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CREEP BEHAVIOR OF NEAR-STOICHIOMETRIC
POLYCRYSTALLINE BINARY NiAI

s.v. Raj
National Aeronautics and Space Administration

Glenn Research Center

Cleveland, Ohio 44135

SUMMARY

New and published constant load creep and constant engineering strain rate data on near-stoichiometric binary
NiAI in the intermediate temperature range 700 to 1300 K are reviewed. Both normal and inverse primary creep

curves are observed depending on stress and temperature. Other characteristics relating to creep of NiAl involving

grain size, stress and temperature dependence are critically examined and discussed. At stresses below 25 MPa and
temperatures above 1000 K, a new grain boundary sliding mechanism was observed with n ~ 2, Q_ ~ 100 kJ tool -_

and a grain size exponent of about 2. It is demonstrated that Coble creep and accommodated grain boundary sliding

models fail to predict the experimental creep rates by several orders of magnitude.

INTRODUCTION

Over the last several decades, a considerable amount of research has been conducted on developing NiAI-based

alloys for use as airfoils in gas-turbine aircraft engines. More recently, NiA1 is being examined as an environmentally

protective top coating on turbine blades in aircraft engines and combustor liners in advanced space reusable launch
vehicles. An attractive combination of oxidation, physical and thermal properties makes NiAI a desirable material for

these applications. However, the inherent low temperature brittleness of the material combined with its poor elevated

temperature creep properties have prevented an exploitation of these characteristics for many of these structural

applications.
A fundamental understanding of the creep mechanisms dominant in NiA! is important to improve its high tem-

perature creep properties. As a result, several investigators have conducted constant engineering strain rate (refs. 1 to
4) and constant stress or constant load creep (refs. 5 to 17) tests on polycrystalline binary NiAI at elevated tempera-

tures in order to characterize and elucidate the governing mechanisms dominating creep behavior. Despite this, there
are inconsistencies in the reported observations and a lack of a clear understanding of the fundamental mechanisms

controlling creep in this alloy. The first detailed investigation of the elevated temperature compressive properties of
near-stoichiometric and nonstoichiometric NiA1 was conducted by Mukherjee and his colleagues in the mid-1960"s

(ref. 1 ), who reported that a viscous creep mechanism was dominant at very high temperatures while a process with a

stress dependent activation energy was dominant at intermediate temperatures. Although they observed values of the

power-law creep stress exponent, n = 3.5 between 1523 and 1748 K in near-stoichiometric polycrystalline NiAI, later
observations have revealed that n > 4 for this alloy at lower temperatures typically between 1000 and 1400 K

(table I). For example, coarse-grained near-stoichiometric NiAI, with grain sizes, d > 450/am, typically exhibits
n ---4.0 to 4.5, whereas values of n = 5.5 to 7.5 appear to be typical for fine-grained NiAI with d < 40 gm at interme-

diate stresses (ref. 15). Curiously, the reported values of the activation energy for creep, Q_,, for polycrystalline NiAI

are generally about 300 kJ tool -_ (refs. 1 to 3, 7, and 13 to 16) in the power-law creep regime irrespective of the

magnitude of n. However, higher values of Qc much greater than 300 kJ mol -l have also been reported (refs. 17 to

19).
An examination of the published creep data on near-stoichiometric binary NiA1 reveals several points. First. a

vast majority of the data have been obtained under compression loading conditions, and long term tensile creep data

are virtually nonexistent in the literature. This sparsity in tensile creep data raises the question as to whether com-

pression and tensile creep data are comparable. Second, there is little information correlating the dislocation sub-
structures that form in this alloy with its creep behavior. Third, the effect of grain size on the power-law creep

behavior of NiA1 is contrary to observations in pure metals (ref. 4). Fourth, there is a discrepancy in the characteris-

tics of the creep mechanism occurring at low stresses (refs. 11, 13, and 16).
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Theobjectives of this paper are to review the current state of knowledge on the creep of near-stoichiometric

polycrystalline NiA1 with a view of addressing the above issues. Specifically, compression and tensile creep data
obtained on sinfilarly processed material are compared. The creep behavior and the corresponding dislocation sub-

structure of cast and extruded NiAI are compared with the observed results on powder metallurgy (PMt-extruded
NiA1. Next, grain size effects in the power-law creep region are examined. Finally, the characteristics of the low
stress creep mechanism are discussed.

CREEP BEHAVIOR AT INTERMEDIATE STRESSES

The Shape Of The Creep Curves

Figure 1(a) shows the tensile constant load creep curves, plotted as the true creep rate, _, against true strain, e,
for cast and extruded NiA1 between 700 and 1200 K under initial stresses varying from 25 to 150 MPa. Similar _ - E

plots are shown in figure 1(b) for PM-extruded NiAI (PM-I) with d = 23 _tm tested under a constant compressive

load between 1000 and 1300 K under initial stresses varying from 25 to 51 MPa (ref. 13). Unlike pure metals, where

steady-state creep behavior may occur typically when e > 10 percent, NiA1 often exhibits quasi-steady-state behavior

when e > 2 percent. The effect of a change in the cross-sectional area during deformation is evident beyond the
primary creep region, where _ generally increases for the tensile (fig. l(a)) and decreases (fig. l(b)) for the com-

pressive curves, respectively, with increasing e.

Figures 1(a) and (b) show broad similarities in their primary, creep behavior. The creep rate decreases sharply

soon after loading followed by a primary creep transient which exhibits two distinct shapes: Normal primary creep is
observed at high stresses and temperatures and inverse primary creep occurs at low stresses and temperatures.

Inverse primary creep behavior, which has been observed in solid solution alloys (ref. 20), LiF (ref. 21 ) and NiAI
polycrystals (ref. 7), is generally attributed either to the inhibition of dislocation nucleation or to low dislocation mo-

bility in the material during deformation. In the case of NiA1, the initial extruded microstructure was fully recrystal-
lized with few observable dislocations (ref. 22). Despite this observation, two factors rule out the possibility that

dislocation nucleation is inhibiting creep under the stress and temperature conditions reported in this study. First,

noting that dislocation nucleation is an athermai process, the transition from inverse to normal primary creep with

increasing temperature seen in figures l(a) and (b) indicates that creep in this alloy is primarily restricted by disloca-
tion mobility rather than dislocation nucleation. Second, the creep behavior of the alloy at 700 K changes from in-

verse to normal primary creep with increasing stress with a corresponding estimated increase in the dislocation den-

sity of about a factor of 1.5 (fig. l(a)). Therefore, it must be concluded that inverse primary creep is due to low
dislocation mobility. A similar conclusion was reached by Forbes, et al. (ref. 23), who observed that the creep of
NiAI single crystals oriented in the "hard" <001> and the "'soft" <223>, <111> and <110> orientations were disloca-

tion mobility-controlled, although in the case of the "hard" crystals, they suggested a dislocation substructure-
controlled process was also important.

Stress Dependence Of The Secondary Creep Rate

Double logarithmic plots of the true secondary creep rate against true stress are shown in figures 2(a) and (b) for

the coarser-grained (d -- 35 to 39 lam) cast-extruded NiAi tested under compression and tensile loading, respectively,

between 700 and 1200 K (ref. 15). The _ - _ data shown in figure 2(c) for the finer-grained (d ---23 btm) PM-

extruded material (PM-I) were determined in compression creep between 1000 and 1300 K (refs. 11 and 13). The

straight lines in the figures indicate the positions of the linear regression fits to the data. The data from literature

sources on materials with similar values of grain size are also included in figure 2(c) for comparison (refs. 3 and 22).
Assuming a power-law creep relation, the stress exponent, n, varies between 4.9 (at 1000 K) and 8.7 (at 800 K) at

intermediate compressive stresses for the cast-extruded NiAI compressed between 800 and 1200 K (fig. 2(a)). There

is a significant deviation from linearity above 170 MPa at 800 K. The tension creep results show that n is about 5.5

and 5.8 at 1100 and 1200 K, respectively, but varies between 9.7 and 15.0 below 1100 K (fig. 2(b)). The PM-

extruded specimens exhibit similar values of n varying between 5.8 and 7.4 at intermediate stresses (fig. 2(c)). In

addition, the finer-grained powder-metallurgy material also exhibits a different creep regime with a stress exponent
of about 2 (fig. 2(c)).
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DetailsofthevaluesofnandQ,.observed at intermediate stresses corresponding to the intermediate stress re-

gion are tabulated in table I for the data shown in figures 2(a) to (c) as well as those reported in the literature for

near-stoichiometric polycrystalline NiAI (refs. 1 to 3, 7, 9, I0, 14, and 16). An examination of the reported values of

the power-law creep stress exponent for NiA1 at intermediate stresses in a similar range of stresses and temperatures

reveals that the data appear to fall into two broad categories: Ca) fine-grained NiAI with d < 40/am typically exhibits

values ofn = 5.0 to 7.5; (b) coarse-grained NiA! with d > 150 lam often exhibits n = 3.5 to 4.5 (refs. 2, 15 and 16)

(table I). More recently, Artz and Grahle, (ref. 16) have reported values of n = 4.5 and 7.3 for coarse (d = 170 lam)

and fine-grained (d = 20_tm) NiAI, respectively, under similar stress and temperature conditions. The absolute differ-
ence in the values of n for the fine and coarse-grained NiA! varies between 2 and 3. This observation is especially

interesting in view of the fact that the stress exponents, n'. measured from stress decrease tests in "constant substruc-

ture" experiments often reveal that n' = n + & where 6 varies between 2 and 3 (ref. 24). Thus, the creep rate can be

expressed as a function of the applied stress as

e=A'lb_(DoGb_a )n+6(kS ]rexp(--_TT))( kT _G) _'b')
(1)

where b is the Burgers vector, Do is the frequency factor, G is the shear modulus, k is Boltzmann's constant. _,_is the

equivalent subgrain size, R is the universal gas constant, T is the absolute temperature, and A' and p are dimension-
less constants. The equilibrium subgrain size, d_, is inversely dependent on the applied stress through the relation
(ref. 25)

'" =23
b

(2)

Whittenberger (ref. 2), and Artz and Grahle (refs. 14 and 16) have reasoned that coarse-grained NiAI with d > d_ is

likely to develop well-formed subgrains during creep so that )v_= d_ in equation ( 1). Thus, combining equations (1)

and (2) results in a stress dependence described by n, where the experimental observations indicate that n = 3.5 to

4.5 (refs. 1, 7, 10, and 16). Correspondingly, the creep of fine-grained NiA1 with d < d_ was assumed to be equivalent

to conducting a "constant substructure" test, where now _v_= d in equation (1), and the observed stress exponents are

n'= n + 6 ---5.0 to 7.5 (refs. 2.3, 11, 13 to 16, and 22).

Although at first glance this explanation appears to rationalize the observed values of n for the coarse and fine-

grained NiAI in an elegant and simple manner, on closer scrutiny certain inconsistencies become apparent. First, the

values of n reported in the literature decrease steadily with increasing temperature with n approaching 3 above

1500 K (refs. 1, 18, and 23). This trend is clearly evident in both the coarse-grained data of Vandervoort, et al.
(ref. 1 ) and Yang and Dodd (ref. 7) as well as the single crystal data of Forbes, et al. (ref. 23). In fact, a comparison

of the stress exponents reported for several polycrystalline data under similar stress and temperature conditions

reveals that they are essentially independent of grain size (ref. 17). Nevertheless, it is intriguing that Artz and Grahle,
(refs. 14 and 16) have reported two different values of n under similar stress and temperature conditions (table I),

although it is unclear if grain growth during creep was significant in their tests. Second, substituting d for d_ in equa-

tion (2), the critical stress, eL, above which the equilibrium subgrain size should be less than the grain size, can be

estimated. For d - 35 _tm, the estimated magnitudes of ¢_ for the cast extruded NiA1 data shown in figures 2(a) and

(b) are 12 to 15 MPa in the temperature range 800 to 1200 K. Similarly, with d_ ~ 23 t.tm for the PM-extruded alloy

shown in figure 2(c), _ varies between 18 and 21 MPa. Since most of the data shown in figures 2Ca) to (c) were de-

termined at stresses above _ so that d_ < d, the "constant substructure" hypothesis would predict that n - 3.5 to 4.5.

Clearly, this is not the case with the data shown in figures 2(a) to (c) since the observed values of n are typically

much greater than 5 with n >> 6 below 1000 K. This is true even if allowance is made for the fact that these esti-

mated values of _ could vary' by a factor of 2. Similar calculations for the data reported by Artz and Grahle

(refs. 14 and 16) reveals that a_ varies between 19 and 21 MPa for the fine-grained material. Once again, most of

their data were determined under stresses higher than c_, where reported value of n was 7 rather than about 4.5 as
observed in their coarse-grained alloy. Third, the "constant substructure" model assumes that well-formed subgrains

will develop during creep, and implicitly predicts normal primary creep transient curves. As shown in figures l(a)

and (b), inverse primary creep transients are often observed at low temperatures and stresses even when ¢r > ¢_.

Since observations in many solid solution alloys suggest that inverse primary, transients are generally associated with
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ahomogenous dislocation substructure (ref. 20), it is once again doubtful whether the "constant substructure" model

adequately explains the experimental results. Fourth, the deformation substructures are not always consistent with the

expectations of the "constant substructure" hypothesis. For example, Whittenberger (ref. 2) observed well developed

subgrains above ok in fine-grained PM-extruded NiAi. In contrast, Raj and Farmer (refs. 11 and 13) reported that the

substructure formed in crept PM-extruded NiA! with a similar grain size consisted of a mixture of subgrains, sub-

boundaries, cells, dislocation tangles, dipoles and loops at stresses exceeding _c, where the microstructure often var-

ied with grain size within the same transmission electron microscopy (TEM) foil (fig. 3). Curiously, small grains

appeared to possess smaller subgrains and a higher density of dislocations than the larger grains. A similar observa-
tion of dislocation loops, dipoles, jogged dislocations and dislocation tangles have been reported in NiA1 single

crystals (ref. 5) as well as polycrystals (ref. 7) from which it was concluded that dislocation cross-slip was the rate

controlling creep mechanism. Similarly, Raj et ai. (refs. 15 and 26) reported that while well-formed subgrains were
observed in some grains of the cast and extruded crept specimens (fig. 4(a)), most grains were virtually devoid of any

substantial dislocation substructure at 1100 and 1200 K under stresses exceeding _ even after e > 10 percent with

only isolated dislocations and rudimentary dislocation networks observed in some grains (fig. 4(b)). The observed
microstructural differences in the crept PM-extruded and cast and extruded NiAI appear to be due to the presence of

alumina particles in the PM material. In contrast to the cast and extruded NiAI, where dislocations generated at a

grain boundary can zip across the grain to the opposite boundary, the alumina particles in the PM-extruded material
are likely to anchor the mobile dislocations thereby resulting in the formation of dislocation substructures.

Alternatively, it has been suggested that values of n > 3 stem from the contributions of nondiffusional disloca-

tion mechanisms, such as cross-slip, lattice-controlled and obstacle-controlled glide, to creep (ref. 27). Since the
dominance of these dislocation processes are likely to increase with increasing stress and decreasing temperatures,

the tendency to deviate from true steady-state creep behavior correspondingly increases. Thus, n is expected to

decrease towards a value of 3 with decreasing stresses and increasing temperature in conformity with experimental
observations (refs. 1, 18, and 23).

Activation Energy For Creep

Figure 5 compares the stress dependence of Q¢ determined from the data shown in figures 2(a) to (c). The bro-

ken horizontal lines represent the measured values of the activation energy for lattice self-diffusion, (QI)Ni (ref. 28).

The experimental value of grain boundary diffusion, (Q_b)rqi _- 335 kJ mo1-1 (ref. 29) is not indicated in the figure for

clarity. The activation energy data shown in figure 5 clearly correspond to three distinct deformation regimes with

the approximate transition stresses being about 25 and 70 MPa in traversing from regions I to II and from II to III,
respectively. The activation energy for creep is much less than (Q0rqi in region I, where it is about 95 kJ mol q

(refs. 1 t and 13). In regime II, Q_ is independent of stress whereas it exhibits an inverse linear dependency on the

applied stress in region III. Other investigators have also observed similar stress dependencies in Q¢ (refs. 1 and 7)
(table I), where estimates of the apparent activation volume for creep were found to be 75 to 100 b 3 (refs. 1 and 13).

It has been demonstrated elsewhere that region Ill corresponds to the exponential creep regime (ref. 13). The magni-
tudes of Qc in region II determined from compression creep tests are about 300 kJ mol -_ for both cast and PM-

extruded NiAI with the corresponding values of n lying between 4.9 and 6.2 (refs. 11, 13, and 15). This value is in

reasonable agreement with that for lattice self-diffusion of Ni in NiA1 (ref. 28) as well as other published values for

the activation energy for creep for both coarse and fine-grained materials (table I). In contrast, the activation energy
for creep determined from the tension creep experiments were closer to about 400 kJ mol q in Region II, which is

substantially larger than those observed in the compression tests. Although values of Qc ranging from about 355 to
440 kJ mol q have been reported for both single and polycrystalline NiA1 in some investigations (refs. 17 and 18, and

23), no clear rationale has been advanced for their observance.

Grain Size Effects

As discussed earlier, the "constant substructure" rationale does not provide a consistent picture with the experi-

mental observations. Therefore, the stress dependency of the secondary creep rate as reflected by the magnitude of

n is not influenced directly by grain size. However, grain size does appear to influence the magnitude of the creep
rate in FeAI and NiA1, where a grain size strengthening effect contradictory to observations in pure metals has

been reported (ref. 4). This grain size strengthening effect is evident in figure 6, where the creep behaviors of
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coarser-grainedcast(d ---35p.m)andpowder-metallurgy (PM-2 with d --- 39 _tm) extruded specimens are compared

with that of a finer-grained PM-extruded specimen (PM-1 with d = 23 _m) at 1100 K under an initial stress of
40.0 MPa (ref. 15). It can be seen that the fine-grained material is significantly stronger than the coarser-grained

specimens under these conditions. This result is contradictory to observations in other materials, where fine-grained

specimens creep faster than the coarser-grained ones at similar values of grain size due to contributions from grain

boundary sliding (ref. 2). A comparison of the dislocation substructure for the cast (fig. 4(b)) and PM-I (fig. 3) sug-

gests that the observed grain size strengthening may be due to the presence of a substantial dislocation substructure
in the latter material during creep.

Creep Behavior At Low Stresses

Recently, Artz and Grahle (refs. 14 and 16) have reported that Coble creep with n = 1 and an estimated value of

Q_ - 143 kJ mol -j occurs in line-grained (d = 20 tam) NiA1 at low stresses. This estimated value of Q, was attributed

to the activation energy for grain boundary' diffusion. While this transition to a low stress mechanism confirms the
earlier observations of Raj and Farmer (refs. 11 and 13), the characteristics of the two processes, and hence, the con-

clusions on the nature of the rate-controlling mechanism are vastly, different. As noted earlier, there is a transition to

region I from region I1 with decreasing stress in the Q,- (_ (fig. 5) plot, with a corresponding decrease in Qc from

100 _ tool -j to Qc = 300 _ mol _.This transition is also seen in figure 2(c), where n - 2 above 1100 K at the lower

stresses for the fine-grained (d = 23 _tm) PM-extruded NiAI (refs. 11 and 13). It should be noted that both values of

Q_ reported in these two sets of investigations are much lower than the experimental value of Qgb --- 335 kJ mol -t

(ref. 29) (fig. 5). Since the experimentally measured value of Q_b > (Q]),_, it is unclear if other factors such as grain

boundary migration and grain boundary segregation had influenced these measurements (ref. 29).
The mechanism in regime I exhibits a normal primary creep transient behavior lasting for about 200 h (fig. 7(a))

and a grain size exponent of about 2 (fig. 7(b)). Clearly, if Coble creep was the dominant process in this regime,

p ~ 3 in equation ( 1) and the primary creep transient behavior would be linear or at least exhibit a short normal char-

acteristic lasting less than 10 h. Instead, figure 7(a) suggests that the process operating in region I is a dislocation-
controlled mechanism. Further support for this conclusion comes from the detailed microstructural observations

made in region I (refs. 11 and 13). Although most of the grains did not exhibit a prominent dislocation substructure

in this deformation regime, isolated bands of dislocation loops were seen in some grains (fig. 8(a)), where they

appeared to have been emitted from the grain boundaries (figs. 8(b) and (c)). These observations, taken together with
the observed values of n - 2, Qc _ 100 kJ mol -j and p ~ 2, suggest that the emission of these dislocation loops is due

to an accommodated grain boundary sliding mechanism. Figure 9 compares the experimental creep rates observed at

1200 K with those predicted by Coble creep (refs. 31 and 32) and accommodated grain boundary sliding models,
such as the Ball and Hutchinson mechanism (refs. 33 and 34). It is clear that the discrepancy between the experimen-

tal and the predicted rates for both the Coble and the current models for accommodated grain boundary sliding is

over five orders of magnitude primarily because a = A' _ 1.9x104 in equation (l) for (G = .In

comparison, models for accommodated grain boundary sliding in disordered materials predict values of A between
75 and 150 (ref. 33). The reason for this discrepancy may lie in the fact that the current models for acconunodated

grain boundary sliding were developed for disordered materials, where site occupancy restrictions are unimportant.
However, site occupancy restriction is very important for long range ordered materials like NiAI, where the A1 atom

is less likely to reside in a Ni site.

SUMMARY AND CONCLUSIONS

Constant load creep and constant engineering strain rate data on near-stoichiometric binary NiA1 in the interme-

diate temperature range 700 Io 1300 K are reviewed with the objective of characterizing and understanding the creep
mechanisms dominant in this material. The primary creep curves showed two distinct forms depending on stress and

temperature. First, at the lower temperatures and stresses, there was an initial sharp decrease in the creep rate soon

after the application of the applied stress followed by inverse primary creep, where the creep rate increased mono-
tonically towards a steady-state value. Second, at the higher temperatures and stresses, normal primary creep was

observed after the specimen was loaded, where the creep rate decreased monotonically towards a steady-state value.
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TheseobservationssuggestthatprimarycreepinbinaryNiA1islimitedbydislocationmobility.Theeffectsofgrain
sizeonthecreepstressexponent,n,andthevalidityofthe"constantsubstructure"rationalefortheobservationsare
examined.It isshownthatthisexplanationisinconsistentwithotherexperimentalobservations.Instead,it issug-
gestedthattheobservedvariationsinnareduetocontributionsfromnondiffusionalmechanisms,suchascross-slip,
lattice-controlledandobstacle-controlledglide,whoseimportanceincreasewithincreasingstressesanddecreasing
temperatures.Theactivationenergyforcreep,Q_,wasconstantin thepower-lawcreepregimeandequaltoabout
300kJmol-_forthecompressiondata.Incontrast,Qc=400kJmol-_fordataobtainedin thetensiontests.Therea-
sonforthisdiscrepancybetweenthetwosetsofresultsisunclearatpresent.Boththecompressionandtensiondata
exhibitastressdependentactivationenergyunderconditionscorrespondingtoexponentialcreep.At stressesbelow
25MPa,agrainboundaryslidingmechanismwasobservedwithastressexponentofabout2,anactivationenergyof
about100kJmol-j andagrainsizeexponentofabout2.Bandsofdislocationloopswereobservedtohavebeen
emittedfromthegrainboundariesduringcreep.It isdemonstratedthatCobleandaccommodatedgrainboundary
slidingmodelsfailtopredicttheexperimentalcreepratesbyseveralordersof magnitude.
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TABLE I.--VALUES OF THE STRESS EXPONENT AND THE CREEP ACTIVATION ENERGY OBSERVED IN

NEAR-STOICHIOMETRIC POLYCRYSTALLINE NiAI AT INTERMEDIATE STRESSES IN THE

POWER-LAW CREEP REGIME

T.

K

1073 to 1748

AI. Processing Testing d.

at._ mode a lain

49.6 Cast CSR: C 1130

50.0 Cast and annealed CL: C 450

at 1573 K/?

50.0 Cast and annealed at CL: C 500 to 600

1473 K/24 h

49.8 to Cast and extruded CL: T

50.6

50.3 Cast and extruded CL: C

49.2 to PM-extruded CSR: C

50.6

50.6 PM-extruded CL" C

50.4 PM-extruded: CL: C 20:

PM-extruded and annealed 170

at 1723 K/50h

NiAP Reactive infiltration CL: C

1073 to 1318

1173

! 4.6 to 10.2
m

4.7

Qc.

kJ tool -_

290: stress dependent Qc

when (_ > 13.8 MPa

285: st_ss and temperature

dependent Qc when

G> 55.2MPa and

T <1223 K

Reference

9 and 10

39 700 to 1200 5.5 to 15.0 400; stress dependent Q, Present

when G > 40 MPa study

35 800to 1200 4.9 to 8.7 300: Q, when G > 75 MPa 15

13to 17 1200 to 1400 5.5 to 6.5 305 to 310 2

23 1000 to 1300 5.8 to 7.4 II and 13290 to 300: stress dependent

Qc when G > 55 MPa

290:

300

7.3:

4.5

1300 to 1473:

1300 to 1400

200 988 and 1298 5.5and 5.6 375 17

14 and 16

ac = compression: CL = constant load: CSR = constant strain rate: T = tension.
_The exact composition of the tested specimens was not reported. The reactive infiltrated ingot showed a linear variation in the AI content from

about 36 to 47 ( at.% ) for a linear traverse of about 27 mm along the ingot.
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Figure 1 ._True creep rate versus true strain plots for (a) cast and extruded, and (b) PM-extruded (ref. 13)

polycrystalline near-stoichiometric NiAI tested in tension and compression, respectively.
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Figure 2.---Stress dependency of the true secondary creep rate for polycrystalline near-stoichiometric NiAh
(a) compression creep data for cast and extruded NiAI (ref. 15); (b) tension creep data for cast and extruded
NiAI; and (c) compression creep data for PM-extruded NiAI (refs. 11 and 13). The closed and open symbols
in (a) represent uninterrupted and interrupted tests, respectively. The literature data shown in (c) are from
references 3 and 22.
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(a) (b)

(c)
0.5 _m

(d) L_..................,

Figure 3.--Transmission electron micrographs of compression crept, near-stoichiometric, PM-extruded,
poiycrystalline NiAI showing (a) subgrains, (b) and (c) dislocation tangles and networks, (d) dipoles and
elongated loops: (a-c) T = 1200 K; er = 41.3 MPa; _ = 17.3 pct. (d) T = 1200 K; er = 29.2 MPa;

E = 19.9 pct. (ref. 13).
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1
Figure 4.mTransmission electron micrographs of compression crept, near stoichiometric, cast and extruded,

polycrystalline NiAI showing (a) well-formed subgrains and (b) grains showing little dislocation substructure:
(a) T = 1200 K; ¢ = 35 MPa; E = 15.5 pct. (ref. 15) (b) T = 1200 K; ¢r = 25 MPa; _ = 14.8 pct. (ref. 26).
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Figure 5._Stress dependence of the true activation
energy for creep for cast and PM-extruded poly-
crystalline, near-stoichiometric NiAI tested in
compression and tension creep showing three
deformation regimes. The values of (Q1)Ni (ref. 28)

and Qc from the literature (refs. 11,13,14, and 16)
are also included.

NASA/TM--2002-211210 10



10-4

I I I I ] NiAI I -

T=1100K

(r = 40 MPa

10-5 d (pm) Process --

23 PM-1 -

_-_ -. 39 PM-2

_10-6 _ --

1 ! %

10 -7 _ PN-l--" i Cast _a ____

- PM_2.j -

10-8 I I I I I
0 5 10 15 20 25 30 35

= (%)

Figure 6.--True compressive creep rate versus true
compressive strain for cast and PM-extruded poly-
crystalline NiAI demonstrating grain size strength-
ening in the finer-grained material (PM-1) (ref. 15).
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Figure 7.---(a) True compressive creep curves in region 1showing a long normal primary creep behavior in NiAI;
(b) Comparison of the stress dependence of the secondary creep rate at 1200 K for fine-and coarse-grained
polycrystalline Ni-50.6AI in region I (ref. 13).
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Figure 8.--Transmission electron micrographs showing the dislocation substructure formed in region !
during creep of a polycrystalline, PM-extruded Nt-50.6AI alloy: (a) Bands of dislocation loops in a grain;
T = 1200 K; _ = 5.4 MPa; _ = 3.1 pct. (b) and (c) Emission of dislocation loops from the grain boundaries;
T = 1300 K; cr = 5.5 MPa; _ = 2.3 pct. The arrow in (b) shows the pinching of an elongated dislocation loop
with the formation of a new loop (ref. 13).
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Figure 9.---Comparison of the experimental and
predicted creep rates in region I.
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