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1. IrnRODUCTION 

Differences between the various approaches to property 

enhancement of binary NiAl are presented in this literature 

review. The primary advantages of directional 

solidification, purity, and properties associated with 

fracture toughness, ductility, and creep strength are 

emphasized. A comprehensive review of all physical and 

mechanical properties of NiAl and binary NiAl-based 

eutectics is not intended, 

2. PROPERTIES OF NICKEL ALUMINIDE 

2.1 Physical Properties 

Nickel aluminide is a 3/2 ordered P electron conjasund 

with a B2, CsC1-type crystal structure [I-31. This is an 

ordered body centered cubic structure, Fig. 1, which may be 

considered as two interpenetrating simple cubic lattices, 

Aluminum occupies one sublattice and nickel the other, 

Recent investigation indicates that stoichiometric niclkel 

aluminide melts congruently at 1955.K (1682OC) [ 4 ] ,  Slight 

deviations in composition and steep liquidus slopes are 

believed to be responsible for the lower value of 193.1 R 

(1638OC) most often reported. Stability of the NiAb plbase 

is shown not only by the high melting temperature, but a 



Figure 1: The CsCl (B2) crystal structure of P - N ~ A ~  and 
possible slip vectors on (110) planes [I]. 



high heat of formation as well. In fact, NiAl has t he  mast * 

exothermic heat of formation for any phase in the Ni-Al 

system, -72 kJ/mole [5]. A high ordering energy [1,6]  may 

limit the possible slip systems. Its density is 5.95 g/m3 

[I], approximately two thirds that of nickel-base 

superalloys. 

Binary P - N ~ A ~  has a wide phase field ranging from 4 5 * 0  

to 58.5 atomic percent Ni at room temperature (Fig'. 2) 171- 

The lattice parameter of binary NiAl peaks at 50 a./o 

aluminum, 2.886 A [6,8,9] , and depends strongly on 
stoichiometry (Fig. 3) [9]. Off-stoichiometric compositions 

are accommodated by incorporation of constitutional defects 

in the crystal lattice. Excess nickel substitutes for 

aluminum on the aluminum sublattice, but excess aluminum 

generates vacancies in the nickel sublattice because 

aluminum does not enter the nickel sublattice [6,10-121. 

The highly symmetric and open crystal structure of p- 
NiAl increases the potential for successful property calntroB 

through alloy additions compared to other intermeb:allic 

phases with more complicated crystal structures [ 3 . ] ,  

However, the open crystal structure may also increase the 

susceptibility to interstitial impurities and decrease the 

creep strength since diffusion rates are generally highler in 

open structures than for close packed structures [P%,14Je 
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Ni:A1 ratio, generating point defects [9,10] which increase 

the effective diffusion coefficient and therefore the creep 

rate (Fig. 4) [9,17]. Furthermore, at low temperatures 

these defects create dislocation atmospheres which increase 

the yield strength and contribute to brittle behavior 

[9,17], Thus, the ductility, ductile-brittle transition 

tewerature (DBTT), and creep strength are sensitive 

functions of structure, alloy composition, stoichiometry, 

impurity content, and lattice defects [1,17], all of which 

are affected by the thermal and chemical environment of any 

processing technique. 

To emphasize the sensitivity and complex nature of 

purity and stoichiometry effects, brief examples concerning 

substitutional and interstitial alloying are given here. 

More detailed discussion is presented in later chapters. 

Low levels of Mo, Fe, and Ga have been shown to increase the 

room 'temperature ductility of <110> and <Ill> single 

crystals, Fig. 5 [18]. The increase in ductility has been 

attributed to gettering of interstitial impurities [18]. 

Kowev~es, at levels above 0.5 a/o the effect is lost. 

Interstitial impurities can be potent strengtheners in 

N i A 1 ,  Fig, 6 [9]. The effects of specific interstitial 

impurities are currently under investigation. 

Unfortunately, the level of purity has not always been 

reported, making the isolation of purity related effects on 
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Young's modulus shows a linear dependence on 

temperature [21,25], but is relatively insensitive to minor 

alloying additions[25]. The temperature dependence of 

Young" modulus follows the equation: 

E=204.9-0.041(T) 

where T is in K and E is in GPa [23]. For polycrystalline 

N i A I ,  Youngts modulus shows a strong dependence on 

:processing technique by virtue of crystallographic textures 

associated with the various processing conditions. For 

exanple, extruded NiAl shows a higher modulus than hot 

pressed or cast and homogenized ingots, probably due to a 

<Ill> preferred orientation [26,27]. Values of Young's 

modullus (E), Poisson's ratio ( v ) ,  compliance (Cii) and the 

shear modulus (G) are given in Table 1 and Figure 7. 

T-LE 1: Elastic constants for NiAl at room taperature 
I I I 1 

PROPERTY ORIENTATION VALUE (GPa) REF. 
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2.3 S l i p  Systems 

Nickel aluminide does not meet the Von Mises criterion, 

falling short of five independent slip systems required for 

a generalized change of shape. At room temperature, the 

active slip system is predominantly <001>{110} f a r  

polycrystals and nearly all single crystal loading 

conditions, with a very small percentage of <001>{100) 

dislocations observed by some investigators [9,29], Due to 

a high Schmid factor, the dominant slip system for [I101 

oriented crystals is <001>{100} [30-321. However, the major 

exception is cool>-oriented single crystals where < l l l : > { I 1 2 )  

dislocations have been observed at low and intermediatc~ 

temperatures, Figure 8 [9,33]. At elevated temperaturc~s a 

combination of <loo> and <110> dislocations are observed 

which move by non-conservative motion [9,29]* Cross slip 

has been observed on orthogonal {110) planes [30,33], In 

[I101 and [I121 oriented single crystals, duplex cube :slip 

has been observed [30,31,34]. It should be emphasized that 

non-<001> dislocations result from testing at low 

temperatures under special conditions where the ScEurnid 

factor on the {110)<001> systems is extremely low [ 9 , 2 9 ] ,  



0 
0 200 IUX) m 800 loo0 1m 

Temperature (K) 

F i g a r e  8: Fractional density of dislocations in "hardm 
single crystal Ni-48A1 a/o after deformation as a 
function of temperature [ 9 ] .  



2.4 Y i e l d  Strength 

The yield strength of P - N ~ A ~  at room temperature is 

generally measured in compression due to its low ductility. 

Results of compressive yield strength tests indicate tk,at 

the plastic behavior of P - N ~ A ~  is highly sensitive to 

stoichiometry, impurity content, grain size, coolj-ng ralte 

(thermal vacancies), and specimen fabrication 

[1,6,10,14,20,35,36]. The temperature dependence is si.miLar 

to that of BCC metals. An orientation dependence is clearly 

evident in Fig. 9. For [001] crystals the yield strencrth 

shows extreme orientation sensitivity at low absolute 

temperatures, a plateau of only slight dependence at 

intermediate temperatures, followed by another region of 

sensitivity at elevated temperatures [37]. The drop in 

yield strength near 600 K is associated with a change nn the 

slip system in conjunction with the activation of non- 

conservative deformation mechanisms. The yield strength of 

stoichiometric <llO>-oriented single crystals is 

approximately 165-190 MPa [I, 19,20,35,38,39] and far <100>- 

oriented single crystals it is 980-1400 MPa [20,40], 

Based on single crystal properties, crystallographic 

texture and substructure are expected to significantly 

contribute to the flow properties of polycrystalline 

NiAl [41]. However, a recent study by George and Liu 63-93 

suggests that substructure may not be crucial to 'the limited 
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tensile ductility. They report a tensile yield strength of 

154 MPa and ductility of 2.2% for extruded (9:l) and f u l l y  

recrystallized stoichiometric NiAl with a grain size of 

approximately 30 5 pm. 

For polycrystalline NiAl of near stoichiometric 

composition, the yield strength is similar to that of soft 

oriented single crystals. For significantly off- 

stoichiometric compositions it is on the order of hard 

oriented single crystals, even though polycrystalline 

deformation occurs by <001> slip. However, at elevated 

temperatures, 1000 K and above, the yield strength is 

essentially the same for soft and hard oriented single 

crystals and polycrystalline NiAl due to the actiqvatioa~ of 

bulk diffusional processes 1371. 

The average hardening rates for variations in 

stoichiometry or alloy content are greater than 100 ma/at%, 

the actual value depending on the alloying element [9,:L9]. 

While any significant deviation from stoichiometry results 

in considerable hardening, the difference in constitutional 

defects between Ni- and Al-rich NiAl provides different 

hardening rates, For Ni-rich material, the hardening :rate 

is 120 MPa/at%, while for Al-rich NiAl it is nearly 

350 MPa/at% [19]. Hence, the Ni vacancies required to 

accommodate excess A1 are more effective at pinning 

dislocations than anti-site defects. The effect of non- 
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crystals cut from the same homogenized casting, effectively 

eliminating deviations in composition and purity as 

variables. Slip was assumed to occur on <001>{100) for the 

<110> oriented crystal, which gives a CRSS of 109 m/m2; an 

erroneous value of 77 MN/m2 results if the operative slip 

system is assumed to be <100>{110). Using the observed 

<001>{110) slip system for the <Ill> oriented crystal gives 

a value of 124 M.FI/m2. In contrast, Wasilewski detemined 

the CRSS for <001>(110) slip in a <Ill> oriented crystal 60 

be 60-100 MN/m2 [21]. Values of CRSS are therefore a good 

indication of the relative purity between stoichiometrie 

specimens. 

Temperature effects have been modeled equally well by 

two equations [24]: 

and the emperical equation 
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Figure 

Temperature (XJ 

10: The critical resolved shear stress for single and 
polycrystalline N i A 1 .  a) a<100> slip in 5soE%g 
crystals, b) a<111>(112) and a<110>(%10) slip in 
%hardf crystals, and c) the CRSS -vs- lOOO/T for 
nominally stoichiometric 'soft1 (dashed curves) 
and 'hard' crystals, after Miracle [ 2 4 ]  





where the deformation mechanism changes from slip by <111> 

to non-conservative motion of <001> and <110> type 

dislocations [50-521. Deviation from stoichiometry 

increases the DBTT. For example, the DBTT of Ni-40A1 <081>- 

oriented crystals occurs at 1000 K [29], but for 

polycrystalline NiA1, it can occur as low as 550 R [ 3 7 ] ,  

The change in fracture behavior at the DBTT is 

generally attributed to a change in either the dsnlinant slip 

system or the activation of non-conservative mechanisms. 

The low DBTT1s observed for soft oriented single crystals 

(0.28 Tm) and some polycrystalline specimens cast doubt that 

bulk diffusional processes can account for the transition- 

Noebe [37] has identified an intermediate temperature regime 

between dislocation glide and bulk diffusion (creep) 

dominated deformation regimes, Fig. 12. In this 

intermediate regime, dislocation climb occurs by short 

circuit diffusion [53,54], in the vicinity of the grain 

boundaries only. Dislocation glide dominates the grain 

interiors below 1000 K. However, the resulting increase in 

grain boundary compatibility gives rise to increased 

ductility and toughness. Hence, the DBTT occurs at the 

onset of short circuit diffusion at the grain boulzdaries 

with an activation energy of 236 kJ/mole, slightly less than 

314 kJ/mole observed in the high temperature regime [ 5 5 ] ,  

and a well defined stress exponent of 16.2 + 1.3, In-siku 



Stress (idPo) 

F i w c e  12: The steady state flow stress for NiAl as a 
function of strain rate and temperature. The 
low temperature regime is denoted by X, 
intermediate temperature regime by open, and 
high temperature regime by closed symbols [ 3 7 ] .  





beam specimens had a fracture toughness of 16 ~~at/m, but if 

subsecjuently annealed at 473 K and slowly cooled the value 

Eel1 to only 3 ~ ~ a d m  [38]. Thus strain aging may affect 

the yield strength and ductility of NiA1. 

2 - 8  Creep Strength 

The creep resistance of P-~i~1, defined as the stress 

required to produce a secondary creep rate of s-1, is 

lower than that of current superalloys [1,9,17]. The data 

shown in Figure 13 are typical of NiA1, and show power-law 

behavior, at least above a strain rate of [17]. The 

secondary creep rate, i, is Inore generally expressed using a 

f o m  of the Dorn equation: 

where cr is the applied stress, E is Young's modulus, n is 

the stress exponent, Q is the activation energy for creep, R 

is the gas constant, T is the absolute temperature, and A is 

a eonstant involving the effects of microstructure and anti- 

phase boundary energies. The values of Q and n depend on 

the active deformation mechanisms. The stress exponent, n, 

was found to be between 4 and 5, indicating that creep in 
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dlifferent for alloys where the addition is intentionally 

substituted for either Ni or A1 in the alloy composition 

[771° 

No acceptable solid solution hardening theory can 

~rxplain all of the experimentally observed behavior of 

ordered intermetallic alloys such as NiAl [9,37,78,79]. In 

particular, certain microalloying additions, intended to 

~rnhance the grain boundary strength or to getter impurities 

from the matrix, have been shown to produce a significant 

increase in the room temperature tensile ductility of NiA1, 

but only at low concentration levels [1,18]. Near 

stoich.iometric [110] single crystal NiAl doped with 1000 ppm 

of enl.her Fe, Ga, or Mo shows an increase in room 

temperature tensile elongation from 1% to 6% attributed to 

gettering of impurities [18]. Further addition of the 

ternary element negates the effect, Fig. 5. 

A major area of research interest concerns the lack of 

five independent slip systems in NiA1. Hence, many alloy 

development programs, both theoretical and experimental, 

have focused on changing the ordering energy, or anti-phase 

Jracsumdary energy (APB), by alloying NiAl with ternary 

additions. Sufficient change in the APB energy will permit 

the activation of additional or alternate slip systems 

[75,77,80-871. Generally a macroalloying approach is 

required, where additions of more than 1 a/o are common. 



However, macroalloying has shown very limited improvement in 

ductility due to the concurrent effects of solid solution 

strengthening [6,80,88]. 

Theoretical calculations provide guidance for selection 

of potential alloy additions and the quantities reiquired f o r  

maximum effect on the APB energy. Interatomic potential 

models indicate that elements such as Mn, Cr, Fe, and V' may 

reduce the APB energy up to 70% when preferentially 

substituted for either Ni or A1 at levels near 17 atomic 

percent [83,84,89]. However, the actual solubility of these 

elements in NiAl is limited to levels below that required 

for the maximum theoretical effect on the APB enezrgy- 

Furthermore, theoretical analyses generally do nol: take? i n t o  

consideration the effects of solid solution hardening, In 

fact, solid solution effects have been shown experimentally 

to dominate the mechanical behavior. 

The effects of Hf, Zr, Cu, Cr, Fe, Ga, La, Mo, Ni, Re, 

W, Y, and Be have been determined experimentally [9,88 ) , 

some are shown in Fig. 14. The low cleavage strelngth of 

NiAl [ go ]  is responsible for transgranular fractu:re. 

Intergranular fracture results when yielding prodiuces strain 

incompatibilities at the grain boundaries. Only :relatively 

pure NiAl and NiAl-Be alloys yield before fracture 193, The 

effect of low levels of Zr, Cr, and V is signif icant oinly 

above the DBTT [75,86,91]. Auger studies indicate that Zr 
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should be noted that these dislocations are not of a 

different character than for untreated NiAl. Theleefore, 

these treatments do not increase the number of independent 

slip systems. 

The reason for poor ductility and fracture toughness in 

a mobile dislocation density limited material can be 

understood from a fracture mechanics approach, The spacing 

of mobile dislocations in relation to the extent of the 

yield surface dictates the nature of the material (Fig, I?), 

If the yield surface size exceeds the spacing, then the 

material behaves in a ductile manner. Whereas if the 

spacing is too large, the stress intensity at the crack tip 

decays before causing glide of mobile dislocations and the 

material acts as if no mobile dislocations are present at 

all [38]. 

It should be emphasized that the techniques ~nikrich have 

been shown to generate mobile dislocations produce only 

(110)<001> dislocations [47,109]. The lack of 5 independent 

slip systems required for a generalized change of shape 

remains. With this restriction, any yielding in a 

polycrystalline specimen will generate incompatible strains 

at the grain boundaries, leading to microcracking and 

failure by a Griffith type mechanism. 





4. MULTI-PHASE ALLOYING 

Extrinsic effects due to the presence of more than one 

phase occur often in NiAl due to the low solubility for many 

of the candidate alloying elements, In fact, a very e o m s n  

extrinsic approach to property enhancement is to i.ncorplosate 

a ductile phase within the brittle matrix which results in 

greater composite ductility through increased toughness 

[58,95,110]. There is also the possibility of slip t ra .nsfer  

between the second phase and the matrix, i.e., an intrinsic 

mechanism [37,58]. Optimization of microstructure, phase 

distribution of the reinforcement, and composition has the 

potential to significantly improve ductility. 

Attempts to improve the creep strength of NiAl include 

alloy additions [10,17,94,97] and composite reinforcement 

[97,10,95,111]. The alloy additions are intended to produce 

solid solution effects and fine dispersions of precipitates, 

similar in theory and approach to superalloy development, 

Composite reinforcement may include both ductile and brittle 

phase additions. 

Refractory metals, such as No, V, and Cr, provide an 

excellent opportunity for ductile phase reinforcement since 

they form eutectics with P-N~A~. A primary advan1:age of 

eutectic alloys is the thermodynamic stability of the phases 

up to the melting temperature. However, microstructural 

stability is not inherent to eutectic alloys. Euitectic: 
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Increasing the number of mobile dislocations does not 

address the lack of independent slip systems. Nickel 

aluminide has only 3 independent slip systems and thesre:fore, 

does not satisfy the Von Mises criterion for a generalized 

change of shape. Techniques such as themo-mechanical 

processing and slip transfer from thin films have been 

successful in increasing the number of <001> type 

dislocations, but the improvement in ductility has been 

limited. 

Alloy additions can alter the effective Ni:A1 ratio and 

therefore the diffusivity of the alloy. Since creep 

strength is directly related to the diffusivity, the creep 

strength of the alloy is also affected by alloy allditions. 

Additions which tend to improve the creep strength a lse ,  tend 

to embrittle the alloy at low temperatures. 

These observations do not exclude the possibility t ha t  

an alloying approach may be found which accomplishes the 

intended property enhancement of single phase NiAI. 

However, the most promising avenue for property enbancement 

of NiAl appears to be careful processing of multia-phase 

alloys. Particularly promising are in-situ composites based 

on directional solidification of eutectic alloys, The 

presence of a second phase within an NiAl matrix ~ r e a t e s  the 

potential for crack bridging, crack trapping, debonding. 

crack branching, shear ligament formation, slip traaasf(2r 



between the reinforcement and matrix, and other fracture 

toughness enhancing mechanisms. Furthermore, the addition 

of Eaves or Heusler type phases to an NiAl matrix provides 

t:he pc~tential for increased creep strength. 

The purpose of this research was to identify, 

ciirectionally solidify, and characterize NiAl-based in-situ 

camposites in terms of their potential to improve the room 

temperature fracture toughness and creep strength of NiA1. 

Charac:terization of high purity NiAl provided the baseline 

for comparison with the eutectic alloys in order to clarify 

the effects of purity on the results. Finally, an 

assessment of the active fracture mechanisms and their 

contributions to fracture toughness were made by SEM 

characzterization and simple models. 

The scope of this research is broad and primarily 

experimental. Many different materials have been processed, 

many of which are new alloys. Therefore, the 

characzterization of each has generally been limited to 

microistructure, phase constitution, phase relationships, 

room temperature fracture toughness, and 1300 K creep 

strength. In some cases, TEN characterization of the active 

s l i p  systems, orientation relationships, and lattice 

parameter mismatch has been performed on the known eutectic 

alloys to examine any differences due to processing 

technique. Theoretical concerns have played a key role in 



many aspects of this work, including identification of new 

eutectic alloys, processing, and failure analysis of the 

composite materials though they are not the prirnajry focus. 

For convenience, the results have been separated into 

four parts, IV through VII. Part IV concerns the 

characterization of binary NiAl to establish a baseline for 

comparison and assess the effects of the higher purity levell 

produced by the containerless, electro-magnetically 

levitated zone process. Part V concerns the microstructure, 

slip systems, and mechanical properties of the billary 

eutectic alloys NiAl-9Mo and NiA1-40V, as well as the 

hypereutectic alloys NiAl-l2Mo and NiAl-15Mo. These 

eutectics have been grown previously using a modi:fied 

Bridgman process. Previous work has characterized their 

microstructures, high temperature stability, and ]phase 

relationships. Comparison between material produczed by the 

two different processing techniques is included in Parl:: V,  

Part VI contains the new ternary eutectic alloys along with 

their microstructural characterization, phase constitution, 

and mechanical property data- Finally, Part VII cancelms 

the fracture of NiAl-based in-situ composite materials, 

Scanning electron microscopy is used to identify the 

dominant fracture mechanisms for each alloy. In some eases, 

a simple model has been applied to characterize the 
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e 18: Schematic illustration of a modified B r i d p a n  
apparatus. 



choice of crucible material is critical for reactive melts 

in order to minimize contamination of its contents. 

Purification by fractional solidification under normal 

freeze conditions (such as in the Bridgeman technique) is 

more segregational than under zone melting conditions. 

Figure! 19 is a graphical comparison of the composition 

~rersus axial distance along the ingot between normal freeze 

conditions and zone melting conditions. The actual shape of 

lzhese curves depends on the partitioning coefficient, the 

fracthon solidified or the zone length, and the 

solidification conditions such as the growth rate, 

diffusivity, and degree of mixing in the liquid. Since the 

c2egrecz of purification by fractional crystallization depends 

on material properties, many of which are not explicitly 

:knom for the materials to be studied here, the resulting 

cempositions cannot usually be calculated. However, the 

emphasis is that limitations on the purity of NiAl-based 

ingots grown by a Bridgeman technique result from the 

crucible, not the actual solidification event or conditions. 

The principal advantage of zone melting is the 

elimination of the crucible, "Certain materials are so 

reactive when molten that no known container can hold them 

without contaminationw[l], Nickel aluminide is very 

reactive in the liquid state and its mechanical properties 

are very sensitive to impurity concentrations. In this 





techniwe, the environment surrounding the liquid zone can 

be used as an open chemical reaction system to purify the 

li.wid zone (hence the solidifying ingot) in addition to 

purification by fractional crystallization. 

:Zone melting and CELZ processing are essentially the 

same with the exception of ingot size limitations. Without 

the magnetic field containment, the height of the liquid 

zone is limited by the ratio of surface tension to density. 

For tlhis reason, the diameters of float zone ingots are 

usually limited to approximately 8 mm. The high thermal 

eaandu~l=tivity of NiAl results in significant spreading of the 

heat (and hence the liquid zone along the ingot axis, further 

limiting the diameter of the ingot. One way to decrease the 

height of the liquid zone is to focus the energy source to 

heat less material. In this way, use of an electron beam as 

an energy source may reduce the height of the zone, but it 

rewires a vacuum environment. The use of focused high 

intensity light is limited by condensation of evaporated 

material on the mirrors or the ingot-encapsulating tube over 

the course of crystal growth. In addition, the use of 

electron beams, high intensity light, or radiant heating 

preclude the advantages of electromagnetic containment of 

the liquid zone. 



2. COmAINERLESS ELECTROMAGNETICALLY LEVITATED ZONE 

PROCESS (CELZ) 

The ability to melt and simultaneously constrain o:r 

partially levitate the liquid zone is provided by induction 

coil-eddy current plate assemblies of various geometries 

that approximate slightly opened quadrupole fields [ 2 , 3 ] ,  W 

single geometry does not work for all systems since the 

melting range, thermal and electrical conductivity, density, 

emissivity, and other properties of intermetallie systems 

vary considerably. However, experience has shown that 

classes of systems behave similarly and may be processed 

with the same or similar induction coil geometries. 

Directional solidification is accomplished by 

simultaneous control of two interdependent processing 

variables. These variables are the position of the 

solidifying interface and the liquid zone diameter just 

ahead of the freezing interface. A schematic of the process 

and control inputs is shown in Figure 20. The moltten 2 ;owe  

image is digitized by a 512 x 512 array of photodiodes, each 

representing one pixel with an intensity level belzween O and 

256. The liquid diameter is determined at a seleczted row of 

pixels by counting the number of pixels having an ilnternsity 

level above a threshold value. The diameter of the l i c ~ a s i d  

is controlled by stretch or squeeze actions on the l i q t ~ i d  

which result from relative motion between the umc=l&ed and 



LEVITATION 
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Figure 20: Process control schematic. 



freezing portions of the ingot at opposite ends of the ,zones 

The solid-liquid interface is determined by image analysis 

and held to a target position by controlling the induced 

power. Both the interface position and liquid diameter are 

held to their target values by proportional, integral (PI) 

control loops which cycle about 4 times per secondo 

In a typical run, the liquid zone is established 

manually and then transferred to computer control as the 

zone approaches steady state conditions. As the composition 

and therefore the temperature of the solidifying interface 

changes during directional solidification, the controller 

adjusts the power to maintain the position of the interface 

at the set point. The fact that this control action is 

independent of direct temperature measurements is important 

since temperature measurements have proven to be unreliable 

for process control for two reasons. First, the emissivity 

and melting temperature of the alloy are often ukik:nom, 

Second, the emissivity at the surface of the ingot can 

change during processing due to the segregation of solid 

contaminants to the surface of the liquid zone. These 

solids subsequently deposit on the surface of the re- 

solidified ingot. 

The control variables are interactive in that a change 

in one affects the others. For example, the melt record f o r  

NiAl-15Zr-15V (Figure 21) illustrates the interdependence 
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between liquid diameter, power, interface position, and 

solid diameter. The record shows that the liquid diameter 

was held constant. Nevertheless, the interface pcisition 

varied due to a change in emissivity caused by impurity 

solids emerging at the surface of the liquid. This caused 

control actions to the power level in order to bring the 

interface position back to set point. The sum of these 

variations produced oscillations in the solid ditmleter. 

The interdependence of the process variables creates a 

non-linear system. The ingot is an integral part of the 

power supply; it is essentially the core in a secondary coil 

of a transformer. As such, changes in the resistivity or 

dimensions of the ingot are equivalent to changing t h e  

properties of the transformer, i.e., the power transferred. 

Larger ingot diameters increase both the power input to the 

liquid zone and the levitation forces at a constant current 

setting. Higher emissivity results in greater loczal heat 

loss, requiring higher power levels to maintain a constant 

interface position within the electromagnetic fie:lld, The 

natural curvature of the zone at the solid-liquid interface 

depends on the surface tension relationships and viscosity 

of the liquid. This curvature can affect the process 

control since the distance between the measured liquid 

diameter and the freezing interface position dete:mine:s how 

tightly control actions and system response are coupled, 
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by a low speed diamond saw in the specimen (nominally 4 x 6 

x 40 mm) leaving a ligament approximately 4 x 4 ma. A 

fatigue crack was not initiated at the root of the notch 

prior to testing. The longitudinal axis of the specimens 

were parallel to the ingot axis. Therefore, the nlotch was 

cut transverse to the ingot growth direction. The nomi.na% 

strain rate was 1.4 x 10'~ s'l. The K-calibration fact:sr 

for pure bending was used to calculate the fracture 

toughness values [4]. The fracture toughness valtzes 

correspond to "steady statew, small scale bridging 

conditions. 

4. MIeROSCOPY 

Optical, scanning electron and transmission electron 

microscopy (TEM) were used to characterize the 

microstructures and dislocation structures of the processed 

ingots. Optical microscopy was used to characterize the 

general microstructure of the eutectic alloys before and 

after directional solidification. General metallographic 

preparation consisted of standard grinding and polishing 

techniques followed by etching with 5% HF-5% NN03*-90% Hz0 by 

volume, 

Transmission electron microscopy was perfom6.d by X,F. 

Chen, a visiting scholar from Shanghai Jiao Tong lJnivez?sit$r, 
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5. ELEVATED T ERATURE TESTING 

Elevated temperature testing was performed at NASA 

Lewis Research Center, Cleveland, OH, primarily unlder the 

direction of Dr. J.D. Whittenberger. Cylindrical 

compression samples 5 mm diameter and 10 nun in length were 

electrical discharge machined from the processed :ingots. 

Compression tests were performed at 1300 K. Testing was 

performed in air as a secondary test for oxidation 

resistance. If a material exhibited promising strengtkh at 

this temperature, additional testing was performet3 in the 

1200 to 1400 K range. Both constant load and ccpn:staicat 

velocity test conditions were used, Constant load 

conditions were used for strain rates less than 1113--~ s-1 in 

a lever-arm creep machine. Constant velocity conc3itisns 

were generated using a screw driven universal maclhine for 

strain rates greater than 10'~ s-l, Comparison of the 

stress-strain rate data between these two techniques sllow 

excellent correlation. 





[I] W-G. Pfann, Zone Melting, John Wiley and Sone;,,New 
York, NY, (1958) . 

[2] E.C. Okress et al., JAP, 23(1952)545. 

[3] A.J. Hatch, JAP, 36(1965)44. 

[4] W . F .  Brown and J.E. Srawley, in Plain Strain Crack 
Toughness Testing of High Strength Metallic Materials, 
ASTM Special Publication No. 410, ASTM, Philadelphia, 
PA (1966)13. 





Discrepancies in the reported mechanical properties of 

NiAl are often attributed to variations in material purity,, 

One of the unique advantages of the CELZ process is the high 

purity attainable in the resulting ingots, For this reason, 

careful characterization of CELZ processed NiAl has been 

performed at the University of Tennessee and NASA Lewis 

Research Center (NASA-LeRC), as well as other universities 

and corporate laboratories. The results indicate that the 

purity of these ingots is consistently higher than that: of 

NiAl produced by commercial processing techniques, Further 

characterization has contributed significantly to 

understanding the strain aging phenomenon observed f o r  

commercial purity NiA1. 

In all, the yield strength, critical resolveld shear 

stress, percent elongation, 1100-1300 K creep strlength, and 

fracture toughness of CELZ processed NiAl have beten 

determined and compared to binary NiAl and NiAl-based allays 

produced by other techniques. Experimental results are 

presented in this chapter and are subsequently used as the 

baseline for comparison with the in-situ composites 

discussed in later chapters. 



2, EXPERIMENTAL PROCEDDRE 

Ingots of NiAl and NiAl(O.1Zr) have been directionally 

solidified using the CELZ process described previously. 

"FyMca.lly, the growth rate is 2 cm/hr with the interface 

~:otati.mg at 75 rpm. For [Oil] seeded crystals, the nominal 

po*h conditions are 1.9 cm/hr at 100 rpm. Room 

temperature fracture toughness, creep strength in the range 

of l 1 O O  to 1300 K, and yield strength as a function of 

temperature were determined for high purity single crystals 

at the University of Tennessee and NASA-LeRC. Further 

charac~terization was performed elsewhere as referenced. 

:3* RESULTS 

3,1 Processing 

i4 typical data record for NiAl is shown in Fig. 22. 

Fivrcss 23 and 24 show typical ingots grown from a 

polyerystalline precursor ingot and a [I101 seed crystal, 

respectively. The seed crystal was provided by NASA-LeRC. 

As shorn in Fig. 24, a small amount of contamination came to 

the surface of the seeded crystal during processing, 

However, the amount of contamination decreased as the run 

progressed, Fig. 24. Since this type of surface phase is 

not observed on the un-seeded crystals, the contamination is 
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(0,900 in), from 2.54 cm (1.00 in). This dimension was 

chosen from the steady state diameter of a successful 

processing run and provides a zone shape amenable ta tight 

process control using the existing coil geometry. Grinding 

the ingots prior to directional solidification also helps to 

eliminate surface contamination which may have occurred 

during the initial drop casting operation used to prepare 

the precursor ingots. 

The precursor ingots often contain a shrinkage p i p ~ e .  

Generally, this pipe is detrimental only during 

establishment of the initial zone. The ingot is initially 

cut into two pieces to allow for both thermal expansion of 

the assembly and volume expansion on melting. The first 

liquid to form is pushed to the center of the ingot and 

generally freezes, welding the two pieces togethen:, Fuirther 

melting begins to create the liquid zone, but the center of 

the ingot remains solid. This is the critical por~tion of 

the run for the NiAl ingots. It is within this manually 

controlled window that the vast majority of spills occur, 

When the center eventually melts, trapped gas in the pipe 

can blow the liquid out of the zone. Otherwise, the liquid 

may flow into the pipe by a combination of capillary action 

and pressure from the electro-magnetic field. The resulting 

zone diameter is much smaller and requires a much higher 
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angle grain boundaries. These cusps do not- interfere with 

process control because the input parameter values used for 

control are averaged over at least 6 of the most recent data 

points. 

The image-based control system is able to adjust the 

power to correct for changes in heat flow independent of 

temperature measurements. The heat flow varies with the 

position of the zone along the length of the ingot. Changes 

in the emissivity of the surface due to precipitation of 

contaminant phases from the liquid also cause the heat flow 

to vary. For the binary NiA1, changes in heat flaw and 

interface temperature due to compositional changes in the 

zone are not a problem. Changes due to emissivity are 

generally the most severe. 

The dimensional control possible using the iakage-based 

control system developed at the University of Tennessee [ 3 -  

51 is very good, Figs. 23 and 24. Under tight control of a 

clean ingot, the tolerance approaches the resoluti-on sf the 

optical system. The pixel size determines the resolution 

and for the current system is approximately 0.08 xm. Hence, 

the solid diameter of NiAl ingots is.often contro:lled to a 

tolerance of + 0.08 mme 



3 2 Mi~cros%ructu+e 

The typical microstructure of an NiAl ingot processed 

from a polycrystalline precursor ingot consists of a single 

crystal between <loo> and <123>, perhaps with a surface 

grain or two. The [IlOI-seeded crystals are in fact 

oriented along the [110] direction. However, the preferred 

growth direction is [001] for NiA1. The difference between 

the oblserved axis of the ingots (determined by Laue back- 

reflection) and the preferred growth direction is most 

likely due to the characteristic curvature of the 

solid/liquid interface in the CELZ process as discussed in 

PmT I11 (experimental procedure). 

This curvature is a function of the power input, 

them~kl conductivity, emissivity, and melting temperature of 

the alloy. The power input is deeper than in most zone 

processes because the frequency used in the CELZ process is 

l o w e r F  10 kHz. The power level drops to l/e of the surface 

at a depth of nearly 2.5 mm, much deeper than for 

frequencies in the mega-Hertz range. Any material property 

or process condition that affects heat flow will alter the 

curva.ture of the interface as well. 
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-- 

a Analysis performed using wet chemistry/titration, f 1%. 
Analysis performed on an Ultraviolet/Visible Spectrophotometer, Shimadzu, Model UV-160 
Analysis performed on a Simultaneous NjO Determinator. LECO Corp. Model TC-136 or Mode 

436, &lo%. 
Analysis performed on a Simultaneous N/O Determinator. LECO Corp. Model TC-244, &lo%. 

, f 10%. 
1 TC- 



3.4 Yield Strength and CRSS 

The room temperature yield strength of NiAl has been 

measured for various heat treated conditions, purity levels, 

and grain sizes (including single crystals). T y r ~ i e a l  

stress-strain curves for tensile and compression t:esting sf 

NiAl are shown in Fig. 25 [7]. Table 5 is a s 

yield strength of HP-NiA1 in various heat treated 

conditions. The 47% decrease in yield stress resultingi from 

annealing and water quenching is due primarily to the 

reduction in thermal vacancy concentration [7]. The 

hardening effect of thermal vacancies is 900 Wa/atamie % 

[12,13], Vacancy concentrations of 0.5 to 1% are possible 

in NiAl quenched from intermediate temperatures [2,14-161 

and up to 2% is possible near the melting temperal:ure [I?], 

A vacancy concentration of only 0.11% is required to produce 

the observed decrease in yield strength, which is within the 

possible range of values. A proportionate decrease in yield 

strength occurs for CP-NiA1 further implicating vacancies as 

the primary source of the observed yield drop, Differences 

between the yield strength of HP and CP-NiA1 in t l ~ e  sanae 

heat treat condition are attributed to their purilty levels 

and illustrate the importance of measuring these levels f o r  

a clear interpretation of the data. 
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sc slow cooled C - compression test 
fc furnace cooled T - tensile test 
wq water quenched 

A yield point is often observed for CP-NiA1 especially 

after specific heat treatments [8,18-221. On the sther 

hand, yielding is continuous for HP-NiA1 in tension and in 

compression, with no yield point evident even after the heat 

treatment known to produce a yield point in CP-NiA1, This 

observation suggests that a threshold level of cointami~lation 

exists between that of HP-NiAl and CP-NiA1 which dictates 

the yield behavior of the material. Such be ha via:^ is 

reminiscent of strain aging in low carbon steels [23,24] ,  

Specific investigation into the yield behavior of MiAl 

has produced varied evidence of strain aging [25) inchrding 

yield points and serrated yielding [26-311, strain rate 

sensitivity minima [32,33], yield stress plateaus as a 
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similar conditions. The as-received conditions are not 

comparable because the CELZ and Bridgman techniques differ 

themally and are therefore likely to differ in vacancy 

eoncentration, 

The effects of prestraining on yield strength have been 

(letermined for polycrystalline CP and HP-NiA1 [6], The 

effect of prestraining on CP-NiA1 is to eliminate the yield 

point. The HP material yields continuously both before and 

after the prestrain pressurization, The yield point returns 

f o r  the prestrained CP-NiA1 after a subsequent anneal (1100 

lK/3h/fc). The behavior of C-doped NiAl is similar to that 

of CP--NiAl. Nitrogen doped NiAl is similar to HP-NiA1 

because of the lower C concentration in that alloy [6], 

The compressive yield strength of <001> NiAl is shown 

as a function of temperature in Fig. 26 at a nominal strain 

rate of 1.4 x 10'~ s-l. The upper plateau extends from room 

tempe:rature to approximately 625 K at nearly 1400 MPa. The 

precipitous drop is a result of the change in deformation 

snecha~nism which occurs near the DBTT. The DBTT of HP-NiA1 

is approximately 500 K, essentially the same as for CP-NiA1, 

based on Arrhenius plots of compressive data [7]. Together, 

the l o w  resolved shear stress of the hard oriented crystals 

for the <001>{110) system and the high CRSS for <Ill> and 

<110> systems result in a high yield strength. The yield 

strength is maintained until dislocation climb becomes 
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CP-NiA1 [9]. The effect of these precipitates has been 

estimated to increase the CRSS by approximately 13 MPa [9]. 

An effect on the ductility would also be expected, but has 

not been addressed directly. The dependence of fracture 

toughness on orientation can be explained by resolving 

n o m a l  stress on the cleavage plane [41]. The cleavage 

plane for NiAl is {110). Figure 27 shows the dependence of 

fracture stress on specimen orientation [41]. 

3-6 Creep Strength 

The elevated temperature behavior of HP-NiA1 has been 

detem~ined over a range of 1100 K to 1300 K. At 1300 K, 1% 

true strain, and a strain rate of 1 x lom6 s-I, the creep 

strength is 19.5 MPa. The behavior can be represented by 

the temperature compensated power law equation: 

where the activation energy for deformation is 314.2 kJ/mol, 

T is the absolute temperature in K, R is the gas constant 

(8,314 J/mol-K), and the stress exponent, n, is 5.75 123. 

The stress exponent suggests that creep is controlled by 

disloc~ation climb in this temperature regime. The 

activation energy for creep deformation in NiAl is within 
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to date (4.7%). The fracture toughness is 11.2 ~ ~ a g m ,  also 

the highest of any NiAl in the 473 K annealed condition, 

The creep behavior is dislocation climb controlled with a 

stress exponent of 5.75. The activation energy for creep 

deformation (314 kJ/mol) is on the order of that for 

diffusion in NiA1. 
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URE REVIm 

1.1 Introduction 

With a new baseline established for NiA1, the focus 

turned to improving upon the binary alloy. As pointed out 

in the literature review, limited success has been achieved 

through single phase alloying. In fact, the improvements 

observed for microalloying additions are nearly m t ~ t c h e d  by 

the high purity NiAl grown by the CELZ process. l%erefore, 

a multi-phase alloying approach was adopted as the best 

opportunity to improve upon the baseline NiA1. 

Specifically, the processing and characterization of in-situ 

composites were taken as the focus of the research. 

In-situ composites provide a unique opportunity to 

incorporate a second phase within an NiAl matrix, A 

particular advantage is the thermodynamic compati8)ility of 

the constituent phases, since these composites are based on 

directional solidification of eutectic alloys. On the other 

hand, the melting temperatures are lower, the oxidation 

resistance must be re-evaluated, and the lack of specific 

phase diagram information on Ni-A1-X systems will rewire 

additional effort to locate potential eutectic alltoys, 

However, several NiAl-based eutectic composites have been 

previously identified. These in-situ composites llave k~een 

conventionally processed by a modified Bridgman techniqpe, 

Experimental investigation has focused on phase composition 
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producing sufficiently large ingots with better purity. The 

variation in interstitial contamination from ingot .&a ingot 

is difficult to control and typically has not been reported. 

As shown in the 1073 K, NiAl-Mo phase diagram in 

Fig. 28, a two-phase field occurs between NiAl and Mo [1,2]. 

The binary eutectic occurs at 1778 K (1505'~) and 9 atomic 

percent molybdenum [1,2]. There is less than 0.1 a/o 

solubility for Mo in NiAl and approximately 5 a/o solubility 

of A1 and Ni in Mo after a 24 hour homogenization treatment 

at 1723 K (1450°C) [3]. However, solubilities as high as 9 

a/o Ni and A1 have been observed after 500 hours at 1473 R 

(1200°C) [3]. Hence, the mechanical properties of the No 

rods may be expected to differ from that of pure molybdlenu, 

Some of the promising characteristics of the eutectic 

NiAl-9Mo are the uniformity of the rod spacing [11, the 

stability of the faceted molybdenum rods within the H j i P ~ l  

matrix, and the fault-free growth of the rods frorn the 

melt 141. Further characterization has shown that: the 

preferred growth direction is <001> [1,4,5] with a cube-on- 

cube orientation relationship between the faceted rods and 

the NiAl matrix. The facet planes of the molybdel%m rods 

are of the {110) type [1,4]. The volume fraction of the 

molybdenum rods has been estimated to be between 0,09 and 

0.11 [1,4]. Ingots processed at growth rates of 0,6 g:m/&r 

and 5.0 cm/hr have rod densities of 11x10~ and 46:rr106 





fibers/cm2, respectively [4]. Included in Table 8 is a 

summary of mechanical properties for NiAl-9Mo. 

Table 8: S ry of mechanical property data for - - - 
eutectic alloys. 

L 

ALLOY KI I Creep 1 Hardness, H, 

I NiA1 (V) - 356 + 6 
I I 

REF, 

* Directionally solidified 

Microstructural stability is excellent at high 

temperatures [4]. In fact, the faceted rods show no change 

in fiber density after more than 330 hours at 1673 K 

(1400°C) [4] and a negligible amount of coarsening after 100 

hours at 1773 K (1500°C) [3]. In comparison, the 

cylindrical rods in the ~ i A 1 - 3 4 ~ r  eutectic are completely 

spheroidized after 160 hours at 1673 K ( 1 4 0 0 ~ ~ )  1 4 3 ,  The 

rapid spheroidization occurs by pinching off the cylindrical 

chromium-based rods at constrictions in the rod diameter, 

Variations in diameter occur during the directional 

solidification process [4]. The faceted molybdenum rods do 
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2,  EIlneERImNTAL PROCEDURE 

The binary eutectic composites NiAl-9Mo, NiA%(O,IZr)-- 

9M0, NiAl(O.1Zr)-12M0, NiAl(O.1Zr)-15M0, and NiA1-48V were 

directionally solidified using the CELZ process described 

previously. For each ingot, the processing atmosphere was 

He with an initial oxygen concentration in the range of 10- 

l3 to 10'14 parts per million. Data records for the NiAI- 

9Mo and NiA1-40V ingots used for mechanical property 

evaluation are shown in Figs. 31 and 32, Typical CELZ- 

processed ingots are shown in Fig, 33. Growth conditiolns 

for the ingots are summarized in Table 9. The NiA1-40V 

ingot was long enough to section into two parts 40 m in 

length, which were designated as sections i and ii. 

Observations concerning the processing of each coxaposit-e are 

presented separately in following sections. 

* i and ii refer to sections of the NiA1-40V ingst. 
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Transmission electron microscopy was performed by Ms, 

X.F. Chen, a visiting scholar from Shanghai Jiao l-ng 

University, PIR. China. .Both binary eutectic alloys w e r e  

characterized using TEM techniques. Dislocations w e r e  

characterized for as-processed and room temperature bend 

tested specimens using a near invisibility criter:isn, gsb, 

This information was used to determine which defolmatiow and 

failure mechanisms are active during room temperal:ure kjewd 

testing. 

3. N-1-Mo SYSTEMt 

Although processing of several NiAl-Mo ingots was 

attempted, only one ingot of each composition was used for 

mechanical property testing. Microstructural 

characterization was performed on the processed i~ngots used 

for mechanical property evaluation. Microstructu:raP 

characterization, mechanical property results, and 

discussion of the elevated temperature test results are 

presented in this part. Detailed discussion and levakuation 

of the fracture toughness and fracture mechanisms will be 

presented in PART VII, 
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terminated briefly at about 15000 seconds in order to 

prevent a spill. As shown in the data record, the solid 

diameter was not constant even though the liquid dliameler 

was under control during most of the run. This w a s  due to 

the variation in the interface position and the roll over of 

the liquid onto the processed ingot. Comparison between the 

power, interface position, and solid diameter data records 

illustrates the coupling between process variables as 

discussed previously. 

Since button melts with hyper-eutectic compositions 

show improved fracture toughness over NiAl, two hl~er- 

eutectic ingots were directionally solidified using the CELZ 

process. An NiAl-12Mo ingot was processed at 1.9 em/&r and 

50 rpm (Table 9). While the power was controlled manua,lly 

throughout the run, diameter control was initiated 

approximately half way through the run. An NiA1-IL5Mo i.ngot 

was processed at 1.9 to 2.5 cm/hr and 45 to 65 rpnn unaaclekr 

manual control. Establishing steady state growth conditions 

for the hyper-eutectic compositions proved to be clifficulit, 

The hyper-eutectic compositions exhibit the same rnelt 

characteristics as the eutectic composition, including the 

tendency for the liquid to roll over onto the processed 

ingot. 



!
 

9:
 

3
 5' r
 

t-'
 
9
 

W
 
0
 S: t-'
 . 

I-
' 

P
 E ct
 

Y
 

P,
 

ct
 

(D
 

ct
 

a
 

(D
 4
 

ID
 

I-
' 4
 I 5 0
 

M
 S: (b
 

&
' 

Cu
 

3
 8' 

. . r.
 

o 
t-' 

'4
 

B 
tl
 

8 
rn

 
0
 

I-
'. 0
 

ID
 

2
$

3
 P

*
 

U
, $ I-"
- R (D
 
9
 

Y
 

P,
 

f-' 'd
 

P,
 

Y
 

ct
 

0
 

M
 I? 7 4 8 m
 

G
 8 CC'
 

t-' 
. 
3
 

ct
 

3
 

(0
 

C
] M
 K 'd
 

Y
 
0
 

Q
 

(0
 rn
 

rn e 



Figure 34: (Sm-4QBS) As-processed microstructure of NiA1- 
9M0, transverse section, unetched. 

Figure 35: (SEM-4QBS) As-processed microstructure of 
NiAl(O.1Zr)-9Mo, transverse section, uwetched, 



F i p r e  36: (SEM-4QBS) As-cast microstructure of NiAl(O.1Zr)- 
9Mo precursor ingot, transverse section, 
unetched . 

Fimrs 37: (SEN-4QBS) As-processed NiAl-9Mo ingot showing 
rings of variable rod spacing and density due to 
variation in growth conditions. 



the growth rate varies along a to e, the rod 
spacing must change according to the relation:: 
G/R cr X2. The plane S is the sectioning plane 
which is projected onto the plane below- 



lobserved in Fig. 37. Deep etching of a specimen reveals 

.that branching of the rods (Fig. 39) occurs as a means to 

alter the rod spacing. A variation in the dimensions of 

individual rods is also shown in Fig. 39. 

The orientation of the rods vary such that each rod 

grows perpendicular to the local solidifying interface. On 

a small scale, this means that the cusp formed at an 

ewtecitic colony boundary at the solid-liquid interface will 

alter the rod axis towards the boundary [12], Fig. 40,  

Macroscopically, the curvature of the solid-liquid interface 

will ;alter the rod axis of the entire colony. Hence, a 

sample taken from the center of the ingot will contain rods 

which are aligned with the specimen axis, while the 

alignment between the rod axis and specimen axis may vary 

for s:pecimens taken near the perimeter of the ingot. 

In addition to slight variations in rod morphology and 

orientation, the ingots contain structural discontinuities. 

These discontinuities appear as bands transverse to the 

grcswth direction where the composite or coupled growth is 

disrupted. A severe case is shown in Fig. 41. Dendrites of 

NiWl form across the interface for a short distance followed 

again by coupled growth. The origin of these growth defects 

is unknown and does not correlate with any process control 

parameter. However, similar defects occur in ingots 

processed using the Bridgman technique [5]. 



Figure 39: (SEM-SE) Deeply etched NiAl(O.1Zr)-9Mo ingot, 
Shown are rod branching and variations in the sod 
diameter which occur during directional. 
solidification. 

e 40: Longitudinal microstructure of NiAl(O.PZr)--9Mo- 

134 





The interstitial purity of the NiAl(O.1Zr)-9Mo ingot is 

given in Table 10. The level of purity is not as high as 

for NiAlo The source of the additional impurities is most 

likely the Mo feed stock for the precursor ingots. 

* Relative accuracy 10% 

The microstructures of the hyper-eutectic alltoys alre 

shown in Fig. 42. The primary difference between these 

alloys and NiAl-9Mo is the presence of large Mo garains in 

the banded and intercellular regions. The intent is to 

increase the volume fraction sf the Mo-phase in tlle 

composite structure. Coupled growth of off-eutecl;ie 

compositions is possible [13], but disruptions in the 

coupled growth of the ingot are observed to occur more often 

than for the eutectic composition, However, the Ipreserlee of 

large Mo particles increase the volume fraction of the 

ductile reinforcement phase and may therefore ediance the 

fracture toughness. The possible effects on the lhigh 

temperature properties are less clear, see sectio:n 5,4,2, 
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3.3 TEM Observations 

Shown in Figure 43 is a typical TEM micrograph o f  the 

microstructure of the NiAl(O.1Zr)-9Mo alloy. Figure 43($s)  

represents material far from the fracture surface and shows 

the morphology of the Mo rods in the CELZ-processed 

condition. The plane of the foil is (001) which is 

perpendicular to the growth direction of the eutectie, The 

selected area diffraction pattern shown in Fig, 43(b) 

confirms a cube-on-cube orientation relationship b~etween t h e  

NiAl matrix and the Mo rods. The volume fraction of the 

reinforcing Mo rods was determined to be 0.11 by S m  digitall 

image analysis. Figures 44 (a) and (b) are from ma.terial 

near the fracture surface, showing dislocation tangles and a 

much higher dislocation density in the NiAl matrix: than %or 

the as-processed condition. Only a few dislocations can be 

found in the Mo phase. The dislocation Burgers vectors were 

determined to be <loo> in the NiAl matrix and <111> in the 

Mo phase [14] . 

3.4 Mechanical Properties 

3.4.1 Fracture Toughness 

Results of the screening tests performed on the  bi-nary 

eutectic alloys are listed in Table 11. At first,, the Zr 

addition appears to have a significant effect on the r o o m  



s 83: TEN micrograph and diffraction pattern of NiA1- 
9Mo. a) micrograph along a <001> direction 
(growth direction), b) [001] diffraction pattern 
showing the cube-on-cube orientation relationship 
between the NiAl and Mo phases- 

F i ~ l e e b  44: TEM micrographs of NiAl(O.1Zr)-9Mo taken near the 
fracture surface of a bend bar, Both a) and b) 
show the high dislocation density in the NiAl 
matrix. 
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Figure 45: (SEM-4QBS) Microstructure at the root sf the 
notch in a) NiAl(O.1Zr) -12Mo and b) NiA:l g 0, IZr) - 
15Mo bend bars. Severe banding at the root 06 
the notch causes the low fracture tough~ness 
observed in NiAl(O.1Zr)-15Mo. 



composite structure [15]. Finally, it should be stated that 

in the absence of a notch, the fracture initiation site is 

l i l re ly  to be more closely associated with the banding. The 

results indicate that a 2 mm deep notch is a more severe 

stress riser than the banding in the microstructure for the 

fiAb-Mo system, but not for the NiA1-34Cr alloy. 

?he fracture toughnesses of the hyper-eutectic alloys 

do not show any improvement over that of the eutectic 

composition. The NiAl-l2Mo specimens have a fracture 

toughness of 15.5 5 1.3 ~ ~ a d m  and NiAl-15Mo of 14.0 & 2.6 

madm [16]. This suggests that the presence of large No 

partic:les within the composite microstructure does not 

enhanee the fracture toughness of the eutectic alloy, 

despite the larger volume fraction of reinforcement. The 

slight decrease in fracture toughness for the NiAl-9x0 and 

INiAl-15Mo specimens is due to microstructural 

disco~~tinuities in the vicinity of the notch, i.e., the 

presence of large Mo particles. The crack path is generally 

observed to follow the particle boundary unless the aspect 

ratio or size of the particle is large. Such a crack path 

is expected to require less energy per unit area and 

therefore detract from the fracture toughness. The larger 

standard deviations in fracture toughness values support 

this observation. 
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The compressive yield strength of NiAl-(0,lZr)-9Mo is 

greater than that of [001] NiAl for temperatures above 708 K 

[16]. The improvement in yield strength persists to 

temperatures above 1300 K. Compared to NiA1, the decrease 

in yield strength with increasing temperature is less 

precipitous for the eutectic alloy. The abrupt de!erease in 

yield strength observed for NiAl is associated with a change 

to a thermally activated deformation mechanism at the DBTT 

[17]. Such a change is not apparent for the eutecztic alloy- 

The 1300 K creep strength of NiAl-(O.1Zr)-9Mo at 1% 

true strain and a strain rate of 10'6 s-I is 81-5 m a  and is 

represented by the equation: 

E = (8.59 x 10-18)(r5.79 

The stress exponent is essentially the same for [OOQ] N i i W l  

single crystals, Table 12 [16]. A stress exponent in the 

range of 4-5 generally indicates the creep behavior is 

dominated by a dislocation climb controlled mechanism 117- 

191. Such a mechanism is typical of pure metals. The low 

solubility of Mo in NiAl and of NiAl in Mo is in :Line krikh 

this result. 



"1200 - 1400 K range for [OOl] NiAl data. 

BE. mentioned, the microstructure of the NiAl(O.1Zr)-9Mo 

~ ~ a r i e s  along the length of the ingot. Although a 

significant effect due to banding is not observed for this 

alloy under the four point bend conditions used for fracture 

toughness evaluation, the creep strength varies 

significantly with specimen position along the growth 

direction. The 1300 K creep strength at 1% true strain and 

a strain rate on the order of lom5 s-I ranges from 90 to 

169 ma. Hence, the microstructure is very important to the 

cievelopment of this alloy for high temperature structural 

applications. The scale of the microstructure is an 

important parameter in determining the creep strength of 

composite materials. An increase threshold stress for creep 

is expected for very small reinforcement spacings [19]. 

Hence,, the banded regions are most likely weaker than the 

continuous composite structure. The creep strength values 





direet.ionally solidified ingot, disrupting'the process 

cont ro l  by altering the heat flow conditions. Hence, the 

solid diameter varies along the length of the ingot. The 

actual. growth rate deviates slightly from the nominal value 

3)ecausie of the difficulty in maintaining tight control of 

t h e  process. 

4 - 2  Microstructure 

YChe resulting microstructure (Figs, 48 and 49) 

indicates that a cellular interface exists for growth under 

these processing conditions. The microstructure is aligned 

except for banding which does occur for this alloy as well 

(Fig. 50). Contrary to the NiAl-9Mo alloys, the vanadium 

solid solution is continuous in the NiA1-40V alloy. The 

volmcs fraction of NiAl is 0.50 as determined by both 

digitisl analysis of SEM images and weight fractions of 

optic4al micrographs and is slightly lower than reported in 

prewiious investigations [8]. The solubility of each phase 

in th'e other decreases with decreasing temperature. 

Pre@ipitation of NiAl is observed in the V dendrites which 

intermittently disrupt the coupled growth, Fig. 51. 

The purity of the NiA1-40V alloy is given in Table 10, 

The level of purity is lower than both NiAl and the NiAl-9x0 







Figure 51: (OPT) Longitudinal section of NiA1-40V showing 
precipitation of NiAl within large single phase V 
regions. Precipitation does not occur ~ a i t h i n  the 
coupled growth regions. 



eutectic due to the purity of the vanadium stock and its 

high atomic percentage in the alloy. 

4.3 TEE Observations 

Figure 52(a) is a typical TEM micrograph of the as- 

processed NiAl-40V eutectic taken from the free end of a 4- 

pa in t  bend specimen. The plane of the foil is (QOl), which 

is perpendicular to the growth direction. The selected area 

diffraction pattern (Fig. 52(b)) shows that the lamellar 

N i a l  phase has a cube-on-cube orientation relationship with 

the continuous vanadium matrix. 

4 - 4  Mechanical Properties 

4.4 .1  Fracture Toughness 

R . e s u l t s  of the screening tests are given in Table 11. 

The room temperature fracture toughness of NiA1-4QV is 32.9 

+ 3.6 ~ a 4 m  1161 making this alloy the toughest of the 

ESiAl-based eutectics at room temperature. The volume 

fraction of reinforcement is the largest of the alloys 

studied and is a major reason for the large increase in 

fracture toughness. The fracture toughness of NiA1-40V is 

about a factor of three times higher than binary single 

crystal NiAl of similar orientation, also produced by the 





CELZ process [20]. The mechanisms responsible for the 

fracture behavior will be discussed later in PART VII. 

4-4-22 Elevated Temperature Properties 

Tihe properties of NiA1-40V at elevated temperatures are 

shown in Figs. 46 and 47. The compressive yield strength 

and 1300 K creep strength are greater than [OOl] NiAl at 

intermediate and higher temperatures [16]. There is an 

anomalous peak in yield strength near 850 K for this alloy. 

The strength decays much faster than any of the other 

coangos;ites due to catastrophic oxidation of V (all elevated 

4:empex-ature testing is performed in air). As a result, the 

steep decline in strength can not be attributed solely to a 

DBTT as it is for NiA1. Further characterization of this 

phenoxroenon was not pursued because of the poor oxidation 

resistance of NiAl-40V. The low creep strength is primarily 

~1ue to the oxidation of the V phase, but a lower value is 

also expected due to the lower melting temperature of this 

~euteclcic compared to the others, The 1300 K creep strength 

at 1% true strain and a strain rate of 10"~ s-l is only 39.8 

!War Table 12 [203 and is represented by the equation: 



Creep testing in an inert atmosphere would be an interesting 

topic for further study- 

5 ,  DISCUSSION 

5.1 Microstructure 

The previously reported orientation relationship and 

lattice parameter mismatch between the NiAl matrix and the 

reinforcement phase were confirmed for both the NiA%(OIIZr)- 

9Mo and NiA1-40V alloys. As expected, the CELZ process does 

not affect these alloy parameters, However, volulne Eraletion 

of reinforcement for the NiA1-40V alloy and the morpholsw 

of the Mo rods in the NiAl-9Mo vary slightly from those of 

previous investigations. The difference in volmc2 fracztion 

hay be due to the technique used in determining the va3.ueo 

Two techniques were used in this investigation, irnage 

analysis of binary digitized images and weight frzsctiora of 

SEM photographs cut along phase boundaries. The ~ c e s u l t s  

from these two techniques concur. 

The difference in processing technique may ac~count: for 

the variation in morphology of the reinforcement due to the 

dynamic nature of the CELZ process. The orientat.ion 

relationship is cube-on-cube for the NiAl-(0,lZr)'-9Mo 

eutectic. The preferred growth direction is [OOl] as 



evidenced by the diffraction pattern shown in Fig. 43(b). 

However, the rods must grow perpendicular to the 

eolid/liquid interface. Hence, the boundary between the 

zkatrix and the reinforcement phase is forced off of the 

preferred <011> planes, leading to the non-faceted rod 

morphology observed in some areas of the CELZ processed 

ingots. Other areas confirm the previously observed 

preference for the boundaries to lie on <110> type planes. 

%lo new slip systems were observed for the NiAl(O.1Zr)- 

9Mo or NiA1-40V alloys. In both cases, the NiAl was 

obserxred to deform by <001>-ty~e dislocations and the 

metallaic phase by <Ill> or <llO>-type dislocations typical 

of BCG metals. Hence, the theoretical prediction of slip 

system modification by vanadium additions is not observed 

erperimentally for NiAl at the eutectic composition, i.e., 

N i A L  saturated with V. However, this does not rule out 

changes in the mobility or ease of generation for <loo>-type 

dislocations in the NiAl(V) solid solution phase of the 

composite. Further discussion concerning dislocation 

generation as a mechanism for improving the fracture 

.toughmess is contained in PART VII. 



5.2 Fracture Toughness 

Compared to previous reports, the fault free groelh and 

faceted morphology of the Mo reinforcement is not as evident 

for the CELZ processed ingots. However, the fracture 

toughness of CELZ processed NiAl(O.1Zr)-Mo concurs with 

previous investigation of NiAl-9Mo. Banding was noted in 

the microstructure regardless of processing techniye and 

for both Zr-free and Zr-doped alloys* However, the observed 

banding was in the immediate vicinity of the notch for the 

Zr-free alloy, resulting in the lower fracture tou.ghness 

values measured for this alloy. The Zr addition d.oes not 

detract from the fracture toughness over single phlase N i A 1 ,  

Although no fracture toughness data was reported for 

directionally solidified NiA1-40V prior to this 

investigation, previous investigation of hypo-euteictic V 

additions predict a limited increase in fracture toughness 

for composites containing vanadium as a reinforcement due to 

solid solution hardening effects 173. In that 

investigation, the microhardness of the vanadium phase 

nearly triples and becomes greater than that of the N i A . 1  

phase for the two phase alloys. Based on this data, the 

outlook for vanadium as a potential ductile reinforcement 

was not good despite the high volume fraction of a m e t a . l B i e  

phase. However, the actual fracture toughness far the 

directionally solidified eutectic is quite high, 32 ~ ~ a d r n ,  





5.3 Elevated Temperature Properties 

Creep testing was not performed on the hyper-euteetie 

alloys because the density is increased over that of the 

eutectic composition with no additional improvement in 

fracture toughness. Since the creep strength has been 

attributed to the fine scale of the composite 

microstructure, the hyper-eutectic compositions are not 

expected to show improvement in elevated temperatu~re 

strength. The large Mo particles are presumed to weaken the 

composite based on the larger scale of the microstrrse'Lure in 

the banded regions where these particles are found. 

The mechanisms controlling creep behavior of NiAl are 

similar to those of disordered alloys [22]. Comparison of 

the stress exponents for the NiAl(O.1Zr)-9Mo and NiWB-40V 

alloys indicates a slight difference in creep behavior at 

1300 K and a strain rate of 10'~ s'l. The stress e q o n e n t  

for the No-eutectic is nearly identical to single crystal 

NiAl of the same orientation. However, the V-euteetic 

exhibits a slightly lower stress exponent. For p~lrcz metals, 

a stress exponent of approximately 4 to 5 generally 

indicates that creep behavior is controlled by dislocation 

climb. The stress exponents for both alloys are within the 

range of values expected for climb controlled creep 

behavior. The lower value for NiA1-40V may refleczt the fact 

that V is both the continuous phase and the domin,snt phase 
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Figure 53: (SEM-4QBS) Transverse microstructures of NiA1-  
34Cr and NiA1-15.5Ta. a) NiA1-34Cr, showing @r 
rods in a NiAl matrix, b) NiA1-15.5Ta, showing 
NiAlTa lamellae in a NiAl matrix. 
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strength. Second, metal phases are best for improving the 

room temperature fracture toughness. 

The results of the screening tests are summarized in 

the performance plot shown in Figure 54. This type of p l o t  

clearly shows the ability of the reinforcing phase to 

enhance both fracture toughness and creep strength. men 

compensated for material density, the eutectic alloys 

compare more favorably with the super alloy, Fig. 55, 

Many aspects concerning the microstructure of IUiAl-  

based, eutectic alloys have been confirmed or established, 

The CELZ process provides higher purity material with slight 

deviations in microstructure compared to Bridgman processed 

material. Fewer variations in the microstructure are found 

in Bridgman processed material because of the dyna.mie, 

interactive nature of the CELZ process; the ingot is an 

integral part of the power supply in the CELZ proc'ess, The 

effects of these deviations are severe for the el~ivated 

temperature properties. Under four point bending 

conditions, the effect depends on the proximity of the 

banding to the notch in the specimen (as it does for th .e  

Bridgman material) , Further comparison between pr:oeessbing 

,cause. techniques for the eutectic alloys is difficult be. 

mechanical property data for Bridgman processed NiA%-9M[o and 

NiA1-40V is sparse, 
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1. ImRODUCTION 

Based on the mechanical property data for the b inz~ry  

eutectic alloys, a new direction was taken in an ezffort to 

produce ternary eutectic composites which combine both 

metallic and intermetallic reinforcements with an NiWl 

matrix. The intended combination of phases is noti always 

thermodynamically feasible. Hence, combining known binary 

eutectic alloys to form a ternary eutectic does not 

guarantee success, but it is a good place to star-ir;, 

Quaternary phase diagram information would be invaluable, 

but does not exist for the composition ranges of interest, 

Available phase diagram information usually covers only the 

nickel-rich corner of the alloy system, i.e., for super- 

alloy development. However, existing binary and the few 

ternary phase diagrams have proven useful in the choice of 

alloy systems and compositions to pursue. 

The choice of Zr and Nb as alloying additions in ithis 

study is based on known phase relationships with the matrix 

phase. For example, sufficient Zr additions are known to 

cause precipitation of the Heusler phase Ni2A1Zr. The 

crystal structure of this phase may be considered a further 

ordering of the B2 structure on the A1 sub-lattic'e, Fig. 5 6 ,  

Zirconium is also selected because of its beneficial effect 

on the high temperature properties and oxidation resis.kance 

of NiAl [l,2]. A Laves phase results from addition of Nb or 





Ta to NiAl [3-71. Both types of intermetallic ph~~ses have 

shown the potential to significantly improve the c:reep 

strength over that of single phase NiA1. 

The known eutectics based on NiAl and a dissr:deredi 

metallic solid solution include: NiA1-34Cr, NiA1-28Cr-6Mof 

NiA1-40V, NiA1-9Mo, and others with Re and W. The NiA1-We 

and NiAl-W eutectics contain a low volume fractiorr o f  

metallic reinforcement and are not considered in this 

research. In the absence of specific phase diagrrkm 

information, a logical first approach for identification of 

a ternary eutectic alloy is to combine a known NiZiI- 

intermetallic eutectic with a known NiAl-metallic euteetic, 

As mentioned, thermodynamic considerations dictate the 

actual phase relations independent of experimental intent, 

Variations in volume fractions and phase constitu4:ion of the 

new alloy are to be expected. To determine the location of 

an eutectic, a series of arc melted buttons were rnade o t i t k a  

the choice of each new composition based on the knswlbedge 

gained from the microstructures of previous alloys, Once a 

promising microstructure/composition had been foulnd, a 

precursor ingot was vacuum induction melted, cast in. a 

chilled copper mold, and directionally solidified. 

In all, six three-phase alloys have been ideintified and 

processed at the University of Tennessee. Only t l h e  NiAB- 

15Zr-15V, NiA1-12Nb-36V, and three NiAl-Nb-Mo allc~ys are 
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2.1 Processing 

Table 14 is a summary of the processing conditions used 

for directional solidification of each alloy. All of the 

NiAl-based alloys are processed using the same indluctiorm 

coil/eddy current plate assembly as for the two-pk~ase 

eutectic alloys and NiAl. As expected, the ternary euteetic 

alloys require less power to establish and maintain the 

liquid zone due to their lower melting temperatur~rs~ The 

lower power levels and slightly higher density of these 

alloys combine to reduce the tendency to over levitate, 

Hence, the ingots are generally processed at full diameter 

(25.4 mm) to increase the yield of material from each run, 

Based on the purity levels of the binary euteetics, the 

higher concentrations of alloying elements in the ternary 

eutectic alloys are expected to decrease the purity. A high 

emissivity phase invariably precipitates on the sarrface o f  

the zone for the alloys containing vanadium, even after 





subject to catastrophic oxidation at elevated temperatures. 

However, they are interesting from the perspective of 

understanding the mechanisms which contribute to the room 

temperature fracture toughness of NiAl-based in-situ 

composites. 

2.3 Differential Thermal Analysis and X-ray Diffra.etig>a 

Analysis 

The NiA1-15Zr-15V alloy was characterized using 

differential thermal analysis (DTA) and X-ray diffraction 

analysis. The DTA technique was used to obtain infomation 

concerning the nature of the solidification event which 

produced the observed microstructure. The X-ray diffraction 

analysis was used to identify the constituent phases sf the 

composite alloy. 

Differential thermal analysis involved the eontrolled 

heating and cooling of both a small sample of the alloy and 

an empty crucible. Both were heated at constant 1)dower input 

resulting in a heating rate of about 10 K/min for the alloy 

specimen- The energy of phase transformation and 

differences in heat capacity cause a difference in 

temperature between the crucibles. The difference in 

temperature was recorded as a function of specimen 

temperature. A peak in the temperature difference curve 



indicates that a transformation occured at that temperature. 

On cooling, the thermal arrest associated with a phase 

transformation creates an inverted spike-in the temperature 

difference curve. If the alloy is on the ternary eutectic 

composition, only one peak will occur (at the melting 

point). Otherwise, interpretation of the position and 

number of peaks provides useful information as to the true 

nature of the microstructural development of the composite. 

An APD1700 automated diffractometer system was used to 

identify the phases present in a representative sample of 

the NiA1-15Zr-15V alloy. Peak angles in the range of lo0 to 

100° were determined using Cu Ka! radiation. Peak positions 

were determined by locating the top of the smoothed data 

peaks. The peak angles were used to calculate the lattice 

spacings which were then used to identify the phases 

present. 

Energy dispersive spectrometry (EDS) was used to 

analyze the phase compositions when the scale of the 

microstructure permitted. Often the eutectic structure was 

too fine, such that beam spreading prevented the acquisition 

of a representative spectrum from only one phase. 



3. MICROSTRUCTURES 

The microstructures of the ingots used in meczhanical 

property evaluation are shown in Fig. 57. Based on the 

microstructure, the NiAl-15Zr-l5V alloy is very near the 

eutectic composition. The alignment of the micro:stru@t,ure 

is excellent for this alloy. A few regions of primary phase 

are observed in the microstructure, representing "2% of the 

cross-sectional area as determined by digital image analysis 

of a backscattered electron image. The volume fractioll of 

each phase is presented in Table 15. 

The NiAl-15Zr-15V alloy consists of Ni2AlZr and N i A l  

lamellae with ZrV2 rods aligned in the growth directio~n at 

the lamellar interfaces. The lamellar spacing is on t l h e  

order of 2pm. The ZrVZ rods are approximately lpm in 

diameter. Accurate determination of the phase composi'kions 

is hindered by the fine scale of the microstructure, Large 

single phase areas and the coarsest eutectic areas were 

targeted for EDS analysis. The EDS results are show1 by the 

estimated phase boundaries in the quaternary phase diagram 

(Fig. 58 (a) ) . 
The NiA1-12Nb-36V ingot contains a significa.nt amount 

of blocky two-phase regions and is therefore not prelzisely 

on the eutectic composition. The most intriguing aspect of 

this microstructure is the fact that all three phases m&e 

contact in nearly equal proportions. Furthermor~!, the phase 
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boundary angles formed at the tr points in the 

microstructure (Fig. 59) indicate t the surface energies 

are nearly equal. 

The EDS analysis of the NiA1-12N alloy indicates 

the primary phases are NiAl and NiAlN subsequent button 

melt indicates NiAl-11Nb-33V is closer the terllary 

eutectic composition. However, at this point in the 

program, the poor performance of the NiA1-15Zr-1577 a l l c ~ y  in 

the screening tests shifted practical interest away from 

vanadium containing alloys. Therefore, further imlvest1111ent 

in the NiA1-Nb-V system was determined to be impnldent, 

The NiAl-Nb-Mo alloys are not eutectic, but e x l ~ i b i t  an 

interesting three-dimensional network of Mo dendrites, These 

alloys were directionally solidified in order to aseert:ain 

the effect of a 3-dimensional, ductile phase netwcsrk orb 

fracture toughness. On the other hand, the rest of the 

microstructure is very heterogeneous and complica.ttes the 

data interpretation. Three different compositions were 

characterized: NiAl-3Nb-lOMo, NiAl-5Nb-1OMo and NiW1--13-6Nb- 

18Mo. As expected, the volume fraction of Mo dentlrites 

increases with increasing Mo content, Table 15. 

In the NiAl-Nb-Mo system, the original intenit was to 

locate a ternary eutectic containing NiAl, a metallic Mo- 

based solid solution, and the Laves phase NiAlNb, Although 

these three phases are present in each of the alloys, $:hey 



Fimrs 59: Phase boundary angles in NiA1-12Nb-36V indicating 
the similarity of the surface energies between 
the three phases. 



exist as single and two-phase dendrites, The two phase 

dendrites consists of either NiAl and Mo or NiA1 alnd NiAlNb- 

A ternary eutectic has not been identified in this system- 

More precisely, EDS analysis indicates the Mc) dend.rites 

are a solid solution of 59Mo-27Nb-7Ni-7A1. Analysis sf the 

fracture surfaces indicates the high Nb content in the Mo 

dendrites is detrimental to their ductility. The solubility 

of both Nb and Mo in NiAl is found to be very low, less than 

1 at%. Concentrations of 8.5 at% Mo are consisterltly found 

in the NiAlNb phase. Based on the EDS data, it appears that 

Mo substitutes for Nb in the Laves phase. The EDS resu l t s  

are also shown in Fig, 58(b). 

It should be noted that only one of the three-phase 

alloys listed in Table 15 contains a Heusler (H) phase, The 

creep strength of the Heusler phase is the highest of those 

listed in Table 15 [8], However, the fracture ta~lghness of 

NiAl-15Zr-15V is one of the lowest. In terms of creep 

strength, the identification and characterization sf NiAI-H- 

Metal ternary eutectic alloys represents a promising area 

for future development. 



The room temperature fracture toughness of each three- 

phase alloy is listed in Table 16. The NiAl-12Nb-36V alloy 

contains a well distributed metallic phase, but 

unfortunately the high volume fraction of brittle NiAlNb 

dieminates the fracture toughness. In addition, the 

n~ieros-tructure contains a large volune fraction of non- 

euteetic regions. Thus, the resulting fracture toughness 

( 6 , 8  A: 0.7 ~adxn) is less than that of single phase HP-NiA1 

by approximately 40%. Even though the microstructure is 

composed entirely of brittle internetallic phases, the NiAl- 

3.5Zr-15V alloy has a fracture toughness of 6.9 + 2.3 madm 
and is essentially independent of heat treatment and the 

gsoslrth conditions listed in Table 16. The NiAl-Nb-Mo alloys 

s h o w  a. decrease in fracture toughness of 19 to 50% compared 

A2 -- as-processed 
HIGH R - high thernal gradient (cooling jacket used) 
WQ - water quenched 
IF@ - furnace cooled at 5 K/min. 



to HP-NiA1. In terms of fracture toughness, the importance 

of a ductile, metallic phase is clear, but the ductility of 

the Mo phase within this composite suffers with the addition 

of Nb. Further discussion concerning fracture toughness is 

contained in Part VII. 

5 .  EL ERATURE PROPERTIES 

Of the V-containing alloys, only the NiAl-15Zr-l5V 

(ZrV) eutectic was tested at elevated temperature. The poor 

oxidation resistance of vanadium in general, together with 

the poor performance of the ZrV eutectic , suggest tha t  

further high temperature testing of alloys containsing 

vanadium is not warranted. The results of the elevated 

temperature testing is presented in Table 17 and in Fig. 6 0 ,  

Though the V-containing alloys are not suitable for high 

temperature structural applications, characterizat.ion. o f  

their creep behavior in an inert atmosphere would be an 

interesting topic for future research. 

All of the NiAl-Nb-Mo alloys were tested in a.ir a% 1200 

and 1300 K. The results indicate that the creep sbtrength 

increases with increasing Nb content, Figo 60. Therefore, 

additional tests were performed at 1400 K on the aillays with 

higher Nb content. The superalloy compression platens 

deformed during testing of the NiAl-13.6Nb-18Mo alloy over 



True Compressive Strain Rate (s-') 

Fiagarr~e 60: The 1300 K compressive strength as a function of 
strain rate for the three-phase alloys. 
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TEMPERATURE. Dog. C 

Figure 



NiAl is low. Both a Heusler-type phase (Ni2A1Zr) and a 

I,aves phase (NiAlZr) exist in the Ni-Al-Zr system as shown 

in the 1073 K isotherm (Fig. 63). Vanadium has considerable 

solubility in NiAl and forms an eutectic with a disordered 

vanadium solid solution at 1633 K and 40 at% V. 

From the microstructural, X-ray, and available phase 

diagram information, the DTA peaks may be attributed to 

solidification of a primary single phase, followed by two- 

phase dendrites, and finally the ternary eutectic. Based on 

E:DS data the composition of the primary dendrites is V-24A1- 

9.1Ni. Thus, the 1613 K peak may be attributed to 

solidification of primary vanadium solid solution which 

accounts for only 2% of the total volume. 

On cooling, the next peak must be due to the 

solidification of two-phase dendrites. Such dendrites are 

easily observed in the as-cast precursor ingots, but not in 

the directionally solidified (DS) ingot, This observation 

supports the fact that the peak is better defined in the 

cool ing  curve. Alternatively, a band of Ni2A1Zr is observed 

between the primary NiAl dendrites and the ternary eutectic 

in the DS ingot, which may also give rise to the small 

shoulder observed just above the largest peak in the DTA 

curve6 * 

The largest peak is associated with the ternary 

euLect.ic reaction which is responsible for 98% of the 
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The 1300 K creep strength has been determined for NiA1-  

15Zr-15V. The poor oxidation resistance of this euteetie is 

degrading to its high temperature performance. B~~sed aln 

that result, consideration of the NiA1-12Nb-36V al-loy for 

high temperature testing was determined to be unwarranted. 

The stress exponent for NiAl-15Zr-15V is lower than the 

other alloys, but the melting temperature is also much 

lower, i.e., 1300 K is roughly 90% of its melting 

temperature. 

Elevated temperature testing of NiAl-3Nb-lOMo, NiPtB-  

5Nb-1OMo and NiAl-13.6Nb-18Mo has been performed over 1200 

to 1300 K. The stress exponent decreases and the strength 

increases with increasing Nb content in the alloy. T h e  NHAli 

5Nb-10Mo and NiAl-13-6Nb-18Mo alloys were also tested at 

1400 K. The strength of NiAl-13.6Nb-18Mo approacli~es that sf 

the superalloy compression platens over the range af test 

conditions and is near that of NiA1-14.5Ta. Based on $:he 

stress exponents, the dominant deformation mechanism is 

controlled by dislocation climb. 

Figure 64 is the performance plot shown in Pi=" VI[: with 

all of the three phase alloys developed at the University of 

Tennessee superimposed for comparison. The poor oxidation 

resistance of the NiAl-15Zr-15V alloy is evident* Elevated 

temperature testing of NiA1-12Nb-36V and NiA1-10Tla-33V was 

not attempted on the basis of performance of the INiA1--:852Tr- 



0 
0 10 20 30 40 50 60 

300 K Fracture Toughness (MPdm) 

10 20 30 40 50 

300 K Fracrure Toughness (MPdm) 

F i ~ r c  64: Performance plot and specific performance plot 
for three-phase alloys. a) 1300 K strength and 
room temperature fracture toughness and b) 
specific 1300 K strength and room temperature 
fracture toughness. (1300 K stren th at 1% 
strain at a strain rate of s-q) . 



15V alloy. The addition of either Laves phase (MiR1Ta or 

NiAlNb) to the two-phase NiA1-V eutectic decreases the 

fracture toughness compared to both NiA1-40V and NiAl, 

Furthermore, the melting temperatures of the NiAl=-V-X alloys 

are the lowest of the eutectic alloys identified to date, 

A Heusler-type phase has not been successf ul:Ly 

incorporated with NiAl and a ductile metallic phase i n t ~ o  a 

ternary eutectic alloy. The closest attempt is tile NiA1- 

15Zr-15V alloy, which unfortunately does not cont;ain a 

metallic phase. This class of alloys deserves fuirther 

investigation. 

8, CAVEATS CONC ING MICROSTRUCT OBSERnItI0N:S 

Laves-type phases such as NiAlNb and NiAlTa E o m  an in- 

situ composite with NiAl and V where all three pl-iiijlse~ 

contact each other in nearly equal proportions. On the 

other hand, the NiAlTa phase tends to show limited. conltaet 

with Cr, such that .Cr phase is nearly contained within the 

NiAl.lamellae (NiAl-6Ta-33Cr). For Mo, the micrcsrstructure 

consists of NiAl-NiAlTa lamellae with the Mo completely 

encapsulated within the NiA1. The order of increasing 

solubility in NiAl for the refractory metal additions is 

V>>Cr2Mo, However, the lattice parameter mismatc:hes, 

determined from selected area diffraction patterns at room 
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based composites is based on pure, bulk component mechanicalb 

properties, primarily because the in-situ properties arc 

unknown. An attempt has been made in this work to measure 

the elastic properties of the composite and its csmpone~nt 

phases using a load and displacement sensing indentat:-on 

technique. 

2 .  CTURE MECHANISMS 

There are several possible fracture mechanisms for 

brittle matrix composites, including crack bridging, 

blunting, splitting, trapping, and renucleation [ 3 . - 8 ] .  I n  

addition, an increase in mobile dislocation density due to 

the presence of the phase boundaries may c0ntribut.e to the 

fracture toughness through enhanced flow processes, For 

example, both the improved ductility of NiAl due to film 

softening [9] and the improved fracture resistance of both 

NiAl [lo, 111 and Ni-Al-Fe alloys [l2] by prestranning have 

been attributed to an associated increase in mobile 

dislocation density. 

In terms of crack propagation events, there are t w o  

morphological classes of binary composites: rod and 

lamellar [1,2,13]. In a rod eutectic, the crack has 

continuous access to the matrix, while in a lamellar 

eutectic it does not. Crack bridging can increase the 



fractuire toughness for both eutectic morphologies, provided 

the flow strength and ductility of the reinforcing phase and 

the debonding characteristics at the interface are 

apparoplriate 11-31. Crack bridging also occurs when multiple 

cleavage cracks on parallel planes create a ligament between 

the cris~ks 1141- This ligament then requires additional 

energy to deform and fracture as the crack faces open. 

The fracture initiation contribution to the composite 

toughn~ess depends on the composite morphology [2]. For a 

rod eutectic, crack trapping increases the resistance to 

crack initiation by interaction of the reinforcing rods with 

the matrix [2], For a lamellar eutectic, a crack in the 

brittle phase must renucleate in the next brittle layer in 

order to propagate [2]. The advancing crack may follow the 

phase boundary leading to crack deflection or may renucleate 

miore than one crack (crack splitting). Both scenarios 

reduce the crack tip stress intensity, requiring an increase 

in applied load to further propagate the crack and increase 

the fracture toughness. 

3 ,  EmERIMENTU PROCEDURE 

The four point bend test described in Part I11 was used 

to determine the room temperature fracture toughness of each 

composite alloy. The resulting fracture surfaces were 



characterized by scanning electron microscopy of both the 

fracture surface and the sides of the bend bars at the 

failure. The bend bars were polished using standard 

metallographic techniques prior to testing to allow 

subsequent observation of the crack path. 

The elastic properties of the composite and the 

individual phases were determined using a NANOW Indenter 

11, i.e., a load displacement sensing indentation technique 

(NANo-indentation) [15]. A large indent depth, 

corresponding to the maximum load, was used to determine the 

elastic modulus of the composite material. A ind~~nter 

displacement of 100pm was used to determine the modulus of 

the individual phases; the size of the resulting i-ndent was 

too small to resolve optically, As a baseline, the modiuhs 

of HP-NiA1 was also determined using both maximm load and 

100pm.indenter displacement tests and compared to the 

modulus values determined by other means. 

The position of each indent was selected mamlally and 

verified after testing. The fine scale of the caxposit:e 

microstructures necessitated careful and frequent 

calibration of the indenter tip positioning because the 

target areas were often on the order of 5pm or less in 

diameter* Though the positioning of the indenter was 

remarkably accurate, thermal expansion caused an inevitable 

and unpredictable drift in the accuracy with time, For this 
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4. MICROSTRUCT OBSERVATIONS 

The binary eutectic composites have been characterized 

by TEM as well as SEM and NANO-indentation. The t:ernary 

eutectic alloys and three phase NiAl-Nb-Mo alloys were 

characterized by SEM and NANO-indentation only. 

4 . 1  MiAl-Mo Alloys 

4.1.1 NiAl(O.1Zr)-9Mo Eutectic 

Selected area diffraction patterns confirmed the cube- 

on-cube orientation relationship between the NiAl matrix and 

the Mo rods. The volume fraction of the reinforcing Mo rods 

is 0.11. Figure 65 (a) represents the as-processetl 

condition. Figures 65(b) and (c) are from material near the 

fracture surface, showing dislocation tangles and a muc:h 

higher dislocation density in the NiAl matrix than for the 

as-processed condition. Only a few dislocations can be 

found in the Mo phase. The observed dislocation 

distribution indicates that the Mo rods deform loczally, only 

within the crack plane. On the other hand, the NiAl matrix 

phase has a very broad plastic zone as evidenced :by the high 

dislocation density outside of the crack plane. 'The 

dislocation Burgers vector was determined to be <I002 in the 

NiAl matrix and <Ill> in the Mo phase [16]. 
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I F i ~ r o  66: (SEM) The fracture surface of NiAl(O.1Zr)-9Mo. 
Shown are crack bridging in a-g, crack trapping 
in a,e-g, and debonding between the Mo rods and 
the NiAl matrix in a-g. 
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4.2 NiA1-4OV Eutectic 

The volume fractions of the NiAl and V phases are 

nearly equal. Figures 69(a-c) were taken far from the 

fracture surface of a tested sample. The dislocation 

density for the NiAl phase is much greater than that of the 

V-phase. In fact, very few dislocations were observed in 

the V-phase. For two phase NiA1-V alloys, the strength of 

the V solid solution is greater than that of the NiAl solid 

solution [18]. Hence, the NiAl-phase deforms before the W- 

phase. Figures 69(b) and 69(c) show the high density and 

uniformly distributed dislocation tangles, loops a.nd 

fragments in the NiAl phase. This indicates that the NiAI- 

phase undergoes significant plastic deformation before any 

significant flow occurs in the V-phase. This wou3.d suggest 

that a significant portion of the fracture toughn~rss in the 

NiA1-V system may result from intrinsic toughenincf of the 

NiAl due to enhanced flow processes. 

Figure 70 is a TEM micrograph taken very near t h e  

fracture surface and shows uniformly distributed dislocation 

tangles in the NiAl phase but also coarse slip bands in the 

continuous V phase. The overall dislocation density in the 

NiAl phase is not increased much as compared to the 

dislocation density in the NiAl away from the crack plane 

(Fig. 69). This suggests that the NiAl phase has work 

hardened nearly to the point that deformation of the  V phase 

can take place at a lower stress than the hardenetl IWiWII, 
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Pisure 70: (TEM) Uniform dislocation tangles in the N i A l  and 
coarse slip bands in the V phase in N i A l - 4 0 V  
after bend testing. 



Once deformation of the V phase has been 

concentrations are generated at the interface between the 

phases, Continued deformation of the composite results in 

fracture of the NiAl. Figure 71 shows the various types of 

dislocation distributions observed within the V phase. 

These are coarse slip band ig. 71(a)), dislocation pile 

ups (Fig. 71 (b) ) and duple . 7(c)). Coarse slip 

bands are the m 

Such slip 

condition after bend t 

t.he fracture surface. The fact that the V deforms in highly 

localized regions suggests that severe stress concentrations 

b r i l l  develop wherever these regions intersect a boundary 

betwee.n phases. 

between the two phases was 

obsertration of the in 

and Ni.Al phase was not suc 

not coherent and is highly s 

s l i p  bands in the V-phase is dictated by development of 

stress concentrations occurring at local regions of the 

interface, Fig. 72. 

Shown in Fig. 73 are SEX backscattered electron images 

of seeondary cracks in NiA1-40V. Both crack bridging and 



71: Types of dislocation distribution in the M- 
of NiA1-40V. a) coarse slip bands, b and 
c) dislocation pile up, and d) duplex slip 
arrow) . 

.matr i 

(see 

Figure 7 2 :  (TEM) Micrographs taken near the fracture surface 
of a NiA1-40V bend specimen. Shown is the 
dislocation distribution on both sides of the 
phase boundary (see arrow). Dislocatioin tangles 
in the NiAl and coarse slip bands in the TI' plnase, 



I Figure 73: (SEM-4QBS) 
CRACK Secondary cracking in NiA1- 

<,NUCLEATION 40V observed on the surface 
of as-polished bend 
s~ecimens showina evidence 

renucleation. 
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renucleation mechanisms are evident in Figs. 73(a-d). The 

crack growth process is shown schematically in Fig. 73(e). 

Once a crack has initiated in the NiAl phase, it will 

propagate until the crack front intersects the NiAl/V 

interphase boundary. The crack front can then be blunted by 

the V phase. Deformation of the V phase by coarse slip band 

formation and dislocation pile up at the interphase boundary 

may then result in stress concentrations which promote crack 

renucleation in the adjacent NiAl phase. The state of 

stress at the NiAljV interface is complex due to the 

anisotropy of NiA1, differences in the thermal expansion 

coefficients between the phases, and the applied loadir~g 

conditions. 

The cleavage plane for NiAl is {llO), which is a likely 

slip plane for the BCC vanadium phase. With such a cornlplex 

state of stress existing at the interface, it is not 

unlikely that {110) planes will have both normal and shear 

stress components of considerable magnitude. A possible 

failure mechanism for the composite is localized shearing of 

the V phase on a {110} plane leading to cleavage of the N i A l  

phase on a (110) plane. The difference in the ratio of the 

critical resolved shear stress and the critical normal 

stress for cleavage between the phases may create the 

difference in failure mechanism of the individual 

components, 
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e 74: (SEN-4QBS) Fractographs taken from NiAI.-40V bend 
specimens. Shown are a) limited occurrence 06 
shear ligament formation, b c, and d) more 
typical cleavage and debonding leading to steps 
on the fracture surface. 



Fiwre 75: (SEM-4QBS) The fracture surface of NiAl-15Zr-15V. 
a) low and b) high magnification showing cleavage 
of all three phases, 
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F ' i p r e  7 6 :  (SEM-4QBS) The fracture surface of NiA1-12Nb-36V. 
a) and b) show typical cleavage of all three 
phases. c) shows fracture that is typical of a 
well developed three-phase eutectic region. 
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Figure 77: (SEM-4QBS) Fracture surface of NiAl-13.6Nb-1BMo. 
Shown are debonding at the Mo dendrites (see 
arrow) and cleavage of the NiAl-NiAlNb m a t r i : ~ ,  
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The coupled growth of the NiAl-9Mo eutectic is lost with the 

addition of 5 atomic percent Nb as is the ductility of the 

Mo phase. As in the NiAl-13.6Nb-18Mo alloy, river patterns 

are observed in the NiAl phase, but the higher volme 

fraction makes them more prevalent, Fig. 81. Cleavage 

fracture is the dominant mechanism for all three pbases. 

Again, no ductile ligaments are observed on the fracture 

surface. Crack branching is scarcely observed in this 

alloy. 

4.5.3 NiAl-3Nb-1OMo 

Fracture of the NiAl-3Nb-1OMo alloy is domina~ted bly 

cleavage of the NiAl phase. The Mo-phase is typic:ally 

present as isolated blocky grains although a few regions 

containing rods are observed. The large, blocky Mo gra.ins 

fail by cleavage or are completely circumvented bqr interface 

debonding, Fig. 82 (a) , The eutectic-like rods apg>ear t.a be 

ductile and show limited debonding from the matrix as shown 

in Fig. 82(b). The NiAl fracture surface exhibits river 

patterns characteristic of cleavage. Again, the crack plane 

is very near that of the notch. Coupled growth between the 

NiAl and Mo phases is observed only in localized areas. The 

addition of only 3 atomic percent Nb is sufficien4: to both 

prevent coupled growth and embrittle the Mo phase,. 



Fivre $1: (SEM-4QBS) The fracture surface of NiAl-5Nb-1OMo. 
a) low and b) high magnification images showing 
typical cleavage, limited debonding, and 
secondary cracking. 

e 82: (SEM-4QBS) Fracture surfaces of NiAl-3Nb-1OMo. 
a) cleavage of all three phases and b) debonding 
between Mo and the NiAl matrix (see arrow) and 
limited evidence for ductility of the fine, 
eutectic-like Mo rods. 



5 .  BRIDGING COmRIBUTION TO FRACTURE TOUGHNESS 

The work of rupture parameter, X, is an indication of 

the geometric constraint and the plastic flow 

characteristics of the ductile phase reinforcement [1,3,21i]o 

A value of x is calculated using the small scale bridging 

(SSB) equation [ 3  3 : 

where: 
f = volume fraction of reinforcing phase 

oo = yield strength of reinforcing phase (MPa) 
a, = radius of the reinforcing phase (nrn) 
v = Poisson' s ratio 

K = fracture toughness (hipa&) 
E = Young' s modulus (GPa) 

U a = -  * U* and a  = - 

u = crack opening displacement 

No subscript denotes composite values, the subscript m 

denotes matrix values, and the superscript * indicates value 
at failure. The range of values observed by Ashb:,~ et a$, 

for lead fibers constrained in a glass matrix is 1,6 (for 

highly constrained, near perfect interfacial bonding) to 6 - 5  

(for low constraint, weak interfacial bonding) [I]* The 

property values used in the calculation of x are listed in 





Table 18: Parameters used in the small scale bridging model. 

* equivalent radius of ductile phase 
**  <Ill> growth direction, data from [ 2 4 ]  
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a NiAl-Laves phase binary composite. The fracture toughness 

of NiAl-16.5Nb (a lamellar eutectic alloy) [23] is used for 

this purpose. A question arises regarding the treatment of 

the NiA1-40V alloy. The V phase is continuous in the 

microstructure, NiAl is not. However, since the v o l m e  

fractions are same in this alloy and the bridging phase is 

observed experimentally to be the V phase, NiAl is taken as 

the matrix. The matrix toughness value is taken t.o be the 

average toughness of <001> NiA1, 8.5 madm. 

The elastic modulus values of the composite aind 

individual phases were measured using the NANO-inelentation 

technique described in section 3. The actual data 

represents El (1-v2) ; therefore the value of Poisson" ratio 

is inherent to the data, Elastic modulus values nlay be 

extracted from this data provided Poisson's ratio is kr~o't~n, 

Table 19 lists the results of the SSB model ifor the 

CELZ processed materials using the elastic property data 

taken from the microstructural components in-situ- Two 

approaches have been taken. First, a value of x is 

calculated based on the data in Table 18. Second,, x is 

assumed to be 4, as a rough estimate [21], and the resa t l t ing  

fracture toughness calculated, Comparing the results, a 

large change in x is required to make a small challge in the 

calculated fracture toughness. If the range of villnres 

determined by Ashby, Blunt, and Bannister for lead in glass 



Table 19: SSB model results usina data in Table 18. 

Alloy I Calculated x I Calculated K 1 Actual Kq 



[l] are presumed to be universally applicable to t.he 

composites studied here, then values outside this range musk 

indicate that other mechanisms contribute to the fracture 

toughness as well. If a value of x is chosen within this 

range, the magnitude of its affect on the calculated 

toughness depends on the volume fraction of ductile 

reinforcement. For example, if x is varied from 9 to 6, the 

respective variation in the calculated fracture toughne.ss of 

NiAl(O.1Zr) -9Mo is 6.9 to 8.1 ~ ~ a d m ,  or +8% of the average 

value. For NiA1-40V, the range is 8.1 to 16.8 M P E ~ ~ ,  about 

+35% of the average value. In either case, variation of x 

within the range of 1 to 6 is not adequate to fit the model 

to the experimental results, 

The discrepancy between the calculated x and the value 

of 4 which has been used to characterize the cracE: bridging 

behavior of several brittle matrix composites [21:[ may be 

explained by contributions of other toughening mec:hanisms 

not considered in this model. For instance, the 

significantly higher dislocation density observed in the 

matrix of the NiAl(O.1Zr)-9Mo eutectic alloy after testing 

suggests the possibility that enhanced plasticity of the 

NiAl may contribute to the increase in fracture toughness, 

In addition, there is evidence of an active crack trapping 

mechanism. In other alloys, crack splitting, rena~eleation, 

and debonding also contribute to varying extents, 



k2
 

P
* 9 0 Zil
 rt
 

Y
 Fl rt
 e: 2 P
 ii 8 9 (D

 E t-'
 

rt
 

r
 . 

(D
 m
 % k! 8 P, S: rt
 

w
 

I-
' 4 P,
 

tf
 

Y
 

(F
 

X 5
 

(D
 

Y
 

t-' 
. I 3
 

rt
 

P
 

I-
' 

0
 z 8 C P, rt
 

r
 
0
 5 a
 

r
 

r
. m M
 

P,
 

Q
 

rt
 5. a r Q
 

P,
 rt
 

(0
 

M
 

rt
 ir rt
 

M
 

Y
 

DJ
 ea 2 Y
 

(D
 rt
 2 9 5 (D
 m
 

m
 

r
 

m
 

'd
 

Y
 8 0 Y
 rt
 

r
a

 
0
 E I-
' rt
 

0
 P a
 1
 

I-
'. 

P,
 rt
 

r
e

 

8 0
 

M
 

X
 

i3
 P 'd
 

Y
 

(D
 B w
 rt
 

I-'
. 
0
 

3
 f rt
 

rt
 P Y
 

(D
 

I-
' 

P,
 rt
 

I-
'. 9 Q
 8 rt
 

Y
 

P
 w 5- r 0 3
 $ 

4
 

3
 

P
a

 

C
) 3'
 

Po
 

I-
' 

I-
' 
0
 2 th
 t Q
 5 rt
 

Y
 

P
 w X I-'
. 
0
 $ M
 

Y
 8 0
 !? Y I Q
 v B P
. m 1 

t-'
 - :
 

(-
I 

(D
 a: m
 

(D
 5-
 

g e: 9
 5 (D

 m
 

m
 

I-
' 

(D
 m
 

m
 

rt
 

3
 r" ? 0
 w
 

M
 8 9 a r
e

 
2 Y

 
ID

 I z 

w 61
 

Q
 2 3
 

r;
 

(D
 a
 

M
 8 5' rt
 

cn
 I a n, P
 2 1
 

M
 

0
 

Y
 

(D
 . rt
 

D
' 

(D
 

V,
 

V,
 

W
 I a ID
 

I-
' 

3
 

10
 i? 2
 

I-'
. m
 a 0
 
0
 5- Y
 r
 w
 % tD ct
 

0
 !? rt
 2 9 F 10
 m
 

m
 t 3 I-
' v
 . w
 5- P

, Y
 

(D
 rt
 

Y
 

@
 

3
 $ r P, ct
 

I-'. S 8 P, % a
 

(D
 
M
 

I-
' 

(0
 

0
 

rt
 

t-'
. 
0
 
3
 

I
 r" a i! P, Y
 

I-
' G.
 I 2- 

P
* 
3
 :
 

ID
 

DJ
 m
 

(D
 5-
 

2 P, 0
 

ct
 

G
 

Y
 

(D
 g G 2 (D UI
 m
 
M
 $ 3
 

(D
 

P,
 

Y
 G
 

P,
 

t-
' 

I-'
 

0
 

M
 

rt
 P P,
 

I-
' w
 

0
 2
 

e
 

V,
 $ I a (D
 

I-
' a
 

0
 

(D
 m
 

rt
 

P,
 

Q
 

0
 2 3
 

rt
 

M
 8 rt
 P B 6 (D
 a
 

;
 

3
 s r P, rt
 

I-'
. 
0
 
3
 

P,
 

3
 a
 

a
 

(D
 
M
 

I-'
 

ID
 

0
 

rt
 

P
 
0
 
3
 I P 3
 

t-'
 m
 iii Q
 
0
 5- Y
 

t-'
. w
 

G S rt
 
0
 !? 

a G f- m Q
 

pl
- 

t-'
 . 

Q
 

a,
 

I-
' 

I-'
 
0
 2
 

Y
 
0
 

Y
 ? I-
' 

P,
 I I-' P
 R (D

 5- ID
 

Q
 rt
 

r
 

Q
 

P,
 

P
 

!-J
 

0
 3
 

0
 

Y
 

P,
 

Q
 

X
 

Q
 

8
 s p
t. Y
 

P
 

\r
 % I-
'. 8 :: 8 Q
 

Y
 

P,
 

Q
 

X
 

rt
 1
 

w
 

'd
 5' 9
 

r
 

III
 

H,
 2 3 a M
 R !? w P
 E 4
 2 a 

4
 

@
 

Y
 r
-
 

a
 

m
 

%
 P,
 

v
 

w
 

0
 

M
 !? w
 

I-
'. E Y
 

LC
 

(D
 5- (0
 3 :
 

0,
 

I-
' 

I-
' 
0
 2
 & 0 * m 8 (D

 a
 

(D
 
9
 

Y
 

(D
 

(D
 

a,
 

P
 

ci
. g d
 

9
 r
 

rt
 g a
 

Fl rt
 

I-'
. 

I-
' r
 . 

rt
 

LC
 

0
 

M
 

(D
 

P,
 8 Y
 

(D
 

I-
'. R 8 Q
 

n,
 I % 'd
 r
 

P,
 m
 

10
 



increases in magnitude for the alloys as follows: 

NiAl(O.1Zr)-9Mo, NiAl-9Mo, NiA1-34Cr, NiA1-28Cr-6140, N i A I -  

40V, NiA1-Cr-X, NiA1-Mo-X, and Ni~l-V-X, where X is Ta, Nb, 

or Zr. 

Nearly all of the three phase composites fail by 

transgranular cleavage. For alloys containing V ;ss the 

intended metallic phase, the actual phase is either 

-ad a embrittled by solid solution hardening or is instc- 

brittle intermetallic phase. The ternary eutectic alloys 

containing Mo benefit from crack bridging by the IN0 rocas, 

However, the three phase NiAl-Nb-Mo alloys contai:n M o  famed 

by both dendritic and eutectic solidification. T:he 

dendritic Mo exhibits brittle behavior. The Mo sods formed 

by an eutectic reaction retain sufficient ductility 60 fail 

in a ductile manner. As expected, the Laves phases are 

brittle, but an appropriate choice of metallic reinfosczemewt 

can offset their effect on the composite toughness ( fo r  

example, NiAl-6Ta-28Cr). Of the ternary eutecties 

identified and tested in this work, all of the phases in 

each alloy fail by cleavage. Finally, only one alloy 

containing a Heusler-type phase has been identified, 

Unfortunately, it does not contain a metallic phase and 

shows very little resistance to oxidation, This type of 

ternary eutectic alloy deserves further effort tat identify a 
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