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The mechanical behaviour of dual-phase microstructures, consisting of elongated primary 
NiAI grains aligned with an intergranular NiAI/X eutectic phase, produced by extrusion of 
cast NiAI-X(where X=Cr and W) alloys, has been examined. Chromium, added to create 
a dual-phase NiAI-based aligned microstructure, resulted in large increases in the yield 
strength, but only marginal improvement in the toughness. In contrast, tungsten alloying 
leads to ductility or toughness increases with no significant strengthening. The 
constitutional hardening rate due to deviations from stoichiometry in Ni rich NiAI was 
estimated to be about 66 MPa (Ni -1 at%). 

1. Introduct ion 
The ordered intermetallic NiAl(13) has emerged as 
a suitable candidate material for gas turbine engine 
components because of its high melting point, low 
density, good oxidation resistance, high thermal con- 
ductivity, high temperature thermodynamic stability 
and high stiffness. However, the lack of room temper- 
ature ductility and toughness is its major shortcoming 
[1,2]. The lack of room temperature ductility has 
been attributed to the presence of insufficient indepen- 
dent slip systems (only three), which inhibits plastic 
deformation in polycrystalline NiA1. Several concepts 
have been explored to improve its room temperature 
tensile ductility. These include attempts to alter the 
slip behaviour (activate < 1 1 1) slip) by microalloying 
[3], martensitic phase transformation toughening [4], 
microalloying of single crystal NiA1 [5] and ductile 
phase toughening [6]. 

The first evidence of ductile phase toughening of 
NiA1 was provided in the directionally solidified 
Ni-34 F~9.9 Cr-18.2 A1 (at %) alloy, whose micro- 
structure consisted of alternating lamellae of nickel 
rich face centred cubic (fcc) solid solution, y phase, and 
[3 phase (about 40 vol % 13) [7]. This in situ composite 
material exhibited almost 17% tensile elongation at 
room temperature with fracture occurring by cleavage 
of the 13-NiA1 phase which was sandwiched between 
ductile necked regions of Y. Recently, a Ni-30 A1 alloy 
has been directionally solidified to produce aligned 
rod like y' (fcc intermetallic phase Ni3A1) in a 13-NiA1 
matrix (about 40 vol % 13 phase) with 10% room 
temperature ductility [6]. Another alloy, Ni-30 
Fe-20A1, when directionally solidified, contained 
aligned 13-NiA1 and y/y' phases, and showed 10% 
ductility [6]. Heat treatment of extruded Ni-30A1-20 
Co and Ni-36 A1 was used to produce a microstruc- 
ture of equiaxed 13-NiA1 grains containing a necklace 
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of continuous y' at the grain boundary [8]. The micro- 
structure with the y' necklace exhibited a slight im- 
provement (about 0.5%) over almost zero ductility of 
those without the y'. Ishida et al. [9] forged and rolled 
several alloys (Ni-20Cr-20A1, Ni 25A1 18 Fe, 
Ni-15A1-65 Fe and Ni-26Al-50 Co) to obtain 
microstructures containing uniform distribution of 
equiaxed 13 and y grains, which showed room temper- 
ature ductilities varying from 2 to 6%. Extrusion of 
cast Ni-20 A1-30 Fe alloy has been carried out to 
produce a microstructure of fine equiaxed 13 distrib- 
uted in 13 + y' eutectic [10]. The alloy showed 8-22% 
room temperature ductility depending upon the fine- 
ness of the 7' grains. It has been suggested [6, 11] that 
the ductility enhancement is brought about because of 

1. the inhibition of crack nucleation in the 13 phase 
due to the increased mobile dislocation density, and 

2. the inhibition of crack propagation by plastic 
stretching of the ductile phase in the crack (crack 
bridging). 

However, all these alloys, utilizing ductile phase 
toughening concepts, contain large amounts of 
alloying elements. This would affect adversely the use- 
ful properties of NiA1, its high melting point and its 
low density. In addition, large amounts of certain 
alloying elements tend to degrade its outstanding oxi- 
dation resistance (significant deviation from 
stoichiometry is known to degrade the oxidation res- 
istance of NiA1, which is contingent upon the forma- 
tion of a stable A1203 layer). 

The purpose of this exploratory research was to 
produce a dual-phase microstructure with the least 
amount of alloy additives and explore its room and 
elevated-temperature mechanical properties. Exam- 
ination of the NiA1 based pseudobinary eutectic phase 
diagrams, NiA1-Cr [12, 13], NiA1-Mo [14, 15] and 
NiA1-W [15,16], suggested that extrusion of cast 
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microstructures consisting of the proeutectic ~ grains 
surrounded by a small amount of intergranular eutec- 
tic, while avoiding recrystallization during or immedi- 
ately after the extrusion, may result in a microstruc- 
ture consisting of ~ grains aligned with the extrusion 
direction and the intergranular regions occupied with 
Cr, Mo or W phases. The solid solubility of Cr and 
W in [3-NiA1 is less than that of Mo in the temperature 
regime of NiA1 extrusion, 1300-1450 K. The NiA1-Cr 
and NiAI-W alloys were selected for this investiga- 
tion, because the amount of solute addition to I3-NiA1, 
required to yield a stable two-phase microstructure at 
the extrusion temperatures, would be less as compared 
with NiA1-Mo. 

a twin-jet polisher using a solution of 70% ethanol, 
14% distilled water, 10% butyl cellosolve and 6% 
perchloric acid, cooled to 263 K. An applied potential 
of 20-50V, with a corresponding current of 
10-15 mA, produced the electron transparent foils. 

3. Results 
The chemical composition of the NiA1, NiA1-W and 
NiAI-Cr alloys, obtained by induction plasma tech- 
niques, were Ni-46A1, Ni-48.3Al-1 W and 
Ni~43 A1-9.7 Cr (at %), respectively. The carbon and 
oxygen contents of these alloys were determined to be 
lower than 0.012wt%. The alloy densities were, 
5.45 _+ 0.10 for NiA1, 5.93 _+ 0.09 for Ni-48.3 AI-1 W 
and 5.57 _+ 0.05 for Ni-43 A1-9.7 Cr (g cm-3). 

2. Experimental procedure 
The NiA1, NiA1 W and NiA1 Cr alloys were induc- 
tion melted and chill cast under a protective argon 
atmosphere in a high purity copper mould to obtain 
cylindrical castings (14 cm long and 5 cm diameter). 
Differential thermal analysis (DTA) was carried out 
on the alloy castings to determine the phase trans- 
formation temperatures, and select an optimum extru- 
sion temperature. The castings were vacuum encap- 
sulated in steel cans and extruded at 1400 K to an 
extrusion ratio of 32:1 for NiA1 and NiA1 W, and 
16' 1 for NiA1-Cr. The chemical compositions of the 
alloys were determined by inductively coupled emis- 
sion spectroscopy techniques. The microstructures 
were examined, following metallographic preparation 
and etching with saturated molybdic acid, by optical 2200 

microscopy. 
The as-extruded bars were centreless ground and 2000 

machined for compressive (cylinders: length, 1.25 cm; ~ 1800 
diameter, 0.63cm), tensile (buttonhead specimens: 

~ 1600 gauge diameter, 0.3 cm; gauge length, 3.0 cm), and 
four-point bend notched fracture toughness (length, ~ 1400 

Q. 

2.54 cm; cross-section, 0.25 x 0.25 cm; notch, 0.13 cm E 
deep and 0.25 cm wide) tests. Compression tests were ~ 1200 
performed in air at a strain rate of 1.74 x 10 -4 s -1 in 1000 
the temperature range 300 1000 K. The tensile speci- 800 

mens were electropolished prior to testing. The tensile 0 
tests were carried out in air at a strain rate of NiAI 
1.3 x 10 -4 s -1 at 300 and 800 K. Fracture toughness (a) 
was determined at room temperature by four-point 
bend testing of the notched bar specimens with the 3.0 

loading direction normal to the extrusion axis. For the 
compression specimens, the cracks originating at the 2.0 

specimen surface and propagating into the specimen 1.0 
interior were examined by scanning electron micro- 
scopy (SEM): These specimens were then cut normal ~ 0.0 
to the compression axis and polished to examine the ~< 
crack paths by optical metallography. The fracture ~ -1.0 
surfaces after tensile and four-point bend tests were 

-2.0 
examined by SEM. 

Microstructures of the NiA1, NiA1-Cr and NiAI-W 
alloys were also examined using a transmission elec- 
tron microscope (TEM) operating at 120 kV. Com- 
pression test specimens, loaded to the yield point, were 
sectioned by electric discharge machining to obtain 
3 mm diameter discs. The TEM specimens were ob- 
tained by electrochemical polishing these discs in 
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3.1. M ic ros t ruc tu ra l  charac ter iza t ion  
3. 1. 1. N i - 4 3 A I - 9 . 7 C r  
Fig. la shows the NiA1-Cr pseudobinary eutectic 
phase diagram. Fig. lb shows the DTA results ob- 
tained from the NiM3 A1-9.7 Cr alloy examined in 
this study. The solvus, solidus and liquidus temper- 
atures indicated by the peaks marked V, T and D in 
Fig. lb are 1478, 1720 and 1818 K, respectively. These 
are in reasonable agreement with the phase trans- 
formation temperatures estimated from the phase dia- 
gram for the 9.7 at % Cr alloy (the composition 

10 20 30 40 50 60 70 80 90 100 

Cr (at %) Cr 

- 3 , 0  . . . . . . . . . . . . . . . . . . . . . . . .  
1270 1400 1520 1650 1770 1990 2020 

( b ) Temperatu re ( K ) 

Figure 1 (a) The NiAl-rich portion of the pseudobinary NiA1-Cr 
eutectic phase diagram [10], with composition C, of the 
Ni~43 A1-9.7 Cr alloy used in this study; (b) typical DTA plot 
obtained for the Ni-43 A1-9.7 Cr alloy used in this study. 



marked by the arrow, C, in Fig. la). The temperature 
of extrusion, 1398 K, indicated by point E in Fig. la  
lies in the 13 + Cr two-phase field. 

The microstructures of the cast and extruded 
N i 4 3  A1-9.7 Cr alloy are shown in Fig. 2. The as-cast 
N i 4 3  A1 9.7 Cr alloy consisted of 13-NiA1 dendrites 
and the interdendritic NiAI-Cr eutectic (Fig. 2a). As 
expected, the extrusion of the Ni~43 A1 9.7 Cr alloy in 
a two-phase regime resulted in the formation of a two- 
phase microstructure consisting of 13-NiA1 grains, align- 
ed with the extrusion axis, and a fine intergranular 
NiA1-Cr eutectic microconstituent. This is evident 
from the transverse (normal to the extrusion axis) and 
longitudinal microstructures presented in Fig. 2b, c, 
respectively. The 13-NiA1 grain size measured on the 

transverse sections (perpendicular to the extrusion 
direction), Fig. 2b, was about 15 gm. This is much 
smaller than the grains in the as-cast alloy, about 
30 gm (Fig. 2a). The equiaxed 13-NiA1 grains, typically 
observed in extruded NiA1 (Fig. 3a), are not observed 
in the extruded Ni-43 A1A1 9.7 Cr alloy. 

3. 1.2. Ni-46 AI and Ni-48.3 AI-1 W 
The extruded Ni~46 AI showed an equiaxed grain 
morphology with relatively fine grain size (25-50 gm), 
due to recrystallization during and subsequent to ex- 
trusion, Fig. 3a. The longitudinal microstructure of 

Figure 2 Microstructures of (a) as-cast, (b) transverse (normal to 
the extrusion direction) and (c) longitudinal views of the extruded 
NiM3 A1-9.7 Cr alloy. The NiA1 Cr eutectic phase is present as 
stringers surrounding the aligned NiA1 grains. 

Figure 3 Microstructures of (a) extruded NiAI in transverse section 
showing the equiaxed grain structure, (b) transverse and (c) longitu- 
dinal sectional views of the extruded Ni~48.3 AI-1 W alloy (the 
NiAI-W eutectic phase is present as stringers surrounding the NiAI 
grains). 
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Figure 4 Transmission electron micrographs of (a) Ni-43 A1-9.7 Cr, (b) NiM3 AI-9.7 Cr alloy showing dislocation pinning by the a- 
chromium precipitates, (c) Ni-48.3 AI-1 W and (d) Ni-46 A1. 

extruded NiA1, on sections parallel to the extrusion 
direction (not shown here), also had a similar equiaxed 
grain appearance. 

The transverse and longitudinal microstructures of 
the extruded Ni~8.3 AI-1 W alloy are shown in 
Fig. 3b, c, Extrusion of this alloy also led to the forma- 
tion of a two-phase aligned microstructure, which 
consisted of I3-NiA1 grains surrounded by 
the NiAI-W eutectic. The ]3-NiA1 grains in 
Ni-48.3 AI-1 W alloy are considerably smaller in size, 
5-20 gm (Fig. 3b), than in the NiA1 alloy. 

3. 1.3. TEM examinat ion 
Transmission electron micrographs of the 
Ni~43 A1-9.7 Cr, Ni~48.3 AI-1 W, and Ni-46 A1 alloy 
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specimens, deformed just beyond the compressive yield 
stress, are shown in Fig. 4a-d. The Ni-43 A1-9.7 Cr 
matrix contains a bimodal distribution of a-chromium 
precipitates, about 15 nm in size, spaced at 50 nm, and 
about 45 nm in size, spaced at 150 nm (Fig. 4a). Occa- 
sionally, Cr23C6 precipates, not shown in Fig. 4a, were 
also observed. Extensive dislocation pinning asso- 
ciated with the 45 nm chromium precipitates is evi- 
dent from Fig. 4b. The tungsten-containing alloy has 
approximately 50 nm tungsten precipitates spaced at 
about 135 nm (Fig. 4c). The dislocation density in this 
alloy is much smaller than in the chromium contain- 
ing alloy. Both tungsten and chromium alloyed NiA1 
specimens showed subgrain formation. This was not 
observed in Ni-46 A1 (Fig. 4d). The Ni-46 A1 sample 
showed the least amount of dislocations. 



3.2. Compressive  deformat ion  and fracture 
Typical engineering stress-strain curves for the com- 
pressive deformation at 300 K are shown in Fig. 5a 
for the extruded Ni-46A1, Ni~43 AI-9.7Cr and 
Ni-48.3 AI-1 W alloys. Sudden stress (or load) drops 
are observed in the Ni-46 A1. The Ni-48.3 A1 1 W 
and Ni-43 A1-9.7 Cr alloys did not show these load 
drops, and the load displacement curves were smooth. 
The load drops were not observed in the extruded 
Ni 46A1 at 800 K, where the load-displacement 
curves were smooth. 

Temperature dependence of the 0.2% offset com- 
pressive yield strength (CYS) for the extruded 
NiM6 A1, Ni-43 A1-9.7 Cr and Ni-48.3 A1 1 W alloys 
is shown in Fig. 5b. Three tests were performed at 
room temperature to examine the experimental repro- 
ducibility. At other temperatures, only one test was 
performed for all the alloys. 
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Figure 5 (a) Typical stress-strain curves, at 300 K, for the three 
alloys examined in this study (-O)Ni~43AI-9.7Cr, ( ) 
NiM6 A1, @ Q NiMS.3 AI-1 W; (b) Variation of 0.2% compressive 
yield strength (CYS) with temperature for the extruded (0) 
NiM6 A1, (ll) Ni-43 A1 9.7 Cr and (0) Ni-48.3 A1 1 W alloys, (.) 
data of Cotton et al. [3] for Ni-50 A1; (c) Variation of compressive 
fracture strain (defined in the text), obtained during compression 
testing of the extruded (0) Ni 46 A1, (11) NiMS.3 AI-1 W and (0) 
Ni 43 A1-9.7 Cr alloys. 

The room temperature compressive yield strength 
of the extruded Ni-43 A1-9.7 Cr alloy (895 + 90 MPa) 
is nearly twice that of the extruded Ni-46A! 
(451 _+ 6 MPa). It is also larger than the room temper- 
ature CYS of extruded Ni-45A1 5Cr alloy, 
818 _+ 9 MPa'[3]. The room temperature CYS of the 
extruded Ni-48.3Al-lW alloy (311 __ 5MPa) is, 
however, lower than that of the extruded Ni-46 A1 
(451 _+ 6 MPa). The room temperature CYS of ex- 
truded Ni-50A1, 189 _+ 6 MPa [3] is significantly 
lower than that of the alloys examined in this study. 

The Ni-43A1-9.7Cr shows the highest CYS 
throughout the temperature range 300-1000 K for all 
the alloys examined in this study. It is more than twice 
that of the other two alloys. The temperature depend- 
ence of the Ni-46 A1 and Ni~8.3 AI-1 W alloys is 
similar, showing a continuous decrease with increas- 
ing temperature. The temperature dependence of the 
NiM3 A1-9.7 Cr is different. Its CYS remains constant 
up to about 500 K before it begins to decrease. The 
extruded Ni-46 A1 retains its strength advantage over 
Ni-48.3 AI-1 W up to about 800 K. At 1000 K both 
the alloys show similar strengths. 

The compressive fracture strains, defined as the 
total strain when a drastic drop in the compressive 
stress due to the specimen fracture occurs during com- 
pression testing, are shown in Fig. 5c for the three 
alloys. At 300 K, the Ni~48.3 AI-1 W alloy has a high- 
er compressive fracture strain compared to Ni-46 A1, 
while the Ni-43 A1 9.7 Cr has a lower compressive 
fracture strain compared to the Ni-46 A1 alloy. Speci- 
mens were observed to fracture until 600 K for 
Ni~48.3 AI-1 W, 800 K for NiM6 A1 and 1000 K for 
Ni~43 A1-9.7 Cr. At temperatures higher than these, 
due to the excessive specimen plasticity, the compres- 
sion testing had to be interrupted in order to prevent 
damage to the test equipment. This suggests that the 
brittle-ductile transition temperatures (BDTT) for the 
three alloys might be in the following order: 
Ni-48.3 AI-1 W < Ni-46 A1 < Ni~43 A~9.7 Cr. 

Figs 6-8 present the room temperature compressive 
fracture behaviour of the three alloys. The fracture in 
Ni-46 A1 appears to be mixed-mode, with predomi- 
nance of transgranular fracture (Fig. 6). The Ni-43 
A1 9.7 Cr alloy shows a predominantly transgranular 
fracture, with the crack propagation being mostly 
through the primary [3-NiA1 grains (Fig. 7a). However, 
some evidence of crack path following the intergranu- 
lar eutectic boundaries is also present (Fig. 7a). Its 
fracture surface gives a dimpled appearance (Fig. 7b) 
as opposed to the predominantly sharp-faceted ap- 
pearance in the extruded Ni-46 A1 (Fig. 6b), due to the 
grain boundary decohesion. The dimpled appearance 
is presumably caused by the pull-out of the inter- 
granular chromium phase. This indicates some 
toughening potential of the Ni-43 A1-9.7 Cr alloy. 

The extruded Ni-48.3 AI-1 W alloy also fractures in 
the intergranular mode at room temperature, with the 
cracks propagating along the grain boundaries 
(Fig. 8a). However, the fracture surface for the ex- 
truded NiM8.3 AI-1 W alloy gives a dimpled appear- 
ance (Fig. 8b) as opposed to the predominantly sharp 
facets of the grain boundaries in extruded Ni-46 A1 
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Figure 6 Microstructure showing crack path, and (b) fracture sur- 
face of extruded Ni-46 A1, compression tested at 300 K, showing 
intergranular failure. Figure 8 Microstructure showing crack path, and (b) fracture sur- 

face of extruded Ni-48.3 A1 1 W alloy, compression tested at 300 K, 
showing intergranular failure. 

(Fig. 6b). This is conceivably because of the tungsten 
precipitates either getting pulled out or in some cases 
getting plastically stretched. This behaviour is more 
evident in the inset of Fig. 8b, and may lead to im- 
proved room temperature fracture toughness. 

At 800 K, both N i~6A1  (Fig. 9a) and Ni-43 
A1-9.7 Cr (Fig. 9b) alloys, showed transgranular frac- 
ture. Regions of inhomogeneous deformation (defor- 
mation bands) were observed in NiA1. These were not 
observed for NiM3 A1-9.7 Cr. The nature of crack 
propagation in NiM8.3 AI-IW alloy could not be 
determined because it was very ductile at 800 K and 
showed no radial surface cracks. For  the extruded 
N~43 A1-9.7 Cr alloy, although the 800 K fracture is 
transgranular, the interdendritic NiAI-Cr eutectic ap- 
pears to cause some crack deflection (indicated by 
arrows in Fig. 9b). 

Figure 7 Microstructure showing crack path, and (b) fracture sur- 
face of extruded Ni-43 AlO.7Cr alloy, compression tested at 
300 K, showing mixed mode (trans and intergranular) fracture. 
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3.3. Tensile deformation and fracture 
The tensile properties of the extruded NiA1, 
Ni-48.3 AI-1 W and Ni~43 A1-9.7 Cr alloys, at 300 K, 
are summarized in Table I. The table also includes 
data for the cast and extruded Ni-50 A1 reported by 
Cotton et al. [3]. The N i ~ 6  A1 showed brittle behav- 
iour (no yielding or plastic deformation), with a tend- 
ency for the specimens to fail in the grip, near the end 
of the gauge section. The yield strength value has, 
therefore, been indicated as greater than the maximum 



Figure 9 Microstructures showing transgranular crack propaga- 
tion in extruded (a) Ni~46 AI and (b) Ni-43 A1-9.7 Cr, compression 
tested at 800 K. 

observed stress. This value is greater than 180 MPa, 
reported for Ni-50 A1 [3]. The plastic strain for the 
Ni-50 A1 is reported to be 1.5% [3] as compared with 
the zero ductility of the present NiM6 A1 alloy. This is 
in agreement with the observation [17] that Ni-rich 
off-stoichiometry leads to an increased strength and 
decreased ductility for the alloys. This observation is 
also valid at higher temperatures. For example, the 
Ni-50 A1 alloy has a yield strength of 100 MPa and 
ductility of 70% at 600K [3], as compared with 
253 MPa yield strength and 6.3% ductility for the 
Ni-46 A1 alloy at 800 K. 

The Ni48.3 AI-1 W alloy showed distinct yielding, 
its 0.2% offset yield strength being 205 + 20 MPa and 
plastic strain 1.2%. It is interesting to note that the 
room temperature yield strength of the 
Ni-48.3 AI-lW is smaller than that of Ni-46A1 
(>279MPa) .  One would expect that tungsten 
alloying would lead to strengthening due to solid 
solution hardening (tungsten dissolved in ~-NiA1) and 
precipitation hardening (fine tungsten precipitates in 
[3-NiA1). However, apparently the Ni-A1 ratio has 
a more pronounced influence on the yield strength 
than these effects. Possible synergism between non- 
stoichiometry and solid solution strengthening must 
also be considered. The room temlSerature yield 
strength of the Ni-48.3 AI-1 W alloy is almost identi- 
cal to that of the Ni-48.9 A1 alloy (220 MPa) [18], 
suggesting that tungsten alloying (up to 1%) has vir- 
tually no influence on the yield strength of NiA1. 

However, tungsten alloying does improve room tem- 
perature ductility, as indicated by 1.2% for 
NiM8.3 AI-1 W versus nearly zero for Ni-49 A1 [19]. 

Similar to room temperature behaviour, at 800 K 
the yield strength of NiMS.3 AI-1 W(150 MPa) is 
smaller than that of Ni~46 A1 (253 MPa). However, 
the ductility of Ni~48.3 AI-1 W (30.2%) is much larger 
than that of Ni~46 A1 (6.3%). 

The Ni-43 A1-9.7 Cr alloy showed the highest yield 
strength of all the alloys examined in this study, both 
at room temperature and at 800 K. Its ductility was 
zero at room temperature, and 3% at 800 K. The 
800 K ductility data (Table I) suggest that the BDTT 
of these alloys are in the following order, 
Ni-43 A1-9.7 Cr > NiM6 A1 > Ni-48.3 AI-1 W. This 
is in agreement with the previously described com- 
pressive fracture behaviour of these alloys. The BDTT 
of NiA1 alloys increases with increased deviation from 
stoichiometry [20, 21]. The nickel-aluminium ratio 
for the N%43A1 9.7Cr, Ni-46A1 and Ni-48.3 
AI-1 W alloys are, respectively, 1.17, 1.10 and 1.05. 
One would therefore expect Ni-46 A1 to have a higher 
BDTT than Ni~43 A1-9.7 Cr. This is contrary to the 
observed behaviour, and may be attributed to the 
chromium alloying, which is known to increase the 
BDTT of NiA1 alloys [3]. 

The fracture surfaces of the room temperature ten- 
sile tested Ni~46 A1, Ni-43 A1-9.7 Cr and 
Ni-48.3 AI-1 W are shown in Fig. 10. The fracture 
behaviour of Ni-46 A1 (Fig. 10a) appears to be pre- 
dominantly transgranular, with occasional intergranu- 
lar failure. This is in agreement with earlier observa- 
tion of transgranular failure in NiM5 A1 by Nagpal 
and Baker [22]. The grain boundaries, however, ap- 
pear to provide some resistance to crack growth as 
evidenced by the sharp facets observed along the grain 
boundaries on the fracture surface. For the 
Ni-43 A1-9.7 Cr alloy, the fracture is transgranular 
(Fig. 10b). The fracture surface shows that the chro- 
mium precipitates, located within the matrix and at 
the 13-NiA1 grain boundaries, get pulled out during 
crack growth. This should result in improved fracture 
toughness. In the Ni-48.3 AI-1 W alloy, necking and 
subsequent fracture (or pull-out) of the ductile tung- 
sten phase located on the grain boundaries is seen 
(Fig. 10c). The pulled-out tungsten phase appears to 
leave behind cavities (inset of Fig. 10c) although 
matching-surface fractography is needed to confirm 
this. 

3.4. Fracture toughness 
The room temperature fracture toughness values, Ko, 
of the Ni-46 A1, Ni-43 A1 9.7 Cr and N%48.3 AI-1 W 
are given in Table I. These represent the average of 
three measurements on each of the alloys. The room 
temperature fracture toughness of Ni~46A1 was 
4.9 MPa m I/2, in agreement with the values reported 
for polycrystalline NiA1, ~ 6  MPam 1/2 [4]. The 
Ni-43 A1-9.7 Cr alloy, with a Ko value of 5.4 MPa 
m 1/2, showed a 10% increase in fracture toughness. 
The Ni-48.3 AI-1 W showed the largest Ko, 5.9 MPa 
m ~/2, about 22% higher than for NiM6A1. The 

4867 



fracture for all these alloys was transgranular, and 
showed the characteristics described above for the 
room temperature tensile fracture, i.e. pulled out chro- 
mium and tungsten particles for the Ni-43 A1-9.7 Cr 
and Ni-48.3 AI-1 W alloys. 

4. Discussion 
4.1. Microstructure 
Primary dendrites of NiAI nucleate first and grow 
during casting of the hypoeutectic NiA1-X (where 
X = Cr and W) alloys. The low solid state diffusivities 
of solutes leads to an increase in the solute content 
of the remaining melt, which eventually reaches the 
eutectic composition, Cz, (for NiAI-Cr: CE = 33 
at % Cr) and solidifies as the interdendritic eutectic, as 
seen in Fig. 2a. Since the extrusion temperatures, the 
NiA1 phase is considerably weaker than chromium 
(yield strength of Ni-50 A1 < 43 MPa [3] at 800 K; 
whereas the yield strength for Cr equals 98 MPa at 
1073 [23], and W equals 59 MPa at 1920 K [24]), the 
presence of the intergranular eutectic phase permits 
deformation only along the extrusion axis and yields 
the aligned microstructure (Fig. 2c). A microstructure 
with small grain size of the primary NiA1 phase (which 
can be controlled by the rate of heat extraction during 
casting) is ideally suited for such extrusion processing 
in the two-phase regime. 

Figure 10 Fracture surfaces of room temperature tensile tested (a) 
Ni-46 A1, (b) Ni-43 A1-9.7 Cr, and (c) Ni~48.3 AI-1 W alloys. 

4.2. Mechanical properties 
It is well documented [18], and also observed in this 
study, that a deviation from stoichiometry, either by 
the formation of nickel vacancies (aluminium-rich 
alloys), or the substitutional nickel atoms on the alu- 
minium sites (nickel-rich alloys), leads to NiA1 
strengthening. The room temperature compressive 
yield strength of the Ni-46 A1 alloy (451 _+ 6 MPa) is 
greater than that of Ni-50 A1 (189 MPa) E3]. Assum- 
ing a linear dependence this increase in strength cor- 
responds to a strengthening rate of 66 MPa (at % 
Ni-  1) for the Ni-rich NiA1 compositions. This harden- 
ing rate agrees well with that deduced by Noebe et al. 
[2], 70 MPa (at % Ni-1), from the tensile strength 
values of the Ni-rich cast and extruded NiA1 alloys 
[17]. 

T A B L E  I Tensile properties of Ni-46 A1, Ni-50 A1 [31, Ni~48.3 AI-1 W and Ni-43 A1-9.7 Cr alloy at 300 and 800 K 

Alloy 0.2% offset 0.2% offset Ultimate Fracture 
compressive yield tensile strain 
yield strength strength strength (%) 
(MPa) (MPa) (MPa) 

Kc 
(MPa Ill 1/2) 

At 300 K 
Ni~46 Al 451 > 279 - 0.00 4.9 
N i ~ 8 . 3  AI-1 W 312 205 + 20 360 1.20 5.9 
Ni~43 A1-9.7 Cr 895 > 496 - 0.00 5.4 
Ni-50 A1 [3] 189 180 - 1.50 - 
Ni-50 A1-0.28 Fe [281 210 160 t85 - 

At 800 K 
N i ~ 6  A1 228 253 352 6.30 - 
Ni-48.3 AI-1 W 167 150 205 30.20 - 
NiM3 At-9.7 Cr 518 446 583 2.95 - 
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TABLE II Estimation of yieid strengths of the Ni-45 A1 5Cr and Ni~t3 A1-9.7 Cr alloys 

Strengthening mechanism Ni-45 AI 5 Cr Ni~43 A1-9.7 Cr 
(MPa) (MPa) 

Binary Ni-50 A1 [3] 
Solid solution strengthening [23] 
Constitutional strengthening 
Precipitation strengthening [25] 
Estimated yield strength 
Experimental yield strength 

189 189 
431 431 
174 157 
53 159 

847 937 
818 [3] 895 

A microstructure, as observed in the extruded 
Ni~43Al-9.TCr alloy, is expected to derive its 
strength from the folIowing factors 

1. Constitutional strengthening due to the vari- 
ation in the Ni-A1 ratio [66 MPa (at pct Ni-1), as 
determined in this study]. 

2. Solid solution strengthening from the chromium 
dissolved in the NiA1 phase. Cotton et al. [25] have 
reported a solid solution hardening rate of 287 MPa 
(at % Cr-  1). 

3. Precipitation strengthening (chromium precipi- 
tates in the NiA1 phase): the strength increment due to 
the obstruction of dislocation motion by non-shearing 
particles (dislocation pinning seen in Fig. 4b) can be 
estimated, in a manner similar to Cotton et al. [3], by 
the following expression 

Aop = 2re0 ~ _ d)ln 

where G is the shear modulus (72 GPa), b the Burger's 
vector (0.2886 rim), d the Cr precipitate size (45 nm) 
and )~ the interparticle spacing (150 nm). The strength- 
ening contribution from the finest chromium precipi- 
tates has been ignored because dislocation pinning 
associated with these precipitates was not observed 
(Figl 4b). These precipitates were apparently sheared 
because of the coherent interface between NiA1 and Cr. 

4. Grain size strengthening: earlier studies indicate 
that the yield strength of stoichiometric Ni 50 A1 is 
dependent on the grain size and that this dependence 
increases with the deviation from stoichiometry 
[25, 26]. However, in Ni~43 A1-9.7 Cr alloy, the grain 
size of the primary I3-NiA1 phase, 15 gin, is consider- 
ably larger than the interparticle spacing between the 
Cr precipitates (150 nm). The mean free path for the 
dislocations will, thereforel be considerably less than 
the grain size. Hence, the grain size strengthening may 
be neglected in estimating the yield strength. 

Table II compares the theoretical and experi- 
mentally measured compressive yield strengths of the 
Ni-43 A1-9.7 Cr and Ni-45 Al-5 Cr 1-3] alloys. The 
theoretical yield strength values have been computed 
by adding constitutional hardening [66 MPa (at % 
Ni -1) for Ni-rich NiA1], solid solution hardening 
[287 MPa (at % Cr- 1)] [25] and precipitation hard- 
ening, to the yield strength of binary Ni 50A1 
(189 MPa) [3]. Since the NiM5 A1-5 Cf alloy showed 
recrystallized f3-NiA1 grains having no interdendritic 
J3-NiA1-Cr eutectic [3], all of the chromium in the 
alloy is assumed to be available for the solid solution 
and precipitation hardening of the matrix. As can be 

seen in Table II, the difference between the experi- 
mental and theoretical (estimated) yield strength 
values, for both the Ni-45Al-5 Cr and Ni~43 
AI 9.7 Cr alloys, is less than 5%. 

An examination of Table I shows that for the three 
alloys examined in this study the compressive yield 
strength values are greater than the tensile yield 
strengths. For example for the NiM8.3 AI-1 W the 
compressive yield strength at room temperature is 
about 108 MPa larger than the tensile yield strength. 
No such information can be deducted for the Ni-46 AI 
and Ni-43 A1-9.7 Cr at room temperature because 
they failed prior to yielding. However, as indicated in 
Table I, similar behaviour has been observed in the 
cast plus extruded Ni-50 A1 [27] and Ni A1-0.2 at 
% Fe [28] alloys at room temperature. This difference 
decreases with increasing temperature, e.g. from 
108MPa at 300K to 17MPa at 800K for the 
Ni-48.3 AI-1 W. Similar behaviour is seen for the 
Ni-50 A1 alloy extruded from the vacuum atomized 
powder, their compressive strengths being higher than 
the tensile strengths by 70 and 20 MPa at 500 and 
900 K, respectively [27]. While this difference at 
800 K for the Ni-46 A1 and Ni~48.3 AI-1 W alloys is 
insignificant, it is considerably larger (72 MPa) for the 
Ni-43 A1-9.7 Cr alloy. 

4.3. Toughening Mechanism 
The primary cause of the improved fracture toughness 
in extruded Ni-48.3 AI-1 W appears to be the crack 
bridging by the presence of a ductile tungsten phase. 
Since the brittle chromium phase in the 
Ni 43 A1-9.7 Cr alloy is not plastically deformed, it 
does not yield significant toughening. The minimal 
toughening obtained in this alloy as compared to the 
extruded Ni-46 A1 is due to the pull-out of the chro- 
mium phase. Increased tungsten alloying would be 
more effective in increasing the room temperature 
fracture toughness of the extruded NiA1 alloys, as 
compared to the increased chromium alloying. 

5. Conclusions 
The following conclusions may be drawn from this 
study on the mechanical behaviour of dual-phase align- 
ed microstructures produced by casting and extrusion 
of the hypoeutectic NiAI-X (where X = Cr or W) 
alloys 

1. Extrusion of dual phase microstructure prevents 
the dynamic recrystallization that is commonly ob- 
served in single phase NiA1. 

4869 



2. The compressive yield strengths for all the ex- 
truded alloys are larger than the tensile yield 
strengths. Their difference decreases with increasing 
temperature. 

3. Chromium alloying leads to a two-fold increase 
in the yield strength of NiA1, presumably due to solid 
solution strengthening and precipitation strengthen- 
ing. 

4. Tungsten addition is more effective in ductility 
and/or toughness improvement of NiA1, as compared 
to chromium. 
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