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Abstract
Nowadays, austenitic stainless steels due to its properties are widely used in various applications. In powder metallurgy

technology, one of the key factors, affecting the pressing process, the sintering phenomena and the final properties of

sintered parts, is the shape and particle size of the powders. The article presents the results focused on analysis of the

oxidation process of austenitic stainless steel. Powders of the same chemical composition, however of different shapes,

depending on the manufacturing technique, i.e. spherical after inert gas atomization and sponge after water atomization,

were investigated. Moreover, the influence of particles’ size from different ranges 40–56 and 80–100 lm on the oxidation

behaviour was analysed. Thermal measurements, differential scanning calorimetry and thermogravimetry, were performed

by the STA 409 CD (Netzsch) advanced coupling techniques. Moreover, dilatometry technique has been used for the

analysis of the influence of the size and shape of particles on the sintering process. Sinters oxidation phenomena have also

been determined. Based on the obtained results, it was found that both shape and size of powders have a significant

influence on the oxidation processes of powders as well as sinters of the austenitic stainless steel.
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Introduction

Austenitic stainless steel (SS) has excellent anti-corrosion

properties. Therefore, it is often used for the production of

parts exposed to work in extreme conditions, such as

increased temperature or harmful atmospheres. SS is

widely used in a variety of: medical, heavy industry, pre-

cision mechanics and electronics applications, where it is

often impossible to replace it with modern materials due to

the operating conditions [1–8].

Nowadays, among the many methods of manufacturing

powder metallurgy, due to economic and ecological aspects

of production, it is one of the most intensively developed

technologies. The properties of the final products depend

on many factors. The most important is the chemical

composition and the parameters used in the subsequent

stages of the manufacturing process: mixing of powders,

forming and sintering. At each of these stages, the shape

and particle size of the powders used in the manufacturing

of the products has a significant impact [9–13]. For

example, the morphology of the particles plays an impor-

tant role in the process of forming, especially in die com-

pacting, the most popular industrial process. Generally,

powders of spherical shape compared to sponge are much

more difficult to compact. This effect has a major influence

on the reduction of the strength properties of sinter.

Another factor, apart from the shape of the particles and

their chemical composition, which has a main impact on

the compacting as well as sintering process is the particle

size. Moreover, dependent on the powder consolidation

technique, it is required that their size is: (1) strictly

defined, to a very narrow range, e.g. for MIM (metal

injection moulding) or SLM (selective laser melting)

method or (2) in a relatively wide range as for die com-

paction [14, 15].

The aim of the presented work was to investigate the

influence of shape and size of austenitic stainless steel

particles on the oxidation process and sintering
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phenomena. Moreover, the influence of particles’ size and

shape on the oxidation behaviour of sinters was also

analysed.

Materials and methods

In this research, an austenitic stainless steel powder AISI

316L, supplied by Hoganas, was used. The chemical

composition specified by the manufacturer is shown in

Table 1.

Thermal measurements were taken with STA 409 CD

(Netzsch) advance coupling techniques (DSC/TG). Two

replicates were measured. The calorimetric curves were

recorded with a differential scanning calorimeter using an

alumina crucible, with about 20 mg of samples under a

dynamic air atmosphere (80 mL min-1). The temperature

range was from 30 to 1300�C at a heating rate of 5, 7.5, 10,

12.5, 15 �C min-1. The holding time at the isothermal

temperature was kept at 60 min. An empty alumina cru-

cible was used as a reference. The apparatus was calibrated

using indium, tin, bismuth, zinc, aluminium, silver and

gold as a standard. The heat flow signal was calibrated by

the melting heat of the above-mentioned elements. The

DSC/TG data were analysed using Proteus software (ver.

5.2) from Netzsch. All of the presented curves were cor-

rected against empty runs.

Moreover, analysis of sintering behaviour using the

horizontal Netzsch 402 C dilatometer was investigated on

samples with a diameter of 5 mm and a height of 10 mm.

Green compacts were produced by uniaxial cold pressing at

600 MPa. The sintering process was performed in high-

purity (99.999%) hydrogen atmosphere with

100 mL min-1 flow rate. The heating and cooling rates

were 10 �C min-1. The isothermal sintering temperature

was 1250 �C. The holding time at the isothermal sintering

temperature was 30 min.

The sieve analysis was performed on a Vibratory Sieve

Shaker Analysette 3 Spartan Fritsch. The sieve size was 40,

56, 63, 71, 80, 100 and 160 lm. Measurements were taken

according to PN-EN 24497 ISO 4497.

The morphology of the particles was observed by the

JEOL JSM-5510LV scanning electron microscope.

Microanalysis was performed by the application of an

energy-dispersive spectrometer (EDS) IXRF Systems

Model 500 Digital Processing.

The phase identification was performed by an X-ray

diffraction apparatus D2 Phaser analyser manufactured by

Bruker (anode: copper; step of measurement: 0.02�; 8 s per

step). Diffraction data processing was carried out by EVA

software. The phases were identified with PDF2 database.

Results and discussion

Figure 1 shows representative powder particle shapes that

depend only on the manufacturing method used. The

spheroidal particles identified in the article with symbol A

are characteristic for the atomization process, a stream of

molten steel, by an inert gas (Fig. 1a). On the other hand,

the spongy particles designated as B are obtained after the

water atomization process (Fig. 1b). The influence of the

method of production on the shape of particles is well

known and independent of the chemical composition of the

materials produced [14, 16, 17]. The particle size distri-

bution of powders A and B used in the studies is presented

in Table 2. Based on the obtained results, it was found that

the largest percentage share, regardless of the shape of

powders, was fractions in the range 40–56 and 80–100 lm.

Since the particles from these fractions were the largest

volume fraction and they differed from each other in size

twice, they were selected for analysing the effect of particle

size and shape on the oxidation process (Table 3).

Figure 2 shows the TG changes recorded during the

oxidation of powders, depending on: (1) the size and shape

of the austenitic stainless steel particles and (2) the heating

rate. The onset and endset values determined from the

curves are presented as summary graphs in Fig. 3. Based

on the obtained results, it was found that regardless of the

type of particles, a single-step oxidation process of the

powders was observed. It always started at temperatures

above 1060 �C. It has also been observed that the onset of

oxidation occurred at a temperature lower by about 60 �C
for spongy-shaped powders compared to the results

obtained for spheroidal powder. This effect was indepen-

dent of particle size and heating rate. In addition, the

increase in the particle size of the powder increased the

temperature at which the oxidation process started. This

effect was occurred at a temperature by about 10 �C higher

for the spongy powder as compared to the spheroidal one.

Also, as the heating rate increased, the temperature at

which the oxidation started was increasing.

Mass of samples as a result of oxidation process

increased in the range from 37 to 43%. In general, for

spheroidal particles, a larger mass growth was recorded

than for spongy-shaped particles of similar size. The

smallest mass increase was recorded for 80–100 lm and

Table 1 Chemical composition of 316L stainless steel

Chemical composition/mass%

Fe C Cr Ni Mo Mn Si S P

Bal. 0.03 16–18 10–14 2–3 \ 2 \ 1 \ 0.03 0.04
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spongy shape, while the largest for spheroidal particles in

the range 40–56 lm.

Based on the DTG curves, the temperatures at which the

oxidation process was characterized by the most violent

waveforms were determined. These values were both

dependent on the size and shape of the powder particles, as

shown in Fig. 4. For heating rates above 5 �C min-1 and

spongy powder of 80–100 lm, the maximum oxidation

intensity occurred at about 1180 ± 5 �C. However, for the

powders of the same size but the spherical shape, the

extreme DTG effect was observed at about 1210 ± 10 �C.

Analogous effects occur for a particle size of range

40–56 lm, but the difference between maximum of DTG

peak due to the shape of the particles was then about 10 �C.

Figure 5 presents collected DSC curves recorded for all

analysed samples. Regardless of the size and shape of the

investigated powders, during their heating, one intense

exothermal effect was observed. This phenomenon is

related to the oxidation process occurring in the materials.

The exothermic peaks that occur in the high temperature

(above 1100 �C) are possibly related to the oxides forma-

tion, which correlates the beginning of the increase in the

total mass in the TG curves (Fig. 2).

Similarly as with the TG measurements, it was found

that with the increase in the heating rate, the start and end

of the exothermic effect were shifted to a higher temper-

ature range. It has also been observed that the energy

released during spheroidal particle oxidation is always

greater by more than 1.5 times compared to the values

recorded during the spongy-shaped particle analyses

(Table 4).

Ozawa–Flynn–Wall (OFW) isoconversional methods

were carried out to calculate, by performing TG analysis at

different heating rates, the activation energy of austenitic

stainless steel oxidation process. The activation energy

values of spherical powder were almost double as high

compared to the values obtained for the spongy particles

(Table 5).

The results of DSC, TG and the calculated activation

energy values clearly demonstrate a higher resistance to

oxidation process of spheroidal than spongy particles.

However, upon activation, their oxidation process is much

more violent and involves a larger share of spheroidal than

spongy powder particles.

Figure 6 shows dimensional changes of samples recor-

ded during sintering. The obtained results demonstrate the

significant influence of the size and shape of austenitic

stainless steel powders on the sintering process. It was

observed that for the spongy particles, the dominance of

the diffusion mechanism of matter transport over the

thermal expansion of the material occurred at about

953 �C. In contrast, the same effect for the spheroidal

particles began at a temperature above about 144 �C. The

particle size did not affect significantly to this

Fig. 1 Shapes of 316L

austenitic stainless steel

particles a spheroidal, b spongy

Table 2 Sieve analysis of A and B powders

Size mesh sieve/lm Percentage of powder on the sieve/%

A (spherical) B (sponge)

\ 40 2.5 22.4

40 38.6 30.3

56 6.3 3.4

63 14.0 7.7

71 1.3 12.2

80 37.3 24.0

100 0 0

160 0 0

Table 3 Powdered samples selected according to the shape and par-

ticle size of the powder

Symbol of powder Shape Particles size/lm

A Spherical 40–56

80–100

B Sponge 40–56

80–100
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phenomenon. Furthermore, sinters made of spheroidal

particles were characterized more than twice as small as

the total shrinkage in comparison with the same sinters but

made with spongy particles. In addition, 40–56-lm spongy

particles are characterized by higher sintering forces than

particle from the range 80–100 lm. The inverse relation-

ship was observed for spheroidal particles.

Figure 6 presents the dilatometric curves of austenitic

stainless steel depending on the size and shape of the

powder particles. The shape of dilatometric curves was a
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direct consequence of the poorer consolidation of spher-

oidal powders than the irregular ones. These effects also

significantly affect the resistance of sinters to oxidation at

elevated temperatures. For samples made from spongy

powders, which were more densified during sintering and

thus characterized by lower porosity, during the oxidation

process, a smaller mass growth was recorded than for

sintered powders made from spheroidal particles (Fig. 7). It

has also been observed that the sintered samples oxidation

process was two-stage, unlike the one-step oxidation

mechanism of powders. The first stage of the oxidation

process for all investigated sinterings was in the tempera-

ture range of 690–1015 �C. As a consequence, the sample

mass increased by approximately 4%. The second stage

followed immediately after the first one. The end of the

second stage was when the cooling step from the isother-

mal annealing temperature at 1250 �C started. The total

mass growth of the sintered material was 19% lower than

the value recorded during the oxidation of powders. This

effect was independent of the type of analysed samples.

The oxidized outer surface has the character of an

adherent coating, however, with numerous cracks (Fig. 8),

which are a consequence of the increase in temperature and

different coefficients of thermal expansion of the formed

oxides and steel. It was found that regardless of the size

and shape of the powder particles and the applied com-

paction pressures, the oxidized outer surface of sinters has

a similar morphology. Furthermore, observed surface

morphology of oxides layer allows to explain recorded
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Fig. 5 DSC curves depending on the size and shape of the powders as well as the applied heating rate. Notation according to Table 3
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effect of inflection of TG curves, occurring at a tempera-

ture of about 1000 �C. The cracking of the layer of oxides

formed on the surface of the sample allows further internal

oxidation of the sinters.

The XRD (Fig. 9) and the global EDS (Fig. 8) analyses

indicate the formation of haematite (Fe2O3) and magnetite

(Fe3O4) in the oxidized surface. The oxidation of Fe

explains the increase in samples mass recorded on TG

curves (Figs. 2 and 7) and the exothermic effect on the

DSC curves (Fig. 5). The formation of haematite on steel

may proceed according to the reaction: 4Fe ? 3O2 = 2-

Fe2O3, while the magnetite may create according to the

reaction: Fe ? 4Fe2O3 = 3Fe3O4. Based on the literature,

it can be stated that in the first stage of oxidation, less
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Fig. 7 TG of sintered samples recorded during oxidation, depending

on the size and shape of the powder particles

Table 4 Characteristic values

of the DSC curves, depending

on the size and shape of the

powder particles and the applied

heating rate

Symbol of powder Particles size/lm Heat rating/�C min-1 Onset/�C Endset/�C Peak area/Jg-1

A (spherical) 40–56 5 1134 1203 1935

7.5 1154 1264 1957

10 1166 1229 1930

12.5 1172 1299 1987

15 1171 1247 1928

80–100 5 1141 1219 2893

7.5 1175 1281 2360

10 1180 1265 2515

12.5 1197 1297 2747

15 1186 1251 2969

B (sponge) 40–56 5 1056 1184 3572

7.5 1085 1167 3544

10 1077 1215 3987

12.5 1113 1204 3535

15 1089 1224 3852

80–100 5 1063 1212 3937

7.5 1123 1206 3368

10 1085 1254 3398

12.5 1139 1228 3205

15 1103 1257 3822

Table 5 Activation energy

depending on the shape and

particle size of the powder

Symbol of powder Shape Particles size/lm Activation energy/kJ mol-1

A Spherical 40–56 441

80–100 439

B Sponge 40–56 351

80–100 206
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stable Fe2O3 oxides form on the surface of the sample. On

the other hand, higher temperatures can induce chromium

oxides (Cr2O3), solid solution of chromium–iron oxide

(Cr,Fe)2O3 or chromite spinel phases [18–20]. Moreover,

chromium can replace iron in the Fe2O3-type oxide [21].

Conclusions

Based on the obtained results, it was found that both shape

and size of powders have a significant influence on the

oxidation processes of powders as well as sinters of the

austenitic stainless steel. The initial oxidation temperature

of spongy powders, regardless of size, was always lower

than for spheroidal particles. Moreover, when the size of

powder particles decreases, their oxidation occurs at a

lower temperature, regardless of shape. These effects were

independent of the applied heating rates. Dilatometric

investigations have shown that for spheroidal powders the

dominance of the diffusion mechanism of matter transport

over the thermal expansion of the material occurs at a

higher temperature than that of the spongy particles. In

addition, it has been shown that the shape of the powder

particles is important for the oxidation resistance of aus-

tenitic sinters. It has also been observed that the process of

oxidation of powders occurs in one step, while the sinters

oxidize into two stages. This effect is related to the den-

sification of the material and necessity of the cracking of

the layer of oxides formed on the surface of the sinters

which allows further internal oxidation of the sample. This

is also confirmed by the fact that sinters made of spongy

particles were characterized by a smaller mass growth

compared to sintered spheroidal powders. It was also

observed that the oxidation of powders is much larger than

for the sinters.
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