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Abstract - The role of Fe and Cr on the disordering behavior of mechanically alloyed
nanocrystalline NiAl has been investigated. The results of milling with WC media show that NiAl
is only partially ordered in the as-milled stoichiometric composition. Addition of 20 at.% of Fe
or Cr results in a completely disordered NiAl structure. The change in the long range order
parameter with increase in Fe or Cr is insignificant up to 8 at.%, and then it decreases rapidly to
zero at concentrations higher than 16 at.%. The deformation induced defects introduced by high
energy ball milling seem to contribute significantly to the disorder. Large amount of Fe
contamination (-18 at.%)from stainless steel milling media has also caused complete disorder in
NiAl. Contamination from steel milling media may, therefore, be useful to ductilize the otherwise
brittle aluminides through the introduction of disorder.
INTRODUCTION

Mechanical alloying (MA) by high energy ball milling (1) has been quite successful in the
production of amorphous phases (2-5), nanocrystalline alloys (6.7) and intermetallics (8-10). It
has also been observed to enhance solid solubility limits (7,11,12) and even to achieve alloying in
liquid immiscible systems (13). Among all the intermetallics produced by MA, aluminides of Ti,
Fe and Ni have received wide attention due to their potential structural engineering applications.
The importance of non-equilibrium processing of these aluminides lies on the possibleductilization
of these otherwise brittle intermetallics by grain refinement (14) and/or by the introduction of
disorder (15). However, initial studies on rapid solidification of several ordered aluminides
(16,17) failed to produce disordered structure, though grain refinement to nanoscale has been
reported. In contrast, MA has been successful iu disordering highly ordered Ni3Al and NisGe (18).
Investigation on vapor deposited NiAl(19) has also shown disordered NiAl formation when the
crystallite size is lower than a critical value (-5 nm). Schropt et al. (20) have recently reported that
the long range order parameter(S) of NiAl, mechanically alloyed in stainless steel grinding media,
decreases with increase in Fe content in the powder blends of nominal composition (Ni,Fet,)Al
where x = 0, 0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9
and 1.0. However, the effect of Fe or Cr
contamination from the milling media has been overlooked in this study. Nevertheless, complete
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disordering was achieved by them only in pure FeAl (x = 0). Preliminary experiments (21) in our
laboratory have shown the formation of disordered NiAl in an elemental blend of nominal
composition N&+&u in stainless steel grinding media. It is known that Cr and Fe lower the
ordering energy of NiAl(15). In the present paper, a detailed investigation on the role of both Fe
and Cr on the disordering tendency in thermodynamically stable B2 NiAl (AHf = -72 kJ/mol) is
presented. The effect of contamination from milling media on the creation of disorder is also
highlighted in this report.

EXPERIMENTAL
High purity (> 99.5%) Ni, Al and Fe or Cr elemental powder blends with initial particle size
of < 45 pm (-325 mesh) were mechanically alloyed in a high energy planetary ball mill (Fritsch
pulverisette-5) at a milling speed of 300 r-pm. Various elemental blends of composition
Nisu_xAlsu_xMz, (where x = 0, 1,4, 8 and 10; M = Fe or Cr) have been studied in the present
investigation. MA was performed with WC milling media in toluene medium at a ball to powder
weight ratio of 10: 1. In order to study the influence of Fe and Cr contamination, an elemental blend
of NisuAlso composition has also been milled in stainless steel and hardened chrome steel vials
under similar milling conditions. Theevolution of different phases and their ordering behavior was
analyzed by x-ray diffraction (XRD) in a Philips 1710 diffractometer using CuKa radiation.
Refinement of the crystallite size and strain induced during MA was determined from the variance
analysis of XRD peak profile of the most intense peak ( 110) of NiAl, after eliminating instrumental
peak broadening contribution (22). The S of NiAl was calculated (23) by comparing the ratio of
observed (100) superlattice peak intensity to the (110) fundamental peak intensity with that from
the standard XRD data file for NiAl. The extent of contamination in stainless steel and hardened
chrome steel media was estimated by means of a Shimadzu AA670 atomic absorption spectroScope.

RESULTS AND DISCUSSION
The XRD patterns in Figure 1 show evidence for the formation of NiAl during MA of
NisuAlsu blend in WC media within 8 h of milling. Some residual Ni was found at this stage and
the amount gradually diminished to an insignificant level as the milling continued up to 20 h. In
all the ternary compositions studied, i.e. Ni5e_xA15u_xM2x
(x = 1,4,8, 10 and M = Fe or Cr), the
alloying characteristics manifested by the time of evolution of NiAl structure and disappearance
of residual Ni were similar to binary NiseAlsu. However, the extent of disorder in ternary systems
was markedly different from that in the binary N&Also milled in WC milling media. Figure 2
shows the XRD patterns of ball milled (20 h) ternary compositions containing various levels of Fe
or Cr. It is evident that the intensity of (100) superlattice reflection of NiAl structure gradually
decreases with increase in Fe or Cr content, and ultimately the peak disappears in N&Al&e20
and Ni40AkruCr2ucompositions milled for 20 h. The variation of S of NiAl with increase in Fe or
Cr content in milled (20 h) ternary blends (Figure 3) shows that the effect of either ternary addition
on S is similar. The decrease in the S with the increase in Fe or Cr in NiAl lattice is in agreement
with the large reduction in antiphase boundary energy predicted by varjous earlier models (24,25).
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Figure 1 XRD patterns of NisuAlsu at different milling times, showing the evolution of
NiAl phase (arrow-head indicates (100) superlattice reflection).

It is of interest to note that the S of NiAl produced in the present study by MA for 20 h is
considerably lower (- OS), even in the absence of ternary additions, as compared to that reported
earlier (- 0.8) (20) for 100 h of milling in stainless steel media at a speed of 170 rpm. It is apparent
that the higher milling speed (300 rpm) and higher density of WC media used in the present study
impart a higher impact energy, which can induce a larger concentration of crystal defects resulting
in more disorder in NiAl. Possibly for the same reason, a completely disordered NiAl could be
produced in the present study with just 20 at.% of Fe, whereas the earlier investigation (20) reports
complete disorder only in binary FeAl. It may be pointed out that NiAl produced by the
conventional ingot metallurgy route is almost perfectly ordered (S-l) (26) and the critical
temperature of ordering lies in proximity of liquidus temperature (15).
In order to study the effect of Fe and Cr contamination from milling media, MAof NisoAlso
has been carried out in hardened chrome steel as well as stainless steel media under identical
conditions. The NiAl produced in chrome steel media after 20 h of milling was found to be ordered
with S = 0.48, which is quite close to that obtained by milling with WC media (0.5) as shown in
Table 1. In contrast, the NiAl synthesized in stainless steel milling media was found to be
completely disordered after 20 h of milling.
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Figure 2. XRD patterns of mechanically alloyed Ni50-xA150-xMzx(M= Fe or Cr) after
20 h of milling with (a) x = 0, (b) x = 1, (c) x = 4 and (d) x = 10
(arrow-head indicates (100) superlattice reflection).

695

SYNTHESISOF NiAl BY MECHANICAL
ALLOYING

0.6
t

+

Ni-AI-Fe

0

8

Fe or Cr content

12

16

1 at.%)

20

-

Figure 3. Variation of S of NiAl with Fe or Cr addition.

The level of Fe contamination as determined by the atomic absorption spectroscopy for the above
two cases (Table 1) shows a much higher value (-18 at.%) for stainless steel milling media, as
compared to that from hardened chrome steel media (-5 at.%). The difference in the contamination
levels in these two cases can be attributed to the higher wear resistance of hardened chrome steel,
as compared to that of stainless steel. Thus, it is quite evident that a minimum Fe content of about
18 at.% is essential to induce a complete disorder in NiAl, and the higher impact energy in WC
media, as compared to that in steel media, does not significantly affect this amount under the
present milling conditions.

TABLE 1
Level of Fe Contamination in NiAl Synthesized in NisoAlso and its S
after Milling for 20 h at 300 rpm in Different Milling Media
Milling Media

S

WC
Chrome Steel
Stainless Steel

0.5
0.48
0

Fe Concentration (at.%)
___
5
18
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Figure 4. Change in crystallite size (open symbols) and r.m.s. strain (closed symbols)
of NiAl with the variation in Fe or Cr concentration.
The crystallite size after prolonged milling (20 h) in WC medium shows a minimum at -8
at.% Fe in Ni-Al-Fe system, whereas in Ni-Al-Cr system a minimum is observed at -6 at.% Cr
(Figure4). The r.m.s. strain in these samples was found to reach a peak value at the corresponding
minimum in crystallite sizes. This behavior probably indicates an initial solid solution strengthening due to ternary addition that enhances the brittle character of the intermetallic. In
consequence, the fragmentation stage would dominate over the cold welding process in the course
of MA, leading to a decrease in crystallite size. The increase in r.m.s. strain could be caused by
the dislocation pileups during deformation as observed in other systems (6). The subsequent
coarsening after a critical level of alloying addition indicates predominance of cold welding over
fragmentation. This apparently suggests an increase in ductility of the intermetallic at these higher
levels of ternary addition. It is interesting to note a simultaneous sharp drop in S in these
compositions (Figure 3). The drop in the r.m.s. stain at higher alloying addition could be due to
the stress relaxation associated with disordering. This is in agreement with investigation (15) on
conventionally processed NiAl in Ni-Al-Fe and Ni-Al-0 systems, where triggering of additional
slip systems has been observed through introduction of disorder. Finally, it is apparent from the
present study that Fe contamination from steel milling media maybe useful to enhance the ductility
of Ni-aluminides by promoting disorder.
CONCLUSIONS
1. NiAl synthesized by MA of Ni5cAlso blend was partially ordered (S = 0.5), possibly due
to large amount of deformation induced defects generated under the present milling conditions.
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2. Ternary alloying additions of Fe and Cr to the extent of -20 at.% to NiAl can induce
complete disorder in the latter.
3. A minimum in crystallite size and a maximum in lattice strain observed with the increase
in Fe and Cr additions to NiAl can be attributed to the interplay between solid solution
strengthening and disordering.
4. Large amount of Fe contamination from the milling media can significantly
the extent of disorder obtained by high energy ball milling of nickel aluminides.
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