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Mn ADDITIONS INFLUENCE ON STRAIN MICRO MECHANISM 
IN AS SINTERED 316L 

A. Carnal, J. Sicre, M. Campos, J.M. Torralba 

Abstract 
Mn additions in as sintered austenitic stainless steels have resulted in 
strain increases in uniaxially pressed materials [1]. It is also possible to 
take the advance of the presence of Mn, making feasible a sintering 
process in technically pure atmospheres [2]. The present work examines 
the effect of this alloy element on porosity features when it is included 
mechanically blended or mechanically alloyed into the base powder. 
Since pores can be resembled as internal defects which radius of 
curvature can raise the stress concentration that causes the collapse of 
the material; the breaking strength and the ductility depend on both pore 
size and shape. Hence, pore system has been characterized by image 
analysis measurements. Therefore, the relationship with the response 
under static loading conditions can be evaluated.  
Keywords: stress concentration, Mn additions, sintered stainless steels 

INTRODUCTION 
Stainless steels need to be sintered in vacuum or protecting atmospheres which 

inhibit Cr oxidation and steel sensitisation. Nowadays, sintering of these materials is carried 
out in vacuum furnaces or in really low dew point atmospheres which prevent powder from 
oxidation. The main handicap of this process is its discontinuity and its difficult 
automation.  

The distinctive diffusion behaviour of Mn during sintering in gas state facilitates 
the sintering process under atmospheres without an extremely low dew point. Manganese 
powder sublimation during sintering, gas state transport, diffusion process and alloying 
phenomena with ferrous particles has been studied since 1980 [2,3]. Sublimation and 
condensation of Mn have been specially analysed and it has been observed that powder 
evaporation occurs also at low temperatures (800-1200ºC) [4]. But evaporation and 
condensation of Mn powder during sintering produce other phenomena: Mn vapours fill the 
pores of the compact and eliminate the initial gas. These vapours condense on ferrous 
particle surface before neck forming and, as a consequence of a gradient concentration, the 
condensed Mn on the particle surface reduce the oxide layer that cover particle surfaces and 
diffuses into the particle core. This is one of the most studied effects of Mn during 
sintering, called “self-cleaning effect of Mn vapours”, and it takes place on the compact 
surface and around it. When Mn vapours get out from the compact can react with the 
sintering atmosphere and decrease the dew point. All these analysis have been successfully 
carried out on carbon steels and low alloy steels [5-7].  

Taking the advantage of the self-cleaning Mn effect, one objective of this study is 
to analyse the viability of sintering stainless steels in argon atmospheres of technical purity 
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with addition of Mn powder to the base steel powder, what it would allow carrying out the 
sintering process in continuous furnaces. 

Structural parts normally do not have uniform stress distributions due to the 
complex section and component geometry. Discontinuities change the stress distribution so 
that the basic stress analysis equations no longer apply at these zones. Such “stress raisers” 
cause local increase of stress referred to as “stress concentration”. As sintered materials can 
be resembled systems of material with a percentage of “discontinuities”, the pores.  

The stress concentration factor (SCF) is a simple measure of the degree to which 
an external stress is amplified at the tip of a small defect and it can be calculated as: 
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Stress concentration factor values depend on the “discontinuity” geometry; the 

stress is concentrated around cracks or flaws developing the concept of stress concentration, 
it reaches a maximum at a crack tip and decreases to the nominal applied stress with 
increasing distance away from the crack. Stress raisers are defined as the flaws having the 
ability to amplify an applied stress in the locale. If the defect is assumed to have an 
elliptical shape and is oriented with its long axis perpendicular to the applied stress (σa), the 
maximum stress, σm can be approximated at the flaw by the equation:  
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where ρ is the radius of the curvature of the ellipse and a represents the half length of a 
internal crack assumed as an ellipse. 

The effect of porosity as “stress raiser”, is different depending on pore size and 
pore shape, where sharp shapes act as strong stress concentrators. Also, bigger pores are 
more effective in decreasing PM parts’ mechanical properties. The final result of stress 
raisers depends on the ability of the material to plastic deform, i.e, on the microstructure of 
the sintered material. 

The modification on pore system due to the presence of Mn, introduce a new goal 
in this work, to determine the effect of pores size and shape into SCF and how the additions 
of Mn can modify this mechanical response, by reducing the “stress raising” effect of the 
pores. 

EXPERIMENTAL PROCEDURE 
The starting powders were 316L water atomised austenitic stainless steel (150 µm) 

and electrolytic Mn (5 µm) to achieve a final composition of 316+1Mn. Zinc stearate was 
used as a lubricant (0.1%). With Mn additions by mechanical blending, it was expected to 
slightly round the pores because of Mn sublimation and condensation on particle surface 
[3,4]. This process was done in a turbula for 20 minutes, so is a low energy process. The 
small particle size of Mn made it quite difficult to homogenise Mn distribution during 
mixing, and it formed agglomerates. This phenomenon of agglomeration and the following 
sublimation and condensation processes left big secondary pores which spoiled mechanical 
properties, [2, 8]. 

With the aim of removing the secondary pores left by Mn sublimation, an 
alternative mixing method was proposed; the idea is to create a master alloy (50% Base 
material- 50% Mn) by mechanical alloying, and to dilute it into the base material 316L by 
mixing for 20 min in turbula. Two milling times were chosen with the aim of having 
different alloying grades: 3 hours, when Mn is already homogeneously distributed but there 
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is still free Mn, and 6 hours, when Mn is in solid solution and it is not possible to 
distinguish from base material. Tensile and bending tests specimens were uniaxially 
compacted at 700 MPa in a floating die, and sintered in vacuum and argon atmospheres at 
1250ºC for 40 minutes.  
 

 
Fig.1. Relationship between pore area and shape factor. 

Porosity of sintered parts was analysed by image analysis; size lengths of the 
Ferets’ diameters along the major and minor axis and pore diameter, have been considered 
in order to calculate Fshape (ratio of the minor axis and major axis of equivalent ellipse, eq. 
(3) and Fcircle eq. (4), which determine the aspect of the pore and how sharp it is [9]. Besides 
the map Fs vs Fc, is also interesting a graph linking Fs vs. pore area as is described in Fig.1. 
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To evaluate SCF as a function of Fshape, the pore is measured considering the 

equivalent ellipse, with major axis a and minor b measured as Ferets’ diameters. 
Considering equation (5), that describes the radius of curvature, is possible to write the SFC 
through the equation (6), connecting the morphology of pores with their effect as stress 
raiser: 
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By plotting the eq. (6) is shown how it can be considered a critical value, since the 

SCF raises faster when Fs is below 0.4 (Fig.2). 
Mechanical properties were analysed by tensile tests with a crosshead speed of 

1 mm/min and therefore, the relationship with the response under static loading conditions 
can be evaluated. Metallographic study as well as oxygen content variation, analysed by 
LECO, was considerer to better understand the behaviour of the material to deform 
plastically. This study was completed with the examination of fracture surfaces observed by 
SEM. All samples were referred to 316L stainless steel.  
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Fig.2. SCF as a function of F shape. 

RESULTS AND DISCUSSION 
All materials presented an acceptable oxygen content level after sintering, but it is 

clear the difference between adding Mn by blending (MB) or by milling (MA) (Fig.3). 
When mixed, Mn sublimation can take place all around the powder surface; but for 
mechanical alloyed, the specific surface decreases and sublimation phenomena may be 
relatively inhibited. For that reason, the self-cleaning effect of Mn is higher in mechanically 
blended samples. 

 

 
Fig.3. Oxygen content before and after sintering. 

The sintered parts’ microstructure analysed by LOM has shown austenite without 
secondary phases (Fig.4). Therefore the ability of the materials to deform is mainly 
influenced by the pore features and the differences on grain size between samples sintered 
in vacuum and in argon. For those sintered in argon, grain size was slightly smaller than for 
those sintered in vacuum. 

Manganese addition modifies the pore morphology and hence, their function as 
“stress raisers”. Porosity was studied in every material by Light Optical Microscopy (LOM) 
coupled with image analysis with the aim of finding the relationship between porosity and 
deformation ability [2]. Bigger pores are critical for stress concentration factor values 
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because they are the weakest zone of the sintered part. But apart from pore area, stress 
concentration is also affected by pore shape and sharpness; the more irregular the pore, the 
higher stress concentration is. 
 

  
Fig.4. Microstructures of 316+1Mn mixed in as master alloy mechanically alloyed. 

Figure 5 shows the pore area distribution vs. aspect of pores (Fs) for all the 
materials. Pores are smaller for material mechanically blended, and their aspect values 
(ratio between Ferets’ maximum and minimum) show lower dispersion than those from 
sintered stainless steels with master alloy.  
 

  

 
Fig.5. Pore area vs. Fshape. 

The powders of the 6 hours master alloy are fine and highly deformed. Then, the 
enhancement of sintering process is improved because of the high specific surface of the 
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small particles and the concentration of lattice defects, which lead to an activated mass 
transport sintering mechanism. Therefore, pores can become more regular and slightly 
bigger. 

The Figure 6 shows an approximation of the pore shape description depending on 
circle and shape factor values as proposed in [3]. The irregularity and the sharpness of pore 
shape determine stress concentration. As it can be seen, the addition of Mn makes the pores 
become more regular. Taking the 316L as a reference, pore shape appears to be quite 
irregular and sharp. After Mn sublimation occurs, the sublimation on particle surface 
(especially on free surfaces and pores) rounds the pore shape. The more rounded and 
regular the pore, the less stress concentration is in them, and so the higher strain ability the 
material has.  
 

  

 
Fig.6. Fcircle and Fshape relationship. 

The relationship between SCF and Fs eq. (6) follows the potential trend shown in 
Fig.1, where it is shown that for Fs bellow 0.4, the SCF increases at higher rates.  

The quantity of pores with Fshape bellow 0.4 depends on material and processing 
route. For mechanically blended materials, almost 30% of pores have Fs under this critical 
value, while materials from master alloy have about 17% with Fshape of the pores under 0.4.  

This pore distribution and the different SCF have also an important effect on 
mechanical properties. The stress concentration leads the material to a plastic behaviour 
around the pores. The materials with a higher population of pores with Fs<0.4 raise more 
the external load, and therefore their mechanical response is lower (Fig.7). 

This is not the only effect to consider. In mechanical blended materials, although 
the percentage of pores with Fshape bellow 0.4 is the highest, Yield Strength is larger than in 
the reference material, during sintering, Mn sublimates and condenses on particle surface 
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before neck formation and reinforce these zones [4]. Thus, mechanical properties, and 
consequently Yield Strength, are higher in MB parts than could be expected by considering 
only pores appearance. 
 

 
Fig.7. Percentage of pores with Fs <0.4 and Yield strength vs. vacuum sintered materials, 

reference 316, with Mn mechanically blended and with master alloy mechanically alloyed. 

The Fig.8. shows the SEM micrographs of fracture surface of the different 
materials. In the reference 316L sintered in vacuum, fracture placed at necks showed 
certain ductility with microvoids and some deformation of contacts. The higher SCF values 
in these materials make plasticity appear sooner, and it occurs on stress concentration zones 
(pores). 

The most ductile micromechanisms was found for mechanical blended parts, 
which showed large deformation, with high strain degree in necks: When Mn is added as 
elemental powder, it was taking better the advantage of Mn sublimation, therefore the 
reduction of oxides layers and the decrease of the dew point are more effective. In the 
sintered parts, there was found condensed Manganese at particle surfaces. The 
consequences are better contacts between particles and lower oxygen content, affecting 
both factors to the deformation ability.  

When Mn is added as master alloy, there was no Mn on the particle surfaces, so 
the inhibition of the sublimation phenomena when Mn is not free is confirmed. Also, plastic 
deformation is not as considerable as it was in mechanical blended parts. Anyway, for 
shorter milling times, when Mn is not alloyed in the 316L particles, the fracture 
micromechanisms appear to be more ductile and strain in necks larger. 
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316 sintered in vacuum, x1500 M.B. sintered in vacuum, x2500 

  
M.A. 3 hours. Vacuum, x2000 M.A. 6 h vacuum, x2500 

  
M.A. 3 h argon, x1000 M.A. 6 h argon, x2000 

Fig.8. Fracture surfaces by SEM. 

CONCLUSIONS 
• Mn additions protect stainless steels from oxidation in argon atmospheres during 

sintering. The “self-cleaning effect” takes places also when sintering stainless steels. 
The microstructure does not show differences between 316 or 316 containing Mn. 
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Porosity increases with increasing Mn content because of the Mn loss during 
evaporation, especially on specimen surface. 

• Deformation ability of PM materials highly depends on pore size, shape and sharpness. 
Two different adding methods have been analysed with the aim of finding a 
compromise between the improved sintering behaviour of mechanical blended parts 
and the secondary porosity left because of the Mn sublimation during sintering. 

• With master alloys generated by mechanical alloying, sintering process is improved 
because of the high lattice defects concentration and the sintering activation, but 
sublimation phenomenon is inhibited and the reduction effect of Mn vapours is lower. 

• Although with master alloy Mn agglomeration was avoided, pore size appears to be 
larger than those obtained for mechanically blended, in average. 

• Resembling pores to the equivalent ellipse, SCF can be calculated as an exponential 
function of Fshape. For values bellow 0.4, SCF increases at a higher rate than for larger 
values. In mechanical alloyed materials, although pores are bigger, Fshape is larger in 
average, and it is wider than for mechanical blended; thus, SCF is lower and yielding 
starts later in the material. Therefore, deformation ability in MB parts is larger and 
fracture micromechanisms show severe strain. 

• The deformation behaviour of mechanical blended parts is also related to the 
reinforcing effect of Mn condensation during sintering, which occurs essentially on 
particle surfaces before neck forming.  

Acknowledgements 
This work has been made under the frame and financial support of the Höganäs 

Chair Project (Höganäs AB, Sweden). 

REFERENCES 
[1] Carnal, A., Campos, M., Torralba, JM. In: Proceedings of 4th International Conference 

on Powder Metallurgy for Automotive Parts. Isfahan, Iran, 2005, p. 161 
[2] Šalak, A.: Powder Metalurgy International, vol. 12, 1980, no. 1, p. 28 
[3] Šalak, A.: Powder Metallurgy International, vol. 12, 1980, no. 2, p. 72  
[4] Šalak, A.: Parktische Metallographie, vol. 22, 1985, p. 26 
[5] Šalak, A., Parilák, L., Selecká, M., Keresti, R. In: Proc. of 2000 Powder Metallurgy 

World Congress, vol. 1, 2000, p. 9 
[6] Campos, M., Sánchez, D., Torralba, JM.: Journal of Materials Processing Technology, 

vol. 143-144 C, 2003, p. 464 
[7] Šalak, A.: Powder Metallurgy International, vol. 18, 1986, no. 4 
[8] Blanco, L., Campos, M., Torralba, JM.: Powder Metall and Progress, vol. 4, 2004, 

no. 4, p. 171 
[9] Puscas, TM., Signorini, M., Molinari, A., Straffelini, G.: Materials Characterization, 

vol. 50, 2003, p. 1 


	Mn ADDITIONS INFLUENCE ON STRAIN MICRO MECHANISM IN AS SINTERED 316L 
	A. Carnal, J. Sicre, M. Campos, J.M. Torralba  
	Abstract 
	Keywords: stress concentration, Mn additions, sintered stainless steels 
	INTRODUCTION 
	EXPERIMENTAL PROCEDURE 
	Fig.1. Relationship between pore area and shape factor.
	Fig.2. SCF as a function of F shape.


	RESULTS AND DISCUSSION 
	Fig.3. Oxygen content before and after sintering.
	Fig.4. Microstructures of 316+1Mn mixed in as master alloy mechanically alloyed.
	Fig.5. Pore area vs. Fshape.
	Fig.6. Fcircle and Fshape relationship.
	Fig.7. Percentage of pores with Fs <0.4 and Yield strength vs. vacuum sintered materials, reference 316, with Mn mechanically blended and with master alloy mechanically alloyed.
	316 sintered in vacuum, x1500
	M.B. sintered in vacuum, x2500
	M.A. 3 hours. Vacuum, x2000
	M.A. 6 h vacuum, x2500
	M.A. 3 h argon, x1000
	M.A. 6 h argon, x2000
	Fig.8. Fracture surfaces by SEM.


	CONCLUSIONS 
	Acknowledgements 
	REFERENCES 






