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The effect of a 0.1 at.% alloying addition of Zr on the low-cycle fatigue behavior of polycrystalline NiAl
was determined at 1000 K and compared to that of binary NiAl. Samples of binary NiAl and the Zr-doped
alloy were processed by either HIP consolidation or extrusion of prealloyed intermetallic powders. The
cyclic stress response, cyclic stress-strain behavior, and strain-life relationships were all significantly in-
fluenced by the microalloying addition of Zr, regardless of the processing technique. A detailed exami-
nation of the post-tested low-cycle fatigue (LCF) samples was conducted by optical and electron
microscopy to determine variations in fracture and deformation modes and to characterize any micro-
structural changes that occurred during LCF testing. Differences in LCF behavior due to the Zr addition
are attributed to the strong effect that Zr has on modifying the deformation behavior of the intermetallic.

1. Introduction

The substantial research that has been performed on binary
NiAl has shown that this ordered intermetallic is deficient as a
structural material in two areas: low temperature ductility and
high temperature strength (Ref 1, 2). Therefore, any useful
structural alloy based on NiAl will at the minimum contain mi-
croalloying additions to alter or enhance these critical proper-
ties (Ref 3, 4). The effects of microalloying additions on
properties range significantly. Some microalloying (<1 at.%)
additions such as Fe and Ga can have a mildly beneficial effect
on the tensile ductility of NiAl single crystals (Ref 5) but have
essentially no impact on the properties of polycrystalline alloys
(Ref 6). Most other microalloying additions, including B and
Cr, adversely effect low temperature tensile ductility and in-
crease the brittle-to-ductile transition temperature (BDTT)
(Ref 7-9). A few additions, such as Ta, Hf, Nb, Zr, and Ti, while
not beneficial to low temperature properties, can have a very
significant strengthening effect at elevated temperatures (Ref
10-12). Of these elements, Zr is the one microalloying addition
that has been studied in the most detail due to its extremely dra-
matic impact on the overall behavior of NiAl.

Zirconium additions to NiAl were first studied by Barrett
(Ref 13) as a method for enhancing the cyclic oxidation resis-
tance of the aluminide. The presence of Zr increased the cyclic
oxidation resistance of NiAl by up to several orders of magni-
tude depending on temperature by reducing the amount of ox-
ide spalled during the cooling cycles (Ref 13). The optimum
level for cyclic oxidation resistance was determined to be ap-
proximately 0.1 at.% with a significant loss in oxidation resis-
tance observed at greater Zr levels due to internal oxidation
(Ref 14). Subsequently, the effect of minor (0.05 to 0.1 at.%) Zr
additions on the tensile and compression properties of NiAl
(Ref 6, 15, 16) was studied. Results were equally dramatic

though not necessarily positive. Zirconium additions de-
creased the already poor room temperature tensile ductility of
polycrystalline NiAl and significantly increased (by up to a
factor of two) the BDTT. The increase in BDTT was attributed
to the segregation of Zr to the grain boundaries (Ref 17) and the
subsequent inhibition of localized deformation mechanisms
(Ref 18). In addition, these deformation studies also indicated
that some Zr was distributed within the alloy in solid solution
and acted as an extremely potent solid-solution strengthening
agent. This led to a detailed study of the high temperature de-
formation behavior of NiAl(Zr) alloys (Ref 19). The results
were again dramatic, with even the smallest Zr additions (0.05
to 0.1 at.%) resulting in alloys that were several times stronger
than binary NiAl under identical conditions of temperature and
imposed strain rate. Balancing both creep strength considera-
tions and environmental observations, Whittenberger and
Noebe (Ref 19) concluded that the optimum level of Zr in NiAl
was between 0.1 and 0.3 at.%. Another interesting aspect of
this work was that Zr appeared to alter the bulk deformation be-
havior of NiAl from a dislocation climb controlled process in
the undoped alloy to one that was dominated by a viscous glide
creep mechanism in the Zr-doped material. Therefore, Zr ap-
pears to modify both the localized (Ref 18) and bulk deforma-
tion processes (Ref 19) in NiAl.

The effect of Zr on the cyclic deformation behavior of NiAl
has not been previously investigated. The studies already de-
scribed would indicate that Zr could have both beneficial and
detrimental effects on the cyclic behavior of NiAl(Zr) alloys.
For example, the fatigue life of binary NiAl is superior to most
structural materials at 1000 K compared on a plastic strain
range basis due to its high ductility (Ref 20). Therefore, Zr
would be expected to reduce this advantage since the ductility
of Zr-doped NiAl would be much lower. Conversely, the fa-
tigue life of NiAl is inferior to superalloys on a stress range ba-
sis because of its low flow stress. Zirconium might be
beneficial in this regard. In addition, fatigue failure of binary
NiAl was attributed to an environmentally assisted fatigue
damage mechanism that was aggravated by extensive grain
boundary void formation due to creep cavitation (Ref 20, 21).
Since optimum levels of Zr are beneficial to both the environ-
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mental resistance and creep resistance of NiAl, it should also
be good for low-cycle fatigue (LCF) resistance. However, the
final impact of these competing effects on the cyclic deforma-
tion behavior of NiAl are too complicated to predict. There-
fore, to further understand the role of microalloying additions
on the behavior of NiAl, the 1000 K LCF behavior of a
NiAl(0.1Zr) alloy prepared by extrusion and HIP consolidation
of prealloyed intermetallic powders was investigated. The re-
sults are compared to those of similarly processed binary NiAl,
and differences in the LCF behavior are explained by the basic
differences in the deformation and fracture behavior of the Zr-
doped and undoped NiAl.

2. Materials and Experimental Procedures

Vacuum atomized –100/+325 mesh prealloyed powders of
stoichiometric NiAl (Heat P2098) and NiAl(0.1Zr) (Heat
P1187) were obtained from Homogeneous Metals Inc., Clay-
ville, NY. The chemical compositions of the prealloyed pow-
ders are given in Table 1. The Ni, Al, and Zr compositions were

determined by inductively coupled plasma (ICP) spectrometry,
and interstitial contents were determined by combustion analy-
sis. All chemical analyses were performed at NASA Lewis Re-
search Center.

The nickel aluminide powders were placed in mild steel ex-
trusion cans that were evacuated and sealed air tight. The bi-
nary NiAl powder was extruded at 1400 K to an area reduction
ratio of 12:1. The stronger Zr-doped alloy was extruded at 1500
K to an area reduction ratio of 12:1. The Zr-doped powder was
also consolidated by HIP. The powder was packed in two 304
stainless steel cans approximately 96 mm in diameter by 150
mm long. The cans were evacuated and hot-isostatically
pressed at 1533 K and 241 MPa for 5 h. A HIP consolidated bi-
nary NiAl alloy processed under identical conditions was pre-
viously studied (Ref 20-21). Transmission electron microscopy
and additional fractography has since been performed on this
binary NiAl alloy, and the results are also reported in this
paper.

Cylindrical, dog bone-shaped fatigue samples, 13 mm di-
ameter by 114 mm length, were ground from electrodischarge
machined blanks removed from the HIP compacts or directly
from the extruded rods. The reduced gage section (22 × 6.5
mm) of each specimen was electropolished prior to LCF testing
in a solution of 90% methanol-10% perchloric acid from 20 to
25 V, 1 A, and 208 K. Fully reversed total axial strain-control-
led LCF tests were conducted at 1000 ± 5 K in air, in a servohy-
draulic system equipped with induction heating. The
specimens were gripped by 13 mm-diameter collets inserted
into water-cooled, hydraulically actuated grips. Strain was
measured using a 13 mm gage length, clip-on, water-cooled ex-
tensometer, with alumina probes to allow testing at elevated
temperatures. Since room temperature notch sensitivity and
brittleness of these intermetallics precluded welding of ther-
mocouples onto the test specimens, temperature was measured
and controlled by an infrared pyrometer. A constant total strain
rate of 10–3/s and a triangular strain-time waveform was em-
ployed for the tests conducted over a strain range from 0.2 to
1.2%.

Fig. 1 TEM micrographs showing alumina particles (arrows)
in the HIP binary NiAl alloy

Fig. 2 Tensile ductility of HIP powder processed NiAl and
NiAl(Zr) as a function of temperature at an engineering strain
rate of 1 × 10–3/s

Fig. 3 Total strain-life plots for binary NiAl and NiAl(Zr) 
processed by extrusion and HIP consolidation of prealloyed
powders. The arrow indicates a runout.
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Since the brittle-to-ductile transition temperature of the HIP
NiAl(Zr) alloy was unknown, additional uniaxial tensile test-
ing was performed on cylindrical buttonhead specimens with a
typical gage diameter of 3.2 mm and gage length of 30 mm.
Tensile tests were performed between 900 and 1400 K under
displacement control and at an initial strain rate of 1.4 × 10–3/s.
A resistance furnace was used for heating, and the temperature
gradient along the gage section of the tensile sample was less
than ±2 K at all temperatures. In addition, the larger, induction
heated, fatigue samples of all four materials were also de-
formed monotonically at 1000 K, and the tensile data were re-
ported in Table 2. There was excellent agreement between
tensile properties determined by the two test techniques.

Examination of the fatigue fracture surfaces was carried out
using a scanning electron microscope (SEM). Specimens for
transmission electron microscopy (TEM) observation were
prepared by electrochemical polishing of thin slices cut from
the gage portions of LCF tested specimens. Samples were pre-
pared in a twin-jet polisher using a solution of 70% ethanol,
14% distilled water, 10% butyl cellusolve, and 6% perchloric
acid cooled to 263 K. An applied potential of 20 to 25 V with a
corresponding current of 10 to 15 mA produced electron trans-
parent foils. TEM samples were examined in a transmission
electron microscope operating at 120 kV.

3. Results

All of the HIP and extruded alloys were fully dense and con-
sisted of equiaxed grains. Table 1 provides the average linear
intercept grain size for the various nickel aluminide materials.
Zirconium doping resulted in a finer average grain size than the
binary NiAl processed under identical HIP conditions (Table
1). This is consistent with previous observations (Ref 17) that
Zr additions to NiAl retard grain growth during processing. In
addition, both extruded alloys exhibited much smaller grain
sizes than their respective HIP counterparts due to the much
shorter time at the processing temperature. The HIP binary and

ternary alloys possessed very fine alumina particles along
some grain boundaries (Fig. 1). These are prior particle
boundaries that form by breakup, spheroidization, and even-
tual coarsening of the thin oxide film that covers the as-re-
ceived powder particles (Ref 17). During extrusion, the powder
particles see significantly greater deformation, and therefore,
the oxide particles that would make up the prior particle
boundaries are more uniformly distributed in the material.
Based on the oxygen content of the alloys as shown in Table 1,
there is <0.1 vol% oxide present in any of these materials gen-
erally distributed along the prior particle boundaries. No other
second phase particles were observed in either the binary or Zr-
doped alloy. Therefore, for all practical purposes, these powder
metallurgy alloys essentially consist of single phase B2-NiAl.

The 1000 K monotonic tensile properties for the four NiAl
materials are reported in Table 2. The NiAl(Zr) materials were
significantly stronger but exhibited much less tensile ductility
than the binary NiAl alloys. Since there were no previous val-
ues for the BDTT of HIP NiAl(Zr), additional tensile testing
was performed. The tensile ductility for the HIP NiAl(Zr) as a
function of temperature is shown in Fig. 2 and compared to the
HIP NiAl from Ref 20. The HIP NiAl(Zr) has a tensile ductility
of 1% or less below 1300 K and exhibits approximately 5% ten-
sile ductility at 1400 K. Based on the shape of the HIP NiAl
ductility versus temperature curve, it can be expected that the
BDTT for the HIP NiAl(Zr) is just above 1400 K. These results
along with the other BDTTs listed in Table 2 indicate that the
BDTT for NiAl(Zr) is approximately 500 K higher than for
comparably processed binary NiAl. It is also evident that the
fatigue testing temperature of 1000 K is above the BDTT for
the binary NiAl materials but is significantly below that of the
NiAl(Zr), regardless of processing technique.

The influence of the Zr addition and the effects of process-
ing route on the LCF life of NiAl are demonstrated in Fig. 3.
The HIP NiAl(Zr) displayed a marginally higher fatigue resis-
tance than the extruded NiAl(Zr). Zirconium additions were
beneficial for the total strain fatigue resistance at strain ranges
<0.4%. At strain ranges >0.4%, the binary NiAl materials had

Table 1 Description of NiAl alloys

Alloy composition, at.%
Alloy Consolidation method Grain size, µm Ni Al Zr O C N

NiAl (Heat P2098) Extrusion 12 ± 3 50.2 ± 0.2 49.7 ± 0.2 … 0.025 0.017 0.0009
NiAl (Heat P1418)(a) HIP   70 ± 14 50.5 ± 0.2 49.5 ± 0.2 … 0.028 0.014 0.0006
NiAl(Zr) (Heat P1187) Extrusion 23 ± 4 49.7 ± 0.2 50.3 ± 0.2 0.094 0.032 0.014 0.0018

HIP 53     50.3 ± 0.2 0.094 0.032 0.014 0.0018

(a) Alloy studied in Ref 20

Table 2 1000 K tensile properties and BDTT for NiAl and NiAl(Zr) alloys

Processing Elastic 0.2% Yield UTS, Failure BDTT
Alloy conditions modulus, GPa stress, MPa MPa strain, % K Ref

NiAl Extruded 126  80 … >25 620-670 18
NiAl HIP 160  75 … >25 900 20
NiAl(Zr) Extruded 200 320 328 0.3 1120 6, 18
NiAl(Zr) HIP 160 360 370 0.4 >1400 This study

BDTT is brittle-to-ductile transition temperature based on a strain rate of 1 × 10–3/s.
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better fatigue resistance. However, the extruded NiAl inter-
metallic had a better fatigue resistance at the low strain ranges
compared to the HIP consolidated powder because the HIP bi-
nary NiAl alloy exhibited a break in the slope of the total strain
range versus life curves.

Typical stress response curves for the binary and Zr-doped
NiAl during cyclic loading are shown in Fig. 4 for total strain
ranges of nominally 0.4%. These curves represent the locus of
peak tensile stress amplitudes with each successive cycle. It is
immediately apparent that alloying NiAl with zirconium re-
sulted in much higher response stresses. The NiAl(Zr) alloy in
the HIP and extruded conditions displayed similar stress re-

sponses. The Zr-doped materials exhibited a very short period
of cyclic hardening and attained the maximum stress in the
early stages of cyclic life. Beyond the maximum stress value, a
gradual softening took place before a regime of nearly stable
stress response commenced. This stable stress response regime
was found to extend with decreasing strain range. The binary
alloy in the HIP condition displayed larger response stresses
than the extruded binary NiAl, and both materials displayed a
slight softening throughout the life. However, the amount of
change in the stress response for either the NiAl(Zr) or NiAl
was extremely small (<40 MPa) and for most engineering pur-
poses can be neglected.

The cyclic stress-strain curves at 1000 K for each material
investigated are given in Fig. 5 in the form of a log-log plot of
the half-life tensile stress amplitude (∆σ/2) versus the corre-
sponding plastic strain amplitude (∆εp/2). It was observed that
the cyclic stress-strain relationship can be represented by a
power law of the form ∆σ/2 = K′ (∆εp/2)n′, where K′ and n′ are
the cyclic strength coefficient and cyclic strain hardening ex-
ponent, respectively. The values of K′ and n′, obtained from
least squares analyses of the data are included in Table 3. The
cyclic stress-strain curves for the extruded and HIP NiAl(Zr)
could be represented by a single line. Figure 5 and Table 3
clearly show that the Zr-doped alloy has a higher cyclic
strength and exhibits a higher cyclic strain hardening exponent
compared to the binary NiAl. The binary alloy displayed a sig-
nificantly higher cyclic strength, but only a marginally higher
cyclic strain hardening exponent in the HIP condition than in
the extruded condition.

The extruded NiAl(Zr) exhibited a brittle mixed mode
(transgranular cleavage plus intergranular) failure appearance
at a strain range of 0.4% with no evidence of stable crack
growth (Fig. 6a). For strain ranges ≤0.38%, failure initiated
through slow, stable, intergranular crack growth (Fig. 6b), with
final tensile overload failure occurring by mixed mode frac-
ture. Longitudinal sections of the failed specimens revealed
very few secondary cracks emanating from the surface in the
gage section, but the ones observed also indicated that the na-
ture of crack initiation and propagation was intergranular at
strain ranges less than 0.38%. Also, a small number of grain
boundaries exhibited cavities (Fig. 6c). The fractographic fea-
tures and the damage behavior of HIP NiAl(Zr) at various
strain ranges were similar to those presented above for the ex-
truded NiAl(Zr).

In the HIP NiAl, at all the strain ranges, crack initiation and
initial propagation remained intergranular. Final crack propa-
gation was due to tensile overload, and this occurred primarily
by transgranular cleavage. Approximately 20 to 40% of the
fracture surface of the binary NiAl was due to stable fatigue
crack growth, which could be easily identified by a dark ring on
the sample surface as a result of oxidation (Fig. 7a). The oxida-
tion damage was more extensive at strain ranges ≤0.5%. In ad-
dition, at low strain ranges, a high percentage of the grain
boundaries contained voids (Fig. 7b). However, the grain
boundaries that cavitated did not show any particular angular
relationship with respect to the applied stress axis. The ex-
truded NiAl also exhibited stable intergranular crack growth at
all strain ranges with intergranular cracking extending to ap-
proximately 80% of the fracture surface. Characterization of

Fig. 4 Cyclic stress response curves for NiAl and NiAl(Zr)
tested at a total strain range of nominally 0.4%

Fig. 5 Cyclic stress-strain curves for binary and Zr-doped NiAl

Table 3 Cyclic stress-strain values
∆σ/2 = K′(∆εp/2)n′

Processing K′,
Alloy conditions MPa n′

NiAl HIP  256 0.11
NiAl Extruded   90 0.07
NiAl(Zr) HIP, extruded 1346 0.18
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the gage surface of fatigue tested samples showed brittle deco-
hesion of the grain boundaries (Fig. 8a). The number of
cracked grain boundaries was extremely high, and propagation

occurred by interlinkage of these intergranular cracks. Opera-
tion of this process has led to an intergranular fracture surface
as illustrated in Fig. 8(b).

(a) (b) (c)

Fig. 6 Fatigue damage in extruded NiAl(Zr). (a) Mixed mode failure consisting of transgranular cleavage and intergranular cracking at a
total strain range of 0.40%. (b) Intergranular crack initiation of a specimen tested at a total strain range of 0.29%. (c) Intergranular cavities
in a longitudinally sectioned sample tested at a total strain range of 0.36%

(a) (b)

Fig. 7 (a) Fracture surface of a HIP NiAl specimen tested at a strain range of 0.88%. Arrows indicate extent of slow and stable intergranu-
lar crack growth. (b) Intergranular cavitation on numerous grain boundaries in a specimen tested at 0.27%
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Transmission electron microscopy analysis revealed some
interesting results concerning the cyclic deformation behavior
of NiAl(Zr). The ternary alloy consisted of a high but uni-
formly distributed density of dislocations throughout the grain
interiors along with a significant number of very fine disloca-
tion loops (Fig. 9a). The most interesting feature of the Zr-
doped alloy, however, was the presence of dislocation-free
zones along most of the grain boundaries (Fig. 9b). The grain
boundaries also contained very fine precipitates, which formed
during LCF testing (Fig. 9c). These particles are probably pre-
cipitates of the Heusler phase Ni2AlZr (Ref 19). A loss in creep
strength after aging of NiAl(Zr) alloys has also been attributed
to the precipitation of the Heusler phase in what were origi-
nally single-phase solid-solution alloys (Ref 22).

In contrast to the deformation behavior of the ternary alloy,
the extruded binary NiAl exhibited well-developed subcells
with the interior regions of the cells remaining relatively free
from dislocations at low strain ranges (Fig. 10a). At high strain
ranges, the dislocations were more homogeneously distributed
(Fig. 10b). The deformation behavior of the HIP binary alloy at all
the strain ranges was characterized by a cell-type network (Fig.
11) with a very high density of dislocation loops in the cell walls.

4. Discussion

In the case of the HIP binary NiAl, the samples cycled at low
strain ranges exhibited much shorter lives than would be ex-

(a) (b)

Fig. 8 SEM micrographs of an extruded NiAl specimen tested at a strain range of 0.2% showing (a) brittle intergranular decohesion on the
gage surface and (b) severe intergranular fracture

(a) (b) (c)

Fig. 9 Deformation substructures in extruded NiAl(Zr) tested at a total strain range of 0.30%. (a) Typical dislocation distribution within
grain interiors. (b) Dislocation free zones along a grain boundary (arrows). (c) Fine intergranular precipitates (arrows) formed during LCF
testing
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pected by extrapolation from the high strain range portion of
the total strain-life plot (Fig. 3). Such nonideal strain-life be-
havior resulting in a discontinuity has also been observed in
several nickel-base superalloys (Ref 23-26), aluminum alloys
(Ref 27, 28), and dual-phase steels (Ref 29). The bilinear nature
of strain-life plots has been correlated with (a) the differences
in crack initiation and propagation modes at low and high
strain ranges (Fig. 23), (b) the changes in deformation mecha-
nisms (Ref 24, 25, 30), and (c) the synergistic interaction be-
tween fatigue and oxidation (Ref 31).

The discontinuity in the strain-life curve of the HIP NiAl oc-
curred as a consequence of the operation of different damage
mechanisms in the high and low life regimes. In the low life re-
gime (high strain ranges), there was no major interaction be-
tween fatigue and other time dependent processes, that is,
oxidation or creep, and the life was dictated predominantly by
fatigue crack initiation and growth. In the long life regime (low
strain ranges), creep and environmentally activated damage
micromechanisms were combined with fatigue damage and led

to a drastic reduction in life. All the creep cavities on grain
boundaries of the HIP binary alloy were rounded in shape (r-type)
with no evidence for triple point wedge cracking. The creep
cavities in the HIP condition are believed to be associated with
the alumina particles that were present on the grain boundaries.
It is well established that secondary phases on the grain bound-
ary can provide suitable nucleation sites for intergranular cavi-
ties (Ref 32, 33). These isolated cavities grow by the
diffusional transport of vacancies or by the deformation of ma-
trix material and, therefore, do not necessarily require grain
boundary sliding (Ref 32-34). Few alumina particles were lo-
cated at the grain boundaries in the extruded NiAl, which re-
duced the amount of creep cavities in this material, and
therefore the life of the extruded binary NiAl at low strain
ranges was not affected like the HIP NiAl and did not display
the bilinear fatigue life behavior.

Attributing the bilinear life behavior of the HIP NiAl to pore
formation is consistent with previous observations on this alloy
presented in Ref 20 and 21. When the HIP alloy is tested in vac-

(a) (b)

Fig. 10 Deformation substructures in extruded binary NiAl (a) at a strain range of 0.30% and (b) at a strain range of 0.60%

Fig. 11 Cell-type structure in a HIP binary NiAl specimen
tested at a strain range of 0.30%

Fig. 12 Total strain range-life curves for various superalloys
and nickel aluminides
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uum, there is a three-fold increase in fatigue life, but the mate-
rial still displays a bilinear fatigue life behavior. Therefore, re-
ducing the environmental problem affected the life but did not
alter the bilinear strain life behavior of the material. Thus, pore
formation at the grain boundaries, which is most prominent in
the HIP NiAl alloy, must be responsible for the loss in fatigue
life at lower strain ranges.

The break in the strain-life curve (Fig. 3) of the extruded
NiAl(Zr) is due to a completely different mechanism from that
which has been proposed for the HIP NiAl. The two stages in
the strain-life plot of the extruded NiAl(Zr) resulted from a
sudden loss of life on raising the total strain range from 0.38%
(13,270 cycles) to 0.4% (66 cycles). This transition has been
found to correlate with a change in the fracture mode from slow
and stable intergranular crack growth at the lower strain ranges
to a completely brittle cleavage fracture at the upper strain
ranges. During cyclic deformation at 0.4%, a peak tensile stress
was developed in less than 100 cycles (328 MPa), which
equaled the monotonic tensile cleavage fracture stress of the
Zr-doped alloy at 1000 K (Table 2), enabling brittle overload
fracture to occur. At a total strain range of 0.38%, the maxi-
mum cyclic tensile stress attained during cycling (306 MPa)
was much less than the cleavage fracture stress, and therefore,
the material was able to accumulate a large number of cycles
before failure took place by slow and stable crack growth. The
LCF tests on the HIP NiAl(Zr) were not conducted at strain
ranges higher than 0.4% due to the lack of samples. However,
tests at higher strain ranges would be expected to follow the be-
havior exhibited by the extruded alloy. The brittle fracture of
the Zr-doped alloy imposes a limitation on the maximum strain
range at which the alloy can be used.

The Zr-doped NiAl in both processing conditions showed
better fatigue resistance than the binary alloy below a strain
range of 0.38%. This increase in the LCF life of the less ductile
NiAl(Zr) alloy can be rationalized by two factors. The first re-
lates to the segregation of Zr to the grain boundaries. Composi-
tional analysis of extruded samples by auger electron
spectroscopy showed an average concentration of 5 to 6 at.%
Zr at the grain boundaries compared to 0.1 at.% Zr in the bulk
of the material (Ref 17). The tendency for grain-boundary cav-
ity formation was reduced in the Zr-doped alloy, regardless of
processing technique. Both the number of grain boundaries
that have been cavitated and the number of cavities on the
boundaries were much smaller compared to those in compara-
bly processed binary NiAl. However, due to the high density of
intergranular cracks observed on the gage surface of the speci-
mens, there was no overwhelming evidence to suggest that the
Zr addition helped retard oxidation damage during crack initia-
tion. However, it is possible that by reducing the cavitation at
the boundaries and by increasing the grain boundary cohesion,
Zr could reduce the rate of fracture propagation along the grain
boundaries. This would in part explain the longer lives of the
Zr-doped samples even though the response stresses were sev-
eral times larger than those of binary NiAl.

The second factor that could explain the improved fatigue
resistance of the Zr-doped alloy over the undoped NiAl is its
basic capacity to resist the applied strain range on the basis of
its high strength. Fatigue life is generally governed by the duc-
tility of the material at high strains and by the strength of the

material at low strains. Since the strength of the material was
increased by the addition of Zr, the plastic strain component
generated at a given total strain range was significantly smaller
compared to that of the binary NiAl. Therefore, at low strain
ranges, the Zr-doped alloys resisted the imposed total strain on
the basis of its strength, leading to an improvement in fatigue
life. The slight improvement in the HIP NiAl(Zr) over the ex-
truded NiAl(Zr) can be explained similarly. An analysis of the
LCF results revealed that the plastic strains accumulated in the
HIP NiAl(Zr) were ≈3 times less than that of the extruded alloy.
Typically, at an applied total strain range of 0.3%, the HIP al-
loy developed a plastic strain range of 0.008% compared to
0.024% for the extruded material. This observation suggests
that in the HIP material, tensile ductility exhaustion occurred at
a much slower rate compared to the extruded alloy, leading to
larger number of cycles to failure in the HIP NiAl(Zr).

The cyclic strain hardening exponent, n′, generally serves as
an indicator of the deformation behavior and as a guide for es-
timating LCF resistance. In the current study, n′ was propor-
tional to the fatigue life exhibited by the binary and Zr-doped
NiAl; the NiAl(Zr) exhibited a higher n′ value and a higher life.
The correlation between high n′ and improved fatigue resis-
tance agrees with the analysis of Feltner and Beardmore (Ref
35) and Rao (Ref 36), who suggested that the larger values of n′
correspond to an increased resistance to cyclic strains. In
NiAl(Zr), the more homogeneous deformation within the
grains, the mutual interactions between dislocations, and the
interactions of dislocations with Zr atoms seems to cause
higher cyclic stresses and a higher n′. Zirconium additions
have been reported to cause a dramatic increase in the lattice re-
sistance to dislocation motion and are very effective in pinning
dislocations and preventing their motion until much higher
temperatures are reached (Ref 6, 16, 18), thus resulting in a
much higher BDTT. The lower n′ of the binary NiAl, in gen-
eral, coincides with the occurrence of thermal recovery, which
is characterized by the formation of cells and subgrains. Rear-
rangement of dislocations into cells and subgrains is believed
to be the cause for the softer behavior in the binary NiAl. This
behavior is a direct consequence of testing significantly above
the BDTT of the binary alloy. In the case of the NiAl(Zr), the
test temperature is below its BDTT, and thermal processes are
minimal, thus leading to harder behavior.

In the case of binary NiAl, the HIP alloy displayed compara-
tively larger cyclic strength than the extruded alloy. This is due
to the more recovered structure exhibited by the extruded ma-
terial shown in Fig. 10 compared to the HIP NiAl shown in Fig.
11. These structures are again commensurate with the relation-
ship between the test temperature (1000 K) and the BDTT of
each material as listed in Table 2. The difference between the
test temperature and the BDTT is greater for the extruded NiAl,
implying that this material should exhibit more creep recovery,
as the microstructure has indeed indicated.

Figure 12 illustrates fatigue life of NiAl and Zr-doped al-
loys that have been compared to two superalloys at a nominal
temperature of 1000 K. The two polycrystalline nickel-base al-
loys used for comparison were Waspaloy (Ref 37), and René
95 (Ref 37). Both NiAl materials fall mostly within the range of
superalloy data. However, the Zr-doped NiAl is inferior to the
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superalloys at high total strain ranges due to the rapid attain-
ment of the cleavage fracture stress.

5. Summary and Conclusions

Small amounts of Zr had a large effect on the fatigue behav-
ior of NiAl at 1000 K. Zirconium raised the BDTT of the alloy
above the test temperature. This resulted in a higher monotonic
and cyclic strength, but with much less ductility for the Zr-
doped material. When both strength and ductility were taken
into account by testing under a total strain range, the Zr-doped
materials showed improved lives over binary NiAl. At a total
strain range of 0.4%, however, the Zr-doped material reached
its monotonic cleavage fracture stress very early in the life and
failed at very short fatigue lives. Therefore, above a total strain
range of 0.4%, the binary alloy had superior lives. Both NiAl
and NiAl(Zr) had similar fatigue lives to selected superalloys
nominally tested at 1000 K.
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