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Îïòèì³çàö³ÿ ì³êðîñòðóêòóðè ³ ìåõàí³÷íèõ âëàñòèâîñòåé äîåâòåêòè÷íîãî
ñïëàâó NiAl/Cr(Mo,W), çì³öíåíîãî ôàçîþ Ëàâåñà, ïðè ëèòò³ ìåòîäîì
âàêóóìíîãî âñìîêòóâàííÿ
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â

Öåíòðàëüíà ë³êàðíÿ îêðóãà Ëîíããàí, Øåíü÷æåíü, Êèòàé

Îòðèìàíî ëåãîâàíèé í³îá³ºì (Nb) äîåâòåêòè÷íèé ñïëàâ NiAl/Cr(Mo,W) ïðè çâè÷àéíîìó ëèòò³ ³
ëèòò³ ìåòîäîì âàêóóìíîãî âñìîêòóâàííÿ. Âèâ÷åíî éîãî ì³êðîñòðóêòóðà ³ ìåõàí³÷í³ âëàñòèâîñò³ ïðè ñòèñêó äëÿ îö³íêè âïëèâó ïðîöåñó âèðîáíèöòâà. Ïîêàçàíî, ùî âåëèêà ïåðâèííà ôàçà
NiAl ³ åâòåêòè÷íà êîì³ðêà NiAl/Cr(Mo) º îñíîâíèìè êîìïîíåíòàìè ñïëàâó NiAl/Cr(Mo,W)–Nb.
Ââåäåííÿ Nb çóìîâëþº âèíèêíåííÿ ôàçè Ëàâåñà ïî ìåæ³ åâòåêòè÷íî¿ êîì³ðêè. Ëèòòÿ ìåòîäîì âàêóóìíîãî âñìîêòóâàííÿ ñóòòºâî ïîë³ïøóº ñòàí åâòåêòè÷íî¿ êîì³ðêè NiAl/Cr(Mo),
ïåðâèííî¿ ôàçè NiAl, åâòåêòè÷íî¿ ëàìåë³, ì³æêîì³ð÷àñòî¿ îáëàñò³ ³ ôàçè Ëàâåñà Cr2Nb,
çàáåçïå÷óº ð³âíîì³ðíèé ðîçïîä³ë îñòàííüî¿ òà ï³äâèùóº ðîç÷èíí³ñòü ñïëàâó â òâåðäîìó ñòàí³.
Çà ê³ìíàòíî¿ òåìïåðàòóðè ãðàíèöÿ ïëèííîñò³ ëèâàðíîãî ñïëàâó, îòðèìàíîãî ìåòîäîì âàêóóìíîãî âñìîêòóâàííÿ, ñÿãàº 1495 ÌÏà, îï³ð ñòèñêó – 2030 ÌÏà, ïëàñòè÷í³ñòü – 30%, ùî
ïðèáëèçíî íà 50, 30 ³ 100% â³äïîâ³äíî âèùå çà àíàëîã³÷í³ ïîêàçíèêè çâè÷àéíîãî ëèâàðíîãî
ñïëàâó. Ñóòòºâå ïîë³ïøåííÿ ìåõàí³÷íèõ âëàñòèâîñòåé çà ê³ìíàòíî¿ òåìïåðàòóðè ìîæå áóòè
çóìîâëåíî îïòèì³çàö³ºþ ì³êðîñòðóêòóðè ïðè ëèòò³ ìåòîäîì âàêóóìíîãî âñìîêòóâàííÿ. Ïðè
1273 Ê ìåõàí³÷í³ âëàñòèâîñò³ ñïëàâó ìàéæå òàê³ æ, ùî ãîëîâíèì ÷èíîì ïîâ’ÿçàíî ç³
çá³ëüøåííÿì ì³æêîì³ð÷àñòî¿ îáëàñò³.

Êëþ÷îâ³ ñëîâà: ëèòòÿ ìåòîäîì âàêóóìíîãî âñìîêòóâàííÿ, ôàçà Ëàâåñà, ì³êðîñòðóêòóðà, äîåâòåêòè÷íèé ñïëàâ NiAl/Cr(Mo,W), ìåõàí³÷í³ âëàñòèâîñò³.
Introduction. Recently, Ni-based intermetallic compounds have been paid much
attention, due to its high melting point, special interfacial chemical properties, and good
environment tolerance [1–3]. As a kind of intermetallic compound, NiAl owns many
attractive advantages such as high melting point, excellent oxidation and corrosion
resistance, relative low density, good thermal conductivity etc [4–6]. Therefore, it has been
thought as the potential candidate for high temperature structure materials subjected to the
severe oxidation and corrosion [7, 8]. According to previous researches [9, 10], NiAl has
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long-range ordered crystal structure, which enhances its strength but results in the
brittleness at low temperature. Such a dependence of mechanical properties on temperature
handicaps the application of NiAl as the structural parts suffering loading and corrosion
[11–13]. However, the excellent oxidation and corrosion resistance of NiAl still makes it to
be qualified as the protecting shield or fixed part [14]. Whatever, these applications also
require that NiAl should have certain strength and deformability. Therefore, improving
mechanical properties of NiAl or its alloys becomes necessary.
In order to improve mechanical properties of NiAl, lots of methods have been applied
and so many NiAl based materials have been designed and fabricated [15–18]. Yang et al.
[19] fabricated the NiAl/Cr(Mo) eutectic alloy and investigated its deformation mechanism
which indicates the appropriate Cr(Mo) and NiAl lamellar structure was beneficial to
mechanical properties. However, compared with the superalloy, the strength and fracture
toughness of the NiAl/Cr(Mo) eutectic alloy still need great improvement [20]. To enhance
strength of the NiAl/Cr(Mo) eutectic alloy, strengthening particles are introduced. Cui et al.
[21] prepared the NiAl/Cr(Mo) eutectic alloy strengthened by Heusler phase and improved
strength of the alloy obviously, but the segregation of Heusler phase along boundary is
detrimental to the deformability. Sheng et al. [22] exhibited that Laves phase would
improve strength of the NiAl/Cr(Mo) eutectic alloy, but this strengthening phase preferred
to aggregate in intercellular region and decreased compressive ductility. Recent researches
[23–25] on the rapid solidification reveals that it could promote microstructure refinement
and restrict element segregation, which could be used to optimize microstructure and
mechanical properties of the NiAl/Cr(Mo) eutectic alloy. In addition, the recent researches
[26–28] on the Laves phase revealed that it would generate stacking faults during the
deformation, which might cooperate with the deforming of the eutectic alloy and beneficial
to the mechanical properties. Furthermore, the former researches [29] exhibited that the
high solidification rate would promote the growth of eutectic structure and restrict the
formation of primary phase. Moreover, few research had been carried out on rapidly
solidified NiAl/Cr(Mo) hypoeutectic alloy strengthened by Laves phase. Therefore, in the
present research minor Nb and W were added in NiAl/Cr(Mo) hypoeutectic alloy to form
Laves phase and strengthen Cr(Mo) phase, respectively. Moreover, conventional casting
(CC) and suction casting (SC) were applied to prepare the NiAl/Cr(Mo,W)–Nb hypoeutectic
alloy. The microstructure evolution and mechanical properties of the hypoeutectic alloys by
different methods were studied simultaneously.
1. Experimental Procedure. Pure chromium (99.9%), tungsten (99.8%), nickel
(99.9%), niobium (99.8%), aluminum (99.9%), and molybdenum (99.8%) were used as raw
materials to fabricate the NiAl/Cr(Mo,W)–Nb hypoeutectic alloy with chemical
composition of Ni–33Al–28Cr–5Mo–0.5Nb–0.5W (at.%) by induction melting. During the
induction melting of the alloy, the ceramic shell was heated to 973 K, and then the melted
alloy was poured into the ceramic shell to get as-cast rods (Æ 50´ 200 mm). The as-cast
rods obtained by CC were cut into small samples. Some samples were studied at as-cast
state and other samples were crushed for SC. The SC was performed by the water-cooled
copper mold technique, which was applied to fabricate the amorphous material. The
crushed alloy was remelted under high vacuum in a quartz tube by using induction heating
coil and sucked into the Cu mold with a cavity of 10 mm diameter.
Specimens for compressive properties testing and microstructure observation were cut
from the CC and SC samples. Phenom™ Pro and S-3400 scanning electron microscopes
(SEM) were used to carry out microstructure observation. The resultant phases in the
hypoeutectic alloy were studied by X-ray diffraction (XRD) with a Cu radiation at 40 kV
and 40 mA. The Chemical compositions of different phases in the CC and SC alloys were
analyzed by EPMA-1610 electronic probe microanalysis (EPMA). The observation on
precipitates and crystal defects were performed on the JEOL-2010 transmission electron
microscope (TEM). The slices with 0.4 mm thickness were cut from CC and SC samples
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to prepare TEM specimens. The slice was polished to 30 mm and shaped into Æ3 mm
followed by twin-jet electropolishing in a solution of 90% alcohol and 10% perchloric acid
at -20°C. During the twin-jet electropolishing, the twin-jet current is maintained at 40 mA.
The samples (4´ 4´ 6 mm) for compression test were cut from the CC and SC alloy
samples and mechanically grounded by 1000-grit SiC abrasive. Compression test was
performed on the Gleeble 3800 with the initial strain rate of 2×10-3 s -1 at room
temperature and 1273 K.
2. Results and Discussion.
2.1. Microstructure. Typical microstructure of the CC NiAl/Cr(Mo,W)–Nb
hypoeutectic alloy observed by SEM are exhibited in Fig. 1. Obviously, black primary NiAl
phase, NiAl/Cr(Mo) eutectic structure and white Laves phase are the main constituents of
the alloy, as shown in Fig. 1a. Moreover, the microstructure of hypoeutectic alloy could be
distinguished into eutectic cell and intercellular region. In eutectic cell, the gray Cr(Mo)
and black NiAl lamella grow from center to boundary, as shown in Fig. 1b. The statistical
analyses on the eutectic cell exhibit that the sizes of eutectic cell and primary NiAl phase
are 100–200 and 20–50 mm, respectively. The average thickness of lamella in eutectic cell
is approximately 4 mm. Along the eutectic cell boundary, white Laves phase, coarser
primary NiAl phase and bulk Cr(Mo) phase comprise the intercellular region. In addition, it
also can find that there are NiAl precipitates in Cr(Mo) phase and Cr(Mo) precipitates in
NiAl phase, which may be attributed to the intergrowth of Cr(Mo) and NiAl and
incomplete element diffusion.

Fig. 1. (a) SEM micrograph of the CC NiAl/Cr(Mo,W)–Nb hypoeutectic alloy; (b) morphology of
eutectic structure and precipitates.

The XRD analysis is carried out to confirm the phase precipitation in the CC
NiAl/Cr(Mo,W)–Nb hypoeutectic alloy. The result of the XRD analysis is shown in Fig. 2.
It confirms that Cr(Mo) and NiAl phases are the main constituent phases. The Cr(Mo)
phase along (110) and (211) crystal plane exhibits strong diffraction peak, which indicate
the Cr(Mo) phase prefer to grow along these crystal planes. The NiAl phase exhibits the
strongest diffraction peak along (110) crystal plane. What is interesting is the NiAl and
Cr(Mo) phases exhibit growth preference along (211) crystal plane. According to the
previous researches [22, 30], such a phenomenon may be attributed to the addition of W
and Nb, which increases the nucleation cores and influences the crystal growth. Though the
small addition of Nb could not generate a lot of Laves phase, the precipitation of Laves
phase along phase boundary also influences the crystal growth.
To characterize the precipitates in the hypoeutectic alloy further, TEM analysis is
performed on the CC NiAl/Cr(Mo,W)-Nb hypoeutectic alloy and the results are shown in
Fig. 3. The Laves phase with irregular shape is precipitated along NiAl/Cr(Mo) phase
boundary, as shown in Fig. 3a. According to the inset selected area electron diffraction
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Fig. 2. XRD pattern of the CC NiAl/Cr(Mo,W)-Nb hypoeutectic alloy.

Fig. 3. (a) TEM micrograph of Cr2Nb Laves phase (inset image showing the SAED pattern of Laves
phase); (b) HRTEM of NiAl/Cr(Mo) phase interface [inset image showing SAED pattern of NiAl and
Cr(Mo) phases]; (c) TEM micrograph of Cr(Mo) precipitates with butterfly and sphere shape; (d) TEM
micrograph of NiAl precipitate and interface dislocations.

(SAED) pattern along [0001] zone axis, it confirms that the Laves phase is Cr2Nb and
possesses the hexagonal crystal lattice (a = b = 0.487 nm and c= 0.794 nm) with space
group of P63/mmc. Moreover, it proves that the Cr2Nb Laves phase has C14 crystal
structure. According to the recent studies [22, 28], the existence of Al and Ni in Laves
ISSN 0556-171X. Ïðîáëåìè ì³öíîñò³, 2018, ¹ 3
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phase is beneficial to stabilize the C14 crystal structure at low temperature. Moreover, TEM
observation on the Cr2Nb Laves phase has not found any stacking fault. Further TEM
observation on phase boundary of NiAl/Cr(Mo) eutectic lamella shows that it has no
precipitates and exhibits clear and straight shape, as shown in Fig. 3b. Additionally, TEM
observation on NiAl phase finds Cr(Mo) precipitates have two sizes, as shown in Fig. 3c.
The first one has big size (200–600 nm) and constitutes the butterfly shape, while the other
has small size of about 20 nm and exhibits a sphere shape. The presence of big Cr(Mo)
precipitates should be ascribed to the heat of ceramic shell which extends the solidification
time and benefits the growth of precipitates. TEM observations on Cr(Mo) phase exhibit
that all NiAl precipitates exhibit the sphere shape but there are two sizes, as shown in Fig. 3d.
The big one is more than 600 nm and the small one is about 20 nm. The abundant interface
dislocations can be found in NiAl precipitate or along its boundary.
SEM observation on the SC NiAl/Cr(Mo,W)–Nb hypoeutectic alloy is shown in Fig. 4.
Obviously, microstructure of the hypoeutectic alloy has been changed by the suction
casting greatly. The primary NiAl becomes fine and its morphology exhibits dendritic
feature, as shown in Fig. 4a. The statistical analysis on the SC hypoeutectic alloy exhibits
the size of primary NiAl phase is 5–20 mm and the eutectic cell size is 10–60 mm, which is
smaller than those of the CC hypoeutectic alloy. By comparing with the CC and SC
hypoeutectic alloys, it can find the SC decreases the primary NiAl a little but bulk NiAl
phase greatly. Moreover, the NiAl/Cr(Mo) eutectic lamella in the SC hypoeutectic alloy
becomes more uniform and the intercellular region becomes fine. The statistical analysis on
the eutectic lamella exhibits NiAl/Cr(Mo) lamella in eutectic cell of about 1 mm but that in
the intercellular region it is about 3 mm. Except the regular spherical primary NiAl, the
ellipsoid primary NiAl merges into flower structure, as shown in Fig. 4b. The merging of
primary NiAl results in the expanding of eutectic cell, leading to bigger structures. The
foremost evolution is that the Laves phase becomes fine and distributes uniformly. In
addition, there are some Laves phases precipitated in the primary NiAl, which confirms that
the Nb addition would increase the nucleation.

Fig. 4. (a) SEM micrograph of the SC NiAl/Cr(Mo,W)–Nb hypoeutectic alloy; (b) morphology of the
eutectic structure and precipitates.

To investigate the detailed microstructure evolution, TEM observation is carried out
on the SC alloy, as shown in Fig. 5. It is evident that along the primary NiAl phase
boundary, the NiAl/Cr(Mo) eutectic structure exhibits ultrafine size, as shown in Fig. 5a.
Moreover, Cr(Mo) phase has formed a continuous film along the primary NiAl interface,
which indicates the Cr(Mo) phase film is formed instantaneously. Based on the recent
investigation [31], the intergrowth of eutectic structure needs rapid interdiffusion of
composition between the eutectic phases. The deviation of the composition from eutectic in
the present research promotes the prior precipitation of NiAl and then results in the
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Fig. 5. (a) TEM micrograph of the ultrafine NiAl/Cr(Mo) eutectic structure; (b) TEM micrograph of
interface dislocations along NiAl/Cr(Mo) phase interface.

rejection of Cr and Mo elements along solid/liquid interface. The segregated Cr and Mo
could enhance the constitutional supercooling before the solid/liquid interface, which
increases the growth rate of NiAl/Cr(Mo) eutectic and refines it at the initial growth stage.
The observation on NiAl/Cr(Mo) eutectic lamella exhibits plentiful interface dislocations
distributed along phase interface, as shown in Fig. 5b. The width range of interface
dislocation is 80–1100 nm. Based on the previous studies [22, 24], the formation of
abundant interface dislocations should be ascribed to the increased solid solution elements
resulted by the suction casting.
To study the influence of the rapid solidification, the composition of constituent
phases in the CC and SC hypoeutectic alloys are analyzed. As shown in Table 1, the suction
casting restricts the diffusion of elements, so the amount of solid solute in the phase over
exceeds its solid solubility greatly. The primary NiAl phase contains 6.86% Cr in the SC
hypoeutectic alloy and it is about three times that in the CC hypoeutectic alloy. Moreover,
the Ni, Al content of Cr(Mo) phase in the SC hypoeutectic alloy is about two times that in
the CC hypoeutectic alloy. However, the solid solute in the Laves phase has not changed
greatly in the SC hypoeutectic alloy, compared with the CC hypoeutectic alloy. Based on
the above observation, the primary NiAl phase has small precipitate in SC alloy. More solid
solute Cr in primary NiAl phase of the SC hypoeutectic alloy would increase the lattice
distortion and strength [30]. Such elements distribution in the CC and SC hypoeutectic
alloys should be ascribed to the eutectic structure partly. During the solidification, the high
cooling rate could provide great supercooling, which increases the nucleation rate and
restricts interdiffusion between the Cr(Mo) and NiAl phase. Thus more heterogeneous
elements would be rejected along eutectic phase boundary. Therefore, the lattice distortion
along the NiAl/Cr(Mo) phase boundary would be greater than that in phase, which results
in abundant interface dislocation. Due to the similar precipitation of big NiAl particles in
Cr(Mo) phase, it also has a lot of interface dislocations.
T a b l e 1
Chemical Composition of Constituent Phases in the CC and SC Hypoeutectic Alloys (at.%)
Alloy

Phase

Al

Ni

CC

Primary NiAl

50.21

47.34

2.30

0.15

–

–

Cr(Mo)

3.80

2.90

80.78

10.86

1.46

0.20
28.76

SC

Cr

Mo

W

Nb

Laves

11.10

15.20

36.48

7.64

0.82

Primary NiAl

46.96

45.36

6.86

0.82

–

–

Cr(Mo)

9.60

8.60

68.18

10.32

2.84

0.46

Laves

12.46

20.32

33.73

5.80

1.21

26.48
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2.2. Mechanical Properties. The true stress–true strain compression curves of the CC
and SC hypoeutectic alloys at room temperature are exhibited in Fig. 6. It can be seen that
the alloys both have the similar deformation tendency, which exhibits continuous work
hardening after the elastic deformation. Clearly, the suction casting increases the yield
strength and compressive ductility obviously. Moreover, it can be found that slope of the
curve has obvious difference. The slope of the SC hypoeutectic alloy is bigger than that of
the CC hypoeutectic alloy. According to the previous research [32], slope of the true
stress–true strain is related with the elastic modulus. The higher the slope is, the higher the
elastic modulus. Such an evolution may be ascribed to the ultrafine eutectic structure,
which could transfer the loading to the Cr(Mo) and NiAl lamella and take full use of the
collaborative deforming. The detailed mechanical properties of the CC and SC hypoeutectic
alloys at 1273 K and room temperature are presented in Table 2. At room temperature, the
SC hypoeutectic alloy obtains yield strength and compressive strength of 1495 MPa and
2030 MPa, respectively, which are about 50 and 30% higher than those of the CC
hypoeutectic alloy. The compressive ductility of SC hypoeutectic alloy at room temperature
reaches 36%. Compared with the CC hypoeutectic alloy, the SC increases the compressive
ductility about 100%. The mechanical properties of the SC hypoeutectic alloy at 1273 K are
a little better than those of the CC hypoeutectic alloy.
T a b l e 2
Compressive Properties of the CC and SC Hypoeutectic Alloys with the Initial Strain Rate
of 2×10-3 s-1
Alloy

Test temperature
(K)

Yield strength
(MPa)

Compressive
strength (MPa)

Compressive
strain (%)

CC

RT

970

1545

16

1273

365

410

>30

RT

1495

2030

36

1273

395

465

>30

SC

Fig. 6. True stress–true strain compression curves of the CC and SC hypoeutectic alloys at room
temperature.
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The typical fracture surfaces of the CC and SC hypoeutectic alloys compressed at
room temperature are shown in Fig. 7. Both of them exhibit the brittle fracture characteristic,
i.e., typical cleavage in Cr(Mo) or NiAl phases and debonding along NiAl/Cr(Mo) phase
interface. The difference is that the CC hypoeutectic alloy mainly exhibits the cleavage
along certain crystal plane. Though there are some stages in the cleavage plane, however
the propagation of the crack is fast and almost no restriction. Then the cleavage surface
shows the river shape. In the fracture surface of the SC hypoeutectic alloy, the cleavage
feature could be found on the Cr(Mo) or NiAl lamella. The debonding feature and crack
bridge can be observed in the intercellular region and eutectic cell. Though such features
cannot change the main fracture mode, they could handicap the crack propagation and
improve the compressive deformation.

Fig. 7. Typical fracture surface of the CC and SC hypoeutectic alloys at room temperature: (a)
morphology of cleavage in the CC hypoeutectic alloy (the arrow shows the stages in the cleavage);
(b) morphology of debonding, cleavage and crack bridge in the SC hypoeutectic alloy.

The observation on the cross section of the compressive specimen at room temperature
is shown in Fig. 8. It can be found that the cracks mainly propagate straightly in the CC
hypoeutectic alloy, as shown in Fig. 8a. The Cr(Mo) or NiAl phase could be traversed by
the cracks, which indicates that the NiAl/Cr(Mo) eutectic cannot restrict the crack. Then the
rapid crack propagation would traverse the whole specimen and result in the failure. The
ultrafine NiAl/Cr(Mo) eutectic have higher strength, which would resist the propagation of
cracks [30]. Therefore, the cracks could not propagate freely and rapidly. The relative weak
eutectic cell boundary becomes the main path of the cracks propagation, as shown in Fig. 8b.
Due to the tortuous shape of eutectic cell boundary, the cracks have been reflected. Then it
would consume more energy to traverse, which is beneficial to the compressive ductility.

Fig. 8. Morphology of crack propagation in the CC and SC alloys at room temperature: (a) CC
hypoeutectic alloy; (b) SC hypoeutectic alloy.
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Based on the above observation, it could be concluded that the improved mechanical
properties of the SC hypoeutectic alloy at room and high temperatures should be ascribed
to the optimization of microstructure and precipitates. The decrease of lamellar spacing,
refinement of eutectic cell and Laves phase, increased area fraction of eutectic cell and
extended solid solubility should be the main factors that contributes to the improved
ductility and strength of SC hypoeutectic alloy at room temperature. The increase of
eutectic cell and decrease of lamellar spacing produce more interfaces between Cr(Mo) and
NiAl phases. According to former research [33], the interface dislocation network between
Cr(Mo) and NiAl phase could restrict the traverse of mobile dislocations and play an
important role in enhancing the strength of NiAl based alloys. Therefore, more NiAl/Cr(Mo)
interfaces bring more interface dislocation networks, which would increase the strength of
alloy accordingly [34]. The extended solid solubility of alloying elements in Cr(Mo) and
NiAl is beneficial to the room temperature strength by solution strengthening. Besides, the
remarkable increase in the total area of phase or eutectic cell boundaries by SC also
promotes an obvious decrease in the segregation concentration of Laves phase, which
enhances the particle strengthening effect and improve the strength of alloy. Moreover, the
ultrafine NiAl/Cr(Mo) eutectic lamella could provide more interface reflecting the cracks,
which restricts the rapid propagation of cracks and increase the compressive ductility.
Therefore, the improvement of ductility can be ascribed to the fine NiAl/Cr(Mo) eutectic
structure, as well as the increased area fraction of eutectic cell.
At high temperature, the strength of the SC hypoeutectic alloy is just a little higher
than that of the CC hypoeutectic alloy. Such an evolution should be attributed to the
softness of the NiAl phase at high temperature. As exhibited in Fig. 9a, the dislocations
nucleate near phase boundary and extend in NiAl phase. Moreover the tangled dislocations
are also observed in the NiAl phase. However, few dislocations could traverse the phase
boundary, which indicates the interface dislocation could restrict the movement of mobile
dislocation. The TEM observation on the Cr(Mo) phase finds fewer dislocations, compared
with the NiAl phase. Such phenomenon implies the Cr(Mo) could resist the deformation at
1273 K. In addition, these dislocations extend to the interface dislocation and terminate,
which suggests the interface dislocation would help the improvement of high temperature
strength. From this it can be deduced that the ultrafine Cr(Mo) lamella is beneficial for the
high temperature strength, but the NiAl lamella is detrimental. Due to the low bonding
strength of intercellular region, the stress concentration along this region would lead to the
crack initiation [35]. The increased intercellular region in the SC hypoeutectic alloy would
promote the prior deformation and decrease the strength. Therefore, the strengthening
effect by the refinement of NiAl/Cr(Mo) eutectic is almost counteracted by the intercellular
region and primary NiAl phase.

Fig. 9. TEM observation on the SC alloy compressed specimen at 1273 K: (a) morphology of
dislocation in NiAl phase; (b) morphology of dislocation in Cr(Mo) phase.
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Conclusions
1. The NiAl/Cr(Mo,W)–Nb hypoeutectic alloy is prepared by conventional casting,
which mainly comprises of coarse primary NiAl phase and NiAl/Cr(Mo) eutectic cell.
Minor addition of Nb results in the precipitation of Cr2Nb Laves phase which possesses
C14 crystal structure.
2. The suction casting refines the NiAl/Cr(Mo) eutectic cell, intercellular region,
eutectic lamella and primary NiAl significantly. Moreover, the distribution of Cr2Nb Laves
phase becomes uniform in the suction casting alloy. In addition, the suction casting extends
the solid solubility.
3. At room temperature, the suction casting hypoeutectic alloy obtains the yield
strength and compressive strength of 1495 and 2030 MPa, respectively, which are about 50
and 30% higher than those of the conventional casting hypoeutectic alloy. The compressive
ductility of suction casting hypoeutectic alloy at room temperature reaches 36%, which is
about two times higher than that of conventional casting hypoeutectic alloy. The significant
improvement of the mechanical properties should be attributed to the microstructure
refinement by the suction casting.
4. At 1273 K, the suction casting hypoeutectic alloy has the compressive strength of
465 MPa which is somewhat higher than the conventional casting hypoeutectic alloy. The
increased interface dislocations by suction casting contribute to the high-temperature
strength, but the increased intercellular regions are detrimental to the high-temperature
strength.
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Ðåçþìå
Ïîëó÷åí ëåãèðîâàííûé íèîáèåì (Nb) äîýâòåêòè÷åñêèé ñïëàâ NiAl/Cr(Mo,W) îáû÷íûì
ëèòüåì è ëèòüåì ìåòîäîì âàêóóìíîãî âñàñûâàíèÿ. Èçó÷åíû åãî ìèêðîñòðóêòóðà è
ìåõàíè÷åñêèå ñâîéñòâà ïðè ñæàòèè äëÿ îöåíêè âëèÿíèÿ ïðîöåññà ïðîèçâîäñòâà.
Ïîêàçàíî, ÷òî êðóïíàÿ ïåðâè÷íàÿ ôàçà NiAl è ýâòåêòè÷åñêàÿ ÿ÷åéêà NiAl/Cr(Mo)
ÿâëÿþòñÿ îñíîâíûìè êîìïîíåíòàìè ñïëàâà NiAl/Cr(Mo,W)–Nb. Ââåäåíèå Nb ñïîñîáñòâóåò îáðàçîâàíèþ ôàçû Ëàâåñà ïî ãðàíèöå ýâòåêòè÷åñêîé ÿ÷åéêè. Ëèòüå ìåòîäîì
âàêóóìíîãî âñàñûâàíèÿ ñóùåñòâåííî óëó÷øàåò ñîñòîÿíèå ýâòåêòè÷åñêîé ÿ÷åéêè
NiAl/Cr(Mo), ïåðâè÷íîé ôàçû NiAl, ýâòåêòè÷åñêîé ëàìåëëû, ìåæÿ÷åèñòîé îáëàñòè è
ôàçû Ëàâåñà Cr2Nb, à òàêæå îáåñïå÷èâàåò ðàâíîìåðíîå ðàñïðåäåëåíèå ôàçû Ëàâåñà
Cr2Nb è ïîâûøàåò ðàñòâîðèìîñòü ñïëàâà â òâåðäîì ñîñòîÿíèè. Ïðè êîìíàòíîé
òåìïåðàòóðå ëèòåéíûé ñïëàâ, ïîëó÷åííûé ìåòîäîì âàêóóìíîãî âñàñûâàíèÿ, äîñòèãàåò ïðåäåëà òåêó÷åñòè, ñîïðîòèâëåíèÿ ñæàòèþ è ïëàñòè÷íîñòè íà óðîâíå 1495 ÌÏà,
2030 ÌÏà è 30% ñîîòâåòñòâåííî, ÷òî ïðèìåðíî íà 50, 30 è 100% âûøå àíàëîãè÷íûõ
ïîêàçàòåëåé îáû÷íîãî ëèòåéíîãî ñïëàâà. Ñóùåñòâåííîå óëó÷øåíèå ìåõàíè÷åñêèõ
ñâîéñòâ ïðè êîìíàòíîé òåìïåðàòóðå ìîæåò áûòü îáóñëîâëåíî îïòèìèçàöèåé ìèêðîñòðóêòóðû ïðè ëèòüå ìåòîäîì âàêóóìíîãî âñàñûâàíèÿ. Ïðè 1273 Ê ñïëàâ äåìîíñòðèðóåò ïî÷òè òàêèå æå ìåõàíè÷åñêèå ñâîéñòâà, ÷òî ãëàâíûì îáðàçîì ñâÿçàíî ñ óâåëè÷åíèåì ìåæÿ÷åèñòîé îáëàñòè.
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