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A cylindrical block of nickel monoaluminide, NiAl, is produced from a mixture of nickel and aluminum
powdersby sintering a powdercompactunder a pseudo-isostatic pressure, and is simultaneously joined to

an iron block with the sameshape. Whenthe joining couple of the powdercompactand the iron block is

heated to approximately 900 K, a violent exothermic synthesis reaction. Ni +Al-NiAl, suddenly starts, and
the temperature of the compactquickly ~ises owing to the heat of reaction and exceeds the melting point
of NiAl, 1911 K. Because the molten NiAl wets the contacting surface of the iron block, an iron-rich

NiAl-base alloy and an iron-base ternary solid solution are produced on each side of the joining interface.

Nocracks or cavities are formed in the NiAl even in the vicinity of the joining interface. Hardnesscontinuously
changesacross the joining interface from approximately 330 in NiAl to approximately 55 in iron. All of five

specimens of a four-point bending test fractured in NiAl, the fracture surface being I to 2mmawayfrom
the joining interface.

KEYWORDS:powdermetallurgy; reactive sintering, combustion synthesis; intermetallic compound;nickel

monoaluminide; ioining; mechanical property.

l. Introduction

An intermetallic compoundof nickel monoaluminide,
NiAl, offers new opportunities for developing low-
density and high-strength structural materials which
might be used at temperatures higher than currently
possible with conventional nickel-base superalloys, be-

causeNiAl 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 and low cost.1) Although the most
significant disadvantage of NiAl is brittleness at low

2)ternperatures, the ductility can be improved by alloying

or grain refinement.3) WhenNiAl or NiA1-base alloys

comein practice in the near future, it becomesnecessary
to join them to conventional metal materials such as
steels or superalloys. However, the joining technique of
NiAl has not yet been estabiished.

The present authors4~11) have studied the synthesis

of intermetallics such as NiA1 or MoSi2 by reactive

sintering or self-propagating high-temperature synthesis

(SHS)or, moresimply, combustion synthesis, and found
that the increase In pressure applied during the reactive

sintering reduces the volume fraction of pores remaining
in the synthesized intermetallics and that the addition of
ceramic particles to the mixture of elemental powders
reduces the grain size of the synthesized intermetallics.

Throughout our previous study, wehaveconsidered that

whena compactof the powdermixture being in contact
with a metai block is reactive-sintered, the surface layer
of the metal biock might melt due to the heat of the
exothermic reaction of the synthesis, and therefore, the
synthesized intermetallic might be joined to the metal
block. In this study, we examine the feasibility of the
in-situ joining of NiAl to an iron block by reactive
sintering.

2. Method

2.1. Experiment
Carbonyl nickel powder (99.8masso/o Pure, 5~min

diameter) and gas-atomized aluminum powder (99.8

masso/o, 100,Im) were mixed in a molar ratio of I : l
with the addition of small amountof ethanol. Thepowder
mixture was cold-pressed into a cylindrical compact in

a metal moldby applying a uniaxial pressure of 600MPa.
Thediameter of the compactwas24mm,and the height

was 15mm.The compact was placed on an iron block
with the sameshape and size. Thecontacting surface of
the iron block had been polished before hand by using

a 400-grit emerypaper. Thechemica] composition of the

iron is: C=0.001, Sl=0.008, Mn P=0.002, S=
0.001 masso/o

.

A thermocouple well (3.5 mmin diameter) wasdrilled
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from the top surface of the compact, and two other wells

with different depth were drilled from the bottom surface
of the iron block, to measure the temperature in the

center of the compact and that of the iron block at

two different distances from the contacting surface.

TypeBthermocouples (0.5 mmin diameter) covered with
alumina tubes (3 and2mmin outer and inner diameters)

were inserted into the wells.

Molybdenumwire (0.5mmin diameter) was wound
on to the side surface of the joining couple of the com-
pact and the iron block, and then the joining couple was
placed in a pressing vessel (50 mmin inner diameter
and 80mmin depth). The joining couple was pseudo-
isostatically pressed at a pressure of 150MPathrough

a pressing mediumof alumina powder (0.5mm in

diameter), and was then heated at a nominal heating
rate of I K/s by applying electric power to the molyb-
denumwire. The pressing and heating were carried out
in an evacuated chamber. Thesamplewasremovedfrom
the pressing vessel after a period of 300spassed from the

onset of the exothermic reaction of the synthesis, which
had been monitored through a sudden increase in tem-
perature.

The samples were metallographically examined by
using an optical microscope and a scanning electron
microscope. Anelectron probe microanalyzer wasused
to determine the nature and distribution of the phases
appearing in the sample. AVickers microhardness tester

with an applied load of O.245Nwasused to investigate

the hardness distribution across the joining interface.

A four-point bending test was carried out at room
temperature to estimate the joining strength.

2.2. Numerical Analysis

The heat generation and heat transfer during the
reactive sintering of the joining couple were calculated

by using Eq. (1).

aT oe~a2T+I aT+e2T)+ ACH(~)=(
2 - 2 (I -f )ar r er ezat

..(1)

The reaction rate of the synthesis, df/dt in Eq. (1), was
assumedto be expressed as the following forml2)

df_Aexp(
QIRT) ..........(2)

dt
Thevalue of A in Eq. (2) wasdetermined empirically so
a~ to reproduce reasonably the time-temperature curves
obtained in this study. The boundary conditions are:

eT
ar

O (atr=0)
........

..........(3)

aT aT~
az

=~F.
az

=hl(T*-TF) (atz=zl) ....(4)
NiAl

aT aTA
ar

~F*
ar

~hs(Ts~TA) (atr=rs) ""(5)
NiA]

aT
~F.

az
""(6)=-hs(Ts~TA) (atz=0)

........
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Table 1. Properties used in the numerical analysis.13~ 16)

31 1

Propert y Value

CF, (kJl(kg ' K)) 0.65
CNiA] (kJ/(kg'K)) O. 53+0.00023T14)

;,F. (W/(m' K)) 28.4
ANiA] (W/(m' K)) 75.215)

PF. (Mg/m3) 7.8

PNiAl (Mg/m3) 5.914)

LF. (kJ/kg) 268
LN~A' (kJ/kg) 20014)

h~ (W/(m2. K)) 5OOO13)

hs (W/(m2. K)) 420
A (S~ 1) 5.5 x 108

Q(kJ/^ol) 146.316)

AH(kJlkg) l 38014}

aT
~N*Al

'

az
=~hs(Ts TA) (atz z ) ..........(7)

In order to solve Eqs. (1) through (7) numerically by
using a finite difference method, the longitudinal cross
section of the samplewasdivided into 3600 rectangular
grids with sides 0.25 and 0.5 mmon the r- and z-coordi-

nates, and Eq. (1) and Eqs. (3) through (7) were con-
verted into finite difference equations. The time step

was 0.00125s. The ambient temperature was elevated

at a rate of I K/s, and the temperature of each grid at

every time step was calculated. It was assumedthat

when the temperature of a grid reached 900K, the
synthesis reaction proceeded at the rate described in

Eq. (2). The values of various physical properties used
in this calculation are given in Table 1.

3. Results and Discussion

3.1. Heat Generation and Heat Transfer

Figure I showsthe results of temperature measurement
at three different points in the joining couple. Whenthe
joining couple is heated to approximately 900K, the

temperature of the compactsuddenly rises as a result of
the exothermic reaction of the synthesis of NiAl (see

CurveA), and the heat of the reaction is transferred from
the compactto the iron block (see Curves Band C). The
maximumtemperature of the compact is approximately

l 900K, which is very close to the melting point of NiAl,

1911 K. The maximumtemperature of the iron block
reaches approximately 1300Keven in the center of the
thickness of 15mm.

Figure 2showsthe simulated time-temperature curves
at several points on the longitudinal axis of the joining
couple. The temperature of the compact exceeds the
melting point of NiAl by approximately 300K in the

center (see Curve A) and approximately 200K even at
the joining interface (see Curve D), which indicates that
nickel and aluminumpowdersexothermically react and
produce molten NiA1. The temperature of the molten
NiAl quickly falls and stagnates for a momentat the
freezing point of NiAl, and then gradually falls again.

The curves for the temperature of the iron block agree
with the experimental results shownin Fig, I,

both at 2
and at 7mmfrom the joining interface (Curves Band
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Fig. 2. Simulated time=temperature curves of the joining
couple.

C). The temperature of the iron block at the joining
interface rises to a higher level than at other two posi-
tions (see Curve E), but it does not reach the melting
point of iron, 1811K, which indicates that the surface
of the iron b]ock does not melt, even if the heat of the
violent exothermic reaction is transferred to the iron.

Figure 3 shows the simulated temperature distribu-

tion curves on the longitudinal axis of the joining couple
at several momentsfrom the onset of the synthesis
reaction. At a momentof I s from the onset, the tem-
perature of the compact exceeds the melting point of
NiAl at any position. Heat fiows out of the molten NiA1
mainly into the iron block: the temperature of the NiAl
falls and stagnates for a momentat the freezing point
of NiAl, while the temperature of the iron block gradu-
ally rises. After the stagnation at the freezing point, the

temperature drop of the NiAl begins at the joining
interface, which maybring about the directional solid-

ification of the NiAl.

3.2. Metallography
Figure 4shows the microstructure of the synthesized
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Fig. 3. Simulated temperature distribution curves on the
Iongitudinal axis of the joining couple at several

momentsfrom the onset of the synthesis reaction.

Fig. 4. Microstructure of the synthesized NiAl, showing
columnar dendrites. Etchant: Marble's reagent.

NiAl. The dendrite structure in the figure indicates that
the compact was melted by the heat of the exothermic
reaction. The microstructure shown in Fig. 4 supports
the simulated results shownin Figs. 2and 3, and implies
that the measuredtemperatures shown in Fig. I were
underestimated probably due to the thermal capacity
of the alumina tube covering the thermocouple. The
columnar shape of the dendrites is a result of the
directional solidification, as described in the final part
in Sec. 3.1.

Figure 5showsthe microstructure of the joining couple
photographed by using a scanning electron microscope.
The structure of the syntheslzed NiA1 is uniform, and
no defects such as clacks or cavities are observed in the
NiAl even at the joining interface, which indicates that
the in-situ joining of NiAl to the iron block by reactive
sintering is feasible. It was considered that because the
thermal expansion coefficient of NiAl is very close to
that of iron,17) cracking did not occur during cooling
after the in-situ joining. However, it wasa]so considered
that tensile stress should have generated in NiAl due to
the expansion of iron caused by the austenite-to-ferrite

transformation during cooling, but no cracks were ob-
served at the joining interface. In the next paragraph,

wediscuss the reason for the excellent joining property
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NiAl

Frg. 5. Microstructure ofthejoining couple photographed by
using a scanning electron microscope. Arrows indicate
the joining interface.
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Fig. 6. Concentration distributions of nickel, aluminumand
iron across the joining interface.

without cracks, by using the results of chemical analysis.
Figure 6 shows the concentration distributions of

nickel, aluminumand iron across the joining interface.

The results indicate that (1) the synthesized NiA1 has a
chemical composition of approximately 45ato/oNi-55
atoloAl, (2) iron diffuses into the NiAl, replacing nickel

atoms, and (3) both nickel and aluminumdiffuse into
the iron block. According to a nickel-aluminumiron
ternary phase diagram,18) fi-NiA1 stably coexists both
with oc-iron and with y-iron. The stable conjugation
between p-NiAl and o(- or y-iron is considered to be
one reason for the excellent joining property. Another
reason maybe the existence of a cushioning layer with
no or little austenite-to-ferrite transformation near the
joining interface. According to the ternary phase di-

agram, the fraction of austenite (y-iron) phase in an
iron-nickel-aluminum alloy decreases with the increase
in aluminum content; no austenite exists at any tem-
perature for an Fe3ato/oNi-1 Oato/oAl alloy, for example,
which corresponds to the chemicai composition of the
iron at a position lO~maway from the joining inter-
face, according to the analysis results shown in Fig.
6. It is considered that the cushioning layer with no or
little transformation prevents the stress caused by the
transformation from concentrating at the joining inter-

O 200 -100 O 100 200
Distance from Interface (/! m)

Fig. 7. Hardnessdistribution across the joining interface,

face
.

Becauseno elemental phases or no intermediate reac-
tion products such as Ni2A13 are observed in Fig. 6,
it is shownthat the synthesis reaction is completed even
in the vicinity of the joining interface, which agrees with
the simulated results in Fig. 2showing that the maximum
temperature of the compactexceeds the melting point of
NiAl even at the interface. Wehad considered that a
thin layer of the iron at the joining interface might melt
due to the heat from the exothermic reaction of the
synthesis. However, the simulated results shownin Fig.

2 indicate that the iron block does not melt even at the
joining interface. Thealloying near the joining interface,
both in NiAl and in iron, is considered to have been
producednot by mixing of liquids but by diffusion before
and after solidification of the molten NiAl.

3.3. Mechanical Properties

Figure 7 shows the hardness distribution across the
joining interface. Theindentations weremadein a zigzag

manner to avoid an interaction between the nearest
indentations. Hardnesschangescontinuously from high
values in the synthesized NiAl to low values in the iron
block. Theaverage hardness of approximately 55 in the
iron block is considered to be reasonable, based on the
chemical composition described in Sec. 2. I .

Thehardness
of the NlAl is approximately 330 on the average, but it

varies from 260 to 420. Wediscuss the reason for the
variation in hardness of the NiA1in the next paragraph.

Figure 8showsthe concentration distributions of nickel
and aluminum in the synthesized NiAl away from the
joining interface. The average composition of the NiA1
is approximtely 50ato/*Ni-50ato/.A1, but the composition
varies with the maximumwidth of approximately IOato/o,

which is within the solubility range of NiAl, according
to an aluminum-nickel binary equilibrium phase dia-
gram.19) The variation in the concentration may be
caused by the inhomogeneousmixing of the elemental
powders or by the microsegregation during the solidi-

fication of the molten NiAl. Wehave previously in-

vestigated the effect of nickel content on the hardness
of NiAl, and found that the hardness decreases from 400
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Fig. 9. Fractured specimen of a fourpoint bending test.

to 300 as the nickel content increases from 46 to 50 at"/*

but it increases to 400 as the nickel content increases
further to 56at"/o 7) Similar results were reported by
Westbrook,20) Nagpal and Baker,21) and Tan et al.22)

According to Bradley and Taylor,23) NiAl has different

types of lattice defects between both sides of the
stoichiometric composition; i.e. the vacancies at the
nickel sites for the aluminum-rich side and the sub-
stitutional nickel atoms at the aluminum sites for the
nickel-rich side. Tan et al. explained the change in

hardness of NiAl from the change in lattice parameter.
Consequently, the variation in hardness of the NiA1
shown in Fig. 7 is caused by the nonuniformity in

concentration of nickel and aluminum within the sol-

ubility range of NiAl.
Figure 9showsa fractured specimen of a four-point

bonding test. Five samples were tested under the fol-

lowing conditions: 3x 4mm2in rectangular cross-
sectional area, 15mmin distance between supporting
points, 4mmin distance between loading points and
O.5mm/minin cross-head speed. Fracture occurred
always in the NiAl near the joining interface, as shown
in Fig. 9. Thecrack waspropagated both through crystal

grains andon grain boundaries, as shownin Fig. lO. The
fracture strength measuredby the bending test was 50
to 60MPa.The fracture strength maybe improved by
the addition of alloying elements such as iron or
gallium,24) or by decreasing the porosity in the syn-
thesized NiAl which wasestimated to be 2to 5volo/o in

the present samples.

4. Conclusions

The joining couple of an iron block and a compact
of powdermixture of nickel and aluminumwas heated
under a pseudo-isostatic pressure, in order to examine
the feasibility of an in-situ joining of NiAl to iron by
reactive sintering. Additionally, a computer simulation

was performed by using a finite difference method, in

order to simulate the heat generation and heat transfer

during the reactive sintering. Theresults are summarized
as fo]lows.

(1) Whenthe joining couple is heated to approx-
imately 900K, nickel and aluminum suddenly react
exothermically, and NiA1 is instantly synthesized. The
temperature of the compact quickly rises and exceeds
the melting point of NiAl, 191 1K. The heat of the re-
action enables the in-situ joining between the synthe-
sized NiA1 and the iron block.

(2) The microstructure of the synthesized NiAl is

uniform and there are neither intermediate reaction
products such as Ni2A13 nor defects such as cracks or
cavities even at the joining interface. During cooling of
the molten NiAl, iron defuses into the NiA1, while nickel

and aluminumdiffuse into the iron block.
(3) Hardness continuously changes across the join-

ing interface from approximately 330 in the NiAl to

approximately 55 in the iron block. Thefracture strength
of the joining couple measuredby a four-point-bending
test was 50 to 60 MPa.The crack waspropagated both
through crystal grains and on grain boundaries of NiAl,
the fracture surface being I to 2mmawayfrom the join-

ing interface.
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Nomenclature

A: coefficient related to the reaction mechanism
C: specific heat
,f: fraction of the formed NiAl

hl : heat transfer coefficient at the joining interface
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heat transfer coefficient at the surface of the
joining couple
heat of formation of NiAl
latent heat
activation energy
radial coordinate in a cylindrical system
radius of the joining couple

gas constant
time

temperature
temperature of the pressing medium
temperature of the iron at the joining interface

temperature of the NiA1 at the joining interface

temperature of the surface of the joining couple
axial coordinate in a cylindrical system
height of the joining couple
position of the joining interface on the z-co-
ordinate
thermal diffusivity (=~lpC)
thermal conductivity
density
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