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a b s t r a c t
The electrochemical improvement of PM 316L stainless steels by pre-alloyed powder prepassivation in
20% nitric acid in comparison with as-received specimens has been studied in this work. For comparison
purposes a simultaneous study was carried out on similar composition wrought AISI 316L steels. Corrosion resistance was studied using evolution of the corrosion potential vs. time, anodic polarisations
curves and Zero Resistance Ammeter technique. Reductions of the corrosion rate (icorr) were observed
in prepassivated specimens in neutral chloride media. Crevice resistance was higher for prepassivated
specimens and for higher densities and annealing as post-heat treatments.
Ó 2010 Elsevier Ltd. All rights reserved.

1. Introduction
Powder metallurgy (PM) offers clear advantages when manufacturing large series of small components with high tolerance
and productivity. However, use of PM stainless steels is often limited due to corrosion and mechanical properties, which are lower
than those of wrought materials. Differences of one or two orders
of magnitude have been found between the corrosion rate (icorr) of
PM and wrought steels of similar composition (mainly depending
on the processing parameters of PM stainless steels) [1–5]. Several
applications for PM SS exhaust components have already been approved and are in production today. Exhaust ﬂanges, oxygen sensor
bosses, ABS sensors and tone wheels are among the principal PM
SS components [6,7]. The use of powder metallurgy methods to
fabricate austenitic stainless steels is of industrial interest as they
are economically attractive. This is due in part to the fact that there
are no metal losses in machining and ﬁnishing [1].
The search for better processes to obtain improved powders and
parts began. Vacuum atmospheres were found to be an economic
alternative to the classic hydrogen and nitrogen systems, allowing
the fabrication of items with better mechanical properties and corrosion resistance [1]. For the stainless steels, AISI 316L stainless
steel powder was used to replace PM ferrous alloys due to its superior mechanical properties and corrosion resistance [8]. High
strength sintered 316L stainless steel could be obtained via a modiﬁed sintering process. Increased sintering time for the 316L alloy
⇑ Corresponding author. Tel./fax: +98 511 8763305.
E-mail address: shahabi.behzad@stu-mail.um.ac.ir (B. Shahabi Kargar).
0010-938X/$ - see front matter Ó 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.corsci.2010.09.004

resulted in slightly improved strength [9]. However, prolonged sintering time caused detrimental effects on the sintered materials,
such as grain growth and particle coarsening [10].
The corrosion behaviour of PM austenitic stainless steels is
simultaneously affected by several parameters:
1. The interconnected pores, which considerably increase the total
reactive surface and induce the formation of occluded cells
where pH variations are likely to occur, so that, as a consequence of differential aeration phenomena, steel passivation
can be hindered [11].
2. The morphology of the pores favours the formation of galvanic
cells. Different aeration and/or lower pH can easily appear at
the bottom of the pores, promoting the onset and development
of pits [5].
3. Crevice corrosion might take place with the formation of oxygen concentration cells within the pores, reducing the passivity
of sintered alloy [7].
This is particularly important in a chloride environment
although this fact has already been conﬁrmed in other environments such as organic acids [12].
Furthermore, some other factors determine the corrosion
behaviour: iron contamination and carbon, nitrogen and oxygen
content reduce corrosion resistance. When these elements exceed
their corresponding limits of solubility, their inﬂuence becomes
deleterious whereas their dissolved forms are beneﬁcial. Mechanical properties of austenitic stainless steels depend on the sintered
atmosphere, sintering temperature and sintered part density.

B. Shahabi Kargar et al. / Corrosion Science 53 (2011) 135–146

a

18

Porosity (%)

15
12
9
6
3

Surface Porosity (%)

b

d

d

va
te

ei
ve

as
si

re
c

pr
ep

s-

Sinter
Anneal

0M
Pa
-

0M
Pa
-a
70

70

50

50

0M
Pa
-

0M
Pa
-a

pr
ep

s-

as
si

re
c

va
te

ei
ve

d

d

0

18
15
12
9
6
3

d

d

va
te

ei
ve

as
si

re
c

Sinter
Anneal

70

0M
Pa
-

pr
ep

s0M
Pa
-a
70

50

0M
Pa
-p

re
p

as

as
si

-r
ec

va
te

ei
ve

d

d

0

0M
Pa
-

Strength increases as part density and sintering temperature increase. Accordingly, to obtain a good combination of mechanical
properties and corrosion resistance, steel compaction and sintering
conditions must be optimized [6]. Furthermore, modiﬁed metal
injection moulding processes can achieve good strength and higher
corrosion resistance in chloride solution than can be obtained by
standard PM [13]. In addition, annealing solution leads to a signiﬁcant improvement in pitting corrosion resistance. When the applied
ageing involves low temperature (375 °C), the pitting corrosion
resistance not only decreases but also gets slightly better [6].
Due to the need for improved performance of PM austenitic
stainless steels, modiﬁcations of these materials may be done by
the use of pre-alloying, premixing or admixing methods [8]. Adding powders of some alloying elements such as copper [14], tin
and nobles metals [15], nickel [8], boron [16] or compounds such
as MnS [17] or by formation of stainless steels matrix composite
reinforced with hard particles such as carbide [18] or oxide dispersion with yttria [19] improved properties of PM stainless steels.
For PM stainless steels, addition of gas atomized powders to traditional water atomized powders reduces pore diameter. Reduction
of anodic area on the surface of the modiﬁed PM stainless steel
causes a decrease in the icorr and an increase in Ecorr. Both effects have
been observed in neutral media with and without chlorides [20]. The
uses of porous materials resulted in clear changes in the friction and
wear mechanism in comparison to non-porous steel and caused substantial decrease of resistance to motion as well as wear loss [21].
Increasing sodium chloride concentration was deleterious to
the corrosion resistance of 304 SS at all temperatures examined,
from room to boiling temperature. Increasing the solution temperature increased susceptibility to both pitting and active dissolution. Higher temperatures resulted in increased corrosion current
densities and peak current densities as well as lower pit initiation
and re-passivation potentials [22].
The goal of this work is to conﬁrm the effects on the corrosion
resistance of PM 316L stainless steel and their behaviour in aggressive solutions by the new prepassivation methods of the materials
and of the sintering conditions, using data from electrochemical tests.
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Fig. 2. Percentage of (a) surface porosity and (b) total porosity in 316L PM stainless
steels.
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Fig. 1. Micrographs of as-polished 316L specimens in (a) prepassivated, 500 MPa, sintered, (b) prepassivated, 700 MPa, sintered, (c) prepassivated, 500 MPa, annealed and (d)
prepassivated, 700 MPa, annealed.

B. Shahabi Kargar et al. / Corrosion Science 53 (2011) 135–146

2. Experimental
2.1. Materials and heat treatments
A Höganäs pre-alloyed water atomized powder was used in this
work: AISI 316LHD (0.025% C, 0.9% Si, 12.3% Ni, 16.7% Cr, 0.06% N,
0.1% Mn, 2.2% Mo, 0.005% S and 0.30% O) with apparent density
2.67 g/cm3 (particle size <75 lm). Prepassivation technique
according to ASTM A967-01 was applied on powder particles,
using 20% nitric acid at 54 °C, and subsequently drying in oven at
110 °C. Thereafter, the obtained powder and as-received powder
were compacted as cylindrical specimens (10 mm in diameter
and 13 mm in height) at 500 and 700 MPa. A matrix of 103.12–
76.18 mm was used and 6 g of powder were used to make each
specimen.
Compaction was carried out with ﬂoating die, without using die
lubricant. Green compacts were sintered in a vacuum furnace,
reaching a vacuum of 103 mbar at 1200 °C for 90 min and then
cooled to 800 °C under the vacuum conditions. Finally the specimens were rapidly quenched in pure nitrogen atmosphere. Samples in this condition were referred to as ‘‘ sintered specimens”.
Half of the specimens were then annealed by heating at 1100 °C
for 300 min under a vacuum atmosphere before being water
quenched. These were referred to as the ‘‘annealed specimens”.
For comparison purposes, a simultaneous corrosion study was carried out on a similar composition wrought AISI 316L stainless steel.
It was referred to as the ‘‘bulk specimen”. After sintering, the
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density of the specimens was evaluated by water displacement
method, based on Archimedes principle (ASTM B328-03). Some
porosity features were also analyzed by applying image analysis
method to optical microscopy images obtained from polished
cross-sections of the materials. Ten images of different sections
of the test pieces, covering all the surface, obtained at a magniﬁcation of 10 times, were studied to obtain the values that corresponded to each material.
The fraction of porosity was measured using conventional image analysis techniques and CLEMEX software. The following
parameter was measured individually for each pore to describe
the dimensional and morphological characteristics:
Dcircle, the diameter of the equivalent circle, i.e., the circle having
the same area as the metallographic cross-section of the pore. Frequency distribution was used to estimate pore size and morphology. For the mentioned parameter, the median value (the value
at a cumulative frequency of 50%) was considered as the mean
value.
For a more precise microstructure examination, the prepassivated and as-received powders were submitted to SEM observation, employing a SEM Leo Model 1450. All specimens were
polished with 0.05 lm Alumina slurry. A Feret average diameter
and elongation factor were measured from SEM micrographs using
the image analysis technique. The average of 64 Feret diameters of
individual powder particle was measured. In addition the maximum to minimum ratio of Feret diameter (elongation factor) for
each of the investigated powder particles was also measured. The
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Fig. 3. (a) Circle diameter and cumulative histogram of prepassivated, 500 MPa,
sintered as an example and (b) median value of cumulative histogram for all
specimens.

Fig. 4. SEM micrographs of (a) prepassivated and (b) as-received powder particles.
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2.2.2. Long term tests
Zero Resistance Ammeter (ZRA) technique was applied to study
localized corrosion of specimens in 6% ferric chloride solution at
room temperature for 6 h. Two working electrodes of the same
specimens and a saturated calomel electrode (SCE) were used in
each test. The galvanic current established between the pairs were
measured every 1 s during 6 h. Two annealed specimens that were
compacted at 700 MPa (as-received and superior specimens) and
one bulk specimen were further tested for up to 72 h with a 12 h
pause between each 15 min measuring.
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2.2.1. Short term tests
Electrochemical polarisation tests were carried out in neutral
3.5% sodium chloride solutions at room temperature. The specimens were manually ﬁnished with 1200 grit SiC papers. Tests were
carried out after 20 min of exposure of the sintered stainless steels
in the solution. Open Circuit potential (OCP) test was done to assure the corrosion potential (Ecorr) stabilization. A saturated calomel electrode (SCE) was used as the reference electrode and
platinum (exposed area 1 cm2) was used as the counter-electrode.
The exposed area of the working electrodes was 0.25 cm2. A Gill-AC
potentiostat was used to measure and record the results. Potentiostatic and potentiodynamic polarisation test were carried out to
study the corrosion behaviour. The potentiodynamic curves started
at 50 mV/SCE below the Ecorr. The potential was anodically increased up to the current becoming 0.3 mA/cm2, and then the potential sweeping rate was inverted until it crossed the initial curve.
The Tafel slopes were established from the active region of the corresponding anodic and cathodic curves in 50 mV above and below
the corrosion potential. The corrosion current density was evaluated by anodic Tafel extrapolation method. The potential sweeping
rate was always 1 mV/s. In potentiostatic tests, the specimens were
anodically polarised at a potential scanning rate of 1 data point per
second, and the potential was kept constant at 150 and 300 mV/
SCE while the current was recorded continuously against time up
to 15 min. For two superior specimens potentiostatic tests were
anodically held constant at 500 and 700 mV/SCE. Duplicate specimens were used in each test to evaluate reproducibility.

0

2.2. Corrosion resistance evaluation tests

melting of powder particles with addition free bonding occurred
more severely during sintering in comparison with interior powder
particles. Furthermore, the degree of reduction in annealed specimen porosity had lower magnitude compared with sintered specimens. In annealed specimens the prepassivation treatment caused
a great reduction in total and surface porosity.
Typical distribution of equivalent circle diameter of pores and
the median value of cumulative histograms, shown in Fig. 3, revealed that the annealed specimens had lower values than sintered
specimens. In addition, an increase in compaction pressure and
prepassivation treatment reduced the pore diameter. It could be
discovered that most of the pore diameters varied between 5 and

Frequency (%)

results obtained for elongation factor (felong) whose value ranged
between 0 and 1, the latter referrers to a circular shape for the
powder particle and the values of less than 1 to an elliptical shape.
Frequency distribution and the correlated median value were used
to evaluate powder particles size and roundness.

Frequency (%)
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Feret Avarage Diameter
Fig. 5. Histogram of Feret average diameters vs. frequency for (a) prepassivated and
(b) as-received powder particles.

3. Results and discussion
3.1. Microstructural characterization
Fig. 1 shows examples of the unetched microstructure of the
materials. Optical micrographs revealed different microstructures
for all specimens, particularly in terms of pore size, morphology,
and distribution. The sample with the highest fraction of pores appeared to have much larger and more irregular pores than other
specimens. It could be seen that annealed specimens revealed
more rounded pores without sharp corners of powder particles in
comparison with sintered ones. Archimedes method and image
analysis techniques was applied for the specimens and as we expected, total porosity and fraction of surface porosity decreased
when compaction pressure increased (Fig. 2). These results are reported in detail elsewhere [6]. Lower number of surface porosity
was observed towards total porosity for the similar specimens
since it shown that some pores had been closed. The surface

Fig. 6. Frequency distribution curves of elongation factor for powder particles.
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9 lm in the whole specimens which, ranged from 2 to 50 lm. The
lowest pore diameter was observed in specimen compacted with
700 MPa pressure, prepassivated in nitric acid and ﬁnally annealed
is here named the superior specimen. We proposed that prepassivation treatment reduced irregularity in powder particles through
elimination of sharp corners of powder particles by exposure to
acid environment. It has been conﬁrmed before that the addition
of gas atomized powders to water atomized powders reduces pores
diameter and the icorr [20]. A similar effect might have happened
here because of passivation treatment in concentrated acid environment. SEM observation of powders employed for a more precise
examination of the size and roundness of powder before and after
prepassivation. SEM images of prepassivated and as-received powder particles are shown in Fig. 4. A better circularity and lower Feret average diameter in prepassivated powder particles in
comparison with the as-received one can be observed. This conﬁrmed the pervious observations and conclusions. Further statistical assessment of powders was used in order to obtain a more
precise evaluation. Fig. 5 demonstrates the histograms of Feret
average diameter vs. distribution frequency for powder particles.
It can be clearly noticed that the average Feret diameter decreased
for prepassivated powder particles in comparison with as-received
ones by exposure to nitric acid environment. A 21 lm reduction in
the median value was also observed for Feret average diameter of
prepassivated powder particles in comparison with the as-received
one. A more detailed observation shows that the histogram of prepassivated powder particles revealed better uniformity than as-received ones. In addition, the range of prepassivated powder
particles diameters also decreased. Frequency distributions of the
elongation factor for prepassivated and as-received powder particles are illustrated in Fig. 6. For prepassivated powder particles
the curve shifted towards higher values in comparison with as-received ones. This result denoted an increase in the roundness of
prepassivated powder particles through elimination of sharp corners of powder particles due to the exposure to acid environment.
A 3.2% increase in cumulative median value of the elongation factor was observed for prepassivated powder particles.
Fig. 7 shows examples of the etched cross-section of specimens.
Microstructure observation revealed a similar microstructure for
all specimens. Microstructures of the specimens exhibited interparticle bonding, austenitic grains with typical twinning inside,

a

precipitate-free narrow grain boundaries and a few open interconnected pores. The number of open interconnected pores and pore

Fig. 8. Result of OCP tests for (a) sintered and (b) annealed specimens in 3.5%
sodium chloride solution.
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Fig. 7. Micrographs of etched 316L specimens with Kalling’s No.2 reagent in (a) prepassivated, 500 MPa, sintered, (b) prepassivated, 700 MPa, sintered, (c) prepassivated,
500 MPa, annealed and (d) prepassivated, 700 MPa, annealed.
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sizes apparently decreased with increasing compaction pressure
and annealing treatment. These results are already reported in
other works [6,8,23].
3.2. Corrosion potential
Fig. 8 shows the variation with time of the corrosion potential
Ecorr for PM AISI 316L and for casted 316L. It can be seen that Ecorr
stabilizes rapidly with time in PM specimens. By contrast, Ecorr
progressively increases with time for bulk specimen. The curves
illustrate that the potential increased with time, a typical behaviour related to a passivable alloy. Free corrosion potential of passive samples are shifted more rapidly towards the negative
potentials and then stabilized as compared to as-received samples.
The lowest potential is seen for the superior specimen. It seems

that cathodic polarisation of this specimen reduced the corrosion
potential. In annealed specimens, the highest Ecorr values were obtained by as-received specimens. This means that the corrosion potential for the superior specimen decreased to near to the bulk
specimen. In addition, it has been reported elsewhere [24] that
by passive layer formation on the surface, the exchange current
density for cathodic reactions decrease signiﬁcantly. Although by
passivation, anodic exchange current density decrease as well,
and in bulk specimens OCP increase. In PM alloys, it seems that
the effect of a decrease in cathodic reaction exchange current density is higher than the effect of the anodic reaction. As a result OCP
of the prepassivated specimens is lower than as-received ones.
Other researches that employed an annealing procedure on PM
specimens also observed a reduction of OCP [6,7]. It was reported
that by annealing treatment the porosity of specimen decreases.

Fig. 9. Potentiodynamic curves of specimens (a) sintered at 500 MPa, (b) sintered at 700 MPa, (c) annealed at 500 MPa and (d) annealed at 500 MPa in 3.5% sodium chloride
solution.

Table 1
Corrosion fundamental data extracted from potentiodynamic tests by Tafel extrapolation.
Sample

Ecorr (mV)

icorr (lA/cm2)

bA (mV/decade)

bC (mV/decade)

Passive potential range (mV)

As-received 500 MPa sintered
Prepassivated 500 MPa sintered
As-received 700 MPa sintered
Prepassivated 700 MPa sintered
As-received 500 MPa annealed
Prepassivated 500 MPa annealed
As-received 700 MPa annealed
Prepassivated 700 MPa annealed
Bulk

282
237
156
308
243
240
61
305
308

1.02
0.31
1.15
0.73
3.36
2.24
0.9
0.16
0.36

63
79
31
43
50
55
44
61
72

59
63
87
25
24
35
53
58
48

221
186
163
86
124
202
193
235
413
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3.3. Potentiodynamic tests

It was concluded that by decrease in porosity OCP decrease, while
microstructure does not change signiﬁcantly. In the present study,
the measured OCP of prepassivated PM specimen was less than the
as-received PM specimen. This phenomenon can be attributed to
two distinguished effects on the prepassivated PM specimen; the
ﬁrst one can be borrowed by the mechanism behind the function
of chromate inhibitors [24]. Decreasing OCP may be due to excellent inhibition of oxygen reduction at near neutral and alkaline
conditions, by the prepassivation treatment. In these environments, prepassivation treatment can stiﬂe corrosion by suppressing the cathodic partial reactions. The mechanism appears to
involve reduction of Cr(VI) to Cr(III) at the metal surface and formation of Cr(III)–O-substrate metal bonds. This surface complex
is likely to be substantially inert and a good blocker of oxygen
reduction sites, as suggested by the exceedingly small water exchange rate constant for the ﬁrst coordination sphere of Cr3+. As
a result, the rate of the cathodic reaction taking place on the alloy
surface gets much slower. The second effect can be addressed to
the reduction of the porosity as a result of prepassivation treatment. In recent published papers [6,7] no clear reasons behind
the decrease in OCP of annealed specimen were stated. However,
the main change is decrease in porosity and consequently the
decreasing OCP in the present study, is most likely due to decrease
in porosity of the annealed specimen.
The results of corrosion potential monitoring explained that
annealing treatment helped to stabilize the passive layer. This
was also interpreted in previous literature [1,4,11,25].

The potentiodynamic curves were recorded starting from the
corrosion potential after its stabilization. The potentiodynamic
polarisation curves for the PM steels are shown in Fig. 9. Analysis
of these curves revealed active-passive behaviour for bulk specimen. After the passive range, a rapid increases of current density
occurred and passive layer destruction proceeds and following
transition into pitting corrosion region is seen for bulk specimen.
Before this transition, some ephemeral pits formed but were rapidly re-passivated. We regarded pitting as the main corrosion
mechanism for bulk specimen. In contrast, for PM materials, icorr
increased smoothly with increasing potential and the usual active-passive transition did not appear. This kind of behaviour was
attributed to crevice corrosion in references in the literature. So
the main mechanism for the corrosion of PM materials was considered to be crevice corrosion. For all specimens, the potential was
reversed as a sign of localized corrosion occurring, and we did
not enter the transpassive region.
Generally, annealed specimens exhibited a more extended passive behaviour in comparison with sintered specimens. Extracted
results of potentiodynamic curves by Tafel extrapolation are
reported in Table 1. The main results derived from the performed
potentiodynamic tests are repeatedly higher corrosion resistance
of prepassivated specimens compared to as-received ones.
Distinctly, the superior sample made up a balance between low
current density, low potential and high passive range. Potentiody-

Fig. 10. Potentiostatic curves of (a) sintered and (b) annealed specimens in 150 mV/
SCE constant potential offset to the rest potential in 3.5% sodium chloride solution.

Fig. 11. Potentiostatic curves of (a) sintered and (b) annealed specimens in 300 mV/
SCE constant potential offset to the rest potential in 3.5% sodium chloride solution.
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namic tests consisted of two opposite forces, ﬁrst an increase in potential due to applied polarisation potential, and second an increase in thickness of the passive layer due to the time passing
by. Keeping in mind the porous features of PM materials and susceptibility to localized corrosion, we concluded to use potentiostatic tests for studying passive behaviour of our specimens entirely.
3.4. Potentiostatic tests
In this test, we applied a constant potential (offset to the rest
potential) and measured current density during time; the current
density gradually decreased if we had passive behaviour; otherwise the current density rapidly increased and crevice corrosion
happened severely.
Figs. 10 and 11 show the result from potentiostatic tests for all
specimens at two constant potentials 150 and 300 mV/SCE, respectively. For specimens compacted at 500 MPa and sintered, samples
were in the passive region at a potential of 150 mV/SCE. In addition, some ephemeral crevice was observed in as-received specimen but it became passive as soon as possible. When studying
similar annealed specimens, no passivation was detected for as-received specimens. The same trend was monitored when specimens
were compacted at 700 MPa and sintered, however, only the similarly compacted but annealed specimens became passive. When
coming in detailed consideration, the entire specimen prepassivated in nitric acid revealed a passive behaviour in this potential
(150 mV/SCE). It should be noticed that the higher current density

Fig. 12. Potentiostatic curves for (a) superior and (b) bulk specimens in different
potential in 3.5% sodium chloride solution.

observed for PM specimens in comparison with bulk specimens resulted from the larger exposed area of pores.
At a potential of 300 mV/SCE, no specimens in any conditions
showed passive behaviour except for the superior sample, and crevice corrosion occurred extremely. Fig. 12 shows the potentiostatic
tests for superior and bulk specimens at different potentials in order to measure the range of passivation. Superior specimen unveiled a much more extended passivity in comparison with the
bulk specimen; therefore the superior specimen exhibited signiﬁcantly the most extended passivity and highest corrosion resistance even better than the bulk specimen.
3.5. ZRA tests
Fig. 13 shows the ZRA curves for the PM stainless steels. In
sintered samples, crevice corrosion clearly and severely happened
after 6 h exposure to ferric chloride solution. This trend was observed for annealed specimens except for the superior sample
that instead exhibited perfect resistance to crevice corrosion. In
order to better understand this resistance to corrosion yielded
in the superior sample, we designed a new test. For comparison
purposes, an superior sample, similar as-received and bulk samples with the same passivation treatment were chosen for this
test. ZRA tests were carried out during 15 min and were then

Fig. 13. ZRA curves for the PM (a) sintered and (b) annealed stainless steels in 6%
ferric chloride solution.
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Fig. 14. ZRA curves for three stainless steels (a) at beginning of test, (b) after 12 h, (c) after 24 h, (d) after 36 h, (e) after 48 h, (f) after 60 h and (g) after 72 h in 6% ferric
chloride solution.

stopped for 12 h (samples did still undergo corrosion since they
were left in solution during this period) and this test cycle was
repeated for up to 72 h. The results were recorded and are shown
in Fig. 14. At the beginning of the test all samples revealed passive behaviour and corrosion did not happen at all in any specimens. It should be noticed that the higher current density of
PM materials relates to larger exposed areas. After 12 h, the as-received sample corroded extensively but the other two samples

were immune and no corrosion was observed. No other event
happened during tests for up to 72 h except some oscillations that
revealed active-passive behaviour of samples. After 72 h it could
be observed that the bulk specimen corroded severely but there
was no evidence for corrosion of superior specimen, only the current density increased from 3 lA/cm2 up to 6 lA/cm2. So the
superior specimens had better resistance to corrosion even in
comparison with the similar bulk specimens.
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Fig. 15. Schematic cross-section of corrosion mechanism proposed before by Otero et al. [4] for stages of crevice corrosion progress in PM stainless steels.

3.6. Correlations between initiation of crevice corrosion and
microstructure
It was shown before that crevice corrosion was the main mechanism for corrosion of PM materials. Fig. 15 shows a schematic
cross-section of the corrosion mechanism of four stages of crevice
corrosion progress in PM stainless steels as proposed previously by
Otero et al. [4]. They reported that initiation of crevice corrosion
was produced through the release of metallic ions, principally
chromium, in the interior part of the pore and this led to conditions
of acidiﬁcation as a result of the hydrolysis reaction:

Cr3þ þ 3H2 O $ CrðOHÞ3 þ 3Hþ
When the concentration of protons is sufﬁciently high to place
the material within the corrosion zone of Pourbaix diagram, the
passive layer is dissolved and the attack commences down towards
the interior of the pore. This process is illustrated in Fig. 15a and b.
At a later stage, the attack progresses by means of the diffusion

between the original dust particles through a mechanism of crevice
corrosion as shown in Fig. 15c. The ﬁnal result is the general disintegration of the material mainly due to the selective attack through
the crevices of the regions where solid phase soldering had taken
place between the particles during smelting (Fig. 15d) [4].
In our work, we developed this mechanism in top view with
microstructural evidence and use of potentiostatic tests. At ﬁrst
we polished specimens to ﬁnal surfaces then we applied a constant
potential above the passive region. At a later stage when the passive layer had been broken down, we stopped the test and evaluated the microstructure by optical microscope. Fig. 16 shows the
schematic top view of the corrosion mechanism proposed by our
observations on the stages of crevice corrosion progress in PM
austenitic stainless steels. At the ﬁrst stage, the specimens were
exposed to corrosive solution and no signiﬁcant corrosion had
yet occurred (Fig. 16a). In the second stage, passive dissolution initiated and corrosion happened slightly (Fig. 16b). At a later stage,
extensive corrosion took place around pores of interconnected particles (Fig. 16c). Finally, the powder particles, undercut by solution
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Fig. 16. Schematic top view corrosion mechanism proposed for stages of crevice corrosion progress in PM austenitic stainless steels in chloride containing media.
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Fig. 17. Microstructure of crevice corrosion initiation phenomena observed in 3.5% sodium chloride solution for PM 316L stainless steels.

pressure and crevice corrosion, spread among neighbour particles
(Fig. 16b). Fig. 17 shows the microstructure phenomena observed
in our specimens. The optical microscope image conﬁrmed our
mentioned mechanism completely.
4. Conclusions
1. Applying prepassivation treatment in 20% nitric acid on powder
particles of austenitic PM stainless steels reduces the powder
diameter due to elimination of the sharp corners of powder
particles and improved compressibility and roundness (SEM
observation).
2. Corrosion resistance of prepassivated specimens in 20% nitric
acid solution improved drastically as a result of increase in passive layer thickness and modiﬁcation on porosity.

3. Annealed specimens exhibited signiﬁcantly lower fractions of
pores and better corrosion resistance to crevice corrosion in
comparison with sintered specimens.
4. Superior specimen showed the most extreme corrosion resistance in both short and long term corrosion tests, even better
than bulk 316L stainless steel specimen.
5. Mechanism of prepared PM specimens based on propagation of
crevice corrosion due to the formation and coalescence of pores
around powder particles is proposed.
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