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Abstract: A hyper-eutectic alloy, with nominal composition Ni-42Al-16Mo (at%), was directionally solidified at growth rates 

ranging in 12~300 µm/s by liquid metal cooling (LMC) technique. Microstructural examination reveals that the NiAl-16Mo 

alloy is composed of primary Mo dendrite and NiAl/Mo eutectic cell in all the growth conditions employed. With the growth 

rates increasing from 12 to 300 µm/s, the volume fraction of Mo primary dendrite increases from 7.21% to 11.42%, while the 

size and the arm spacing of Mo primary dendrite reduces simultaneously. The corresponding room temperature fracture 

toughness (RTFT) and ultimate high temperature compressive strength (UTCS) decrease with the increase of growth rates. The 

toughening and strengthening mechanism of composite was also discussed. 
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NiAl intermetallic compound offers desirable properties 

for high temperature structural applications compared with 

Nickel-based supperalloys. There has been considerable in-

terest in NiAl as a candidate material for high-temperature 

applications in aerospace vehicles due to its high melting 

point, superior oxidation resistance, good thermal conduc-

tivity, low brittle-to-ductile transformation-temperature 

(BDTT)

[1]

. However, NiAl is brittle at room temperature 

(RT) and has poor strength at high temperature. To make 

NiAl a viable high temperature structural material, system-

atic efforts have been made to overcome its disadvantages 

through various fabrication processes

[2-6]

. The directional 

solidification (DS) of eutectic alloys can effectively im-

prove RTFT of intrinsically brittle NiAl intermetallics. Ac-

cording to the studies of Bei et al

[7]

 and Ferrandini et al

[8]

, 

NiAl-Mo alloy can generate a composite structure and im-

prove the both properties. However, previous studies were 

all done at the eutectic composition (NiAl-9Mo, at%). It is 

well known that the properties of composites are greatly 

dependent on the microstructure and the volume fraction of 

the constituent phases. However the composition and proc-

ess parameters influence the microstructures. Up to now, 

the hyper-eutectic alloy of NiAl-Mo system is rarely stud-

ied. In the present investigation, the Ni-42Al-16Mo (at%) 

hyper-eutectic alloy was directionally solidified by LMC 

technology. The microstructure evolution, RTFT and UTCS 

of the alloy were investigated. 

1 Experiment 

The ingot (Φ80 mm×100 mm) with composition of 

Ni-42Al-16Mo (NiAl-16Mo in brief) was cast by a vacuum 

induction melting furnace under an argon atmosphere using 

a stainless steel die. The Φ8.9 mm×100 mm rods were cut 

from the ingot by Wire Electro-discharge Machine (EDM) 

and directionally solidified at 12~300 µm/s. The details of 

DS experiment are given in Ref[9].We sectioned the DSed 

rods by EDM for metallographic analysis. After a series of 

metallographic processes, the specimens were etched by a 

solution of 80%HCl-20%HNO

3

. The microstructures and 

composition were observed by a scanning electron micro-

scope (SEM) equipped with energy dispersive spectrometry 

(EDS). The quantitative analysis was conducted by 

SISCIASV8.0 metallurgical analysis software.    

The compression specimens (Φ4 mm×10 mm) and 
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three-point bending (3PB) specimens were machined by 

EDM from the DSed samples along the growth direction. A 

schematic illustration of the fracture toughness composite 

specimen is shown in Fig.1.  

The details of 3PB test are given in Ref[10]. The com-

pression experiments were conducted with a Gleeble 1500D 

test machine at 1273 K at an initial strain rate of 2×10

-3

 s

-1

 

and the compression axis was parallel to the growth direc-

tion. In this work, three or four specimens were tested and 

the average value was adopted for each specimen condition. 

2  Results and Discussion 

2.1  Microstructure  

The solid-liquid (S/L) interface morphologies and 

transverse section microstructures of the directionally so-

lidified NiAl-16Mo alloy at 12, 300 µm/s and G

L

=334 

K/cm are shown in Fig.2 (for conciseness, selective met-

allographic images are presented). Fig.2a

1

 and 2b

1

 show 

the longitudinal section microstructures of the DSed alloy 

while Fig.2a

2

 and 2b

2

 display the transverse microstruc-

tures. Because of the hyper-eutectic composition, for all 

employed growth conditions, it is found that the alloy 

structure is composed of primary Mo dendrite phase and 

NiAl/Mo eutectic cell. The longitudinal microstructures 

present that both NiAl/Mo eutectics and primary Mo phase 

are aligned erectly along the growth direction and inter-

faces are characterized by the Mo dendrites prior to the 

eutectics. The cross microstructures show NiAl/Mo eutec-

tic cells, and that the fibrous Mo is distributed in the NiAl 

matrix. There are two changes with the increase of growth 

rate from 12 to 300 µm/s. First, the primary Mo dendrite 

arm spacing reduces. Second, the volume fraction of con-

stituent phases varied. For example, the volume fraction 

of eutectics decreases from 92.79% to 88.58%. At the 

same time, the primary Mo dendrite arm spacing reduces 

from 230.80 to 127.10 µm (as is seen in Table 1). In our 

study, the primary Mo dendritic phases precipitate in the 

DSed alloy which shows that the alloy composition is out-

side the coupled growth zone. According to the theory of 

constitutional undercooling

[11]

: 

( )

L L E 0 L

/ /G V M C C D−�

                    (1)  

where G

L

 is the temperature gradient in the liquid ahead of 

the interface, V is the growth rate, m

L

 is the liquids slope, 

M

L 

is the slope of the liquidus,

  

D

L

 is the diffusion coeffi-

cient of solute atom in the liquid, C

E

 is the eutectic compo-  

 

 

 

 

 

 

 

 

Fig.1  Schematic diagram of 3PB specimen 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Optical metallographic images of quenched S/L interfaces and microstructures of DSed NiAl-16Mo alloy at 12 µm/s(a
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); and     

300 µm/s (b
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Table 1  Volume fraction of phases and the primary Mo den-

drite spacing of DSed NiAl-16Mo alloy  

Growth rate, 

V/µm·s

-1

 

Primary Mo/ 

% 

Eutectic/ 

% 

Primary Mo dendrite  

spacing, λ

1

/µm 

12 7.21 92.79 230.80±45.30 

25 7.89 92.11 199.13±39.85 

50 8.65 91.35 171.90±39.40 

100 9.58 90.42 166.05±43.05 

300 11.42 88.58 127.10±26.95 

 

sition, and C

0

 is the initial composition of the solidifying 

alloy. The Eq.(1) shows that for a given composition the 

right side of Eq.(1) is a constant. It indicates that a large 

temperature gradient G

L

 and a small growth rate V should 

contribute to formation of regular in-situ composites with 

perceptible deviation of their nominal composition C

0

 from 

the eutectic composition C

E

. When Eq.(1) holds true, the 

interface is planar and the fully eutectic microstructure is 

obtained. When the value of G

L

/V is low enough, it makes 

Eq.(1) indefensible. For the eutectic alloy, instability of two 

phases occur and the interface evolves from planar into 

cellular. For the off-eutectic alloy, single-phase instability 

happens and causes the mixed structures characterized by 

dendrites of one phase and interdendritic two-phase eutectic. 

Our group has observed a fully fibrous microstructure was 

in DSed NiAl-16Mo (V=6 µm/s, G

L

=334 K/cm)

 [10]

.  

However, the occurrence of primary Mo dendrites in our 

study presents that the supercooling composition point un-

der our experimental conditions (V=12~300 µm/s, G

L

=334 

K/cm) is outside the coupled-growth zone. So the micro-

structure at RT is made up of primary αMo dendrite and 

(αMo+βNiAl) eutectic. It is also worth mentioning that the 

eutectic structure becomes irregular with the increase of the 

growth rate. For example, the Mo fibers are uniformly 

aligned along the growth direction at V=12 µm/s, while at 

V=300 µm/s, eutectic colony structures and the coarse re-

gions at colony boundaries appear in the area of in-

ter-dendritic. This will undoubtedly affect the properties of 

the alloy and will be discussed later. 

The composition of NiAl matrix, eutectic and primary αMo 

dendrite were analyzed by EDS. Here we chose the specimen 

of V=12 µm/s to analyze the composition of the phases. The 

results show that the αMo dendrite contained all three ele-

ments and had the composition Mo-2.99Ni-8.64Al (at%), 

while the eutectic contains all three elements and has the 

composition Ni-44.69Al-10.37Mo (at%). And the NiAl matrix 

has the near-stoichiometric composition Ni-49.58Al (at%). 

2.2  Fracture toughness 

Table 2 shows the results of 3PB bending test and Fig.3 

shows the reprehensive applied stress-strain curve (all the 

curves are similar in the bending test, and here we choose 

the curve of V=12 µm/s to explain the phenomenon). It can 

be seen that the RTFT of all DSed NiAl-16Mo alloy is 

higher than that of NiAl (5.15 MPa.m

1/2

 for comparison, the 

RTFT of NiAl was tested in our study). From the curve we 

can conclude that the specimen fractures abruptly rather 

than fractures gradually from crack propagation. The failure 

mode is typical of brittle manner. A trend is noticed that the 

RTFT falls with the increase of growth rate in DSed 

NiAl-16Mo alloy. RTFT for the DSed NiAl-16Mo compos-

ites decreases gradually from 9.69 MPa·m

1/2

 to about 8.13 

MPa·m

1/2

 with the increase of growth rate from 12 µm/s to 

300 µm/s. The RTFT of the DSed alloy varies greatly in the 

microstructural evolution because of the following three 

reasons: first, the volume fraction of eutectic NiAl/Mo in 

DSed alloy decreases with the increase of growth rate. The Mo 

fibers are the major toughening phases by crack bridging, 

crack trapping, crack blunting and crack linkage mechanism

[12]

. 

Second, DS process refines the primary Mo dendrite and 

changes the morphology of eutectic around the dendrite, 

which has a harmful effect on the properties because the 

regularity of Mo fibers is essential to RTFT 

[13]

. Third, the 

decrease of dendrite spacing makes it easy to crack propa-

gation along the Mo dendrite/NiAl matrix interface. 

The fracture surface of the 3PB specimens for DSed 

NiAl-16Mo alloy was observed by SEM and shown in   

Fig.4. In all cases, the main crack in the DSed specimen 

initiates from the notch and propagates straightly, and is 

slightly tilted to the loading direction (Fig.4a). The side 

surface observation (Fig.4a) shows the Mo fibers are ori-

ented perpendicular to the crack path. Plastic stretching of 

the Mo fibers is evident from inspection of the side surface 

(Fig.4b). The Mo fibers toughen the NiAl matrix through crack 

 

Table 2  RTFT (K

Q

) and UTCS (1273 K, 2×10

-3 

s

-1

) of the pre-

sent alloy at different growth rates  

Growth rate of DSed NiAl-16Mo/µm·s

-1

 

 

12 25 50 100 300 

NiAl 

K

Q

/MPa·m

1/2

 9.69 9.18 9.34 8.76 8.13 5.15 

UTCS/MPa 250.61 203.75 201.08 203.14 198.50 88.61 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Stress-strain curve of DSed NiAl-16Mo alloy 3PB bending  

test (V=12 µm/s) 
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bridging, crack trapping and crack linkaging. The regularity 

and the volume fraction of the Mo fibers are essential to the 

RT fracture toughness

[12]

. As seen in Fig.4b, well-aligned 

Mo fibers inter-dendritic embed within NiAl matrix at V=12 

µm/s. According to Table 2 and Fig.2, the volume fraction 

of eutectic structure decreases with the increase of growth 

rates, the regularity of Mo fibers around the Mo dendrites 

becomes worse, which is accompanied by the growth rates. 

Undoubtedly, these factors will weaken the toughening ef-

fect. Fig.4c reveals that the interface of Mo dendrite/NiAl 

matrix is the fracture initiation. It is shown that the primary 

NiAl is deformed first. A shallow dimple is left by primary 

Mo pulling out in the alloy (Fig.4d). This shows that the 

interface between Mo dendrite and NiAl matrix is weak. 

And this can facilitate the propagation of crack. Fractured 

Mo dendrite is also left in the matrix (Fig.4d). According to 

Table 1, the decrease in the primary Mo dendrite arm spac-

ing makes it easy to extend the crack. All RTFT values here 

are lower than that of the fully fibrous specimen of DSed 

NiAl-16Mo alloy (V=6 µm/s, K

Q

=19.36 MPa·m

1/2

)

[10]

. This 

indicates that the precipitation of the primary Mo phase af-

fects the properties of the alloy. 

2.3  High temperature compressive properties 

Table 2 shows the results of compressive test and Fig.5 

shows the compressive true stress-strain curves at 1273 K. 

For comparison, the strength of binary NiAl was also ex-

amined. The samples were compressed to about 50% engi-

neering strain. All curves are similar in appearance. With 

the increase of strain the true stress-strain curves reach 

rapidly a peak stress where strain softening occurs and then 

the stress decreases gradually. The UTCS of V=12 µm/s 

possesses the highest value. For the growth rates ranging 

from 12~300 µm/s, the UTCS continuously decreases from 

250.61 to 198.50 MPa. Just as seen in the values summa-

rized in Table 2. The compressive strength of polycrystal 

NiAl at 1273 K is about 88.61 MPa. It can be concluded 

that DSed NiAl-16Mo alloy possesses better high tempera-

ture strength than polycrystal NiAl. 

In the present work, the microstructure evolution is the 

major factor leading to the reduction of the UTCS with the 

growth rate. Firstly, the properties are compromised by the 

decrease in volume fraction of eutectic microstructure 

caused by increase of growth rates. Secondly, the eutectic 

cell boundaries which are weak at 1273 K counteracts the 

above strengthening mechanism. The boundaries of these 

cells are a discontinuity in the structure and the main crack 

always appears at the disturbed zone

[14]

. With the increase 

of the growth rate, the total area of cell boundary increases 

gradually. In addition, the eutectic structure becomes ir-

regular with the increasing of growth rate, and the regular-

ity of the eutectic structure is essential for the properties of 

in-situ composite. These three factors can explain the 

phenomenon.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  SEM images of fracture surface of materials after 3PB bending test at room temperature: (a) the path of cracks; (b) plastic stretching 

of the Mo fibers; (c) the fractured interface of Mo dendrite/NiAl matrix; (d) NiAl dimples and fractured Mo dendrite 
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Fig.5  Compressive true stress-strain curves of alloys at 1273 K 

 

3 Conclusions 

1) Dependence of the microstructure evolution on the 

growth rates for the NiAl-16Mo alloys was studied. The 

supercooling composition point under our growth condi-

tions (V=12~300 µm/s, G

L

=334 K/cm) is outside the cou-

pled-growth zone. The microstructure of DSed NiAl-16Mo 

alloy is composed of primary Mo dendrite and eutectic 

(αMo+βNiAl).  

2) The volume fraction of constituent phases can be 

changed accompanied with the growth rate. Simultaneously, 

the primary Mo dendrite arm spacing becomes fine.  

3) The precipitation of the primary Mo phase and the 

microstructure evolution deteriorate the properties of the 

alloy. This phenomenon could be explained by two decisive 

factors. The one is that the volume fraction of eutectics de-

creases accompanied with the growth rate; the other is that 

the decrease in primary Mo dendrite arm spacing caused by 

increase of growth rates compromises the improvement of 

the properties.  
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