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Recently, intermetallic compounds have attracted much attention due to their potential technological 

applications as high-temperature materials. In particular the intermetallic compounds, associated 

with the Al-Ni binary system stand out as promising candidates for high-temperature materials for 

the use in harsh environments. It is expected that a bulk Al-Ni alloy may exceed the strength of many 

commercial materials. The great challenge in developing these alloys is to manipulate the solidification 

thermal parameters in order to obtain the desired microstructural features. One of the indicated routes 

to obtain very refined intermetallic phases dispersed in the microstructure is the spray forming process. 

The dendritic and eutectic growth dependences on cooling rate are already known for directionally 

solidified (DS) hypoeutectic Al-Ni alloys. In the case of rapidly solidified (RS) samples, extrapolations 

of such experimental laws are needed, which can be very helpful to estimate realistic values of 

high cooling rates imposed during the spray forming process. The present study aims to compare 

directionally solidified and spray-formed Al-5 wt. (%)Ni alloy samples with a view to providing a 

basis for understanding how to control solidification parameters and the as-cast microstructure. The 

Al-5.0 wt. (%)Ni alloy was shown to have a cellular morphology for the overspray powder size range 

examined (up to 500 µm). The mean cell spacing decreased from 5.0 to 1.1 µm with the decrease in 

the powder average diameter. It was found that the experimental cooling rates imposed during the 

atomization step of the overspray powder solidification varied from 103 to 2.104 K/s. The DSC trace 

depicted a crystallization peak of an amorphous structure fraction in the smallest Al-5.0 wt. (%)Ni 

alloy powder size range (<32 µm) estimating a 15 µm critical diameter of amorphous powder in the 

binary Al
97.5

Ni
2.5

 (at%) alloy.
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1. Introduction

Very fine Al-Ni powders obtained by gas atomization 

processes have been used to produce Raney nickel catalysts 

in order to promote the appropriate reactions in hydrogen 

fuel cells. Tourret et al.1 stated that the catalytic activity 

depends on the amount of phases in the atomized powders. 

The desired microstructural arrangement is mainly affected 

by alloy composition and powder size. One of the routes 

indicated to obtain very refined intermetallics in metallic 

alloys is the spray forming process. Spray forming, also 

called spray casting or spray deposition, involves the inert 

gas atomization of a liquid metal stream into variously sized 

droplets which are then propelled away from the region of 

atomization by the fast flowing, atomizing gas2-4. The droplet 

trajectories are interrupted by a substrate which collects 

and solidifies the droplets into a coherent, near fully dense 

deposit. By a continuous movement of the substrate with 

respect to the atomizer as deposition proceeds, large deposits 

can be produced in a variety of geometries including tubes 

and strips2-4. As-spray formed deposits always contain some 

inherent porosity (1-10%) and are usually consolidated to 

full density by extrusion, hot/cold rolling or hot isostatic 

pressing (HIP). The powder which was not incorporated 

in the deposit and was collected in the bottom of the 

atomization chamber is called overspray powder and is 

usually about 20 wt. (%) of the starting charge2-4.

Several thermal spray techniques5 have been used in 

order to apply Al-Ni intermetallics in the form of thick 

coatings. However, difficulties to obtain well-dispersed 

Al
3
Ni, Al

3
Ni

2
 and AlNi particles have been reported5. Such 

intermetallics are emerging as important materials for 

nanotechnology applications with recent examples of use 

of bimetallic Al-Ni reactive nanostructures as nano-heaters6. 

In addition, the association of a refined structure and a 

considerable fraction of Al-Ni intermetallics may result 

in high hardness and, as a consequence, high mechanical 

strength. It is expected that a bulk Al-Ni alloy may exceed 

the strength of many commercial materials7. Although the 

ultimate tensile stress of commercially available Al-based 

‘high-strength’ alloys (e.g. Al-Cu-Mg, Al-Zn-Mg-Cu and 
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Al-Si-Mg) approaches 700 MPa, their ‘high-strength state’ 

remains only at low temperatures (<200 °C)7. In contrast, 

the hard Al
3
Ni particles are not only able to induce a high 

mechanical strength in Al-Ni alloys but are also considered 

to be thermally stable up to ~500 °C8. It is well-established 

that automotive parts such as connecting rod, cylinder 

sleeve, piston and valve retainer as well as compressor parts 

such as the rotary compressor vane and shoe disc may be 

manufactured with Al-Ni alloys9.

A Vickers microhardness value of about 150 HV was 

obtained by Vojtech et al.7 during the evaluation performed in 

a rapidly solidified Al
95

Ni
5
 (at%) by centrifugal atomization. 

The DSC records obtained for a granulometric fraction 

smaller than 250 µm showed no evidences of exothermal 

effects at low temperatures of about 150-300 °C which 

would correspond to the crystallization of an amorphous 

phase. Cheung et al.10 reported mean Vickers microhardness 

values of 103 HV in the dendritic region and 183 HV in 

the lamellar region of an Al-5Ni alloy sample which was 

subjected to a laser surface remelting process (LSR). This 

laser treatment is characterized by very rapid heat extraction 

during solidification resulting in very high cooling rates 

of the order of 105-108 K/s. The effects of melt spinning 

technique on hardness of Al-Ni alloys have been investigated 

by Gogebakan et al.11. It was found that rapidly solidified 

Al-6.5 wt. (%)Ni alloy ribbons had microhardness values of 

about two times higher than that of the corresponding chill-

casting alloy. In this study SEM micrographs of the melt-

spun Al-6.5 wt. (%)Ni alloy showed cells surrounded by a 

eutectic mixture for lower solidification rates (4 to 7 m/s) 

while fine dendritic arrays prevailed for higher solidification 

rates (8 and 10 m/s). The presence of dendritic branches is 

due to the increase of the solid solubility limit of nickel in 

the α-Al, which may be effective during rapid solidification.

Lapin et al.12 performed directional solidification 

experiments with Ti–based alloys in a modified 

Bridgman-type apparatus. A linear relationship between 

the compression yield stress and microhardness has been 

determined. Such results have demonstrated that mechanical 

properties of directionally solidified castings can be predicted 

from appropriate Vickers microhardness measurements. 

Moreover, Fan et al.13 stated that microhardness analysis 

seems to be a relatively simple way to accomplish the 

complex task of predicting mechanical properties of 

materials. In the case of Ti-Al alloys the values of Vickers 

microhardness (HV) are already used for quality control 

in the production of turbochargers, automotive valves and 

compressor blades.

The absence or presence of amorphous phase in RS 

Al-Ni based alloys can be explained in terms of their 

chemical composition7. It is generally agreed that the 

formation of a glassy phase would require higher nickel 

content. Nevertheless, experimental reports regarding the 

amorphous phase dependence on nickel composition of 

RS alloys are scarce in the literature.

Kong et al.14 reported that microstructures formed in 

gas-atomized Al-Sn-Cu powders depend on the diameter of the 

powder particle. In large particles (>8 µm) a cellular/dendritic 

morphology comprising α-Al dendrites/cells and an 

interdendritic Sn-rich phase was observed. However, for 

particles having sizes <8 µm, the Sn-rich phase appears 

finely dispersed within the α-Al matrix. A simple 

experimental linear law has been proposed by Tourret et al.1 

correlating the secondary dendrite arm spacing (λ
2
 in µm) 

as a function of the droplet diameter (D in µm) for Al
75

Ni
25

: 

λ
2
 = 1.0 + 0.25 (D).

The dendritic and eutectic growth dependences on the 

cooling rate are already known for directionally solidified 

hypoeutectic Al-Ni alloys15. Canté et al.15 stated that the 

variation in the experimental primary dendritic arm spacing 

with the cooling rate for Al-1.0 to 5.0 wt. (%)Ni alloys 

can be fitted by –0.5 power laws. In the case of rapidly 

solidified samples, extrapolations of such experimental laws 

are needed, which can be very helpful to estimate realistic 

values of cooling rate during the spray forming process.

An Al-5.0 wt. (%)Ni alloy processed through a 

spray forming process has been examined in the present 

study. The aim of this work is the investigation of: the 

microstructural evolution as a function of powder size 

and the dependence of cell spacing with the cooling rate 

imposed during the atomization step. Experimental results 

include microstructural characterization of Al-Ni powders 

using scanning electron microscope (SEM) coupled to EDS, 

optical microscopy, X-ray diffraction (XRD) and differential 

scanning calorimetry (DSC). Powder compaction was 

carried out to permit experimental Vickers microhardness 

measurements.

2. Experimental Procedure

The spray forming process also named spray casting or 

spray deposition is based on the inert gas atomization of a 

liquid metal stream into variously sized droplets which are 

then propelled away from the region of atomization by the fast 

flowing atomizing gas (Figure 1). The Al-5 wt. (%)Ni alloy 

was processed through an atomizer OspreyTM. Commercially 

pure grade (c.p.): Al (99.887 wt. (%)), Ni (99.896 wt. (%)) 

were used to prepare the Al-Ni samples. The mean impurities 

Figure 1. Schematic representation of the spray forming process.
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detected were: Fe (0.059%), Si (0.042%), Sn (0.0073%), Ni 

(0.0057%) and Pb (0.0027%), besides other elements found 

with concentrations less than 100 ppm. A charge, having 

the nominal alloy composition, weighting about 3.0 kg 

was prepared through an induction furnace. The melt was 

poured via a nozzle of 6 mm diameter fixed at the bottom of 

a tundish when the melt temperature was about 5% above 

the liquidus temperature. Simultaneously, N
2
 was injected 

into the melt stream. The nitrogen flow rate was maintained 

constant while two pressure values have been adopted: 0.4 

and 0.8 MPa (named S1 and S2, respectively). The overspray 

Al-Ni powder was collected in the bottom of the atomization 

chamber. Then, the powder was sieved in granulometric size 

ranges and classified in four different size ranges: between 

250 and 180 µm; 180 and 106 µm; 106 and 88 µm and 

smaller than 88 µm.

Microstructural characterization of the obtained 

powders on both S1 and S2 overspray has been performed 

using an optical microscope associated with an image 

analysis system Olympus GX51 (Olympus Co., Japan) and a 

Field Emission Gun (FEG) - Scanning Electron Microscope 

(SEM) Philips (XL30 FEG) coupled to an Energy Dispersive 

Spectroscope - EDS (Oxford Link ISIS 300). The powder 

was re-classified in order to measure the cell spacing (λ
1
) of 

each selected size range including the smaller powder sizes. 

The four size ranges were >106 µm, 106 to 45 µm, 45 to 

32 µm and <32 µm. The triangle method was employed to 

measure λ
1

15,16. At least 20 measurements were performed 

for each selected powder size range.

Cold pressing was used to transform the obtained 

powder (with size smaller than 180 µm) into cylindrical 

preforms with diameter of 14.6 mm, height of 4.6 mm and 

weight of about 2.0 g. The cold pressing of both powders 

S1 and S2 were made without canning, degassing, and 

atmosphere control, and were compacted in air at room 

temperature. The uniaxial stress applied to consolidate the 

samples was 600 MPa.

Microhardness tests were performed by using a test load 

of 200 g and a dwell time of 10 seconds. A Stiefelmayer 

KL2 model hardness measuring test device (Germany) was 

used. The adopted Vickers microhardness was the average 

of at least 15 measurements on each pressed sample. The 

X-ray diffraction (XRD) patterns were obtained in a Siemens 

D5000 with a 2-theta range from 20° to 90°, Cu-Kα radiation 

and a wavelength, λ, of 0.15406 nm. Differential scanning 

calorimetry (DSC, Netzch 200F3, temperature range 

25-500 °C, heating rate of 40 K/min) was used to monitor 

solid state transformations overspray powder.

3. Results and Discussion

The Thermo-Calc software was used to calculate the 

partial equilibrium phase diagram for the Al-Ni metallic 

system, as can be seen in Figure 2.

Figure 3 shows that two different distributions for 

Al-5 wt. (%)Ni alloy powders have been obtained, with a 

higher fraction of fine particles (<106 µm) found for S2 due 

to the higher applied pressure and higher gas/metal ratio 

(G/M). Thus, finer Al-5.0 wt. (%)Ni alloy powders can be 

produced by increasing the gas-metal ratio. This is probably 

due to the higher cooling rates obtained as a consequence 

of the higher G/M ratio.

Figure 4 shows the mean experimental λ
1
 values of 

primary dendritic arm spacing as a function of the cooling 

rate (black squares) as determined by Canté et al.15 during 

unidirectional solidification of an Al-5Ni alloy. It can be 

seen that the proposed power function λ
1
 = 135 T–0.5 fits 

adequately the experimental scatter. The mentioned authors15 

have performed unsteady-state directional solidification 

experiments with a number of hypoeutectic Al-Ni alloys 

followed by characterization of the transversal and 

longitudinal as-cast structures and the determination of 

experimental dendritic growth evolution as a function of 

growth rate and tip cooling rate.
The mean cell spacing values (black circles) were 

measured for 4 different powder size ranges (>106 µm, 106 
to 45 µm, 45 to 32 µm and <32 µm). The average λ

1
 values 

and their standard deviations of each powder range can be 

Figure 2. Partial binary phase diagram for Al-Ni.

Figure 3. Mass as a function of each selected granulometric size 

range for overspray powders of the Al-5.0 wt. (%)Ni alloy.
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seen in Figure 4. Such values were inserted in order to permit 

the experimental curve to be continued, and a variation 

from 5.0 to 1.1 µm was observed. As the growth nature of 

cells is similar to that of primary dendritic branches, the 

extrapolation of the mentioned experimental dependence 

for DS samples have permitted the powder cooling rates to 

be determined (from 103 to 2.104 K/s).

Figure 4 shows also typical microstructures obtained 

from the powders as well as from the DS samples. The 

microstructure consists of an Al-rich (phase α) cellular 

matrix with a eutectic mixture in the intercellular region 

formed by α and the intermetallic compound Al
3
Ni. Average 

and standard deviations of λ
1
 values of about 2.5 ± 0.5 µm 

and 1.1 ± 0.3 µm were determined at 45 to 32 µm and 

<32 µm ranges, respectively. The mean λ
1
 values found 

for S1 powders are quite close to those determined for S2, 

except for the coarser powders (>106 µm), which exhibited 

a mean value which is 25% higher than that obtained for 

S2 in the same range. According to Kurz and Fisher17 the 

solidification interface morphologies can vary from planar at 

very low growth rates to cells and to dendrites which become 

finer and finer until they give rise to cellular-type structures 

when close to the limit of absolute stability. The cell growth 

observed in this study is a typical rapid solidification 

microstructure. The proximity with the absolute stability 

occurs when the solute diffusion distance approaches the 

solute capillarity length.

Under equilibrium conditions, the solid solubility 

of Ni in Al is very limited, with a value of 0.023 at% Ni 

(~0.05 wt. (%)) being reported11. The extension of solid 

solubility of α-Al matrix in Al-5Ni overspray powders was 

determined by EDS microanalysis and is characterized by a 

much larger Ni content of about 1.5 at% Ni (~3.0 wt. (%)), 

due to the rapid quenching promoted during atomization.

Figure 4. Primary dendritic spacing and cell spacing as a function of cooling rate for Al-5.0 wt. (%)Ni alloy.
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Cooling rate is a key factor affecting the powder 

microstructure. In order to calculate it during rapid 

solidification in the atomization step of overspray powders an 

easy-to-maneuver model was developed by Shiwen et al.18. 

These authors have already reported excellent agreement 

between simulated and experimental results obtained for gas 

atomized Al-Ni-Ce-Fe-Cu alloys. The proposed equation is 

simplified as follows:

2

12
( )

g
d gd

p

K
T T

c d
T

ρ

•

= −
×

 (1)

where T
d
 is the powder cooling rate, ρ is the density of 

the molten droplet, c
p
 is the specific heat, T

d
 is the droplet 

temperature (assumed as the melt pouring temperature), 

T
g
 is the atomizing gas temperature, k

g
 is the gas 

thermal conductivity and d is the size of the droplet. The 

thermophysical properties necessary for the theoretical 

calculations are summarized in Table 1.

The calculated value for a powder with diameter of 

40 µm is 2.8 × 104 K/s, which is roughly consistent with the 

experimental result, i.e., 2.104 K/s. Moreover, the deviation 

found in such comparison may be related to the typical 

thermal instabilities of the solidification front during rapid 

solidification that can provoke variations in λ
1
 values. Thus, 

if considered the minimum λ
1
 value of the experimental 

range, a better agreement can be expected following the 

same approach.

Figure 5 shows microstructures of samples extracted 

from the center region of the deposit obtained by optical 

microscopy (OM). In Figure 5a it can be observed the high 

volume fraction of irregular porosity (%P ≅ 8%) near the 

substrate surface (3 mm thick) indicating a deposition process 

with high volume fraction of solid particles19,20. Figure 5b 

shows the microstructure associated with the 10 mm thick 

region of the deposit. It seems that the high liquid fraction 

deposition in such region can be effective to reduce the 

porosity (%P ≅ 4%), with a predominance of spherical-type 

porosity. Figure 5 depicts, in the transversal section of the 

deposit, a more refined microstructure in the bottom part 

(3 mm thick) with a mean λ
1
 value of 6 µm and a coarser 

microstructure in the top part (10 mm thick) with a mean λ
1
 

value of 12 µm and the crystalline phases identified as α-Al 

matrix (grey) and Al
3
Ni intermetallic (dark). Nevertheless, it 

is difficult to correlate the cell spacing with the cooling rate 

for the deposit due to the association of the thermal history of 

the previously atomized powder particles and the subsequent 

heat treatment (annealing) during deposition.
The DSC curve during heating (40 K/min) shows the 

presence of an exothermic reaction which can be correlated 
with a crystallization peak of an amorphous phase fraction for 
the smallest Al-5Ni overspray powder size range, as can be seen 
in Figure 6. The inset in the DSC graphic shows a SEM image 
of an amorphous (featureless) powder around 15 µm19,20. The 
presence of an amorphous phase is a reasonable hypotheses 
considering the cooling rates prevailing during solidification 
of very fine powders, 105-106 K/s. This is an indication that 
a completely amorphous structure may be obtained by melt-
spinning despite the low nickel content (2.5 at.% Ni) of the 

Table 1. Summary of the thermophysical properties necessary to 

perform the calculations with the Al-5.0 wt. (%)Ni alloy14,15.

Property (unit) [symbol] Value

Melt density (kg.m–3) [ρ] 2.644 

Specific heat (J.kg–1.K–1) [c
p
] 1.147

Melt droplet temperature (K) [T
d
] 953

N
2
 temperature (K) [T

g
] 400

Powder size (m) [d] 4 × 10 E–5

N
2
 thermal conductivity at 400 K (W.m–1.K–1) [k

g
] 0.32

Figure 5. Transversal microstructures of the Al-5Ni alloy deposit at the positions a) 3 mm and b) 10 mm from the carbon steel substrate surface.
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Due to the wide range of powder size, a significant 

variation of cell spacing was expected to occur. This can 

be really observed in Figure 7 with the plot of λ
1
 as a 

function of the average powder size diameter. A power 

function λ
1
 = 0.18d0.68 fits adequately the experimental 

measurements. A correlation coefficient (R2) of 0.92 has 

been determined from the power-function regression. The 

calculations performed with the Shiwen model (gray line) 

can also be seen in Figure 7. The model overestimates the 

experimental scatter with some approximation for smaller 

mean powder diameters (<40 µm).

A sudden increase in the cooling rate can be observed 

for the finest powders (indicated with a solid arrow), which 

may be conducive to the accomplishment of a critical value 

avoiding crystalline phases to be formed or preventing that 

these phases predominate in the whole structure.

Figure 8 shows typical XRD patterns of Al-5.0 wt. (%)

Ni alloy samples corresponding to S1 and S2 powders, with 

the same crystalline phases identified for both products. A 

high degree of crystallinity is observed in the intermediary 

Al-5Ni powder size range (45 to 32 µm) despite the rapid 

cooling rates imposed during the atomization step. The 

major reflexes were assigned to fcc α-Al and orthorhombic 

Al
3
Ni phases.

Due to the variation in the average λ
1
 values referring to 

the powder sizes of the cold compacted Al-5 wt. (%)Ni alloy 

samples (<180 µm), the microhardness values varied from 68 

to 84 HV. The microhardness values of the rapidly solidified 

(RS) alloys have increased up to 58% when compared 

with those of the DS samples15, despite the presence of 

porous within the RS cold pressed samples. Lower cell 

spacings contribute to a more extensive distribution of 

rod-like Al
3
Ni intermetallic fibers. If these hard particles are 

better distributed throughout the intercellular regions higher 

hardness values can be expected. The hard intermetallic 

phase reinforces the ductile Al-rich phase (supersaturated 

with Ni solute due rapid quenching) of the eutectic mixture 

located in the intercellular regions, which would lead to 

improvements in the mechanical strength.

The cold pressing process of Al-Ni powders obtained by 

spray forming with higher gas-to-metal ratio (G/M) presents 

the possibility of generating low solute content Al-Ni alloys 

with high hardness no matter if the prevalent structure 

is formed by an amorphous phase or a cellular array. 

Commercial materials with low porosity and appreciable 

strength can be prepared further by an extrusion process.

4. Conclusions

A complete characterization of the promising 

RS Al-5.0wt. (%)Ni alloy was performed. To the authors 

knowledge this is the first report concerning the formation 

of amorphous phase during spray forming of a binary 

Al-5Ni alloy.

The experimental cooling rates were inferred by 

measuring the cell spacing of the obtained powders. 

The experimental result is roughly consistent with the 

corresponding result calculated by the Shiwen model. 

An abrupt increase in the cooling rate for the smaller 

Al-5Ni powder size range (<32 µm) seems to be responsible 

Figure 6. DSC curve for the overspray powder of Al-5Ni alloy 

in the size range <32 µm. The inset in the DSC graphic shows a 

SEM image of an amorphous (featureless) powder around 15 µm.

Figure 7. Microstructure length scale and experimental cooling rate 

against powder size for Al-5.0wt. (%)Ni alloy. Gray line refers to 

the calculations with Shiwen’s model.

Figure 8. Typical XRD patterns for the S1 and S2 overspray powders.

studied alloy. The average size, the size distribution and the 
volume fraction of the Al-Ni intermetallics, as well as the 
amorphous structure, deserve a deeper investigation, including 
an analysis by transmission electron microscopy (TEM).
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for the presence of amorphous phase despite the low solute 

content of the alloy (2.5 at.% Ni) in particles up to 15 µm. 

The evolution of λ
1
 with the powder size (d) was shown 

to be described by an experimental power law given by: 

λ
1
 = 0.18d0.68. Future work is now in progress in order to 

evaluate both the mechanical and corrosion properties by 

preparing bulk Al-Ni samples by warm consolidation of 

overspray powders without significant modifications on 

the RS structure.

The microhardness values in the range of 68 to 84 HV 

of the rapidly quenched Al-5Ni alloy through spray forming 

increased up to 58% when comparing the cold compacted 

overspray powder (<180 µm) with the directionally solidified 

samples, despite the presence of porosity in the cold pressed 

samples. The hard intermetallic phase reinforces the ductile 

Al-rich phase (supersaturated with Ni solute due to the 

rapid quenching) of the eutectic mixture located in the 

intercellular regions, which would lead to an improvement 

in the mechanical strength of the alloy.
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