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Department of Materials Science and Engineering
Massachusetts Institute of Technology
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Abstract

Reactive synthesis of bulk and reinforced aluminides are reviewed. When
processed under optimal conditions, reactively-synthesized aluminides display
room-temperature mechanical properties as good as, or better than, cast
aluminides. Frequently encountered defects resulting from reactive synthesis are:
(i) porosity, (i) incomplete synthesis and (iii) loss of shape due to liquid formation.
Using a simple mass balance, the amount of liquid aluminide is calculated as a
function of the initial temperature of the reactants. Process maps are discussed
for some of the aluminides of nickel and titanium.

1.0 Introduction

Recently, considerable interest has been
directed to the reactive synthesis of
intermetallic compounds. While the
technique has been used since the beginning
of the century for oxide-metal mixtures
(thermite reaction), it was pioneered for
intermetallics in the Soviet Union in the
1970’s (1-3). In reactive processing of
intermetallics, two intimately-mixed metallic
reactants A and B exothermically react in a
self-sustaining manner to form an
intermetallic product AB asa result of the
large difference in free energy and enthalpy
between the product and reactants;:

XA-+yB - ABy (1)

The number of reactants and/or products
can be larger than shown in Eq. (1), and
non-elemental reactants, e.g. in displacement
reactions, can be used:

ACy+xB—ABx+yC  (2)

Compared to other processes such as

casting and powder metallurgy of

prealloyed powders, reactive synthesis has
the following advantages:

* reduction in externally-supplied
energy, since the enthalpy released by
the reaction internally heats the
product. This in turn reduces or
eliminates the need for processing

Copyright ©1995 by Marcel Dekker, Inc.
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equipment such as furnaces.

* rapid heating and cooling rates,
resulting in short production cycles,
fing-grained microstructures, and
reduced contamination from reaction
with the surroundings (atmosphere,
reinforcement or crucible materials).
The rapid heating is a result of (i) the
heat being released within the volume
of the reactant preform, rather than
conducted from its surface, as in most
external heating methods, and (ii} high
density of stored chemical energy
being liberated in a self-sustaining
manner. Rapid cooling may be induced
by initiating the reaction at low
temperature and keeping the product
in contact with cold surroundings.

» high purity of the product, due to
evaporation of volatile impurities at
the high temperatures reached during
synthesis.

* possibility to preduce composites,
either by in situ formation of a second
phase or by addition of an inert second
phase to the reactants.

« possibility of near-net-shape processing,
particularly useful for intermetallics
and their composites, which are
difficult to shape due to their limited
low-temperature ductility, and difficult
to cast due to their high melting point
and reactivity.

Some of the disadvantages of reactive
synthesis processing include:

« difficulty of controlling the reaction
kinetics once synthesis has been
initiated,

+ the use of powders, which may
increase contamination as a result of
their large specific area, and are

inherently more expensive than melts,

» final porosity in the product, which
can however be minimized or
eliminated by application of pressure
during or after reaction,

* loss of shape for self-standing
preforms as a result of slumping upon
melting, swelling upon gas evolution,
or shrinking upon densification, and

+ loss of volatile reactants or products.
The large body of work existing on

the reactive synthesis processing of

ceramics and intermetallics has been
summarized in numerous review articles,

e.g. refs.(1-14). In what follows, a review

of the literature relative to reactive

synthesis of aluminide intermetallics and
their composites is presented.

2.0 Reactive Synthesis Processes

In many cases of reactive synthesis,
partial or complete melting of some of the
species involved in the reaction (reactants,
intermediate or final products) takes place.
Formation of a liquid phase is advantageous,
since densification is accelerated due to
capillary forces, and mass transport is much
faster than in the solid state. Liquid
formation may also be disadvantageous,
since it may induce a loss of shape of the
sample and segregation. Furthermore,
since the enthalpy of fusion of the melted
species is absorbed without increase in
overall temperature, the maximum
temperature of the product is reduced, thus
increasing the possibility of incomplete
reaction.

The maximum temperature reached
during adiabatic reactive synthesis is
mostly controlled by the amount of liquid
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reactants at the beginning of the reaction,
since the enthalpy of fusion of the reactants
is usually high compared to the total
enthalpy needed to bring the reactants from
their initial temperature to the final
temperature of the reaction. Thus, current
reactive synthesis processes can be
separated in three classes, according to the
physical state of the reactants at the onset
of the reaction (Figure 1).

2.1 Class (i): All Reactants Are Solid

» Self-propagating High-temperature
Synthesis (SHS): a mixture of reactant
materials is compacted into a porous,
self-supporting preform. The preform
is subjected to a localized temperature
increase (e.g., torch, electric arc),
initiating locally the reaction which
propagates in a front through the
preform.

*  Reactive Sintering {RS): a porous
preform of reactant materials is heated
uniformly until a self-sustaining
reaction takes place simultaneously
within its volume.

*  Reactive Annealing (RA): similar to
reactive sintering, except that the
mixture of reactants is a pore-free
body (produced by lamination of foils,
extrusion of powders or infiltration of
preforms).

*  Reactive Hot lsostatic Pressing
(RHIP): similar to reactive sintering,
except that hydrostatic pressure is
imposed onto the reacting preform,
thus compacting the product.

*  Reactive Hot Pressing (RHP): similar
to reactive HIPing, except that a
uniaxial compressive stress is applied
mechanically by a piston onto the
preform which is usually contained
within a die.

*  Reactive Shock Synthesis (RSS): a
porous preform of reactant powder is
subjected to a very rapid increase of
pressure and temperature as a result
of a shock wave, thus initiating a self-
sustaining reaction leading to the
products.

2.2 Class (ii): Some Reactants Are
Liquid

*  Reactive Infiltration (RI): a preform
of solid reactant materials is infiltrated
with a fully liquid reactant, and the
two react to form the product.

2.3 Class (iii): All Reactants Are Liquid

*  Reactive Spray Deposition (RSD):
reactant powders are injected into, and
melted within, a stream of inert hot
gases or plasma, and deposited upon
a substrate where they react to form
the product.

* Reactive Casting (RC): two streams
of reactant liquid are mixed, and
reacted in the liquid state to form the
product.

Two other processes, where the
product is also formed as a result of a
reaction between reactants, are not
considered in what follows, since the
synthesis reaction is typically not self-
sustaining:

* Reactive Mechanical Alloying:
reactant powiders are intimately mixed
by repeated cold welding and fracture,
resulting in ciffusion of the reactants
to form the product.

* Reactive Deposition: gaseous
reactants are deposited onto a
substrate where the product is
synthesized.
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3.0 Reactive Synthesis of Aluminides

The bulk of published research on
reactive synthesis of intermetallics
concerns aluminides and, to a lesser extent,
silicides, which exhibit high strength, low
density and good oxidation resistance. The
two main problems for the use of these
intermetallics for structural applications,
i.e., their low ductility and toughness at room
temperature and their low strength at
elevated temperatures (15), have led to the
development of composite systems, where
the reinforcement can increase both
toughness (by crack deflection, bridging or
absorption) and strength (by load transfer)
(16-19).

As compared to reactive synthesis of
covalent or ionic ceramics (e.g., borides,
carbides, nitrides and oxides), reactive
synthesis of aluminides exhibits the
following differences;

(a) Aluminum has low melting point and
enthalpy of fusion, and forms eutectics
with all aluminide-forming metals
(20).

(b) Aluminides exhibit lower melting
points than ceramics.

(c) The heat of formation of aluminides
tends to be lower than for ceramics.

(d) The phase diagrams of all binary
aluminum-transition metals systems
exhibit multiple intermetallic phases
(20), which often possess similar
enthalpy and free energy of formation.

(e} Most aluminides tend to react with
oxygen, and, to a lesser extent, nitrogen
or carbon at high temperatures when in
the solid or liquid state.

Journal articles up to 1993 are listed
in Appendices 1-4 for bulk and reinforced

aluminides fabricated by reactive
synthesis. Also given in Appendices 1-4
is a summary of the process conditions,
the microstructure of the products (phases
and porosity), and, when available, their
mechanical properties at room
temperature.

It is apparent from Appendices 1-4
that dense, fully-reacted aluminides exhibit
room-temperature mechanical properties
which are as good as, and often better than,
cast aluminides. This is probably due to
the higher purity of the product, and the
fine-grain structure resulting from rapid
cooling. As for conventionally-produced
aluminides, the properties of reaction-
synthesized aluminides can further be
modified by heat-treatment and thermo-
mechanical treatments. Appendices 1-4
also indicate that the three main processing
problems encountered during reaction
synthesis of aluminides are porosity,
incomplete reaction and loss of shape, as
described in more detail below.

3.1 Porosity
Porosity, which can be minimized or

eliminated by application of pressure

during or after reaction, is induced by the

following factors (21):

» Initial porosity of the reactant body:
powder preforms exhibit 20-50 vol%
porosity. Full green density is only
reached upon reactive annealing of
pore-free laminated, extruded or
infiltrated preforms, or upon reactive
infiltration.

* Decrease in molar volume upon
formation of the product: for
aluminides, the increase in density is
typically less than 12% (Table 1), i.e.,

an
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less than for most ceramics (10-30%).

¢ Thermal migration in temperature
gradients (Soret effect): this is only of
concern for SHS reactions where large
gradients exist.

+ Liberation of gases: powders of
reactive metal (e.g., titanium,
zirconium and niobium) dissolve large
quantities of hydrogen, oxygen and
nitrogen at low temperatures. These
gases can be released during high-
temperature synthesis and trapped
within the product. Furthermore,
chemically-bonded water on the
surface of alumina used for composite
has been found to desorb and react
during synthesis of titanium
aluminides (22).

* Solidification shrinkage: when liquid
aluminide is formed, pores may result
from lack of feeding of the
solidification shrinkage.

3.2 Incomplete Reaction

Factors (c) and (d) above indicate that
metastable intermetallic phases may form
upon reactive synthesis of aluminides due
to an insufficient maximum temperature.
Low reactant initial temperature, non-
stoichiometric composition and addition of
non-reactive species (e.g., reinforcement)
reduce the maximum attainable temperature.
Also, if the reaction is non-adiabatic, low
preform green density and large reactant
particle size reduce the rate of reaction,
thus increasing the heat losses to the
surroundings, and reducing the final
temperature. Furthermore, high surface-
to-volume ratio of the reacting body also
increase heat losses with the same results.

3.3 Loss of Shape

From factors (a) and (b) above, it
follows that liquid formation is often
encountered during reactive synthesis of
aluminides, either because of formation of
atransient liquid (aluminum or aluminum-
eutectic) or because of melting of the
aluminide at the maximum reaction
temperature.

The final temperature of the product
is of practical importance, since it helps
in predicting the extent of reaction with
the surroundings (atmosphere, crucible or
inert reinforcement within the reactants),
as well as the presence of liquid aluminide
product. If partial or complete melting of
the intermetallic product occurs, it is
furthermore important to determine the
volume fraction of liquid: this parameter
determines the extent of shape deformation
if no crucible is used, the extent of particle
segregation due to density mismatch if a
composite preform is used, as well as the
extent of shrinkage porosity that must be
fed during solidification. The conditions
leading to melting of the product are further
examined below: a simple thermodynamic
analysis to determine the volume fraction
of liquid product formed under adiabatic
conditions is presented as a function of the
initial reactant temperatures.

4.0 Global Adiabatic
Thermodynamical Analysis

Calculations of the maximum
temperature (also called adiabatic
temperature) and volume fraction of liquid
product have been presented for some
ceramic systems (25-27) assuming
adiabatic conditions, which have been
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found to be met in many SHS cases, since
the synthesis reaction is typically fast(2).

While in class (i) of reactive synthesis
processes, the initial temperature of the
reactants is uniform, in reactive infiltration
(class (ii)) and reactive casting (class (iii)),
the temperature of the reactants can be
controlled independently. This introduces
additional flexibility in the process, since
the initial temperature of the reactants is
one of the main parameters that determines
the final temperature of the reacted
compounds, and therefore the amount of
liquid product.

The volume fraction V| of liquid
product formed from the reactants A and
B, initially at temperature T, and T,
respectively, can be determined from a
simple thermal balance consideration, if it
is assumed that the process is adiabatic
and that the product forms homogeneously
throughout the sample according to Eq. (1):

Tm
X Jcp.AdT+26A‘AH1,A
Ta
Tn
+y Icp'BdT+2 5g-aH g
Ty

+vAH + AH =0

1AHm A B, f.AB, 3)
where c_. is the heat capacity of reactant
1, AH,, is the enthalpy of transformation
of reactant i (solid-solid and solid-liquid
phase transformations), AH and

AH; Axgy AT€ respectively the ennm;lii)y of
fusion and the enthalpy of formation of
the solid product at its melting point T .
Depending on the value of the phase

transformation temperature T, . of reactant

i, the parameters §, takes the following
values:

5= Lif T,< T, <T,,or
&=0if T, T,or T >T_,or
0< <1, if Ty =Ty or Tei = Tyn(4)

Equation (3) can be adapted to more
complex cases, e.g. when a larger number
of reactants and products are involved in
the reaction, when the reactants are
compounds rather than metals (Eq. (2)),
when the reaction is incomplete or yields
non-equilibrium intermediate products,
when a non-reactive species is added to
the system or when the intermetallic
product is non-stoichiometric (28, 29).

As shown schematically in Figure 2,
Eq. (3) can be represented in a process map
as a family of curves for which the volume
fraction of liquid product V, is constant
(isofractional curves), as a function of the
initial temperatures of the reactants T, and
T, The curves V=0 and V =1 bound a
region (B) where the product is partially
liquid at its melting temperature T _.
Adjacent to this regton are two regions: a
solid region (A), where the adiabatic
temperature is below T _, and a liquid region
(C) whereitisabove T _. The transformation
temperatures of the reactants correspond to
discontinuities on the isofractional curves,
due to the enthalpies of transformation in
Eq. (3).

The process region for class (i) of
reactive synthesis, whereby all reactants
are initially solid, is the line defined by:

T,=Ty<T_ ,orT_; 4)

Class (ii} of reactive synthesis
(reactive infiltration) is represented by the
two areas defined by:
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Figure 2:  Schematic process map with process regions as a function of the initial

temperature of the reactants.

0<T,<T_, and Tm.B <Ty<Typ0r

0<T,<T,gandT, ,<T,<T,,, (6)
where T and T, .are respectively the melting
and boiling temperature of reactant i. The
special case of isothermal reactive
infiltration, where the fiquid B and the solid
A have the same temperature, corresponds
to the line T,= T, above the melting
temperature of the lowest melting reactant,
Finally, the area

Tm‘A < TA < TM and Tm.B <T,< Tb,B €))

corresponds to class (iii) of reactive
synthesis processes, where both reactants
are initially liquid.

5.0 Examples of Process Maps for
Titanium and Nickel Aluminides

In Figures 3-6, Eq. (3) is plotted in
process maps for the products TiAl, TiAl,

NiAl and Ni,Al, using thermodynamic data
given in Table 1 and ref. (23). Figure 3
for TiAl displays isofractional curves
which are almost straight and regularly
spaced, as a result of the weak temperature
dependence of the heat capacity of the two
parent metals. When the phase
transformation temperature of one of the
reactants is reached (melting or endothermic
allotropic transformation), the temperature
of the other reactant is shifted to lower
values for a constant fraction of liquid
product V.

The following differences between the
two titanium aluminides TiAl and TiAl,
are visible in Figures 3 and 4: the shift in
isofractional curves due to the melting of
aluminum is larger in the case of TiAl, than
for TiAl, while the shift due to the phase
transformations of titanium (o-P and B-
liquid) as well as the slope of the
isofractional curves are smaller for TiAl,
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Figure 5.  Plot of the volume fraction of liquid NiAl as a function of the reactant initial
temperatures (Eq. 3).
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Figure 6:  Plot of the volume fraction of liquid Ni,Al as a function of the reactant
initial temperatures (Eq. 3).
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Figure 7:  Plot of final volume fraction liquid product V, as a function of the reactant
temperature T, for the case where both reactants are initially at the same

temperature T, (Eq. 3).

than for TiAl. These differences are the
result of the different stoichiometry of the
two compounds: a larger relative amount
of aluminum is involved in the reaction to
form TiAl, than for TiAl. Finally,
compared to TiAl, the isofractional curves
for TiAlL are shifted towards lower reactant
temperatures. This can be explained by the
ratio -AH/AH_ which is higher for TiAl,
than for TiAl (Table 1) and which
represents the ratio of heat released by the
reaction and heat absorbed upon melting
of the intermetallic. It is a rough measure
of the relative enthalpy source and sink of
the system, since most of the enthalpy is
used for melting the intermetallic rather
than for heating the reactants.

Figure 5 shows isofractional curves
for NiAl with about the same slopes as
for TiAl (Figure 3), as a result of the

similar stoichiometry, but shifted to lower
reactant temperatures, as expected from
the higher -AH/AH _ ratio for NiAl. Fer
Ni, Al (Figure 6). the isofractional curves
exhibit higher slopes with smaller
aluminum melting plateaus than for NiAl
(Figure 5). The reason for these differences
is, as for the titanium aluminides, the
different stoichiometric ratios of aluminum
and nickel (respectively titanium).

The intersection of the isothermal line
T, = T, with the isofractional curves is
plotted in Figure 7 for the intermetallics
listed in Table 1. For all the aluminides
considered, the melting point of the
intermetallic is reached when both
reactants are initially at the melting
temperature of aluminum. The volume
fraction of liquid intermetallic product
depends on the volume fraction of liquid
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Table 1. Thermodynamic Values (23, 24) Used in Calculation and Density Change
Ap upon Formation of the Intermetallic from the Metal Reactants

Compound T, AH atT | AH_ -AH/AH Ap
(K) (kJ/fmol) | (kJ/mol) ) (kg/m*)
TiAl 1733 -88 60 1.5 270
TiAl, 1613 -182 80 23 230
NiAl 1912 -159 63 25 740
Ni,Al 1668 -190 103 1.8 630

aluminum at the onset of the reaction: if
the aluminum is fully solid at the start of
the reaction (as for SHS of mixed powder
preforms), then the volume fraction of
liquid intermetallic is between (.37 for
TiAl and 1 for NiAl. If the aluminum is
fully liquid before the initiation of the
reaction (as in reactive infiltration of
metallic powders), the liquid fraction of
intermetallic takes values between 0.55 for
TiAl and [ for NiAl and TiAl,. Due to the
rapid and exothermic nature of reactive
synthesis of direct measurement of the
amount liquid formed at the maximum
synthesis temperature is difficult. Indirect
evidence of melting has been reported in
three studies: Dunand and Mortensen (28)
observed dendritic NiAl after reactive
infiltration, indicating that a volume
fraction of liquid NiAl close to unity was
reached upon synthesis, Alman and Stoloff
(30) reported slumping of reaction-sintered
Ni-Al preforms as aresult of NiAl melting,
and Rawers and Maupin (31) observed
shrinkage porosity in reactively-annealed
nickel aluminides.

6.0 Summary

Reactive synthesis processes, whereby
a product is formed by exothermic, self-
sustaining reaction of reactants, are
reviewed for aluminides and their
composites. This class of processes allows
rapid heating and cooling with little
externally supplied heat, purification of the
product as a result of the high temperature
reached, and near-net-shape processing of
bulk or reinforced products, whereby the
reinforcement can be formed in situ or
added to the reactants.

The main process defects encountered
during reactive synthesis of aluminides are
porosity, incomplete reaction and loss of
shape. Porosity is common to most
materials produced by reactive synthesis,
and can be eliminated in aluminides by
application of pressure during or after
synthesis, since the intermetallics can
usually be plastically deformed at high
temperature. Incomplete reaction is more
prevalent in aluminides than in ceramics,
due to the comparatively low temperatures
reached during synthesis. This in turn is
due to the lower enthalpy of formation of
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aluminides, reducing the heat source, and
the lower melting temperature of aluminum
and aluminides, increasing the heat sink,
since melting is endothermic. Loss of shape
is mostly controlled by the amount of liquid
aluminide product.

Using a simple mass balance equation,
the volume fraction of liquid formed under
equilibrium, adiabatic conditions is
determined as a function of the initial
temperature of the reactant metals. The
results are displayed graphically in process
maps and discussed for some of the
aluminides of nickel and titanium, for
which a large amount of liquid product can
be formed upon reactive synthesis. While
the adiabatic, equilibrium calculations
yield an upper bound for the amount of
liquid formed, they are relevant to practical
cases, since full reaction has been usually
found to take place when heat losses are
small.
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9.0 Appendix Headings

Reactants:  initial metallic reactants.

Second phase: inert or reactive reinforcement
added to reactant; p: particle,
w: whisker, and f: fiber.

Process: abbreviations are defined in
the text.

Product: phases after synthesis (minor
phases are in parentheses).

Density: fraction of theoretical density

of the equilibrium product.
Mechanical TRS: transverse rupture stress
Properties at YTS: tensile yield stress
Room Temp. YCS: compressive yield stress

UTS: ultimate tensile stress,

TJCS: ultimate compressive

stress,

¢: tensile elongation

e : compressive elongation

389



Downloaded by [Northwestern University] at 09:41 01 November 2017

Dunand

Appendix 1. Nickel Aluminides

Reactants Second Process Conditions Phases Density Mechanical Ref.
Phase Properties
Ni+ RHP 725°C Ni < 100% (€1))
Al 4.5 at% 13MPa, 1 h Ni Al
Ni+ RHP 725°C Ni < 100% ibid
Al 9.1 at% I3MPa, 1 h NiAl
3Ni+Al RS 620°C Ni,Al  96-98% (32)
vacuum (33)
3Ni+Al RHP 620°C Ni,Al  97-99% ibid
20-150 MPa NiAl
vacuum Ni
3Ni+Al SHS 87-417°C Al 34
air Ni,Al,
NiAl,
Ni 44.5 wt% SHS air 57-85% ibid
Fe 35.0 wt%
Al20.5 wt%
3Ni+Al SHS vacuum Ni, Al 75-97% (35)
NiAl, Ni (36)
3Ni+Al RA 450°C or Ni,Al 37
600°C, vacuum
3Ni+Al RA-SHS air Ni,Al (38)
Ni+3Al RA-SHS air AlNi ibid
ALNi,, Al
3Ni+Al RS 700°C Ni Al 97%  TRS: 470 MPa (39)
vacuum UTS: 230 MPa (40)
3Ni+Al RHIP 800°C Ni,Al  ~100% UTS: 363 MPaibid
104 MPa
30 min
3Ni+AI RHIP 800°C Ni,Al  ~100% YTS: 265 MPaibid
+0.1 wt% B 104 MPa UTS: 722 MPa
30 min e 10%
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Appendix 1. Nickel Aluminides (continued)

Reactants Second Process Conditions Phases Density Mechanical Ref.

Downloaded by [Northwestern University] at 09:41 01 November 2017

Phase Properties
3Ni+Al RHIP 1100°C ~100% YTS: 494 MPa (40)
+0.1 wt% B 172 MPa UTS: 677 MPa
1h e: 2%
3ANi+Al RS 750°C Ni,Al 98% @n
vacuum (Ni,AL)
3Ni+Al RS 750°C, H, S7% ibid
3Ni+Al RS 750°C, Ar 93% ibid
3Ni+Al RS 550-950°C 90-98% ibid
vacuum
3NiAl Rl Ni: 450-550°C  Ni Al 100%  UTS: 400 MPa (42}
Al: 800°C
50 MPa, air
Ni+ RI -do- NiAl 100% ibid
Al 44-35 at% Ni Al
3Ni+Al RSS > 60 GPa NiAl < 100% 43)
Ni Al

(Ni, Ni,Al)
3Ni+Al RSS 22 GPamax. Ni,Al <100% 44)

(NiAl, Ni,AL,

NiAl,, Al+Ni)
3Ni+Al+ RA 1150-1200°C ~ Ni,Al (45)
B 0.26 wt% 1-8 h, vacuum
Ni+Al RSD Ni Al 70-99% (46)

NiAl, Ni,Al,

Ni

Ni+ RSD NiAl  90-99% ibid
Al 35 a% Ni,Al
(Ni+NiAl 10%+ RHIP 1250°C NiAl 100% YCS: 890 MPa (30)
Al 49 at%) + 172 MPa, 4 h
Ni+ RS 700°C NiAl 100% YCS: 544 MPaibid
Al 49 at% vacuum, 15 min
(Ni+Al 49 at%)+ RS -do- NiAl 98% ibid
NiAl 15-25%
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Appendix 1. Nickel Aluminides (continued)

Reactants Second Process Conditions Phases Density Mechanical Ref.

Phase Properties
Ni+Al SHS+ vacuum NiAl < 100% 47)
HIP 40 MPa
Ni+ RI  Ni: 285-705°C  NiAl < 100% 28)
Al 46-31] at% Al: 705-755°C  Ni,Al,
3.6-6.9 MPa Ni,Al
NiAl,
Ni, Al
3Ni+Al+ ALO,, RHIP 800°C Ni,Al 100% YTS: 474 MPa(39)
BO.l wt% 3 vol% 104 MPa ALO, UTS: 548 MPa (40)
30 min e 1%
3Ni+Al+ Y203p RHIP 800°C Ni,Al 100%  YTS: 391 MPaibid
BO.lwt% 20 vol% 104 MPa Y,0, UTS: 464 MPa
30 min e 2%
3Ni+Al+ C, RS 620°C Ni,Al (48)
B 1.5 at% nitrogen NiAl, C,
3Ni+Al% ALO,, RHP 700°C,0MPa, NiAl <100% (45)
B 0.26 wt% 1 h + 800°C Ni Al
355MPa, 1 h Ni
vacuum AlLO,
INiI+Al% ALO, RHP+ -do- NiAl < 100% ibid
B 0.26 wt% RA AlLO,
INI+Al ALO,, RI Al and Ni: NiAl (49)
or TiB2p 700-900°C Ni Al

35MPa  (NiAl, Al)
vacuum A1203 or TiB,

ANi+Al ALO,, SHS NiAl < 100% (35)
2-10 wt% Ni, ALO,

3Ni+Al (Ti+C) SHS Ni Al (50)

(+Cr, Zr, B) 35 wt% TiC

3Ni+Al (Ti+C) RHP 21 MPa TiC  95-98% 1)
88-25 wt% Ni Al
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Appendix 1. Nickel Aluminides (continued)

Reactants Second Process Conditions Phases Density Mechanical Ref.
Phase Properties
Ni+Al -do- RHP -do- TiC, 94-100% (51)
NiAl
SNi+3Al (Ti+C) RHP -do- TiC 97% ibid
50 wt% Ni,Al, NiAl
2Ni+3Al -do- RHP -do- TiC, NijAl, $0% ibid
Ni+3Al -do- RHP -do- TiC, Ni,Al, 93% ibid
(NiAL, TiAlL)
Ni+Al -do- RHP  6.9-28 MPa 90-100% ibid
3Ni+Al -do- RHP -do- 88-100% ibid
Ni+Al -do- RS 55% ibid
3Ni+Al -do- RS 52% ibid
Ni+Al (Ti+C) SHS vacuum NiAl - <100% (52)
50 wt% Ni Al Ti,
NiTi
Ni+Al {Ti+C+TiC) SHS vacuum < 100% ibid
50 wt%
3Ni+Al -do- SHS -do- 81-93% ibid
3Ni+Al -do- RHP 350-550°C < 100% ibid
11-27 MPa
3Ni+Al  (Ti+C+TiC) RHP 550°C Ni Al 93% ibid
1090 wt% 22 MPa TiC
(functionally
graded)
(Ni+ TiB, RS 700°C NiAl 94% (30)
Al 49 at%) 5Svol% 15 min TiB,
+ NiAl 15% vacuum
(Ni+ TiB, RS -do- -do- 95% ibid
Al 49 at%) 10 vol%
+ NiAl 15%
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Reactants Second Process Conditions Phases Density Mechanical Ref.
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Phase Properties
(Ni + TiB, RS 700°C NiAl 86% (30
Al 49%) 15 vol% 15 min TiB,
+ NiAl 15%
-do- TiB, RS -do- -do- 62% ibid
20 vol%
(Ni + TiB, RHIP 1250°C NiAl 100% CY: 1060 MPa ibid
49 at% Al) 15 vol% 172 MPa, 4 h TiB,
+ NiAl 10%
-do- TiB, RHIP -do- -do- 100% CY: 1350 MPa ibid
20 vol%
-do- TiB, RHIP -do- -do- 100% CY: 1915 MPa ibid
40 vol%
NiAl NiOp RHP 1300°C NiAl 100% TRS: 355 MPa (53)
20 mol% 275MPa,3h  ALQ,
vacuum
NiAl NiOp RHP -do- Ni Al 95%  TRS: 320 MPa ibid
40 mol% NiAl, Ni
AlLO,
Ni+Al TiAl RSS 100% (54)
70 mol%
Ni+ AIQOap RI  Ni: 280-705°C  NiAl < 100% 28)
Al 54-43 30-34 Al: 685-760°C  Ni,Al,
at% vol% 3.6-6.9 MPa Ni Al
vacuum NiA]3
Ni, Al
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Reactants Second Process Conditions Phases Density Mechanical Ref.
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Phase Properties
Ti + RHP 725°C Ti < 100% 310
Al 21 at% 13 MPa Ti,Al
lh TiAl
Ti + Al RS 650°C,72hor TiAl (55)
993°C, 2 h
vacuum
Ti + Al RS + 982°C, 8 h 91.5- ibid
extrusion 1316-1399°C 99%
Ti + Al RS+ 1000°C,3.5h TiAl >99% UTS: 214 MPa ibid
extrusion 1427°C Ti Al YCS: 462 MPa
(ALO,, TiO) e:0
Ti + Al RS+ 640°C,6.5h >99% ibid
extrusion 1316°C
Ti + Al RA 600°C TiAl  80-95% (56)
23 h, argon TigAl
Ti + RHIP 1100°C ~50% 37
Al 48 at% 125 MPa
1 h (uncanned)
Ti + RHP 540°C Ti < 100% ibid
Al 48 at% 2MPa, 1 b ALTI, (Al)
Ti + RHP 950°C Ti,Al  ~100% ibid
Al 48 at% 2MPa, 1 h TiAl
Ti + RHIP 1250°C TiAl YTS: 210 MPa(58)
Al 48 at% 125 MPa Ti Al YCS: 430-530 MPa
Ti + RA 600°C TiAl  68-97% (59)
Al 48 at% vacuum, 6 h Ti,Al, TiAl,
TiAl,
Ti + RA 1000°C TiAl  80-97% ibid
Al 48 at% 1350°C Ti,Al  84-98%
Ti + RHIP 1350°C -do-  93-98% ibid
Al 48 at% RA+RHIP -do- -do- 81-99%
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Appendix 2. Titanium Aluminides (continued)

Reactants Second Process Conditions Phases Density Mechanical Ref.
Phase Properties
Ti+ RHIP 1350°C Ti,Al - 91.95% (59
Al 48 at% +RA
Ti+ RHIP 1350°C TiAl UTS: 375 MPa (60)
Al 48 at% 110 MPa, 5h e: 0%
Ti+ RHIP ~do- TiAl(Cr) UTS: 380 MPa ibid
Al 48 at% + e: 0%
Cr 2%
Ti + Al SHS TiAl 61)
Ti,Al
TiAl,
Ti + Al RHP 1125°C TiAl 93%  TRS: 254 MPa ibid
10 MPa
vacuum
Ti + Al RHP 1200°C TiAl  91-99% TRS: (62)
1.4-6.5 MPa Ti,Al 415-1115 MPa (63)
15-180 min
Ti + Al RHP 1300°C TiAl  91-98% TRS: ibid
6.5-10 MPa Ti,Al 366-801 MPa
5-15 min
Ti + Al RHP  900-1300°C TiAl  84-92% TRS: ibid
6.5 MPa Ti,Al 149-378 MPa
15 min
Ti + RHP 1300°C TiAl  91-95% TRS: {63)
Al 50-60 at% 6.5 MPa Ti Al 320-480 MPa
15 min
Ti + Al SHS air 35% (64)
vacuum
Ti + Al RHIP 1370°C 100% UTS: 533 MPa (65)
170 MPa
4h
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Appendix 2. Titanium Aluminides (continued)

Reactants Second Process Conditions Phases Density Mechanical Ref.
Phase Properties
Ti + Al RS 500-750°C TiAl  48-58% (22)
argon Ti Al
(TiAl)
3Ti + Al RS 490-660°C Ti,Al  65-68% ibid
argon (TiAl+Ti)
Ti + 3Al RS 540-660°C TiAl,  29-58% ibid
argon
Ti+ Al + RSS 100% (54)
TiAl 70 mol%
Ti + RHIP 1250°C Al CrTi, 100% CYS: 490 MPa (66)
Al 66 at% + 173 MPa UCS: 1360 MPa
Cr9 at% 2h e 14%
Ti + AlLO,, RHIP 1250°C Al CrTi,, 100% CYS: 470 MPa(66)
Al 66 at% + 10 vol% 173 MPa ALO, UCS: 1010 MPa
Cr9 at% 2h e: 8%
Ti + AlLO,, RHIP 1250°C Al CrTi, 100% CYS: 970 MPaibid
Al 66 at% + 30 vol% 173 MPa L0, UCS: 1100 MPa
Cr9 at% 2h e 1.4%
Ti + Al B RHP 1300°C TiAl > 90% TRS: (63)
2-10 6.5 MPa Ti,Al 240-410 MPa
mol% 15 min TiB,
Ti + Al C RHP 1300°C TiAl > 90% TRS: ibid
2-10 6.5 MPa Ti,Al 225-450 MPa
mol% 15 min TiC
Ti + Al Si RHP 1300°C TiAl > 90% TRS: ibid
2-10 6.5 MPa Ti,Al 215-450 MPa
mol% 15 min Ti,Si,
Ti + Al AlLO, RHP 1300°C TiAl > 80% TRS: ibid
2-10 6.5 MPa Ti,Al 161-254 MPa
mol% 15 min AlLO,
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Appendix 2. Titanium Aluminides (continued)

Reactants Second Process Conditions Phases Density Mechanical Ref.
Phase Properties

Ti + Al SiCp RHP 1300°C TiAl > 90% TRS: (63)
2-10 6.5 MPa Ti,Al 157-367 MPa
mol% 15 min Ti,Si,

SiC

Ti + Al SiC, RHP 1300°C TiAl > 90% TRS: ibid
2-10 6.5 MPa Ti,Al 97-316 MPa
mol% 15 min Ti,Si,

SiC
Ti + Al B RHP 1200°C TiAl 90% (62)
5 mol% 1.4 MPa Ti,Al
TiB
Ti + Al C RHP 1200°C TiAl 92% ibid
5 mol% 1.4 MPa Ti,Al
TiC
Ti + Al Si RHP 1200°C TiAl 88% ibid
5 mol% 1.4 MPa Ti,Al
Ti,Si,

Ti + Al Alzo3p RHP 900°C TiAl < 100% TRS: (64)
2-15 4.1-48 MPa  (Ti,Al) 31-75 MPa
mol% vacuum AlLO,

Ti + Al SiC, RHP -do- TiAl < 100% TRS: ibid
2-15 (Ti,Al) 62-120 MPa
mol% Ti,Si,

Ti + Al SiC RHP 1200°C TiAl 92%  TRS: 372 MPa(61)

2 mol% 10 MPa Ti,Al

vacuum (Ti,ALC,)

(Ti,ALSi )

Ti + Al SiC RHP 1175°C TiAl 93%  TRS: 607 MPa ibid

5 mol% 10 MPa Ti,Al
vacuum Ti,Si,

(Ti,ALC)

(Ti,AlSi,,)
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Appendix 2. Titanium Aluminides (continued)

Reactants  Second

Process Conditions

Phases Density Mechanical Ref.

Phase Properties
Ti + Al SiC RHP 1220°C TiAl 95% TRS: 98 MPa (61)
10 mol% 10 MPa Ti,Al
vacuum Ti,Si,
(Ti,ALC)
(Ti,ALSi,,
Ti + Al SiC RHP 1190°C TALC, 96% TRS: 25 MPa ibid
25 mol% 10 MPa Ti,Si,
vacuum (SiC, Al)
Ti + Al SiC RHP 1175°C Ti,ALC, 94% TRS: 12 MPa ibid
50 mol% 10 MPa SiC
vacuum Al
Al TiO, RI  Al: 800-890°C ALO, (67)
16-47 vol% TiO,: 340-500°C ~ TiAl

50-150 MPa

TiAl,
TiO, + Al
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Appendix 3. Iron Aluminides

Reactants Second Process Conditions Phases Density Mechanical Ref.

Phase Properties

3Fe + Al RS 700°C Fe Al 54% (68)

vacuum
3Fe + Al RHIP 1000°C Fe,Al 98% ibid

120 MPa

30 min.
Fe + RS 1000°C Fe Al 48-75% 69)
Al 28 at% (+ C) vacuum (AlLFe0)
Fe + Al RS -do- FeAl  54-69% ibid
(+C)
Fe + RHP 1000°C Fe,Al  83-99% UTS: 840 MPaibid
Al 28 at% (+ C) 10-70 MPa (Al FeC) e 1.2%

argon

Fe + Al RHP -do- FeAl  75-99% ibid
(+C)
3Fe + Al RHIP  1000-1350°C ~ Fe,Al  ~100% (70)
+C) 138-1242 MPa (AlLFeC)

1-60 min
3Fe + Al + RHIP -do- Fe, Al  ~100% ibid
Cr2% Cr
+0) (ALFeC)
3Fe + Al + RHIP -do- Fe, Al ~100% YTS: 950 MPaibid
Cr5% Cr e: 7%
+0C (AlLFe C)
Fe + RHP 1000°C Fe, Al  ~100% 1)
Al 28 at% 28 MPa (AlFeC)

1h

3Fe + Al + RHP 500°C ~100% ibid
Cr 2% 20.7 MPa

+ 1100°C

1h
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Appendix 3. Iron Aluminides (continued)

Reactants Second Process Conditions Phases Density Mechanical Ref.
Phase Properties
3Fe + Al RS 1200°C < 100% (71)
B | wt% or argon
P 1 wt% or 1h
Mg 0.3 wt%
Fe + Al RS 1200°C < 1% ibid
argon, | h
Fe + Al RHP 1200°C < 100% ibid
24.5 MPa
15 min.
Fe + Al + RS 1200°C < 100% ibid
B 1 wt% or argon
P 1 wt% or lh
Mg 0.3 wt%
Fe + RHP 725°C Fe < 100% @3Bn
Al 8.6 at% 13 MPa Fe Al
Fe,Al
FeAl
Fe+Al+  ALO, RHIP  1000-1100°C  Fe,Al 100% (70)
Cr 0-5% 10 wt% 138-207 MPa Cr
+0O 1-60 min.  (AlLFe,C)
3Fe + Al N, RSD H/N, plasma  FeAl 100% (72)
preheated AIN
substrate 677°C  (Fe)
Fe + Al N, RSD -do- FeAl ibid
AIN
(FeAl)
Fe + N, RSD -do- Fe,Al ibid
Al 58-75 FeAl
at% FeAl,
Fe Al,
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Appendix 4. Niobium and Tantalum Aluminides

Reactants Second Process Conditions  Phases Density Mechanical Ref.
Phase Properties
Nb + RHP Nb,Al TRS: 460 MPa (73)
Al 8 at% Nb
3Nb + Al RS 750-1000°C Nb 74
inert gas NbAL,
(Nb,Al)
2Nb + Al RS NbAI,
Nb, Al
Nb
Nb + 3 Al RS NbAI,
Nb + 3Al RHIP 900°C NbAI,  100% (54)
lh
Nb + 3Al RHP 1350°C NbAlL,  >98% (75)
49 MPa
1h
Nb + 3Al RS 1200¢C NbAI, 95% (65)
1h
RHIP 1200°C NbA, 98%
170 MPa
Nb + 3Al RS 800-1400°C  NbAIl, 48-95% (76)
1h
vacuum
Nb + 3Al RS 1200°C NbAl, 28-82%
Ih
yvacuum
Nb + 3Al RHIP 1200°C > 98%
173 MPa
4 h
Ta+ 3 Al RHIP 1200°C Al Ta 98%  UTS: 531 MPa(7)
(ALTa) (65)
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Appendix 4. Niobium and Tantalum Aluminides (continued)

Reactants Second Process Conditions Phases Density Mechanical Ref.

Phase Properties
Ta + 3Al + RHIP 1200°C Al,Ta 93%  UTS: 372 MPa(65)
Fe 8 at% TaxA]yFel
3Nb + Al B SHS Argon NbAl < 100% a7
3% (Nb,Al) (78)
(NbB)
(Nb)
Nb + Al TiAl RSS TiAl 100% (54)
70 mol% TaxAlbe_,_
Nb + 3Al Nb RHP 1350°C 100% (75)
20 volY% 49 MPa
1h
Nb + 3Al Nb RHP 1350°C Nb 100% ibid
20 vol% 49 MPa NbAl,
(Nb,0,) 1h (Nb Al
(ALO,)
Nb + 3Al AlLO, RHIP 1200°C NbAI, 98% (65)
30 vol% 170 MPa Nb,Al (76)
4h NbAIO,
AlLO,
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