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Abstract—For this paper an Inconel Nickel alloy was 

produced by the Powder Metallurgy manufacturing process 

using Ni, Fe and Cr powder. From the new alloy two Samples - 

S1 and S2 - were produced with different percentages in the 

composition of the alloying elements. The Samples were 

compacted at 950 MPa according to ASTM B925-15 section 7 

and sintered at 1200 °C in order to obtain an alloy and then to 

compare the best diffusibility between the alloying elements. The 

Samples were analyzed by Scanning Electron Microscopy 

(SEM) and with microprobe by Energy-dispersive X-ray 

Spectroscopy (EDS). In the results obtained Sample 1 showed a 

little diffusibility and Sample 2 had good diffusion. 
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I.  INTRODUCTION 

Powder metallurgy (PM) is a technique for the 
manufacture of metallic or ceramic compounds [1-2]. It 
consists of the transformation of the powder into a 
homogeneous and solid material [3]. It is manufactured with 
the application of a certain pressure and heating with 
temperatures below the melting point of the major constituent 
of the alloy [4]. In the processing for the manufacture of metal 
parts with powder metallurgy, it is necessary to perform basic 
steps: Powder extraction, characterization, powder mixing, 
compacting and sintering of the compacted being this final 
stage of the process [5]. 

Ni–Cr–Fe alloys are excellent because the maintenance of 
mechanical and corrosion properties even at elevated 
temperature [6]. Main advancements in powder metallurgy are 
related with the potential growth in their shape complexity and 
performance levels [7]. 

II. REWIEW OF SINTERING 

A. Sintering and densification 
In a study of the deposition of Chromium on steels with 

different compositions [8] the rearrangement of atoms in the 
substrate occurred in specific concentrations, around 13% to 
1000 °C. In the Fe-Cr binary diagram, at temperatures 
between 825 and 1300 ºC the Chromium-Iron diffusion 
system presents a phase transition region due to the relative 
concentration of these elements [9]. 

At 1200 °C the diffusion of Chromium in the alpha phase 
(α) is 45% higher than in Iron gamma (γ). However, under a 
given isothermal heating, there is a discontinuity of diffusion 
of Chromium on the steel. The addition of a third element 
such as Nickel increases the solubility of the Chromium in 
CFC structures generating a rejection of this element in the 
crystalline structures CCC and getting accumulated in the 
phase (γ) [10]. 

The compacting procedure of the metallic powders has 
great influence on their final density. When necessary a higher 
percentage of densification and mechanical resistance is used 
the manipulation of the powders for the best contact between 
the particles. With the manipulation, the sintering can be more 
efficient by the practical and economic limitations of 
temperature and sintering time [11]. 

In sintering the compacted particles are bound by diffusion 
of atoms at high temperatures below the melting point of the 
base metal of the alloy. With the transport of atoms, under 
controlled conditions of time, temperature and atmosphere 
[12]. So that at the end of the process a solid, homogeneous 
material with desired properties and characteristics is obtained 
and as a consequence the decrease of the porosity of the part 
and the increase of the densification is obtained [4].  

The sintering process can be understood by the mass 
transport mechanism (Fig. 1). The pores are as large 
accumulations of vacancies, facilitate the understanding of the 
sintering explained by its movement and consequently by the 
diffusion. Basically occur four atomic motion mechanisms in 
sintering: Surface diffusion, spread throughout the volume of 
grain boundary and by evaporation-condensation [12]. 

 

Fig. 1. Mechanisms of sintering [12]. 

 It is essential during the sintering process to have the 
atmosphere controlled to minimize possible chemical 
reactions in the green compacted, removal of impurities that 
may exist in the form of oxide films [12]. The temperature and 
the residence time of the compacted in the furnace are 
important factors in the sintering. The longer the stay, the 
greater the bond strength and the particle size. This fact can be 
decisive, because the smaller its size the greater the degree of 
bond strength due to the existence of greater contact of the 
particulate, increasing the number of ways for the diffusion 
[4]. 
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B. Material diffusibility 

As the movements of the atoms through the crystalline 
lattice comes from the diffusion of the material in the solid 
state [13] diffusion can be classified into two main 
mechanisms, substitutional and interstitial diffusion [14-15].  

The amount of atoms that move per time is due to the 
temperature and the concentration gradient. In this situation, 
the diffusion occurs to reduce the free energy of the system. 
The atoms of the more concentrated regions diffuse each other 
to diminish the region in both states reaching a balance. Fick's 
Laws have solutions for various systems and help predict 
fuzzy processes in alloying [16].  

However, these Fick Laws mathematically assert that the 
concentration gradient itself induces a tendency of 
composition equilibrium in diffusion. However, its 
manifestation occurs in the initial stages of diffusion, where 
the gradient is larger, reducing the force as the process occurs 
[17].  

The first Fick law (Eq. 1) is applied in the flow of atoms to 
fixed concentration gradients, in practical situations involving 
diffusion, diffusion flux and concentration gradient. For a 
specific point inside a solid vary over time a liquid depletion 
of the component that is in diffusion causes that the use of the 
first law is not more useful and is using the differential 
equation (Eq. 2) named as a Second Fick's law [15]. 

 
(1) 

 
(2) 

III. MATERIALS AND METHODS 

In the production of Nickel Inconel alloy for this work 
were used Nickel, Chromium and Iron elemental metallic 
powders. Nickel with a mean particle size of less than 27 μm 
and composed of 99.98% of Nickel. For Iron with a mean 
particle size of 150 μm as recommended by ASTM-B214 [18] 
with a composition of 99.99% of Iron. For Chromium with a 
mean particle size of less than 300 μm composed of 98.99% 
of Chromium. 

The two Samples used in the comparative diffusibility 
analyzes have different amounts of the elements in the 
composition. As well as ASTM B214 [15] and other ASTM 
standards governing the manufacture of components for MP 
some authors show the need to characterize metal powders 
used in the alloying properties ensuring predictable and 
repeatable [19].  

The final composition of the alloy for forming the sample 
(S1) was 72% Ni, 10% Fe and 18% Cr. The final composition 
of S2 was 73% Ni, 10% Fe and 17% Cr. Both compositions of 
the alloy to be formed were mixed separately into a mixed Y 
coupled with 10 grams for each sample of the alloy to be 
formed. They were compacted all into a cold isostatically rigid 
matrix at 950 MPa. 

After compacting powders according to Standard [20-21] 
the compacted (pressed) to green (Fig. 2 - A) were sintered at 
1200 °C in a 99% pure Argon controlled atmosphere furnace 
for 6 hours being removed from the furnace still at the 

sintering temperature of 1200 °C and cooled to air - room 
temperature (Fig. 2 - B). 

 

Fig. 2. (A) Compressed Sample to be sintered. (B) Sintered Sample cooling. 

IV. RESULTS 

A. Characterization of metallic powders 

For the picture obtained on SEM (Fig. 3) there is an 
indication of particle size distribution of the metallic Nickel 
powder with a cubic morphology with small acicular shapes 
with average particle size less than 27 μm.  

 

Fig. 3. Characterization of Nickel powder with SEM.  

With the use of EDS microprobe the characteristic "peak" 

of Nickel can be verified (Fig 4). 

 

Fig. 4. EDS microprobe identifying Nickel characteristics. Points 1 and 

2. 
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For the Iron powder the existence of particles between 5 
and 150 μm (Fig. 5) with spherical morphology was verified. 
EDS microprobe showed the "peak" of the Iron (Fig. 6). 

 

Fig. 5. Characterization of the iron powder by SEM and EDS. 

 

Fig. 6. EDS microprobe identifying Iron peak. Points 1 and 2. 

Chromium powder is morphologically angular with 
acicular shapes and with an average particle size of less than 
300 μm (Fig. 7).  

 

Fig. 7. Characterization of Chromium powder by SEM. 

The typical "peak" of Chromium (Fig. 8) is identified with 
EDS microprobe. 

 

 

Fig. 8. EDS microprobe identifying Chromium peak. Points 1 and 2. 

Even with the granulometric differences between the 
powders, the images show similarities between Chromium and 
Iron powder. These two have a larger particle size than the 
Nickel powder.  

As the Chromium dissolves for the most part in the 
interstitial form in the Iron this hinders the output of the 
carbon contained therein. The similarity that the SEM images 
demonstrate in the Chromium and Iron powder grains is 
favorable for good diffusivity between them in the sintering.  

The morphology as the shape of the grains and the degree 
of homogeneity of the particles has an important effect on the 
characteristics of the compacted ones and for the final process. 
Irregular forms are more susceptible to deformation, which 
generates greater contact between particles and higher density 
[22]. 

Each of the three powders used in this research were 
individually analyzed by EDS proportional to the SEM. The 
chemical elements present in each metal powder were 
verified, whether or not there was contamination by other 
constituents, and the percentage of the content of each 
element. 

B. SEM analysis and EDS mapping of sintered Samples 
Results of the SEM analyzes sintered and the mapping of 

the region via EDS showed an image of the regions analyzed 
in S1 and S2. It was obtained by the variation of backscattered 
electrons evidenced by the mapping of the filtered elements 
contained in the same region (Fig. 9 - 10). 

By adding alloying elements in a steel it is essential to 
place elements which are dissolved within the interstitial Iron 
or so as to replace it. The Chromium element dissolves in the 
interstitium. This prevents the exit of the carbon causing a 
good diffusibility between the elements, achieving in part to 
have slow cooling rates of the alloy. 
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Fig. 9. Mapping of Sample 1. 

 

Fig. 10. Mapping of Sample 2. 

In the MEV images (Fig. 9-10) the Samples S1 and S2 
exhibit irregular pores confirming the existence of macropores 
and interconnected micropores that favor the diffusion 
between the alloying elements. There was a greater 
irregularity in sample S1 than in S2. In the dark spots, we see 
less porosity in S1 with closer acicular angular pores. This 
shape seen in the Chromium powder morphology evidences 
the weak diffusibility of Chromium with other alloying 
elements. The qualitative evaluation of the elements contained 
in the Samples S1 and S2 (Fig. 11-12) made by the EDS 
technique with its mapping of the constituent elements in a 
filtered form elucidating the elemental composition for each 
of the Samples. 

 

Fig. 11. EDS Sample 1 with irregular pores. 

 

Fig. 12. EDS Sample 2 with the elements. 

In the S1 spectrometry (Fig. 11) the SEM showed that 
there was a low diffusibility of atoms that have more porosity 
in the dark spots. This results in no increase in densification as 
reported research cited [1-8]. The diffusion of the elements 
contained in the S1 in a filtered form was verified (Fig. 11), 
where the chromium was the element that revealed itself with 
a higher content and did not diffuse perfectly with other 
elements of the alloy, causing it to be revealed with greater 
Graphic peak.  

In the mapping of S1 (Fig. 13) the weak diffusibility of the 
alloying elements, Chromium and Iron in most of the analyzed 
region, is observed. The regions of lower intensity of the map 
of Chromium in green and of lower intensity in the map of the 
Iron shown consequently that there was a bad distribution, 
evidencing the weak diffusibility between these elements. In 
the region where there is more intensity in the map of the Iron 
in red, medium intensity in the map of the Chromium and less 
intensity in the map of the Nickel in blue.  

 

Fig. 13. Diffusibility of the elements in the Sample 1. 

The results of the S2 spectrometry of the alloy (Fig. 14-
15), different from S1, showed better diffusion with smaller 
pores, even though the graph also shows Chromium as having 
a high alloy content. S2 was shown to have better diffusivity 
with other alloying elements in S2.   
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Fig. 14. EDS Sample 2 with less pores than Sample 1. 

 
 

The mapping of the Nickel Inconel alloy formed in S2 

(Fig. 15) analyzed by the EDS technique shows good 

distribution and is much more prone to differences in 

concentration. It also shows good diffusion by the smaller 

amount of the Chromium contained therein from the mixture 

of the composition at the beginning of the process of the 

formation of the alloy. 

 

Fig. 15. Diffusibility of the elements in the Sample 2. 

V. CONCLUSIONS 

From the presented research, it is verified the difficulty in 
obtaining a solid, homogeneous material by the sintering of 
elemental metallic powders. Here we see the difficult 
occurrence of diffusibility between alloying elements, an 
example that can occur in Inconel alloys. The result of the S2 
sample proved this situation in which there was better 
diffusibility in relation to the S1 sample.  

 

It is suggested that for future research, that they use a 
lower content of Chromium and Iron, increasing Nickel, 
because with more Chromium it is difficult to obtain good 
diffusion that results in a higher degree of porosity as occurred 
in sample S1. It is also suggested that a variation of the 
sintering time be applied and another inert gas (Nitrogen or 
Helium) should be used to control the atmosphere of the 
furnace during the sintering of the alloy. Probably under these 
conditions, a better diffusibility will be obtained in relation to 
what was obtained in S2 of this research. 

Although S2 proved to be better than S1 diffusely both 
Samples analyzed did not show total dissolution between the 
elements. The region analyzed by the EDS technique showed 
a small region with more Iron (Fig. 14 - 15) than other 
elements, due to the low densification, although the overall 
mixture had a different ratio. 
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