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INfRODUCTION 

Sing]~ NiAI alloys offer numerous property advantages over their Ni-based sing]~ 
superalloy counterparts for applications in high pres.wre twbine engine sections [l ]. These advantages 
include higher melting point, greater thermal conductivity, better oxidation resistance, a better ~nse 
to thermal barrier coatings, and a reduction in density by as much as a third without significantly 
sacrificing creep strength. The current drawback is their lack of ductility and their anisotropy of both 
strength and elastic ~nse. The material considered herein exlnbits a fracture~ of 3-5 
MPa✓m [2], while Young's modulus varies from 96 to 275 GPa and the strength varies by a factor of 
two depending on orientation Consequently, a significant effort is being made to develop testing and 
design methodologies that will account for the lack of ductility and the strength anisotropy exlubited by 
brittle single crystals such as NiAI. 

The present approach is to modify existing test methods and brittle design methodologies, such as those 
applied to ceramics and glasses [3], and to experimentally verify the n:sults. This paper focuses on the 
basic materials properties and strength behavior of a NiAI single crystal alloy and the development of a 
reliability model for the design of components subjected to multiaxial stresses. 

EXPERIMENTAL PROCEDURE 

Material Preparation 

Single crystal billets of a NiAI alloy designated AFN12 were mounted on goiniometers and 
oriented by X-ray diffraction. Flexural specimens, measuring 3 by 4 by 45 mm in thi~ depth 
and length, respectively, were then cut from the billets along the <001> or <110> axes by electro­
discharge machining (EDM). The resulting surfaces were sanded with 400 grit silicon carbide 
paper and chemically milled in a solution of phosphoric and nitric acid to remove the EDM 
damage. 

Elastic Properties 

Sonic moduli of the flexural specimens were measured by using the impulse excitation technique [4]. 
Specimens were supported at the nodal points with foam strips and the specimen impacted lightly with 
an appropriate hammer. The n:sultant impact induced flexural vtbration that was detected with a 
piez.oelectric crystal placed on the specimen and automatically recorded with an electronic circuit The 
elastic moduli were then calculated from the specimen geometry and measured resonant frequency. 
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Uniaxial Flexural Strength Testing 

Strength was determined by loading the specimens in tluoo- or four-point flexure at a strain rate of 
104/min [5] on a support span of 40 mm. The loading span for four-point flexure was 20 mm. A fully 
articulated flexure fixture, which allowed each loading pin to roll along and rotate about the specimen 
long axis, was used to accommodate any machining run-outs induced in specimen preparation. 

RESULTS 

Elastic Properties 

The measured elastic moduli were &oo1>= 96.9 ± 1.0 GPa and &ii0> = 187 ± 2.4 GPa. Both values are 
in good agreement with the data of Wasilewski [6] for binmy NiAl, implying that the single crystal 
elastic constants for binary NiAl sufficiently represent this material for engineering purposes. 
However, a minor discrepancy can be noted in Wasilewski's data: The constants given in dynes/cm2 

disagree with those given in J)C)UIKWin2 by a factor of 1.5% [7]. The values given in dynes/cm2 gave 
the best agreement and were used herein. 

The elastic constants [6] were used to calculate the elastic modulus of NiAl on the (100) and (110) 
planes, as shown in Figs. 1 and 2. The elastic modulus reaches a minimum of 95.9 GPa in the <100> 
and a maximum of 275 GPa in the <111> with an intennediate value of187 GPa in the <110>. 

Uniaxial Flexural Strength 

The flexural sttengths of the material in the <001> and the <110> directions are summari7.ed in Tables 
I and II. The results imply that the slrength is a function ofboth test specimen orientation and volwne. 

Fractography, which will be presented below, indicates brittle failure with the failure originating from 
swface flaws on the test section without bulk deformation. lncali:red deformation oould not be 
observed about the failure origins if it existed. Thus, failure appears to be of the weakest link type and 
Weibull statistics [3) should reasonably characterize the results from a phenomenological viewpoint. 
The probability of failure, F, for such behavior under uniaxial loading is given by 

F=J-EXP(-!(~r d4) or F=I-EXP(-!kw,(utd4J (1) 

where a is the applied stress, u0 is the scale parameter and corresponds to a unit area of material 
stressed in uniform tension, m is the Weibull modulus (or shape parameter) and k,,,, is the crack 
density coefficient [8]. The integral is taken over the volume of the specimen if failure occurs 
from internal defects or over the area, as indicated above, if failure initiates from the surface. If 
both surface and volume defects induce failure, then both probabilities can be calculated and 
combined. 

The resulting probabilities of failure as a function of stress are shown in Fig. 3 for the <00 l> and 
<110> orientations. In order to determine if the differences in characteristic strength and Weibull 
modulus were statistically significant, 90% confidence bands were determined [9]. As seen in Table I, 
significant sttength differences exist between the tluoo- and four-point configurations for both 
orientations, and between orientations for the same configuration. However, significant differences 
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Table I· Wetbull stremzth statistics of sinltle crvstaI NiAI AFN12 .. 
Orienalioo and Failure<!!I C1iaraaaistic 90% . 90"/4 Prediacd Weibull 

Flexural Loadicnand Slra!glli Coofiden0e Coofiden0e Owacteristic 
Coofiguration Typo cre,MPa Bands,oa 

Mocailusm. Bandsm111s Slra!glli 

<100> ~ S-Carbide 1350 1258to 1475 6.1 4.4to8.5 -
<100> 4-Point S-Carbide 1094 1032to 1158 5.4 4.3to6.8 1040 
<11 0> 3-Point S-Carbide 843 754to933 4.8 2.2to9.2 -
<11 0> 4-Point S-Carbide 689 642to735 5.5 3.5to8.2 653 
<1 10> 3-Point S-EDM - - - - -
<110>4-Poid S-EDM 474 - 4.6 - -

Table II· Nomw strenl!th statistics for single Cl'V!!tal NiAI AFN12 
Oriautim and Failure<!!I Number Mean# Standard Deviation ex Coelficimtcx 

Flexural Loadicnand cxTest Slra!glli Slra!glli SO.,, MPa 
Varialicn 

CcofipWOO Typo MPa CVa 
<100>~ S-Carbide 15 1261 209 0.17 
<100> 4-Point S-Carbide 32 1010 202 0.20 
<11 0> 3-Point S-Carbide 9 767 177 0.23 
<11 0> 4-Point S-Carbide 15 629 130 0.21 
<11 0> 3-Point S-EDM 3 466 69 0.15 
<110>4-Point S-EDM 19 340 107 0.31 

.. 
@ S = surface; EDM = electo-discharge machining scar. # Mean strength with one standard deviation. 
• Weibull modulus and characteristic strength were detennined with the maximum likelihood method. 

could not be detected between the Weibull moduli for the three- and four-point configurations for either 
orientation, or between orientations for the same configuration 

Metallographic studies [10) of the flaw distnbution of this alloy indicate no strong bias with orientation, 
Thus, the difference in strength between the <001> and the <110> orientations appears to result from 
the difference in fracture toughness with orientation [2] instead of a difference in flaw distnbutioa 

Fractography 

The fracture surface of the specimens were observed with a scanning electron microscope and anafy7.ed 
with energy and wavelength dispersive spectrometers. The <001> specimens failed from coarse metal­
caroide particles as summariz.ed in Table II. However, over one-half of the <110> specimens failed 
from machining damage, even though all the specimens were prepared together by the same method. 
This reflects the low fracture toughness of NiAI on the (110) plane [2] and posmbly a difference in the 
chemical milling with orientatioa Typical examples of caroide and machining failures are shown in 
Figs. 4 and 5. 

EFFECT OF 1EST SPECIMEN VOLUME 

If Equation (1) is equated to itself for two different specimen configuratious, the following scaling 
equation can be derived for a given probability of failure: 

( ) 1/m 
<Ti/<T2 = A 12/A,1 (2) 

where o; is the strength corresponding to effective area A,;. As the specimens in this study failed 
from surface connected flaws, use of an effective area is appropriate. The effective area for three- or 
four-point flexure is 
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Fig. 4: Failure origin in a <OOl>flexure 
specimen. Failure occurred from 
a metal-carbide particle. 



[
l+m,(s;ls0 )][ m,w][ ] A,= 2 J+-- w+h s0 

(m, +l) w+h 
(3) 

where m, is the Weibull modulus for the surface flaw population, s0 and s; are the outer (support) 
and inner (loading) spans, respectively, and h and w are the height and depth of the beam, 
respectively (11]. :Equations 3 and 4 are generally considered capable of predicting four-point 
strengths from three-point strength data for brittle, isotropic materials such as ceramics and glasses. To 
determine the applicability of these scaling equations to this single crystal NiAI alloy, the average of the 
Weibull moduli in Table I was used to calculate the effective areas and predict the four-point strength 
from the three-point data The predictions agree well with the experimental results, as shown in Table 
I. Thus, the probability of fuilure for uniaxial flexure of this single crystal can be descn'bed by 

F•I-EXP[-ll:::f/A] o, F•l-EX+ !•-(a-rdA) (4) 

where the subscript <hkf> specifies the crystal direction normal to the (hid) plane and k,..is a crack 
density coefficient dependent on the orientation of the applied stress: 

kws=(o-o<liii>r"' (5) 

Note that this material does exhibit yield in compression at approximately 1650 MPa in the <001> 
and at 1050 MPa in the <I IO> [12). It is unknown if this phenomenon is volwne dependent, however, 
deformation is typically not viewed as volwne dependent Thus, for a sufficiently small test volume, 
yield, rather than brittle fracture, might occur. :Equations (2) and (3) indicate that a miniature, <001> 
three-point flexure specimen with 1 by 1.5 mm cross section and a 6 mm support span would have a 
10% chance offuiling at a tensile stress equal to the compressive yield stress. As yield in compression 
and tension generally require the same absolute stress, the implication is that very localized (e.g. 
contact) stresses, such as those at the root of a blade or vane, might be overcome by yield rather than 
brittle fracture. 

MUL TIAXIAL RELIABILTIY MODELS 

One simple model used to predict the reliability of components made from brittle, isotropic materials is 
the principal of independent action (PIA) model[13] 

F=l-EXP{-![;~r +[:r d4} (6) 

where the o; 's (i = 1,2) are the principal stress components greater than zero, o;, is the scale 
parameter and m the Weibull modulus. For brittle materials, such as glasses and ceramics, the 
compressive strength is substantially larger than the tensile strength and compressive stresses are 
ignored in many applications. However, as noted above, this NiAI alloy exhibits strength 
anisotropy and will yield in compression. Thus the principal stresses may not be oriented on the 
weakest planes or they may be oriented on those that will yield in compression. Further, as seen 
in Fig. 4, the flaws are complex three dimensional objects that may transmit tractions across the 
interface, instead of planar cracks with a random orientation. 

Thus the PIA model needs modification to consider the effects of normal stresses on a 
multiplicity of planes with various effective strengths, or at least the most significant planes and 
the corresponding effective strengths, leading to 
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(7) 

where the summation is taken over the most significant planes (i.e. the weak cleavage planes and 
those subjected to all the principals). Two extreme cases of Eq. (7) can be considered: That in 
which a single term in the series dominates reliability and that in which all normal stresses 
reduce reliability. The first case occurs if a strong maximum in the stress distnbution exists and 
is oriented on or near a weak cleavage plane; the term in the summation is the ratio of the 
maximum normal stress to minimum characteristic strength. The second case is the limit in 
which the summation term becomes an integral over all crystal directions. This would appear 
very conservative, even though the normal stress component in any direction should reduce the 
reliability associated with flaws like those shown in Figs. 4 and 5. Such an effect was proposed 
by Weibull [3] via the normal stress averaging technique which is written as 

F=l-E.fl{-!kwp,(UntJ d4 (8) 

where the averaged normal stress about a unit circle is 

ii';= f u';dC/f dC 
C C 

(9) 

As the scale parameter is a function of orientation for an anisotropic material, Eq. (8) can be 
generalized to 

F=l-E.\1'{-HN=]d4} (IO) 

where the averaged normal stress to strength ratio about a unit circle is 

N,,m = f (un<hkl>)m ac/ f dC. 
c Uo<hkl> C 

(11) 

Eqs. (10) and (11) can be generalized further by replacing the normal stress with a mode I equivalent 
stress derived from any appropriate fracture mechanics failure criterion, leading to 

(12) 

where and CTJ,,<hkl> is the mode one equivalent stress parallel to the <hkl> direction and normal to 
the (hk/) plane at a location. 

For a single free surface stressed in tension the contour integral is taken over all <hkl> directions 
on the (mno) plane. If the (100) plane is considered, the scale parameter repeats every quadrant 
due to crystal symmetry and can be described by 

Uo(IOO){hkl) = Uo[oo1JCOS2(2B)+uo[OII)cos2(20+%) (13) 

where O is the angle from the [100]. The strength envelope as measured experimentally (i.e. the 
characteristic strength) can be described with the same functional form, as shown in Fig. 6 for 
this NiAI alloy. 
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Fig. 5: Failure origin in a <l 10> flexure 
specimen. Failure occurred from 
anEDMscar. 
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Fig. 6: Characteristic sttength of the single 
aystal NiAI alloy as a function of 
orientation . 

The coplanar energy release rate can be used to derive a mode I equivalent stress failure criterion for an 
anisotropic material. The mode I equivalent energy release rate can be defined as [14) 

(14) 

with 

(15) 

where the a;; 's are the single crystal elastic constants (compliances), K1 and Ku are the mode I and II 
stress intensity factors defined as K1 = u,. Y11l1 and Ku = TY11l1 where a is the crack siz.e, u,. is the normal 
stress and Tis the shear stress. The quantities µ1 and JJ2 are the roots of the complex equation[l5] 

a11µ" -2a16µ' +(2a12 +a66)µ2 -2a26µ+a22 = 0 . 

The equivalent stress can be found by defining the mode I equivalent stress intensity as 
K1., = CTJ., Y11l1 

and substituting Eqs. (15) and (17) into (14), leading to 

2 2 DJI 
CTJ,q = er;; -r---~-~-

D22 l 

Eqs. (12), (13) and (18) define the necessary functions for reliability analysis of anisotropic, 
brittle materials. For a volume analysis, more general equations are required. 
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CONCLUSIONS 

As in other brittle materials, an elfea of stressed volume exists for this single aystal N'tAl alloy. The 
Weibull scaling Jaw appears to apply to uniaxial cases for effective smm area changes of 3008/o or 
~ No statistically significant ditference between <110> and <100> Weibull moduli could be 
detected at 90% confidence. The same flaw popo]ation and failure mechanism (brittle failure without 
macroscopic ductility) appears to oontrol failure in both orientations rested Strength in the <110> is 
approximately two thirds of that in the <001>. The strength varies with orientation because ftaclure 
~ varies with orientation. A Weibull-based reliability model and failure criterion for 
application to brittle materials with strength and elastic anisotropy was derived. The model should also 
be applicable to isotropic materials that have strength anisotropy due to a nommifonn flaw distribution. 
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