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The Mechanical  Behavior of In.Situ 
NiAI .Refractory Metal Composites 

J.-M. Y a n g  

This article summarizes the mechanical 
behavior of the in-situ NiAl-refractory metal 
composites at room and elevated tempera- 
tures, zoith particular emphasis placed on the 
NiA1-Cr(Mo ) composite with lamellar struc- 
ture. Comparisons with other NiAl-refrac- 
tory metal composites are also made wher- 
ever possible. 

I N T R O D U C T I O N  

Nickel aluminide (NiA1) has received 
attention as a promising candidate in the 
search for a low-density, high-strength 
structural alloy for high-performance 
turbine engine applications. ~-~ NiA1 has 
several advantages over the currently 
used nickel-based superalloys, includ- 
ing low density (-5.95 g/cm3), which 
is about  two- th i rds  the dens i ty  of 
state~ nickel-based superalloys, 
and a high melting point (1,638~ Other 
advantages include thermal conductiv- 
ity (depending on temperature and com- 
position), which is four to eight times 
that of nickel-based superalloys, and 
exceptional oxidation resistance up to 
1,300~ Furthermore, the ductile-to- 
brittle-transition temperature (DBTT) for 
<100>-oriented NiA1 single crystal is 
approximately 350M00~ and the DBTT 
for polycrystalline NiA1 ranges from 
400-600~ which is lower than most 
other intermetallic compounds. With the 
appl icat ion of low-dens i ty  NiA1 in 
high-pressure turbine blades, reductions 
of up to 40 percent in the turbine motor  
weight (blades and disk) can be accom- 
plished. 

Like most other intermetallic com- 
pounds, NiA1 has its share of inherent 
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Figure 1. Tensile strengths of NiAI-Cr(Mo), 
NiAI-Cr, a binary NiAI, and a superalloy at 
room and elevated temperatures. 

problems.  At ambient  
temperatures, NiA1 suf- 
fers from low ductility 
and low fracture tough- 
ness. Furthermore, NiA1 
experiences poor creep 
res i s t ance  and low 
strength at elevated tem- 
peratures.  In order  to 
i m p r o v e  mechan ica l  
properties, extensive re- 
search has been con- 
ducted in the area of 
microalloying and the 
addition 0 f second-phase 
reinforcements. Consid- 
erable progress has been 
made toward identifying 
alloying additions to improve the tow- 
temperature ductility and high-tempera- 
ture strength of NiA1. The yield strength 
and rupture strength of the strength- 
ened NiA1 alloys at elevated tempera~ 
tures have been improved to Ren6 80 
strength levels. However,  the challenge 
still remains in developing a NiA1 alloy 
that has the required balance of ductil- 
ity, toughness, strength, and other prop- 
erties such as fatigue and impact resis- 
tance. 

Another approach that has been taken 
to overcome the limitations of NiA1 has 
been the addition of continuous-rein- 
forcing fibers7 ,8 Because NiA1 is intended 
for elevated-temperature applications in 
hostile environments for extended peri- 
ods of time, chemical and mechanical 
compatibility between the matrix and 
reinforcement under adverse conditions 
are extremely important. Single-crystal 
aluminum oxide (sapphire) fibers are 
promising candidates because of their 
high-creep resistance and good chemi- 
cal compatibility with NiA1, 7,9,1~ but sev- 
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Figure 2. Fracture morphology of NiAI-Cr(Mo) at 870~ 

eral problems have been encountered in 
the development of the A103/NiA1 com- 
posite. 8 The first and foremost problem 
is the degradation in strength of the A1203 
fibers as a result of high-temperature 
exposure to NiA1 during fabrication or 
service. 11 Sapphire-NiA1 composites fall 
well below expectations, primari ly be- 
cause of fiber-strength loss, and are cur- 
rently unable to compete with conven- 
tional nickel- based superalloys such as 
Ren6 80. 

Because of the stringent requirements 
of chemical and mechanical compatibil- 
ity between the NiA1 matrix and its rein- 
forcement at ambient and elevated tem- 
peratures, interest has been shown in 
reinforcing NiAt with in-situ refractory 
metals by directional solidification (DS). 
The concept of reinforcing intermetal- 
lics with in-situ refractory metal by the 
DS of eutectic alloys was investigated in 
the early 1970sJ 2-14 Recently, however, 
there has been a renewed interest in 
developing intermetallic-based DS eu- 
tectics for high-temperature structural 

Table I. Microstructural Characteristics and Growth Techniques for Several In-Situ 
NiAI-Refractory Metal Composites 

Reinforcement 
Composition ( a t . % )  Geometry 
NiA1-34Cr Fibrous 

NiAl-ll Mo Fibrous 

N1A1-33.4Cr-0.6Mo Fibrous 
NiAI-33Cr-1Mo Lamellar 
NiAI-31Cr-3Mo Lamellar 
NiAI-15.5Ta 

(NiA1-NiAtTa) Lameltar 
NiA1-33Cr-6Ta Lamellar and Fibrous 

Growth Technique 
Electromagnetically levitated zone process; 

modified Bndgeman techmque 
Electromagnetically levitated zone process; 

modified Bridgeman technique 
Electromagnetically levitated zone process 
Edge-defined film-fed growth 
Electromagnetically levitated zone process 

Electromagneticalty Ievitated zone process 
Electromagnetically levitated zone process 
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applications. This is primarily motivated 
by the advancement of processing tech- 
nology that has led to better control of 
processing parameters, impurity con- 
tents, and growth rates. DS eutectics can 
be distinguished as natural  composites 
since eutectic alloys form a structure 
that consists of separate solid phases 
under normal solidification conditions.~S 
In DS eutectics, the reinforcing phase 
can be either a lamellar or fibrous mor- 
phology. The advantages DS eutectics 
have over single-phase intermetallics 
include an improvement in strength and 
toughness due to the formation of a 
lamellar or fibrous morphology and a 
natural chemical compatibil i ty occur- 
ring between the reinforcement and the 
matrix. 

Recently, several  NiAl - re f rac to ry  
metal composites have been successfully 
fabricated by various DS techniques such 
as edge-defined film-fed growth, the elec- 
tromagnetically levitation process, and 
modi f ied-Br idgeman techniquesJ  6-2~ 
These materials include NiAI/Cr ,  NiA1/ 
Mo, NiA1/V, NiA1/Cr(Mo) ,  NiA1/  
NiA1Ta, and NiAI-Ta-X (X = Cr, Mo, and 
V). The microstructural characteristics 
and growth techniques of several in-situ 
NiAl-refractory metal composites are 
given in Table I. ~6-2~ 

T E N S I L E  B E H A V I O R  

The tens i le  p r o p e r t i e s  of the 
NiA1-Cr(Mo) compos i t e  a long  the 
growth direction at room and elevated 
temperatures were investigated by Yang 
et al. (Figure 1).2~ tensile behavior of 
the in-situ NiA1-Cr eutectic composite 
with fibrous structure, a binary NiAI 
alloy, and a superalloy were also stud- 
ied for compar i son .  T M  The tens i le  
strength of the NiA1-Cr(Mo) and NiA1-Cr 
composites are superior to the binary 
NiA1 from room to elevated tempera- 
tures, although they are not as high as 
the superalloy. When specific properties 
are considered, the in-situ NiA1-Cr(Mo) 
and NiA1-Cr composites have a specific 

Table II. Fracture Toughness  of In-Situ NiAI-Refractory Metal Composi tes  

100 #m 
Figure 3. Fatigue fracture morphology of a NiAI-Cr(Mo) com- 
pos,te, revealing the variation of microstructural charactenst=cs 
and cracking plane. 

Fracture Toughness 
Composition (at. %) (MPa m 1~2) Temperature (~ 
NiAI 7 20 
NiAlq 1Mo 15 20 
N1A1-40V 30 20 
N1AI-34Cr 20.38 20 
NiA1-31.4Cr-0.6Mo 19.5 20 
NiA1-31Cr-4Mo 21.7 20 
NiAt-28Cr-6Mo 21.6 20 
NiAt-33Cr- 1Mo 17.5 20 
NiA1- 14.5Ta (NiA1-NiA1Ta) 5.1 20 
NiAI-(Cr,AI)NiTa-Cr (Ni-30.5A1-33Cr-6Ta) 14.9 20 
NiA1-NiAITa-V (Ni-28 5A1-33V-10Ta) 8.3 20 
NiA1-34Cr 11.0 20 
NiA1-34Cr 51 4 400 
Ni-17A1-38Cr 25.4 20 
Nl-17AI-38Cr 23.6 400 

strength comparable to Ren6 80. The 
tensile strength of the NiA1-Cr(Mo) with 
lamellar reinforcement is higher than 
the tensile strength of the NiA1-Cr com- 
posite up to 1,000~ 

At room temperature, both the NiA1/ 
Cr(Mo) and NiAl /Cr  composites dis- 
play a brittle behavior with a fracture 
s t ra in  of less than  one percen t .  
Fractographyinvestigations indicate that 
failure of the NiAI-Cr(Mo) composite 
tested at room temperature is initiated at 
the junction of grains with different 
lamellar orientations. However, at el- 
evated temperatures, the NiA1/Cr(Mo) 
composite displayed ductile behavior 
with a fracture strain greater than six 
percent. At elevated temperatures, the 
fracture surface exhibited a cup-cone 
morphology with significant lamellar 
spli t t ing along the tensile direct ion 
(Figure 2). 

F R A C T U R E  B E H A V I O R  

The fracture behavior of the in-situ 
NiA1-Cr(Mo) composite with notch per- 
pendicular to the growth direction has 
been investigated by Herridia et al., 21 
Yang et al., 2~ and Johnson et a198,19 The 
fracture-toughness values for NiA1- 
Cr(Mo) as well as severalNiAl-refractory 
metal composites and binary NiA1 single 

crystal are listed in Table 
II. All data were obtained 
us ing  a f l exura l  test  
with edge notch. The 
room-temperature frac- 
ture  t o u g h n e s s  wi th  
crack propagation per- 
pendicular to the growth 
d i r ec t ion  was  de te r -  
mined to be 17.5-21.3 
MPa.m 1/~-. The fracture 
toughness of NiA1 has 
been reported to be be- 
tween 6-7 MPa.m ~/2 or 
11 MPa.m ~/2 for a 
zone-refined single-crys- 
tal NiA1. ~9 Regardless of 
the c o m p o s i t i o n  and  
morphology, the NiA1- 
Cr(Mo) composites ex- 
hibit a superior fracture- 

toughness value compared to the binary 
NiA1 single crystal. Most of the other 
NiAl-refractory metal composites (ex- 
cept the NiA1-NiA1Ta system) also ex- 
hibit a significant improvement of frac- 
ture resistance over the binary NiA1 al- 
loy. In general, ductile-phase toughen- 
ing is an effective approach for improv- 
ing the fracture toughness of NiA1. 

The principle toughening mechanisms 
in the NiAl-refractory metal composites 
have been identified as crack trapping, 
crack renucleation, and crack bridg- 
ing.19,21 However, the mechanisms re- 
sponsible for the improved fracture re- 
sistance of the composite were depen- 
dent on the reinforcement geometry. 
Herridia et a171 showed that in a com- 
posi te  wi th  f ibrous s t ructure  (e.g., 
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Figure 4. A tensile creep curve for a 
NiAI-Cr(Mo) composite. 
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Figure 5. Minimum creep rates vs. stress ptot 
for a NiAI-Cr(Mo) composite, a binary N~AI, a 
N,AI-T~B 2 particulate composite, and a super- 
alloy. (Temperature = 1,145 K.) 
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NiA1-Cr and NiAI-Mo), crack trapping 
is the primary toughening mechanism. 
The crack front in this process is t rapped 
(or hindered) by tough second-phase 
reinforcement whose fracture-toughness 
value exceeds the local stress intensity 
factor. 

For composites with a lamellar struc- 
ture, such as NiA1-Cr(Mo), the crack front 
cannot surround the tough second-phase 
reinforcement and must  renucleate in 
the adjacent brittle NiA1 layers. The ad- 
vancing crack may be blunted or de- 
flected by the ductile fibers or lamellae. 
Once a crack has initiated, unbroken 
fibers or lamellae may lag behInd the 
crack front. The plastic work expended 
upon stretching these ductile second- 
phase  re inforcements  du r ing  crack 
propagation provides resistance to crack 
growth. This mechanism is referred to as 
cra~k bridging29'= The amount of tough- 
ening provided by crack bridging de- 
pends upon the volume fraction and 
flow characteristics of the ductile sec- 
o n d - p h a s e  r e i n f o r c e m e n t  and  the 
amount of debonding present at the re- 
inforcement/matrix interfaces. 

Another mechanism for the superior 
fracture toughness of the NiA1-Cr(Mo) 
and NiA1-Cr composites has been pro- 
posed by Johnson et a129 This includes 
an increase in crack-growth resistance 
due to linkage of microcracks, which is 
similar to the shear-ligament toughen- 
ing observed in two-phaseTiA1 alloysy~4 
Crack deflection and renucleation caused 
by the ductile second-phase reinforce- 
ments may result in a series of micro- 
cracks. The material between micro- 
cracks should fracture by shear as the 
microcracks connect with the main crack. 
Linkage of these microcracks with the 
main crack may then provide further 
resistance to crack growth. 

F A T I G U E - C R A C K - G R O W T H  
B E H A V I O R  

The fatigue-crack growth of the in-situ 
NiA1/Cr(Mo) composite withnotch per- 
pendicular to the growth direction at 
room temperature has been Investigated 

by Cheng. :s In a typical 
c r ack -g rowth  curve ,  
three distinct regions can 
be s e e n - - r e g i o n  one 
(1.42 x 1@cycles to 1.55 x 
10 s cycles), region two 
(1.55 x 1@ cycles to 1.79 x 
10 ~ cycles), and region 
three (1.79 x 10 s cycles to 
failure). Region one ex- 
hibits steady-state crack 
growth with an average 
c r ack -g rowth  ra te  of 
5.53 x 105 mm/cycle.  Re- 
gion two exhibits very 
little or no crack growth. 
Region three resumes 
steady-state crack growth 
until failure with an av- 
erage crack-growth rate 
of 4.65 x 105 mm/cycle.  

Fractographic analysis reveals that the 
steady- state crack growth in region one 
of the fatigue-crack-propagation curve 
can be attributed to fatigue-crack growth 
through colonies of lamellae with ran- 
dom lamellar orientation. The crack 
propagated through the Cr(Mo) and 
NiA1 layers in each of the randomly 
oriented colonies with no evidence of 
ductile-phase br idging or interracial 
debonding (delamination). However,  
after cycling for 1.55 x 10 s cycles, the 
specimen exhibited no crack growth until 
after 1.79 x 105 cycles. 

This arrest in crack growth can be 
attributed to the variation of lamellar 
orientations, where colonies of lamellae 
are no longer randomly oriented, but, 
instead, contain lamellar interfaces per- 
pendicular to the crack-propagation di- 
rection (Figure 3). In order to propagate, 
the crack must travel along the path of 
least resistance (in this case, along the 
colony boundaries). This resulted In a 
change in the crack-growth direction 
from perpendicular to the loading direc- 
tion to a direction that is almost parallel 
to the loading direction. After 1.79 x 10 s 
cycles, the crack-propagation direction 
was again perpendicular to the loading 
direction, but in a different plane from 

Table III. Compressive Creep Behavior of Several In-Situ 
NiAI-Refractory Metal Composites 

Stress Activation Energy 
Exponent (k J/tool) Composition (at.%) 

NiA1 [001] (Ni-50A1) 6.3 439.6 
NiAI-Cr 

(Ni-33A1-34Cr-0.1 Zr) 7.69 - -  
NiA1-Cr(Mo) 

(Ni-33A1-28Cr-6Mo) 6.38 456.6 
NiA1-NiA1Ta 

(NiAl-14.5Ta) 4.9 522 
NiAI-(Cr,AI)MTa-Cr 5.22 445.2 

(Ni-30.5A1-33Cr-6Ta) 
NiAI-NiA1Ta-(Mo,Ta) 6.18 
NiA1-NiAITa-(Mo,Ta) 3.6 317.9 
NiA1-Cr 

(Ni-31A1-36Cr) 6.1 - -  
NiAI-Cr(Mo) 

(Ni-33A1-33Cr-lMo) 8.2 - -  

Temperature 
Range (K) 

1,100-1,300 

1,300 

1,200-1,400 

1,200-1,400 
1,100-1,300 

(low stress exponent regime) 
1,200 

1,300-1,400 

1,300 

1,300 

20 #m 
Figure 6. The fracture morphology of a NiAI-Cr(Mo) composite 
after creep testing at 970~ MPa. 

the original crack-propagation plane. 
Steady-state crack growth is resumed 
with an average crack-growth rate of 
4.65 x 10 -3 mm/cycle ,  which is less than 
the initial crack-growth rate of 5.53 x 
10 -3 mm/cycle  found in region one. The 
decrease in crack-growth rate in region 
three can be attributed to the toughen- 
ing mechanism of bridging. After the 
crack front overcame the colonies of 
lamellae with the same orientation, the 
relative movement of the crack faces of 
the ridge were restricted as a result of 
frictional contributions. 

T E N S I L E  CREEP 
B E H A V I O R  

The tens i le  c reep  curves  of the 
NiA1-Cr(Mo) c o m p o s i t e  a long  the 
growth direction tested at 870~ 
MPa and 980~ MPa are shown in 
Figure 4. 26 The composi te  tested at 
870~ / 140 MPa exhibits a transient creep 
regime followed by a steady-state creep 
regime up to 200 hours. The one tested at 
980~ MPa exhibited a typical  
three-stage creep behavior. The steady- 
state creep rates are calculated to be 
1.39 x 10 -~ s -1 and 3 x 10 -~ s -1 for the 
composite tested at 870~ MPa and 
980~ MPa, respectively. 

The minimum creep rates versus stress 
for a NiAI-Cr(Mo) composite at 870~ 
compared to a binary single-crystal NiA1, 
NiA1 containing 20 vol.% TiB, particles, 
and a superalloy are shown in Figure 5.17 
The creep resis tance of the in-si tu  
NiA1-Cr(Mo) is superior to that of the 
binary NiA1 single crystal, although it 
still did not compare well against the 
superalloys. 

Microstructural investigation of the 
composite reveals that the fracture mor- 
phology and the mechanisms of damage 
initiation in the creep-tested composite 
are similar to those found in high-tem- 
perature tensile fracture (Figure 6). The 
creep damage initiated primarily at the 
eutectic grains with misaligned lamellar 
boundary or at the growth defects of the 
lamellar structure. 
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C O M P R E S S I V E  C R E E P  
B E H A V I O R  

The compressive creep behavior of 
thein-situ NLA1-Cr(Mo) composite along 
the growth direction has been investi- 
gated by Johnson et al. and Pollock et 
al. 27 The strain rates versus stress plot for 
NiA1-28Cr-6Mo and NiA1-Cr eutectic 
composites are shown in Figure 7. Re- 
sults for a binary NiA1 single crystal and 
a single-crystal superalloy are also in- 
cluded for comparison. The addition of 
fibrous or lamellar reinforcements  
through DS has a significant influence 
on the creep behavior of NiA1. The 
steady-state creep rate of the composites 
under compression are, in general, sev- 
eral orders of magnitude lower than the 
binary single-crystal NiA1. The kinetics 
of creep deformation of NiA1-Cr(Mo) 
and several other NiAl-refractory metal 
composites are summarized in Table 
III. ~8,~9,27 However, Pollock et al. showed 
that the creep resistance of the 
NiA1-Cr(Mo) and NiA1-Cr composite 
transverse and at 45 ~ to the growth di- 
rection are inferior to that of the longitu- 
dinal direction. 

Johnson et al. TM compared the perfor- 
mance of several NiAl-refractory metal 
composites with a binary single-crystal 
NiAI and a single-crystal superalloy. The 
compressive creep resistance at 1,300 K 
plotted against the room-temperature 
fracture toughness is shown in Figure 8. 

Among the NiAl-refractory metal com- 
posites, the NiA1-Cr(Mo) system exhib- 
its a good combination of creep resis- 
tance and room-temperature damage 
tolerance, although it is still not as good 
as the superalloys. 

C O N C L U S I O N S  

Significant progress has been made 
toward developing in-situ NiAl-refrac- 
tory metal composites for high-tempera- 
ture structural applications. The pres- 
ence of well-aligned fibrous or lameUar 
reinforcement through DS can provide 
significant improvement in room-tem- 
perature fracture resistance and high- 
temperature creep resistance over the 
binary NiA1. However, these in-situ com- 
posites are anisotropic. 

Much more concerted efforts are 
needed to further improve the perfor- 
mance of these materials from room to 
elevated temperatures. The alloy com- 
positions and processing conditions that 
control the resulting microstructure and 
properties need to be optimized. The 
durability and deformation characteris- 
tics of these materials in a high-tempera- 
ture oxidizing environment need to be 
better understood. Finally, development 
of design and testing methodology for 
components made out of low-ductility 
and anisotropic materials will also be 
required. 
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