N
INTERNATIONAL ATOMIC ENERGY AGENCY lliill
UNITED NATIONSB EDUCATIONAL, SCIENTIFIC AND CULTURAL ORGANIZATION

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS

34100 TRIESTE (GTALY) - P.O.B. 638 - MIRAMARE - STRADA COBTIERA 11 - TELEPHONE: 2240-1
CABLE: CENTRATOM - TELEX 480302 - I

SMR/208 -~ 9

SPRING COLLEGE IN MATERIALS SCIENCE
+ OR
"METALLIC MATERIALS"
(11 May - 19 June 1987)

BACKGROUND MATERIAL FOR:

""HIGH TEMPERATURE MATERIALS
(INCLUDING Ni-BASE SUPERALLOYS! AND ORDERED INTERMETALLIC ALLOYS)

C.T. LIU
Chemical Division
Oakridge National Laboratory
Oakridge, Tennessee 37831
U.5.A.

These are preliminary lecture notes, intended only for distribution to participants,






!

SCIENCE
9 November 1984, Volume 226, pp. €i#6+842 '

Ductile iDrdered llntermetallic Alloys

. CUT v sand! 1) O, Stiegler

| Copyright © 1984 by. the.Americun. #ssaciation for the Advancement of Science



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
tT.) or critical ordering temperatures
{T.). The various atomic species in these

C.T. Liuand 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 stronge- binding
and closer packing between atoms. The

Summary. Many ordered intermetaliic alloys have attractive high-temperature
properties; however, low ductility and brittie fracture limit their use for structural
applications. The embrittiement in these alloys is mainly caused by an insufficient
number of slip systems (bulk brittleness) and poor grain-boundary cohesior. Recent
studies have shown that the ductiiity and fabricability of ordered intermetallics can be
substantiaily improved by alloying processes and control of micrastructural 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 resutts on NisAl and NisV-CosV-FesV. The potentia’ for develop-
ing these alioys as a new class of high-temperature structural materials js 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 puirs or groups. and their motion is
thus subject to certain constraints. par-
ticularly at elevated temperatures (5). In
general. the strength of ordered interme-
taltics does not degrade rapidly with in-
creasing temperature. In many cases,
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restricled atom mobility generally leads
10 slower diffusion processes and better
creep resjstance in ordered lattices. Or-
dered intermetablics such as aluminides
and silicides are usually resistant to oxi-
dation and corrosion because of their
ability 1o form compact. adherent oxide
surface films that prolect the base metal
from excessive attack (9).

The interest in ordered intermetallic
alloys subsided in the latter part of the
196(F's because of severe embrittlement
problems (/—f, }0—{2]. Many intermetal-
lics are so britile that they simply cannot
be fubricated into useful structural com-
ponents. Even when fabricated. their
low fracture toughness severely limits
their use in structury annlications. The

design of ordered intermetallic alloys has
been studied at a number of laboratories,
and such work (/3-2/) 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 materiuls 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. aliowing us to use alloying princi-
ples to design ductile materials.

Brittleness of Ordered Intermetallics

Ordered intermetattic alloys generally
exhibit low ductitity and brittle fracture.
which severely restrict their use as struc-
tural materials. The brittleness in a par-
ticular alloy can usually be attributed 1o
either of two major causes. namely, an
insufficient number of slip systems and
gruin-boundary 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 Co.V (/). NiV (i), Fe Al
(220, NEALQD. TiAL( H, and TiAl (09,



In some cases adequate deformatio
mogdes exisl. yet the materials are britil:
bectause of easy crack propagation along
grain boundaries. The nickel aluminid:
Ni:Al is a classic example of such behav-
ior. . Single crystals of NijAl are highlv
ductile but polycrysials are extremely
brittle (/6. 23, 25). In this case, the grait;
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
alioys (27), can be embrittled because of
strong segregation of harmful impurities.
to grain boundaries (28, 29). Recent stud-
ies of nickel sluminides 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 ul-
loys exhibit planar slip because of the
restriction in cross slip of superattice
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 10 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 dowers crysial symimetry
and increases the atomic packing densi-
tv. both of which could lead to high
frictional stresses opposing the motion of
dislocations on skip plunes. 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 fubricability of ordered intermetal-
lics have been achieved recently through
alloving processes, innovative process-
ing technigues. and thermomechanical
treatments. Rapid solidification through
meh-spinning. arc hammer. and rotating
disk techniques has proved effective in
improving the ductility of several alu-
minides. including Ni:Al-B (20, 3/). Ni-
ALLX (i8), FeAi 214, and Fe.Al-TiB,
(320, Recertly, Inoue ¢f ol. (18) demon-
srratedd that micke! sloeinides with Ni-
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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 Ni;Al 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 Co;V and NiAl are discussed in
detail in the following sections.

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

Bulk materials of many ordered inter-

_metallics are brittle because of low-sym-

metry crystal structures that have limil-
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 maucroalloying. This sec-
tion focuses on the use of afloying princi-
ples to control ordered crystal structures
in close-packed alloys with A.\B compo-
sitions.

Many alloys of the gencral composi-
tion A;B exist in ordered crystal struc-
tures (36-41) based on close-packed or-
dered layers. as shown in Fig. I. These
structures are built from the regular
stacking of these layers. There are wo
busic types of close-packed ordered luy-
ers (36}, designated as triangular (T) type
and rectangular (R) type. as illustrated in
Fig. I. 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-
sftion structures are complicated. with
unit cells extending over 15 fayers (40).
Oiredered structiuras Formad by oracking



(Ni,Felyv
Ni,Co,Fe)v
(Co,NilgVv (Co.Nilyv {Co,Felyv
Alioy Ni v ‘ Co,v Fe,v
e/a 875 854 843 800 <789 T25 Fig. 2. Effect of elec-
Ordered tron concentration (e’
R T T T T
tayer a) on the stability of
Stackin ordered crystal struc-
b A8 ABCBCACAB ABCACB ABC tures in Ni,V-Co,V-
sequence K
Fe,V afloys.
Stacking hh hchhchhch  heehee  eee
Hewago -
nality (%) 100 €66.7 333 o
L i
Ordered Ordered Ordered Ordered
structure tetragonal hexagonal tubic

of R layers generally have tetragonal
symmetry.

Systematic studies of close-packed or-
dered AB structures have revealed that
the stacking character in many pseudo-
binary alloys can be correlated with two
fundamental alloying variables (42):
atomic size and electron concentration.
VanVucht and Buschow (40, 4/) noted a
general correlation between the stacking
character of each layer and the radius
ratio of A and B atoms. RA/Ry. 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 unalioyed
NibAl ingot hot-rolled at 1200°C, showing
extensive grain-boundary cracking: and (b) a
full cup of NiyAl 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 layer in a stacking se-
quence ABC. where its adjacent layers A
and C have different stacking positions.
As the ratio R,/Ry decreases in A.B
ordered alloys. the stacking character
changes from purely cubic. through dif-
feremt ordered mixtures of cubic and
hexagonal layers. to purely hexagonal.
The change in the stacking character can
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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/ ratio in alloys.
With an increase in e/a. the ordered
structure changes from predominantly
cubic to predominantly hexagonal stack-
ing. Further increase in e/a teads to a
change in the basic layer structure from
T 10 Riype. 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 CoV
macroalloyed with iron and cobalt. This
is because Ni, Co, and Fe have similar
atomic sizes and electronegativities but
differ in ¢/u: 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 hexagona! (h)
character and two-thirds a cubic (c) one.
The stacking character of the six-layered
Co,V is therefore hcchee, and its hex-
agonality is 33.3 percent.

Sinha (37) and Liu and Inouye (/3. I}
found that the ordered crystal structure
in NiaV-Co,V-Fe,V alloys can be corre-
lated with e/a. The electron concentra-
tion in CoaV can be increased by partial
replacement of Co with Ni: (Ni.Co)V.
With increase of e¢/ur. the hexagonality of
the ordered structure increases system-
atically from 33.3 10 finally 100 percent
tFig. 2). Further increase in e/a above
B.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
NiLV (DO22). On the other hand. e/u in
CoaV can be reduced by partial substitu-
tion of Fe for Co: (Co.Fe)V. With an e/a
below 7.89 the Li_- ordered cubic struc-
ture having the stacking sequence ABC
(cee) is stabilized in {Co.FenV allovs.
All these observations agree well with
the predictions from the eleciron con-
centration correlation,

Canteal oof ofn neavidec roncidarahla



scope for alloy design. For instance. the
cobalt content in {Co.FelV can be re-
duced by replacing cobalt with an equal
amount of an equintomic mixture of
nickel and iron. This scheme alters the
alloy composition hut mot /. As indi-
cated in Fig. 2. the ordered cubic struc-
ture remains stable in (Ni.Co.FenV al-
loys as long as the efectron concentra-
tion falls roughly in the same range as
(Co.Fe)lV. All cobalt atoms can be
evantually replaced by nickel and iron
atorns. resulting in ordered cubic afloys
of the composition (Ni.Fe),V. With this
scheme. the L1 structure is stabilized in
(Ni_Fe),V alloys without coball. an ex-
pensive stralegic element. However,
other properties such as the critical or-
dering temperature, T, are influenced
by the alloy composition at a constant
eleciron concentration.

The importance of the ordered cubic
structure is shown by the room-lempera-
ture ductility of several ordered hexapo-
nat and cubic alioys. Ordered cubic al-
loys of the compositiens of (Fe,Co),V,
(Fe,Co NinV, and (Fe,Ni),V are all duc-
tile. with a tensile elongation of 40 per-
cent or higher. However. the hexagonal-
ly ordered allovs Co.V and {Ni.Co) Vv
are brittle with less than | percent elon-
gation at room temperature. The defor-
matipn behavior of ordered cubic alioys
is presumably simiiar {o that of fce mate-
rials having twelve {111} slip systems.
The brittieness of ordered hexagonal al-
loys is mainly telated to the limited num-
ber of slip systems available in ordered
hexagonal crystal structures. The hexag.
onal:alloys have ductilities too low 1o
permit easy fabrication. while the cubic
alloys have excellent fabricability at both
room and elevated temperatures. The
ability to contro} ordered crystal struc-
ture and ductility by alloying represents
a major advance in alloy design.
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Fig. 5.|Effect of stoichiometry on tensile ductifiyy aad frattune moite 91 boron-d

| Microaloying :ant); Grain-Boundary
| Fractery iin Nickeh Alsminides

\As mzntiomed wearlier, low-symmetry
'CPYBEA stmuciures iare not the only reason
for errbritlement iin:ordered intermetal-
bc allgy s Many intermetallics exhibit a
‘hirittheness thar ofiginzies at grain bound-
lairies. A THassic example is Ni:Al with an
arderzd cubice structure (L1,). Single
crystals of Nial are highiy ductile.
wrhernasgpolycrytals are extremely brit-
tle: arivcom and elevated temperatures
because of the ‘waakmness of grain bound-
aries, This isillusimated in Fig. 3a, which
shows ar Nl imgor that cracked badly
wduring e relling . at:1200°C because of
‘extensive (araoking along grain bound-
iBries.

-Grainboundary brittleness in Ni.Al
iarises ‘fram . two fectors. as indicated in
Fig.i 4. Bhe first, animtrinsic factor. is
ithat | the 4 grgin ‘boundary s inherentiy
weak ezlwive ko 1the igrain interiors be-
cause «'f poor grain-bcundary cohesion.
That is. ta: kiph-purity aluminide exhib-
it brittie; intergranular fracture without
‘appreciible sepregation of impurities at
(grain beundaries. The:other. an extrin sic
[Tartor. is fhat segregation of cerlain im-
|puiritiesiembritiles |gram boundaries. as
wwomempdl - obsarved in conventional al-
Hows 1442 Bulfur hos been identified asa
Itrace: elemant that:strorgly segregates to
igrain boundaries jin INisAl and causes
wembrittierient 425,

- Microdlénying processes were used to
averoometthe graintboundary brittleness
‘problerns. As illustrated in Fig. 4, two
types of microatloving elements (dop-
anis}t veere added 1o Mi AL Type | dop-
-anis are i veacirve ielerents that bind
hardfu’ dnypurities :suct as sulfur in in-
-mpcuousfarm through precipitation reac-
rtions. Typ: H dwpants izre elements that
(cam actas chectron donoss (46, 47). there-
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by increasing the cohesive strength of
the boundary. Various dopunts were
added to Ni:Al including B. C. Ti. Ce.
Ca. Mp. Mn. and Si. OF these dopants,
buron is the most eflective in improving
the ductility and fubricability of Ni,Al
Acki and lzumi (/3) first discovered the
beneficial effect of boron in NiiAl and
observed a tensile ductility of about 35
percent at room temperature. With con-
trol of the boron concentration, alloy
stoichiometry, and thermomechunical
treatment. Liu and Koch (/6) obtained
tensile efongations exceeding 50 percent
for boron-doped NiyAl containing 24
atom percent Al In practice. both type |
and type Il 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 10 further improve the fabri-
cability of boron-doped Ni.Al.

Microalloyed NiAl (24 atom percent
AD can best be fabricated st 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 4 boron
content of 500 ppm by weight. deep-
drawn at room temperature. The excel-
lent formabsility stems from both the high
ductility and rapid work hardening of the
microalioyed aluminides.

The solubility limit for boron in Ni:Al
is greater than 2000 ppm by weight. and
the beneficial effect arises from ity pres-
ence in solution ¢26). Boron segrepates
sirongly 1o grain boundaries. as cvi-
denced by Auger spectra from freshly
fraciured grain-boundary surfaces. The
boron signals very nearly disappear after
sputtering the surface for 2 minutes,
which removes onlv a few atom layers,
indicating that boron js concentrated in a
VETY narrow region adjacent to the grain

oped NiyAl tested at room lemperature; (a) 24 percent Al,

ductility = 49.4 percent. transgranular fracture:({t):24:5 peaent W, ituctdity = 37.0 percent, mixed fracture mode; (c) 25.0 percent Al,

ductility = 6.0 percent, intergranular fracture.
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Fig. 6. Yield stress as a function of test
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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
al 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 (/¢, 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 Ni;Al is increased from 24
10 15 atom percent. the fracture mode
changes from transgranular (dimple-
1ype). 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-
fects on C, O. and S segregation. In-
stead. beron segregation at grain bound-
aries decreases with increasing alumi-
num concentration. These observations
sugpest that the boron may become less
effective in improving the ductility of
Ni:Al when there is less than a critical
amount of boron present at the grain
boundaries. Stoichiometry effects on the
Cuctility of boron-doped NizAtl have also
teen observed in foil materials prepared
by rapid solidification (48),

Considerable effort has been devoted
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which boron | strengthens the grain
boundaries. Quantum mechanicat cluster
calculations (46, 47} have suggested that.
in nickel. boron atoms act as electron
donors and thereby sirengthen the atom-
ic bonding. At the same time. sulfur acts
as an electron acceptor and weakens the
bonding. In a recemt study of boron-
doped NiAl. White and co-workers 126,
49) observed unusual segregation behav-
ior. with boronishowing 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 1o
segregate more strongly to free surfaces
than to grain boundar.es. According 1o a
classical thermodynamic thecry of solute
segregation effects on grain-boundary
cohesion devetoped by Rice (50). the
segregation behavior exhibited by boron
should enhance grain-boundaury cohesion
and suppress intergranular fracture, in
agreement wilh the observed effects of
boron for Ni;Al.

High-Temperature Properties of Ductile
Ordered Intermetallic Alloys

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

Similar increases in yield stress with
lemperature have been observed in
(Fe.Ni.CohV (/41 as well as in other
L1; ordered alioys (/. 8. OF the various
models that have been suggested 1o ex-
plain such behavior. the cross slip mode|
proposed by Kear and Wilsdorf (57, 52;
and Takeuchi and Kuramoto (5) is the
most successful lor describing the yield
behavior of NiyAl (53). The model as-
sumes a lower energy for an antiphase
boundary (APB::the area defects where
twao ordered domains impinge on each
other) on {100} :planes than on {111}
planes. A recent siudy of the APB mor-
phology of as-quenched and annealed
NizAl foils produvced by rupid solidifica-

finm rbaiin e Ak . AR, e

250 —
Advanced i
!

aluminides
{20% cold | ag
warked)

N
o
o

Advanced
- Aluminides
———
~—

Waspaloy —" ™~

Hastelloy-X

10
50

3186
staintess steel

Uttimate tensite sirength (MPa/g-cm?d)
Ultimate tensile strength (ksi’g-cm?)

4] 400 BOO
Test temperature (°C)

Fig. 7. Comparison of density-compensated
ultimate tensile strength ¢as a function of
temperature) of advanced aluminide allovs
(beron-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} (0 {100}
planes. and there is no hardening associ-
ated with the {100} slip in the L1, struc-
ure.

Ni:Al is capabie 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
eleciron microscopy. Figure 7 compares
the density-compensated ultimate tensile
strength of NiyAl-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
(.5 to 1.0 atom percent hafnium) in both
well-annealed and cold-worked condi-
tions. Because of their aluminum con-
tznt. the aluminides have a density about
{0 percent less than thar of nickel-base
superalioys. The lower density could
provide considerable advantages in ap-
plications involving rotating or moving
parts.

Limited creep testing indicates that
Ni;.‘\_l exhibits grain-boundary sliding
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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.NiiV  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 alioys. Stoloff and co-workers
{35, 56) recently found that ordered
(Fe.ND{V.Th alloys have good fatigue
resistance. even though the alloys show
atendency for intergranular crack propa-
Ration at elevated tlemperatures. The su-
perior fatigue properties of ordered al-
loys may be related to their planar slip
behavior, which lowers the probability
of cruck nucleation and reduces the
strain accumulation at crack tips because
of increased slip reversibility. Compar-
ison of the crack growth of an (Fe,
Ni}y(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 intensily 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 apparentiy 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 effecis
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.

Summary and Remarks

Ordered intermeta lic alloys are a
unique class of metailic 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-
:rol of microstructural features through
apid 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 microzlloying
have been proving very effective in im-
proving the ductility and fabricability of
several ordered intermetallic allovs. The
ordered crystal structare in the Ni;V-
Co.V-Fe;V system can be systematical-
ly varied by change of electron concen-
ration. efa. and alloy composition.
Through control of e/u by macrozlloying
{13, 141 the L1,-type ordered cubic struc-
ture is stabilized in (Co.Fe),V. (Ni.Co,
FehV. and (Ni.Fe),V alloys, which have
excellent ductility and strength. Nickel
aluminides based on Ni Al having the
ordered cubic ‘structure. are ductile as
single crystals but are extremely brittle
in polycrystalline forms. The brittieness
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 (/5. /6, 19,
28) have shown that the ductility and
fabricability of the aluminides can be
dramatically improved by adding a few
hundred paris per million of boron.
which strongly segregales to the grain
boundaries and improves their cohesion.

Success in alloy design has recently
st:mulated considerable interest in the
development of ordered intermetallic al-
loys. Major efforts have been concen-
lrated on aiuminides based on Nij,Al.
FeiAlL TiuAl, NiAl, FeAl. and TiAl
These aluminides are particularly attrac-
tive because of their zood corrosion
resistance. low density, and relatively
fow cost. The aluminides based on Ni:Al
have greater yield strengths thar cast
suderalioys above 800°C. The density of
TiAl is 3.9 g'em. compared with 8.2 1o
9.0 for nickei-buse superzlloys. The den-
sity-compensated creep strength of TiAl
is better than that of the cast superalloy
IN-100 at temperatures 1o 1100°C 57),
Thz most recent work of Vedula ot al,
(58} indicates that NiAl alloyed with a

few nercent nishinm ic alen Mnra Arnae

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

At present. academic institutions. lub-
oratories, and industry are making i joint
effort to study ordered intermetallics.
Academic study has focused on under-
standing the deformation. fatigue. and
creep behavior of intermetallics: the 2OV~
ernment laboratories on mechanistic
modeling, technology devefopment. ang
property improvement; and industry on
fabrication. alloy scale-up, and structur-
al evaluation. The National Muteriuls
Advisory Board of the Nationai Re-
search Council has recently completed
an assessment of ductile ordered inter-
metallic alloys for structural applica-
tions. which is expected to further stimuy-
late both academic and indusirial re-
search on this new class of high-tempera-
ture materials.
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Ordered alloys

Physical metaliurgy and mechanical
properties of ductile ordered alloys

(Fe, Co, Ni),V*
C. T. Liu

| The physical metallurgy and me:¢hanical
- properties of long-range ordererl (LRO)
| alloys based on the quasiternarny:system
 Fe3V—Co;V-Ni,V are reviewed comprse-
+hensively, Ordered erystal structures in
.(Fe, Co, Ni),V alloys are chararterized by
-specific sequences of stacked closerpaskei
-ordered layers, and their stacking charazter
.can be altered systematically by contrelling
'the electron concentration (¢/a 4l the alloys.,
As e/a decreases, the stacking charzoter
changes from purely hexagonaly through  dif-
ferent, ordered mixtures of hexagonal izl
jcubic layers, to purely cubic. Partidl sabsii-
tution of Fe for Co and Ni lowers @ /a, thus
‘stabilizing the L1,-type cubic arderéd sirue-
ture. Alloys with hexagonal oréered stric-
tures exhibit brittle fracture and iveryl Hiile
«ductility, but alloys with the euhic ordered
:structure are ductile, The mecanical be-
lhaviour of these ductile LRO alioys isi re-
viewed, with emphasis on deformation at high
temperatures. Unlike conventiomal solid-
isolution strengthened alloys, the: jyietd
strengths of the LRO alloys inarease wita
temperature, peaking around thy eritical
ordering temperature T, (650—9&0rC),
Further investigation suggests tthat this
anomalous temperature dependenae s camsed
‘by a thermally activated process, rather fthan
a disordering process. The crespbéhariowr
of the LRO alloys can be descriced byia
power-law rate equation. All the alloys
exhibit a discontinuous change in the stezdy-
state creep rate in the vicinity of T, and
‘the formation of LRO lowers it by itwo icriers
'of magnitude. Other metallurgizal and medh-
ianical properties of the LRO allboys are alsn
'discussed, including workability, fatigue
Ibehaviour, hydrogen embrittlemsnt) oxidatinn
iand corrosion, irradiation effecss, and i
istructural features. The review:emphasives
lthe correlation of these properties with
imetallurgical variables in these:ulloys, The
[potential development of (Fe, Co,Ni),V
alloys as new structural materinls for high-
ltemperature applications is alsy discuszed.
130 1)

Dr C.T.Liu is with the Metals and!Ceramics
Division, Oak Ridge National Laboratory| Ozx
Ridge, Tenn., USA,
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L. ' INTRODUCTION

| brédlered alloys are a unique class of metallic

| materials, which form a long-range ordered (LRO)
| crystal structure below their critieal ordering

| temperature Ty, Ordered alloys offer potential

i afivantages over conventional, disordered alloys
|for high-temperature structural applications.i—4

- This superior performance can be attributed to

| the relatively low atomic mobility and unique

' didlocation dynamics of ordered lattices, The

' simength of ordered alloys does not degrade very
irapldly with increasing temperature: for many
isuch alloys, the yield strength shows an increase,
'rather than a decrease,with increasing tempera-
rturé,5"# LRO produces stronger binding and closer
'packing between atoms. The restricted atomic
'mpbility in ordered lattices generally results in
islower diffusion processes and better creep
‘resistance,

'In spite of the above advantages, development
iof wrdered alloys for high-temperature uses has
'met with only limited success, 1034 The major dif-
ficulty with this class of alloys is their reported
brittle fracture and low ductility, particularly at
lowen temperatures, The low fracture toughness
'car be related to two major metallurgical factors:

(i) low-symmetry ordered crystal structures
ihaving a limited number of slip systems!5

(i) ‘grain-boundary embrittlement, primarily
icaused by segregation of harmful impuri-
tles 16,17

Tive former problem has recently been overcome
‘by wontrolling the ordered erystal structure in
‘CogW through 'macroalloying’ processes,18-21
This ordered structure can be altered systemati-
cally by partially replacing cobalt with nickel and
iman., The beneficial effects of alloying with iron
|are te lower the electron concentration {e/a) (the
mumber of valence electrons per atom) in the
alloys and to stabilize the ordered erystal struc-
‘ture with the L1, -type cubic stacking character.
iSuch erdered alloys are ductile, with tensile
dlorgations exceeding 35% at room temperature,
‘Furthermore, by adjusting e/a, a series of cubic
orgered alloys with compositions (Fe, Co)yV,
(¥ie,'Co, Ni};V, and (Fe, Ni),V have been developed.

"#Research sponsored by the Office of Energy Sys-
tems Research, Division of Energy Conversion
and Utilization Technologies, US Department
of Energy, Washington, DC, under contract

- W—T7405—eng—26 with the Union Carbide Corp.

International Metals Review:s, 1934, Wnl. 29, 8o, 3
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(b)

@ triangular-type ordered layer; b rectangular-type ordered layer

1 Atomic structure on close-packed ordered planes; from Beck22

All these alloys are ductile and workable with
promising high-temperature properties.

This paper provides a comprehensive review
of the physical metallurgy and mechanical proper-
ties of the newly developed ordered alloys based
on (Fe,Co,Ni),V * Properties, including the
crystal structure, tensile properties, creep be-
haviour, fatigue life, irradiation resistance,
hydrogen embrittlement, and oxidation and cor-
rosion behaviour of the ordered alloys are sum-
marized and discussed, with emphasis on their
correlation with metallurgical variables in the
alloys, The potential development of (Fe, Co, Ni);Vv
alloys as new structural materials for high- .
temperature applications is also discussed,

2. EXPERIMENTAL ALLOYS:
MICROSTRUCTURE AND PHASE
RELATIONSHIPS

2,1 Influence of alloy variables on crystal
structure in ordered A4B alloys

In recent years, many close-packed, ordered
structures have been observed in binary and
multicomponent alloy systems with A.B composi-
tions,22-30 A]] these structures are built up from
the close-packed A;B layer (Fig, 1a), but differ in
their stacking sequence. Some of the ordered
crystal structures have been reported to contain
as many as 15 layers in a unit cell,28 The ordered
structure can best be rationalized by considering
the character of each layer in a stacking sequence,
A layer is characterized as hexagonal {f its
adjacent layers have the same stacking position,
For example, with a stacking sequence . ..ABA. . .y
the layer B is classified as a hexagonal layer. On
the other hand, the layer B is 2 cubic layer ina
stacking sequence ,.,ABC,.., in which its adiacent
layers have different stacking positions,

A systematic study of close-packed, ordered
A3B structures has shown that the stacking char-

*In a broad sense, the alloy system {Fe,Co, Ni), Vv
includes the other two alloy systems, (Fe, Co},V
and (Fe, Ni),V,

acter in many pseudobinary alloys can be cor-
related with two alloy variables — atomic-radius
ratio (R,/Ry} and electron concentration (e/a),
Van Vucht ard Buschow?6 and Van Vucht27 have
noted a general correlation between stacking
character ani R a/BRg:as R, /Ry decreases in
A3B ordered alloys, the stacking character changes
from purely zubic, through different, ordered mix-
tures of cublc and hexagonal layers, to purely
hexagonal, This change in stacking character can
be rationalized from a consideration of packing
density, The decrease in R /Ry allows clustering
of the smaller A atoms and“leads to the formation
of open space (holes) in the layer (Fig.2a). The
larger B atoms in the adjacent layers are able

to fit intoithe open spaces, thus producing a higher
packing density (Fig.2b). Note that the adjustment
cf atoms on the close-packed plane to give dense
racking for the hexagonal crystal is at the expense
af the cubic symmetry of the erystal,

Beck?? and Dwight and Beck,31 on the other
hand, correlated the stacking character with e/a
(defined as the average number of valence elec-
trons per:atom). With an increase in e/a, the
ordered siructure changes from predominantly
cubie to predominantly hexagonal in character,

A further increase in ¢/a also causes a change

In the basic layer structure from a triangular
trpe (Fig.lla) to a rectangular type (Fig.1b6). The
electron effect may originate from the interaction
o? the electron-concentration-dependent Fermi
surface with the Brillouin zone.32 Since the
e_ectron band structures of most ordered alloys
are not known at the present time, it is almost
Impossible to treat the correlation quantitatively,

These correlations provide a very useful
guide for predicting ordered crystal structures
in A;B compounds. An adjustment of alloy com-
position by partial replacement of A or B atoms
with C atoms generally alters both R a/Rp and
€/a. There is no ambiguity in predicting the
ardered cnystal structure in the new alloys if
beth factor's favour the change, However, it be-
ccmes diffienl: to predict the ordered structure
when a change in one factor counteracts a change
in the other; the stacking character in (A, C)3B or
A (B, C) must then be determined experimentally,

international Melals Revieus, 1984, Vol. 29, No. 3
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(a) - —,L{D

@ clustering of smaller A atoms in hexagonal ordered basal layer; & projection of basal layers on
(1120) plane;larger B atoms fit into holes formed by ¢lustering shown in a

2 Change in packing pattern on change in atomic-radius ratio; from van Vucht?7

. 2.2 Control of ordered crystal structures in
Fe3V—Co3 V—NI,V alloy systems

The ordered crystal structures of the binary
alloys Ni,V,Co,V, and Fe,V are given in Table 1,
together with their e/a and R,/Ry values. The
alloys Ni;V and Co,V form tetragonal and hex-
agonal ordered structures, respectively, belew
their critical ordering temperatures T, It is

not clear whether a LRO crystal structure exists
in Fe;V,because the retention of o-phase in Fe,V
at high temperatures prevents the formation of
the ordered structure at lower temperatures, In
addition, T, if it exists, may be so low (~350°C)
that ordering is extremely sluggish., The elements
Ni, Co, and Fe have almost the same electronega-
tivity and atomie size, but differ in e/a, having
values of 10,9, and 8, respectively. Thus,

(Fe, Co, Ni),V alloys provide an ideal basis from
which to study the effect of ¢/a on close-packed,
ordered erystal structure. Furthermore, these
are transition metal alloys in which e/a should
play a dominant role in determining the stability
of varicus ordered structures.

Figure 3 summarizes the data available on
the ordered crystal structures observed in the
pseudobinary systems Niy V—Co,V and CozV—Fe,V
(Refs.18, 21, 23, 27). The binary alloy Co;V forms
a six-layered hexagonal ordered structure33 with
a stacking sequence .,,ABCACB. .. (stacking
character ...hcchee ..., where h represents a
hexagonal layer and ¢ a cubic one), The hexagon-
ality of the ordered structure is 33.3%. The e/a
ratio in the alloy can be increased oy partially

Table 1

centrations {¢/a),and atomic-

replacing Co with Ni, producing (Co, Ni);V, With
the resulting increase in e/a, the hexagonality of
the prdered structure changes step by step from
33.3% to 66.7%, and finally to 100%. On the other
hand, e/a in Co,V can be lowered by partial substi-
tuticn of Fe for Co to give (Fe,Co);V. For e¢/a

< 7.89,the L1,-type cubic ordered structure having
the stackiag sequence ...ABC... (...ccc...)is
stabllized in (Fe, Co);zV alloys, All these results
agree well with the prediction from Beck's cor-
relation22 based on the e/a effect,

To demonstrate anew the effect of e/a on
ordered crystal structures, a portion of the cobalt
atoms in (Fe, Co),V can be replaced with equal
numbers of nickel and iron atoms,18~20 Thig
scheme alters the alloy composition, but not the
e/a value of the alloy, As indicated in Fig. 4, the
cubic ordered structure remains stable in
{Fe, Co, N1);V alloys that have the same e/a value
as (Ke, Col3V. Eventually, when all the cobalt
atoms are replaced with nickel and iron atoms,
one obtains cubic ordered alloys having the com-
positions (Fe, Ni);V. Using this scheme the L1,-
type cubic ordered structure may be stabilized
in (Fe, Ni},V alloys, alloys that do not contain Co,
an expensive, strategic element,

2.3 - Alloy preparation and fabrication

The ecubic ordered (L1 2-type) alloys with com-
positions (Fe, Co, Ni);V were prepared by arc or
electron-beam melting and drop casting into a

25 x 13 x 140 mm rectangular mould. To minimize
the impurity content in the alloys, electron-beam

Crystal structures, critical ordering temperatures T¢, electron con-
radius ratios (R,/R;) of A,B-type

binary alloys Ni,V,Co;V,and Fe,V

Ni,V CozV Fe,Vv
Ordered crystal structure Tetragonal Hexagonal
. D0,, or {18 hPZ4
T, °C 1045 1070
Basic layer structure Rectangular Triangular .
e/a* 8.7% 8.00 7.25
R, /RBT 0. 930 0,936 0. 942

*Defined as number of valence electrons per atom.

tAtomic-radius ratios of A and B atoms in A3B compositions; calculated from

Pauling radit for coordination number 12.
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LAYER
STACKING ap ABCBCACAB ABCACE ABC
SEQUENCE
STACKING hh hchhehnch  hoehoe  ecc
CHARACTER
HEXAGONALITY 100 667 333 ]
™)

3 Effect of eiectron concentration (¢/a),defined
&s number of valence electrons per atom, on
ordered structures in Niz3V—Co,V and Co,V—
Fe;V pseudobinary systems;18,21,23 27,83
R represents rectangular ordered layer,

T triangular, see Fig,1

melted Fe, Co, and Ni, and high-purity V (total
impurity level <700 ppm) were used as charge
materials. The sheet fabrication involves hot
rolling ingots between molybdenum cover sheets
at 1100°C, followed by cold rolling at room tem-
perature. The molybdenum cover sheets were
used for thermal insulation and preventing ex-
cessive oxidation, After hot breakdown, the alloy
plates were cold rolled to a reduction in thickness
of 40—60% without difficulty. The as-rolled sheets
were of good quality, with no indication of surface
or end cracks (Fig.5), In comparison, the CoyV
alloy, with its hexagonal ordered crystal structure,
cracked badly during hot rolling at 1100°C (Fig.5).
The results given in Table 2 show good agreement
between nominal and analysed alloy compositions,
The final sheets usually contained <600 Ppm total
interstitial impurities, mainly oxygen, carbon, and
nitrogen,

The cubic ordered alloys also have good form-
ability, Hardware such as hemishells and capsules
can readily be formed at room temperature,
Figure 6 shows thin-wall capsules fabricated by
cold forming and electron-beam welding. The
ordered alloys were basically weldable by both
arc and electron-beam welding processes. David
el al.34 are currently attempting to characterize

ALLOY

Liu: Ductile ordered allovs Fe, Co, Ni) .V 171
“ 3
o xBTS 8.00 1.2%
Nigy Co,V Fe gV
T+ 750-850°C
| N Fay | 1r es0-750%
HEXAGINAL cuBic
ORDERED ORDERED
STRUCTURE STRUCTURE

4 Stabilization of L1 2 cubic ordered structure
through control of electron concentration
{e/a) in (Fe, Co,Ni),V alloys

the welding behaviour and fusion-zone micro-
structures of these ordered alloys,

Ordered alloys with base composition
(Fe, Co, Ni);V were modified with <1%Ti to im-
prove their ductility at elevated temperatures,
Titanium was added as a partial replacement for
vanadium; that is, the modified alloys have the
alloy formula [Fe, Co, Ni)4(V,Ti), Table 3 lists
the nominal alloy compositions of the cubic
ordered alloys,designated as LRO alloys, whose
properties are discussed in this paper,

Commercial-grade, impure ferrovanadium
was used to lower the alloy production cost, Such
material contains 80~85%V, 12—1 5%Fe, 1-4%0, and
<2%Al+Si, A titanium-modified alloy, LRO-37
((FegoNiyy)3(VyeTi,)), was prepared from both
pure vanadium and ferrovanadium. The properties
of the heats prepared from the ferrovanadium were
comparable to those of the heats from the pure
vanadium, indicating that no adverse effects arise
from using ferrovanadium as the feed material,

2.4 Phase relationships

The phase relationships in base and titanium-
madified LRO alloys were determined18-20 by
quenching and aging in the temperature range

Ct )‘-_‘v

(E ,C(),Ni)av . : ‘_

5 Comparison of formabilities of cubic ordered alloy (Fe,Co,Ni)3V and hexagonal ordered alloy Co,V
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Table 2 Alloy compositions amd chemical: amilyses df experimental (Fe, Co, Ni);V alloys prepared by
arc melting
Composition, al.+ % Interstitial concentra-
Alloy Mominal - Analysed tion,* wi-ppm
Alloy formula Fe Co Wi 'V . Fet Co Nit Vi O c N H
LRO-5 (Fey sCogs),V T3 63T 0 2500 l]ll.,qls bal, 0 24.9 118 114 144 <1
LRO-1 (Fe,,Co,5),V 165 158.5 0 1 25,0 073 bal. 0  25.1 140 146 141 <1
LRO-2 (FegoCo,g),V 2.5 32,5 0 ! 25,0 | 22J% bal, O 24,9 142 198 155 <1
LRO-3 (Fegy 3Cope 705V 25,0 50,0 M ¢ 25.0 . 24/% bal, 0 25,1 152 110 147 <1
LRO-4 (Fe qCosoNi; o1,V 30,0 13705 161 25,0 | 7.4 25,2 161 105 143 <1

28.% bal,

*Determined by vacvum fusion and earbon anilvsas,
TDetermined by volumetric method , aceuracy:£3%

iDetermined by atomic-absorption: methnd ; axcuracy =69,

400—-1200°C, Two types of phase relationship
were observed in LRO alloys, the one obserwed
depending on the alloy composition. (Fig, 7). |In

the type-I phase relationship, the #isonderel sotkl
golution y transforms to the cubic ordered ¥ {{the:
L1;-type ordered crystal structure) below the:
critical ordering temperature T'y. The yory”
transformation involves only the ordering of tomn s
with respect to fcc lattice sites; thatiis, (W, T
atoms occupy corner sites and (Fe, Co,Ni) atoms
occupy face-centred sites. In the type-Threlation-
ship, precipitation of o-phase from 'the 7 &olid
splution occurs at temperatures below Ty, and!

the two phases transform to the ordered -’ win
the peritectoid reaction y + g = »' below T,. IThe
ovphase has a tetragonal crystal slructure with

a = 0,885 and ¢ = 0. 459 nm, values: that:agres
well with the literature data for the o-phase

(a = 0.88-0.89, c = 0.45—0, 46 nm): observed in
the Fe—V and Co—V systems. 33,36

Figure 8 shows the variation df Toiwith irxon
concentration. The results shown were dapived
from X-ray-diffraction data and from mensure-

ments of thermal expansion and mechanical proper-
ties] The linear relation in Fig. 8 gives an average
decreasie in T¢ of ~10 K/at.~%Fe, Extrapolation

itc 75%Fe indicates that T for FeqV, if it exists,.-
e ~350°C,

'The occurrence of o-phase in LRO alloys
appears to be dependent on e/a, which affects both
Tp and T, (the peak temperature for precipitation
al o-phase). This is indicated in Fig. 9, in which
Tic and'ily are plotted against e¢/a for the
(Fe,Ca),V and (Fe,Ni),V alloy systems. The value
wf Ty increases steadily, while T, decreases
isharply with increasing e¢/a; both these trends
:reduce lthe stability of the o-phase in LRO alloys,
The w-phase eventually becomes unstable in LRO
illoys s T, becomes equal to Te. This cbservation
igenerally agrees with the Phacomp scheme,37,38
which hias been developed, on the basis of electronic
onsiderations, for the prediction of o-phase
formatten in superalloys. The o-phase is an
€lectran, compound; 32 its stability is largely af-
fected by e/a. According to the Phacomp scheme,
the 31 sdlid solution becomes unstable and starts

Table 3 Nominal compositions of! LRQ allyys

| + Aliny wontpositinn, ht.-?., Alloy composition, wt-%
Alloy Nominal alloy formula  Fe ©o Wi W Ti Fe Co Ni V Ti
LRO-1 (Fey5Co,4),V C16.5 58,5 10 22)0 0 16.3 61,1 0 22,8 O
LRO-2 (Fe;Co,g),V V225 E2H 0 ) 25,0 0 22.3 55,0 0 22,7 0
LRO-3 (Fegy 1Cogq 4),V P 2500 E0LD 10 0 25,0 0 24.8 52,5 0 22,70
LRO-4 (Fe, qCoyNi; o),V V300 BT OTLR 25,0 0 29.9 39.5 7.9 22,70
LRO-5 (Fe15C085)3V 1103 €3I T W ) 25.0 0 11.1 66.4 © 22.5 0
LRO-15 (Fe, 4Coy,Niy 1,V P BEAD 20,8 18T 25,0 0 36.0 21.4 19.8 22.8 0
LRO-16  (Feg;Nigg),V 45T 0 2903 25.0 0 46.1 0 31.0 22.9 0
LRO-17 (Fe5,Coy oNigg)aV D3940 715 2Bi5 5.0 O 39.1 7.9 30,1 22.9 O
LRO-20 (FesgNigg)sV 13735 0 BME %5.0 0 37.6 0 39.5 22.9 0
LRO-23  (Fe,,C0,4)5(Vy,Ti,) 1515 #8!%F 0 | 24.0 1.0 16.4 61.1 0 21.7 0.8
LRO-34 (FeppCo4g)5(Vgg o Tiy ) 1355 $8:% O | 24,5 0.5 16.3 61.1 0 22.2 0.4
LRO-35  (Fe,oNiyo)a{Vog oTiy ) (4510 10 BLC 4.5 0.5 45,3 0 31.8 22.5 0.4
LRO-37 (FesoNigo)3{VegTi,) P75 10 BU.5 2.5 0.5 37.6 0 39.5 22.4 0.4
LRO-38 (FegoNigo)a (Vg Tiy) Pa7.% 10 39.5 .0 1.0 37.86 0 39,5 22,0 0.9
LRO-39 (Feg oNiyg)a(VgeTi,) '45.0 10 30,00 24.0 1,0 45,3 0 31.8 22.0 0.9
LRO-41  (FegNi,5)3(VooTiy) (4113 10 337/ 24,0 1.0 41.5 0 35,6 22.0 0.9
LRO-42*  (Fe, oNigy)a(VgsTi,) '37.5 10 87.5/24.5 0.5 37.6 0 39.5 22.4 0.4

".4!. small quantity of rare earth elements was adied to this alloy.
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TEMPERATURE {*C}
to precipltate the o-phase when e/a is telow a 7 Phase relationships in base and Ti-modified

critical value (or, say,when a critical electron

). Figure 9 shows that
pletely suppressed as a stable phase
when e/a exceeds 7.79 in

vacancy number is exceeded
o-phase is com
in LRO alloys

and 8. 01 in (Fe, Ni);V alloys.
The grain structures of LRO-20 in the ordered 2.5 Structoral features

and disordered states ar
The disordered
quenching from 1150°C

LRO alloys, their number
with increasing cobalt con
cipitation morphology of o
depends on annealing tem

position, In general, bloc
on grain boundaries at hi

15
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ALLOY AlLOY

LRO alloys

(Fe, Co),¥  graphic planes at lower temperatures, producing

a Widmanstia‘tten-type structure (Fig.115),

€ compared in Fig. 10,
grain strycture was projuced by
» and the ordered structure
was obtained by annealing the quenched specimen
at a temperature below
does not change grain strue
nucleation of new grains oc
processes, Numerocus twin

Structural features of LRO alloys in the ordered
and disordered states have been studied 18,39
Both X-ray-diffraction and mechanical-property

T¢. Ordering apparently measurements Indicate that the disorder — order
ture, implying that no transformation can be suppressed by water quench-
curs during crdering ing from temperatures above T¢. However, for the
s are observed in the alloys with higher values of T'¢, such as LRO-1

generally increasing with To = 950°C, the disordered state can be re-
centration, The pre- tained only in thin-section specimens (<Imm),
-phase in LRO alloys Some degree of short-range order probably
perature and alloy com- existed in the as-quenched LRO-1 alloy, since

ky o particles precipitate selected-area diffraction (SAD) patterns showed
gh temperatures (Fig.11a), diffuse intensity in the {100} superlattice

but finer particles precipitate along crystallo- positions,39
1200 | 1 T | T I T
i
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9 Variation of critical ordering temperature
T, and peak temperature for o-phase preci-
pitation T'; with electron concentration (e/u)

Carbide-precipitation, antiphase-boundary
(APB), and domain structure were studied quite
extensively by transmission electron microscoypy
(TEM) in LRO-1 alloy.3? Small VC-type particles
distributed uniformly in the matrix were observed
in as-quenched specimens, When quenched speoi-
mens were aged at 700°C, VC precipitated, initizlly
discontinuously on grain boundaries, and later on
extrinsie stacking faults in the matrix. Figure 12
shows the cellular structure formed by the migra-
tion of a high-angle boundary into adjacent grains,
with narrow strings of VC trailing behind. The
driving force for cell formation can derive from
the discontinuous-precipitation reaction, coarsen-
Ing of domain structures, or both, 'Recrystallized’
cells without precipitation have been cbserved
during the aging of other ordered alloys,49 and
their formation is solely derived from the .
coarsening of domain structures, Aging at 800°C
produced blocky VC particles at grain boundarizs,
with fine VC precipitation on extrinsic stacking
faults, but not on intrinsic stacking faults, There
was no evidence of any discontinuous precipitation
at 800°C.

Numerous intrinsic and extrinsic stacking
faults were observed in the ordered specimens
produced by aging at 800°C, By a careful contrast
analysis, Braski ef .39 identified the modes of
nucleation for both types of stacking fault, Ex-
trinsic stacking faults were nucleated at VC par-
ticles by the punching out of perfect dislocations,
which dissociated into Frank and Shockley partials
as follows:

(a/2)[011] — (a/8)[211] + (a/3)[111]

The Frank partial climbed away from the particle,
and growth of the stacking fault proceeded by the
Silcock—Tunstall mechanism?! of alternate preci-

International Metals Reviews, 1984, Vol. 29, No. 2

a disordered state produced by quenching from
i1150°C; 6 ordered state produced by aging
:quenched specimen at 550—650°C

10 :Microstructure of LRO-20 in ordered and
disordered states

pitation and climb of the Frank partial. Intrinsic
stacking faults were also nucleated at VC particles,
but the perfect dislocation around the particle dis-
sociated into two Shockley partials:

(a/2)[101] ~ia/6)[112] + (a/6}[211]

Theiintrinsic fault then grew by glide of the outer
Shockley partial.

‘The stacking faults were generally observed
in ordered samples, but not in disordered ones.
Thig suggests that the faults are more stable in
the ordered state. The stability of the stacking
faults in the ordered state can be rationalized by
considering fault energies in (Fe,Co);V alloys.
First, the formation of LRO may lower the stacking-
fault energy, as observed by Cockayne ef al.42 in
CugAu, They found that the fault energy in ordered
Cuyiu (13,0 MIm~2) is 40% smaller than that in
disordered CusAu (21.5 MIm™2), Second, the low
stacking-fault energy in LRO-1 can be rationalized
from the stability of ordered crystal structures
in (Fe, Co}3V alloys, the stacking sequence of
which can readily be altered by small changes in
cobalt concentration, For instance, an extrinsic
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12 Diacontinuous precipitation of VC associated
: with "cells' formed by migration of high-angle
boundary into adjacent grains with narrow

strings of VC trailing behind; from Braski
ef al.39

;stacking fault alters the stacking sequence in the
IL1; ordered structure from ...ABCABC. .. to
. ABCAICIB. ..; the latter is the stable ordered
tructure in Co, V. It is thus expected that the
istacking faults will be quite stable in the

(Fe5,Co7g)3V alloy, because of its low stacking-
fauit energy.

: _ The domain structures in (Fe, Co)4V and
i(Fe, Ni);V can readily be revealed by using dark-
field superlattice reflections.3? Figure 13 shows
the growth of ordered domains in LRO-1 alloy at
700°C. The domain boundaries appear wavy,

a1hb16.7Thc 266.7h

13 Superlattice dark-field micrographs shows
at 700°C for various times; from Braski ef

ng gx;owth of ordered domains fn LRO-1 after annealing

JInternational Melals Reviews, 1984, Vol. 29, No. 3
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a as-quenched specimen, showing cellular
structure; b rapidly solidified and annealed
specimen, showing extensive stacking faults

14 Bright-field micrographs of rapidly solidified
LRO-1;from Lee e al.49

indicating that the APB energy is quite isotropic
in LRO-1. Wavy boundaries have been observed
in other L1, ordered alloys, such as Ni;Mn,
NizFe,and Cu,NiZn (Refs, 43—46). The domain
Btructures in these ordered alloys are different

.from the maze-pattern domains found in CujAu,
in which the APBs show a strong tendency to lie
on cube planes.i7 Braski ef al.3? found that
ordered domains in LRO-1 grew according to
the equation

d = otl/2 exp(—Q/RT) . (1)

where d is the domain diameter, o a constant, ¢ the
aging time at 700—900°C, and @ the apparent acti-
vation energy for domain growth. The activation
energy @ was measured as 222 kJmol~1, which is
much smaller than the value (393 kJmol~?) obtained
from creep tests on the same alloy,.48

Dislocation structures have not been studied
extensively in LRO alloys. Observations on APBs
in LRO alloys strongly suggest that superlattice
dislocations in these alloys are composed of two
unit dislocations connected by a piece of APB,
rather than two superpartials connected by a
Btacking fault, Of course, the unit dislocations
are expected to dissociate fully into Shockley

International Mefals Reviews, 1984, Vol. 29, No. 3
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15 Comparison of room-temperature tensile
elongations of cubic and hexagonal alloys

rartials,because of the relatively low stacking-
fault energy in LRO alloys.

2.6 Rapidiy solidified LRO alloys

The influence of rapid-solidification processing
on the microstructure of LRO-1 and LRO-37 was
studied by TEM.4? Rapid solidification was ac-
complished by an are-hammer technique with

an estimated cooling rate of 5 x 106 Ks—1, The
rapid solidification did not suppress crystalliza-
tion, instead, it produced a disordered fee crystal
structure with a fine (~2 um diameter) grain size.
‘The main structural feature of the as-quenched
alloys was a fine (~300 nm diameter) hexagonal
cell structure decorated with carbide particles
{Fig.14a). SAD indicated that the VC particles

_were randomly oriented with respect to the matrix,

8mall cavities, probably formed by vacancy con-
densation, were also seen in the as-quenched
samples along cell boundaries, The location of
Yoids at the cell boundaries suggests a strong
irteraction between solute atoms and vacancies.

The cell structure remained after an ordering
treatment of 5 h at 800°C followed by 17 h at 700°C,
which indicated that recrystallization did not
oecur during the heat treatment, The VC particles
in the cell boundaries exhibited a cube-on-cube
orientation relationship with the matrix after
annealing, A high density of stacking faults was
observed in the ordered state (Fig, 146). The
volds observed in the as-quenched specimens
disappeared during annealing,

d. MECHANICAL PROPERTIES

3.1 Tensile properties

Tensile properties of (Fe, Co, Ni);V alloys have
been characterized as a function of ordered
crystal structure (cubie v. hexagonal), alloy
composition, and test temperature.

1.1 Room-temperaiure ductility of cubic and
hexagonal ordered alioys

Figure 15 compares the room-temperature
elongations to failure of cubic and hexagonal
ordered alloys. The ductility of these alloys
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16 Variation of yield strength with test temperature for cubic ordered alloys and commercial solid-

solution strengthened alloys Hastelloy-X

appears to be independent of alloy composition,
but is sensitive to the ordered crystal structure 18
The cubie ordered alloys LRO-1 ((Fe220073)3V),
LRO-15 ((Fe, Co,,Niy ()5 V), and LRO-16

((Feg Niyg),V) are all ductile, showing tensile
elongations exceeding 35%, but the hexagonal
ordered alloys Co,V and (Ni, Co);V are extremely
brittle (<1% elongation at room temperature). The
deformation behaviour of the ductile, cubie ordered
alloys is expected to be similar to that of fec
materfals, which have 12 independent deformation
systems, based on {111} slip. The brittleness of
the hexagonal ordered alloys is mainly relazed

to the limited number of slip systems available

in the multilayered hexagonal ordered crystal
structure. The change of the ordered crystal
structure from cubic to hexagonal symmetry may
lower the number of slip systems from 12 to 3
(corresponding to basal or prismatic slip). Fur-
thermore, deformation by twinning would be dif-
ficult in the hexagonal ordered lattice because
twinning causes local disordering.59:51 The cubie
—+ hexagonal transformation also significantly
increases the lattice frictional stress,because

of interplanar-locking effects (see Fig.2b), This
is manifested in the appreciable decrease in the
lattice spacing along the c-axis during the cubiec —
hexagonal transformation in the (Cog3Nig7isV
alloy.21

The effect of the ordered structure on ductility
was further demonstrated2! by measuremen's of
tensile elongation on the alloy (Coy3Nig,)5V,in
which both the cubic and hexagonal ordered struc-
tures were produced by aging treatments. The
alloy was in the disordered condition following
quenching from above T;. Isothermal aging at
subcritical temperatures, such as 700°C, resuited
first in the formation of the cubic ordered Y (a
metastable phase) from the fce disordered ¥, and
subsequently in transformation of the y’ to the
nine-layered hexagonal ordered « (a stable phase),

and type 316 stainless steel

‘Tensile tests indicated that the structure was
extremely brittle, although the 1’ was ductile, with
@ tensile elongation of 31% at room temperature,

In general, the ductility of the cubic ordered
LRO alloys {s insensitive to alloy composition for
alloys contairing up to 60 at.-%Co (Ref.18), This
is illustrated by the results in Fig.15,all the
cubic ordered LRO alloys being ductile with
¢longations >35%,, The LRO alloys with up to
B0 at.-%Co exhibited transgranular fracture sur-
faces of ductile-dimple-type appearance. However,
the tendency for grain-boundary fracture to occur
increases with increasing cobalt content beyond
that level. The alloy containing 64 at,-%Co ex-
hibited essentially grain-boundary fracture,
showing an elongation of only 14%, The brittle
tracture is thought to be associated with the
segregation of harmful impurities (such as sulphur)
tc grain boundaries in the high-cobalt alloy.

$.1.2 Yield and tensile strengths of cubic
ordered LRO alloys

Tae yield strengths oy of cubic ordered LRO alloys
are shown in Fig,16 ds a function of temperature,
The distinct feature of the plot is that the yield
strengths of these LRO alloys increase with tem-
perature, rather than decreasing, as do those of
ccnventional disordered alloys such as Hastelloy X
and type 316 stainless steel. The oy values for
these LRO alicys fncrease substan 1ly with tem-
perature above 400°C, and reach a maximum
around T¢, Because of the increase, the LRO
al.oys become much stronger than disordered
solid-solution alloys at elevated temperatures,
Tte strengths of the LRO alloys are lower than
those of precipitation-strengthened superalloys
such as Incone: 718 and Waspaloy, at lower tem-
peratures, but comparable to or higher than them
ngar Te. For instance, in LRO-1 alloy Oy reaches
520 MNm~2 at B00°C, a value markedly higher than
those for Inconel 718 (300 MNm™2) and Waspaloy
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17 Variation of yield strength with test and quench temperature for LRO-1

(400 MNm~2), The strength of the LRO alloys
decreases sharply above T, apparently because
of the loss of LRO. Thus, T represents an upper .
temperature limit for using LRO alloys.

An increase in oy with temperature has been
observed in other L1, ordered alloys, such as
CuzAu (Refs. 53—55), Niz Al (Refs. 5, 6, 56—58),
Ni;Ga (Reis. 59, 60}, Ni4(Al, Nb) (Ref.9), and
Ni;(Al, W} (Ref.61). Two types of mechanism
have been proposed to explain the positive tem-
perature dependence of the strength based on
thermally activated processes5,59 and partial-
disordering effects.1,54 According to the solid-
solution model proposed by Pope, 54 the increase
in oy at high temperatures is caused by a
mod{ﬁus interaction between moving dislocations
and local regions of disorder within the ordered
matrix, As the temperature is raised, the LRO
parameter decreases, and these regions become
more numerous; Oy therefore increases, On the
other hand, Takeuchi and Kuramoto5® have pro-
posed that the anomalous temperature dependence
of oy is caused by an increase in the number of
sessile segments on dislocation lines cross-
slipped on {111} planes. The sessile segments
are formed by the cross-slip of one of the unit
dislocations constituting a superdislocation from
the {111} slip planes onto the {100} planes, in
order to reduce the total energy of the dislocation.
This cross-slip process was first suggested by
Kear and Wilsdorf62 to explain the high work-
hardening rate observed in ordered alloys.

To identify which of the mechanisms was
operating in LRO-1, o, was determined as a
function of both test and quench temperature; 52
the results are shown in Fig.17, For determining
oy at high temperatures, ordered samples
were held at temperature for 30—680 min before
testing, the time depending on the test temperature,
Neutron-diffraction studies indicatedt3 that the
partially ordered state could be retained to room

International Metals Reviews, 1984, Vol, 29, No. 3

temperature by water quenching. The samples
tested at elevated lemperatures start to show an
increase in o, around 300°C, but the as-quenched
samples testgd at room temperature exhibit no
significant increase until the quench temperature
approaches T (950°C). This result strongly sug-
gests that the positive temperature dependence of
oy in LRO alloys is related to a thermally acti-
vated process, rather than a change in the degree
of order caused by rising temperature. A7, the
shear-siress increment caused by the temperature
effect,52 is plotted as a function of T7-1 in Fig.18.
The plot shows a linear relation between InA T and
T=1, indicating tha: A7 is indeed produced by a
thermally activated process. The apparent actt-
vation energy € is measured as 4,8 x 10729 J/atom
(0.31 eV/atom), which is larger than for NiyAl
(Refs, 6, 9} or Ni;Ga (Ref, 60).

Popeb4 has recently determined the com-
pressive yield stress of LRO-1 single crystals
as a function of test temperature. Preliminary
results indicate that all crystals with orientations
near [110], [011], {111], and {123] show an increase
in oy until close to T, above which oy dramatically
decreases, However, o, does not appear to be
strongly depencent on Orientation, suggesting that
the Takeuchi—Kuramoto eross-slip model may
not provide a good explanation of the observed
increase in yield stress, Further studies are
therefore needed to elucidate the anomalous tem-
perature dependence of oy in LRO alloys.

The as-quenched samples showed a sharp
increase in room-temperature oy for quench tem-
peratures in the vicinity of T, (Fig.17). This
increase can be explained! on the basis of a
transition from deformation by superlattice dis-
locations in the ordered state to deformation by
unit dislocations in the disordered state. In other
words, neither unit dislocations nor superlattice
dislocations can glide easily through a structure
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18 Variation of shear-gtress increment caused
by positive temperature dependence of yield
strength A1 with temperature T for LRO-1

in a weakly ordered or strongly short-range
ordered state without encountering extra
resistance,

The ultimate tensile strengths (UTS) as a
function of test temperature for LRO-1,LRO-3,
and LRO-4 are shown in Fig.19. UTS appears to
be insensitive to temperature up to 400°C, above
which it decreases markedly, The decrease is
apparently caused by recovery from strain harden-
ing during the tests at elevated temperatures, :The

2
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. tensile strength of the LRO alloys is twice that

i of Hastelloy-X and three times that of type 316

. stainless steel, at all the test temperatures,

i 3.1.3 Effect of ltempervalure on ductility and
Jracture behaviour

| The ductility and fracture behaviour of LRO alloys
i typically show three distinct featuresé 5 when the
: alloys are deformed slowly at temperatures in the
range 25-1000°C., Figure 20 shows the variation
of tensile elongation of LRO-1 with temperature
1at strain rates of 3,8 x 103 and 42 x 10-3 571,
From 25 to 700°C, the elongations obtained ranged
from 34 to 44%, fracture being by ductile shearing
at 45° to the tensile axis (Fig.21a and b), Micro-
:scopie examination of fracture surfaces indicated
1that the fracture processes involved the nucleation
‘and growth of microvoids, followed, eventually, by
.their linkage via the shearing of the connecting
:ligaments of metal (Fig.22a and ). A possible
iexplanation of this fracture behaviour is that
localized reduction in the degree of LRO on active
:8lip planes reduces the work-hardening capacity,
.causing continuous slip along the weak planes, and
Jeading to a final shear-off,

From 700 to 960°C, the ductility decreases
gradually, reaching a minimum of 4% at Te
(Fig. 20}, Correspondingly, the macroscopic
Mailure surface changes its orientation to a plane
at ~90° to the tensile axis (Fig.21c), while the
microscopic features become more intergranular
{Fig.22c). The gradual transition from trans-
granular ductile fracture at 700°C to intergranular
brittle fracture around 960°C suggests that dif-
fusion effects become important as the tempera-
wure increases over this range. As a result, voids
mucleated at grain boundaries tend to grow rapidly
because of high rates of diffusion along these
boundaries. This type of intergranular fracture
is expected to be suppressed by high-strain-rate
deformation, as under these conditions the mass
transport via vacancy migration becomes insig-
nificant during the time of the test, Indeed, the
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19 Ultimate tensile strength of various ordered alloys as funetion of test temperature
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20, Variation of tensile e¢longation mvith test bemnperdbure dnd strain rate ¢ for LRO-1

author has found that a specimen testet:at:a igh
strain rate of 4,8 x 108 g1 at 9509 :ishowed &m
elongation of 52% and a fracture mod dindilar
to that at lower temperatures.

From 960 to 1000°C, the ductility. increassm
sharply, reaching 30% at the lower:strain rate nf
3.3 x 1073 571 and 50% at the highetriritient
42 x 1073571 (Fig.20). The markeili invresse in
ductility {5 apparently a result of the:-prder +
disorder transformation, which shanpiylliiowe rs
the flow stresses (Fig, 16). At 100MC| thennacro-
scopic fracture surface i$ quite highly fragmented],
although it is still generally perpenitivular ito the
tensile axis (Fig. 21d). Microscopizilily, the sutlacs
is characterized by a bimodal distiibiitinnbf] pram -
lar features (Fig. 22d): coarse onest a:scale
similar to the original grain size (~3) umi,
together with fine ones closer to 1.umi lin diamustey:,
The fine nodules are believed to be findifidual
grains produced by a dynamic recrpsialiization
localized near grain boundaries (Fig. 2%, Woihiles
with a similar appearance had beenobserved mear
grain boundaries during the high-temperature
deformation of ZryAl, anather L1, zillpy,6¢

3.1.4 Effect of minor alloy additioa: on hensll:
properties

The LRO alloys exhibit a susceptibilirytio grain-
boundary fracture and reduced ducillify;iattienr-
peratures above 700°C, The observect duciility
minimum results from a combinaticmiol meal
grain boundaries and a high flow stmessiatiten-
peratures near Tp. In an attempt toimpromel b
ductility at elevated temperatures, ki 1IR(: altays
were alloyed with up to 4% of reactira dtements
from Groups III to VI of the periodie. (alile'® 7 [
the elements added, the Group IVA slamenks [T
Zr,and Hf) were found to be most éffiective,,
Figure 24 shows plots of tensile properites: as o
function of temperature for examples ol the base
and titanium-modified LRO alloys.’ Whe'isild
strengths of LRO-20 and LRO-37 inrrexse wikh

International Metals Reviews, 1984, Wil.i25, Newlt

|temperature, reaching peak values around T,.
liBwth allyys are ductile, with tensile elongations
rexoeeding 35% below 450°C. Above 450°C, the
ldndtility iof the base alloy, LRO-20, decreases
nmarkedly with: temperature and reaches a minimum
nof X4.8% near Te. In comparison, the ductility of
IIithe titanium-modified LRO-37 depends on tempera-
litime to & much lesser extent, and shows only a
iromitierate: drop mear T, The ductility minimum of
LLFED 371 28% at 700°C. Thus, modifying with
Wirrouph IVA elements significantly improves the
rduetility.nf base: LRO alloys at elevated tempera-
Itumes) The beneficial effect of these elements is
‘ot welldnderstpod, but may be related to the

P gdtterting of harmful impurities (such as sulphur)
isggregated at grain boundaries. Titanium, hafnium,
;amd: zirconiumihave all been reported to be efiect-
i in improvipg the ductility of nickel-base
iallnys, 6% which are often embrittled by segrega-
[t¥ory 6F sulphur at grain boundaries. Additions of
[tzaninmialso improve the creep ductility and
‘fatigue resistanee, 3.5 is discussed below.

 IRQ alloys were also prepared using
i commercialtgrade ferrovanadium, thus lowering
llthe: materiall endt. The ferrovanadium contains a
“high Ievél of impurities (0, C, Al, and Si), but can
‘e puttified toa tertain extent by electron-beam
melting. Figure 25 compares the tensile proper-
s o RO~ ST prepared from high-purity vanadium
RO +3%), as -received ferrovanadium (LRO-37-5),
1aedt letectron-heam-melted ferrovanadium
KLAO-137-6) 87 For all the heats, oy increases with
-temperature, reaching a peak valué around 7. The
"iwaluesiiol Ty for the ferrovanadium heats appear to
libe slightly lower than that for the high-purity heat,
presurnabily because the ferrovanadium heats are
(iBlightly off thelstoichiometric composition, owing
stoithehigher levels of impurities, The ferro-
nwimzdinn heats exhibit distinctly higher yield
tistnengths) these brobably resulting from the com-
hbined ‘hardening effect of a finer grain size (Fig. 26)
rantlhigher volume fractions of carbide and oxide
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| @ room temperature; b 700°(; 1§60 o [ome!

21 Macroscopic fracture features off i LRLO- [ tesited in tension at various temperatures; from Liu and
Schulsoné5

| @ room temperature; b 700°C;:c '$6%°C; & 100

22 Microscopic fracture featurei ! LRO-1 begbed in tension at yarious temperatures; from Liu and
| Schulson65
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23 SBurface cracks in LRO-1 specimen fractured
in tension at 1000°C, showing nodules formed
by dynamic crystallization localized along
grain boundaries

precipitates in the LRO-37-5 and LRO-37-6 heats.
The ferrovanadium heats were ductile; total tensile
elongation exceeded 25% at all test temperatures.
The elongations of the ferrovanadium heats were
somewhat lower than that of the pure vanadium
heat below 700°C; however, there is nc major dif-
ference in ductility between them. Th= character-
ization of the tensile properties described above
demonstrated that it is feasible to prepare the LRO
alloys with ferrovanadium as a charge material,

3.2 Creep properties

Creep properties of LRO alloys were deter-
mined2%,48 a5 a function of the ordered state,

test temperature, and applied stress in vacuum

{1 mPa). Figure 27 shows semilog plots of steady-
state creep rate € as a function of reciprocal
temperature for the alloys LRO-1, LRO-2, and
LRO-3, The creep tests were performed at

69 MNm™2 (10 ksi) in the temperature range
760-1000°C {>0.67y,, where Ty is the alloy melt-
ing point). The creep data, independent of alloy -
composition, can be grouped into two curves, cor-
responding to the ordered and disordered states.
Each alloy shows a rapid change in creep rate
around T (865~950°C). Extrapolation of data from
above T to below T reveals that formation of
LRO lowers ¢ by two orders of magnitude, as
indicated by the dashed lines in Fig.27. The dis-

~ continuous change in € at T has been observed in
the iron-base LRO alloys2® (Fe, Ni),V (Fig. 28),
as well as in other L1, ordered alloys.59

In order to understand the creep behaviour,
the creep data were analysed using the power-law
rate equation?? generally used for high-tempera-
ture creep (>0, 5Tp,)

exp{(—Q/RT) B 4

E=a
pn=1r
where a is a materials constant, o the applied
stress, n the strain rate sensitivity exponent, u the
shear modulus, and Q the apparent activation
energy for creep. The exponent n in the ordered
state was measured as 4 on a log—log dlot of € as
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24 Variation of tensile yield strength and elonga~
tion with test temperature for base alloy
LRO-20 and Ti-modified alloy LRO-37

a function of 0. The modulus u(T) showed a rapid
change in value at T,,,as determined from measure-
ments of Young's modulus as a function of tempera-
ture.%2 Putting these parameters into equation (2)

" and rearranging gives

€uT = aot exp(—Q/RT) B 3|

The creep data in Fig, 27 are replotted in Fig. 29
according to equation (3). The plot also displays
a change of two orders of magnitude in 13 around
Ty, Comparison of Figs.27 and 29 indicates that
this abrupt change is caused mainly by &-related
effects, rather than by u-related ones. The values
of 1@ measured from the slopes of the curves in
Fig.29 are equal to 393 and 356 kJmol~! for the
ordered and disordered states, respectively.
Formation of LRO thus causes only a small in-
crease In @, In contrast,bee ordered alloys, such
as S-brass?!,72 and FeCo,72:73 exhibit a large
increase in @ (60—100%) upon ordering.

The discontinuous change in creep rate can
result from either a sharp change in diffusivity
or:a change in creep mode during the order —
disorder transformation. Further studies are
required to determine the creep rate as a function
of :istress in the disordered condition; it will then
be possible to assess the n value accurately in the
disordered state and to compare the value cbtained
with that of n in the ordered state.

| The creep rates of LRO alloys are compared
with those of solid-solution alloys, such as
Hastelloy X (Ref. 74) and type 316 stainless steel, 75
in Fig. 30. Under the same test conditions, the
creep rates of the LRO alloys are lower than those



oo

) A

Liu: Ductile crdered alloys (Fe, Co, Nij v 183

500

]
-~
60 [~ LRO=37~8 |[AR: F= i), -7
o —~ 400
O = e e e T —
LRO-33~E/1EB B Vlmy . —

3

B — — — i ™

LRO~37 [(FURE W), !

YIELD STRENGTH (ki)
a
o

O

i
YIELD STRENGTH (M Pa)

30— - 200
zo ——
— 100
1o \ 1 | I | 1 {
€0 T T T ] T I |
; —
5 —
-
«
[+
z e
o
-l
[T
u _
o
5
- 10— —_
o I L 1] i \ ] ]
0 100 1200 300 [ liv o] 300 600 700

800

TEST TEMPERATURE {°C)

25 Variation of yield strength and sinmzation with iest temperature for LRO-37 prepared from pure
vanadium {LRO-37), electron-beum melted ferrovanadium {LRO-37-6), and as-received ferrovanadium
| (LRO-37-5); after Lius7 '

of the commergial alloys by about three crdess of
magnitude. The superior creep resistaree of LRO
alloys is mainly derived from LRO clledts, whirh
lower the creep rate by two orders of imqeniitude
{Fig.27). In comparison with particke-ghrengthened
Superalloys, the creep resistance of ILRO alipys s
better than that of Inconel 718 and comparabilel i
that of Waspaloy,

The base alloys LRO-1, LRO-2, and LR@)-3
exhibited rupture ductilities of <15% kempers-
tures below T, Microscopic examinatiion'of ifra.n-
tured surfaces revealed that this low tuetility in
associated with the nucleation, growth and cuyates-
cence of cavities along grain boundaxies.' The
creep ductility of the cobalt-base LRO dltoys
(Fe, Co);V can be greatly improved by adding a
small amount of titanium.$7 For examplz, alloy
LRO-34, containing 0.5 at.-%T1, showsil ductile
fracture with extensive necking (FigaBl},and. a
rupture elongation of 52%. The suppreasicn of
grain-boundary failure is also believed tc :be aided
by the gettering action of titanium adbitions, which
prevents harmful impurities from segmegating to
grain boundaries. However, titanium milditions huve
been found to have only a limited effedtiorimprow -

ing the creep ductility of the iron-base LRO alloys
((Fe,Ni);V. The present author67 is currently
working on further improving the creep ductility
'of (Fe, Ni),V by alloying with rare earth elements,

whieh have a very strong affinity for impurities

such as sulphur and oxygen.

3.3 Fatigue properties

Fatigue properties of the base alloy LRO-1
((Fe;,Co,4)3V), as well as the titanium-modified
i alloys LRO-23 ((Fezzcon)a(vgs'riq)) and LRO-37
((FegoNigy) a{VggTi,)), were studied under load-
- controlled tension—tension fatigue tests.76 All
i tests were conducted in vacuum at a minimum
I stress of 34,5 MNm=2 and a frequency of 20 Hz,
' The fatigue properties of the bage alloy LRO-1
twere quite sensitive to test temperature and
I show=d considerable heat-to-heat variation. This
| behaviour may have resulted from a strong tend-
tency toward grain-boundary fracture in base LRO
ialloys, as indicated by the change in the fatigue
lfracture mode in LRO-1, from transgranular at
|low temperatures to intergranular at high tempera-
ltures. The problem of grain-boundary fracture
iwas alleviated by adding a small amount of titanjum,

i International! Metals Reviews, 1 984, Vol. 29, No. 3



AL

184  Liu: Ductile ordered alloys (Fe, Co, Nij .V
™~ /
\\

7
- e

@ high-purity vanadium; ¢ ferrovanadium

26 Comparison of grain structures in LRO-37
prepared from different raw materials;hest
treatment 20 min at 1150°C, 24 h at 850°C,
24 h at 600°C, 48 h at 550°C

Figure 32 shows the high-cycle fatigue behaviour
of the titanium-meodified alloys LRO-23 and
LRO-37 as a function of temperature. Since the
fatigue properties of LRO-23 at room temperature
are not available, data for the base alloy LRO-1
are used in the plot, The fatipue resistance of
LRO-1 and LRO-23 should not be very differen-,
since both alloys exhibited transgranular fracture
at room temperature, The fatigue life of the LRO
alloys decreases with increasing stress amplitude
Ac and test temperature. In comparison, the
fatigue life of LRO-37 is much less dependent on
test temperature, The fatigue resistance of the
LRO alloys is superior to that of other ordered
alloys. For example, at a fatigue life of 106 cycles,
the LRO alloys can tolerate Ag values >50% higher
than the ordered alloys FeCo and Ni,Mn, at roorn
temperature,?7

At room temperature, all the fatigue specirens

fractured transgranularly, with a very faceted ap-
pearance. Metallographic evidence indicated that
microcracks were nucleated by slip bands and
propagated along both slip bands and twin bands.
At 600—650°C, the base alloy LRO-1 showed a
mixed fracture mode, both intergranular and trans-
granular facets being visible (Fig. 33a), but the

International Metals Reviews, 1984, Vol. 29, No. 2
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27 Variation of steady-state creep rate with tem-
perature for Co-base LRO alloys

titanjum-modified alloys exhibited predominantly
transgranular fracture (Fig. 334). Additions of
titanium reduced the tendency toward intergranular
cracking, thus improving the fatigue resistance of
the LRC alloys. Limited TEM studies indicated?6
that titanium additions reduced the density of
grain-boundary precipitation, so reducing the num-
ber of sites available for the nucleation of grain-
boundary eracks, An added benefit of titanium
could be the scavenging of harmful impurities
segregated at grain boundaries.

At 850°C, the fracture path was essentially
intergranular for both the base alloy LRO-1 and
the titanium-modified LRO-23 (Fig. 33¢ and d).
Nevertheless, the grain-boundary facets observed
in LRO-23 were much rougher, dimples being
visible in some areas.

Since resistance to fatigue is important for
structural applications, it is worth while to com-
pare the fatigue properties of LRO alloys with
those of commercial alloys.?6 The temperature
dependence of the maximum stress for a fatigue
life of 108 cycles for LRO alloys is compared
with those for the superalloys Inconel 617 and
Incoloy 901 in Fig, 34. The fatigue resistance of
the LRO alloys is superior to those of the com-
mercial alloys below 700°C, and comparable at
higher temperatures. The superiority of the LRO
alloys at lower temperatures may be related to
the increased difficulty of fatigue-crack nucleation
in these alloys, caused by the restricted cross-
slip in LRO lattices.! The ease of nucleation of
grain-boundary cracks increases with increasing
temperature, thereby lowering the fatigue resist-
ance of the LRO alloys at higher temperatures.

. Further improvements in the fatigue resistance

of LRO alloys will require means of suppressing
the nucleation and propagation of fatigue cracks
along the grain boundaries,
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4. ' ENVIRONMENT-RELATED PROPERTIES

4. Irradiation behaviour

The irradiation behaviour of LRO alloys has been
studied by ion bombardment78,79 and neutron
irradiation.78,£0 The jon bombardment was per-
formed on disc specimens irradiated to 70 dpa
(displacements per atom) with 4 MeV nickel ions,
while simultaneously being injected with

8 at,-ppmHe/dpa and 28 at.-ppmD/dpa at tempera-
turels up to 750°C. Figure 35is a plot of irradiation-
induced swelling as a funetion of irradiation tem-
perature, based on data from Braski.78,81 Here,
the LRO alloys containing no residual o-phase
showed little swelling in their ordered states. The
interesting feature of this plot is that LRO-37 and
LRG-20 swell sharply above 670°C, in accordance
with their loss of LRO above that temperature. On
the other hand, the alloy LRO-1 (T = 950°C) re-
mained ordered and showed very low swelling at
all temperatures up to 750°C, These results
demonstrate that the LRO alloys are more resist-
ant to swelling in the ordered than in the disordered
state. Schulson®? has pointed out that vacancies
migrate with difficulty in ordered lattices, s0
interstitial-vacancy recombination processes
during irradiation are more likely.

The swelling rate of type 316 stainless steel,
irrzdiated under the same conditions as the LRO
alloys, is also shown in Fig. 35 for comparison,

It can readily be seen that the LRO alloys in the
ordered state are more resistant to swelling than
type 316 stainless steel. It should be noted that
the type 316 stainless steel used by Braski had
a brittle fracture of base alloy LRO-1; b ductile beep cold worked I;o 20% reduction, Without this
fracture of Ti-modified alloy LRO-34 optimum amount of cold work, the swelling rate
of type 316 stainless steel ig substantially higher.
31 Fracture behaviour of LRO alloys ereep tested Because of their good resistance to irradiation-
at 871°C with applied stress of 69 MNm~2 induced swelling, LRO alloys appear to have poten-
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a LRO-1 {fractured at 650°C; b LRO-23 fractured zt 650°C; ¢ LRO-1 fractured at 850°C;, d LRO-23
fractured at 850°C

33 Fatigue fractographs of various LRO alloys; from Ashok e! al, 76

tial for use as structural materials for muclear VC particles in the matrix were dissolved, while
applications. the VC particles on grain boundaries were
Microstructural examination revealed that coarsened during ion bombardment. Irradiation
ion bombardment altered the domain size and the
precipitation of VC, and induced otker microstruc- so T T T T T
tural changes. A high density of dislocations and o .
faulted loops was observed; the sizz of the loops NAGATY
increased with irradiation temperature. The loops 40 - -
were mainly interstitial, and were probably formed [ |
through condensation of interstitials. Many of the
36 - LRO-37 -1
£ (FogoNino VegTig)
Sl L I S B S p s 2 T ]
-
700 - 7 ; 2o }{!;g:?:w)
" ——
5 600 . ] |
& 1wl -
k- S0 8 LRO-{
b 400 ] . tFouCo-,.gv
300 - { i ] ] ]
ookt L0 L 4 1 4 1 oo mat:zm 're‘rpsaﬂu‘:z’om mo e
0 200 400 600 800 1000
TEMPERATURE [*C} 35 Variation of irradiation-induced swelling with
irradiation temperature for LRO alloys and
34 Variation of maximum stress for fatigue life type 316 stainless steel (cold worked to 20%
of 108 cycles 0, o6 with temperature for LRO reduction} following 4 MeV nickel-ion irradia-
alloys and commercial superalloys; from tion to 70 dpa with simultaneous injection of

Ashok ef al,7¢ helium and deuterjum; after Braski?8,81
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@ superlattice dark-field micrograph of
unirradiated specimen using (100) reflection,
showing domains and antiphase boundary;

b dark-field micrograph of specimen ion-
bombarded to 70 dpa at 570°C, showing
domains

36 Comparison of domain structures observed
in unirradiated and jon-bombarded LRO-1
specimens; from Braski and Farrell 7®

at lower temperatures markedly reduced the
ordered-domain size, as is shown in Fig. 36. Many
of the new domain boundaries were composed of
the newly created faulted loops.78,79 It is also
possible that irradiation lowers the LRO para-
meter and provides additional disordered regions
for domain walls.

! Tensile properties of LRO-16 were deter-
ntined after neutron irradiation?78:80 in the Oak
Ridge Reactor at 250, 350, and 550°C, to a damage
level of 3.8 dpa and a helium level of 29 at.-ppm,
Unfortunately, LRO-18 samples contained a small
amount of residual o-phase introduced during
cooling through the wide v + o phase field. The
presence of o-phase is undesirable in LRO alloys
because it embrittles the grain boundaries. Also,
the formation of o-phase draws vanadium atoms
from solution, thus weakening the atomic ordering
in the matrix. The neutron irradiation increased
oy and lowered the ductility of the LRO alloys, but
produced relatively little swelling (~0. 07% at
580°C). The hardening was apparently produced
by the formation of small interstitial loops and
numerous dislocations. The loss of ductility was
accompanied by 2 change in fracture mode from
transgranular to intergranular. Possible explana-
tions for the weakened grain boundaries include the
presence of helium and g-phase particles at the
grain boundaries, helium embrittlement, and in-
creased segregation of impurities (such as sulphur}
to the boundaries. Braski®! has studied the post-
irradiation mechanical properties of o-free
titanium-modified alloy LRO-317.

4.2 Hydrogen embrittlement

The influence of 2 hydrogen environment on the
mechanical properties of ordered alloys has not
been well documented. In view of this, hydrogen
embrittlement in LRO alloys was studied by hydro-
gen exposure in a high-pressure autoclave7? and
by:cathodic charging®3 of hydrogen in IN H,80,

at a current density of 500 Am=2, Table 4 gives
the effect of hydrogen charging on the tensile
properties of fully ordered LRO-37 and LRO-35
samples exposed to high-pressure (9.7—10, 3 MPa)
Hyiat 517 or 548°C in the autoclave, The hydrogen
exposure moderately reduced the elongation at
room temperature, but did not affect the ductility
at and above 200°C. The room-temperature duc-
tility was fully restored after a vacuum heat

Table 4 Room-temperature tensile ductility of LRO alloys exposed to high-pressure
hydrogen )
Treatment Treatment H, pressure, Test Tensile
Alloy time,h temp., °C MPa temperature elongation,?,
LRO-37 0 e 0 Ambient 41.8
1440 548 10.3 Ambient 19.4
1 600 Vacuum Ambient 43.8
LRO-35 0 . 0 Ambient 42.1
148 577 9.7 Ambient 15,1
0 - 0 200°C 35.0
148 517 8.7 200°C 33.0
0 e 0 850°C 33.6
148 517 9.7 650°C 35.5
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Table § Tensile properties of ordered and
disordered LRO-42 specimens tested
in air and hydrogen at ambient tem-

perature; after Kuruvilla et al. %3

Strength, MNm™2

Elongation,

Environment Yield Ultimate %

Ordered Alloy

Air 344 1175 25
Hydrogen 344 485 13
Disordered Alloy

Air 415 770 38
Hydrogen 415 710 30

treatment of 1 h at 800°C, This restoration of the
ductility strongly suggests that th= hydrogen -
embrittlement is not caused by damage to the
microstructure {(e.g. formation of methane bubbles),
but is instead caused by retention of a small
amount of hydrogen, which can be readily 'pumped
out' by vacuum treatment.

Kuruvilla ef al. 83 have recently determined
the effect of LRO on hydrogen embrittlement in
LRO-42 alloy, which has the same composition
as LRO-37, exeept for trace additions of rare
earth metals, The LRO-42 specimens, in both
ordered and disordered conditions, were charzed
with hydrogen and then tested in tensile, delayed-
failure, and eyclic-loading tests im air and in
hydrogen. The results indicated that hydrogen
embrittlement was more severe ir the ordered
material for each of the three types of test. As
for the room-temperature tensile data, given in
Table 5, hydrogen charging caused a reductior. in
ductility of nearly 50% for the ordered samples,
but the reduction was only 20° for the disordered
samples. Fractographic examination by scanning
electron microscopy revealed a strong tendency
toward intergranular fracture in the ordered
material in the presence of hydrogen, but the
fractographic features changed much less in the
disordered samples (Fig. 37). Plarar slip (leading
to increased dislocation transport of hydrogen),
coupled with greater impurity segregation at grain
boundaries, have been suggested ac possible
mechanisms to explain the greater severity of
hydrogen embrittlement in the ordered condition.

Berkowitz and Miller84 have recently charac-
terized hydrogen embrittlement in Ni,Cr as a
function of the LRO parameter S, Their tests
indicated that Ni,Cr was highly susceptible to
hydrogen embrittlement in both the fully dis-
ordered and ordered conditions, The diminution
in reduction of area in both conditions was about
70%. However, the alloy showed a minimum sus-
ceptibility to hydrogen embrittlement for a
partially ordered state with § = 0, 4-0.5. The
alloy undergoes a phase transition upon order-
ing, which complicates the analysis of hydrogen
embrittiement, The present LRO alloys are con-
sidered to be more suitable for studying the Hect
of LRO on hydrogen embrittiement because their
order - disorder transformations do not involve
a change in lattice structure.

-~
PR

Liu: Ductile ordered alloys (Fe, Co, Ni) ]V

a disordered state; 5 ordered state

37 Scanning electron fractographs of LRO-42
samples tested in tension in hydrogen environ-
ments; from Kuruvilla e/ al,83

4.3 Oxidation and corrosion behaviour

Limited experiments have been conducted to study
the oxidation and eorrosion behaviour of LRO
alloys in air,16 guperheated-steam,85 liquid-
lithium, 88 and oxidizing—sulphidizing®? environ-
ments. Figure 38 shows log—log plots of weight
gain against exposure time for LRO alloys oxidized
isothermally at 500-760°C. The alloys exhibited
parabolic oxidation, the slopes of the curves being
~0,5, The oxidation rate appears to be quite
independent of alloy composition, as is indicated
by the similar weight gains for LRO-1 and LRO-2
in Fig. 38,

Spalling was observed on the LRO alloys
during cooling, following extensive air oxidation
above 600°C, The spalling is believed to have re-
sulted from a large mismateh between the coef -
ficients of thermal expansion and poor bonding
betweer: the oxide scale and base metal., Electron-
microprobe examination of the oxide scale formed
on LRO-1 revealed three distinct layers, according
to the distributions of Co, Fe, and V (Fig. 39). The
outermost layer {A) was depleted in iron and
vanadium, and X -ray-diffraction data indicated
that this layer consisted of almost 1007, cobalt
oxides. At least two types of cobalt oxide existed
in this layer, which showed different contrast. The
middle Iayer (B) was enriched with iron, and the
inner layer (C) with vanadium. Line scanning
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38 Varijation of weight gain with exposure time for LRO alloys oxidized in air

indicated the existence of cobalt in all three layers, The LRO alloys showed excellent resistance
The macrocracks formed developed essentially in to superheated-steam corrosion at 540°C (Ref. 85).
the inner layer, With regard to the standard free | This is indicated in Fig. 40, in which the weight

energy of formation, 88 the vanadium oxice is the i changes of LRO-1 and LRO-17 are compared with
most stable, whereas cobalt oxide is the least ¢ those of type 304 stainless steel and 2.25Cr—1Mo
stable. The observed distributions of major . ferritic steel. All the alloys showed weight gains
elements suggest that cobalt atoms diffuse from | caused by oxidation. The oxidation rates of the
the interior to the surface, where the oxyzen poten-  LRO alloys are even lower than that of type 304
tial is high enough to oxidize cobalt, .| stainless steel. This resuit is unexpected because

a

a optical micrograph; b back-scattered electron: micrograph; ¢ Co K @ EDAX picture; 4 V Ko EDAX
picture; e Fe Ko EDAX picture

39 Microstructure and distribution of elements in ¢xide layer,as determined by energy-dispersive
X-ray analysis (EDAX),for LRO-1 oxidized in air at 760°C for 2400 h
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40 Comparison of welght gains following expos-
ure to superheated steam of LRO alloys with
commercial type 316 stainless steel and
2.25Cr-—1Mo ferritic steel; from Griesa

el al. 8%

the LRO alloys contain no chromium, whereas
type 304 stainless steel! has 18—-20%LCr in solution.

Corrosion of LRO alloys in liquid lithium: 86
and sulphidizing®7 environments is currently being
studied at Oak Ridge National Laboratory. The
LRO alloys containing up to 40%Ni ghowed very
low weight loss and no change in microstructure
after exposure for several thousand hours at
500 and 600°C 1n static lithjum encajsulated by
the same alioys. The weight losses in LRO-33
and LRO-37 were actually lower than that of
Incoloy 800 (containing 32%Ni) by two orders of
magnitude. Tensile tests at temperatures up to
600°C also indicated that the mechamical properties
of the LRO alloys were not affected 2y lithium
exposure, However, the LRO alloys =xhibited much
higher weight losses when exposed to lithium loops
made of stainless steel (depleted in rickel} or ta
static lithlum in ferritic stee] capsules. The high
corrosion rates in these cases may be caused by
mass transport (mainly of nickel) berween dis-
similar metals. Both LRO-1 and LRO-37 samzles
were exposed to hostile environments at sulphur
pressures between 10°2 and 1078 atm and OXygen
pressures of 1072 to 10714 atm, To protect the
alloys from excessive corrosion,a set of speci-
mens was coated with iron—chromiur—alumininm
layers by a slurry technique at Lockheed Palo
Alto Research Laboratory, Palo Alto,Czlif. The
preliminary results are very encourzging. The
corrosion behaviour of the uncoated LRO speci-
mens {containing no chromium) is comparable to
that of Haynes 188 (containing 22%Cr’ after 100 h
exposure at 850°C. The coated specimens did rot
show any sulphidation attack,

The LRO alloys generally showec limited
oxidation resistance at high temperatires in
strongly oxidizing environments, such as aijr.

This is because alloys containing no chromium

or aluminium are incapable of forminz a protective
oxide scale that can serve as an efiec-ive barrier
in impeding the inward diffusion of oxygen and

T
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i outward diffusion of metallic elements. The oxida-

t tion razes of current LRO alloys are substantially

+ higher than those of austenitic stainless steels,

: but lower than those of ferritic steels (such as

. 2,25Cr—1Mo steel), Work is in progress on im-
proving the oxidation resistance of LRO alloys

. through alloy additions and surface coatings.67

5. POTENTIAL APPLICATIONS

. LRO alloys based on (Fe,Co,Ni);(V,Ti) constitute

/ a new class of structural materizls having a

' unique 2ombination of high-temperature strength,

- ductility, workability, and long-term structural

. stability. Unlike conventional alloys, the yield

| strength of LRO alloys increases with temperature
above 300°C, reaching 2 maximum around T,
{650-1C00°C), Because of this increase,the LRO
jalloys are substantially stronger than commercial
-solid-solution strengthened alloys at elevated tem-
Jperatures (Fig.16). The use nf LRO alioys should
‘be limited to temperatures below T, since the
.alloys show a sharp drop in strength above this
temperature, owing to the loss of LRO.

i Sinee current LRO alloys have limited oxida-
tlon res stance in air above 600°C, they would
best be used as stryctural materials {n reducing
{e.g. ;'\, neutral (e.g, vacuum), inert (e.g. He, Ar),
or slightly oxidizing (e.g. steam) environments,
Potential applications include their use as im-
proved hot-section components in conventional
power plkants and advanced closed-cycle energy-
conversion systems such as (1) advanced heat
engines — Stirling engines {using H, or He as the
working medium) and other high-temperature
systems, (2) advanced steam power plants — steam
generators and turbines, (3) nuclear process heat
systems — ducting and heat exchangers, and {4)
¢losed-cycle solar-power systems. The LRO
alloys (Fe,Ni),(V, Ti) possess excellent high-
temperature strength, creep properties,and fatigue
resistance, in combination with superior corrosion
resistance in steam environments, In view of this,
these allays are particularly suitable for steam-
turbine applications.

 The LRO alloys are also resistant to
irradiation-induced swelling,as shown in Fig, 35.
A combination of excellent high-temperature
properties with resistance to irradiation damage
makes LP.O alloys promising as materials for
nuclear-industry applications.

6, SUMMARY

This paper has provided a comprehensive review
of the physical metallurgy and mechanical proper-
ties of lorg-range-ordered (LRO) alloys based on
the quasiternary system Fesv—CoaV—Niav.
.Ordered crystal structures in (Fe,Co,Ni)3V
alloys are built up by stacking close-packed,
ordered lzyers,but differ in their stacking
Sequences. The stacking character of the ordered
structures can be altered systematically by con-
trolling the alioy electron density (¢/a),defined
as the number of valence electrons per atom, As
e/a decreases, the stacking character changes

dnternational Melals Reviews, 1984, Vol. 29, No. 3
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from purely hexagonal, through different, ordered
mixtures of hexagonal and cubic layers,to purely
cubic. Partial replacement of cobalt and nick=1
atoms with iron atoms lowers e/a in the alloys
and stabilizes the ordered structyre with a cubic
stacking character. With suitable control of €/a,
the L1,-type cubic ordered structure is stabi jzed
in the (Fe, Co),V, {(Fe,Co,Ni);V, and (Fe,Ni), 7
alloy systems,

The LRO alloys with the cubic ordered stryc-
ture can be fabricated and welded by conventioinal
processing techniques., Two types of phase rela-
tionship were observed in the LRO alloys,depend-
ing on alloy composition (Fig.7). For the type-1I
phase relationship, the disordered solid solutinn ¥
transforms to the cubic ordered ;' below the
critical ordering temperature T¢. For the type-T
phase relationship, the v solid solution starts o
precipitate o-phase at temperatures below the peak
temperature for ¢g-phase precipitation T, ,ard the
twn phases transform to the ordered ¥ through
the peritectoid reaction 3 + ¢ — ¥’ below T,.

The T values of the LRO alloys vary from 652

to 1000°C, decreasing with increasing iron conzent,
The o-phase field can be completely suppressed
as a stable entity in LRO alloys if ¢/a exceeds
7.79 in (Fe,Co),V or B.01 in {Fe,Ni);V alloys
(Fig. 9).

Small VC-type carbide particles were
observed within grains and along grain bounda-ies
in both disordered and ordered specimens, Domain
structures and stacking faults were observed cnly
in ordered specimens aged below T.. Eviderce
from transmission electron microscopy indica:ed
that both intrinsic and extrinsic stacking faults
were nucleated at VC particles by the punching
out of perfect dislocations, which subsequently
dissociated into Shockley partials (for intrinsic
faults) or Frank and Shockley partials (for ex-
trinsic faults). The domain boundaries appear
wavy, indicating that the antiphase-~boundary
energy is quite isotropic.

The room-temperature tensile ductility of
(Fe,Co,Ni),V alloys was strongly influenced br
" the ordered crystal structure. The alloys with
multilayered hexagonal ordered structures ex-
hibited brittle fracture with little ductitity, whike
those with the cubic ordered structure were
ductile with tensile elongations exceeding 35% at
room temperature. The ductility of the cubic
ordered alloys is independent of alloy composition
until the cobalt content exceeds 60 at,-%.

The yield behaviour of LRO alloys was
characterized as a function of test and quench
temperatures. Unlike conventional alloys, the yield
strength of LRO alloys increases with temperature
and peaks around Te. The room-temperature y eld
strength, on the other hand, is not sensitive to
quench temperature,except in the vicinity of Te
Calculation of the yield-stress increase as a
function of test temperature strongly suggests taat
the anomalous temperature dependence of yielding
in LRO alloys is caused by a thermally activated
process,rather than a disordering effect.

The base LRO alloys (Fe, Co, Ni);V showed a
decrease in ductility above 400—700°C (depending
on alloy composition), and their ductility reached
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a minimum near 7. Corresponding to the de-
crease, the fracture mode exhibited a transition
from transgranular to intergranular. Modifying

the base alloys with titanium significantly improved
the ductility at elevated temperatures. Titanium
additions also improved the creep-rupture ductility
of LRO alloys,

The creep behaviour of LRO alloys can be
described by the rate equation given as equation (2}
above. All the alloys exhibited a discontinuous
change in creep rate ¢ in the vicinity of T;. Extra-
polation of data from above T¢ to below T reveals
that the formation of LRO lowers ¢ by two orders
of magnitude. This decrease in é makes the LRO
alloys extremely creep resistant in the ordered
condition, The values of n and @ in equation {2)
for ordered LRO-1,LRO-2,and LRO-3 were
measured to be 4 and 393 kimol™1, respectively,

The high-cycle fatigue properties of base
LRO alloys are quite sensitive to test temperature,
and show considerable heat-to-heat variation. This
behaviour results from the tendency toward grain-
boundary fracture, which can be alleviated,to a
certain extent,by adding smal! amounts of titanium.
The tatigue resistance of the LRO alloys is
superior to those of commercial superalloys, such
as Inconel 617 and Incoloy 801, below T00°C,and
comparable at higher temperatures,

The LRO alloys showed low swelling in their
ordered state under dual-beam ion bombardments.
The alloys displayed a sharp increase in irradia-
tion-induced swelling above T, corresponding to
the loss of LRO. The ion bombardment also re-
duced domain size,altered precipitation of vC,
and induced other microstructural changes such
as the appearance of high densities of dislocations
and fault loops, Neutron irradiation increased the
yield strength and lowered the ductility of LRO-18,
but produced relatively little swelling, The harden-
ing was apparently produced by the formation of
small interstitial loops and numerous dislocations.
The loss of ductility was accompanied by a change
from transgranular to intergranular fracture,

Exposure to high-pressure hydrogen at
517—548°C caused a moderate reduction in tensile
elongation of (Fe,Ni),V alloys at room tempera-
ture,but did not affect their ductility at or above
200°C. Following exposure to hydrogen environ-
ments produced by cathodic charging, LRO-37
exhibited more severe embrittlement in the
ordered than in the disordered condition. Examina-
tion by scanning electron microscopy revealed a
strong tendency toward intergranular fracture in
the ordered samples in the presence of hydrogen,
but fractographic features changed much less in .
the disordered samples.

Limited experiments were conducted to study
the oxidation and corrosion behaviour of LRO
alloys in various environments, Current LRO
alloys had a limited oxidation resistance in air
above 600°C,but showed an excellent resistance
t2 superheated-steam corrosion at 540°C. The
LRO alloys, with their combination of high-
temperature strength, ductility, workability, and
creep and fatigue resistance,have great potential
as structural materials in inert and slightly
oxidizing {e.g. steam) environments,
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