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Abstract. Aluminum-nickel (Al-Ni) based intermetallic compounds are regarded as the 
promising materials for the high-temperature engineering applications, including harsh 
environments. So far, a satisfactory modeling has been done to analyze the structural 
properties, heats of formation, elastic properties and electronic energy band structures of Al-
Ni intermetallic compounds. However, the experimental studies on Al-Ni intermetallic 
compounds formation and the data on the structure and mechanical properties are fragmentary 
in the literature. In the present work, the intermetallic compounds in Al-Ni system were 
obtained from nanonickel powder and micron-sized aluminum powders for the first time 
using modified powder metallurgy technique. Phase formation and structures of powders and 
consolidated materials were investigated via XRD, SEM, EDX and hydrostatic weighting. Via 
XRD it was shown, that despite the strong interactions between Ni and Al the formation of 
intermetallic compounds in the system is hindered. The density of consolidated specimens 
increases with nickel content increase. The sample 10nNi with the highest content of Al3Ni 
showed the best mechanical properties among the other specimens: Due to the reinforcement 
effect of the intermetallic compound, the sample with the highest content of Al3Ni showed 
the microhardness of 161±39 HV. 
Keywords: intermetallic compound, nickel aluminide, phase formation, tensile strength, 
hardness, powder metallurgy technique 
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1. Introduction 
Due to the high melting point, relatively low density and great corrosion resistance, transition 
metals aluminides have attracted a prominent attention as the candidates for high-temperature 
applications in the harsh environments as aircraft engines, high-temperature edges on aircraft 
wings and rocket fins, automobile engine valves, turbochargers [1,2]. Besides, unique 
chemical and physical properties of the intermetallic compounds make them promising 
materials to promote the electrocatalytic reactions [3-5]. This group of structural materials 
exhibit intermediate properties between ceramics and metals. A number of highly ordered 
intermetallic compounds stable up to melting point are formed in the Al-Fe [6-8], Al-Co 
[2,9,10], Al-Ru [11] and Al-Ni [1,12] and multicomponent systems [13-15]. Among them, Al-
Ni system should be highlighted. According to the updated phase diagram data [16], five 
nickel aluminides are formed in the Al-Ni system, namely, Al3Ni (orthorombic), Al3Ni2 
(trigonal), AlNi (bcc), Al3Ni5 (orthorombic) and AlNi3 (fcc). The thermodynamic data of the 
compounds were investigated thoroughly both experimentally and using first-principle 
calculations [1,12,17]. In all cases the enthalpies of formation at 298 K exhibit the 
pronounced minimum at the Ni:Al ratio 50:50 equal to NiAl compound. The enthalpies of 
formation obtained by solution and direct reaction calorimetry are -63.5 kJ/mol of atoms for 
Al3Ni2, 301 K; for AlNi -66.1 kJ/mol of atoms, 298 K, and for AlNi3 -41.3 kJ/mol of atom 
[17,18]. Based on the data on the enthalpies of formation and dissolution, excess of entropies 
of formation, free Gibbs energies, it was concluded that the advanced aluminides are AlNi3 
and AlNi. They show the strongest chemical interaction between Ni and Al, remain ordered 
up to melting points, and thus are the potential candidates for practical applications. So in the 
recent decades for the two compounds equilibrium lattice constants, the elastic constants, the 
cohesive energies, and the effective defect formation energies have been studied in detail. As 
it is mentioned by Zamazande in the great review (7) like ceramics, all intermetallics suffer 
from their low ductility, particularly at low and intermediate temperatures. Recently, the 
structural properties, heats of formation, elastic properties and electronic energy band 
structures of Al–Ni intermetallic compounds have been analyzed systematically using density 
functional theory (DFT) and the plane-wave pseudopotential technique implemented in the 
CASTEP package (1). According to authors, all the Al–Ni intermetallic compounds are 
mechanically stable. Based on the calculated ratio of shear modulus to bulk modulus, it was 
concluded that AlNi, Al3Ni, AlNi and Al3Ni5 compounds are ductile materials, whereas 
Al4Ni3 and Al3Ni2 are brittle materials. However, most of the data on phase formation, 
hardness and mechanical properties in the intermetallic compounds of Ni-Al system were 
obtained via the computational approach. The experimental data in this field is very limited 
and not systematic [19-21] Thus, the aim of the present research is to fill this gap and 
investigate the phase formation, tensile properties and hardness of the intermerallics and 
intermediate composites in Ni-Al system. 
 
2. Methods 
Nanosized nickel powder (nNi, purity ≥ 99.76%, average particle powder size 70 nm, 
"Advanced Powder Technologies", Ltd., Russia) and micron-sized aluminum powder (Al, 
particle powder size no more than 40 µm, purity ≥ 98.2%, "Advanced Powder Technologies", 
Ltd., Russia) were used as a starting material for the metal materials manufacturing. Powder 
mixtures containing 10-80 mol.% nNi were prepared according to phase diagram data [22] in 
order to obtain intermetallic compounds as well composites, containing intermetallic 
compounds. The specimens were fabricated using the modified powder metallurgy technique, 
suggested in the previous publications of authors, for nickel and aluminum based composites 
[23-25]. For that, powder mixtures of different compositions were grinded in a planetary mill 
(Pulverisete-6 planetary mill, 350 rpm for 3.5 hours with 2 minutes reverse cycles). Since nNi 
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powder is highly reactive, the milling was performed in the atmosphere of nitrogen. The 
obtained powders were compacted using cold pressing technique (uniaxial pressure, 12.5 ton, 
15 min). The pellets with 25 mm diameter and 9 mm height were manufactured. Then the 
specimens were annealed in a vacuum furnace at 600°C for 1 hour and were left to cool down 
to room temperature within the furnace. The composition of fabricated specimens is listed in 
Table 1.  
 
Table 1. The numeration of specimens 
Specimen  5nNi 10nNi 16nNi 23nNi 31nNi 40nNi 51nNi 64nNi 80nNi 
Composition, 
mol.% 

95Al-
5nNi 

90Al-
10nNi 

84Al-
16nNi 

77Al-
23nNi 

69Al-
31nNi 

60Al-
40nNi 

49Al-
51nNi 

36Al-
64nNi 

20Al-
80nNi 

 
The identification of the phase composition of the specimens was performed by X-ray 

diffraction analysis (XRD, SHIMADZU XRD-6000, Сu-Kα at α=1.5406 Å). Scanning 
electron microscopy (SEM, Hitachi S-3400N) and high resolution scanning electron 
microscopy (HR-SEM, Zeiss Merlin) were used to analyze the microstructures of powder 
mixtures after milling and fabricated specimens. Apparent density of fabricated specimens 
was measured by hydrostatic weighting technique (scales RADWAG 220 c/xc, Poland). Each 
sample was weighted in air and then in isopropyl alcohol. Mechanical tests were carried out 
via uniaxial tension using SHIMADZU AG-50kNX test machine at the strain rate of 10-3 s-1. 
The dog-bone shaped samples were cut along the cross-section of the pellets using an 
electrical erosion machine. The size of working part of samples was 6 mm in length, 2 mm in 
width and 1.2 mm in thickness. The data was averaged over 3 samples per each specimen. 
Vickers microhardness tests (Shimadzu HMV-G21DT) were performed using diamond 
pyramidal indenter with 2 kN load applied for 15 seconds. Microhardness value was averaged 
over 15 tests along the specimen's cross-section. 

 
3. Results and Discussion 
The phase composition and microstructure of the powder mixture after milling. In order 
to estimate the intermetallic formation during the milling in a planetary mill, the 40nNi 
powder was investigated via XRD. The XRD pattern of the specimen after milling is 
presented in Fig. 1. 
 

 
Fig. 1. XRD pattern of the 16nNi specimen after milling for 3.5 hours 
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As it is seen from XRD pattern (Fig. 1) , the specimen consists of two phases, i.e. 
metallic aluminum and nickel. The peaks, corresponding to Ni are present in the XRD pattern 
at 2Θ=44.3, 41.7, 76.3° and those to Al are at 2Θ=38.4, 44.8, 78.3° (marked by triangles and 
circles in Fig. 1). No other peaks corresponding to oxides or intermetallic compounds are 
seen. Indeed, the residual amounts of oxygen present in the gaseous nitrogen are not enough 
to initiate intensive nNi and Al powders oxidation, resulting in the oxides' formation. At the 
same time, such high energy milling is not enough for the in situ formation of the 
intermetallic compounds during milling. Closer examination of powders microstructure 
before and after milling was performed using HR SEM (see, Fig. 2). 

 

 
Fig. 2. (a) The 40nNi powder before milling, magnification ×1000; (b) The nickel 

nanoparticles in 40nNi powder before milling, magnification, ×50000; (c) The 16nNi powder 
after milling, magnification ×1000; (d) nNi particles on the surface of Al particle, 

magnification ×100 000 
 

Figure 2a shows the structure of as-prepared 40nNi powder. The initial powder consists 
of the nearly spherical Al particles with typical sizes of ~65 µm. Coarse Al particles are 
irregularly covered by smaller agglomerates. At the higher magnification, it is seen that 
agglomerates consist of spherical nanosized Ni powder with particle sizes ~80-120 nm (see, 
Fig. 2b). It corresponds to the mean size indicated by the producer. The individual Ni particles 
have sizes up to 600 nm, but their amount is negligible. Milling at 450 rpm during 3.5 hours 
results in significant Al powder refinement. Typical sizes of the obtained agglomerates can be 
estimated as being 7-15 µm. Their particle shape change to lamellar flake-like geometry, 
which is, likely, due to high ductility of metallic aluminum. The surfaces of Al particles are 
homogeneously covered by nNi particles after milling. Milling affects nNi particles as well, 
resulting in their flattening without significant mean size change. Similar results were 
obtained for the other compositions studied. Thus, it can be concluded that chosen milling 
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conditions result in the effective homogenization of the powder mixture and some particle 
size decrease. This decrease results in specific surface area increase for the contacting 
powders and should favor intermetallic phases formation. 

The structure of the consolidated specimens. The phase composition of the 
consolidated specimens is shown in Fig. 3 and summarized in Table 2. 
 

 
Fig. 3. XRD data obtained for the specimens of Al-Ni system: a – 5nNi, 10nNi, 16nNi, 

20nNi; b – 31nNi, 40nNi, 51nNi, 80nNi. The circles stand for metallic Al, the triangles are for 
metallic Ni. The groups of peaks in the circles are referred to Al3Ni 

 
Table 2. Phase composition of Specimens according to XRD data, relative density and 
hardness of Specimens 
Specimens Phase composition Relative density, % Hardness, Hv  

5nNi (90Al-10Ni) Al+Al3Ni  81.60+1.15 35±4 

10nNi (80Al-20Ni) Al+Al3Ni  75.46+0.03 77±11 

16nNi (70Al-30Ni) Al+Al3Ni 60.27+0.05 161±39 

23nNi (60Al - 40Ni) Al+Ni  66.90+0.78 35±3 

31nNi (50Al - 50Ni) Al+Ni  64.80+0.84 50±9 

40nNi (40Al - 60Ni) Al+Ni  68.75+1.11 - 

51nNi (30Al - 70Ni) Al+Ni  64.63+1.62 - 

64nNi (20Al - 80Ni) Al+Ni 66.21+1.84 83±11 

80nNi (10Al - 90Ni) Al+Ni 71.16+1.15 77±16 

 
As it follows from XRD patterns, the specimens consist of at least two phases. Despite 

mentioned strong interaction between Ni and Al and preliminary mechanical activation of 
powder mixtures, the formation of the significant amounts of Al3Ni takes place only in 5nNi, 
10nNi and 16nNi specimens (see groups of reflections marked by the circles). Specimen with 
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16nNi demonstrates highest Al3Ni content near 30 wt.% (see Table 2). Further increase in the 
nickel content results in the binary phased specimens consisting of metallic Al and Ni. As it is 
seen from Table 2, phase composition of specimens with 64-80 mol.% nNi correspond to two 
metallic phases of nickel and aluminum.  

Since the resolution limit of XRD technique does not exceed 3-5 wt.%, SEM and EDX 
analyses were made to track possible intermetallic compounds formation based on the 
microstructure and chemical composition of the specimens. The SEM photos are presented in 
Figs. 4 and 5. 

 

 
Fig. 4. SEM images of specimens (a), (d) – 10nNi; (b), (e) – 16nNi; (c), (f) – 23nNi under 

different resolution 
 

 
Fig. 5. SEM images of specimens (a), (d) – 31nNi; (b), (e) – 40nNi; (c), (f) – 80nNi under 

different resolution 
 

As seen from Figs. 4(a) and (b), all specimens are significantly porous, being in 
accordance with the density measurements results (see Table 2). Specimens 5nNi and 10nNi 
exhibit similar structures, composed of coarse aluminium grains, separated by nickel phase 
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located along the grain boundaries. Specimen 5nNi has macroscopic elongated pores, whereas 
the pores in the 10nNi specimen are close to spherical. Both specimens contain bright zones, 
related to Al3Ni intermetallic compound. At the higher magnification, in Figs. 4 (d) and (e) it 
is seen that these zones are mainly spherical surrounded by one more spherical diffusion zone 
formed during the solid-solid reaction between aluminium and nickel. The increase in nickel 
content to 80 mol. % induces the change of the specimen's structures and appearance of the 
large irregular pores randomly distributed. Generally, the size of pores decreases with nickel 
content and their distribution becomes homogeneous. The specimen with 80 mol.% Ni of 
exhibits the smallest pores size among the other specimens with the high Ni content  
(51-80nNi). Whole surface of the sample is covered by the pores network with sizes of the  
5-10 µm despite the relative density of the specimen is high, i.e. 71.16%. Figure 6 illustrates 
the apparent density change with the Ni content increase in specimens together with the 
theoretical density.  

 

 
Fig. 6. The dependence of the apparent density on the Ni content in Ni-Al Specimens 

and the theoretical density calculated using mixture rule 
 
As it is seen, the apparent density dependence of the nickel content is almost linear 

(Fig. 6). The exception is 16nNi composition, which is, likely, due to the highest Al3Ni 
content. At the same time, 16nNi and 10nNi specimens show the smallest standard deviation. 
It should be noted that the theoretical density was calculated using mixture rules for Ni and 
Al. The formation of intermetallic compounds was not taken into account. The relative 
density of the specimens lies in a range 60.27 to 81.6% and is in the accordance with SEM 
results on high porosity of the samples. The lean structure and bi-phased composition of the 
specimens obtained resulted in their fragility. Thus, for mechanical tests it was possible to cut 
only three specimens: 5nNi, 10nNi and 80nNi, that showed relative density over 70%. Stress-
strain diagram obtained for the specimens is shown in Fig. 7.  
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Fig. 7. The stress-strain diagram obtained for 5nNi, 10nNi and 80nNi 

 
The fracture of the specimens took place during the stage of the elastic deformation. 

The 10nNi specimen showed the highest tensile strength and elongation, being  
σc = 132±0.3 MPa and εc=0.53±0.04%. Despite close chemical composition, 5nNi showed the 
significantly lower tensile strength (42±4 MPa). That may be due to the difference in phase 
composition, indeed, 10nNi specimen has higher content of Al3Ni intermetallic compound. 
The 80nNi specimen demonstrated drastically reduced tensile strength compared to other 
specimens investigated and the data for pure bulk Al and nNi specimens [26,27]. On the other 
hand, the microhardness tests revealed several additional features of the Al-Ni system. The 
16nNi specimen exhibited maximum HV value, 161±39 HV. However, high porosity of the 
consolidated samples did not allow preparing the samples of the correct shape for the tensile 
tests. Despite the significantly different tensile strength, 10nNi and 80nNi specimens showed 
similar microhardness values.  

 
Table 3. The results of the mechanical tests εc – maximum elongation, σc – ultimate tensile 
strength (UTS), E – Young's modulus. 

Specimen εc, % UTS σc, MPa E, GPa 
80nNi 0.09±0.02 22±3 26.6±9.3 
10nNi 0.53±0.04 132±0.3 24.9±1.9 
5nNi 0.27±0.08 42±4 15.9±3.1 

 
In summary, one can see that the use of the modified powder metallurgy approach 

allows fabricating the composite specimens containing Al and Al3Ni intermetallic compound. 
The obtained data is in accordance with the data of [28] where the similar composition was 
obtained by alloying 5wt%Ni and Al powders. The UTS value of 10nNi specimen with the 
highest Al3Ni content is slightly higher than the one for the coarse sample obtained in [28] 
from the melt (132 MPa and 110 MPa, respectively). Considering obtained microhardness 
data and literature [28-31] it can be concluded that the Al3Ni particles act as reinforcements of 
the ductile Al matrix in the Al-rich region. Despite the literature data on the calculated 
thermodynamic properties and high interaction ratio between Al and Ni [1], no AlNi or 
Al3Ni2 compounds were detected in the investigated samples. Both metallic Al and Ni have 
body centered crystal (bcc) structures. In turn, the structures of Al3Ni2 (trigonal) and Al3Ni5 
(orthorhombic) differ a lot from the initial reagents. Thus, it can be suggested that the 
formation of Al3Ni2 and Al3Ni5 in Al-Ni system during the sintering is, most likely, hindered 
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by the necessity of the crystal structure reorganization. The AlNi in turn has the same bcc 
structure and AlNi3 has close cubic but a face centered crystal structures. The formation of the 
compound does not require significant structural changes. However, it is, likely, governed by 
the slow diffusion in solid. 

 
4. Conclusion  
Via SEM and XRD data it was shown that the milling of Ni and Al powders mixture results in 
the significant grain refinement, homogenization of the mixture and is not accompanied by 
the intermetallic compounds' formation. Using XRD data, it was demonstrated that the 
significant amounts of Al3Ni with Al phase admixture are formed at the Ni content up to 
16 mol.%. SEM, EDX and density measurement data showed that the complex phase 
composition of samples results in the loose porous structure of specimens with the relative 
density from 60.27 to 81.6%. Mechanical tests revealed that the 10nNi specimen showed the 
highest tensile strength and elongation, being σc = 132±0.3 MPa and εc=0.53±0.04%. 
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