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ABSTRACT

NizAl-based intermetallic alloys are composed of a y network and ' domains. In general, through pre-
cipitation, the ' phase is used as a hardening source for this alloy. This study examined how v’ acts as a
hardening material in a cast NisAl-based intermetallic alloy. Specimens cut from a centrifugally cast tube
were aged in Ar at elevated temperatures for up to 1600 h. Hardness tests were then performed in air
at room temperature. Vickers microhardness and nanoindentation tests were carried out on specimens
aged at 900°C and 1100 °C. The microstructures were examined by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). The microhardness of bulk NisAl decreased dramatically
with increasing thermal aging time at 900 °C, but the nanohardness measured by the nanoindenter did
not significantly decrease. The nanohardness data suggested that the hardening effects were caused by
the precipitation of the y’ phase on the y and -y’ cells.

Transmission electron microscopy

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

For many years, L1,-type intermetallic alloys such as NizAl have
struggled to attract the interest of scientists and engineers due to
their brittle behavior at ambient temperatures even though these
alloys have scientific and technological importance in structural
applications. Recently, this drawback was overcome by alloying
with elements such as boron [1-3] and zirconium [4]. The mechani-
cal properties of Ni3Al could be improved significantly by modifying
the microstructure using the appropriate alloying and process-
ing techniques [5]. NizAl-based intermetallic alloys have recently
been developed for industry applications, e.g., transfer rolls, high
temperature bolts and nuts, and carburizing molds. In particular,
d Ni—A116.34—Cr7_36—M00_35—Zr1.23—BO.025 at.% alloy known as ASTM
A1002-99 (or IC221M) is currently being evaluated for important
industrial applications [6-8]. IC221M basically consists of a small
amount of a face-centered cubic y network, the Ni solid solution
phase, and a dominant v/, the L1, ordered phase. The thermal
aging effects on the microstructure and mechanical properties of
NisAl-based intermetallic alloys have been studied extensively over
the last few decades because of the high temperatures used for
these alloys [5,6,9-11]. However, few studies have reported on how
the individual domains (y and ' cells) are affected by thermal
aging, particularly in terms of the mechanical properties. This letter
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describes how the individual domains of the alloys are affected by
thermal aging.

2. Experiments

To determine the intrinsic properties affected by thermal aging, specimens were
first cut from a centrifugally cast tube and encapsulated in quartz tubes with Ar
in preparation for the aging process. The specimens were then aged at 900°C and
1100°C for up to 1600 h. The as-cast and aged specimens were polished and etched
with glyceregia (30ml glycerin, 30 ml HCl, and 15ml HNO3) for metallographic
examination. A nanoindentation system (Nanoindenter ™ and XP™; Agilent Tech-
nologies Inc., Oak Ridge, TN, USA) was used to determine how the single y or v’
domains were affected by thermal aging. The results are presented as the average
of 20 indents. The tests were carried out over a broad range of loads from 4 mN
to 50 mN. The nanoindenter [12] is an instrument that can sense the depth dur-
ing an indentation. It can be used to probe the mechanical properties of individual
domains in an alloy; these domains are probably on the micron and/or submicron
scale. The continuous stiffness module (CSM) technique was used in this study [12].
For comparison, the Vickers hardness results were used from a previous work [ 11]. All
hardness values are expressed as pressures. The microstructures affected by thermal
aging in Ar were observed by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM).

3. Results and discussion

Fig. 1 shows typical load-displacement curves (average of 20
indents) from nanoindentations in two distinctly different regions:
the dendrite arms and the interdendritic regions. The primary
difference between these regions is the relative volume fraction
of v/, which is higher in the vicinity of the interdendritic region
[5,10,11,13]. The indentation depth was shallower in the interden-
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Fig. 1. Representative load-displacement curves of the y and v’ phases of the as-cast
material showing that the ' phase is stronger than the y phase.

dritic region due to the strengthening effect from the ' phase
[13,14]. The averaged hardness value of the interdendritic region
was approximately 10% higher than that of the dendritic region
(data not shown). Schoberl et al. [13] reported that the hardness
of a v’ precipitate was much higher than that of the -y matrix. The
v’ phase is often used as a strengthening source through a pre-
cipitation process or mixing with the soft matrix [15]. As such,
the v precipitates in IC221M also acted as a strengthening source.
Moreover, pop-in events were observed at a load of approximately
1.4 mN, which has also been reported elsewhere [16].

Fig. 2 shows the difference in the microstructure before and
after aging at 900 °C. The SEM micrographs in Fig. 2a and b show
the microstructures of the dendrite core for the as-cast and 1600 h
aged specimens, respectively. The y and ' cells clearly coarsened
with aging time at 900°C. The TEM micrographs in Fig. 2c and
d confirmed that the y and vy’ phases coarsened with increasing
aging time and suggested that coalescence was responsible for this
behavior. The arrows “a” indicate that some of the coarse domains
appeared to have formed through the coalescence of several pre-
viously existing domains. Presumably, coarsening of the -y and v’
phases with increasing aging time at elevated temperatures was
another factor that reduced the room temperature tensile strength
and microhardness [17], as reported in a previous study [11].

The results of the nanoindentation examinations are shown in
Fig. 3a. The nanoindentation hardness was measured at a load of
20 mN. The modulus of IC221M was approximately 210 GPa, which
was in good agreement with the literature value [18]. The hardness
of the as-cast alloy was approximately 4.5 GPa, which was signifi-
cantly higher than the Vickers hardness. This was largely due to the
indentation size effect [19]. This was also observed in the hardness
measurements from both the Vickers indenter and the nanoinden-
ter. The hardness obtained from a nanoindentation load of 4 mN was
~5.5GPa, as shown in Fig. 1. Fig. 3b shows the change in hardness
according to the Vickers tests. The load decreased with increasing
Vickers hardness and approached the load in the nanoindentation
tests. It is assumed that the surface effects on the nanohardness
might be minimized since the specimens were chemically etched
and indentation depth were about half micron.

The Vickers microhardness (load 300 gf) of the alloy aged in
Ar at 900°C and 1100°C as a function of the aging time has been
reported elsewhere [5,11]. The microhardness of the specimen aged
at 900°C decreased dramatically (>15%) after aging for 72 h. The

Fig. 2. Micrographs of as-cast and aged IC221M at 900 °C as a function of the aging time: SEM micrographs of (a) as-cast and (b) 1600 h specimens; TEM micrographs of (c)

as-cast and (d) 100 h specimens.
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Fig.3. Variationin the IC221M hardness as a function of the aging time: (a) change in
nanohardness tested at 20 mN as a function of the aging time at 900°C and 1100 °C,
(b) variation in Vickers microhardness for a specimen aged at 900°C as a function
of the aging time for various indentation loads.

sharp decrease in hardness after a short aging time was consistent
with results from a tensile test in which a decrease in the yield
strength was observed [11]. As previously noted, the mechanistic
origins of the phenomena presumably resulted from a thermally
activated rearrangement of the vy and v’ phases (e.g., change of vol-
ume fraction, coarsening), thermal energy-induced relaxation of
the residual stress, and/or the redistribution of chemical species
due to microsegregation [7,11,20]. The hardness of the specimen
aged at 1100°C decreased slightly when aged for a short time, but
it increased to a stable value similar to the hardness of the original
as-cast alloy.

Note that the sharp decrease in Vickers microhardness after
short-term aging was reduced by decreasing the indentation load,
as shown in Fig. 3b. Furthermore, the nanoindentation results
showed that while the Vickers hardness decreased for a speci-
men subjected to short-term aging at 900 °C, the nanoindentation
hardness did not; it increased with increasing aging time. The
nanoindentation hardness of the specimen aged at 1100°C also
showed an increase with increasing annealing time. In contrast
to the Vickers hardness, no decrease in hardness occurred even
after short-term annealing (50 h). The area covered by the Vickers
indent was clearly larger than that sampled by the nanoindenta-
tion indents. Furthermore, this result suggested that the interfaces
between the vy and ' domains were weak links. The schematic
diagram shown in Fig. 4 indicates that the Vickers hardness impres-
sions deformed several y and v domains such that an effect of the
domain size on the hardness would be expected. The nanoindenter,
however, deformed only one domain, suggesting that the degrada-

Fig. 4. A schematic diagram of the indent size relative to the microstructure of a
specimen.

aged for 1600 h at 900°C. The diamond represents the Vickers indent at a load of
10 gf, and the triangle indicates the nanoindentation at 20 mN = 2 gf.

tion of the mechanical properties of the individual y and v’ domains
by thermal aging was not significant but improved slightly due to
the reprecipitation of fine y'. Therefore, the decrease in Vickers
microhardness and tensile strength were mainly due to the domain
boundaries. Previously, one of the main reasons for the increase in
Vickers microhardness of specimens aged at 1100°C was a volume
fraction change in y'. This may be one of the mechanistic origins
for the increased hardness of y or vy’ cells for a specimen aged at
900°C.

4. Conclusions

The nanoindentation experiments provided insight into the
extent to which the hardness and modulus depended on the com-
pound’s aging time and temperature; the aging process basically
changed the compositions of the compound. These results sug-
gested that the mechanical properties of the individual domains
in the vy and ' phases did not degrade with thermal aging but
improved slightly due to the reprecipitation of fine y'. More reliable
intermetallic compounds with good high-temperature mechanical
properties might be obtained if the number of the y and y’ domain
boundaries can be reduced.
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