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The effect of prepassivation of prealloyed powder of 316L stainless steels on pore morphology

and powder particle shape was investigated. Image analysis technique was used to study the

effect of prepassivation, compaction and sintering temperature on the pore morphology of

powder metallurgy 316L stainless steels. Porosity, dimension and morphology of the pores were

characterised by means of four basic parameters: fraction of surface porosity, equivalent circle

diameter, shape factor and elongation factor. In addition, SEM macrographs of powder particles

were also investigated by applying the image analysis technique. The Feret’s average diameter

and elongation factor were employed to describe the size and roundness of powder particles

respectively. Annealing treatment reduced the equivalent circle diameter of pores and

simultaneously improved fshape and felong towards higher values. It was proposed that the

prepassivation treatment reduced irregularity of powder particles through elimination of sharp

corners of powder particles by exposure to acid environment.
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Introduction
Powder metallurgy (PM) offers great advantages when
manufacturing large series of small components with high
tolerance and productivity. However, the use of PM
stainless steels is often limited because of corrosion and
mechanical properties lower than those of wrought
materials. Differences of one or two orders of magnitude
have been found between the corrosion rates icorr of PM
and wrought steels of similar composition (mainly depend-
ing on the processing parameters of PM stainless steels).1–5

Concerning stainless steels, the AISI 316L stainless
steel powder is used to replace PM ferrous alloys due to
its superior mechanical properties and corrosion resis-
tance.6 High strength sintered 316L stainless steel can be
obtained by modification sintering process.7 Strength
increased as part density and sintering temperature
increased. Additionally, to obtain a good combination
of mechanical properties and corrosion resistance, steel
compaction and sintering conditions must be optimised.8

Most of the properties of sintered components are
strongly related to porosity, pores dimension and
morphology.9 The effect of porosity on mechanical
properties depends on the following factors:

(i) the quantity of pores (i.e. the fractional
porosity)

(ii) their interconnection

(iii) size
(iv) morphology
(v) distribution.10

In quantitative description of planar shape, two-dimen-
sional shape parameters are used to compare the
features of pores in PM products obtained with different
materials and production techniques. To evaluate the
pore characteristics, the image analysis techniques may
be applied to the usual metallographic characterisation.
Pores are clearly visible on an unetched metallographic
section, and their morphology may be quantified by
means of some shape factors.11–13

In this study, image analysis technique was used to
study the effects of the process variables and prepassiva-
tion treatment on the pore morphology of PM 316L
stainless steel. Both compaction and sintering were
considered as process variables. In addition, SEM
observation was applied to evaluate the powder particle
characterisation. The effect of prepassivation treatment
on the corrosion behaviour of samples was investigated
separately, and the results were submitted for publica-
tion elsewhere.14

Experimental
A Höganäs prealloyed water atomised powder was used
in this study: AISI 316LHD (0?025C–0?9Si–12?3Ni–
16?7Cr–0?06N–0?1Mn–2?2Mo–0?005S–0?30O) with an
apparent density of 2?67 g cm23 (particle size, ,75 mm).
Prepassivation methods according to ASTM A967-01 were
applied on powder particles using 20% nitric acid at 54uC
and subsequently dried in an oven at 110uC after rinsing
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with deionised water. Thereafter, the treated and as
received powders were compacted as cylindrical specimens
(10 mm in diameter and 13 mm in height) at 500 and
700 MPa. A matrix of 103?12 mm in diameter, 76?18 mm
in height and 6 g of powder were used to make each
specimen.

Compaction was carried out with floating die, without
the use of a die lubricant. Green compacts were sintered
in a vacuum furnace, reaching a vacuum of 1023 mbar
at 1200uC for 90 min and then cooled to 800uC under
the vacuum atmosphere, and finally, the specimens were
rapidly quenched in pure nitrogen atmosphere. Samples
in these conditions were referred to as ‘sintered speci-
mens’. Half of the specimens were then annealed by
heating at 1100uC for 300 min under a vacuum atmo-
sphere before being water quenched. These were referred

to as the ‘annealed specimens’. After sintering, the
density of the specimens was evaluated by water
displacement method, based on Archimedes’ principle
(ASTM B328-03). Porosity features were also analysed
by image analysis methods applied to optical micro-
scopy images obtained from polished cross-sections of
the samples. Ten images of different sections of the
testpieces covering all the surfaces, obtained at a
magnification of 6100, were studied to obtain the
values corresponding to each material.

The fraction of porosity was measured using conven-
tional image analysis techniques and the CLEMEX
software. The following parameter was measured
individually for each pore to describe the stereological
parameters of the pore structure and morphological
characteristics.

a as received, sintered; b prepassivated, sintered; c as received, annealed; d prepassivated, annealed; e as received, sin-
tered; f prepassivated, sintered; g as received, annealed; h prepassivated, annealed

1 Micrographs of unetched 316L specimens in under a–d 500 MPa and e–h 700 MPa
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Dcircle is 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.

Pore shape factor fs is the determined profile
irregularity of a pore, while pore elongation factor fe

represented the pore elongation

fshape~4pA=P2 (1)

where A and P are the area and perimeter of a pore

felong~Dmin=Dmax (2)

where Dmin and Dmax are the minimum and the
maximum Feret diameters of a pore respectively.

Frequency distribution was used to estimate pore size
and morphology. For each parameter, the median value
(the value at a cumulative frequency of 50%) was
considered as the mean value.

For more precise microstructure examination, the
prepassivated and as received powders were submitted
to SEM observation, employing a SEM Leo model 1450.
Feret average diameter and elongation factor were
measured from several SEM images using image analysis
technique. Frequency distribution and correlated med-
ian value were also used to evaluate the powder particles
size and roundness.

Results and discussion
Figure 1 shows the unetched microstructure of materials
as an example. Optical micrographs revealed different
microstructures 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 the other specimens. It
could be seen that annealed specimens revealed more
rounded pores without sharp corners on powder
particles in comparison to sintered ones. Accordingly,
annealed treatment reduced the irregularity of pores by
providing sufficient time for atom migration and
minimising surface ratio.

The area in the vicinity of pores with higher
curvatures through irregularity in pore shape presented
a higher vacancy concentration in equilibrium than the
rounded pores with lower curvatures. The distance
between different curvatures of irregularities in the same
pore was smaller than the curvatures of pore geometry.
Therefore, the evolution of pores to a spherical form was
essentially accomplished by vacancies diffusion.

The porosity amount of the alloys is shown in
Table 1. The porosity measured by Archimedes’ method
yielded values ranging from y16% for 6?73 g cm23 to
6% for 7?49 g cm23. These values were similar to the

porosity values computed from the image analysis of
alloys. To some extent, the lower fraction of surface
porosity observed in all specimens in comparison to the
similar total porosity was affiliated to the fact that the
surface of some pores was closed off. Prepassivation
reduced total and surface porosities, especially in the
annealed specimens. It was proposed that prepassivation
treatment reduced irregularity in powder particles
through elimination of sharp corners of powder particles
by exposure to acid environment. This phenomenon
improved compressibility of prepassivated powder par-
ticles and reduced the diffusion paths.

Exposing the specimens to high temperatures for
300 min during annealed treatment encouraged the
diffusion mechanism to minimise the pores, leading to
reduction in the porosity fraction and increase in
sintered density. As expected, total porosity and fraction
of surface porosity decreased when compaction pressure

Table 1 Results of sintered density, pore number, total porosity and surface porosity of studied samples

Surface porosity, % Total porosity, % Pore number Sintered density, g cm23 Sample

14.8 15.87 628 6.73 As received, 500 MPa, sintered
16.5 15.62 531 6.75 Prepassivated, 500 MPa, sintered
11.6 13.12 681 6.99 As received, 700 MPa, sintered
12.2 14.25 624 6.86 Prepassivated, 700 MPa, sintered
10.2 12.62 649 6.95 As received, 500 MPa, annealed
10.5 15.5 599 6.76 Prepassivated, 500 MPa, annealed
7.4 10.37 352 7.17 As received, 700 MPa, annealed
6.1 6.37 382 7.49 Prepassivated, 700 MPa, annealed

2 a circle diameter and cumulative histogram of prepassi-

vated specimen, compacted at 500 MPa and finally sin-

tered as example and b median value of cumulative

histogram for all specimens
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increased. These results are reported in detail elsewhere.8

In terms of pore count, it seemed that specimens
with higher pore counts accompanying the lower area
showed better properties. The highest sintered density
(7?49 g cm23) was observed in the specimen with
700 MPa compact pressure, prepassivated in 20% nitric
acid and finally annealed and was named the superior
specimen.

Distribution of equivalent circle diameter of pores and
the median value of cumulative histogram, shown in
Fig. 2, as an example, revealed that annealed specimens
had lower values than sintered ones. In addition, an
increase in compaction pressure and prepassivation
treatment, especially for those specimens compacted at
high pressure, resulted in an evident reduction of pore
diameter.

It could be observed that most pore diameters varied
between 5 and 9 mm in the whole specimens ranging
from 2 to 50 mm. The lowest pore diameter (with
cumulative median values of 5?13 mm) was also observed
in the superior specimen that was introduced before. It
has been already approved that the addition of gas
atomised powders to water atomised powders reduces
pore diameter and pore size distribution.15 A similar
effect might have happened here due to prepassivation
treatment in concentrated acid environment.

The corresponding cumulative frequency histograms
and frequency distribution curves of elongation and

3 Cumulative frequency histograms of a elongation factor

and b shape factor

4 Frequency distribution curves versus a elongation factor of sintered, b elongation factor of annealed, c shape factor

of sintered and d shaped factor of annealed specimens

Shahabi Kargar et al. Improving pore morphology of 316L stainless steels

Powder Metallurgy 2011 VOL 54 NO 5 569



shape factors are presented in Figs. 3 and 4 respectively.
Generally, annealed specimen curves shifted towards
higher values in comparison to sintered ones. In speci-
mens compacted with 500 MPa, no significant changes
were observed in shape and elongation factors between
prepassivated and as received samples. In contrast,
prepassivated specimens compacted at 700 MPa ex-
hibited higher values of elongation and shape factors
and were shifted towards higher values in comparison to
as received ones. For the specimens applied with image
analysis technique, as expected, elongation and shape
factors increased when compaction pressure increased.
Again, the highest roundness with 14% increase in fshape

and 9% increase in felong was observed in the superior
specimen that was mentioned before. These results
denoted an increase in the roundness of the prepassivated
specimen’s pores.

Images (SEM) of prepassivated and as received
powder particles are shown in Fig. 5. The better
circularity and lower Feret average diameter in pre-
passivated powder particles in comparison to the as
received ones were quite evident. This confirmed the
authors’ previous observations and conclusions.

For a more accurate evaluation, further statistical
assessment of powders was used. Figure 6 demonstrates
the histograms of Feret average diameter versus
distribution frequency for powder particles. It can be
clearly noticed that the average Feret diameter decreased
for prepassivated powder particles in comparison to as
received ones by treating in nitric acid. A 21 mm
reduction in the median value was also observed for
Feret average diameter of prepassivated powder parti-
cles in comparison with the as received ones. In a more

detailed examination, the histogram of prepassivated
powder particles revealed better uniformity than as
received ones.

Frequency distribution of the elongation factor for
prepassivated and as received powder particles are
illustrated in Fig. 7. For prepassivated powder particles,
the curve shifted towards higher value in compare with
as received one. This indicates an increase in the

5 Images (SEM) of a prepassivated and b as received

powder particles

6 Histogram of Feret average diameters versus frequency

for a prepassivated and b as received powder particles

7 Frequency distribution curves of elongation factor for

powder particles
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roundness of prepassivated powder particles by elimina-
tion of sharp corners of powder particles during
exposure to acid environment. A 3?2% increase in
cumulative median value of elongation factor was
observed for prepassivated powder particles. With
accurate observation, it could be understood that the
curve of prepassivated powder particles revealed better
homogeneity than that of the as received one.

Conclusions

1. Increasing sintered density and compaction pressure
accompanying with prepassivation treatment resulted in
lower pore fraction and more spherical pore shape.

2. Reduction in equivalent circle diameter and
increasing elongation and shape factors was observed
in prepassivated specimens, particularly at higher
compaction pressure, in comparison with as received
ones.

3. The lowest pore diameter with 40% reduction in
equivalent circle diameter and the highest roundness
with 14% increase in fshape and 9% increase in felong were
observed in specimen with 700 MPa compact pressures,
prepassivated in 20% nitric acid and finally annealed.

4. Statistical evaluation of the size and roundness of
the prepassivated powder particles revealed that pre-
passivation had caused a 21 mm reduction in powder size
and a 3?2% improvement in its roundness.

5. It was proposed that prepassivation treatment
reduced irregularity and improved compressibility of
powder particles through elimination of sharp corners of
powder particles by exposure to acid environment.
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