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ABSTRACT 

 

 

TITLE: OBTAINING NANOCRYSTALLINE NICKEL WITH LOW ADDITIONS OF 

NIOBIO, TITANIUM AND MOLYBDENUM BY HIGH ENERGY MILLING 

 
AUTOR: SASTRE LOZADA, JESSICA KATHERINE 

 

KEYWORDS: High energy milling, Spark plasma sintering, Nanocrystalline nickel. 

 

DESCRIPTION: In order to obtaining nanocrystallite nickel, were sintered nickel 

powder with low additions of molybdenum, niobium and titanium by high energy 

milling for 3, 30 and 300 minutes. For the powders characterization were used x-ray 

diffraction and scanning electronic microscopy to determine the change in crystallite 

size, change in the cubic network parameter face centered (FCC) of nickel and 

morphology of powders. In addition, two of the NiTi mixtures were sintered with 

plasma for 15 minutes and then compared with the non-sintered ones. In the 

powders worked, it is generally observed that the addition of small percentage 

metals causes the equilibrium between bonding and fracture to be achieved rapidly, 

however, the size achieved is greater than in pure nickel due to the low added 

percentages of powdering metal; niobium additions provided the largest size change 

during the first 30 minutes of milling. On the other hand, the network parameter of 

nickel shows a little increase during the process for NiNb and NiMo powders. Finally, 

sintering of the NiTi powder at 800°C showed a formation of necks indicating ductile 

fracture only at 5-hour milling, instead for shorter milling times the resulting sintering 

pills were very weak. This research will serve as a basis for future research in 

creating new powders that can achieve smaller crystallite sizes with a low 

percentage of powdering metal by high energy milling. 
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1. INTRODUCTION (Background) 

 

Nickel powders are used for their high resistance to corrosion and abrasion, also this 

element has cubic crystalline structure centered in the faces which gives it high 

malleability. The addition of powdering elements such as molybdenum, titanium and 

niobium has the purpose of creating refractory powders with controlled mechanical 

properties, presenting high resistance to corrosion and oxidation at high 

temperatures and a low coefficient of friction (1) ; high energy milling has been an 

optimal process for create high purity powders under industrial conditions. (2) 

 

When the nickel powder is milled at high energy, the crystallite size shows a 

significant decrease during the first five hours of milling (3), then the constant fracture 

and join between the particles reaches the equilibrium, varying at small amount the 

size of the crystallite. In this study contamination was found during milling due to 

tungsten carbide (WC) and it is suspected began to be introduced into the FCC 

structure of nickel, which makes the peaks in the diffractogram wider. 

In the case of the NiNb powder (4), an addition of 24% by weight of synthesized 

niobium was studied through high energy milling, nickel diffraction peaks showed a 

small variation after 5 hours of milling. This change is attributed to the increase in 

the network parameter, indicating the building of substitutional solid solution of 

niobium within the matrix of nickel.  

On the other hand, milling of nickel-titanium powders was investigated (5) by making 

Ni50% Ti powder for milling times up to 60 hours, it was observed that the size of 

crystallites drastically reduces during the first 20 hours of milling. This change is 

attributed to increase in defects density; After a time, the constant deformation leads 

to the reduction of the sub-grain size. For milling times greater than 40 hours, the 

fracture and join rate are balanced and the size of the crystallite does not show a 

considerable variation. 
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As for the NiMo powder, Ni50Mo50 (6), analyzed the system by X - ray diffraction 

for different milling times. In the study the changes in the width of the diffraction 

peaks are seen after 2 hours of milling, however, the amorphous phase is formed 

after 10 hours of milling. Therefore, with 300 minutes of milling, just a small shift 

occurs at the diffraction peak and may be related to the initiation of the amorphization 

of the powder. 

In order to predict the properties of powders by optimizing times and reducing costs, 

numerical methods are currently being used to simulate the growth of nanometric 

grains and mechanical properties in nickel powders  (7).  
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2. OBJECTIVES 

 

2.1 GENERAL OBJECTIVE 

To evaluate the effect of high energy milling and plasma sintering on crystallite size, 

network parameter and microstructure of nickel powder with low additions of 

titanium, niobium and molybdenum. 

 

2.2 SPECIFIC OBJECTIVES 

- Determine the crystallite size of the powders using the Scherrer law and X-ray 

diffraction, observing also the change of the network parameter. 

- Characterize the microstructures obtained in each of the milled powders by 

scanning electronic microscopy. 

- Analyze the effect of plasma sintering when applied to the NiTi mixture after high 

energy milling. 
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3. BIBLIOGRAPHICAL REVIEW 

 

3.1 HIGH ENERGY MILLING 

High energy milling was developed by John Benjamin John Benjamin (8) for the 

production of oxides dispersion hardened nickel-based super powders for gas 

turbine applications. This type of milling is used to reduce particle size, amorphize, 

agglomerate and mix solid state particles by modifying material properties such as 

density, hardness, among others. (9) 

3.1.1 Principle of high energy milling 

In high energy mills a powder mixture is subjected to highly energetic impact 

compressive forces causing plastic deformation, repetitive welding and fracture of 

the particles into the powder (10). In this type of mill, speeds of about 5 mm/s are 

achieved (11). 

When a powder is subjected to continuous impacts of high energy its morphology 

has small changes favoring the join and formation of new particles from the 

components of the initial raw material. Subsequently there is fracture and constant 

join by plastic deformation, which, together with the impact of the milling balls, refines 

and homogenizes the components of the mixture. 

3.1.2 Process Variables 

The milling process will depend on the milling conditions, temperature, time and 

environment. For example, the type of mill selected will give the load size, stress 

concentration mechanism, initial particle size, temperature, among others. 

As in conventional milling, the type and material of the balls must be taken into 

account, the ball / load ratio can be 10:1 or 20: 1. By studies it was found that the 

reduction of the milling time is related to the increase of the ratio of balls / charge. 

(12) 

Another important variable is the environment in which the process is being carried 

out since the air inside the mill causes the formation of oxides or sulfates that 
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contaminate the dust. This can be avoided with a milling environment formed of the 

same material as the powder (13). Examples of the particle agglomeration controlling 

agents include stearic acid, hexane, methanol, ethanol, among others.  (14)  

3.2 X-RAY DIFFRACTION 

Characteristics such as size, shape and structural stress influence the properties of 

nanoparticles and Nano-crystalline materials. In X-ray diffraction, high and narrow 

peaks are observed which represent a larger crystallite size due to the periodicity of 

the in-phase crystallite domains that reinforce the ray diffraction; Then this parameter 

is obtained by measuring the amplification of the diffraction of some ray with 

particular plane reflection within the cell unit. Conversely, if the crystals have very 

low degrees of periodicity, the peaks are wider. (15) 

To determine the crystallite size in powders of 100μm or more, the Scherrer equation 

(Eq. 1), where τ is the size of the crystallite, k the grain form factor (spherical shape 

k = 0.9), The wavelength of the beam, β the width at half height (FWHM) of the 

diffraction peak, and θ the Bragg angle. (16) 

                                                                                                                           

                                                                                                                                            

 

3.3 SPARK PLASMA SINTERING (SPS)  

Sintering is a thermal process of a powder or compacted in green made in short 

periods of time (5-20 min), in which a temperature below the melting temperature of 

the mixture is used under controlled conditions of time, temperature and 

Environment, which increases the strength and resistance of the part due to the 

adhesion of particles to each other (there are only kinetic interactions in the process). 

Typically, the specific sintering temperature is between 2/3 to 3/4 of the melting 

temperature of the analyzed powder (17) 

τ =
kλ

βcosθ
 (1) 
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The goal of sintering is to increase the density of the worked powder. During the 

solid phase process three stages are presented: Initially when the temperature is 

increased, the diffusion processes are activated between the nearest particles, so 

there is formation of a neck that improves cohesion, but it does not cause any 

dimensional alteration. In the intermediate stage, up to 95% of the relative density is 

acquired due to a growth of the neck formed in the first stage, reducing the surface 

area with pores. Finally, in the last stage of the process, a 95% densification is 

acquired, there is a contraction of the pores that carry out the elimination of the same. 

(18) 

In the literature it is shown how NiTi (50:50) powders are made with fine particle 

powders (size smaller than 5μm); By milling for 2 hours, sintering with plasma for 5 

minutes at 900°C and 50 MPa pressure, a powder is synthesized to analyze the 

changes in the main mechanical properties when carbon nanotubes (CNTs) are 

added to the powder. (19) 

In another study, NiTi (55:45) and NiTiCu (43:45:12) powders were synthesized by 

performing 15 hours of milling and sintering with plasma at 850° for 5 minutes at a 

pressure of 30 MPa, to observe the change of shape memory effect with the addition 

of Cu. (20) 
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4. EXPERIMENTAL PROCEDURE 

 

The preparation of the powders was made by high energy milling with nickel powders 

(purity 99.9% brand VETEC) and niobium, molybdenum and titanium with purity of 

99.9% given by the company ALDRICH. Specifications are presented in Table. 1 

Subsequently, the characterization was made using XRD and MEB. For the NiTi 

powder was made sintering with plasma and then characterization. The summary of 

the procedure is listed in Figure.1 

Table. 1 Generalities of the powders used in the experiment. (21) 

 

 

Figure. 1 Scheme of the experimental process for the production of powders 

 

4.1Powders 
preparation with 

high energy milling

4.2 Powders 
characterization

4.2.1 X-Ray 
difraction

4.2.2 Scanning 
electron 

microscopy

4.3 Pill pressing by 
the EMIC machine

4.4 Spark plasma 
sintering

Scanning electron 
microscopy

 

 

Metal 

 

 

Fusion 

temperature 

°C 

 

Density 

(Kg/m3) 

 

 

Hardness 

(Vickers 

MPa) 

 

 

Initial particle 

size 

 (μm) 

 

 

Structure at 

room 

temperature 

 

Mechanical 

strength 

(MPa) 

 

Nickel 1455 8908 638 149 FCC 400-660 

Niobium 2477 8570 1320 44 BCC 330-585 

Molybdenum 2623 10280 1530 1-5 BCC 485-620 

Titanium 1668 4507 970 149 HCP 230-460 
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4.1 POWDERS PREPARATION BY HIGH ENERGY MILLING  

For the experiment of nickel powders, 5 grams of total mixture we were used 

following a fractional factorial design of the type 3k-1 with three variables and three 

levels: the milling time (3, 30, 300min), the powdering element (Nb, Ti, Mo) and the 

percentage added of this (0.01, 0.1, 1%) as listed in Table. 2 

Table. 2 Details of the fractional factorial experiment. Nickel powders. 

 

 

 

 

 

 

 

 

 

 

A Spex 8000M Lesson vibratory mill (see Annex A) was used, with one cylinder and 

61 tungsten carbide balls, an OHASUS Explorer Pro Ep64-62 analytical scale. 

The mixture was made according to the Table. 2, with a ball-powder ratio of 10:1 

and 1% wt stearic acid in a gloves box (see Annex B) with controlled argon 

atmosphere and 3x10-2 mbar vacuum to avoid contamination of the powders before 

of the milling. 

 

Experiment Metal Time (min) 

Percentage 

(%) 

1 Nb 3 0,01 

2 Ti 30 0,01 

3 Mo 300 0,01 

4 Ti 3 0,1 

5 Mo 30 0,1 

6 Nb 300 0,1 

7 Mo 3 1 

8 Nb 30 1 

9 Ti 300 1 
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4.2 POWDER CHARACTERIZATION 

4.2.1 X-ray diffraction (XRD) 

After milling, the powders were characterized in the X-ray diffraction laboratory of 

Metallurgical Engineering and Materials (PMT) and Geology of USP using a D8 

Advanced Bruker diffraction equipment. The experiments were performed with 

Bragg angle varying between 5 and 85°C, and a Cu anode (ʎ = 1.540598) with a 

pass of 0.0204. 

The obtained graphs were analyzed with the software highscoreplus, in which the 

elements of each sample were identified, according to the diffraction peaks and also 

the size of the crystallite was determined through the Scherrer equation. 

4.2.2 Scanning electronic microscopy (SEM) 

The samples were placed in a sample holder and covered with carbon which avoid 

the equipment damage; Following the operation manual instructions. 

The characterization of the powders was carried out by scanning electronic 

microscope with field effect cannon FEG-Inspect 50 of the Laboratory of 

Metallurgical Engineering and Materials in Escola Politecnica, USP. Firstly, the ETD 

detector was used to determine the grains geometry and crystal size, followed by 

the VCD detector to analyze by density difference the metals present in the mixture, 

the micrographs were taken with lenses of 15.000X, 10.000X, 5.000X, 2.500X, 

1.000X and 500X. 

4.3 PILL PRESSING BY THE EMIC MACHINE 

To contribute to the densification of the powders after sintering, pills were made 

using the universal test machine EMIC of Metallurgical Engineering, Escola 

Politécnica, USP. 

4.4 SPARK PLASMA SINTERING (SPS) 

Plasma sintering was performed in the mechanical engineering sintering laboratory 

at the Escola Politecnica, USP. 
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Due to the limitations with the equipment for sintering per day with temperatures 

below 1300°C, NiTi powder (lowest melting powder of the processed powders) was 

chosen and sintered to powders with 30 and 300 minutes of milling; A holding time 

of 5 minutes with a temperature of 800°C and 30 MPa pressure, heating rates of 

60°C/ min for the first 10 min and 40°C/min for the next 5 minutes. (Annex C) 

For the determination of the sintering temperature it was perceived that a decrease 

of the melting temperature occurs with the decrease of the grain size by the milling. 

In addition to this, it is suggested that the temperature should be 2/3 of the melting 

temperature to avoid the powders changing to the liquid state (22) 

Based on this and the articles consulted in the literature review (19, 20), a 

temperature of 800°C was chosen. Temperature measurements were made with 

optical pyrometer. 
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5. PRESENTATION AND DISCUSSION OF RESULTS 

 

5.1 NiNb POWDER 

In the micrograph in Figure. 2 it can see the change in the particle size decreases 

with the milling time. The size of the aggregate was increased due to the 

agglomeration throughout the process. Using the Scherrer equation and analyzing 

the diffraction peaks in the XRD, it was possible to determine the decrease in 

crystallite size from 76.4 to about 30.47 nm. 

The shape of the particles changed from the first minutes of milling due to the 

constant deformation of the tungsten carbide balls on the powder. Although the 

highest percentage added of niobium was 1% wt, in milling at 30 minutes, milling of 

300 minutes had particles with greater irregularities at the surface and greater 

agglomeration. 

 

Figure. 2 Secondary electrons micrograph, NiNb powder amplification 5.000X. A) 3 

minutes of milling b) 30 minutes of milling c) 300 minutes of milling 

 

In Figure. 3, which shows the NiNb powder with 3 minutes of milling and minor 

addition of niobium (0.01%) can verify the presence of a nickel grain not yet been 

deformed by the milling (red circle). In addition, particles with almost smooth surface 

are observed, it means, those that began to undergo deformation, however, the join 

process and fracture has not yet been given. By EDS analysis, the presence of 

a 

 

b 

 

c 

 



18 
 

niobium grains within the nickel matrix at 30 minutes milling was identified as shown 

in Figure. 4. 

 

Figure. 3 Secondary electrons micrograph with amplification of 10,000X NiNb powder 

after 30 minutes of high energy milling. 

 

Figure. 4 Backscattered electron micrograph, 20,000X amplification of the NiNb powder 

after 30 minutes of high energy milling. 

The presence of tungsten carbide contamination is evident as time increases. This 

contamination is low in the 3 minutes milling as observed in Figure. 5a. Conversely, 

Ni 

 

W 

Ni 

Nb 
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after 30 minutes of milling tungsten carbide it shows angularly shaped distributed 

homogeneously within the nickel matrix (Figure. 5b). On the other hand, in the milled 

powder for 300 minutes are observed tungsten grains distributed and mixed within 

the matrix and agglomerates at certain points of the sample as shown in Figure. 6. 

 

Figure. 5 Backscattered electron micrographs of NiNb powder after high energy milling, 

amplification 5.000X a) 3 minutes and 0.01% by weight Nb b) 30 minutes and 1% by 

weight Nb c) 300 minutes and 0.1 % by weight of Nb 

 

Figure. 6 Backscattered electrons micrograph, amplification 5,000X NiNb powder after 

300 minutes of high energy milling. 

A semi quantitative analysis performed with EDS for certain areas of the samples 

indicates the change of percentages for the different milling times and percentage of 

aggregate elements. It is observed that the content of tungsten carbide had a 

significant increase for milling of 300 minutes. For percentages less than 1% in 

a 

 

b 

 

c 
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powder, tungsten contamination is related to the milling time and not to the 

percentage of the same added.  

 

Figure. 7 X-ray diffraction, NiNb powder. Comparison of peaks for different milling times. 

 

The XRD for the three samples of this powder shows the presence of niobium only 

at 30 minutes of milling, with low intensity and a Bragg angle of approximately 38°. 

When a Ni24Nb alloy is synthesized through high energy milling (4)., the nickel 

diffraction peaks showed a small variation after the 5 hours of milling. This change 

is attributed to the amorphization of the powder which finally results in a single peak 

(Annex. D). An analysis of the nickel network parameter for the three explicit planes 

in the diffractogram in this study, shows an increase for longer milling times, which 

is confirmed in the Table. 3. The peak of the plane (220) at 300 minutes of milling 

has a greater expansion, however, because of the peak has expansion toward a WC 

peak and not a niobium peak, a solid solution is not considered to be forming; simply 

are being introduced defects to the Nickel at point it reaches the nearest peak. 
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Table. 3 Nickel network parameter FCC. NiNb powder. 

 Nickel network parameter (Å) 

Time a Ni (111) a Ni (200) a Ni (220) 

3 3,519 3,519 3,522 

30 3,524 3,519 3,524 

300 3,545 3,554 3,553 
    

 

According to the Table. 3, for a milling of 30 minutes (higher percentage of Nb), the 

network parameter calculated for the main planes of the nickel presents a little 

change. In this case, it is confirmed that for percentages less than 1% by weight of 

niobium in a nickel matrix, there is no solid solution formation or amorphization of 

the powder when high energy milling is performed in 5 hours or less. 

 

5.2 NiTi POWDER 

In the micrographs of Figure. 8 can be seen that the particle size increases when 

the milling time is greater due to agglomeration of crystallites by the constant action 

of the milling balls in the process. At Milling of 3 minutes,  Figure. 8a, deformation is 

present in particles with smooth surface and some small grains with rough surface, 

showing that despite the short milling time, the onset of agglomeration has occurred. 

For milling of 30 minutes, Figure. 8b, deformed particles with smooth surface are still 

perceived, this due to low added titanium content in this powder (0.01%wt). At 300 

minutes of milling, Figure. 8c, almost 100% of the particles have rough surface, 

because of crystallite agglomeration by constant fracture and welding during 

mechanical process. 
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In relation to the shape of the particle, angular and irregular grains are present in the 

powder with the shortest milling time; when the milling time increases for the other 

two powders, the angular particles are disappearing until at 300 minutes it is not 

possible to identify them since the milling time is enough to generate deformation. 

Tungsten contamination increases when the milling time is greater as shown in the 

micrographs with amplification of 10,000X and vCD detector of Figure. 9. For milling 

of 3 minutes a small contamination by tungsten is observed and the particles present 

angular shape. EDS peaks show the presence of titanium in the powder, but they 

are lower when compared to nickel, because of the smaller amount added by weight 

(0.1% Ti). At 30 minutes tungsten particles are found in higher proportion and the 

distribution is not uniform as observed in Figure. 9b. The tungsten particles are equal 

to or less than in the 3-minute milling. This represents the continuous contamination 

by tungsten than while some are diminishing by the constant compression others 

are released from the milling bodies. In Figure. 9c shows that tungsten contamination 

increased, however, some areas have a higher concentration of particles as 

indicated in the Figure. 10 

 

 

a 

 

b 

 

c 

 

Figure. 8 Secondary electrons micrograph, amplification 2500X NiTi powder. A) 3 minutes 

b) 30 minutes c) 300 minutes after high energy milling. 
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Figure. 10 Backscattered electron micrograph, amplification 2.500X, NiTi powder after 300 

minutes of high energy milling. 

According to Ni50% Ti powder (5)  for milling times up to 60 hours, the crystallite 

size was observed to drastically reduce during the first 20 hours of milling. This 

change is attributed to the increase in defect density; after a time, the constant 

deformation leads to the reduction of the subgranos size. For milling times greater 

than 40 hours, the fracture rate and join are balanced and the size of the crystallite 

practically does not change as shown in Annex E, indicating that the reduction, 

a 

 

b 

 

c 

 

Figure. 9 Backscattered electron micrograph, magnification 10,000X, powder NiTi a) 

3minutes and 0.1%w Ti b) 30minutes and 0.01%w Ti c) 300 minutes and 1%w Ti 
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deformation and join process is presented independently of the percentage of metal 

added. 

 

Figure. 11 XRD NiTi powder. Comparison of peaks for different types of milling. 

 

The XRD analysis of the present study shows that the crystallite size decreases from 

71.25 to 42.25nm approximately and the greatest change occurs between 3 and 30 

minutes grinding times. The intensity of the diffraction peaks is noticeably greater for 

the time of 3 minutes due to the equipment change; But it is important to perceive 

that the intensity decreases as the peak becomes wide. The red line in Figure. 11 

indicates that for 300 minutes of milling, two of the three representative peaks nickel 

become flatter and are disappearing, this occurs by the loss of crystallinity of nickel 

along the deformation, fracture and join process. There is no presence of titanium in 

the powder because it is a very small addition to that of nickel. Also no WC peak was 

observed next to Ni (200), as it did in the NiNb alloy. 
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When determining the network parameter for the different nickel peaks, it is observed 

that it presents less change than in the powder NiNb for the different milling times, 

almost null (Table. 4). Then, it is determined the only thing that varies in this powder 

is the crystallite size due to the increase in defect density during the milling process 

and the loss of crystallinity of Nickel. 

Table. 4 Nickel network parameter FCC. NiTi powder. 

Nickel network parameter (Å) 

Time (min) a Ni (111) a Ni (200) a Ni (220) 

3 3,522 3,524 3,524 

30 3,527 3,524 3,524 

300 3,528 3,528 3,524 
 

 

5.3 NiMo POWDER 

It is observed in Figure. 12 that when the milling time increases, the peaks of the 

diffractogram intensity decrease and increase in width, this is due to the loss of 

crystallinity of the particles, as what happened in the other two powders synthesized. 

The molybdenum diffraction peak was observed just at 3 minutes of milling when its 

addition was 1% by weight, with a very low intensity and two Bragg angles of 40.5 ° 

and 59 ° approximately. 
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Figure. 12 XRD NiMo powder. Comparison of peaks for different types of milling. 

 

When the same powders are analyzed, but with an addition of 50% Mo (6), shows 

the changes in the width of the diffraction peaks after 2 hours of milling, however, 

the amorphous phase is formed after the 10 hours of milling. Therefore, with only 

300 minutes of milling, a small displacement occurs at the diffraction peak and may 

be related to the initiation of the amorphization of the powder (Annex F). However, 

when both studies are compared, it is observed that the percentage of powdering 

metal must be greater than 1% to cause powdering between the metals and the 

milling times should exceed 5 hours. On the other hand, in the current study, the 

crystallite size decreases with increasing milling time. Taking into account the XRD 

performed, the crystallite size varies from 34.28nm in 3 minutes to 28,60nm at 300 

minutes. 

The powder with higher content of molybdenum of 3 minutes of milling Figure. 13, 

this can be seen that there is some presence of deformed grains and particle 
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agglomeration. Despite the short milling time, the presence of molybdenum 

contributes to the process of join and fracture of the powder get in a shorter time. 

When the milling time was 30 minutes, the internal powder grains get deformed by 

the action of the milling balls tungsten carbide, however, just a few are joined and 

form agglomerated surfaces within the matrix. 

 

Figure. 13 Secondary electron micrographs, 5.000X magnification, NiMo powder with 1% 

Mo and 3 minutes of high energy milling. 

It is observed in Figure. 14 the distribution carbide tungsten (particles with higher 

brightness) in the nickel matrix for 3 minutes of milling. The particles are not evenly 

distributed and have an angular shape. In Figure. 14 the small amount of tungsten 

is best seen concentrated in specific locations within the sample. When the milling 

time increases for 30 minutes, the powder shows little tungsten contamination. 

However, the element appears distributed throughout the entire matrix of nickel. This 

is also observed when it milling time is greater (300 min), as indicated in Figure. 14. 

The tungsten particles do not change shape during the milling, they are hardly 

distributed differently. Therefore, contamination during milling is constant and there 

will always be new angular particles of tungsten. 
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In the network parameter, a slight increase is observed for the different 

representative peaks, as show in Table. 5. However, there is no interference of Mo 

diffraction peaks with Ni, so the possibility of solid solution and amorphization of the 

powder is ruled out. 

Table. 5 Nickel network parameter FCC. NiMo powder 

Nickel network parameter (Å) 

Time a Ni (111) a Ni (200) a Ni (220) 

3 3,518 3,521 3,522 

30 3,515 3,515 3,525 

300 3,554 3,554 3,555 
 

5.4 COMPARISON BETWEEN POWDERS  

Through the X-ray analysis, it was determined that the crystallite size of all worked 

powders of nickel decreased for prolonged milling times, being this the most 

influential variable in the process. 

Assuming that the contamination with tungsten carbide was similar in all powders for 

a given milling time (use of the same material and number of clean balls), the 

a b 

Figure. 14 Backscattered electron micrograph, 5,000X amplification. NiMo powder after a) 

30 minutes and b) 300 minutes of high energy milling. 
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influence of the different elements in the nickel matrix was analyzed. It is noted that 

the curves of Figure. 15 are presented in ascending order of hardness of powdering 

material, being the molybdenum the hardest and the NiMo powder which presents 

lower values in crystallite size. 

It is observed in Figure. 15 that the NiMo powder obtained a crystallite size smaller 

compared to the other powders, however, his behavior did not show significant 

change in the first minutes of milling. Although molybdenum has a higher hardness, 

the maximum amount added was just 1% w. Therefore, it is possible that the little 

change in the first minutes of milling is caused by the difference in grain sizes initially 

placed in the mixture: nickel with 149 μm and molybdenum with 2 μm. 

Decreasing the content from 1% to 0.1% and from 0.1% to 0.01% for the 3, 30 and 

300 minutes milling times, the fracture-join equilibrium is reached after 30 minutes 

in the powder NiMo. 

For the NiTi powder the crystallite size obtained was the smallest and a significant 

change is also noticed when the milling time is increased up to 30 minutes. The 

change in the percentage of titanium added not significantly influence it because for 

30 minutes time was added 0.01% while for 300 minutes was 1%, and the crystallite 

size was maintained in the range of 40-50nm as observed in the green curve of 

Figure. 15 . 

The blue curve in Figure. 15 shows the behavior of powder NiNb when the milling 

time increases. In this case, it can be verified a greater change than the other 

powders for periods lower than 30 minutes. This may be related to the reduction of 

niobium content (in 3 min 0.01 to 1% in 30 min). 
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Figure. 15  Variation of crystallite size of the powders during the high energy milling time. 

 

When a nickel powder with 99.9% purity is used alone, during the first 5 hours of 

milling, the crystallite is reduced by almost 90% of original size, and then the size 

remains to be constant, that is, the balance between fracture and join is achieved 

(3), see annex G. The crystallite size acquired in powders of this work also presents 

greater reduction during the first minutes of milling. NiTi powders and NiNb powder 

show a greater decrease than the NiMo powder, as showed in the Figure. 15. When 

nickel is mixed with harder metals, milling makes the balance between fracture and 

join to occur faster, in addition to this, in the milling there is contamination with 

tungsten (still higher hardness). In this case, crystallite size acquired (nm) was higher 

compared to the pure nickel. 

The XRD analysis shows that the diffraction peaks for all powders are presented 

wider and with less intensity when the milling time increases. Moreover, seeing the 

changes in the network parameter FCC nickel for peaks shown in the diffractograms, 

it is observed that for the three powdering elements (Figure. 16), nickel increases 

exponentially the network parameter when increases milling time, due to loss of 
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crystallinity of nickel by effect of high energy milling. The largest increase of network 

parameter occurs for nickel (200) in the NiTi powder. 

 

 

Figure. 16 Comparison of the change in the nickel network parameter in the different 

powders. a) NiNb powder b) NiTi powder c) NiMo powder. 

Despite powders are constituted by different metals, they three have a diffractogram 

own nickel with tungsten contamination. The variations are small comparing the 

same milling times and is also seen in the phase diagram for the room temperature, 

the phase found is pure nickel in the three powders studied. 

The low proportions of Ti, Nb, and Mo (<5% w) are not detectable by XRD, however, 

a detailed areas of the powders by EDS analysis shows the presence of particles 

within the matrix nickel. These elements are detected more easily in lower milling 

times as 3 and 30 minutes, in which case occurs constant deformation. The surface 

a. b. 

c. 
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of the particles is modified with increased milling time, because as much as higher 

time, higher is the ratio of deformation in the dust caused by balls tungsten carbide, 

causing the initially smooth surface get small agglomerated particles. Besides, the 

high energy milling the deformation step takes place in short times, generating 

irregularly shaped particles. With increasing time, the particles begin to weld and 

fracture until equilibrium is reached. 

The results show that with 3 minutes of milling and 1 wt% molybdenum, the NiMo 

powder has a greater amount of deformed particles in the other synthesized powders 

with lower proportion of metals, in the same milling time, that is, percentages over 

1% in Mo promotes quickly deformation and fracture initiation and join during high 

energy milling. Conversely, powders with low content of powdering metal as NiNb, 

3 minutes 0.01% w deformation is delayed during the first minutes, presenting nickel 

crystal grain in the form of FCC. 

 

5.5 NiTi POWDER SINTERING 

The relative density of the powder varies with the sintering time increases  (23). 

Despite the sintering time used for the two sintering (30 and 300 minutes milling) 

was equal, densification was different. 

The first stage of sintering of the NiTi powder with milling of 30 minutes, related to 

grain growth, is identified in SEM micrographs (Figure. 17). In this case the sintering 

was not completed because of no necks are identified in the structure; Besides the 

powder showed low resistance, since the compacted get broken after to remove the 

graphite sheet of the matrix sintering. 

 



33 
 

 

Figure. 17 Micrograph of secondary electrons, amplification 10,000X, NiTi powder with 30 

minutes of milling after sintering with plasma. 

The Figure. 18 shows the NiTi powder with 300 minutes of milling. The grains are 

connected, indicated by the red circle, that confirms that a smaller particle size suffer 

greater densification. To confirm the presence of necks in the sintering, the fractured 

sample was analyzed by SEM in cross section, and the results can be seen in Figure. 

19, in which a ductile fracture is observed. 

 

Figure. 18 Backscattered electrons micrograph, 10,000X magnification, sintered NiTi 

powder after 300 minutes of high energy milling. 

Sintering conducted at 800°C showed effect just for NiTi powder with 300 minutes 

of milling, since was obtained a well compact powder and with formation of necks 

connecting grains. The powder with 30 minutes of milling did not complete sintering 

because the presence of necks is not observed, also presented high fragility. This 

may be related to the difference in grain size between the powders, since when the 

milling time is greater, the grain is finer presenting more contact surface and making 

W 
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with temperature, despite being very below from the fusion temperature, it can heat 

the surface of the grains and merge those through the Joule effect sintering. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a b 

Figure. 19 Secondary electrons micrograph. Neck formation after sintering. Cross section 

fractured NiTi powder after 300 minutes of grinding. A) amplification 2.500X b) 

amplification 60,000X 
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6. CONCLUSIONS 

 

- The size crystallite of the synthesized powders (NiNb, NiTi and NiMo) 

decreases when the milling time increases. The biggest change was 

observed in the NiNb powder during the first 30 minutes. 

- The proportion of metals (Ti, Nb and Mo) added to the matrix of nickel has 

low influence both in the crystallite decrease and the network parameter FCC 

of nickel, when the content is less than 1%. 

- The sintering of the NiTi powder milled for 300 minutes presents ductile 

fracture. On the other hand, the sintered powder with 30 minutes milling is too 

weak with sintering process made. 
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7. RECOMENDATIONS 

 

- Quantify the densification of the milling powders after plasma sintering and 

raise temperature above 800 ° C in order to obtain densification in short times. 

 

- Do XRD on the sintered powders to observe the change in crystallite size. 

 

- Evaluate powders with higher percentages to the added in the experiment to 

know the behavior of crystallite size and network parameter. 

 

- Use powders with the same initial size in order to reject that this parameter 

affects the subsequent measurements. 
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ANNEXES 

 

 

Annex. A SPEX 8000M mill used in high energy milling. 

 

 

 

Annex. B Glove Box with Argon Controlled Atmosphere 
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Annex. C Sintering process NiTi powders with 30 and 300 minutes of milling. 

 

 

Annex. D Diffractogram of NiNb powder for different types of high energy milling. Pedroza, 

Marcus Túlio Magalhães Andrade “ Ligas do sistema NiNb processadas por moagem de 

alta energia. ” Rio Tinto, Paraíba. 2007. 
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Annex. E Variation of the crystallite size with the increase of the time in the milling of the 

Ni50% Ti powder. Morteza Ghadimi, Ali Shokuhfar. Majlesi Journal of Mechanical 

Engineering. Vol X. Effect of milling and annealing on formation of nanostructured Ni-50%Ti 

shape memory powder. 

 

 

Annex. F Comparison of DRX peacks. NiMo powder. "X-ray analysis of changes to the 

atomic structure around Ni associated with the interfusion and mechanical powdering of pure 

Ni and Mo powders". G. Cocco, S. Enzo, N.T. Barret, K.J Roberts. 13, Italia : Physical review 

B, 1992, Vol. 45. 
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Annex. G Variation of crystallite size in pure nickel as a function of the high energy 

grinding time. "Study of Ni microstructural changes when subjected to high energy milling". 

Chile, 2015. 
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Annex. H Particles size. A) Spherical b) Rounded c) Agglomerated d) Irregular e) Angular 

f) With peaks g) Dendritic h) Porous 

 

 


