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Sintered 

austenitic 

stainless 

steels

¸Stainless steels have been successfully 
fabricated through different powder 
metallurgy (P/M) routes

¸Austenitic (ASS) and ferritic ( FSS) 
stainless steels are the most widely 
produced by P/M

¸ASS exhibit a good combination of 
corrosion and oxidation resistance, 
associated with good mechanical 
properties

¸Interest in P/M SS for general use 
(biomedical, dental, chemical, nuclear, 
automotive, aerospace) has increased
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Sintered austenitic stainless steels

¸ P/M ASS present lower mechanical resistance than the wrought or cast 
steels, due to their intrinsic porosity

¸ Applications of ASS are also limited by their relative softness and 
susceptibility to wear (adhesive, abrasive, fatigue) and wear -corrosion

¸ Three routes have been implemented to improve density and reach a 
good combination of mechanical, wear and corrosion properties of 
P/M SS

i. surface modification of the sintered body by plasma-assisted surface 
treatments

ii. modification of parameters in compaction and sintering steps

iii. addition of certain elements (sintering enhancers or activators and 
reinforcements)
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Activated sintering

¸ Activated sintering refers to any special process which results in an 
increased sintering rate or densification rate, i.e., 

Â promotes lowering sintering temperature; shorten sintering time or 
improve sintered properties 

¸ Sintering enhancement approaches

ÂSolid state activated sintering

Â Liquid phase sintering

¸ Sintering activators

Â small particles, frequently used in low concentrations

Â promote effective changes in interfacial energy, grain boundary 
mobility, reduction of void fraction, diffusion rates, and phase stability
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R. M. German & B. H. Rabin (1985) PowderMetallurgy, 28:1, 7-12.



Possible routes to alter sintering rate

¸ Change process conditions (particle size or temperature)

¸ Change defects configuration by pretreating powders (alloying or 
deformation)

¸ Application of external force (Ex. HP, HIP)

¸ Promote the formation of second phases that act as preferential 
diffusion paths

ÂSolid state activated sintering

Â Liquid phase sintering
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Liquid phase sintering

¸ In the case of liquid -phase sintering, densification is achieved through 
the formation of a system with high wettability between the matrix 
and the liquid phase

Â improves the mass transfer rate

Â Increase the sintering rate by decreasing sintering temperature or 
reducing sintering time

¸ Liquid phase can be obtained by

Â addition of low melting temperature elements

Ç Cu, P, Si, Cu -10Sn, Tin, Babbitt 

Â dissociation of a mixture containing the base material and additive 
powders in a new phase with eutectic composition

Ç B, Cr 2B, FeB, Fe 2B
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R. M. German & K. A. D'Angelo (1984), InternationalMetals Reviews, 29:1, 249-272.



¸Solubility: SB/SA > 1

Â Favorable effect in 
diffusion rate

Ç diffusive flux in 
additive layer

Ç favorable change in 
bonding free energy

Ç good wetting and 
adhesion of additive 
to base material
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Criteria for selecting sintering additive

high solubility low solubility

Idealized phase diagram showing characteristics most favorable 

for enhanced sintering

R. M. German & K. A. D'Angelo (1984), InternationalMetals Reviews, 29:1, 249-272.
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Criteria for selecting sintering additive

SB/SA > 1 SB/SA < 1
densification swelling

R. M. German & B. H. Rabin (1985) 

PowderMetallurgy, 28:1, 7-12.
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Criteria for selecting sintering additive

decreasing 
liquidus and 
solidus

¸Segregation: TmB/ TLP > 1

Â Segregation of an 
equilibrium second 
phase at interparticle 
site

Ç Decreasing liquidus and 
solidus as A is 
increased

R. M. German & B. H. Rabin (1985) PowderMetallurgy, 28:1, 7-12.



¸Diffusion: DE/DB > 1

Â DE: diffusivity of B in A 
layer

Â DB: selfdiffusivity of B

Â additive flows to the 
interparticle boundary

Â rapid diffusion along the 
sinter bond

Â low liquid temperature 
for A

Ç low activation energy

Ç high diffusivity
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Criteria for selecting sintering additive

large melting 
point difference

R. M. German & B. H. Rabin (1985) PowderMetallurgy, 28:1, 7-12.



Sintering additives for ferrous powders

¸ Sintering activators

ÂC, B, P,

ÂCu, Sn, S, Ni, Mn, Co, Ti

¸ Other additives

ÂAl2O3, Y2O3

ÂB2Cr, Cr 2Al, TiCr 2, TiAl

ÂVC, SiC, TiC

ÂTiB2
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R. M. German & K. A. D'Angelo (1984), International Metals Reviews, 29:1, 249-272.

Oke, S.R., Ige, O.O., Falodun, O.E. et al. (2019) Int J AdvManufTechnol, 102, 3271ð3290.



Other sintering additives

¸ In combination with solid state or liquid phase sintering activators, other elements 
have been added to

Â enhance mechanical properties

Â improve corrosion and high - temperature oxidation resistance

Â reduce friction and wear

¸ Low matrix -additive interaction makes necessary the use sintering activators

Â Solid lubricants (h - BN, MoS 2 )

Â Reinforcement

Ç Oxide ceramics (Al 2O3, Y2O3) Ą mechanical properties, wear and corrosion 
resistance

Ç Intermetallics (Cr2Al, TiCr 2, TiAl) Ą mechanical, corrosion and wear properties

Ç Carbides (VC, SiC, TiC) Ą mechanical properties, wear resistance

Ç Borides (TiB 2) Ą mechanical and tribological properties

¸ The improvement of mechanical, corrosion and tribological properties of the 
composites depends on the amount, size, shape and distribution of the dispersed 
second phase particles, and P/M parameters
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Tribology properties of 
sintered austenitic stainless steels

¸ The literature on the tribological properties of P/M austenitic stainless 
steels and theirs composites is scarce

¸ There exist some researches on dry sliding behavior of sintered 
austenitic stainless steels added with 

ÂMetals or metallic alloys: B, Cu -Sn

ÂBorides: TiB 2

ÂNitrides: BN

ÂOxides: Al 2O3, Y2O3, YAG

ÂCarbides: SiC, VC

Â Intermetallics : TiCr 2, Cr 2Al, Ni 3Al, Fe 3Al 
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Metal matrix composites (MMC )

Powder metallurgy

Á Effect of sintering parameters as 
temperature on the sintered phase 
transformation 

Á Importance of the particles: size, shape 
and volume fraction

Á Effect of mixture of different materials

Secondaryparticle additives

Sintering mechanism

ÁLiquid phase sintering 
ÁSolid phase sintering

Final Properties

Á Higher hardness and density
Á Oxidation resistance
Á Wear resistance

Sintering mechanism

Ref: Germanet al Review: liquidphasesintering. 

J MaterSci(2009) 44:1ð39



Á D. Uzunsoy, Investigation of dry sliding wear 
properties of boron doped powder metallurgy 316L 
stainless steel, Mater. Des. 31 (8) (2010) 3896ɬ3900.

Á M. Vardavoulias , M. Jeandin, F. Velasco, J.M. 
Torralba, Dry sliding wear mechanism for P/M 
austenitic stainless steels and their composites 
containing Al2O3 and Y2O3 particles, Tribol . Int. 29 
(6) (1996) 499ɬ506.

Á A. Bautista, F. Velasco, J. Abenojar, Oxidation 
resistance of sintered stainless steels: effect of yttria 
additions, Corros. Sci.45 (2003) 1343ɬ1354.

Precedents
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Sintered 

Austenitic 

Stainless 

Steel



Ç Boron additions decrease plastic deformation and wear rate 
in sliding contact

Ç Hardness and porosity level have a significant effect on the 
wear behavior of P/M ASS
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Dry sliding wear of boron doped P/M 
ASS (Uzunsoy , 2010 )



Ç Ceramic particles (Al203 and Y203) and sintering activators (B2Cr, BN) improved wear 
resistance

Ç Ceramic particles limited plastic deformation while sintering activators decreased porosity

Ç Friction coefficientdid not vary substantially (0.6 and 0.7)

Ç άCǊƛŎǘƛƻƴ-induced ƳŀǊǘŜƴǎƛǘŜέ όŘŜōǊƛǎύ
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Sliding wear mechanism for P/M ASS and 
their composites (Vardavoulias et al ., 1996 )
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Oxidation resistance of sintered 
stainless steels (Bautista et al ., 2003 )



Sintered 

Austenitic 

Stainless 

Steel ð

recent 

results

Effect of boron and 
yttria additions
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Á Serafini, F.L., Peruzzo, M., Krindges , I., Ordoñez, 
M.F.C., Rodrigues, D., Souza, R.M., Farias, M.C.M . 
(2019) Materials Characterization , 152, pp. 253-264. 

Á Peruzzo, M., Serafini, F.L., Ordoñez, M.F.C., Souza, 
R.M., Farias, M.C.M . (2019) Wear, 422-423, pp. 108-118.

Á Peruzzo, M., Beux, T.D., Ordoñez, M.F.C., Souza, R.M., 
Farias, M.C.M . (2017) Corrosion Science, 129, pp. 26-37. 

Á Serafini, F. L. ; Peruzzo, M. ; Beux, T. D. ; Ordoñez, 
M.F.C. ; Dotta, A. L. B. ; Souza, R.M. ; Farias, M.C.M . In: 
6th World Tribology Congress, WTC2017, Beijing. 6th 
World Tribology Congress, WTC2017, 2017.

× Friction and wear
× High-temperature 

oxidation

Further studies for P/M ASSsand their 
composites

üFriction and wear at high-temperature

üTribocorrosionbehavior
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Profa. M. Cristina Moré Farias

Postgraduate students 
Collaborators professors 



P/M processing of ASS 316L 
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0.6 wt%  
powder 
boron

Powder

AISI 316L

0.8 wt% 
powder 
boron

Sinteringprocess 
of powder 
mixture

Uniaxial 
compression

800 MPa

Atmosphere
Argon

Temperature
1240°C
30 min

Heating rate 
10°C/min

BRATS - Sintered Filters Special Metallic Powders (Cajamar, Sao Paulo, Brazil)



Initial characterization of the sintered 
ASS 316L samples
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Macrohardness 
Vickers

Microhardness
Instrumented
indentation

Density
Archimedes

DSC

FESEM and EDS

XRD
Rietveld

Characterization

Physical and 
mechanical properties

Microstructure



Tribological characterization of the 
sintered ASS 316L samples

mcmfarias@ucs.br Moqueca Tribológica V.04, Vitória - ES, 2020 27

Characterization

Tribological 
Properties

Reciprocating Sliding

Load 8 N
3 Hz

Time:7200 s
Length:4 mm

3 samples 
Alumina ball

Friction 
Coefficient 

Wear rate
Wear mechanisms

UMT TriboLab

Bruker

  



Thermal analysis
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II ςMelting onset at 1419 °C
II - Complete melting at 1451 °C

I ςEutectic reaction 1223 °C - 1251 °C
II ςMelting onset at 1351 °C
II ςComplete melting at 1412 °C

316L

316L-06B

316L-08B I ςEutectic reaction 1219 °C ς1254 °C
II - Melting onset 1335 °C
II ςComplete melting at 1385°°C

Boron addition provides
×decrease in liquid phase 

temperature 
×greater amount of liquid phase

Serafini, F.L. et al. (2019) 

MaterialsCharacterization, 152, pp. 253-264.



Microstructure
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316L 316L-06B

316L-08B Microstructure of the B-free and
B-containing sintered samples 

×Porosity 

×Austenitic grains

×Phases at the grain boundaries

Peruzzoetal.(2019) Wear, 422-423, pp. 108-118.



Porosity analysis
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Sample Porosity 
(%)

Pore size, 
D90 (mm)

Circularity 
index, CI

316L 12.89 14.51 0.4

316L 316L-06B 316L-08B

× Irregular and interconnected 
pores were formed for the 
boron-free sample

× Nearly circular and isolated 
pores were developed in the 
boron-containing samples

Sample Porosity 
(%)

Pore size, 
D90 (mm)

Circularity 
index, CI

316L 12.89 14.51 0.4

316L-06B 5.66 20.51 0.8

Sample Porosity 
(%)

Pore size, 
D90 (mm)

Circularity 
index, CI

316L 12.89 14.51 0.4

316L-06B 5.66 20.51 0.8

316-08B 7.7 26.17 0.8

Serafini, F.L. et al. (2019) MaterialsCharacterization, 152, pp. 253-264.



Microstructure
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316L-06B

Serafini, F.L. et al. (2019) MaterialsCharacterization, 152, pp. 253-264.
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Microstructure ðEDS mapping

Serafini, F.L. et al. (2019) MaterialsCharacterization, 152, pp. 253-264.



Microstructure ðEDS line
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Line 1 ςContinuous dark-grey phase, Cr-rich boride

Orthorhombic, Fe1.1Cr0.9B0.9

Line 2 ςContinuous light-gray phase, Cr- and Mo-rich boride

Cubic, Cr23(B1.5C4.5)

Line 3 ςDiscontinuous phase, Mo-rich boride

Tetragonal, Cr1.75Mo0.25B

Line 1 Line 2 Line 3

Serafini, F.L. et al. (2019) Materials

Characterization, 152, pp. 253-264.


