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Ductile Ordered Intermetallic Alloys

Ordered intermetallic alloys constitute
a unique class of metallic materials
which form long-range ordered crystal
structures below their melting points
(T or critical ordering temperatures
(T.). The various atomic species in these

C. T. Liu and J. O. Stiegler

these alloys exhibit yield stresses that
increase with test temperature (5-8) rath-
er than decrease, as is common for con-
ventional or disordered alloys. Long-
range order produces stronger binding
and closer packing between atoms. The

Summary. Many ordered intermetallic alloys have attractive high-temperature
properties; however, low ductility and brittle fracture limit their use for structural
applications. The embrittlement in these alloys is mainly caused by an insufficient
number of slip systems (bulk brittleness) and poor grain-boundary cohesion. Recent
studies have shown that the ductility and fabricability of ordered intermetallics can be
substantially improved by alloying processes and control of microstructural features
through rapid solidification and thermomechanical treatments. These results demon-
strate that the brittleness problem associated with ordered intermetallics can be
overcome by using physical metallurgical principles. Application of these principles
will be illustrated by results on NisAl and NisV-CosV-FesV. The potential for develop-
ing these alloys as a new class of high-temperature structural materials is discussed.

alloys tend to occupy specific sublattice
sites and form superlattice structures.
The structures and properties of ordered
intermetallics were studied extensively
in the 1950’s and 1960’s, and as a result
of these efforts many attractive proper-
ties were identified and characterized (/-
4). In ordered lattices, dislocations travel
in pairs or groups, and their motion is
thus subject to certain constraints, par-
ticularly at elevated temperatures (5). In
general, the strength of ordered interme-
tallics does not degrade rapidly with in-
creasing temperature. In many cases,
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restricted atom mobility generally leads
to slower diffusion processes and better
creep resistance in ordered lattices. Or-
dered intermetallics such as aluminides
and silicides are usually resistant to oxi-
dation and corrosion because of their
ability to form compact, adherent oxide
surface films that protect the base metal
from excessive attack (9).

The interest in ordered intermetallic
alloys subsided in the latter part of the
1960’s because of severe embrittlement
problems (/—4, 10-12). Many intermetal-
lics are so brittle that they simply cannot
be fabricated into useful structural com-
ponents. Even when fabricated, their
low fracture toughness severely limits
their use in structural applications. The
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design of ordered intermetallic alloys has
been studied at a number of laboratories,
and such work (/3-21) has shown that
the ductility and fabricability of several
intermetallic systems can be substantial-
ly improved through application of phys-
ical metallurgical principles. The success
of these efforts has renewed the interest
in ordered intermetallics, and is expect-
ed to encourage their development as a
new class of structural materials for
high-temperature applications.

This article summarizes current efforts
in the design of ductile ordered interme-
tallic alloys. These materials are often
designated as both ordered alloys and
intermetallic compounds. The term ‘‘or-
dered alloys’’ commonly refers to alloys
that form long-range ordered crystal
structures at relatively low temperatures
(say, T, < 700°C) and are disordered at
higher temperatures. The term *‘interme-
tallic compounds,” on the other hand,
generally designates strongly ordered al-
loys with specific alloy formulas and
compositions (that is, line compounds).
This review focuses on the class of
strongly ordered alloys that are ordered
over a range of composition and have
appreciable solubility of additional ele-
ments, allowing us to use alloying princi-
ples to design ductile materials.

Brittleness of Ordered Intermetallics

Ordered intermetallic alloys generally
exhibit low ductility and brittle fracture,
which severely restrict their use as struc-
tural materials. The brittleness in a par-
ticular alloy can usually be attributed to
either of two major causes, namely, an
insufficient number of slip systems and
grain-boyndary weakness. Many or-
dered alloys that crystallize in low crys-
tal symmetries simply do not offer
enough slip systems to permit extensive
plastic deformation. Examples of alloys
exhibiting limited crystalline deforma-
tion include Co3V (10), Ni3V (10), Fe;Al
(22), NiAl 23), TizAl (1), and TiAl (24).
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In some cases adequate deformation
modes exist, yet the materials are brittle
because of easy crack propagation along
grain boundaries.. The nickel aluminide
Ni;Al is a classic example of such behav-
ior: Single crystals of Ni;Al are highly
ductile but polycrystals are extremely
brittle (16, 23, 25). In this case, the grain
boundaries are intrinsically weak (26).
Polycrystalline Ni;Al prepared from
high-purity metals exhibits brittle inter-
granular fracture, even though impurity
segregation . is insignificant. Many " or-
dered intermetallics, like conventional
alloys (27), can be embrittled because of
strong segregation of harmful impurities
to grain boundaries (28, 29). Recent stud-
ies of nickel aluminides with Auger elec-
tron spectroscopy evidenced that alloy
stoichiometry strongly influences the
segregation behavior of both trace and
alloying elements, thereby affecting alloy
ductility and fracture behavior (26).

Other factors that contribute to the
low ductility of alloys with long-range
order include restricted cross: slip, high
Peierls stress, difficulty in twinning, and
impurity locking of dislocations. It is
generally observed (/) that ordered al-
loys exhibit planar slip because of the
restriction in cross slip of superlattice
dislocations in an ordered lattice. In con-
trast, alloys in a disordered state (pro-
duced by rapid quenching above T.) ex-
hibit wavy slip due to extensive cross
slip of screw dislocations. Planar slip
causes higher stress concentrations at
the end of slip bands and induces crack-
ing during the early stages of plastic
deformation. Formation of long-range
order generally lowers crystal symmetry
and increases the atomic packing densi-
ty, both of which could lead to high
frictional stresses opposing the motion of
dislocations on slip planes. Deformation
by twinning is thought to be difficult in
ordered lattices, since twinning induces
local disordering (30).

Improvement of Ductility by
Metallurgical Methods

Significant improvements in ductility
and fabricability of ordered intermetal-
lics have been achieved recently through
alloying processes, innovative process-
ing techniques, and thermomechanical
treatments. Rapid solidification through
melt-spimﬁng, arc hammer, and rotating
disk techniques has proved effective in
improving the ductility of several alu-
minides, including Ni;Al-B (20, 31), Ni-
Al-X (18), FeAl (21), and Fe;Al-TiB,
(32). Recently, Inoue ¢t al. (18) demon-
strated that nickel aluminides with Ni-
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Fig. 1. Atomic struc-
ture on close-packed
ordered planes: (a)
triangular  (T)-type
ordered layer and (b)
rectangular (R)-type
ordered layer (36).

Al-X compositions (X = Fe, Mn, Cr, Si,
and Co) can be made ductile and strong
by a melt-spinning technique, while con-
ventionally prepared alloys are extreme-
ly brittle. The beneficial effects of rapid
solidification are attributed to several
factors, including refinement of grain
size, improvement in alloy homogeneity,
elimination of grain-boundary segrega-
tion, and reduction in the degree of or-
der. The disadvantages of rapid solidifi-
cation are that products must be thin in
at least one dimension and that they lose
all or part of their favorablé behavior
during hot consolidation or subsequent
heat treatment at elevated temperatures.
Several investigators (17, 33, 34) have
attempted to improve the ductility of
ordered interinetallics by thermome-
chanical treatments. Stoloff and Dilla-
more (33) reported a ductility of 20 per-
cent for partially recrystallized FeCo-2
percent V specimens and only 5 percent
for the fully recrystallized ones. Schul-
son and Barker (/7) controlled the grain
siz€ by thermomechanical treatments
and observed that NiAl exhibits a critical
grain size below which polycrystalline
aggregates are ductile in tension. This
aluminide showed a tensile ductility of 40
percent at 400°C for a grain size less than
a critical value of 20 wm. Recently, Ste-
fani and Liu (35) found that the tensile
ductility of Fe;Al with 1.5 to 2 percent
TiB; prepared by melting and casting can
be increased moderately by control of
recrystallization processes.

Both macroalloying and microalloying
approaches have proved extremely
effective in improving the ductility and
fabricability of several ordered interme-
tallics. Macroalloying involves adding
major concentrations (several percent or
more) of alloying elements to control
ordered crystal structures and bulk prop-
erties. Through control of alloy composi-
tion and electron concentration (e/a, the
average number of electrons per atom
outside the inert-gas sheli), the ordered
cubic structure of an L1, type has been
stabilized for (Co,Fe);V, (Ni,Co,Fe);V,
and (Ni,Fe);V alloys, which have excel-
lent ductility and fabricability (/3, 14). In
contrast, microalloying is the addition of

(L

minor concentrations (usually in the
parts-per-million range) of elements to
control grain-boundary composition and
structure. Recent microalloying studies
(15, 16, 19) have shown that the ductility
of polycrystalline NizAl can be dramati-
cally improved by adding a few hundred
parts per million of boron, which tends
to segregate to grain boundaries and en-
hances their cohesion. The special prom-
ise of the alloying approach is that it does
not rely on costly processing techniques
such as rapid solidification, which have
the disadvantages mentioned earlier.
The alloying principles used in the design
of ductile ordered intermetallics based
on Co3;V and NizAl are discussed in
detail in the following sections.

Macroalloying and Control of Crystal
Structures in Close-Packed A3;B Alloys

Bulk materials of many ordered inter-
metallics are brittle because of low-sym-
metry crystal structures that have limit-
ed numbers of slip systems. The ductility
of these alloys can be substantially im-
proved by control of ordered crystal
structures—that is, changing the crystal
structure from low symmetry (such as
ordered hexagonal structure) to high
symmetry (such as ordered -cubic struc-
ture) through macroalloying. This sec-
tion focuses on the use of alloying princi-
ples to control ordered crystal structures
in close-packed alloys with A3B compo-
sitions.

Many alloys of the general composi-
tion A;B exist in ordered crystal struc-
tures (36—41) based on close-packed or-
dered layers, as shown in Fig. 1. These
structures are built from the regular
stacking of these layers. There are two
basic types of close-packed ordered lay-
ers (36), designated as triangular (T) type
and rectangular (R) type, as illustrated in
Fig. 1, a and b, respectively. Stacking of
the T layers gives ordered structures of
cubic or hexagonal symmetry, depend-
ing on the stacking sequence. Some tran-
sition structures are complicated, with
unit cells extending over 15 layers (40).
Ordered structures formed by stacking
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of R layers generally have tetragonal
symmetry.

Systematic studies of close-packed or-
dered A;B structures have revealed that
the stacking character in many pseudo-
binary alloys can be correlated with two
fundamental alloying variables (42):
atomiic size and electron concentration.
VanVucht and Buschow (40, 41) noted a
general correlation between the stacking
character of each layer and the radius
ratio of A and B atoms, Ra/Rg. A layer is
characterized as hexagonal if the layers

Fig. 3 (left). Comparison of the fabricability of
unalloyed and boron-doped Ni;Al alloys. (a)
Fragmented appearance of an unalloyed
Ni;Al ingot hot-rolled at 1200°C, showing
extensive grain-boundary cracking; and (b) a
full cup of Ni;Al with a boron content of 500
ppm by weight, deep-drawn at room tempera-
ture.

adjacent to it have the same stacking
position. For example; with a stacking
sequence ABA, the B layer is designated
as hexagonal. On the other hand, the B
layer is a cubic layér in a stacking se-
quence ABC, where its ddjacent layers A
and C have different stacking positions.
As the ratio RA/RB‘decreases in A;B
ordered dlloys, the stacking character
changes frdm purely tubic, thtough dif-
ferent ordered mixtlires of cubic and
hexagonal layers, to purely hexagonal.
The change in the stacking character can
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Fig. 4 (right). Sources of grain-boundary (GB) brittleness and design of ductile NijAl

by microalloying with type I and type II dopants.
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be rationalized from consideration of
space packing density. In the classic
study of VanVucht and Buschow (40),
the atomic radius of rare-earth elements
(R) was correlated with the stacking
character of trialuminides (Al;R). With
the decrease in atomic size, the hexago-
nal stacking decreases step by step from
100 percent (purely hexagonal ordered
structure) to 0 percent (purely cubic or-
dered structure, L1, type).

Beck and Dwight (36, 39), on the other
hand, correlated the stacking character
of the T layer with the e/a ratio in alloys.
With an increase in e/a, the ordered
structure changes from predominantly
cubic to predominantly hexagonal stack-
ing. Further increase i e/a leads to a
change in the basic layer structure from
T to R type. Sinha (43) suggested that the
electron effect may originate from the
interaction of the electron concentra-
tion—dependent Fermi surface with the
corresponding Brillouin zone.

The electron concentration correlation
provides useful guidance in the control
of ordered crystal structures of Cos;V
macroalloyed with iron and cobalt. This
is'because Ni, Co, and Fe have similar
atomic sizes and electronegativities but
differ in e/a: 10, 9, and 8, respectively.
The binary alloy Co;V forms a six-layer
hexagonal ordered structure (38) with
the stacking sequence ABCACB. This
structure can be best characterized as a
transition structure, in which one-third
of the T layers have a hexagonal (h)
character and two-thirds a cubic (c) one.
The stacking character of the six-layered
CosV is therefore hcchee, and its hex-
agonality is 33.3 percent.

Sinha (37) and Liu and Inouye (/3, 14)
found that the ordered crystal structure
in Ni;V-Co3V-FesV alloys can be corre-
lated with e/a. The electron concentra-
tion in Co;V can be increased by partial
replacement of Co with Ni: (Ni,Co);V.
With increase of e/a, the hexagonality of
the ordered structure increases system-
atically from 33.3 to finally 100 percent
(Fig. 2). Further increase in e/a above
8.54 produces a change in the basic layer
structure from T type to R type (Fig. 1),
and stacking of the R layers gives a
tetragonal ordered structure similar to
Ni3V (DOy,). On the other hand, e/a in
Co3V can be reduced by partial substitu-
tion of Fe for Co: (Co,Fe);V. With an e/a
below 7.89 the L1, ordered cubic struc-
ture having the stacking sequence ABC
(ccc) is stabilized in (Co,Fe);V alloys.
All these observations agree well with
the predictions from the electron con-
centration correlation.

Control of e/a provides considerable
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scope for alloy design. For instance, the
cobalt content in (Co,Fe);V can be re-
duced by replacing cobalt with an equal
amount of an equiatomic mixture of
nickel and iron. This scheme alters the
alloy composition but not e/a. As indi-
cated in Fig. 2, the ordered cubic struc-
ture remains stable in (Ni,Co,Fe);V al-
loys as long as the electron concentra-
tion falls roughly in the same range as
(Co,Fe);V. All cobalt atoms can be
eventually replaced by nickel and iron
atoms, resulting in ordered cubic alloys
of the composition (Ni,Fe);V. With this
scheme, the L1, structure is stabilized in
(Ni,Fe);V alloys without cobalt, an ex-
pensive strategic element. However,
other properties such as the critical or-
dering temperature, T, are influenced
by the alloy composition at a constant
electron concentration.

The importance of the ordered cubic
structure is shown by the room-tempera-
ture ductility of several ordered hexago-
nal and cubic alloys. Ordered cubic al-
loys of the compositions of (Fe,Co);V,
(Fe,Co,Ni);V, and (Fe,Ni);V are all duc-
tile, with a tensile elongation of 40 per-
cent or higher. However, the hexagonal-
ly ordered alloys CosV and (Ni,Co);V
are brittle with less than 1 percent elon-
gation at room temperature. The defor-
mation behavior of ordered cubic alloys
is presumably similar to that of fcc mate-
rials -having twelve {111} slip systems.
The brittleness of ordered hexagonal al-
loys is mainly related to the limited num-
ber of slip systems available in ordered
hexagonal crystal structures. The hexag-
onal alloys have ductilities too low to
permit easy fabrication, while the cubic
alloys have excellent fabricability at both
room and elevated temperatures. The
ability to control ordered crystal struc-
ture and ductility by alloying represents
a major advance in alloy design.

Microalloying and Grain-Boundary
Fracture in Nickel Aluminides

As mentioned earlier, low-symmetry
crystal structures are not the only reason
for embrittlement in ordered intermetal-
lic alloys. Many intermetallics exhibit a
brittleness that griginates at grain bound-
aries. A classic example is Ni3Al with an
ordered cubic structure (L1,). Single
crystals of NizAl are highly ductile,
whereas polycrystals are extremely brit-
tle at room and elevated temperatures
because of the weakness of grain bound-
aries. This is illustrated in Fig. 3a, which
shows an Ni3Al ingot that cracked badly
during hot rolling at 1200°C because of
extensive cracking along grain bound-
aries. ‘

Grain-boundary brittleness in NizAl
arises from two factors, as indicated in
Fig. 4. The first, an intrinsic factor, is
that the grain boundary is inherently
weak relative to the grain interiors be-
cause of poor grain-boundary cohesion.
That is, the high-purity aluminide exhib-
its brittle intergranular fracture without
appreciable segregation of impurities at
grain boundaries. The other, an extrinsic
factor, is that segregation of certain im-
purities embrittles grain boundaries, as
commonly observed in conventional al-
loys (44). Sulfur has been identified as a
trace element that strongly segregates to
grain boundaries in Nis;Al and causes
embrittlement (45).

Microalloying pracesses were used to
overcome the grain-boundary brittleness
problems. As illustrated in Fig. 4, two
types of microalloying elements (dop-
ants) were added to Ni;Al. Type I dop-
ants are reactive elements that bind
harmful impurities such as sulfur in in-
nocuous form through precipitation reac-
tions. Type II dopants are elements that
can act as electron donors (46, 47), there-
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by increasing the cohesive strength of
the boundary. Various dopants were
added to Ni3Al, including B, C, Ti, Ce,
Ca, Mg, Mn, and Si. Of these dopants,
boron is the most effective in improving
the ductility and fabricability of Ni3Al.
Aoki and Izumi (/5) first discovered the
beneficial effect of boron in Ni;Al and
observed a tensile ductility of about 35
percent at room temperature. With con-
trol of the boron concentration, alloy
stoichiometry, and thermomechanical
treatment, Liu and Koch (/6) obtained
tensile elongations exceeding 50 percent
for boron-doped Ni3;Al containing 24
atom percent Al. In practice, both type I
and type II dopants are required to sur-
mount the intrinsic and extrinsic grain-
boundary problems. In this respect, ad-
ditions of hafnium and manganese have
been found to further improve the fabri-
cability of boron-doped Ni;Al.

Microalloyed Ni3;Al (24 atom percent
Al) can best be fabricated at ambient
temperature rather than at high tempera-
tures. Sheets, rods, wires, and foils have
been recently successfully cold-fabricat-
ed from small laboratory heats. Figure
3b shows a full cup of NizAl with a boron
content of 500 ppm by weight, deep-
drawn at room temperature. The excel-
lent formability stems from both the high
ductility and rapid work hardening of the
microalloyed aluminides.

The solubility limit for boron in NizAl
is greater than 2000 ppm by weight, and
the beneficial effect arises from its pres-
ence in solution (26). Boron segregates
strongly to grain boundaries, as evi-
denced by Auger spectra from freshly
fractured grain-boundary surfaces. The
boron signals very nearly disappear after
sputtering the surface for 2 minutes,
which removes only a few atom layers,
indicating that boron is concentrated in a
very narrow region adjacent to the grain

Fig. 5. Effect of stoichiometry on tensile ductility and fracture mode of boron-dgped Ni;Al tested at room temperature: (a) 24 percent Al,
ductility = 49.4 percent, transgranular fracture; (b) 24.5 percent Al, ductility = 37.0 percent, mixed fracture mode; (c) 25.0 percent Al,

ductility = 6.0 percent, intergranular fracture.
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temperatures for NizAl-base aluminide alloys,
Hastelloy X, and type 316 stainless steel.

boundary. The boron concentration is
on the order of several percent, which
greatly exceeds its bulk solubility limit.
Transmission electron microscopy failed
to reveal any precipitate particles, either
at the boundaries or within the grains in
boron-doped Ni;Al.

Alloy stoichiometry has a strong effect
on the ductility and fracture behavior of
boron-doped Ni;Al (19, 26). Boron dop-
ant is most effective in alloys containing
24 atom percent Al, and becomes less
effective in Ni;Al at higher concentra-
tions. The beneficial effect, however,
becomes less prominent in NiyAl at high-
er aluminum concentrations, as illustrat-
ed in Fig. 5. As the aluminum content of
boron-doped NisAl is increased from 24
to 25 atom percent, the fracture mode
changes from transgranular (dimple-
type), through a mixed mode, to inter-
granular. Correspondingly, there is a
sharp decrease in the tensile ductility
from above 50 to 6 percent. The studies
of freshly fractured surfaces by Auger
electron spectroscopy indicate that the
aluminum content has no observable ef-
fec:s on C, O, and S segregation. In-
stead, boron segregation at grain bound-
aries decreases with increasing alumi-
num concentration. These observations
suggest that the boron may become less
effective in improving the ductility of
Ni3;Al when there is less than a critical
amount of boron present at the grain
boundaries. Stoichiometry effects on the
“ductility of boron-doped NisAl have also
been observed in foil materials prepared
by rapid solidification (48).

Considerable effort has been devoted
to understanding the mechanism by
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which boron strengthens the grain
boundaries. Quantum mechanical cluster
calculations (46, 47) have suggested that,
in nickel, boron atoms act as electron
donors and thereby strengthen the atom-
ic bonding. At the same time, sulfur acts
as an electron acceptor and weakens the
bonding. In a recent study of boron-
doped NizAl, White and co-workers (26,
49) observed unusual segregation behav-
ior, with boron showing a strong tenden-
cy to segregate to the grain boundaries
but not to free surfaces. This is in con-
trast to the usual observations that sulfur
and other embrittling solutes tend to
segregate more strongly to free surfaces
than to grain boundaries. According to a
classical thermodynamic theory of solute
segregation effects on grain-boundary
cohesion developed by Rice (50), the
segregation behavior exhibited by boron
should enhance grain-boundary cohésion
and suppress intergranular fracture, in
agreement with the observed effects of
boron for Ni;Al

High-Temperature Propertiés of Ductile
Ordered Intermetallic Alloys

The ductile ordered intermetallic al-
loys based on NisAl and (Fe,Co,Ni);V
have attractive properties for structural
uses at elevated temperatures. Figure 6
shows the unusual mechanical properties
of NisAl-base aluminides. The vyield
stress of boron-doped NizAl increases
rather than decreases with test tempera-
ture. Because of this increase, the alu-
minide becomes stronger than such com-
mercial solid-solution alloys as Hastelloy
X and type 316 stainless steel, whose
strengths decrease with temperature.
The yield strength of Nij;Al begins to
decrease above 600°C, and this decrease
is not a result of thermal disordering; the
material remains ordered up to its melt-
ing point (1390°C).

Similar increases in yield stress with
temperature have been observed in
(Fe,Ni,Co);V (I4), as well as in other
L1, ordered alloys (I, 8). Of the various
models that have been suggested to ex-
plain such behavior, the cross slip model
proposed by Kear and Wilsdorf (51, 52)
and Takeuchi and Kuramoto (5) is. the
most successful for describing the yield
behavior of NizAl (53). The model as-
sumes a lower energy for an antiphase
boundary (APB; the area defects where
two ordered domains impinge on each
other) on {100} planes than on {111}
planes. A recent study of the APB mor-
phology of as-quenched and annealed
NisAl foils produced by rapid solidifica-
tion shows alignment of the APB’s along
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temperature) of advanced aluminide alloys
(boron-doped Ni;Al plus 0.5 to 1.0 atom per-
cent hafnium) with commercial alloys.

{100} planes, and provides the first direct
experimental evidence (54) for the cross
slip model. The drop in yield stress
above 600°C results from a gradual
change in slip systems from {111} to {100}
planes, and there is no hardening associ-
ated with the {100} slip in the L1, struc-
ture. '

NisAl is capable of being hardened by
solid-solution effects because it can dis-
solve substantial alloying additions with-
out losing its long-range order. Figure 6
also shows the yield strength character-
istics of an advanced aluminide contain-
ing 1.5 atom percent hafnium. Note
a significant enhancement of strength
properties and a displacement of peak
strength to about 850°C in the case illus-
trated. The strengthening is entirely a
result of solid-solution effects; no precip-
itates could be detected by transmission
electron microscopy. Figure 7 compares
the density-compensated ultimate tensile
strength of NizAl-based aluminide with
that of commercial wrought alloys, in-
cluding Waspaloy .(one of the strongest
nickel-based: wrought superalloys in
use). The comparison clearly indicates
the superior strength-to-weight ratio of
the aluminides (boron-doped Ni;Al plus
0.5 to 1.0-atom percent hafnium) in both
well-annealed and cold-worked condi-
tions. Because of their aluminum con-
tent, the aluminides have a density about
10 percent less than that of nickel-base
superalloys.- The lower density could
provide considerable advantages in ap-
plications involving rotating or moving
parts.

Limited creep testing indicates that
Ni;Al exhibits grain-boundary sliding
and cavitation at 760°C. Alloying with
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hafnium substantially lowers the creep
rate and extends the creep life of the
aluminides. Under the same test condi-
tions, the creep rates of the aluminides
are comparable to those of Waspaloy
and are lower than those of Hastelloy X
and type 316 stainless steel by two to
three orders of magnitude. The alloys
(Fe,Co,Ni);V also exhibit excellent
creep resistance (/4). The formation of
long-range order in these alloys lowers
the creep rates by two orders of magni-
tude, apparently as a result of low atomic
mobility in the ordered lattice.

At present, only limited fatigue and
crack growth data exist for ordered inter-
metallic alloys. Stoloff and co-workers
(55, 56) recently found that ordered
(Fe,Ni);(V,Ti) alloys have good fatigue
resistance, even though the alloys show
atendency for intergranular crack propa-
gation at elevated temperatures. The su-
perior fatigue properties of ordered al-
loys may be related to their planar slip
behavior, which lowers the probability
of crack nucleation and reduces the
strain accumulation at crack tips because
of increased slip reversibility. Compar-
ison of the crack growth of an (Fe,
Ni);(V,Ti) alloy (LRO-60) with that of
commercial superalloys showed crack
growth for the ordered alloy to be dis-
tinctly slower than for superalloys in low
stress intensity ranges Ak (55). The
threshold Ak for the ordered alloy was
higher than that for superalloys by a
factor of about 3 to 4, indicating its
superior resistance to crack growth.

The aluminide alloys based on Ni;Al
exhibit superior oxidation resistance in
air at elevated temperatures because
they are capable of forming adherent
aluminum oxide films, which protect the
base metal from excessive oxidation.
The base aluminide, Ni;Al, undergoes
some spalling above 900°C; however, the
spalling is easily suppressed by hafnium
additions, which apparently improve the
adhesion between the base metal and
oxide film. Samples of the aluminide
alloy Ni + 23 percent Al + 1 percent Hf
and Hastelloy X were subjected to cyclic
oxidation in air for 500 hours at 1100°C.
In the oxidizing atmosphere a compact,
adherent, protective film of oxide
formed on the aluminide surface. In con-
trast, the Hastelloy X sample exhibited
severe spalling, bulging, and wrinkling,
presumably due to the combined effects
of extensive oxidation and oxidation-
induced internal stresses. The aluminide
alloys truly represent a new series of
high-temperature structural alloys that
do not depend on chromium, a critical
strategic element, for oxidation resist-
ance.
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Summary and Remarks

Ordered intermetallic alloys are a
unique class of metallic alloys that have
superior high-temperature properties;
however, low ductility and brittle frac-
ture restrict their use for structural appli-
cations. Recent studies have shown that
the ductility and fabricability of ordered
intermetallic alloys can be substantially
improved by alloying processes and con-
trol of microstructural features through
rapid solidification and thermomechani-
cal treatments. These results demon-
strate that the brittleness problem asso-
ciated with ordered intermetallics can be
overcome by using physical metallurgi-
cal principles.

Both macroalloying and microalloying
have been proving very effective in im-
proving the ductility and fabricability of
several ordered intermetallic alloys. The
ordered crystal structure in the Ni;V-
Co;V-Fe;V system can be systematical-
ly varied by change of electron concen-
tration, e/a, and alloy composition.
Through control of e/a by macroalloying
(13, 14) the L1,-type ordered cubic struc-
ture is stabilized in (Co,Fe);V, (Ni,Co,
Fe);V, and (Ni,Fe);V alloys, which have
excellent ductility and strength. Nickel
aluminides based on NizAl, having the
ordered cubic structure, are ductile as
single crystals but are extremely brittle
in polycrystalline forms. The brittleness
of such crystals is associated with a
grain-boundary weakness that causes
brittle intergranular fracture without ap-
preciable plastic deformation within the
grains. Microalloying studies (15, 16, 19,
20) have shown that the ductility and
fabricability of the aluminides can be
dramatically improved by adding a few
hundred parts per million of boron,
which strongly segregates to the grain
boundaries and improves their cohesion.

Success in alloy design has recently
stimulated considerable interest in the
development of ordered intermetallic al-
loys. Major efforts have been concen-
trated on aluminides based on NizAl,
Fe;Al, TizAl, NiAl, FeAl, and TiAlL
These aluminides are particularly attrac-
tive because of their good corrosion
resistance, low density, and relatively
low cost. The aluminides based on Ni;Al
have greater yield strengths than cast
superalloys above 800°C. The density of
TiAl is 3.9 g/cm, compared with 8.2 to
9.0 for nickel-base superalloys. The den-
sity-compensated creep strength of TiAl
is better than that of the cast superalloy
IN-100 at temperatures to 1100°C (57).
The most recent work of Vedula et al.
(58) indicates that NiAl alloyed with a
few percent niobium is also more creep-

resistant than IN-100 at 1200°C. All these
results point to the development and use
of aluminides for high-temperature struc-
tural applications.

At present, academic institutions, lab-
oratories, and industry are making a joint
effort to study ordered intermetallics.
Academic study has focused on under-
standing the deformation, fatigue, and
creep behavior of intermetallics; the gov-
ernment laboratories on mechanistic
modeling, technology development, and
property improvement; and industry on
fabrication, alloy scale-up, and structur-
al evaluation. The National Materials
Advisory Board of the National Re-
search Council has recently completed
an assessment of ductile ordered inter-
metallic alloys for structural applica-
tions, which is expected to further stimu-
late both academic and industrial re-
search on this new class of high-tempera-
ture materials.
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It is only within the past century that
synthetic plastic materials have been
known at all, and it is only within the
past several decades that they have had a
significant level of application. For most
of this period they found nonstructural
uses, where their strength and mechani-
cal durability were not fully tested. How-
ever, since the discovery, about 1940, of
synthetic fibers which were stronger and
more versatile than natural ones, struc-
tural applications of polymers have in-
creased and engineering plastics of great
strength and durability have replaced
metals in many applications.

In spite of this shift in usage, the
science needed to optimize application
of these materials did not exist until very
recently. Applications were, in fact, in-
hibited by the substitution of resin for
metal without designing for the physical
properties of the plastic, which led to
many ill-advised applications and result-
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ed in a stereotyped image of plastics as
having poor quality. The problem was
aggravated by the use of some plastics to
do jobs for which they were unsuited.
Within the past 25 years, recognition of
the uniqueness of synthetic plastics has
gradually advanced. The earlier materi-
als have given way to highly engineered
multicomponent systems with high lev-
els of strength and durability, and a body
of data has been accumulated which per-
mits the design of structures based on
the special characteristics of polymers.
Compared to metals, plastics have ad-
vantages in resistance to corrosion, ease
of fabrication, adaptability to single-part
fabrication of multifunction components,
and lower energy content. Even though
synthetic resins are produced from hy-
drocarbon feedstocks, the energy equiv-
alent of the hydrocarbons which end up
as polymer is far less than that consumed
as fuel to produce metals. In addition,
the amount of fuel used in producing
polymer is low (/). As a result, the energy
expended in producing a given volume of
structural material is significantly less
for plastics than for metals. Synthetic
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resins are less expensive on a volume
basis than most metals, and this differen-
tial is expected to increase through this
decade (/). The rapidly increasing
strength of synthetic systems is over-
coming this earlier advantage of metals;
many synthetics already have strengths
per unit volume (specific strengths)
equivalent to or greater than those of
metals.

As the use of polymers has become
more sophisticated, polymers them-
selves have evolved rapidly. During the
past few decades they have come to be
treated as starting materials for the new
multicomponent systems which are rap-
idly replacing metals in many applica-
tions, and the science is reaching the
point where specific compositions can be
designed for specific applications.

In this article we discuss (i) the appli-
cations of polymeric structural materi-
als, (ii) the available classes of plastic
resins and how they are modified for
improved strength, (iii) concepts of mo-
lecular orientation and the high-strength
polymeric fibers based on them, and (iv)
the combination of fiber and resin to
form new high-performance composites,
and the mechanical properties of these
systems. Finally, we review new re-
search directions and discuss missing
science, with particular reference to ar-
eas of opportunity for basic research.

Applications

Polymeric materials are rapidly mov-
ing into roles which were exclusively
filled by metals only a few years ago.
Nylon chain sprockets for bicycle and
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