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., Stainless steelshave 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

Moqueca Tribolégica V.04, ViESia2020



Sintéredadustenitierstainlessaistéelss steels

o P/M ASSpresent lower mechanical resistance than tihe wnaughttosrcastt
steels, due to their inttinsiccpovosityy

o Applications of ASSare also limited]byythieiirelativie seftiiessandd
susceptibility toweair (adhesive, abrasive, fatigue)) andl weain-corrosion

o Three routes have been implemented to improve: densityy andireacin a
good combinatiom aff mechanical, wean and commasiam propertiessof f

P/M SS
i.  surface modificatiam of the sintered lhody by plasma-assisted surface
treatments

i.  modificatiom offparameterssinncompactionranddsintesng stepss
lii. additiam off centaimelementss(&Sintéringenhancerssosractiviatars andd
reinfencements))
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Acitiatedestntenmigering

‘®

Activated sinteriing) reférsstooanyyspeeiallprocess; wiicth resultssimaim
increased sintering nate: arrdénsificatiomratee).es.,

A promotes:loweringcsintering temperature; shorten sintering:time orme or
impraove-sintered properties=s
Sintering enhancement approaches
M Solid state-activated sintering g
M Liquid phase:sinteringo
Sinteriing activators
A small particles; frequently: useddn low concentrations ons

A promote-efféctive changes:in interfacial energy; grain houndarydary
moahility, reduction of voidbfraction; diffusionratesand phase stabilityability

‘®

‘®

R. M. German & B. H. Ra{i@85Powdéetallurg®8:1,7-12.
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Passiblel coutestioslter sitteriagnatering 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

A Solid state activated sintering

A Liquid phase sintering

R. M. German & B. H. Ra{i@85Powdéetallurg®8:1,7-12.

DE CAXIAS DO SUL

mcmfarias@ucs.br © Moqueca Triboldgica V.04, ViESia2020 10



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 liguid phase
A improves the mass transfer rate

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

Liquid phase can be obtained by

A addition of low melting temperature elements
C Cu, P, Si, Cu -10Sn, Tin, Babbitt

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

¢ B, Cr,B, FeB, Fe,B

R. M. German & K. A. D'Angelo (L98ternationdktals Reviews, 243272.

mcmfarias@ucs.br © Mogqueca Tribologica V.04, ViE®ia2020 11

UNIVERSIDADE
DE CAXIAS DO SUL




Criteria for selecting sintering additive

® Solubility: Sg/S, > 1 T decreasing
- . liquidus and
A Favorable effect in | . L sg“dus
diffusion rate large melting » examles:
e . : . ples:
C diffusive flux in point difference .
oy liquid phase
additive layer X
| -activated
C favor_able change In hlh ﬁﬂbﬂbllﬂy 1 X+ B L low S@“lﬂbﬂ"ty
bonding free energy A B
C good wetting and additive ~ base
adhesion of additive
to base material Idealized phase diagram showing characteristics |

for enhanced sintering

R. M. German & K. A. D'Angelo (L98ternationdktals Reviews, 243272.

%
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Criteria for selecting sintering additive

green compact
base temPemture
(a) swelling, Sg/S,<1
additive
§/S,>1 %//SA <1
deﬁslﬁCﬂﬁlﬁhﬁl swelliﬁg N
9
A B
A=additive
pores
% R. M. German & B. H. Ra{di@85)
Powddetallurg8:1,7-12.

(b) densification, S

Sg /S,

UNIVLRSiEA?
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Criteria for selecting sintering additive

® Segregation: T, g/T,p> 1

M Segregation of‘an
equilibriumsecond
phase at interparticle

site .
T decreasing
¢! Decreasing liquidus-and liquidus and
_solidus asAis | . L solidus
increased large melting examples:
point dafferenc:e‘\I liquid phase
_activated
high solubility{— o+ P —low solubility
A B
additive "~ base

R. M. German & B. H. Ra{di@85)Powdéfetallurg®8:1,7-12.

SUCS
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Criteria for selecting sintering additive

¢ Diffusion: DgDg > 1

A Dg: diffasivity of B in A
layer
A Dg: selfdiffusivity, of B

A additive-flows:to the
interparticlecboundary

»

rapid diffusion along the
sinter bond

A low liquid temperature
for A

Gl low activation energy.
Gl high diffusivity

large melting
point difference \l

(0
high solubility{—

decreasing
liquidus and
solidus

examples:

liquid phase

activated

—-low solubility

A
additive

B

base

R. M. German & B. H. Ra{dia85Powdénetallurg®8:1,7-12.
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Sinteanghadditivesifor fefrousgpowderpowders

Sintering activators

A C,B,P,

A Cu, Sn, S, Ni,Mn,Co, Ti
Other additives

A ALOs, Y,0,

A B,Cr, Cr,Al, TiCr,, TiAl

A VC, SiC, TiC

A TiB,

R. M. German & K. A. D'Angelo (1984), International Metals Revie®&229:1, -
Oke S.R.|ge0.Q, FalodurD.E. et al. (2018t JAdvManufTechndl02, 32733290
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Other sintering additives

¢ Iim combinatiomwithiseliddstatecooliduidi phase sinteringhaciivatotsy otheh elementsits
have been added to

A eniiance-mechariicahprefeptiesrerties
A improvevcorrosionsinchhighd high-temperatureLoxidatiod sésistanessistance
M reddoe frictiortamd weai wear
# Low matrix-additive: interactiommakiessnegessary the: use sinteningactivaionrss
A Saliddubricaits (fts (h-BN,M6SS,))

A Reinfdrcenentent

C Oxide ceramics (Al ,04, Y,03) A mechanical properties, wear and corrosion
resistance

C Intermetallics (Cr,Al, TiCr,, TiAl) A mechanical, corrosion and wear properties
C Carbides (VC, SiC, TiC) A mechanical properties, wear resistance
C Borides (TiB,) A mechanical and tribological properties

» The improvement of mechanical, corrasiom andl triiological propettiesobthee
composites depends on the amount, size, shape and distributiom aff ttie=dispersedi

second phase particles, and P/¥ parametens
Oke S.R.|ge0.Q, FalodurD.E. et al. (2018t JAdvManufTechndl02, 32713290

mcmfarias@ucs.br © Moqueca Triboldgica V.04, ViE$ia2020 17



Thbotogytpropesiies-dfes of
sintéradcalsteniticrstainlessistdelss 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

A Metals or metallic alloys: B, Cu -Sn

A Borides: TiB ,

A Nitrides: BN

A Oxides: Al ,03, Y,03, YAG

A Carbides: SiC,VC

A Intermetallics : TiCr ,, Cr,Al, Ni ;Al, Fe Al

%
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Metal

|- Powder Mixture

AlSI 316L

+
D

Additives:
Boron, yttria

‘F'
|_|
stainless steel H
+

= o

maitrix composites (MMC

/II- Sintering Proce;

T(C)

- J

lll- Compacts evaluation

)

'F

Normal Load

pore

Sintering mechanism

initial state
mixed powders solid state

o

additive

I\

final densification

liquid state

RefGermaaet al Revidiguidohassgintering

t (min)

JMateiSc(2009) 44839

Powder metallungy/

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

A Importance of the particles: size, shape

and volume fraction

A Effect of mixture of different materials

Secondary particle additives
Sintering mechanism

ALiquid phase sintering
ASolid phase sintering

Final Properties

A Oxidation resistance
A Wearresistance

A Higher hardness and density

Jemp——

mcmfarias@ucs.br - Moqueca Triboldgica V.04, ViEBia2020
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Sintered

4 A D. Uzunsoy, Investigation of dry sliding wear
AUStenltIC properties of boron doped powder metallurgy 316L
Stalnless stainless steeMater. Des. 31 (8) (2010) 38963900.
Steel A M. Vardavoulias, M. Jeandin, F. Velasco, J.M.

Torralba, Dry sliding wear mechanism for P/M
austenitic stainless steels and their composites
containing ALO; and Y,O4 particles Tribol . Int. 29
(6) (1996) 499506.

A A. Bautista, F. Velasco, JAbenojar, Oxidation
Precedents resistance of sintered stainless steels: effect of yttria
additions Corros. Sci.45 (2003) 13481354.

GUCS
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Dry sliding wear of boron doped P/M
ASS (Uzunsoy , 2010 )

45
40 - - 316L
. -0~ 316L40.2wt.%B
* 3 - 316L+0.4wt. %8B
g 30 - 316L+0.6wt.%B
e 25
e
- 20 -
a2
T 15
| ™
g 10 -
5 \W
0

0 1000 2000 3000 4000 5000 6000 7000
Sliding distance,m

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

C Hardness and porosity level have a significant effect on the
wear behavior of P/IM ASS

mcmfarias@ucs.br © Moqueca Tribolégica V.04, ViE8ia2020 21
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Sliding wear  mechanism for P/M ASS and
their composites (Vardavoulias  etal ., 1996 )

Table 3 Pin-on-disc wear testing results (alumina counterbody)

Specimen Friction coefficient Disc specific wear rate
‘x10—13 m2 N——1)

304L 0.61 7
304L+ Bsz""YzOs 0-62"0.65 5.7
[ 304L+B,Cr+Al,0, 0.8 21|

304L+BN+Y,0; 0.65-0.68 94
304L+BN+AIL04 0.6-0.7 6.1
316L 0.58 6.1
316L+B,Cr+Y,0 0.6-0.65 3.5
316L+B,Cr+Al,0, 0.6-0.65 3.4
316L+BN+Y,0, 0.62-0.65 4.7
316L+BN+AIl,0,4 0.62-0.65 4.8

G Ceramic particles (A; and Y¥05) and sintering activators £{8r, BN) improved wear
resistance

C Ceramic particles limited plastic deformation while sintering activators decreased porosi
C Friction coefficiendid not vary substantially (0.6 and 0.7)
C & C NA-iddiidedyf NI SyaArAiSé O6RSONRAU

UNIVERSIDADE
DE CAXIAS DO SUL
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Oxidation resistance of sintered
stainless steels (Bautista etal ., 2003 )

50
- 3161
- 4341
40 | e 304L
E:E =2 304 | +¥itria -
% 30~ / -----------------------------------
€
D0t T
i
W frrrerrrrorecrraasara et r s a s P Table 2. Parabolic kinetic constants
e S———
-— _-__.__._-_—-—-I— - -
- S — — Sintered stainless steels k(g cm™s?)
0 20 40 B0 H0 100 120 140 160 B0 200 Z20 240 26O
Time at 800 °C (h) 600 °C 300 °C
316L - 14E-10
304L 24E-11 8.1E-11
304L + Yttria 24E-11 3.6E-10
434L 4.0E-12 2.5E-12

%
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Sintered A Serafini, F.L., Peruzzo, M., Krindges, I., Ordofiez,
Austenitic M.F.C., Rodrigues, D., Souza,R.M., Farias,M.C.M.
(2019)Materials Characterization , 152, pp. 253264.

Stainless

Stee| 6 A Peruzzo, M., Serafini, F.L., Ordofiez, M.F.C., Souza,
R.M., Farias,M.C.M. (2019)Wear, 422423, pp. 108118.

recent

A Peruzzo, M., Beux, T.D., Ordonez, M.F.C., Souza,R.M.,
results Farias,M.C.M. (2017)Corrosion Science 129, pp. 2637.

x  Friction and wear

. A Serafini, F. L. ;Peruzzo, M. ; Beux, T. D. ; Ordofiez,
x High-temperature

M.F.C. ; Dotta, A. L. B. ; Souza,R.M. ; Farias,M.C.M. In:

oxidation 6th World Tribology Congress WTC2017, Beijing.6th
Effect of boron and World Tribology Congress WTC2017, 2017.
yttria additions
Team Further studies for PIMASSsnd their

Profa M. CristinaMoré Farias composites
Postgraduate students U Frictionand wearat hightemperature

Collaborators professors -~ _ _ _
U Tribocorrosiorbehavior

LUCS

UNIVERSIDADE
DE CAXIAS DO SUL
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P/M processing of ASS 316L

0.6 Wt% / 0.8 Wt%
powde powder
boron boron

Sinteringprocess
of powder
mixture

Araon 1240°C
9 30 min

compression Heating rate
i 10°C/min

Uniaxial

Atmosphere Temperature

BRATS- Sintered Filters Special Metallic ajadeasao Paulo, Braz

LBUC
UNIVERSIDADE

DE CAXIAS DO SUL
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Initial characterization of the sintered
ASS 316L samples

Physical and
mechanicabroperties

26



Tribological characterization of the
sintered ASS 316L samples

\ 4

UMT TriboLab
Bruker

1
Tribological
Properties

N\

Célulaide carga

\ 4

Reciprocating Sliding
|

3 samples Load 8 N Time:7200 s
Alumina ball 3 Hz Length:4 mm
Friction Wear rate ; e
Coefficient Wear mechanisms . Msdulo da deslEmmeiiy

Aalltenn:?\@unidercional

UNIVERSIDADE
DE CAXIAS DO SUL
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Thermal analysis

L 1oe 3161-08B | ¢ BEutecticrreactioni1219C¢ 1254°C
1] Il - Melting onset 1:335°C

| _JJL - Il ¢ Completermelting-at1385C

0.4 0 1300 1300 Y 300 1300 1I
%y, ][oa 3161-06B | ¢ Eutecticrreaction1223C- 1251°C
| e Il ¢ Melting onset at 1351°C
2 -~ - ’/L o J\/\ . . 1 Il ¢ Completermelting-ati1412C

1.2.: P 316L " | Il € Melting onset at 141FC

0.8 I - Gﬂﬂm@@mtmaaUlQSIC

00 — — , Boron mtdtﬁmm mmudhs

Farperdiuns i X+ decrease iniliquichphase

SerafinF.L. et al.2019) temperature L
Material€haracterizatitf2, pp. 25364 X+ greater amountoflliguidphase
\;E.ngé mcmfarias@ucs.br W!‘\/quueca Triboldgica V.04, ViE®8ia2020 28
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Microstructure

Microstructure of the Bfree and
B-containing sinteretssamples

X+ Porosity
X+ Austenitic grains
X+ Phases:atlthe graindoundaries

Peruzzetal.(2019Wear422423, pp. 16B18.

LBUCS
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Porosity analysis

TN Rt 100 L erores 1 100 LIS o S S 1 -
i S Y, B16L o 0 o 3161:06B o | 7% 3161-08B ||,
2=l W R - - \ - g V] .
FpuSe ) S| R/ C;’ W Rl [EE 053 ||2" HT “ ¢ 0.53
TN, e Ny 363 - - Al g @
lﬂw_r, PN b AR IEEN TR (I (L < 029 [ P : . i 0.29
)\ A PN PRy L) e - N® . e S | Moos W - #$ o i o | Mo.06
Ry {(‘, < ”'11,1'“!‘ ,‘;:‘-,‘\f ~ |Circularity ' . - ' e Circularity & v v ” Circularity
e s N & - % = - s % .
{2", tt‘-‘,:""’ : V’{‘:? ’ {@“ V’{% i e S ! ‘ ‘
) \ g < ‘(“_‘ < o '*“_ﬂ [ I @ . ‘ A
. @ i‘ < "‘ & - . . a0 o 9
"1 r S s é ﬁ o . e . - e

Sample Porosity  Pore size, Circularity X |rregular andiinterconnected
(%9 Do (MM)  index, G pores werefformed for the

316L 12.89 14.51 0.4 boron-free sample
3161-06B 5.66 20.51 0.8 X+ Nearly circular-andsisolated
316.08B 77 26.17 08 pores wereddevelopedrinithe

boron-containing samples

Serafipk.L. et al.2019Material€haracterizatidb2, pp. 25854

UNIVLRSIEA?
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Microstructure

- 3161068
\fj  Continuos dark-grey '

Continuos light-gre
T

\ “ .

AR\
- ‘\\

o R

N
' Discontinyous _
~— ligth branched:-like
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Microstructure 0 EDS mapping

UNIVERSIDADE
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Microstructure ~ S EDSIiNe  Zamecines o sms

316L-0.6B

Line 1¢ Continuouscdarkgrey phase £Crich boride
Orthorhombic, Fe,Ci By o

Line 2¢ Continuous!lightgray phase Crand M-

Cubic, Ci(B, 5G; 5)

Line 3¢ Discontinuous phase, Moich boride
Tetragonal, Gr.gMo, ,B

Cr Fe

Mo N |

Line 1 Line 2 Line 3
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