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Abstract 

Equiatomic NiCoAlFe powder alloys were synthesized by mechanical alloying. 

The microstructural evolution of the mechanically alloyed powders at different times 

was followed with X-ray diffraction and scanning electron microscopy. The as-

mechanically alloyed powders were subjected to a rapid annealing treatment at 1273 

K and 1473 K during 3 min in vacuum. X-ray diffraction studies show the structure of 

both, the as-mechanically alloyed and annealed powders, consisted in a mixture of 

nanocrystalline simple phases (FCC + BCC). Crystallite size, after annealing, still 

remained in nanoscale. Coercivity increased due to the decrease in crystallite size 

and because of the defects caused by mechanical alloying in the as-mechanically 

alloyed samples; then coercivity decreased due to the phenomenon of random 

magnetic anisotropy and tended to stabilize with longer alloying times. A similar 

behavior was observed in annealed samples at 1273 K. However, random magnetic 

anisotropy was not observed after annealing at 1473 K because crystals with larger 

sizes were produced, and a steady increase in coercivity was observed. 

1. Introduction 
The design of traditional alloys is limited to the use of one or two elements as 

major constituents, with a maximum of four elements, and small additions of other 

elements to improve their properties. Based on the effect of mixing entropy, Yeh et 

al. [1] established that alloys could be divided into three groups: low-entropy alloys, 
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which are the traditional alloys; high-entropy alloys are those which consist of at 

least five principal elements; and medium-entropy alloys containing from 2 to 4 

major alloying elements. The effect of high entropy is the preference of the systems 

for the formation of disordered solid solutions, which is primarily found in the alloys 

of high entropy and less common in the medium-entropy alloys. It is known that the 

alloying elements directly affect the microstructure and properties of these alloys [2]. 

Additionally, nanostructured materials often exhibit very different properties from 

their respective bulk materials. In this regard, the synthesis route is an important 

factor that affects the micro-structure and final properties of products, additional to 

the alloying elements effect. Nanostructured materials can be synthesized by 

several routes, being the mechanical alloying (MA) process one of them [3]. 

The MA technique is a solid state route which can produce a variety of 

phases in equilibrium and non-equilibrium state. It is possible to synthesize alloys or 

solid solutions from pure element powder having nanocrystalline structures and 

unusual properties with the MA technique. One advantage of this technique is that 

its process parameters can be easily modified and controlled [3]. 

Nanocrystalline alloys have great potential in technological applications. 

Alloys with transition elements like Fe, Co and Ni, are magnetic materials whose 

properties such as coercivity, magnetization and magnetic anisotropy are of interest, 

as well as the study of their microstructure that directly affects their magnetic 

properties [4,5]. 

From a scientific point of view, it is relevant a study of the influence of milling 

time and heat treatments on microstructural and magnetic behavior of a 
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nanocrystalline equiatomic NiCoAlFe alloy produced by MA. 

2. Experimental 
Equiatomic NiCoAlFe alloys were prepared by high-energy ball milling, using 

elemental powders of Ni, Co, Al and Fe, with particle size of -300, -325, -325 and -

200 meshes, and purity of 99.8%, 99.5%, 99.5% and 99.0%, respectively. The 

alloying process was performed with 0, 10, 20 and 30 h in a SPEX-8000 M high-

energy mill. 

 

 

Cycles of 1 h alloying and 0.5 h resting were performed in order to avoid 

overheating of samples. The powders were sealed under an argon atmosphere to 

avoid components oxidation in a hardened steel vial. A milling media/sample ratio of 

5/1 (in weight) was kept for all experimental runs. Methanol was used as a process 

control agent (PCA) to avoid the agglomeration of metal particles. The as-

mechanically alloyed powders were then annealed at two different temperatures 

(1273 and 1473 K) for 3 min in sealed quartz ampoule in vacuum, using a Carbolite 

STF horizontal tube furnace. 

The particle size distribution of as-mechanically alloyed powders was 

measured using laser diffraction and scattering with a Mastersizer-2000 particle size 
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analyzer. The morphological evolution of the powders was observed by scanning 

electron microscopy (SEM) in a JEOL JSM-5800LV microscope supplied with an 

energy dispersive spectrometer (EDS), while the microstructural features of 

individual metal particles were determined with a field-emission scanning electron 

microscope JEOL JSM-7401F. Transmission electron microscopy (TEM) analyses 

were done utilizing an aberration-corrected JEOL-JEM2200FS transmission electron 

microscope. The X-ray diffraction (XRD) tests were performed in a Panalytical X’Pert 

PRO diffractometer with Cu Ka radiation (k = 0.15406 nm), using 35 kV and 25 mA. 

The step and acquisition time were 0.1° and 100 s, respectively. The HighScore 

software that sup-ports measurements of PANalytical XRD instruments was used to 

determine the crystallite size of the mechanically alloyed (MA’ed) samples, through 

measurement of the half-peak width. 

Magnetic properties were measured at 300 K in a physical property 

measurement system (PPMS), under a maximum applied magnetic field of 40 kOe. 

3. Results and discussion 

Table 1 shows the chemical composition of as-mechanically alloyed samples 

based on results of the EDS–SEM analyses. Although this technique is limited to 

being semi-quantitative, it was used to confirm that the chemical composition of the 

alloys were nearly equiatomic. 
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It is possible to assume a good chemical homogeneity of the powder alloys 

with a variation of ±3% even on those ones obtained during lower alloying times. 

Milling process has an important effect over the morphology of milled 

products. The intrinsic mechanical characteristics of powder as well as their 

volumetric fractions affect the surface characteristics. Raw materials and as-alloyed 
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powders were analyzed by SEM. Some representative micrographs are presented in 

Fig. 1. The as-received pure elemental powders exhibit different morphologies: 

nickel, angular; cobalt, irregular; aluminum, rounded and iron, flake shape. 

The particles are cold welded forming larger particles at early stages of milling 

process. The agglomerated particles are exposed to a continuous process of 

fracture and cold welding with further milling. This facilitates the atomic diffusion 

process and then the alloying process takes place. In Fig. 1a, a mixture of powder 

particles of different materials is evident. After alloying process (Fig. 1b–d), a 

homogeneous morphology can be achieved with the continuous competition 

between plastic deformation, agglomeration and size reduction. At the same time, 

the chemical composition of individual MA’ed powder is very similar to the proportion 

of the starting elemental powders, which was corroborated based on EDS–SEM 

analyses (Table 1). 
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In the early stages of MA, the metal particles are still soft enough to be 

agglomerated. Usually a gradual refinement of particles is conduced; this is an 

indicative of the equilibrium state of the mechanical alloying process. The equilibrium 

between fracture and cold welding is achieved at different times for each system. In 
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ductile systems, an increase and homogenization of particle size is observed with 

the alloying time instead of the particle refinement. Fig. 2 shows the particle size 

distribution curves of MA’ed powders for each used alloying time. In the case of the 

sample with 10 h of MA, the particle size distribution is almost unimodal, non-

symmetric with high particle sizes; a mean particle size (d0.5) of 11.06 lm was 

measured. The curves of the samples with 20 and 30 h exhibit a bimodal 

distribution. Samples exhibit a mean particle size (d0.5) of 38.67 and 49.42 lm, 

respectively. The results of mean particle size are supported by the surface area 

values of 0.41, 0.12 and 0.04 m2/g, for the powders alloyed for 10, 20 and 30 h, 

respectively. 
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All the particles will not have the same size in a common process of powder 

metallurgy. Several kinds of distribution size curves are expected during the 

measurement of MA’ed powders due to the shape of the nonspherical-formed 

particles. The different distribution curves can be interpreted according to the particle 

shape and their sizing method [6]. 

A reduction of the particle size is expected with further alloying time due to the 

work-hardening of particles. Contrary to expectations, the particle size is increased 

with the alloying time. How-ever, the behavior of each system is different because 

there are several factors which could affect the milling process; some of them are 

powders ductility, the type of mill, the sample/milling media ratio and the amount of 

added PCA. 

It has been reported that Fe–Ni–Co–Al (NCA) alloys with addition of other 

elements like Ta and B generates a state of super plasticity decreasing the 

precipitation of brittle phases in the grain boundaries [7]. Equiatomic composition 

promotes the increment of entropy and favors the formation of solid solution phases 

(FCC and/or BCC) instead of the formation of brittle intermetallic com-pounds [8–10] 

with results on improved ductility of the alloys. 

For heat-treated powders, measurements of the mean particle size 

distribution were not appropriate because incipient sintering was shown on the 

particles (Fig. 3). 

During MA, the particles formed by the cold welding of smaller particles have 

a typical lamellar microstructure (Fig. 4a). After the annealing process, it was 

observed that the internal pores of the particles were reduced and the lamellar 
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microstructure tended to disappear, leading to the formation of two distinguishable 

phases (Fig. 4b): a dark area having a chemical composition close to the equiatomic 

ratio, and a bright area having a low aluminum content. 

Structural evolution and microstructural characteristics were monitored by 

XRD as a function of milling time (Fig. 5). Fig. 5a shows the evolution of powders 

mixtures with different alloying times. The XRD pattern identified as 0 h corresponds 

to the as-mixed powder sample. In this diffractogram, the characteristic reflections 

corresponding to pure elements Ni-FCC, Co-HCP, Al-FCC and Fe-BCC are 

observed. Milling time has noticeable effect on signal morphology [3]; for example, 

the peak intensity rapidly de-creases with alloying time and with a longer time low 

intensity peaks disappear. The peaks of samples alloyed from 10 h became broad, 

which can suggest a microstructure refining from micro-crystalline (�2 lm) to 

nanoscale (<50 nm). A noticeable peaks shift is observed, suggesting the formation 

of solid solutions, with FCC and BCC structures. 

Although there are different levels of solubility among the different elements, 

the formed solid solution phases after the mechanical alloying are composed of the 

four alloying elements. Aluminum with the alloying elements, in compositions near to 

the equiatomic ratios, Al (Co,Fe,Ni), exhibit the formation of a BCC solid solution 

(B2) [11] Al–Co, Al–Fe and Al–Ni, in compositions. The presence of this BCC solid 

solution phase can be explained by this solubility of Al with Co, Fe and Ni, even if 

the different used elements have different crystal structure. 

With longer milling times, the secondary peaks of solid solutions are low in 

intensity, being hard to differentiate them from background. The main peak became 
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broader as the milling time in-creased from 10 to 20 h. It is well known that the grain 

refining and lattice distortion produce this peak broadening [3]. From the 

microstructural point of view, there are two causes for this phenomenon: an 

increment of grain boundary fraction and mechanical deformation. Between 20 and 

30 h of alloying, the intensity of the main peak slightly decreases, but the broadening 

effect is not seen. This effect is reflected in the variation trend of the crystallite size 

as a function of alloying time (Fig. 5b). 

The diffraction peaks broadening of the alloyed powders may indicate a 

crystallite size refining (nanoscale grains). Measurements of the full-width at half-

maximum intensity (FWHM) were done to determine the crystallite size using the 

Scherrer’s formula; only the BCC solid solution peaks could be measured. Crystallite 

size refining at 20 h can be observed, but with 30 h the crystallize size slightly 

increases. It was possible to corroborate that mechanically alloyed powders, through 

TEM observations of individual micro scale particles (Fig. 6) even after longer 

alloying times (30 h), are formed by nanocrystals without reaching a full state of 

amorphization. The rings present in the selected area diffraction pattern reveals a 

nanocrystalline microstructure. 
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The crystal size observed by TEM is much smaller (<10 nm) compared with 

calculated from the X-ray diffraction patterns. 

Mechanical alloying introduces crystalline and microstructural defects (lattice 

strain and defect concentration); these phenomena in turn increase the enthalpy in 

alloys. The stored energy during mechanical alloying promotes the possible phase 

transformations and crystal growth during heat treatment [12]. Even though, crystal 

size in MA’ed and annealed products remains in the nanosize range. 

For all XRD diffract grams of the annealed alloy powders (Fig. 7), peaks 

corresponding to a mixture of two phases (FCC + BCC) were observed. It is 

observed a domain in BCC phase over FCC phase on Fig. 7. The higher peaks that 

were observed correspond to BCC phase. The highest peak for BCC materials is 

generally generated by a (11 0) reflection, which is also easily observed in the 

annealed samples. The sharp and high intensity peaks reveal a higher degree of 

crystallinity in annealed powders. After annealing, the morphology in XRD patterns is 

very different compared to the one of the as-mechanically alloyed powders. This 

effect is not observed in unmilled powders. The increase of diffraction peaks 

intensity results from the micro strains release and crystallite size growth during the 

annealing process. However, the measurements of the FWHM using the Scherrer0s 

formula indicate that even after annealing treatments, the crystallite size of MA’ed 

powders re-mains in nanoscale, between 40 and 56 nm for the BCC phase. 

Regarding the heat treatment effect on milling products, Fig. 7a shows the 

XRD patterns of the powder annealed at 1273 K. After annealing treatment of mixed 

sample (0 h of milling) elemental peaks are not observed while the formation of two 
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solid solution phases is evident. A similar evolution is observed in milled and heat-

treated samples. A Fe-like BCC phase and a FCC phase are identified. The BCC 

phases have a lattice parameter similar to pure Fe (0.286 nm). For the mixture (0 h), 

this parameter is 0.287 nm whereas it is 0.286 nm for all the as-mechanically alloyed 

powders. The lattice parameter of the FCC solid solution varies with the alloying 

time: 0.358, 0.361 and 0.360 nm, for 0, 10 and 20 h, respectively. The characteristic 

peaks from the FCC phase are no longer visible in the sample alloyed at 30 h. 

The diffraction patterns of the powders annealed at 1473 K are shown in Fig. 

7b. It can be seen the presence of peaks corresponding to two phases, one of them 

is an apparent ordered BCC structure and the second one is identified only for one 

peak and it corresponds to a FCC-like phase. The two BCC phases have similar 

lattice parameters, 0.286 and 0.287 nm (Table 2), which are unaffected by the 

alloying time. However, there is no evidence that they remain as ordered phases 

with 30 h of alloying. It has been re-ported that systems such as Fe–Co exhibit BCC 

structures [13], and CoAl, CoFe and CoNi systems present ordered structures (B2 

type)[14]. It has been reported that, both, disorder and grain refinement are 

produced by the action of high-energy milling [15]. After heat treatments BCC 

phases appear but like ordered structures. On the other hand, the lattice parameter 

of the FCC phase exhibits a continuous change with the alloying time; it increased 

from 0 to 20 h and then decreased at 30 h. The lattice parameters are 0.357, 0.361, 

0.363 and 0.361 nm for 0, 10, 20 and 30 h, respectively. The values of experimental 

lattice parameters are shown in Table 2. 

Concerning the magnetic properties, Fig. 8 presents the plots of the 
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hysteresis loops as a function of alloying time and annealing temperature. The 

properties are summarized in Table 3. 

In the as-mechanically alloyed samples the coercivity Hc reaches its highest 

value at 10 h (Fig. 9). Then, it slowly decreases and tends to stabilize with high 

alloying times (about 30 h). The initial increment in coercivity is due to refinement of 

crystallite size and defects introduced during the MA process, while the subsequent 

decrease is related to the phenomenon of random magnetic anisotropy. 
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A similar behavior is observed in a slighter way in samples annealed at 1273 

K, which is due to the increasing of crystallite size and decreasing of defects. 

However, the behavior of the coercivity as a function of alloying time is different for 

the samples annealed at 1473 K, where a steady increase of the coercivity is 

observed. In this case, the crystallite size increased enough (even with longer 

alloying times), avoiding the phenomenon of random magnetic anisotropy. 

Remanent magnetization rr curves as a function of alloying time (Fig. 10) 

show a similar behavior to the coercivity curves. Such behavior is related to a 

roughly proportional dependence of the coercivity with the remanent magnetization. 

The atoms on the surface of the nanocrystals form a significant portion of their 

whole volume. These atoms generate a high surface magnetic anisotropy due to the 

increase of grain surface area and the greater interaction with the nearest neighbor 

atoms. This effect makes hard to complete saturation of magnetization even with an 

applied magnetic field of 40 kOe. For the as-alloyed powders, the dependence of the 

maximum magnetization rmax for a maximum applied magnetic field of 40 kOe, as a 

function of the alloying time, shows an abrupt initial decrease of magnetization at 10 

h, and a slight increase for greater alloying time (30 h). Annealed samples at 

both1273 and 1473 K temperatures show an opposite behavior in comparison with 

the MA’ed samples. The magnetization in-creases when reaching 10 h of milling, 

while at 20 and 30 h they exhibit a slight decrease of magnetization. The complex 

evolution of magnetic properties has a direct relationship with the different 

contribution of the phases formed during the heat treatments. 
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4. Conclusions 
A NiCoAlFe powder alloy was successfully synthesized through high-energy 

milling from equiatomic elemental powder mixtures. The following conclusions are 

listed: 

(1) The presence of simple BCC and FCC phases in both as-mechanically 

alloyed and annealed powders was observed. 

(2) Nanometric crystallite size was observed in the alloyed pow-ders while 

slightly grain growth, after annealing, was observed. 

(3) Temperature has a significant effect on the formation of phases and 

crystallite size. Two phases, FCC and BCC, are formed at 1273 K while a second 

BCC phase appears at 1473 K. 

(4) The lattice parameter of BCC phases remains nearly constant for all 

the alloying times and both temperatures (aBCC - ≈0.286 nm). The lattice parameter 

of FCC phases slightly increased with the alloying time but the changes are not 

significant in consideration to the temperature of the annealed treatment. 

(5) In the as-alloyed powders and the annealed samples at 1273 K, the 

coercivity increases with the alloying time due to the grain size and random 

magnetic anisotropy. This phenomenon was slightly lower in the heat-treated 

samples at 
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1473 K due to crystals growth caused by the increase in temperature. 

Magnetic properties are strongly affected by the phases formed after annealing. 
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