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ABSTRACT
Purpose: The results of the research work on processing the sinters obtained from nanocrystalline powders of 
316L steel are presented.
Design/methodology/approach: The 316L steel powder has been mechanically alloyed from a set of 
elementary powders with use of Fritsch Vario-Planetary Mill Pulverisette 4. The time of 12 hours of milling has 
been needed for producing the powder. The X-ray diffraction has been used for controlling of the mechanical 
alloying process. The Rietveld method has been used to calculate the contents of the components of the powder. 
Cold and hot isostatic pressing have been applied to make the compacts. The pressure of 500 MPa and 900 MPa 
of cold pressing, and 150 MPa of hot pressing have been used. The green compacts have been pressed isostaticly 
using liquid aluminum in the temperature of  950°C (1223 K). The X-ray diffraction have been used to identify 
the phase components of the sinters. The structure of the sinters have been observed using scanning electron 
microscope. The hardness values have been obtained by Vicker’s test.
Findings: The mechanically alloyed powder has consisted of about 94 wt.% of austenite, 5 wt.% of ferrite and 
not more than 1 wt.% of not alloyed molybdenum. Two kinds of sinters have been produced, one kind made 
of pure 316L powder, second one obtained with aluminum infiltration within the volume of the sinters. The 
observed porosity of the sinters has depended on the applied pressing conditions strongly, mainly on the value 
of cold isostatic pressure. The hardness of the first kind of sinters have achieved a value of 380 HV (98N), the 
hardness of the second kind - more than 400 HV (98N).
Practical implications: The Al infiltrated sinter has been proposed as a material for a part of Diesel engine. As 
an example, a part of a fuel injection has been produced.
Originality/value: The nanocrystalline 316L powder  has been obtained using mechanical alloying process. The 
original method of hot isostatic pressing in liquid aluminum has been proposed. This method enables to produce 
infiltrated sinters with low porosity and high hardness values.
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1. Introduction 
Powder metallurgy, despite of relatively high costs of 

production, is still a very important way of producing precision 
metal parts, e.g. the sintering products for automotive components 
[1]. The austenitic stainless steels, like 316L steel, are taken into 
account in these certain applications.  

Steel powders are produced by various techniques, e.g. by 
pressurized gas atomization technique [2] and also by the mechanical 
alloying (MA) process. MA can be used to produce a very wide range 
of powder materials of various properties and applications as 
amorphous [3], nanocrystalline, intermetallics [4,5] or magnetic 
materials [6]. The starting materials can be also of various kinds, 
depending on the expected final result as an elementary powder, an 
elemental metal ribbon or a mixture of elementary powders.  

1.  Introduction
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The mechanical alloying process have been also proposed for 
producing the austenitic steel powders under a nitrogen 
atmosphere [7,8]. The mixtures of elementary powders with a 
chemical composition equivalent to chemical composition of a 
steel of interest, have been milled in an attrition mill with N2
atmosphere under a constant flow rate. Two kinds of alloys have 
been investigated: Fe18Cr11Mn and Fe-18Cr-11Mn-5Mo-xN 
with various amounts of nitrogen. The austenitic steel powders 
have been obtained in both experiments. 

There are many consolidation techniques in which the powder 
- also metal powder – can be formed, namely forging, rolling, 
extrusion, or pressing. All of them, especially isostatic pressing, 
are very expensive techniques, so the different numerical 
modelling have been applied to predict the properties of sintered 
powders. Also the densification behavior of 316L powder steel 
has been investigated using different models of finite element 
calculations [9, 10]. The best agreement between the model and 
the experimental results have been found for the isostastic 
pressing.

The isostatic pressing is the method which can fabricate the 
compacts of the highest density. In this study, both of isostatic 
pressing methods have been used – cold CIP and hot HIP – to 
produce compacts of the mechanically alloyed 316L powders. 
The steel powder has been processed from elementary powders in 
a planetary ball mill. 

2. Experimental procedure 

2.1. Material 

The mixture of elementary powders, produced by Alfa Aesar 
and Merck, of chemical composition corresponding to chemical 
composition of the austenitic 316L steel, namely Fe-0.03C-1.0Si-
2.0Mn-11.5Ni-2.0Mo-17.0Cr-0.11N (wt-%), have been prepared. 
As a source of nitrogen, a nitrided FeCr alloy has been chosen.  

2.2. Processing 

Mechanical alloying MA has been performed in Fritsch 
Vario-Planetary Mill Pulverisette 4 in argon atmosphere. The 
stainless steel balls have been used with the ball mass to powder 
ratio of 17:1. The total time of milling has been 12 hours. The 
milling procedure has consisted of repeating cycles of milling and 
breaks, both of 20 minutes long. Every second cycle, the direction 
of a vector of the angular velocity has been changed.  

The processed powders have been compacted by cold isostatic 
pressing (CIP) in a room temperature. Two values of pressure 
have been used: 500 MPa and 900 MPa.  

The hot isostatic pressing (HIP) have been performed in a 
specially designed steel containers, filling up with aluminum. The 
green compacts have been closed in welding steel dies. The 
temperature of HIP process have been 950oC (1223 K) with a 
compaction pressure of 150 MPa. Because the melting point of 
aluminum is equal 660oC (933 K), the process of pressing in a 
temperature of 950oC (1223 K) has been performed in liquid 
aluminum.

2.3. Methods 

The progress in mechanical alloying process has been 
controlled by X-ray diffraction, using Philips PW 1140 
diffractometer. The application of the Rietveld method[11-13] to 
quantify the phase components of the powders has been used with 
SIROQUANTTM software[14]. The morphology of the 
agglomerates of the powders and the microstructure of the sinters 
has been studied by scanning electron microscope Philips XL30 
with EDAX-DX4i for microanalysis option . The electrochemical 
method has been used to obtain residues from the sinters. The 
hardness values have been obtained by Vicker’s test. 

3. Results 
The result of 12 hours of milling of the mixture of elementary 

powders of chemical composition of 316L steel is shown in a 
diffraction pattern form in Fig. 1. There is still some amount of 
ferrite and molybdenum present in the powder. The Rietveld 
refinement in application to quantitative phase analysis indicated 
that the content of ferrite in the powder is at 5 wt-% level and the 
no alloyed molybdenum do not exceed 1 wt-%. 

Fig. 1. The experimental diffraction pattern of a powder mixture 
of 316L chemical composition after 12 hours of milling. The 
diffraction lines are marked by letters, according to the phases 
which they belong to. 
 A austenite 
 F ferrite 
 Mo molybdenum 

The green compact, processed by CIP method, is shown in 
Fig. 2. No lubrication or binder additions have been used for 
preparing the compact.  

Fig. 2. The green compact of 316L steel powder obtained by CIP 

One of the final compacts, after HIP process, is shown in  Fig. 3. 

Fig. 3. The final compact of 316L steel powder obtained by HIP 

Figure 4 shows the microstructure of the sinter made of pure 
MA 316L steel powder. The surface of the sinter is shown in 
polished and chemically treated conditions. The density of the 
sinter is 7.5 g/cm3

Fig. 4. The microstructure of the sinter of pure 316L powder. CIP 
pressure- 900MPa.The polished surface is shown above with an 
imprint of pyramidal indenter. Below – the electrolytically treated 
surface. SEM – BSE.  

The second type of sinters is characterized by the presence of 
aluminum within the volume. The typical structure of this kind of 
compacts is presented in Fig. 5. 

Fig. 5. The microstructure of the sinter with volume infiltration of 
aluminum. CIP pressure- 900MPa.The polished surface is shown 
above with an imprint of pyramidal indenter. Below – the 
electrolytically treated surface and the corresponding EDS 
spectrum, collecting in the point indicating by the arrow. SEM – 
BSE.

The density of infiltrated compacts is in the range from 6.9 to 
7.3 g/cm3, depending on the porosity mainly. 
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The mean values of Vickers hardness are equal 380 HV (98N) 
for the first kind of sinters and 430 HV (98N) for the second type.  

X-ray diffraction patterns of the sinters have consisted of 
austenitic diffraction lines and – additionally in the second type- 
of FeAl lines. The small amount of some other phases (or a phase) 
has been revealed on the diffraction patterns. The residues have 
been prepared to identify these phases. 

The diffraction pattern of a residue, obtained from the part of 
the sinter of the second type, has shown the presence of M23C6 as 
a main component, very close to Cr23C6 standard pattern. The 
small amounts of M7C3 has been detected and also some traces of 
CrN.

4. Conclusion 
The mechanical alloying process has turned out to be the very 

effective tool to process austenitic steel powders from a mixture of 
�-Fe powder with some alloying elements. Unfortunately, some not 
alloyed amount of molybdenum has been present in the powder 
even after 20 hours of milling. The compressibility of the powders, 
especially in CIP process, has been increased by dividing them to 
three fractions depending on the agglomerates’ sizes. The pressure 
used in CIP process has influenced the porosity of the final 
compacts strongly. In both presented above results, the pressure 
used in CIP process has been equal to 900 MPa. Despite of it, the 
porosity of the second type of compact is much smaller than in the 
first type. The reason is, that the infiltration of Al into the sinter 
structure, affected the quality of agglomerates’ joints and decreased 
the porosity. The smaller porosity in Al-infiltrated compacts seems 
to be responsible for the much higher values of hardness (430 HV 
in comparison to 380 HV).  

The HIP method has been applied in temperature of 950oC
(1223 K). The time used to reach this value of temperature has 
been equal 4 hours which has promoted the precipitation of the 
carbides. The carbides are uniformly distributed within the 
agglomerates volume. 

The method of HIP, in which not a gas but a liquid metal has 
been used for pressing, has proved to be a very effective tool to 
produce the compacts. Especially, the possibility of producing of 
infiltrated sinters has been possible. 

As a final result of this study, a part of a fuel injection of 
Diesel engine has been made. The infiltrated sinter  has been used 
as a material for it (Fig. 6). 

Fig. 6. A part of Diesel engine, made of the Al infiltrated sinter. 
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