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Abstract NiAl based oxide dispersion strengthened(ODS) intermetallic alloys have been produced by mechanical
alloying(MA) and consolidated by hot extrusion. Subsequent isothermal annealing has been carried out to induce nor-
mal grain growth(NGG) and thermomechanical treatment under specific condition has been applied to induce secon-
dary recrystallization(SRx). Creep properties of ODS MA NiAl have been investigated, and the associated creep mecha-
nisms have been evaluated for the given condition. The creep properties of the grain coarsened MA NiAl have been
also compared with those of as-consolidated MA NiAl and other counterparts. It has been shown that SRx leads to a
pronounced grain coarsening and high grain aspect ratio without concurrent dispersoid coarsening, which results in im-
proved creep resistance, whereas limited grain coarsening with dispersoid coarsening by NGG mechanism degrades
creep resistance.

The apparent activation energy and the stress exponent for creep in SRxed MA NiAl indicate that creep is con-
trolled by one of the dislocation creep mechanisms, either climb controlled or viscous glide controlled. However, a grain
size dependence on creep has been shown, indicating that grain boundary sliding mechanism accommodated by major
creep mechanism contributes to the overall deformation in MA NiAl

, alloying of elemental Ni and Al powders.
1. Introduction

Intermetallic compound NiAl with ordered B, structure
has a great potential for high temperature applications
because of its low density, high melting point, high ther-
mal conductivity and excellent oxidation resistance’.
However, cast, polycrystalline N1Al suffers from poor
ambient temperature ductility and poor creep resist-
ance at intended service temperature, which indicates
that the use of monolithic material is improbable'?. In
an effort to address these problems an approach has

been done to synthesize ODS NiAl by mechanical

It is well known that, at the highest service tempera-
ture, dispersion strengthening(DS) is superior to precip-
itate strengthening because dispersoids are not prone to
dissolution and in general the coarsening rates are
much slower than precipitates. This is clearly demon-
strated by the performance of ODS superalloys such as
MAG6000%. The role of the dispersoids in high tempera-
ture creep is to act as significant obstacles to the mo-
tion of dislocations and prevent grain boundary sliding
effectively, increasing the creep resistance in disloca-

tion creep* .
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Table 1. Chemical compositions of as-milled MA NiAl powder
Element Ni Al H 0 C N Fe Ti
Atomic % 47 46 49.60 218 ppm 2.6 0.04 0.064 0.12 0.63

It is well established that there is a strong grain size
dependence in diffusional creep while no apparent grain
size effect is expected in the dislocation creep regime?.
However, the grain boundary sliding accommodation
process by either diffusion or dislocation creep mecha-
nisms are always expected at high temperatures®®.
Therefore, a larger grain size containing finely distrib-
uted dispersoids, which can be developed by secondary
recrystallization mechanism, is generally preferred in
The
strength of ODS materials can be further improved by

creep resistant materials®. high temperature
producing a highly <longated or fibrous grain micro-
structure aligned parallel to the stress axis, which re-
duces grain boundary sliding and minimizes transverse
rupture by control of cavitation on transverse bound-
aries”. Such structures can be produced by secondary
recrystallization mechanism and we have therefore un-
dertaken thermomechanical treatments to promote SRx
in MA NiAl to further improve its creep resistance®.

In an attempt to produce another type of coarse
grain structure, normal grain growth, in which grain
growth and dispersoid coarsening are generally concur-
rent®, have also been induced by isothermal annealing
to characterize and compare creep mechanisms in MA
NiAL

In this article, results of recent studies on creep in
grain coarsened MA NiAl materials are presented, dis-
cussed, and contrasted with the results of analogous
studies of their as-consolidated conditions as well as

conventionally processed counterparts.
2. Experimental Procedure

The dispersion strengthened NiAl powders are pre-
pared by high energy ball milling a mixture of elemen-
tal Al and Ni powders using a modified Szegvari attri-
tion mill in an argon atmosphere. The compositions of
the as-milled powder is shown in Table 1.

The powder was sieved to -325 mesh after milling
for 70 hrs, and consolidated by hot extrusion. Hot ex-
truded(EX) bar was produced at 1127°C with an extru-
sion ratio of 16 : 1 after degassing in vacuum at 800°C.
Hot extruded specimens were isothermally annealed to
produce NGG structure in a vacuum furnace at 1400°C
for an hour with a heating rate of 250 K/min and
cooled to room temperature in air. Thermomechanical

treatments utilizing prestrain and isothermal annealing

were carried out to induce SRx. The prestrain was in-
troduced by uniaxial compression to 5% strain in a uni-
versal testing machine. Then the prestrained EX speci-
mens were isothermally annealed above TSRx for 30
min, as specified previously®. Microstructures of grain
coarsened specimens in both transverse and longitudi-
nal sections were optically investigated for any changes
of grain size as well as grain aspect ratio.

Compressive creep tests were performed utilizing a
modified Satec M-3 creep testing machine. Constant
load were applied ranging from 40 to 180MPa at 800°C,
850°C and 900°C. For compressive creep tests, cylindri-
cal specimens(5mm¢x 10mmL or 4mm¢x 8mmL) were
machined from heat treated specimens parallel to the
extrusion axis by electro-discharge machining(EDM).
Before creep test, EDM cut specimens were inspected
using a low magnification microscope to ensure micro—
crack free surfaces.

The creep strain curves as functions of time at a
given temperature and stress were obtained. Steady
state creep rate( € ) was calculated using computer-
ized linear regression method applied to the data in the
time interval between 15 and 20 hours. Then an
Arrhenius plot of In € , versus 1/T was made to obtain
the apparent activation energy(Q.,,) for creep. A plot
of In €, versus In ¢ for a given microstructure was also
made in order to compare the creep behavior with as-
consolidated specimens and other counterparts as well
as to obtain the stress exponent(n).

Microstructures of crept specimens in both trans-
verse and longitudinal sections were also optically in-

vestigated for any structural changes.
3. Results and discussion

The primary microstructures after consolidation are
typically fine grained with a grain size less than 1 um,
and contain a fine distribution of AlO, dispersoids in
the range of 10~100 nm®®. The microstructures after
simple isothermal annealing at, 1400°C for an hour
show typical normal grain growth, in which grain
growth and dispersoid coarsening are generally concur-
rent, with a average grain size of 15um®. A substantial-
ly SRxed mjcrostructure was produced in the material
homogeneously prestrained about 5% followed by iso-
thermal annealing at 1300°C for 30 min. Here, it was

possible to have crack free prestrained specimens by
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Fig. 1. Optical micrographs of SRx MA NiAl, (a) transverse
section {b) longitudinal Sction.
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Fig. 2. General trends in creep curves of MA NiAl, at
110MPa and 850°C.

compression, since MA NiAl showed significantly im-
proved compressive ductility at room temperature due
to additional slip system operations, though 1t was still
shown to have near zero tensile ductility as in other
intermetallics”. It is shown that dispersoids remain fine
during the process of SRx, since dispersoid coarsening
is suppressed due to the grain boundary break-away
process of SRx®. The microstructure of sections paral-
lel to the extrusion axis typically consists of well devel-
oped elongated, SRxed grains having a grain aspect
ratio of 5 (200~500.mx 1000~2000,m), as shown in
Fig. 1. This type of elongated grain structure is com-
monly observed after isothermal annealing or zone an-
nealing of ODS superalloys*®”. It has been suggested
that this reflects either the alignment of the dispersoid
along the extrusion axis restricting lateral growth or a

texture effect which leads to lateral grain boundaries

being mobile than others™.

General creep trends.

Compressive creep tests were performed on SRxed
and NGG specimens applying a constant load parallel
to the extrusion axis ranging from 40 MPa to 180 MPa
at 800°C, 850°C and 900°C for 20 hours. The norma-
lized creep conditions in this study are 0.56 <T/Ty<0.
61 and 4x107‘<g/G<3x107% assuming no signifi-
cant differences in shear modulus between as-extruded
and SRx conditions. Creep curves of grain coarsened
specimens obtained at 850°C and 110MPa are pre-
sented in Fig. 2. In the figure, creep curves of as-con-
solidated MA NiAl as well as single phase, cast NiAl, of
which average grain size is 40um, are presented for com-
parison. The creep curves show primary and steady
state creep but not tertiary creep in this study, due to
the compressive creep mode used, in which most micro-
structure instabilities such as microcracking or necking
are suppressed'”.

As can be seen, the creep properties of ODS MA
NiAl, in terms of creep strain, are considerably im-
proved by SRx, while the curve of NGG specimen
shows very poor creep resistance despite a large grain
size in comparison with as-consolidated specimens. Sig-
nificant dispersoid coarsening in the NGG specimen is
responsible for the poor creep properties similar to the
creep of single phase NiAl (curve 1 in the figure). On
the other hand, the considerable increase in grain size
combined with fine dispersoid size in the SRx specimens
is responsible for the improved creep resistance. Partial-
ly SRxed specimens(SRx+NGG), which are occasion-
ally produced during the thermomechanical treatments,
show large creep strains and a high creep rate due to
the poor creep properties of the NGG area in the speci-
men. When steady state creep rates or minimum creep
rates ( €,) are considered in characterizing the creep
properties, care must be taken since large creep strains
lead to a reduction in an effective stress resulting in
lower apparent creep rates in compression creep mode.
Indeed, the estimated effective stress of the NGG speci-
men at the end of test is about 76MPa and the steady
state creep rate appears to be comparable to that of
SRxed specimens, as shown in Fig. 2. For the materials
with low creep strains in the test condition (curves 4 to
6), creep strains are proportional to the steady state
creep rates in this study.

Microstructure characterization of crept specimens.

The shapes of crept specimens, which were tested at
850°C and 110MPa for 20 hours, are presented in Fig.

3. The initial size of the specimens was 4mm diameter
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Fig. 3. Shapes of the crept specimens of MA NiAl, tested at
110 MPa and 850°C for 20 hrs.

Fig. 4. Microstructure of crept specimen(SRx—+ NGG): (a) MP-
4 photograph of longitudinal section, (b) optical micrograph of
longitudinal section.

by 8mm long for SRx and partial SRx specimens, and
5mm diameter by 10mm long for NGG specimens. As
can be seen, there is very little shape change in the SRx
specimen, whereas the NGG specimen shows barreling
and a significant decrease in length and increase in sur-

face area which result in a lower effective stress and a
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Fig. 5. Microstructure of crept specimen{SRx): (a) MP-4 pho-
tograph of longitudinal section, (b) optical micrograph of lon-
gitudinal section, single crystal.

lower apparent creep rate. The partially recrystallized
specimen(SRx+NGG) shows NGG material in the cen-
ter area being extruded from the sample.

Optical examination for the longitudinal cross section
of the NGG+ SRx specimen shows that the NGG por-
tion 1s extruded perpendicular to the stress axis be-
tween two rigid secondary grains during the creep test,
as shown in Fig. 4(a). This clearly indicates that the
significant creep strain and creep rate in the specimen
result from the material flow of the NGG area and high-
lights the difference in creep resistance between the
SRx and NGG regions.

An optical micrograph for the locally bulged area is
shown in Fig. 4(b). The brighter portion represents the
SRx region and darker portion represents the NGG re-
gion. The alignment of grain morphology in NGG re-
glon represents the typical microstructures of the stress
induced diffusional creep accommodated by grain
boundary sliding®'"’. On the other hand, the stringers of
dispersoid appear to be stable without showing any indi-

cation of dispersoid coarsening or redistribution in the
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Table 2. Steady State Creep Rates (sec™') for SRxed MA NiAl

40MPa 110MPa 124 5MPa®
.800C 1.6x107* (0.55%)*
. 6.6x 107 (0.88%)*
850 4.0%107* (0.90%)
8.6x107° (1.43%)*
K . % (0.9% 457%x107(31%
900¢C 6.59% 107° (0.9%) 72% 10" (1.7%) 57x107(31%)

Note: @ stress is a true stress converted from applied stress (180MPa)
* denotes 2nd set of SRx specimens and the numbers in parenthesis indicate the total creep strain in 20 hrs.

SRx area.

SRx specimens for the creep test typically consist of
less than 5 grains with each running the full length of
the specimen, as presented in Fig. 5(a) and 5(b), and
thus the creep properties of SRx specimens approxi-
mate the properties of <<110> oriented single crystal
DS NiAL

Creep Mechanisms of SRxed MA NiAl.

The steady state creep rate ( € ) and the total creep
strain for SRxed specimens are shown in Table 2.

The measured €, are shown to be slightly different
depending on the batches of thermomechanical treat-
ments, presumably due to morphological variations.
NGG specimens were excluded in this discussion since
the apparent decrease in creep rates due to large creep
strain makes any comparison inappropriate. In the
Table 2, the total creep strains are shown to be less
than 2% over the whole temperature range below the
stress of 110MPa, but 31% at an applied stress of
180MPa and 900°C.

In order to characterize the creep mechanisms, the
activation energy and the creep exponent were calculat-
ed based on the creep data. The apparent activation en-
ergy for creep (Q.,,) was obtained from an Arrhenius
plot of In €, versus 1/T at constant stress, as pre-

sented in Fig. 6,

dlnk,

Qo= ~R(m)uum;,a: 177 kJ/mole

The stress exponent (n) was also estimated from the
plot of In €, versus In at constant temperature, as pre-
sented in Fig. 7;

~,olne, .

n=( oln o Jacoc= 3.05

The apparent activation energy for creep in SRx MA
NiAl is almost the same as the activation energy (175
kJ/mole) in the as-extruded condition, but the appar-
ent stress exponent for the SRx condition is higher than

that (n=2) of as—extruded condition'®. The activation
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Fig. 6. Arrhenius representation of the temperature depen-
dence of minimum creep rate(s™') at 110MPa in SRx MA
NiAl
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Fig. 7. Stress dependence of minimum creep rate(€,) of
SRxed MA NiAl

energy obtained in this study is in the range of the
activation energy for the self diffusion of Ni(150~ 250
kJ/mole) in NiAl"'" indicating that the creep process
is controlled by diffusion regardless of the dominant
creep mechanisms*'¥,

Creep mechanisms are usually characterized using
creep parameters such as activation energy, stress ex-
ponent and the range of test variables(T/T,, 0/G), and
the major rate controlling mechanisms can also be char-
acterized pictorially in the form of maps'®. Diffusional
creep mechanism by stress assisted vacancy flow at low

stresses(o/G <10 %) and high temperatures such as
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Table 3. Criteria for Classifying Dislocation Creep Behavior
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Class M(Type 1)

Class A(Type 1)

Controlling Mechanism Climb Viscous Glide
n 3
Q Diffusion Diffusion

_ Dilocatien Structure Subgrains Homogeneous

Primary Creep

Normal Work Hardening

Inverted Yield Point

Nabarro-Herring or Coble creep, can be characterized
by n=1 and very strong dependencies on grain size. At
intermediate to high stress levels(107*<6/G<<107%)
and temperature range above 0.5T,, creep is believed to
be controlled by the movement of diffusion controlled
dislocations. This mechanism, so called dislocation climb
controlled creep, is characterized by n=5 and indepen-
dencies on grain size. At high stresses(g/G>107%), dis-
location glide, which involves dislocation moving along
slip planes and overcoming barriers by thermal
activation, 1s believed to be rate controlling. Another
high temperature mechanism involves grain boundary
sliding, which does not represent an independent mecha-
nism and thus be accommodated by other deformation
modes'"’. In this classification, both diffusion controlled
dislocation climb mechanism and viscous glide con-
trolled mechanism are frequently refered to the disloca-
tion creep in many cases®'5!7,

As recently summarized by Nathal'”, dislocation
creep for single phase metals and alloys can be classi-
fied as either of two main types, known as class M, or
pure metal type, and class A, or alloy type, as pre-
sented in Table 3. Class M creep is characterized by
glide being much faster than climb, and thus creep is
controlled by the rate of climb past substructural obsta-
cles. Class A creep is often so called viscous glide con-
trolled creep, since the glide of dislocations is restricted
by solute atoms or perhaps by a high lattice friction
stress due to long range order and this reduced glide
mobility is the limiting creep process. However, these
categories represent limiting conditions, and many ma-
terials exhibit an intermediate behavior comprised of a
mixture of the defining traits.

Compressive créep properties of single phase NiAl,
both in polycrystalline and single crystal forms, were in-
vestigated by many authors!'® " *” and summarized by
Nathal'”, Since the best choices for Q and n were
shown to be about 310 kJ/mol and 6, respectively, it
was considered that dislocation creep was responsible
for high temperature creep (700~10007TC) of single
phase NiAl, and that the rate of the process was con-

trolled by dislocation climb.

As far as the as-consolidated MA NiAl concerned,
the activation energies for creep (175~225 kJ/mol)
were shown to be within the range of activation ener-
gies determined in diffusion experiments and stress ex-
ponent{(2~3.8) were shown to be significantly lower
than those for single phase NiAl'. Although the stress
exponent seems to fall into the viscous glide controlled
mechanism in Table 3, the creep for MA NiAl was spec-
ulated to be controlled rather by dislocation climb due
to the following reasons:

a) Creep was Investigated in the stress range be-
tween 5x107'G and 5x107°G away from both the
stress range of diffusional creep(<<107*G) and the
range of viscous glide(>1072G).

b) Test temperature range were between 0.5 and 0.6
T. away from the range of diffusional flow{(above 0.6
T.).

¢) MA NiAl exhibit the threshold stress(about
20MPa) behavior, which are believed due to dislocation
—dispersoid interaction.

Therefore, taking into consideration the test range in
the present study(0.56 <T/TM<0.61 and 4 x 10~ *< ¢/
G<3x107?%), the measured value of stress exponent(n
=3.05), the activation energy for creep(Q.,,=177kJ/
mol), the occurrence of the threshold stress and the nor-
mal work hardening shape of primary creep curve in
Fig. 2, it can be considered that the creep in SRxed MA
NiAl is controlled rather by dislocation ¢limb than vis-
cous glide.

Creep of DS materials is commonly characterized by
high values of apparent activation energy for creep,
and abnormally high values of stress exponent(n~40),
and the existence of a threshold stress(g,) below which
no measurable creep rate can be detected®*?-*®. Lund
and Nix suggested that the abnormally high values of

wp were attributable to the temperature dependence of
the elastic modulus and the abnormally high values of n
in DS materials®’. The abnormally high n value in DS
alloys arises from the presence of a threshold stress
which is believed to originate from the resistance to dis-
location motion by particles*®. However, SRxed MA

NiAl exhibits a normal apparent activation energy for
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creep and apparent stress exponent. This is in part due
to the relatively insensitive temperature dependence of
the elastic modulus in NiAl*®, and the low threshold
stress value observed in as-consolidated MA NiAl'?

In order to rationalize the elastic modulus effect on
Q.m» the true activation energy(Q,) for creep was esti-
mated using the elastic modulus compensated creep
equation proposed by Shelby*¥. The equation is given
by;

2

€=AT (i) e — gy

Since the creep rate of many ODS alloys is deter-
mined by an effective stress(6— g,)*??, the normalized
creep equation with respect to the effective stress is

generally expressed by ;
40Oy Q.
E Au{ E( T) ) “exp( RT)

where A, is a structural dependent constant and n, is
the true stress exponent, Q. is the true activation ener-
gy and other parameters have their usual meaning.
Comparing the equation with the normal creep equa-
tion, n, can be rationalized with respect to the apparent

n,
o — 0y

n,= nﬁ*—w:n[lf('

T — 0y
g

)]

As can be seen, the apparent n value will increase for
any finite value of g4, and the larger the ¢, the larger
the n value will be for a given ¢. From the equations, Q,

can be derived by;

olne,

) g dInE(T) T? 5F
(1/T)"°

=—RIZ7177 din( 17T~ St B Sop

Assuming no significant differences in elastic modu-
lus between SRx and as-extruded condition, an elastic
modulus equation which was experimentally deter-
mined for <110> oriented single crystal NiAI*¥ was

applied in this calculation ;
E(T)=195.055—0.0349T(GPa), where T is In K.

Based on this equation, the E(900°C) and E/ T(900
C) were found to be 154.1GPa and —0.0349 GPa/K,
respectively. Using n=3.05 and Q,,,=177kJ/mole, the
true activation energy was estimated to be 169.1 kJ/
mole. Thus the Q,,, measured in SRxed MA NiAl is
very similar to the true value because of the relatively

insensitive temperature dependence of the elastic modu-

lus. A similar result was shown in a previous creep
study for as-extruded MA NiAl in which Q,,, and Q.
are 175 and 174.2 kJ/mole, respectively'?.

As discussed earher, no apparent grain size effect Is

L1110 however, minimum

expected in dislocation creep
creep rates are shown to be very sensitive to grain size
when compared to the previous creep results on as—ex-
truded material'®. The creep rates appear to be de-
creased about two orders of magnitude with increasing
grain size in the SRxed condition. This suggests that
the grain boundary sliding mechanism™!"’, which is be-
lieved to be accommodated by one of the dislocation
creep mechanism in the as-extruded condition, is sup-
pressed by a reduction in the numbers of grain bound-
aries with an imposed shear stress in the SRx condition
resulting in lower creep rates. In addition to the grain
size effect, the inherently fine dispersoid size in the
SRxed condition is believed to play an important role in
this creep, since dispersoid coarsening is known to lead
to an increased creep rate despite an increase in grain
size in the NGG condition.

Effect of Microstructure on Creep.

Compressive creep properties of SRxed MA NiAl at
9007C'" are compared with the creep data for the as—
consolidated MA NiAl tested at 900°C and published
creep data for NiAl tested at 927°C(1200K)*~*", as
shown in Fig. 8. Creep properties of MA NiAl were
shown to be enhanced by mechanical alloying process in
comparison with their cast.counter part or other DS
NiAl produced by Rapid Solidification Technology. SRx
specimens having a coarse grain structure with fine dis-
persoid were shown to exhibit significantly improved
creep properties. The grain aspect ratio in the SRxed
specimens was about 5 with full grain length parallel to
the stress axis, whereas all of the other materials were
equiaxed. It has been shown that the high temperature
strength and the threshold stress generally increase
with increasing GAR in DS materials®?* due to the
minimization of grain boundary sliding by reduction of
the number of grain boundaries with an imposed shear
stress. In addition, high GAR morphology can reduce
cavity formation and growth as proposed by Arzt and
Singer, leading to reduction in creep rates”. Arzt and
Singer suggested that cavity growth on transverse
boundaries (in tension) produces incompatibilities be-
tween neighboring grains but it can be eliminated by
local grain boundary sliding in the longitudinal direc-
tion”. However, such an improvement in creep proper-
ties by minimizing cavitation in high GAR is not expect-

ed in compression mode*" .
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Fig. 8. Comparison of creep properties of SRxed MA NiAl
with other DS NiAlL as-extruded(As-EX), as hot pressed(As
-HP) and SRx MA NiAl were teted at 900C, and others
were at 927°C.

It is also reported that the creep rates will be signif-
icantly different depending on testing modes especially
in small sized and equiaxed specimens®. Timmins and
Arzt have shown that creep parallel to the longitudinal
grain direction of MA6000(high GAR structure) in ten-
sion is similar to that in compression whereas trans-
verse creep in tension is considerably worse in compari-
son to the compression mode in which cavitation is
almost completely suppressed®’. In other words, an in-
crease in the number of transverse grain boundaries
(as in small grain size) resulted in considerable creep
rate enhancement in tension, while such a change was
not observed in compression. Although the cavitation
mechanism is not expected in compression creep mode,
the minimization of grain boundary sliding by reduction
of grain boundaries under the shear stress can still be

of significance in compression creep.
4. Conclusions

1) Enbhanced dispersoid coarsening during normal
grain growth led to poor creep properties similar to sin-
gle phase NiAl, despite an increase in grain size. On the
other hand, pronounced grain coarsening and high
GAR combined with fine dispersoid size produced by
SRx resulted in improved creep resistance in compari-
son to the creep in both the as-extruded condition and
the normal grain growth condition.

2) The apparent activation energy and stress expo-
nent for creep in SRxed MA NiAl were found to be 177
kJ/mole and 3.05, respectively. Taking into considera-
tion the test range in the present study(0.56 <T/Ty<0.
61 and 4 x107'<g/G<3x10°%), the measured value
of stress exponent, the activation energy for creep, the

occurrence of the threshold stress and the normal work
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hardening shape of primary creep curve, it can be con-
sidered that the creep in SRxed MA NiAl is controlled
rather by dislocation climb than viscous glide.

3) Although the creep in SRxed MA NiAl can be
considered to be controlled by one of the dislocation
creep mechanisms which are generally grain size inde-
pendent, strong grain size dependency has been shown.
The minimum creep rate in SRx material was de-
creased one or two orders of magnitude in comparison
to the creep in the as-extruded condition. Improved
creep resistance of SRxed MA NiAl may be postulated
to result from a contribution from grain boundary sld-
ing to the creep rate of these materials. In addition to
the grain size effect, the inherently fine dispersoid size
in the SRxed condition is believed to play an important
role in this creep, since dispersoid coarsening is known
to lead to an increased creep rate despite an increase in
grain size in the NGG condition.

4) Secondary recrystallization of dispersion strength-
ened intermetallics offers a potential processing route
for optimization of the high temperature mechanical

properties.
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