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1300 K compressive properties of several
dispersion strengthened NiAl materials
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Recently an attempt [8] to produce dispersion hardened NiAi by rapid solidification technol-
ogy (RST) was discussed; however these microstructural studies and tensile testing pro-
cedures did not yield conclusive evidence of strengthening. To examine the potential of RST
as a means to fabricate dispersion strengthened aluminides, cylindrical compression samples
were machined from the gauge section of their tensile specimens and tested in air at 1300 K:
in addition, considerable materialography, inciuding light optical, scanning electron and trans-
mission electron microscopy techniques, of the as-fabricated and compression tested materials
was conducted. While microscopy indicates that RST can produce fine dispersions of TiB,,
TiC and HfC in a NiAl matrix, the mechanical property data reveal that only HfC successfully
strengthens the intermetallic matrix. The high stress exponents (> 10) and/or independence of
strain rate on stress for NiAl-HfC materials suggest elevated temperature mechanical behaviour
similar to that found in oxide dispersion strengthened alloys. Furthermore an apparent example

of “departure side” pinning has been observed, and as such, it is indicative of a threshold

stress for creep.

1. Introduction
While the B2 cubic crystal structure intermetallic
phase NiAl is of interest for high temperature struc-
tural applications because of its relatively low density
and excellent oxidation resistance, it lacks mechanical
strength at elevated temperatures [1]. Several
approaches are currently being investigated to remedy
this situation; these include precipitation of a second
phase [2, 3], particulate composites [4, 5] and unidirec-
tional fibre reinforcement {6]. In addition recent work
[7, 8] has been reported on a dispersion strengthening
approach utilizing rapid solidification technology
(RST) to incorporate the hardening phase. Unfortu-
nately the tensile test method, chosen by Jha et al. [7, 8]
to evaluate the mechanical properties of the dispersion
strengthened materials, did not yield conclusive evi-
dence as many test specimens possessed cracks and
flaws which induced premature failure. Furthermore
attempts [7] to conduct transmission electron micro-
scopy (TEM) analysis to assess the capability of RST
to produce a dispersion of particles were unsuccessful.
The current study was instituted to determine more
clearly whether NiAl could be successfully dispersion
strengthened at elevated temperature by RST. To this
end short, cylindrical samples were cut from the
untested and/or prematurely failed room temperature
and 1033 K tensile test specimens utilized by Jha ez al.
[7, 8] and were then compression tested at 1300 K.
This effort utilized all ten compositions fabricated in
their original work [7] and included considerable
microstructural analysis involving light optical, scan-
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ning electron and transmission electron microscopy of
as-received and tested materials.

2. Experimental procedures

At our request tested and untested tensile specimens
machined from dispersion strengthened NiAl mat-
erials were sent by Marko Materials, Inc. to the Lewis
Research Center where short, ~ 12mm, lengths were
electro-discharge machined from the nominally 6 mm
diameter gauge sections. Such specimens were com-
pression tested at crosshead speeds ranging from
2,12 x 107%t02.12 x 10~*mmsec™'inairat 1300 K
in a universal test machine to ~ 8% strain. The auto-
graphically recorded load-time charts were converted
to true compressive stresses, strains, and strain rates
via the offset method [9, 10] and the assumption of
conservation of volume. Microstructural characteriz-
ation of both as-fabricated and compression tested
materials was conducted on selected specimens using
light optical, scanning electron (SEM) and transmis-
sion electron microscopy techniques.

Sections for TEM examination were taken perpen-
dicular to the compression axis by cutting slices
approximately 0.5mm thick with a high speed dia-
mond saw. These were ground on resin-bonded dia-
mond wheels to a thickness of ~0.2mm, adhesively
mounted between glass slides and 3 mm diameter cir-
cular discs cut by ultrasonic grinding in a SiC slurry.
The discs were electrolytically thinned to perforation
with a 10% perchioric-methanol solution at 238K
and 10 to 12 V. If sufficient transparent area was not
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TABLE I Composition and grain size of dispersion strengthened NiAl

Intended composition Measured composition

Grain size (um)

0/ 0
(wt%) (at %) As-extruded After testing
1300K, ¢ ~2 x 10 %sec™!
Small diameter Large grain
region region*
0.25 TiB, 24 3.9 70 x 400*
1.0 TiB, 1.3 1.7
1.5 TiB, 48.6A1-48. TNi-0.9Ti- 1.3 1.7
1.6B-0.12C
(~1.2wt % TiB,)
2.0 TiB, 48.7A1-47.5Ni-1.1Ti- 1.3 2.1
2.4B-0.15C
(~1.9wt % TiB,)
0.5 HfC 3.7 - 36
1.0 HfC 49.3A1-50.2Ni- 1.8 2.0 100 x 540*
0.15Hf-0.31C
(~0.65wt % HfC)
2.0 HfC 2.3 22
4.3 HfC 33 2.5 345 x 540*
0.25 TiB, + 0.5 HfC 2.1 - 65 x 150
2 TiC 24 22 95 x 130*

* Approximate size of the grains within the regions which have undergone secondary grain growth or recrystallization during testing; long

dimension parallel to the extrusion (testing) direction.

present after chemical thinning, the foils were pro-
cessed further by ion-milling for short periods of time.

3. Results
3.1. Starting materials
Ten equiatomic NiAl alloys (Table I) containing vari-
ous amounts of HfC, TiB, and/or TiC as dispersoids
were produced by Marko Materials, Inc. via rapid
solidification technology. With the assumption that
small additions of HfC, TiB, and TiC would be sol-
uble in molten NiAl but not in the solid state, the
materials were melted on a cold hearth utilizing a
non-consumable tungsten arc and rapidly solidified by
melt dragging thin filaments on a rotating molyb-
denum wheel. Following casting, the threads were
shattered in a hammer mill into —40 to + 80 mesh
particles. Such powders were sealed in evacuated steel
cans and hot extruded at a 16 to 1 reduction ratio at
1395 K. Additional details on manufacturing processes
can be found in references [7, 8].

Spot checking of several alloys indicated that the

Figure 1 Typical SEM microstructure of as extruded NiAl-2 HfC.
(a) dispersed, small HfC particles within NiAl grains and (b) large
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actual compositions (Table I) were close to the intended
values in terms of Ni to Al ratio and TiB, additions;
however all examined alloys contained excess carbon.
In addition analysis of one HfC containing material
revealed that the actual HfC content was about half
the expected value.

Light optical and scanning electron microstructural
studies of the as-extruded materials showed that the
grain sizes were of the order of 2 um (Table I). Irres-
pective of the overall composition, high magnification
SEM examination of the materials under back scat-
tered electron conditions showed that the HfC, TiB,
and TiC additions were dispersed as small particles O
(30nm) within the NiAl matrix (Fig. 1a). However,
large precipitates which were strung out in the extru-
sion direction (Fig. 1b) were also observed in the
aluminides containing either 2TiB,, 2TiC or more
than 0.5% HfC. Transmission electron microscopy
(Fig. 2) of the 2TiB, and 2HfC aluminides revealed
that both these types of particles were located on grain
boundaries as well as within the NiAl matrix. In

HfC (white) precipitates aligned along the extrusion axis. Specimens
etched with a mixture of 33 HNO;, 33 acetic acid, 33 H,0, and 1 HF
(parts by volume).



Figure 2 TEM microstructures of as extruded (a) NiAl-2 TiB, and (b) NiAl-2 HfC.

addition examples of the particles pinning subgrain
boundaries and isolated dislocations were seen in both
materials. Although extensive studies were not under-
taken it appeared that the average size of the HfC
particles (Fig. 2b) was smaller than that for TiB, (Fig.
2a), and that the density of particles was greater for
the NiAl-2HfC alloy.

3.2. Compression testing

True stress—true strain diagrams for NiAl-TiB, and
NiAl-HfC materials tested at 1300 K and a nominal
strain rate of 2 x 10 %sec™' are presented in Fig. 3.
While both types of material have similar behaviour
(either minor work hardening or continuous flow
under a constant stress after a few per cent strain),
clearly there are large differences in strength between
the HfC- and TiB,-containing aluminides. In addition
to demonstrating inconsistent behaviour with respect
to amount of dispersoid, the NiAl-TiB, materials are
no stronger than a 5um grain size, binary NiAl*
(Fig. 3b). The NiAI-HfC intermetallics, on the other
hand, are considerably stronger than NiAl and pos-
sess a more reasonable behaviour where strength basi-
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cally increases with HfC content (Fig. 3b). While resis-
tance to deformation seems to be dependent on HfC
level, in reality the strength of the three materials
which have between 1 and 4.3 wt % dispersoid is quite
similar. _

The 1300 K true stress—strain rate behaviour for all
ten RST dispersion strengthened NiAl materials is
shown in Fig. 4 where the data for these alloys were
taken at 5% strain. Again the differences in properties
between the HfC and TiB, strengthened aluminides
are clear; in fact the deformation resistance of NiAl-
TiB, (Fig. 4a) is less than that for 5 um NiAl (Fig. 4b).
The inconsistency with respect to TiB, content,
previously noted in Fig. 3a, is evident in the stress—
strain rate data; in addition the three points for NiAl-
0.25TiB, show considerable scatter. Fig. 4a also
demonstrates that the TiC incorporated into NiAl by
RST is not an effective dispersion strengthening agent.

Although the materials with lower levels of HfC (i.e.
0.25TiB, + 0.5HfC, 0.5 HfC and 1 HfC) show normal
behaviour where strength decreases with decreasing
strain rate (Fig. 4b), the NiAl-2HfC and NiAl-
4.3 HfC did not follow this trend. For these materials
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Figure 3 True compressive stress—strain curves for (a) NiAl-TiB, and (b) NiAl-HfC intermetallics tested at 1300 K and an approximate strain

rate of 2 x 107 %sec™!.

*The actual composition of binary aluminide labelled Ni48 Al is Ni-48.25 Al (at. %). The difference in chemistry between this alloy and the
nominally 50 Al level in the dispersion strengthen materials has no affect on 1300K elevated temperature strength [1].
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Figure 4 True compressive stress-strain rate behaviour at 1300 K for (a) NiAl-TiB, and NiAl-2 TiC and (b) NiAl-HfC intermetallics. Stress
and strain rate data taken at 5% strain except for full symbol which represents values at 7% strain.

(a) (b)

n R} n Rﬁ
Q 0.25TiB, 4.7 0.81 0.5HfC 10.1 0.99
e} 0.25TiB,+ 0.5H{C 18.5 0.99
A 1.0TiB, 5.6 1.00 [.OHfC 22.4 0.90
O [.5TiB, 4.2 0.98 NiAl(18um){1] 5.7 0.99
& 2.0TiB, 5.3 0.99 2.0HfC 2.0 0.008
o 2.0TiC 3.9 0.98 4.3HfC 12.0 0.73
O NiAI(5um)[12] 6.3 0.99

the strength at lower strain rates equalled or even
exceeded that measured at fast testing conditions.
While seemingly unpredictable in terms of exact
strength, the data in Fig. 4b for NiAl-2 HfC and
NiAl-4.3 HfC reveal that they are significantly stronger
than binary NiAl.

For completeness the data in Fig. 4 were fitted by
linear regression techniques to the power law equation

Ao n
&= A

where ¢ is the strain rate, ¢ the flow stress at 5% strain,
A a constant and n the stress exponent. Results in
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terms of the stress exponent, coefficient of determi-
nation R} and, in most cases, the predicted curves are
shown for each composition in Fig. 4.

3.3. Post test microstructure

Light optical and SEM examination of the materials
tested at 1300 K and a nominal strain rate of 2 x
1077 sec™' revealed that the initial grain structure was
unstable in six of the ten alloys (Table ). Almost
complete recrystallization occurred in  NiAl-

0.25TiB,-0.5 HfC and NiAl-0.5HfC (Fig 5a), while
the 0.25TiB,-, 1HfC-, 2TiC- and, surprisingly,

250 pm

Figure 5 Examples of recrystallization found in specimens tested at 1300K and a strain rate =~ 2 x 107%sec™ to ~ 10 strain:
(a) NiAl-0.5HfC and (b) NjAl-4.3 HfC. Compression axis is horizontal; specimens etched with a mixture of 33 HNO,, 33 acetic acid,
33H,0, and 1 HF (vol %). Photomicrographs taken under differential interference conditions; disruptions in part (b) are large HfC particles.
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Figure 6 Transmission electron photomicrographs of RST dispersion strengthened NiAl specimens compression tested at 1300 K.

Dispersoid Approximate Flow stress Final

strain rate, at 5% strain, strain,
(sec™") (MPa) (%)
(a) 2TiB, 1.7 x 107¢ 30.4 8.0
(b) 2HfC 6.6 x 1077 63.0 13.0
(c) 4.3HfC 1.7 x 107¢ 62.5 9.5
(d) 4.3HfC 1.7 x 107¢ 62.5 9.5

4.3 HfC- containing intermetallics underwent secon-
dary grain growth or recrystallization (Fig. 5b). Away
from the large grain regions, a slight increase in the
~ 2 um initial grain diameter was observed in these
four materials. A similar degree of grain growth was
found to uniformly take place in the NiAl-1TiB,,
-1.5TiB,, -2 TiB, and -2 HfC dispersion strengthened
alloys.

In view of the strength differences among the vari-
ous RST dispersion strengthened intermetallics, TEM
analysis was concentrated on the HfC-containing alu-
minides; however for comparative purposes one TiB,-
containing material was also examined. Figs 6a and b
illustrate that the TiB, and HfC particles have remained
small under elevated temperature deformation con-
ditions, and these photomicrographs reinforce the
previous observation that the size of the HfC disper-
soid is significantly smaller and particle density is
higher than those for TiB,. While a mathematically
meaningful study of dispersoid statistics was not
undertaken, there appeared to be little difference in
the distribution (size and density) of particles in the
NiAl materials containing 1, 2 or 4.3% HfC. The
ability of HfC to pin grain boundaries and act as

potential anchors for subgrains is illustrated in Figs 6b
and c respectively. Interactions between individual
dislocations and the dispersoid are shown in Fig. 6a
for TiB, and Fig. 6d for HfC. This latter photomicro-
graph is particularly interesting as it suggests that
“departure side” pinning [12-14] of dislocations can
occur in NiAI-HfC systems.

4. Discussion

From the TEM results (Fig. 2) it is clear that second
phases can be dispersed as very small, on the order of
30nm, diameter particles within a NiAl matrix
through rapid solidification technology combined
with hot extrusion as a densification procedure. Fur-
thermore such dispersoids do possess some degree of
thermodynamic stability as evidenced by the TEM
photomicrographs of materials which experienced
approximately 16h (Figs 6a, ¢, and d) or 55h
(Fig. 6b) exposure at 1300K during compression
testing. However light optical and scanning electron
microscopy study of certain materials (2TiB,, 2 TiC or
more than 0.5% HIfC) indicates that distribution of
the second phase is inhomogeneous as large precipi-
tates can be found at random locations throughout
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samples (Figs 1b and 5b). Although it is possible
that such inhomogeneities are simply due to solu-
bility limits for TiB,, TiC and HfC in molten NiAl,
extensive TEM analysis of a RST material needs to be
undertaken to establish the uniformity or non-uni-
formity of the dispersion.

The mechanical property data (Figs 3 and 4) reveal
that dispersions of HfC particles are effective elevated
temperature hardening agents while neither TiB, or
TiC dispersoids appear to be useful. This difference in
strength due to dispersoid composition is unmistak-
ably demonstrated by the comparison of the curves
for the TiB, and TiC containing aluminides to that for
NiAl-0.25TiB,-0.5HfC in Fig. 4a. The lack of
strengthening by TiB, is somewhat at odds with
Jha et al. [7, 8] who reported that: (1) the 1033 K
tensile strength of NiAl-TiB, was greater than that for
NiAl and (2) the strength increased with TiB, level for
0.25, 1.5 and 2TiB, containing materials. As decreas-
ing the grain size improves the 1000 to 1400K com-
pressive properties [11], it is likely that the majority of
stated strengthening is due to a grain size effect since
their comparison pits nominally 2 ym intermetallics
(Table I) against the ~ 50 ym alloy of Rozner and
Wasilewski [15]. Even with this in mind, however, it is
difficult to understand Jha ez al.’s dependency on TiB,
content in view of the present data (Fig. 4a) where the
1.5TiB, material is considerable weaker than either
0.25 or 2 TiB, levels.

If the RST manufactured aluminides are analogous
to oxide dispersion strengthened (ODS) alloys, then
the elevated temperature slow plastic strain rate pro-
perties of these materials should posses some indica-
tion of a threshold stress for creep. Typically evidence
for such behaviour is reflected in high stress exponents;
for example stress exponents ranging from 20 to 40
have been reported for TD-Ni [16], TD-NiCr[17] and
MA 754 [18]. In the case of NiAI-HfC, high stress
exponents are seen for the 0.5HfC and 1 HfC inter-
metallics (Fig. 4b). Furthermore the independence of
strain rate on stress for NiAl-2HfC (Fig. 4b) as
reflected by the poor fit (i.e. negligible coefficient of
determination) of the power law equation is also indi-
cative of a threshold stress. The data for NiAl-
4,3 HfC also display a relatively mediocre fit; however
the scatter in the stress—strain rate values is quite large.
This might simply be a reflection on the current state
of the art for RST processed dispersion strengthened
aluminides. Most certainly as processing technology
was being developed for ODS alloys, the elevated
temperature mechanical properties of early heats of
materials yielded inconsistent, but strong behaviour
[19] similar to that shown for NiAl-2 HfC and —4.3 HfC
in Fig. 4b.

Examination of the microstructure after testing
(Table I, Fig. 5) reveals that extensive grain growth
can occur. Such tendencies should be investigated in
greater detail, particularly for as extruded materials.
The need for this work stems from the observation
[1, 11] that small grain size B2 crystal structure inter-
metallics are weaker than the large grain forms under
very slow strain rate, extreme temperature conditions
(for example 1300K — ¢ < 1077sec™'). Additionally
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research [17, 20-22] on ODS alloys has demonstrated
the superior elevated temperature creep strength of
highly elongated grain structures.

5. Summary

This study of NiAl-based composites containing TiB,,
TiC and HfC particles has indicated that rapid solidifi-
cation technology is capable of producing dispersions
of fine diameter particles within the intermetallic
matrix; however only materials with HfC possessed
elevated temperature strength exceeding that of binary
NiAl. While there are strong suggestions of threshold
stress behaviour in NiAI-HfC materials, examination
of the microsctructure and the 1300 K stress—strain
rate properties indicates that the distribution of dis-
persoids could be inhomogeneous and the as fabricated
grain structures are not stable.

6. Conclusion

Rapid solidification technology is a viable method for
the production of dispersion strengthened B2 crystal
structure aluminides. However significant additional
research is necessary to optimize the processing and
development of this class of materials.
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