produced after milling of
raw materials from 15 to 40 h except broadening of the peaks and
decreasing of their intensity.

When the milling speed was decreased to 150 rpm in samples of
seriesI], the peaks related to Al were still observed even after milling
for 15h and those related to Cr, Mo and Ni were observed even
after 60 h of milling. However, the decreasing peak intensities and
broadening peaks were not considerable in the samples of series II,
as shown in Fig. 2.

The XRD patterns of samples of series Il are presented in Fig. 3.
Similar to the results obtained from the samples of series I, the
peaks related to Al, Cr and Mo disappeared after 5h of milling
where a solid solution phase containing Ni-based alloying elements
formed after 10 h of milling. Prolonged milling up to 15 h led to the
formation of a NizAl-based disordered intermetallic phase.

Variations in the crystallite size versus milling time in the sam-
ples of series I, Il and IIl are shown in Fig. 4. According to this figure,
crystallite size initially decreased sharply with prolonged milling
time but it took a decreasing trend for longer milling times. This
phenomenon has also been reported by many researchers [14-19].
Finally, with enough longer times, milling was observed to have no
considerable effect on crystallite size. It has been established that
particle strain increases while particle size decreases at the onset
of the milling process when recovery and recrystallization of pow-
der particles occur simultaneously. With prolonged milling times, it
is possible to create an equilibrium between the above-mentioned
processes so that particle size becomes nearly fixed [20-22]. On the
other hand, decreasing of particles size leads to increased energy of
the material. Therefore, decreasing particle size is by itself a limiting
factor for further decreasing of particle size [23].
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Fig. 3. X-ray patterns of powders of series I after different milling times.

It should be noted that a greater peak broadening due to milling
was observed in the samples of series IIl than in those of series L.
This is due to the fact that impacts experienced by and among pow-
der particles, the milling vial, and the balls in dry milling are more
intensive than those under wet conditions. Therefore, the particles
in samples of series IIl had a smaller size than those in series L.

Lattice Strain for milled powders of series I, Il and III, versus
milling time is shown in Fig. 5. The variations in lattice strain in the
samples of series IIl were more intensive than those in series I. But
in the samples of series I, variations in lattice strain versus milling
time were not considerable due to low energy of impacts.

Variations in the lattice parameter of the milled powders versus
milling time are presented in Fig. 6. For the samples of series [ and III,
lattice parameter of milled powders increased sharply at the onset
of milling but its rate of increase considerably decreased over longer
milling times. Ball milling had no considerable effect on the lattice
parameter in the samples of series II. These events can be described
with regard to XRD patterns (Figs. 1-3). Shifting of Ni peaks to lower
angles after milling of raw materials for 10 h in the samples of series
Ill is evidence showing the solution of the alloying elements in the
Ni lattice. Therefore, the lattice parameter of nickel increases. The
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Fig. 4. Variation of crystallite size versus milling time under different conditions.
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Fig. 5. Variation of lattice strain versus milling time under different conditions.

atomic radius of Al (0.143 nm) and Mo (0.136 nm) are larger than
that of Ni (0.125nm), whereas the atomic radii of Cr (0.125nm)
is almost equal to that of Ni [24]. Therefore, diffusion of Al and
Mo atoms into the Ni lattice leads to an increase in the Ni lattice
parameter and the transfer of X-ray peaks of Ni to lower angles.
According to Fig. 6, in the range of 5 to 10 h of milling in the samples
of series I and III, the lattice parameter increased sharply, this is
due to the diffusion of the alloying elements into the Ni lattice. This
diffusion also led to the formation of a Ni-based solid solution phase
after 10 h of milling.

Lattice parameter in the sample of series III after 15 h of milling
was less than that in the samples of series I, which is evidence of
the lower dissolution of the alloying elements in the Ni lattice in the
sample of series III. This may be due to the excessive adhesion of
powders to the milling vial and balls during the process. Therefore,
anon-homogenate NizAl-based material can be obtained after 15 h
of dry milling. According to Fig. 6, this non-homogenate structure
transformed to a homogenate one after 20 h of dry milling and the
lattice parameter, therefore, reached its relatively fixed quantity.

Table 2
EDX analysis of milled powders of series I and III after different milling times.

Series Milling time (h) Element (wt.%)
Ni Al Cr Mo Fe
I 15 82.26 8.09 7.98 1.67 -
20 82.82 7.82 6.70 1.24 1.42
30 82.29 7.61 7.16 1.41 153
40 82.08 7.56 6.96 1.58 1.82
11 15 80.61 9.85 7.49 2.05 -
20 82.30 7.59 7.98 2.13 -
B was not detected.
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Fig. 6. Variation of lattice parameter versus milling time under different conditions.
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Table 3
Comparison of compressive yield strength of the produced alloy with some NizAl-based alloys at room and high temperatures.
Alloys Temperature (°C) Yield strength (MPa) References
Ni3Al-Cr-Mo-B (hot pressed) Room temperature 1449 This work
300 1452
600 1492
700 1392
Ni3Al-Ti-Fe-B (hot vacuum pressed) Room temperature 820 [25]
600 1200
Ni3Al-Ti-Fe-B (hot vacuum pressed) Room temperature 750 [25]
600 1180
Ni3Al-B (hot extruded) Room temperature 420 [25]
600 850
Ni3Al-B (hot extruded) Room temperature 300 [25]
600 580

EDX analysis was used to gain a better understanding of the
XRD results obtained for the samples in series I and III, as shown
in Table 2. The samples of Series | had a homogenate structure
after 15 h of milling with a good agreement with the nominal com-
positions of alloy (Ni-8.14Al-7.83Cr-1.45Mo-0.01B (wt%)), where
after 20 h of milling Fe contamination appeared in EDX analysis
due to excessive wearing of the steel vial and balls. Fe contami-
nation increased over prolonged milling times. In the samples of
series Il milled for 15 and 20 h, Fe contamination was not detected
due to the excessive adhesion of powders to the vial and balls. But
the chemical composition of 15-h-milled powder under this condi-
tion did not have a good homogeneity and showed a considerable
difference with the nominal compositions of the considered alloy.
A good homogeneity was, however, achieved after 20 h of milling.
Therefore, better results can be obtained via wet milling of the start-
ing materials. On the basis of the results obtained powders wet
milled for 15h were selected for densification of the alloy by hot
pressing.

3.2. Densification process

The hardness and density of the densificated alloy were 48
HRC and 7.79 g/cm3, respectively. The compressive yield strength
of this alloy compared to some NizAl-based alloys at room and
high temperatures [25], is shown in Table 3. It should be noted
that the yield strength of Ni3Al intermetallic compound and alloys
with this base changes with temperature in an abnormal manner.
In other words, yield strength increases with increasing temper-
ature up to about 600-800°C due to the change in the sliding
system from (110) {111} at lower temperatures to (110) {100}
at higher temperatures. Activation of a new sliding system at
higher temperatures leads to facilitated dislocation motions [1-3].
According to Table 3, the alloy produced had very interesting prop-
erties.

4. Conclusion

Elemental Ni, Al, Cr, Mo and B powder mixtures with nomi-
nal compositions of Ni-8.14A1-7.83Cr-1.45Mo0-0.01B (wt%) were
mechanically alloyed in a planetary ball mill under different con-
ditions and the alloy produced was densificated to estimate some
physical and mechanical properties. The findings of this study can
be summarized as follows:

1. After 5h of milling at a rotating speed of 300 rpm, Al, Cr and
Mo peaks vanished and after 10 h of milling, a Ni-based solid
solution phase was formed. This structure transformed to a dis-
ordered NiszAl-based alloy after 15 h of milling under both wet
and dry conditions. But a good chemical homogeneity of struc-
ture was achieved after 15 and 20 h of milling under wet and dry
conditions, respectively.

2. Yield strength of hot pressed powders increased with increasing
temperature up to 600 °C.

3. The mechanical properties of the produced alloy were very inter-
esting, especially for high temperature applications.
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