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An intermetallic compoundof mononickel aluminide (NiAl) is combustion-synthesized from a mixture of
nickel and a[uminumpowders by a pseudo-Hot-Isostatic-Pressing (pseudo-HIPing) method. The effects
of the addition of alumina (A[203) particles on the microstructure and mechanical properties of the
combustion-synthesized NiAl is investigated. The density and hardness of the NiAl significantly increase
with increasing pseudo-HIPing pressure applied during the combustion synthesis. The increase in the volume
fraction of the added Al203 particles leads to a slight decrease in the density of the NiAI, but it does not
affect the hardness. The grain size of NiAl decreases, as the volume fraction of the added Al203 particles
increases and as the size of the Al203 particles decreases.

KEYWORDS:powder metallurgy; reactive sintering; combustion synthesis; intermetallic compound;
mononickel aluminide; mechanical property; grain refinement.

1. Introduction

An intermetallic compoundof mononickel aluminide
(NiA1) has the attractive combinations of low density
(5.86 Mg/m3), high melting temperature (1 91 1K), high
strength, good corrosion and oxidation resistance, high
thermal conductivity, Iow cost, and use of non-strategic
elements. Therefore, as Darolial) pointed out, NiAl of-

fers newopportunities for developing low-density and
high-strength structural alloys which might be used at

temperatures higher than currently possible with con-
ventional titanium- and nickel-base alloys. Oneof the
potential applications of NiA1 is as a high-pressure tur-
bine blade material. Low-density NiA1 turbine blades

can reduce the turbine rotor weight by as muchas 40 o/o

compared with nickel-base superalloys. The thermal
conductivity of NiA1 is four to eight times that of
nickel-base superalloys. Therefore, the temperature
distribution in a NiAl turbine blade is much more
uniform, and the life limiting "hot spot" temperature
is reduced by as muchas 50 K,1)

Thus, NiA1 is a promising potential high temperature
material which may take the place of conventional
nickel-base superalloys. However, the most significant

disadvantage of NiA1 is brittleness at low temperatures.
Schulson and Barker2) investigated the effects of the
grain size of NiA1 on its tensile properties at 673 K,
and found that the tensile elongation of NiAl dra-
matically increases when the grain size is small. Their
procedure to produce fine grain NiAl includes the
following four steps: (1) casting of molten NiAl into

cylindrical ingots (50mmin diameter), (2) extrusion of
the ingots at 1273K (7 to I reduction ratio), (3) extru-
sion at 823K (7 to I reduction ratio), and (4) heat
treatment for recrystallization of the doubly extruded
product at temperatures between973 and I 073 K.

Because the procedure by Schulson and Barker in-

cludes many steps, it may be of low-efficiency and
high-cost. In this study, weproduce fine grain NiAl by
a very simple fabrication technique based on powder
metallurgy processing; i,e. combustion synthesis3~7) of
NiAl from a mixture of nickel and aluminumpowders
by using a pseudo-hot-isostatic-pressing method.810)
The purpose of this study is to investigate the effects of
the addition of alumina (Al203) particles on the grain
size of the combustion-synthesized NiA1.

2. Experimental Procedure

Carbonyl nickel powder (99.8"/o Pure, 4 to 7,un in

diameter) and gas-atomized aluminumpowder (99.8 o/.

pure, 40 to 150ktm in diameter) were mixed in an atomic
proportlon of I : I with the addition of a small amount
of ethanol and Al203 particles. The maximumamount
of the added Al203 particles was 5volo/o, and the size

of the Al203 particles wasvaried from O.5 to 130ktm in

diameter. The powder mixture was cold-pressed into a
cylindrical compactin a metal moldby applying uniaxial

pressure of 700MPa. The diameter and height of the

green compactwere 19 and 25mm,respectively.

Type B thermocouple (Pt-30mass"/oRh/Pt-6masso/o
Rh) with a diameter of 0.5 mmwasused to measurethe
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temperature of the compact during the pseudo-Hot-
Isostatic-Pressing (pseudo-HIPing). A thermocouple
well (3.5 mmin diameter and 12mmin depth) wasdrilled

from the bottom surface of the compact, and the

thermocouple covered with an alumina tube (3 and
2mmin outer and inner diameters) was inserted into

the well.

After the side surface of the green compactwascoated
with alumina cement for insulation, heating wire of an
Fe-23masso/oCr-6masso/oA1alloy (1.0mmin diameter)

waswoundon to it, and then the compact was placed
in a pseudo-HIPing vessel (36mmin inner diameter
and 80mmin depth). Thecompactwaspressed pseudo-
isostatically at a pressure of 265MPathrough a press-
ing mediumof Al203 powder (500 ~min diameter) and
washeated at a rate of 2K/s by applying electric power
to the heating wire. The sample was removedfrom the

pseudo-HIPing vessel after 300s passed from the onset
of the exothermic reaction of the combustion synthesis,

which had beenmonitored through a sudden increase in

temperature.

A Iongitudinal cross section of the combustion-syn-
thesized sample was etched with Marble's reagent to
reveal the grain boundary structure. The structure of
the samplewasphotographed, and the average grain size

was calculated as the area-equivalent diameterll) from
the area of the photograph and the numberof the grains
in it. An electron probe microanalyzer (JXA-8900M,
JEOL)wasused to determine the nature anddistribution

of the phases in the synthesized sample. The density

and hardness of the sample were measured by using
Archimedes' method and a Vickers hardness tester

with an applied load of 98 N.

3. Results and Discussion

3.1. GreenCompact
To investigate the effect of the compacting pressure

on the density of the green compact over a wide range
of pressure, we used a smaller metal mold (16mmin

inner diameter) comparedwith that used to makethe

green compact to be combustion-synthesized. Figure 1
showsthe relationship between the compacting pressure

(1997). No, 1

and the density of the green compact. As the compacting
pressure increases, the density gradually increases toward
the ideal density of 5,17 Mg/m3, which was calculated
by using Eq. (1).12)

PAIPNi
..........(1)PM,*

(1 -fNi)PNi +fNiPA~

where pand f are the density and massfraction of the
material indicated by the subscript.

Figure 2showsthe relationship between the compact-
ing pressure and the volume fraction of the pores
remaining in the green compact. This relationship was
calculated from Eq. (2) by using the results shown in

Fig. I .

p=(po ~P)/po
""-

"""""(2)

wherep is porosity (the volume fraction of the pores),

andpo andpare the ideal and real density of the compact,
respectively. Theporosity of the green compactis reduced
downto approximately 3o/o by applying the maximum
compacting pressure of 1365MPa.

Figure 3 shows the microstructure observed on a
section perpendicular to the compression axis of the
cylindrical green compactpressed at the maximumcom-
pacting pressure of 1365MPa.The deformed particles

of aluminum powder are homogeneouslydispersed in

the matrix phase of nickel. Srnall pores with a diameter
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Fig. 3. Microstructure on a section perpendicular to the

compression axis of the cylindrical green compact
pressed at the maximumpressure of 1365MPa.
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of about I kemremaining at the interface betweennickel

powderparticles wereobservedat ahigher magnification.

The results shownin Figs. I through 3indicate that

a muchhigher compacting pressure than 1500MPais

required to produce a very dense green compact by
compaction at room temperature. The pores remaining
in the green compact are unfavorable, when the reac-
tive sinteringl3~16) of the compact is performed at

temperatures below the lowest melting temperature in

the AlNi binary system. However, whencombustion
synthesis is performed, it is possible to produce a dense
product from the green compact with relatively high
porosity, because the compact is partially or entirely

melted by the heat from the exothermic reaction of the
synthesis. Lebrat et al.17) produced dense trinickel

aluminide (Ni3Al) by combustion synthesis from the

green compact containing pores of 20 volo/o. But they
reported that the microstructure of the product which
had been combustion-synthesized from the green com-
pact containing pores of 46 volo/o consisted of nickel

cores surrounded by an annular region of Ni3Al phase,
the rest of the matrix being the more aluminum-rich
NiA1 phase. They also reported that an X-ray diffrac-

tion pattern measuredfor the product from the green
compact containing pores of 28volo/o indicated the

presence of only Ni3Al and NiAl phases, with no pure
nickel phase present. Therefore, too high porosity is

unfavorable even for combustion synthesis. From the
results shown in Figs. I through 3and those reported
by Lebrat et al., we used a compacting pressure of
700MPa,which corresponds to approximately 10 volo/o

of porosity. Reducing the compacting pressure makesit

possible to enlarge the size of the green compact. AIarger
size of the green compact is preferable from the view
point of heat loss, becausethe pressing mediumconsumes
someof the heat from the exothermic reaction of the

combustion synthesis and it suppresses the self-sustaining

reaction
.

i 3)

3.2. Synthesis of NiAl by pseudo-HIPing
Figure 4shows the change in the temperature of the

37 (1997), No, 1

compactduring heating under a pseudo-HIPing pressure
of 265MPa.Whenthe temperature of the compact
reaches approximately 900K, which is just below the
lowest eutectic temperature in the Al-Ni binary system,
the temperature of the compact suddenly goes up to
approximately 1900K in a very short time. This sud-

den increase in temperature is caused by the exother-

mic reaction of the synthesis of NiAl from the mixture of
nickel and aluminumpowders.

Nishimura and Liul3) investigated reactive sintering

of Ni3Al under uniaxial compressive stresses ranging
from Oto 120MPa,and gave a detailed description of
the entire reaction process from nickel and aluminum
to Ni3A1; i,e. Ni+3A1-NiA13, NiA13+Ni-Ni2A13,
Ni2A13+Ni-3NiA1. Liquid+Ni-NiA1+Ni3Al, and
NiA1+2Ni-Ni3Al. In our study, the final product is

not Ni3Al but NiA1. However, it is likely that some
similar reactions occur also in our study, because Inoue
and Suganumal8)found that Ni2A13 was formed as an
intermediate product in the reactive sintering of NiAl.
The very sharp increase in temperature shownin Fig. 4
implies that the series of reactions occurred in a very
short time. Figure 5, showing a dendritic structure of the
synthesized NiA1, indicates that the liquid phaseof NiA1
existed in a stage of the pseudo-HIPing. Since the

maximumtemperature of the samplemust have exceed-
ed the melting temperature of NiAl of 1911 K,19) the

temperature shownin Fig. 4seemsto be underestimated.
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Fig. 4. Changein temperature ofthe compactduring heating

under the pseudo-HIPing pressure of 265MPa,
showing a sudden exothermic reaction of the

combustion synthesis of NiAl from the mixture of
nickel and aluminumpowders.

Frg. 5. Dendritic structure ofthe synthesized NiAl,indicating
that the liquid phase of NiA1 existed in a stage of the
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It is considered that the thermocouple and the alumina
tube which covered the thermocouple absorbed someof
the heat from the exothermic reaction.

Figure 6showsthe effect of the pseudo-HIPingpressure

on the density of the combustion-synthesized NiA1. As
the pressure increases, the density goes up close to the

ideal density of NiAl. The increase in density is caused
by the decrease in the porosity. Figure 7showsthe effect

of the pseudo-HIPing pressure on the Vickers hardness
of the combustion-synthesized NiAl. The hardness
increases with the pressure. It is suggested from the results

shownin Figs. 6and 7that because the behavior of the

hardness change is very similar to that of the density

change, the increase in hardness is considered to be
caused by the increase in density.

3.3. Addition of Al203 Particles

Figure 8shows the effect of the volume fraction of

Al203 particles added to the compacton the density of
the synthesized NiAl. Thedensity slightly decreases with
increasing volume fraction of Al203 particles, due to the

fact that the density of A1203is lower than that of NiA1.

Thechange in the ideal density in Fig. 8wascalculated

from the density of Al203 (3.99 Mg/m3)and that of NiAl
(5. 86 Mg/m3).

Figure 9showsthe effect of the volume fraction of the

added Al203 particles on the Vickers hardness of the

synthesized NiA1. Theaddition of Al203 particles up to

5vol'/, does not affect the hardness of NiAl. Anyeffect

of the size of Al203 particles on the hardness is not
observed.

Figure 10 showsthe microstructures of the synthesized

NiAl. WhenAl203 particles are not added, the grain size

of NiAl is very large (see Fig. lO(a)). However, when
only 0.4volo/o of Al203 particles are added to the

compact, the grain structure of the synthesized NiA1 is

significantly refined (see Fig, lO(b)).

Figure 11 shows the results of an electron probe
microanalysis (Fig. 11(a)) and an image of a scanning
electron microscope (Fig. I l(b)) of the synthesized NiA1
containing I vol"/, of Al203 particles with a diameter of
0.5 ~m.Theresults show(1) NiA1 is perfectly synthesized

without any intermediate products and the elernental
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metal phases remaining, in spite of the addition of Al203
particles, and(2) the addedA1203particles are segregated

at the grain boundary of NiAl.
Figure 12 shows the effect of the volume fraction of

the added Al203 particles on the average grain size of
the synthesized NiAl. As the volume fraction of Al203
particles increases, the average grain size of NiA1 de-

creases. Whenthe size of Al203 particles is small, the

decrease in the grain size is remarkable. This implies

that the numberof the particles is also an important
parameter.

3.4. Mechanismof Grain Refinement by Al203Addition

WhenAl203 particles are added to the compact of
the powdermixture of nickel and aluminum, the grain
size of the synthesized NiAl is small. Wediscuss the

mechanismof grain refinement by the addition of Al203
particles.

3.4.1. Heat Sink
The temperature of the compact goes up to a very

high temperature abovethe melting temperature of NiA1
owing to the exothermic reaction of the synthesis (see

Fig. 5). WhenA1203 particles are dispersed in the

compact, they will act as a heat sink and absorb the heat

from the synthesis reaction. As a result, the degree of
the superheating will be reduced, and the cooling rate of
the molten NiAl will be increased. Becausethe increase

in the cooling rate leads to an increase in the numberof
crystals, the increase in the volume fraction of Al203

91
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particles leads to the decrease in the grain size, as shown
in Fig. 12.

3.4.2. Nucleation Site

Whenthe size of Al203 particles is small, the aver-

age grain size of NiAl is small, as shownin Fig. 12. This
result indicates that the number of the NiA1 grains

increases with the numberof the Al203 particles. It is

suggested that the surface of the "cold" A1203 par-
trcles which are dispersed m the "hot" molten NiAl
could becomea nucleation site of NiAl crystals.

3.4.3. Retardation of Crystal Growth
Figure 13 showsthe relationship between the number

of Al203 particles and that of NiAl grains. The num-
ber of grains was calculated from the average area-
equivalent grain diameterl l) measuredon the section of
the sample, by assumingthat the three dimensional shape
of the grain is tetrakaidecahedral,20,21) and by using Eq.
(3).22,23)

34 7T( D.q/O.75 ~l)JN (3)-~ 2
whereNis the numberof the grains andD*q is the average
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area-equivalent grain diameter. The numberof grains

increases with the number of Al203 particles, which
implies that the A1203particles act as the nuclei of the

solidification of NiAl, as described in the last paragraph.

However,whenthe amountof the addedA1203particles

is small, the numberof NiAl grains exceeds the number
of Al203 particles. This implies that other nuclei coexist

with the addedAl203 particles. Onthe other hand, when
the amountof Al203 particles is large, the numberof
NiAl grains is smaller than that of A1203particles, which
implies that manyof the Al203 particles do not act as
nuclei. Theymaymovewith the solidification front and
pile up in the liquid side at the solid/1iquid interface. The
migration of the solidification front c.overed with A1203
particles will be retarded, and the nucleation of NiAl will

be activated at the site of the A1203 particles which

are dispersed in the liquid phase away from the solidi-

fication front. This leads to the grain refinement of NiAl.

3.4.4. Retardation of Grain Growth
A great numberof A1203particles are segregated on

the grain boundary surface of NiAl, as shown in Fig.

11.
Theyretard the migration of the grain boundaryafter

solidification, and the grain size remains small.

4. Conclusions

An intermetallic compoundof mononickel aluminide
(NiA1) was produced from a mixture of nickel and
aluminumpowders by using combustion synthesis and

a pseudo-Hot-Isostatic-Pressing (pseudo-HIPing) me-
thod. The effects of the addition of alumina (A1203)
particles on the microstructure andmechanical properties

of the combustion-synthesized NiA1 was investigated.

The results are summarizedas follows:

(1) The density and hardness of the combustion-
synthesized NiAl significantly increase with the pseudo-

HIPing pressure. The increase in the volume fraction

of the added Al203 particles leads to a slight decrease
in density, but it does not affect hardness.

(2) The grain size of NiA1 decreases, as the volume
fraction of the added A1203particles increases and as
the size of the Al203 particles decreases.

(3) Themechanismsof the grain refinement ofNiAl
by the addition of Al203 particles are considered to be

(i) the role of a heat sink by the non-exothermic inclu-

sions of Al203, (ii) the role of the nucleation site of
NiA1 by the "cold" surface of Al203 particles, (iii)

retardation of crystal growth of NiAl by Al203 particles

piled up at the solid/liquid interface, and (iv) retardation
of grain growth of NiAi by Al203 particles segregated
at the grain boundary.
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