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Rapidly solidified powders of stoichiometric Ni;Al and Ni; Al containing boron and titanium
have each been consolidated by two distinct routes, namely hot extrusion or hot compaction.
The resulting microstructures have been examined by optical microscopy, scanning electron
microscopy and transmission electron microscopy. The consolidated material did not retain the
non-equilibrium structure of the rapidly solidified powders. The addition of titanium and boron
produced material with a larger final grain size, a decreased incidence of twinning and, in the
extruded material, led to cracking. Although all processing was performed in inert atmos-
pheres, oxides were present in all consolidated products.

1. Introduction

Aluminide intermetallics are strong, microstructurally
stable and oxidation-resistant at elevated tempera-
tures, thus they are potentially useful in advanced
energy-conversion systems. However, whilst they
show ductility as single crystals in polycrystalline
form, they are generally brittle under ambient con-
ditions. For this reason they are not utilized as
engineering materials. A way to improve the ductility
of polyerystalline aluminides may be to produce grain
sizes smaller than that at which the brittle-to-ductile
transition occurs [1, 2]. One route to fine-grained
Ni, Al is through deformation and subsequent recrys-
tallization of single crystals [3]. The route described
here is through the consolidation of powders produced
by rapid solidification. This technique has the advan-
tage that not only may small grain sizes be achieved
but microsegregation is minimized in the powders, no
macrosegregation occurs in the powder compact
(often a problem in producing stoichiometric Ni;Al)
and the solid solubility of alloying elements may be
increased [4]. A possible disadvantage is that surface
contamination of the powder could lead to undesirable
properties [5].

Two alloys were prepared from rapidly solidified
and consolidated powders, one of stoichiometric
Ni; Al and one of Ni; Al containing boron and titanium
in an approximate 2: 1 ratio. The latter was prepared
with previous research in mind; namely, titanium
diboride precipitates stabilize boundaries in DO;-
structured Fe, Al prepared by hot extrusion of rapidly
solidified powders [6]. Boron (up to 0.5at %) has also
been shown to increase the room-temperature tensile
ductility of nickel-rich Ni;Al polycrystals from ~ 0%
to over 50% [7, 8.

In previous papers [9-11] the microstructure of the
rapidly-solidified powders was shown to consist of
aluminium-enriched martensitic dendrites (and inter-
dendritic lamellae in the stoichiometric Ni; Al powder)
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in an L1,(Ni;Al) matrix. This paper presents some
observations of the structure of the consolidated
powders. The room-temperature mechanical proper-
ties of the consolidated powders have been presented
elsewhere [12].

2. Experimental procedure
Ingots of Ni;Al containing 24.4at % Al, 2.8 at % B,
1.5at % Ti and of stoichiometric Ni, Al were prepared
by United Technologies, East Hartford, Connecticut.
The principal impurities (> 0.01 at %), as measured in
the consolidated powders, are indicated in Table L.
The ingots were remelted and solidified into powders
at Pratt & Whitney Aircraft, Government Products
Division, West Palm Beach, Florida, using the P & W
Rapid Solidification Rate (RSR) process [13-15]. This
process utilizes rotary/centrifugal atomization in
which molten droplets of various sizes are convectively
cooled by high-velocity helium. Quench rates, which
vary with droplet size (typically 10 to 80 um), are
greater than 10°Ksec™! [14]. Particles larger than
175 ym were separated by screening and discarded.
The remainder was stored under a protective nitrogen
atmosphere. Consolidation occurred by two distinct
routes:

1. Extrusions to rods of (further) size-separated
powders were performed (see Table II for conditions)

TABLE 1 Impurity levels (>0.01at%) in the consolidated
powders

Impurity Impurity level (at %) in compound
Ni; Al Ni, Al (B, Ti)
Fe 0.05 0.05
Cr 0.05 0.02
Si 0.05 0.09
H 0.02 0.02
C 0.04 0.02
0 0.04 0.02
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TABLE 11 Extrusion data for Ni;Al and Ni,Al (B, Ti) rod

Alloy Particle size Extrusion Area reduction Extrusion constant, K Grain size Hardness
(um) temperature (K) ratio (MPa)* (pm) (Rockwell A)
Ni, Al (coarse) 100 to 175 1503 30:1 392 11 60 + 2
Ni; Al (fine) < 100 1533 25:1 407 15 60 + 2
Ni; Al (B, Ti) (coarse) 100 to 175 1533 25:1 357 23 7542
Ni,; Al (B, Ti) (fine) <100 1533 25:1 360 23 75+2

*K is the extrusion constant in the expression p = KlnA where p is the extrusion pressure and A is the extrusion ratio.

after canning powders (again, under a protective
atmosphere) in pre-evacuated containers of 304
stainless steel (62mm internal diameter, Smm wall
thickness). The coarse powder (100 to 175um) of
stoichiometric Ni;Al was annealed for one hour at
1503 K prior to extrusion. All other powders were
annealed for one hour at 1503 K and 30 min at 1533K
prior to extrusion.

2. Vacuum hot-compaction for 2h at 1393K at a
pressure of 210 MPa was used to produce a disc of
50 mm diameter and 6 mm thickness from the screened
powders { < 175 um). After compaction the disc was
slowly cooled (over 19h) to room temperature.

The consolidated powders were thinned for examin-
ation in the TEM using an electrochemical technique
[16], and mounted and polished in the standard
manner before etching in Marble’s Reagent for optical
microscopy and scanning electron metallography.

3. Results and discussion

3.1. Hot extrusion

Fig. 1 shows the microstructure typical of the extruded
rods. In both alloys the grains are equiaxed, indicative
of a fully recrystallized product. The grains within the
rod which was formed from the coarse stoichiometric
Ni; Al powder are smaller (11 um) than those within
the rod formed from the fine powder (15um). The
grain size in the NiyAl (B, Ti) rods is 23 um and is
independent of the original powder size.

The grain-size difference between the two stoichio-
metric rods is not because the original powders dif-
fered in size, but because the coarse powder was
extruded at a lower temperature and/or because this
powder was given a slightly larger reduction during
extrusion. The larger reduction would imply a larger
stored energy and a larger number of recrystallization
nuclei. The lower temperature would mean that less
grain growth could occur immediately following
recrystallization.

The similar grain sizes of the Ni;Al (B, Ti) rods,
formed from powders of different sizes (Table II), is in
keeping with the view that the original powder size has
little effect on the grain size of the extruded product.

Curiously, the grain size within the rod containing
boron and titanium is greater than in the other,
suggesting that grain growth following recrystalliz-
ation is more rapid in the quaternary alloy. That faster
grain growth is indeed the case in the quaternary alloy
has been noted explicitly in experiments [17, 18] in
which specimens of both alloys were annealed in flow-
ing argon and metallographically examined. The reason
for the more rapid grain growth in the quaternary
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alloy is not clear. Possibly, the addition of titanium
serves to “clean up” the grain boundaries by acting,
for instance, as an oxygen getter. Or, perhaps, the
boron by increasing the grain boundary dislocation
motion [19] also makes grain-boundary migration
easier. Alternatively, the boron may form a low
melting-point alloy at the grain boundary which is
near its melting point during extrusion.

The extruded quaternary alloy differed in three
other respects. Firstly, although both alloys exhibited
large hardness values (both also exhibited large
extrusion constants, see Table II), the quaternary
alloy has a higher hardness than the binary alloy
(R, = 60 + 2)despite the larger grains, implying that
boron or titanium (or both) impart significant sol-
ution strengthening. Secondly, the stoichiometric
Ni, Al contained numerous twins whereas the Ni; Al
(B, Ti) contained fewer twins. This observation is
reminiscent of an earlier one [20] where titanium was
noted to reduce the incidence of twinning in Ni; Al It
implies that titanium and/or boron raises the stacking-
fault energy of Ni;Al. Finally, the quaternary alloy
was heavily flawed after extrusion. Numerous cracks
and voids were present at grain boundaries (Fig. 2a).
Examination of the interior of the larger cracks
revealed a nodular structure (Fig. 2b). These nodules
are smaller (of the order of 3 to 8§um) than the
original powder particles suggesting localized melting,
presumably of an Ni; Al-B eutectic analogous to the
low melting-point eutectic in Ni—B [21]. Such voids
and cracking have also recently been noted in Ni;Al
rods containing boron alone when extruded at
1522K [22].

Occasionally, an area containing what appeared to

Figure 1 Optical micrograph of structure of extruded rod of
stoichiometric Ni, Al



Figure 2 Scanning electron micrograph of transverse section showing (a) cracks and voids in extruded Ni; Al (B, Ti) powder, (b) interior of
a crack. The nodules in (b) are smaller than the mean powder size (23.5 pm), suggesting they are not unconsolidated powder.

be very fine grains was observed (Fig. 3). These were
rare, and only two or three such regions were present
in each cross-section of the extruded stoichiometric
Ni;Al rod. An X-ray spectroscopic (EDS) analysis
was performed on one of these regions and on the
nearby matrix. The results shown in Fig. 4 indicate
that this region contained various contaminants.
Erosion of the nozzle through which the molten metal
passes at high speed is a problem in rapid solidification
rigs, and could be the source of the cobalt and silicon
here. The result also suggests that the contaminants
retard recrystallization and/or grain growth in Ni; Al

Transmission electron metallographical examin-
ation revealed no additional differences between the
two alloys: both were essentially dislocation-free and,
when examined using superlattice reflections revealed
no antiphase boundaries. Both alloys contained par-
ticles which, although rare, could be large, ~ 2 um,
(Fig. 5). No diffraction information could be obtained
from these particles and they showed no changes in
diffraction contrast during tilting, suggesting that they
were not crystalline.

Noticeable by its absence in the extruded alloy is the
two-phase structure observed in the rapidly solidified
powders [9-11], implying that the thermomechanical

Figure 3 Optical micrograph of fine-grained area in extruded Ni; Al
rod.

processing (extrusion) is sufficient to homogenize the
alloys. In fact, a one-hour anneal of the original
powders at 1073 K is sufficient to cause most particles
(> 80%) to develop a grain structure [9], implying that
(because the powders were annealed for at least one
hour at 1503 K) the powders had probably fully trans-
formed to the L1, structure prior to extrusion.

A separate stoichiometric rod was extruded from
powder once at 1473 K (6: 1 area reduction), again at
1373K (6:1 area reduction) and again at 1023K
(4.5:1 area reduction); the rod was sheathed in stain-
less steel. Each extrusion produced a recrystallized
product of low dislocation density. The doubly and
triply extruded products had grain sizes of 10 and
2.6 pm, respectively.

3.2. Hot compaction

Hot compaction at 1393K of rapidly solidified
powders produced a heavily twinned, recrystallized
grain structure of 85 um grain size for Ni;Al and a less
twinned 99 um grain size for Ni; Al (B, Ti). Again the
titanium and boron additions led to faster grain
growth and a decreased incidence of twinning. The
long, slow cool after compaction (over 19h) allowed
considerable grain growth after recrystallization and
is the reason for the much larger grain size in the
compacted product compared with the extruded rod.

This time voids were not present in the quaternary
alloy, possibly because the hot-compaction tem-
perature was too low to cause localized melting.

Prominent features of the compacted powders were
necklace-like strings of particles. The diameter of the
necklaces suggests that they correspond to the former
powders’ surfaces (Fig. 6). Particles outlining prior
powder surfaces have also been observed in iron-
based superalloys produced by powder metallurgy
[23-25]. In those alloys, however, the particles were
(assumed to be) carbides.

The particles found here, 50 to 100 nm in diameter,
were also observed in the TEM. Often they appeared
in lines and occasionally in rings (Fig. 7). Since these
particles are present in both compacted alloys their
formation did not depend on the boron and titanium
additions.
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Figure 4 EDS output for (a) fine-grained area in Fig. 3 and (b) nearby matrix.

As in the extruded rods, the particles are dark and
do not change contrast during tilting. Again, diffrac-
tion information could not be obtained from them,
even using a stationary 10nm diameter probe in a
scanning transmission electron microscope (STEM).
Microanalyses of particles in the stoichiometric Ni; Al
using a Philips FEG EM400T STEM only detected
nickel and aluminium in the same ratio as in the Ni; Al
matrix. In the Ni; Al (B, Ti) some particles appeared
aluminium-enriched (compared to the matrix com-
positions), presumably because the Ni;Al (B, Ti) is
itself aluminium-rich (particularly so if the titanium
substitutes for aluminium only). There was no
evidence of any TiB, precipitation. The particles’
spatial distribution and measured composition

suggest that they are oxides formed by surface contami-
nation; oxygen is not, of course, detectable using a
standard EDS system. The particles in the extruded
alloys are presumably also oxides, the larger particle
size being due to greater coarsening at the higher

temperature of the extrusion.* Mixed oxides of nickel
and aluminium have been found in dilute Ni—Al alloys
which have been internally oxidized [27].

An interesting feature of the particles observed here
is that they do not appear to be associated with grain
boundaries, suggesting that the particles offer little
impediment to grain growth.

The hot-compacted alloys showed features in com-
mon with the extruded alloy, namely the lack of a
multiphase structure and no antiphase boundaries. In
the compacted alloys some dislocations were found,
often as networks or low-angle boundaries. Strangely,
the latter were not always associated with the particles
in this material (Fig. 8).

4. Summary

Examination of both extruded and hot-compacted
alloys of stoichiometric Ni;Al and of Ni;Al (B, Ti)
established the following points:

Figure 5 TEM micrograph showing a large particle in extruded
stoichiometric Ni;Al rod.

Figure 6 Optical micrograph of hot-compacted Ni;Al powder.
Necklaces of particles outlined prior powder surfaces.

*Similarly, extrusion to rod of FeAl powders at 1200 K led to strings of oxides outlining prior particle surfaces, whereas extrusion of FeAl

at 1505K produced larger (~ | um), more widely-spaced oxides [26].
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Figure 7 TEM micrograph of (a) a necklace of particles in Ni; Al (B, Ti) and (b) higher magnification of (a).

Figure 8 TEM micrograph of a dislocation network in hot-com-
pacted Ni; Al (B, Ti).

1. The two-phase structure of the rapidly solidified
powders was removed by processing.

2. Addition of titanium and boron led to a larger
final grain size (due to-an increased grain growth rate),
to a decrease in the incidence of twinning and to
cracking in the extruded material.

3. Contamination was present in the form of
possible ceramic debris (from the rapid solidification
processing) and oxides (even though processing was
performed under an inert atmosphere).

Acknowledgements

This work was made possible by a grant from the
Office of Basic Energy Sciences, US Department of
Energy, Contract No. DE-FGO02-84ER45148 and
through the SHaRE program under Contract No.
EY-76-C-05-0033 with the Oak Ridge Associated
Universities. The use of the Dartmouth E.M. Center
is acknowledged including the invaluable help of
Louisa Howard.

References

1. A. H. COTTRELL, Trans. AIME 212 (1958) 192.

2. E. M. SCHULSON, Res. Mech. Lett. 1 (1981) 111.

3. 1. BAKER, D. V. VIENS and E. M. SCHULSON, J.
Mater. Sci. 19 (1984) 1799.

4, D.J. LOOFT and E. C. VAN REUTH, in “Rapid Sol-
idification Processing”, edited by R. Mehrabian, B. H. Kear

and M. Cohen (Claitor, Baton Rouge, 1978) p. 1.

S. P. N. ROSS and B. H. KEAR, “Rapidly Quenched
Metals 111", Vol. 1, edited by B. Cantor (Chameleon Press,
London, 1978) p. 102.

6. E. R. SLAUGHTER and S. M. DAS, in “Rapid Solidif-
ication Processing”, edited by R. Mehrabian, B. H. Kear and
M. Cohen (Claitor, Baton Rouge, 1978) p. 354.

7. K. AOKI and O. 1ZUMI, J. Jpn Inst. Met. 43 (1979)
1190.

8 C. T. LIU and C. C. KOCH, in Proceedings of Con-
ference on Technical Aspects of Critical Materials Used by the
Steel Industry, Vanderbilt University, October 1982 (National
Bureau of Standards Vol. 1IB) p. 42.

9. 1. BAKER, F. S. ICHISHITA, V. A. SURPRENANT
and E. M. SCHULSON, Metallogr. 17 (1984) 299.

10. 1. BAKER, F. S. ICHISHITA and E. M. SCHULSON,
in “Rapidly Solidified Metastable Materials,” MRS
Symposium Proceedings Vol. 28, (North Holland, New York,
1984) p. 395.

1. 1. BAKER, J. A. HORTON and E. M. SCHULSON,
Metallogr. 19 (1986) 63.

12. E. M. SCHULSON, T. P. WEIHS, D. V. VIENS and
I. BAKER, Acta Metall. 33 (1985) 1587.

13. P. R. HOLIDAY, A. R. COX and R. J. PATTERSON
I, in “Rapid Solidification Processing”, edited by
R. Mehrabian, B. H. Kear and M. Cohen (Claitor, Baton
Rouge, 1978) p. 246.

14. R. J. PATTERSON II, A. R. COX and E. C. VAN
REUTH, J. Metals (Sept. 1980) 34.

15. A. R. COX and E. C. VAN REUTH, Met. Tech. (June
1980) 238.

16. 1. BAKER and E. M. SCHULSON, Phys. Status Solidi
(a) 85 (1984) 481.

17. F. T. READUS IV, BE thesis, Dartmouth College (1982).

18. T. WEBER, BE thesis, Dartmouth Coliege (1985).

19. E. M. SCHULSON, T. P. WEIHS, I. BAKER,. H. J.
FROST and J. A. HORTON, Acta Metall. in press.

20. J. A. LOPEZ and G. F. HANCOCK, Phys. Status Solidi
(a) 2 (1970) 469.

21. M. HANSEN, “Constitution of Binary Alloys” (McGraw-
Hill, New York, 1958) p. 256.

22. V. ZINOVIEV, private communication (1985).

23. J. E. SMUGERSKY, Mer. Trans. A 13A (1982) 1535.

24. J. H. MOLL, V. C. PETERSON and E. J. DULIS, in
“Powder Metallurgy, Applications, Advantages and Limi-
tations”, edited by E. Klar (ASM, Metals Park, Ohio, 1983) p.
263.

25. R. T. HOLT and W. WALLACE, Int. Met. Rev. 22
(1976) 1.

26. J. D. WHITTENBERGER, Mazt. Sci. Eng. 57 (1983) 77.

27. H. HINDAM and D. P. WHITTLE, J. Mater. Sci. 18,
(1983) 1389.

Received 14 October
and accepted 22 November 1985

3301



