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1. INTRODUCTION

Powder metallurgy (P/M) offers clear advantages in
the manufacture of large quantities of pieces of
complicated shapes and small size. Stainless steel
powders are widely used for manufacturing P/M
components when corrosion resistance and aesthe-
tic appearance are required to be above those of

low-alloyed steels. Applications of P/M stainless
steels span a variety of industries including aeros-
pace, automotive, chemical processing, medical
and leisure. 

P/M stainless steels are known to be less corro-
sion resistant that their wrought counterparts[1]. The
corrosion behavior of P/M stainless steels is simulta-
neously affected by several parameters:
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— Interconnected porosity greatly increases the
active surface exposed to corrosion[2-6]. The
porosity of the sintered metals depends on
the manufacturing parameters (compaction
pressure, sintering temperature and sintering
time). It has been suggested that pieces made
from P/M stainless steels with an average
porosity may have a real surface about two
orders of magnitude higher than the apparent
surface[7 and 8].

— The morphology of the pores favors the for-
mation of galvanic cells. Different aeration
and/or lower pH can easily appear at the bot-
tom of the pores, promoting the onset and
development of pits[6, 8 and 9].

— The nitrogen-base atmosphere, commonly
used for sintering low-alloyed P/M steels,
favors the formation of Cr-rich precipitates,
identified as Cr2N

[3]. These precipitates impro-
ve the mechanical properties of the materials,
but reduce their corrosion resistance because
of the implied decrease in the chromium con-
tent of the base metal[2 and 3]. When high-corro-
sion resistance is required, P/M stainless steels
are sintered in other atmospheres such as
vacuum or pure H2.

Most of the literature dealing with the corrosion
behavior of sintered stainless steel is based on results
from simple immersion tests in very aggressive solu-
tions (with high concentrations of chloride or hydro-
gen ions)[4, 6, 10 and 11] and salt-spray cabinet testing[11-

14]. There also exists authors that have evaluated the
corrosion resistance of these materials by electroche-
mical d.c. techniques[1-3, 5, 8, 9, 15 and 16]. Given the high
degree of contamination of the media used in pre-
vious studies, the results of the tests are often not
discriminating enough to distinguish clearly the
influence of the composition of the alloy or the sinte-
ring conditions on the corrosion behavior. Moreover,
there is also the risk that the corrosion mechanism in
an artificial environment may be different from that
in a natural environment. The results of solution tests
may also modify the response of the material becau-
se of factors such as the surface tension of the solu-
tion in the pores. However, up to now, there exits a

lack of available information on the degradation rate
or mechanism of these materials in any kind of natu-
ral environment, while other materials have been
widely studied[17 and 18]. The aim of this work is to
check the information on the influence of the com-
position of the materials and of the sintering condi-
tions on their corrosion resistance, using data from
electrochemical tests, with their behavior in two very
different natural atmospheres.

2. EXPERIMENTAL 

Specimens of P/M austenitic stainless steels were
manufactured from two commercial water-atomized
powders (AISI 304L and AISI 316L types) whose
compositions are shown in Table I. Both stainless
steels powders were uniaxially compacted at 700
MPa, using zinc stearate as the die wall lubricant.
The green compacts were sintered in two different
atmospheres (vacuum and 95 % N2 – 5 % H2) at two
different temperatures (1,120 and 1,250 ºC). Heating
and cooling rates were 5 ºC/min. Samples of 8 mate-
rials with different characteristics were obtained. All
the samples, of 8.3 - 8.4 g, weight, had a surface of
about 10 x 55 mm and a thickness of 2.2 – 2.4 mm. 

Before subjecting the materials to atmospheric
exposure, their relative density was measured by the
water displacement method (ISO 2738). Their elec-
trochemical behavior was characterized by polariza-
tion curves and the double loop electrochemical
potentiokinetic reactivation test (DL-EPR). The pola-
rization curves were carried out in 3.5 % NaCl, swe-
eping the potential at 0.17 mV/s, as used in wrought
alloys[19]. The DL-EPR test[16] was carried out in 0.50
M H2SO4 + 0.01 M KSCN, using a scan rate of 1.67
mV/s. In all the electrochemical measurements, a
saturated calomel electrode was used as reference
electrode and two graphite bars as counter-electro-
des. The real (non-polished) surfaces of the steels
were used as working electrodes to determine the
influence of the characteristic morphology of the
surface pores on the corrosion behavior.

The specimens used in this work were signifi-
cantly smaller than the panels used in most of the
atmospheric exposure programs, but the characteris-

Table I. Composition of the used powders 

Tabla I.: Composición de los polvos usados

% C % Cr % Ni % Mo % Si % Mn % Cu %Fe

AISI 316L 0.02 16.1 13.55 2.24 0.87 —— 0.02 bal.
AISI 304L 0.02 18.1 11.00 0.01 0.8 0.1 0.02 bal.
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tics of the processing method of the P/M materials
do not allow the manufacture of samples of great
surface. The small dimensions of the specimens
made it necessary to design a special system of fixa-
tion to the racks, as shown in figure 1. The use of
methacrylate holders with shallow tracks into which
the specimens were fixed, allowed a minimum loss
of the surface available for study. The specimens
were placed in the holders, their upper and lower
edges protected with a suitable organic coating to
avoid possible corrosion problems due to the crevi-
ce between the holders and the specimens. 

The holders were fixed in racks in two different
natural environments: an urban environment (Ma-
drid, Spain), and a marine one (Portugalete, Vizcaya,
Spain), whose main characteristics are shown in

Table II. The exposure angle was 45º to the horizon-
tal. The intensity of the corrosion was evaluated
visually on the upper-facing surface (that always
coincided with the punch surface during compac-
tion). The morphology of the attack in cross sections
was studied by scanning electron microscopy (SEM)
and the composition of the oxide by semiquantitati-
ve electron dispersive X-Ray spectroscopy (EDS).

3. RESULTS 

Figure 2 shows the sintering densities (relative to the
densities of wrought stainless steels of the same com-

Figure 1. Specimen holder designed for the atmospheric exposure test of P/M materials and appearance of the materials after
2 weeks of exposure to marine environment.

Figura 1. Portamuestras diseñado para el ensayo de exposición atmosférica de los materiales P/M y aspecto de los materiales
después de 2 semanas de exposición al ambiente marino.

Figure 2. Relative density of the sintered stainless steels.

Figura 2. Densidad relativa de los aceros inoxidables sinteri-
zados.
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Table II. Characteristics of the natural environments

Tabla II. Características de los ambientes naturales

Madrid Portugalete

Time of Wetness (annual 
fraction) 0.155 0.494
Chloride deposition rate 
(mg·m-2·d-1) 0.9 39
Sulphate deposition rate 
(mg·m-2·d-1) 36.6 91
Corrosivity Category (
according to ISO 9223) C2 C4
Corrosion rate of the steel 
(µm·y-1) 18.5 63.1
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position) of the studied P/M stainless steels. No diffe-
rences were found between AISI 316L and AISI 304L
sintered in the same conditions. The nature of the stu-
died sintering atmospheres not seems to have a signifi-
cant influence on the density. With a given compac-
tion pressure, the density increased when the sintering
temperature was higher. These data show that stainless
steels sintered at 1,250 ºC had porosities of 15.4 –15.7
%, and those sintered at 1,120 ºC of about 16.3 %.

Some typical results obtained from the electro-
chemical characterization of the influence of the sin-
tering parameters on the corrosion behavior of the
stainless steels are shown in Figs. 3 and 4. DL-EPR
tests revealed that the degree of susceptibility to
intergranular corrosion of materials sintered in N2-
base atmosphere was very high, with identical
results in 304L and 316L stainless steels sintered in
95 % N2. The intensity of the reactivation peak (ir)

Figure 3. DL-EPR test results of 316L stainless steel sintered in different conditions.

Figura 3. Resultados del ensayo de DL-EPR del acero inoxidable 316L sinterizado en diferentes condiciones.
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Figure 4. Polarisation curves in chloride media of 304L stainless steel sintered in different conditions.

Figura 4. Curvas de polarización en cloruros del acero inoxidable 304L sinterizado en diferentes condiciones.
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was slightly closer to that of the activation peak (ia)
in steels sintered at 1,120 ºC (ir/ia=0.95) than in the
stainless steels sintered in 95 % N2 at higher tempe-
rature (ir/ia=0.75) (Fig. 3). On the other hand, 316L
stainless steels sintered in vacuum at 1,120 ºC exhi-
bited ir/ia = 6.6·10-3 while the ir/ia of 316L sintered at
1,250 ºC in vacuum was 3.3·10-2. The DL-EPR curves
of 304L vacuum sintered stainless steels were very
similar to those of 316L, but the ir/ia values were
somewhat higher.

The polarization curves of N2-sintered stainless
steels were always very similar, independently of the
sintering temperature and the composition of the
base material (Fig. 4). Polarization curves of vacuum
sintered stainless steels revealed more noble corro-
sion potentials and lower corrosion rates than those
of steels sintered in N2 base atmosphere. Polarization
tests of vacuum-sintered steels gave some dispersion
of results when the study was carried out on the real
surface of the steels. However, a significant improve-
ment of the corrosion behavior was detected when
the sintering temperature in vacuum was raised from
1,120 to 1,250 ºC. The length of the pseudo-passive
zone of the curve is a few milivolts higher in 316L
than in 304L sintered at the same temperature.

The intensity of the attack on the different mate-
rials after different times of exposure in natural
environments was evaluated visually. Results of
exposure in the marine environment are shown in
figure 5 and those of exposure in urban environ-
ment in figure 6. As expected, the marine environ-
ment proved to be more aggressive than the urban
environment for all the materials, and very impor-
tant differences in the corrosion resistance of the

stainless steels were found depending on their sin-
tering atmosphere.

Corrosion appeared very fast in the 304L and 316L
stainless steels sintered in vacuum at 1,120 ºC in the
marine site, and pits were large enough to be visually
detected after 15 d (Fig. 5a). Inspections during the
first weeks of exposure proved that the sintering tem-
perature in vacuum seemed to be more determinant
than the presence of Mo in 316L in delaying the onset
of the attack. However, after 1 year of exposure, pit-
ting corrosion in vacuum sintered specimens was
conditioned much more by the type of base metal
than by the sintering temperature: the 316L speci-
mens proved to be much more resistant to long-term
corrosion than the 304L specimens in the marine
environment. On the other hand, 316L had not been
more corrosion resistant than 304L in urban environ-
ment, though the beneficial effect of increasing the
sintering temperature was also detected (Fig. 6a).

The development of the attack was always very
fast on N2-sintered materials. Corrosion products ten-
ded to appear in the bottom of the numerous pores
on the surface of the materials, and the attack spread
easily over all the surface in aggressive environments
(Fig. 1). When sintering was done at 1,120 ºC, corro-
sion products covered all the surface after only 15 d
of exposure in marine environment (Fig. 5b). In
urban environments the rate of the attack was slower,
but after 1 year of exposure the specimens were seve-
rely corroded (Fig. 6b). During the second year of
exposure, the rate of the attack seemed to slow down
because of the presence of the corrosion products in
nitrogen sintered specimens as well as in vacuum sin-
tered specimens (Figs. 5 and 6).

Figure 5. Percentage of corroded surface of the sintered specimens after 15 d, 1 and 2 years of exposure to marine environ-
ment. (a) Vacuum sintered stainless steels. (b) 95 %-N2 sintered stainless steels.

Figura 5. Porcentaje de superficie corroída de las muestras sinterizadas después de 15 d, 1 y 2 años de exposición al ambiente
marino. (a) Aceros inoxidables sinterizados en vacío. (b) Aceros inoxidables sinterizados en 95 %-N2.
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Figures 7 and 8 show to what extent the amount
and the morphology of the attack were dependent
on the sintering temperature and sintering atmos-
phere. After 2 years of exposure in marine environ-
ments, vacuum sintered stainless steels suffer pitting
corrosion, while on those sintered in N2-base atmos-
phere the corrosion tends to be generalized, espe-
cially in those materials sintered at low temperatures
(Fig. 7). After exposure to Madrid atmosphere, 304L
specimens sintered in vacuum at 1,250 ºC showed
no sign of corrosion, while some small pits appea-
red in 304L sintered in vacuum at 1,120 ºC. In N2 sin-
tered specimens, corrosion was generalized, with
indications of points where the attack was more
intense. These points of intense attack coincided
with the largest pores on the surface of the material.

SEM observations of the cross-sections of the
specimens after exposure complemented the visual
observation of the attack on the surface and offered
important information about its development inside
the inner pores. In vacuum sintered steels, after 1
year of exposure in marine or urban environment,
no signs of attack were detected in any of the sec-
tions. In specimens exposed for 2 years to the urban
atmosphere, most of the sections exhibited only the
porosity characteristic of these materials. Very rarely,
the presence of small quantities of oxide was obser-
ved at the bottom of a pore (Fig. 9). EDS semiquan-
titative analysis revealed that this oxide comprises
only Fe and O. The presence of oxides in the pores
was more usual in specimens exposed for two years
to marine environment and some oxides were easily

Figure 6. Percentage of corroded surface of the sintered specimens after 1 and 2 years of exposure to urban environment. (a)
Vacuum sintered stainless steels. (b) 95 %-N2 sintered stainless steels.

Figura 6. Porcentaje de superficie corroída de las muestras sinterizadas después de 1 y 2 años de exposición al ambiente urba-
no. (a) Aceros inoxidables sinterizados en vacío. (b) Aceros inoxidables sinterizados en 95 %-N2.
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Figure 7. Visual appearance of sintered 304L stainless ste-
els after 2 years of exposure to marine environment: (a)
Specimens sintered in a N2-base atmosphere; (b) Specimens
sintered in vacuum.

Figura 7. Aspecto visual de aceros inoxidables 304L sinteri-
zados después de 2 años de exposición al ambiente mari-
no: (a) Muestras sinterizadas en atmósfera base N2; (b)
Muestras sinterizadas en vacío.
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seen in 304L sintered at 1,120 ºC (Fig. 9b). The oxi-
des appeared always in the large pores located on
or near the surface of the material. 

On stainless steels sintered in N2 base atmosphe-
re at 1,120 ºC and exposed for 1 year to urban envi-
ronment, a layer of oxide already covered the surfa-
ce. An important amount of oxide was observed in

the inner pores of the materials. Though the attack
was more intense near the surface, corrosion pro-
ducts were detected inside the stainless steels up to
distances as deep as 1 mm. The micrography in figu-
re 10a shows the importance of the internal oxida-
tion in stainless steels sintered in 95 % N2 at 1,120 ºC
and the formation of oxides in the inner pores.
Moreover, severe intergranular corrosion was obser-
ved all over the material. In figure 10b, with higher
magnification, the Cr2N responsible for the intergra-
nular attack, is clearly visible as light grey precipita-
tes mainly located on the grain boundaries of the
material. The great thickness of the external oxide
formed on these materials after exposure in both
environments allow to observe the multiple-layer
structure of the oxide (Fig. 10b). Oxide sub-layers in
lighter color comprised Fe and O, while darker oxi-
de sub-layers comprised Fe, Cr and O. 

In stainless steels sintered in N2 base atmosphere
at 1,250 ºC, the intensity of the oxidation was much
lower then that in stainless steels sintered in N2 at
lower temperature and exposed to the same envi-
ronments (Fig. 11). The external layer of oxide was
difficult to observe in most sections of the materials
exposed to urban environments, and internal oxides
appeared only in some pores located mainly near
the surface or large pores at certain distance of the
surface. The presence of oxides in the inner pores is
shown with circles in figure 11a. In specimens expo-
sed to marine environment, the external oxide layers
were easily observed and they had a structure of
multiple layers formed by Fe oxide and a mixed Fe-
Cr oxide (Fig. 11b). 

It can also be seen in figure 11b, that has higher
magnification, shows that the precipitation of chro-

Figure 8. Visual appearance of the four different types of
sintered 304L stainless steels after 2 years of exposure to
urban environment.

Figura 8. Aspecto visual de cuatro tipos diferentes de ace-
ros inoxidables 304L sinterizados después de 2 años de

Figure 9. Cross-sectional SEM images of vacuum sintered stainless steels. (a) 304L type sintered at 1,250 ºC and exposed for 2
years to urban environment. (b) 304L type sintered at 1,120 ºC and exposed for 2 years to marine environment.

Figura 9. Imágenes de MEB de la sección transversal de los aceros inoxidables sinterizados en vacío. (a) 304L sinterizado a
1.250 ºC y expuesto durante 2 años a un ambiente urbano. (b) 304L sinterizado a 1.120 ºC y expuesto durante 2 años a un
ambiente marino.
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mium nitrides during sintering at 1,250 ºC occurred
in the form of perlitic colonies, instead of at the
grain boundaries. The morphology of the distribu-
tion of precipitates is homogeneous in all the thick-
ness of the studied stainless steels. Specimens sinte-
red in 95 % N2 at 1,250 ºC proved to be susceptible
(depending on the aggressiveness of the environ-
ment) to develop an attack induced by the presence
of Cr2N that is not intergranular but “intragranular”.
Intragranular attack did not appear in any of the
304L and 316L stainless steels sintered at 1,250 ºC
and exposed to urban environment. In specimens
exposed to marine environment, after 1 year of
exposure, the onset of an intragranular attack was

detected in some isolated regions very close to the
surface of the materials. It should be stressed that
the intensity of this kind of attack increases appre-
ciablely during the second year of exposure (Fig.
11b) but it never affects the inner regions of the ste-
el. With the same stainless steel composition and the
same exposure time, 304L specimens proved to be
more susceptible to intragranular corrosion in mari-
ne environments than were the 316L specimens. 

4. DISCUSSION

Of the four factors influencing the corrosion behavior
considered in this study of atmospheric corrosion

Figure 11. Cross-sectional SEM images of stainless steels sintered in N2-based atmospheres at 1,250 ºC. (a) 316L type exposed
for 2 years to urban atmosphere. (b) 304L type exposed for 2 years to marine environment

Figura 11. Imágenes de MEB de la sección transversal de los aceros inoxidables sinterizados en atmósfera base N2 a 1.250 ºC.
(a) 316L expuesto durante 2 años a una atmósfera urbana. (b) 304L expuesto durante 2 años a un ambiente marino.

Figure 10. Cross-sectional SEM images of stainless steels sintered in N2-based atmospheres at 1,120 ºC. (a) 316L type exposed
for 2 years to urban atmosphere. (b) 304L type exposed for 2 years to marine environment.

Figura 10. Imágenes de MEB de la sección transversal de los aceros inoxidables sinterizados en atmósfera base N2 a 1,120 ºC.
(a) 316L expuesto durante 2 años a una atmósfera urbana. (b) 304L expuesto durante 2 años a un ambiente marino.
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(sintering atmosphere, sintering temperature, compo-
sition of the austenitic stainless steels and aggressive-
ness of the natural environment), the sintering atmos-
phere proved to be the most important (Figs. 5 and
6). In specimens sintered in N2 base atmosphere, the
attack starts soon (Fig. 1) and tended to affect the
whole surface of the material (Figs. 7 and 8). The
stainless steel sintered in N2, from the point of view
of corrosion, behaves like a low-alloyed steel. The
higher intensity of the attack in the pores is probably
due to the fact that its morphology favors the conden-
sation and retention of water from the environment
and hence the development of corrosion. On vacuum
sintered stainless steel, an acceptable passive layer is
formed but it tends to be broken at the bottom of cer-
tain pores whose morphology make then more prone
to corrosion (Fig. 9a). The marked decrease in the
corrosion resistance due to the precipitation of Cr2N
when sintering has been carried out in the presence
of N2 agree with the results obtained in DL-EPR (Fig.
3) and polarization (Fig. 4) tests.

The degree of porosity of the stainless steel
depends on their sintering temperature. The results in
figure 2 demonstrate that the eight steels of the study
are porous enough to assume that most of their poro-
sity was interconnected[20]. However, the relatively
small decrease of the porosity due to the increase of
the sintering temperature from 1,120 to 1,250 ºC
(about 1 %) is able to improve slightly the resistance to
pitting corrosion of vacuum sintered specimens (Figs.
5a and 6a). It seems that the more open surface poro-
sity of stainless steels sintered in vacuum at 1,120 ºC
favors the formation of pits (see results after 15 d of
exposure in figure 5a), though the long-term corrosion
rate may be strongly dependent on other factors such
the composition of the base metal. The influence of
the sintering temperature on the corrosion behavior in
natural environments of vacuum sintered specimens
coincides with the information obtained form the pola-
rization curves (Fig. 4), but is contrary to the results of
DL-EPR tests (Fig. 5). To understand this fact, it should
be borne in mind that DL-EPR test are designed to
study the susceptibility to intergranular corrosion, and
vacuum sintered specimens do not suffer this kind of
attack (Fig. 9b). The higher intensity of the reactivation
peak in specimens sintered at 1,250 ºC may be due to
fact that a slight loss of Cr from vaporization can occur
during vacuum sintering and the probability of Cr
vaporization increases with the higher sintering tempe-
rature. The results of atmospheric exposure confirm
that the decrease of porosity at a higher sintering tem-
perate has much more influence on the corrosion
behavior than this probable small Cr loss.

The influence of the sintering temperature is also
very important in stainless steels sintered in N2 base
atmosphere. The amount and distribution of the for-

med Cr2N precipitates varies a lot with the sintering
temperature (Figs. 10b and 11b) and strongly condi-
tion the intensity and morphology of the attack on
the surface and inside the materials. The lesser
corrosion of the stainless steels sintered in nitrogen-
base atmospheres at 1,250 ºC as compared to those
sintered at 1,120 ºC (Figs. 5 and 6) can be only
partly explained by their lower porosity (Fig. 2). It is
known that the solubility of N2 in austenitic matrixes
and the formation of chromium nitrides are maxi-
mum at temperatures around 1,050 ºC, and the per-
centage of N2 absorbed declines as temperature
rises[21]. The lower free-Cr concentration in the base
metal explains the higher attack on the surface in
natural environments of specimens sintered in 95 %
N2 at 1,120 ºC (Figs. 5b and 6b) and their slightly
worse results in the DL-EPR test (Fig. 3). The corro-
sion in the inner regions of the materials is strongly
conditioned by the distribution of the Cr precipita-
tes, which varies with the sintering temperature. The
location of the Cr2N at the grain boundaries in steels
sintered at 1,120 ºC favors an intense intergranular
corrosion (Fig. 10), because oxygen can diffuse
easily through the chain of interconnected pores that
usually coincides with the grain boundaries of the
material. When the Cr2N is precipitated with a perli-
tic structure, corrosion induced by the precipitates
does not develop in moderately aggressive environ-
ments (Fig. 11a) and only appears in highly aggres-
sive environments after moderately long periods of
exposure (Fig. 11b). This was probably due to the
difficulty for oxygen to diffuse to the Cr-poor areas
close to the precipitates when these were located in
the dense part of the material.

The nature of the austenitic powders (304L or
316L types) make no significant difference in urban
environments, but the presence of Mo has proved to
be effective in slowing down the development of
pitting corrosion in vacuum sintered steels during
their exposure to marine environments (Fig. 5). This
coincides with the results of the polarization curves
performed in highly chloride contaminated solution
(Fig. 4). The higher corrosive attack in 304L speci-
mens sintered in N2 base atmosphere, as compared
to the attack in 316L specimens sintered in the same
conditions, has not been foreseen by the polariza-
tion curves in chloride media but fits the prediction
of the DL-EPR tests. 

5. CONCLUSIONS

The work presented in this paper demonstrates,
with results obtained in natural environments, the
adverse influence of porosity on the corrosion resis-
tance of powder metallurgical stainless steels and
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shows images of its morphology in natural environ-
ments. It validates several important conclusions
about the influence of the sintering parameters on
the corrosion behavior of stainless steels:

Vacuum sintered stainless steels have proved to
be much more corrosion resistant than those sinte-
red in nitrogen-base atmosphere, which actively
corrode in any environment.

Materials sintered at 1,250 ºC always behave bet-
ter than those sintered at 1,120 ºC in the same
atmosphere. Minor porosity and, in materials sinte-
red in nitrogen-base atmosphere, also the minor
chromium nitride precipitation, explain this fact. 

The development of corrosion inside stainless ste-
els sintered in N2 base atmosphere is strongly condi-
tioned by the distribution of the Cr2N precipitates. A
perlitic distribution partially hinders the attack.

Vacuum sintered 316L are less prone to pitting
corrosion than vacuum sintered 304L in marine envi-
ronment. However, there is no difference between
the two austenitic stainless steels when chlorides are
not responsible for the onset of the attack.
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