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ABSTRACT NiAl based ODS (Oxide Dispersion Strengthened) intermetallic alloys have been produced
by mechanical alloying (MA) process and consolidated by hot extrusion. Subsequent thermomechanical treat-

ments have been applied to induce secondary recrystallization in an attempt to improve creep resistance in this

material. The creep behavior of secondary recrystallized MA NiAl has been investigated and compared with

those of as-extruded condition. Minimum creep rate were shown to be approximately two orders of magnitude

lower than that in as-extruded condition. The improvement in creep resistance is believed due to the grain coar-

sening, restricting of dispersoid coarsening as well as increase in grain aspect ratio. Creep threshold stress beha-

vior, below which no measurable creep rate can be detected. has been discussed on the basis of particle-dislo-

cation interaction theory. The threshold stress becomes negligible after secondary reerystallization in MA NiAL

presumably due fo dispersoid coarsening and a decrease in grain boundary area during sccondary recrystallization.

1. Introduction

The B, structure nickel aluminide(NiAl) offers po-
tential advantages over current superalloys for use in
high temperature structural applications. These advan-
tages include high melting temperature, low density,
excellent oxidation resistance and high thermal con-
ductivity.” However, cast, polycrystalline NiAl suff-
ers from poor ambicnt temperature ductility and poor
creep resistance 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 to use mechanical alloying (MA)
followed by hot extrusion to produce dispersion
strengthened NiAl based materials. The technique al-

lowed us to produce quality powders, when consoli-
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dated, have high strength at both ambient and elevat-
ed temperatures and good compression ductility.z"}'
The high temperature strength of ODS materials
can be further improved by producing a highly elon-
gated or fibrous grain microstructure aligned parallel
to the stress axis, which reduces grain boundary slid-
ing and minimizes transverse rupturc by control of
cavitation on transverse boundaries.” Such structures
can be produced by secondary recrystallization me-
have therefore undertaken ther-

. 3
chanism' and we

momechanical  treatments  to  promote  secondary
recrystallization(SRx) in MA NiAl to further improve
its creep resistance. Here, SRx represents a mechan-
ism that can give a pronounced increase in grain size
and, because it develops very rapidly, can give coarse

grain structure without concurrent dispersoid coar-
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sening.

Recently, we cxamined creep behavior of as-con-
solidated and grain coarsened ODS MA NiAl, and de-
monstrated its potential for high temperature struc-
tural applicutions.z‘—'| Minimum creep rates in as-con-
solidated MA NiAl were on average three orders of
magnitude lower than that in their cast counterparts.“'
Improved creep resistance of MA NiAl was found to
result, above all, from the presence of dispersoids. In
particular, it was found that creep in the MA NiAl
materials is controlled by the climb of dislocations
over the dispcrsoids.7l Creep resistance of SRxed MA
NiAl was shown to be superior to that of as-extruded
condition.” Improved creep resistance of SRxed MA
NiAl was found to result from increase in grain size
and finely remained dispersoid size as well as increase
in grain aspect ratio.” It has also been reported that the
stress exponent of creep in SRxed condition is in the
normal range for the (climb controlled) dislocation
creep regime though grain boundary sliding or diffu-
sional mechanism is also accommodated in SRxed MA
NIiAL” Thus, it is necessary to investigate dislocation
creep mechanism in order to rationalize the effect of
secondary recrystallization in MA NiAL

Virtually all modern theories for dislocation creep
in metals and alloys assume that dislocation motion
is opposed by back stress which results from in-
teraction between dislocations and particles in the
creep condition and the creep rate is determined by
an effective stress, equal to the difference between an
applied stress and a back stress.” Here the back
stress is frequently termed as a threshold stress below
which creep rate can not be detectible and which
must be overcome in order for dislocations to pass
particles.” Thus, the threshold stress can be expected
to change in SRxed condition due to the dispersoid
coarsening.

In this study, threshold stress behavior in SRxed
MA NiAl is investigated and compared with that in
as-extruded condition.

2. Experimental Procedure

2.1. Materials and Creep Test
The dispersion strengthened NiAl powders are pre-

pared by high energy ball milling of a mixture of ele-
mental Al and Ni powders using a modified Szegvari
attrition mill in an argon atmosphere. The powder
was sieved to -325 mesh after milling for 70 hrs, and
consolidated by hot extrusion. Hot extruded (EX) bar
was produced at 1400 K with an extrusion ratio of 16:
1 after degassing in vacuum_at 800 ‘C. The actual
chemical composition of the alloy was (at%): 47.20
Ni, 49.34Al, 0.04C, 2.60, 0.064N, 0.02H. The MA
NiAl is an oxide (Al,Q;) dispersion strengthened, eq-
uiaxed grain material with an average grain size of
about (1.5 um.z)

Thermomechanical treatments utilizing prestrain
and isothermal annealing were carried out to induce
SRx. The prestrain was introduced by uniaxial com-
pression to various strains in a universal testing ma-
chine. The prestrained EX Specii‘nens were  isother-
mally annealed above Ty, for one hour, as specified
prcviously;ﬂ’

Compressive creep tests were performed utilizing a
modified Satec M-3 creep testing machine. Constant
load were applied ranging from 40 to 180 MPa at 800
°C, 850 °C and 900 °C. The creep strain curve as a
function of time at a given temperature and stress
was obtained. Steady state creep rate (€,) was cal-
culated using a computerized linear regression me-
thod applied to the data in the-time interval between
15 and 20 hours. Then an Arrhenius plot of In g,
versus I/T was made to obtain the apparent ac-
tivation energy (Q,,,) for creep. A plot of In g
versus In ¢ for a given microstructure was also made
in order to obtain the stress exponent (n).

2.2. Determination of the Threshold Stress

In order to estimate the threshold stress of ODS
MA NiAl, a well established procedure, summarized
by Purushothaman and Tien,” was followed. The pro-
cedure requires the normalization of stresses by elastic
modulus and assumes that the creep rate is determined
by a net stress, equal to the difference between an ap-
plied stress and the threshold stress. As a result, the
conventional power law creep equation give by:

E=A o exp [— %j M
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can be rewritten as:

n

SIS I 2
E=ATEm XP( RT] @

where 0, is the applied stress, Q,,, and Q, are appa-
rent and truc activation energies for creep, respec-
tively, n and n, arc apparent and true stress expon-
ents, E(T) is elastic modulus, and A and A are con-
stants.

The threshold stress can now be estimated from
the lincar plot of the normalized strain rate against
the normalized stress:

é n O-A

“EM
Acxp [— —(—‘)i]
RT

3)

extrapolated to the zero value of normalized stress.

To construct the plot, the values of n,, Q. and A in
the equation had to be determined. First, the true
stress exponent n, was assumed to be equal to the ap-
parent stress exponent. Then, the true activation en-

ergy for creep was calculated from:

; nRT? (9E
C = app " _ 4
Q Q”+E(T) [3T} )

Constant A was determined from the actual data (two
different stresses and two different strain rates at con-

stant temperature were considered):

1 | |
R A |
& —& =AT ——

! 2 E(T)

p— ()'7 —_—
(o 5)€Xp [ o RT

| ©
Finally, the following elastic modulus/temperature re-

lationship was used"”:
E=195.055-0.0349T(GPa) (6)

The determination of the threshold stress using the
graphical analysis cnabled us to verify whether the as-
sumption that n=n, was justified. In as-extruded MA
NiAl, the true and apparent activation energies are
for all practical purposes identical and within the
range of the activation energies determined in diffu-
sion experiments.’” As a result, the power law creep
equation with the cffective stress normalized by
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elastic modulus can be rewritten as:

[t

. .|o-o O.
NN Nl U R g 0 7
£ E(T) e“’[ RT] )
or:
£ Op = Oy,
So=Bl AT 8
D E(T) ®)

where D represents a diffusion coeffiecient expressed
as D=D, exp(-Q/RT). The truc stress exponent n,
can now be determined from the master plot of diffu-
sion compensated creep rate as a function of modulus

corrected effective stress.
3. Results and Discussion

3.1. Materials

The primary microstructures after consolidation of
MA NiAl are typically fine grained with a grain size
less than 1 um, and contain a fine distribution of Al,
O; dispersoids in the range of 10~100 nm.” A sub-
stantially SRxed microstructure was produced in the
material homogencously prestrained about 5% fol-
lowed by isothermal annealing at 1300 °C for 30 min.
Here, it was possible to have crack free prestrained
specimens by compression, since MA NiAl showed
significantly tmproved compressive ductility at room
temperature due to additional slip system operations,
though it was still shown to have near zero tensile
ductility as in other intermetallics.”” It is shown that
dispersoids remain finc during the process of SRx,
since dispersoid coarsening is suppressed due to the
grain boundary break-away process of SRx.” The mi-
crostructure of sections parallel to the extrusion axis
typically consists of well developed elongated, SRxed
grains having a grain aspect ratio of 5 (200~500 pm X
1000~2000 um), as shown in Fig. 1. This type of
elongated grain structure is commonly observed after
isothermal annealing or zone annecaling of ODS su-

4,11

peralloys.

3.2. On the Creep Behavior of SRxed MA NiAl
Compressive creep tests were performed on SRxed
specimens applying a constant load parallel to the ex-
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Fig. 1. Optical micrograph of SRx MA NiAl, longitu-
dinal section.

trusion axis ranging from 40 MPa to 180 MPa at 800
°C, 850 °C and 900 °C for 20 hours. The normalized
creep conditions in this study are 0.56<T/Ty<0.61
and 4x 10*<6/G<3x 107, assuming no significant
differences in shear modulus between as-extruded
and SRx conditions. For a representation of general
creep trends, creep curves of grain coarsened speci-
mens obtained at 800 °C, 850 °C and 900 °C with the
stress of 110 MPa are presented in Fig. 2. 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 microstructure in-
stabilities such as microcracking or necking are sup-
pressed.u) Based on the creep curves, the steady state
creep rate (£,) and the total creep strain for SRxed
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Fig. 2. Creep curves of SRxed MA NiAl, tested at 800
°C, 850 °C and 900 °C with the stress of 110 MPa.

Table 1. Steady state creep rates (sec') for SRxed MA
NiAl

40 MPa 110 MPa

L6 10"
(0.55%)*
6.6x 10"
(0.88%)*
4.0x 10
(0.90%)
8.6 10"
(1.43%)*
7.2x 10"
(1.7%)
Note: @ stress is a true stress converted from applied
stress (180 MPa)
*denotes 2nd set of SRx specimens and the numb-
ers in parenthesis indicate the total creep strain in
20 hrs.

124.5 MPa"

%00 °C

850 °C

900 °C 6.59x 10"

(0.9%)

4.57% 107
(31%)

specimens are shown in Table 1.

In order to characterize the creep mechanisms, the
activation energy and the creep exponent were cal-
culated based on the creep data’:

dln &
Oup=—R [ 2252 =177 kJ/mol 9
pr (/T mole )]
110 Mpa
dlnz; =3.05 (10)
A0e

The apparent activation energy for creep in SRx
MA NiAl is almost the same as the activation energy
(I75 kl/mole) in the as-extruded condition, but the ap-
parent stress exponent for the SRx condition is high-
er than that (n=2) of as-extruded condition.” The ac-
tivation cnergy 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 crecp
process is controlled by diffusion regardless of the
dominant creep mechanisms.'*'”

It has been discussed that the creep in SRxed MA
NiAl can be considered to be controlled by one of
the dislocation creep mechanisms, which are viscous
glide controlled or climb controlled dislocation creep.”
It was reported that the creep for MA NiAl was spec-
ulated to be controlled rather by dislocation climb, al-
though the stress exponent seems to fall into the

VYol. 5, No. 2, 1998
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viscous glide controlled mechanism.”

3.3. On the Threshold Stress in SRxed MA NiAl
Creep of ODS materials is 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.'*'™ It was sug-

gested that the abnormally high values of Q,,, were

Ppp
attributable to the temperature dependence of the elas-
tic modulus and the abnormally high values of n in
dispersion strengthened materials.'” The abnormally
high n values in DS alloys arise from the presence of
a threshold stress which is believed to be originated
from the resistance to dislocation motion by disper-
soids.” However, SRxed MA NiAl exhibits a nor-
mal apparent activation energy for creep and ap-
parent stress exponent.” This is in part due to the re-
latively insensitive temperature dependence of elastic
modulus in NiAl,m and the lower threshold stress
value observed in as consolidated MA NiAl”

Since the creep rate of many ODS alloys is det-

219 the nor-

ermined by an effective stress (0-Gy,),
malized creep equation with respect to the effective
stress is generally expressed by the equation (2). As-
suming no significant differences in elastic modulus
between SRx and as-cxtruded condition, an elastic
modulus equation, which was experimentally det-
ermined for <110> oriented single crystal NiAL'"™
was applied in this calculation as expressed in equa-
tion (6). Based on this equation, the E (900 °C) and
AE/0T (900 °C) were found to be 154.1 GPa, -0.0349
GPa/K, respectively. Using n=3.05 and Q,,=177 kJ/
mole. the true activation cnergy (Q,.) was estimated
to be 169.1 kJ/mole. Thus the Q,,

SRxed MA NiAl is very similar to the true value be-

measured in

cause of the relatively insensitive temperature depend-
ence of elastic modulus. 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, res-
pectively.”

app

The threshold stress can be measured by either a
load reduction test at constant temperature'” or a
graphical method” which is used in this study, and
the estimated threshold stress by the graphical me-

thod shows good correlation with measured threshold
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stress in the as-extruded condition.'®

From the normalized creep equation (2), the thres-
hold stress can be estimated by extrapolating a linear
plot of [£./Aexp(-Q/RT)]"™ versus o/E(T) to the
zero values of normalized stress. For the plot, n, is
generally present to the normal value of n for dislo-
cation creep (n=4) in the ODS alloys which have ab-
normally high n valuc,m but the n, can be set to 3.05
in this casc since the apparent stress exponent is in
the normal range of dislocation creep. Q. is set to
169.1 kJ/mole, A, is determined from the rearranged
creep equation using experimental creep data as ex-
pressed in equation (5).

Using the creep data, a linear plot of [€,/Aexp(-Q./
RT)]I'"“ versus o/E(T) was made, as shown in Fig. 3,
and the zero intercept value was found to be G/Eqyy-
=2.2x10". Hence, putting Egy,,.=154.1 GPa, the es-
timated threshold stress for SRx MA NiAl at 900 °C
is found to be 3.4 MPa. Given experimental errors,
this result implies that o, is negligible in the SRxed
condition. As a reference, o, in as-extruded MA
NiAl was found to be about 20 MPa.'”

As discussed previously, three kinds of models
have been put forward to explain the origin and the
magnitude of the threshold stress, i.e., Orowan bow-
ing, detachment of dislocation from attracting par-
ticles, and localized climb over non-attracting par-
ticles."” Among those models, the origin of the thres-
hold stress in as-extruded condition was considered
to be the threshold stress for localized climb under e-
quilibrium condition over non-attracting particles.'”
This model was originally proposed by Rasler and
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Fig. 3. A linear plot of [£, /A, exp(-Q/RT)]"" versus o/
E(T) for the threshold stress calculation.
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Arzt,"” and provides the best estimate of the thres-
hold stress in MA NiAl among the currently avail-
able models. The threshold stress proposed by this
model is given by:

LR (1)

where £ is the particle height (~particle radius), [ is
the planar spacing between the particles. The thres-
hold stress can be cxpected to decrease with particle
coarsening assuming no change in volume fraction
during the test. Thus, the lower value of threshold
stress in the SRxed condition can be attributed to
dispersoid coarsening during SRx. It has also been
suggested that threshold stress could depend on grain
size through the fluctuation of boundary area when
the grain boundary sliding accommodation process
was considered.™ In this model, the threshold stress
is considered to be the stress necessary to enable de-
formation to continue and is estimated to be ~0.72vy/d,
where d is mean grain size and v is grain boundary
energy.

Using the estimated threshold stress, the stress ex-
ponent, which was initially set to 3.05, can be ve-
rified from the diffusion compensated, normalized
creep equation in the form of:

n,

é".\ _ (O"' O’lh)
bl o | ———

D~ E(T)

The diffusion compensated. normalized plot is
presented in Fig. 4 and n, was found to be 3.02
which is almost identical to the apparent stress ex-
ponent (n=3.05). This implies that the apparent creep
parameters are not very different from the true values
due to the low value of threshold stress in SRxed
MA NiAl In the Fig. 4, the plot for as-extruded
specimcn“‘) is also presented for comparison. As can
be seen, in comparison to the creep of as-extruded
condition, the true stress cxponent increases from 1.42
to 3.02, and the effective creep rate was decreased ap-
proximately two orders of magnitude by secondary re-
crystallization. The increase in true stress cxponent
implics that the contribution of grain boundary slid-
ing accommodation to the dislocation creep in MA

TE 4+ 11 g
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a 3
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Fig. 4. Diffusion compensated creep rate as a function
of modulus compensated effective stress for MA NiAl.

NiAl is greater in the fine grained as-extruded con-
dition because the n, in the as-extruded condition is
close to 1 (diffusional creep), but the contribution be-
comes smaller due to the reduction of grain boun-
daries in the SRxed condition leading to high values

of n,.
4. Conclusion

The apparent activation energy and stress exponent
for crecp in SRxed MA NiAl were found to be 177
kl/mole and 3.05, respectively. The Q,,, appears to
be in the range of the activation energy for self dif-
fuston and the stress exponent indicates that dislo-
cation creep mechanism is rate controlling.

In comparison to the creep of as-extruded con-
dition, the true stress exponent increases from 1.42 to
3.02, and the cffective creep rate was decreased ap-
proximately two orders of magnitude by secondary re-
crystallization. The incrcase in true stress exponent
implies that the contribution of grain boundary slid-
ing accommodation to the dislocation creep in MA
NiAl is greater in the fine grained as-extruded con-
dition because the n, in the as-extruded condition is
close to 1 (diffusional creep), but the contribution be-
comes smaller due to the reduction of grain boun-
daries in the SRxed condition leading to high values
of n,.

The threshold stress is negligible in SRxed MA
NiAl This is attributed to dispersoid coarsening and

Vol. §, No. 2, 1998
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a decrease in grain boundary area by SRx.
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