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Abstract. The duplex stainless steels are formed by a ferrite and austenite mixture, giving them a 

combination of properties. Commercially, these steels are hot rolled, developing an anisotropic, 

alternated ferrite and austenite elongated lamellae microstructure. In this work, a duplex stainless 

steel was produced by the mixture of elementary powders with the composition Fe-19.5Cr-5Ni 

processed in an ATTRITOR ball mill during periods up to 15 hours. The powders obtained were 

compressed in specimens and were heat treated in the temperatures of 900, 1050 and 1200 °C 

during 1 hour and analysed by x ray diffraction, optic microscopy, scanning electron microscopy 

and energy dispersion spectroscopy. An optimized microstructure with ultrafine, equiaxial and 

regular duplex microstructure was obtained in the 15 hour milling and 1200 °C heat treatment. 

Afterwards, a commercially superduplex stainless steel UNS S32520 was aged at 800 °C aiming the 

precipitation of σ phase in order to reduce its toughness and then, milled in SPEX mill. The 

resulting microstructure was a very fine duplex type with irregular grain boundary morphology duo 

to the grain growth barrier promoted by the renascent σ phase particles during sintering process. 

Introduction 

Duplex stainless steels are formed by nearly equal phase amounts of ferrite (α) and austenite 

(γ), and the lesser phase should be at least 30% by volume [1, 2]. Ferrite phase furnishes high 

strength and corrosion resistance, whereas austenite acts on ductility and resistance to uniform 

corrosion [3, 4]. They present interesting properties, like a yield strength twice higher than the one 

for the austenitic and ferritic common types, greater plasticity and toughness than the martensitic 

and precipitation-hardening ones, excellent intergranular, pitting and stress corrosion resistance. 

During hot working, the microstructure is formed with alternating ferrite and austenite lamellae 

because the interface energy of the α-γ interface is lower than the energies of the α-α and the γ-γ 

grain boundaries [2, 5]. In addition, due to the high amount of alloying elements, undesirable 

secondary phases may form in the temperature range of 300-1000 ºC, essentially a consequence of 

instability of ferrite. The most studied is the σ-phase, that occurs at triple junctions or at ferrite-

austenite phase boundaries and precipitates between 600 and 1000 ºC generating strong changes in 
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mechanical properties of the steels, such as increase in tensile strength and hardness, concurrently 

with drastic reductions on ductility and impact toughness [6, 7, 8, 9, 10]. 

In this work, a mixture of Fe-19.5Cr-5Ni was obtained in an ATTRITOR mill, and 

furthermore, UNS S32520 superduplex stainless steel chips were processed in a SPEX mill. These 

mills are called high-energy mills (process called mechanical milling/alloying) because the particles 

of the metal powder in solid state, are repeatedly flattened, fractured and rewelded, achieving 

grinding rates more than ten times higher than those typical of a conventional mill [11, 12]. The 

ATTRITOR consists basically of a vertical drum with an agitator shaft with series of impellers that 

are rotated by a motor, agitating the steel balls in the drum (about 0.5 m/s), while in the SPEX, the 

vial swung energetically back and forth several thousand times a minute combined with lateral 

movements of the ends of the vial, furnishing higher ball velocities (about 5 m/s) [12]. 

Firstly, the aim of the work was to obtain a refined duplex stainless steel by powder 

metallurgy (P/M), whereas these alloys are normally produced by casting, using the elemental 

powders Fe, Cr and Ni processed in the ATTRITOR mill, attempting to have a better final 

microstructure control and better mechanical properties. And then, process, previously 

isothermically embrittled at 800 ºC to obtain σ-phase precipitation, chips of UNS S32520 

commercial superduplex stainless steel by SPEX high-energy mill, purposing a more refined 

microstructure.  

Experimental 

99% pure Fe chip, 98% pure Cr powder, 99.8% pure Ni powder and a commercial 

superduplex stainless steel UNS S32520 were used as starting materials. Firstly, the proportion 

75.5wt.% Fe, 19.5 wt.% Cr and 5 wt.% Ni were processed in an ATTRITOR ball mill (Union 

Process, 01HD) in different milling times: 5, 9 and 15 hours with a 500 rpm velocity, power milling 

of 50:1, 1.5% wt. of stearic acid (process control agent) and argon controlled atmosphere, obtaining 

duplex stainless steels powders. Each of them were compacted in specimens and heat treated at 

temperatures of 900, 1050 and 1200 ºC for 1 hour under argon atmosphere. These data are 

summarized in the Table 1. 

Microstructural characterizations of these samples were performed using optical microscopy 

(OM) (Olympus, model: BX51), scanning electron microscopy (SEM) (Shimadzu, model: SSX-

550) coupled with energy dispersive spectroscopy (EDS) (Jeol, model: 6460LV) and X-ray 

diffraction (XRD) (Shimadzu, model: XRD 6000). The samples for OM or SEM analysis were hot 

embedded in phenolic resin. Metallographic sample preparation was carried out using grinding 

(220, 320, 400, 600 and 1200) papers and polishing with diamond paste (1 and 0.3 µm). 

Microstructures have been revealed by chemical etchings (Beraha reagent). 

Chips were made from the UNS S32520 plate, isothermically treated at 800 ºC for 6 hours to 

facilitate the fracture during the milling. Afterwards, they were processed in a SPEX mill with 7:1 

milling power for 10 hours. The obtained powder was compacted in specimen and heat treated at 

1200 ºC for 1 hour under vacuum. 

 The specimen characterizations were made by XRD (Shimadzu, model: XRD 6000), OM 

(Olympus, model: BX51) and SEM (Shimadzu, model: SSX-550), whereas the metallographic 

sample preparation was carried out using grinding (220, 320, 400, 600 and 1200) papers and 

polishing with diamond paste (6, 1 and 0.3 µm). Microstructures have been revealed by electrolytic 

etchings (solution of aqueous NaOH). 

Results and discussion 

ATTRITOR Mill. The Fig. 1 shows the OM obtained from the Fe-19.5Cr-5Ni milled for (a), 

(b), (c) 5 hours, (d), (e), (f) 9 hours and (g), (h), (i) 15 hours, in ATTRITOR mill and heat treated 

for 1 hour at 900, 1050 and 1200 ºC. The dark regions are represented by the presence of iron and 

the light regions by chromium. An observation may be made: the chromium and the austenite are 
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very resistant to Behara etching, difficul

that at 15 hours milling, the microstructures obtained were more regularly distributed, with more 

refined grains, and better and denser at 1200 ºC heat treatment.

 

(a) Milling time: 5 h; 

heat treatment: 900 ºC/ 1 h 

(d) Milling time: 9 h; 

heat treatment: 900 ºC/ 1 h 

(g) Milling time: 15 h; 

heat treatment: 900 ºC/ 1 h 

Fig. 1 - Optical microscopy of the Fe

and heat treated for 1 h at 900 ºC, 1050 ºC and 1200 ºC. Etchant: Behara.

Comparing the MEV and the chemical composition maping by EDS (Fig. 2), where the green

color corresponds to cromium, the blue to iron and the red to nikel, it could be seem the progression 

of the mixture homogeneity related to the milling time.

 

(a) Milling time: 5 h

Fig. 2 - (a), (c), (e) Scanning electron microscopy and (b), (d), (f) energy dispersive spectroscopy from the 5, 

9 and 15 hours of milling specimens heat treated at 1200 ºC for 1 hour.

 

very resistant to Behara etching, difficulting the distinction of these phases. It

that at 15 hours milling, the microstructures obtained were more regularly distributed, with more 

refined grains, and better and denser at 1200 ºC heat treatment. 

  

 

(b) Milling time: 5 h; 

heat treatment: 1050 ºC/ 1 h 

(c) Milling time: 5 h;

heat treatment: 1200 ºC/ 1 h

  

 

(e) Milling time: 9 h; 

heat treatment: 1050 ºC/ 1 h 

(f) Milling 

heat treatment: 1200 ºC/ 1 h

  

 

(h) Milling time: 15 h; 

heat treatment: 1050 ºC/ 1 h 

(i) Milling time: 15 h;

heat treatment: 1200 ºC/ 1 h

Optical microscopy of the Fe-19.5Cr-5Ni powder milled for 5, 9 and 15 hours in ATTRITOR mill 

and heat treated for 1 h at 900 ºC, 1050 ºC and 1200 ºC. Etchant: Behara. 

Comparing the MEV and the chemical composition maping by EDS (Fig. 2), where the green

color corresponds to cromium, the blue to iron and the red to nikel, it could be seem the progression 

of the mixture homogeneity related to the milling time. 

 
(a) Milling time: 5 h (b) Milling time: 5 h 

     (continue)

Scanning electron microscopy and (b), (d), (f) energy dispersive spectroscopy from the 5, 

9 and 15 hours of milling specimens heat treated at 1200 ºC for 1 hour. 

It can clearly observed 

that at 15 hours milling, the microstructures obtained were more regularly distributed, with more 

 
(c) Milling time: 5 h; 

heat treatment: 1200 ºC/ 1 h 

 
(f) Milling time: 9 h; 

heat treatment: 1200 ºC/ 1 h 

 
(i) Milling time: 15 h; 

heat treatment: 1200 ºC/ 1 h 

5Ni powder milled for 5, 9 and 15 hours in ATTRITOR mill 

Comparing the MEV and the chemical composition maping by EDS (Fig. 2), where the green 

color corresponds to cromium, the blue to iron and the red to nikel, it could be seem the progression 

 
 

(continue) 

Scanning electron microscopy and (b), (d), (f) energy dispersive spectroscopy from the 5, 
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(conclusion) 

  
(c) Milling time: 9 h (d) Milling time: 9 h 

  
(e) Milling time: 15 h (f) Milling time: 15 h 

Fig. 2 - (a), (c), (e) Scanning electron microscopy and (b), (d), (f) energy dispersive spectroscopy from the 5, 

9 and 15 hours of milling specimens heat treated at 1200 ºC for 1 hour. Etchant: Behara. 

 

The austenite quantity tends to increase with the millings of 5, 9 and 15 hours after 1200 ºC heat 

treatment (Fig. 3) and the obtainment of a duplex stainless steel structure can only be observed from 

the 15 hours milling and heat treat at 1200 ºC. In the other milling times, the austenite formation, 

detected by XRD is actually given by the presence of the initials mixture components. Thus, the 

44º, 65º and 82º peaks correspond to them. 

 

 
Fig. 3 - X-ray diffraction of the specimens made milled for 5, 9 and 15 hours and heat treated at 

1200 ºC per 1 hour. A = austenite and F = ferrite. 

 

SPEX mill. The peaks of the X-ray diffractogram from UNS S32520 processed in SPEX, Fig. 4(a), 

show low intensity of σ-phase. There are austenite, ferrite and the Cr23C6 precipitate. Fig. 4(b) shows the 

diffractogram from UNS S32420 processed in SPEX and heat treated at 1200 ºC. 1 hour was not sufficient to 

the precipitates solubilization. 
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(a) (b) 

Fig. 4 - X-ray diffractogram: (a) obtained from the embrittled chips and processed in SPEX mill for 

10 hours; (b) heat treated at 1200 ºC for 1 hour. 
 

In the Fig. 5(a) the as received UNS S32520 superduplex stainless steel with elongated grains 

of ferrite and austenite and in Fig. 5(b) it is expressly noted that the SPEX milling produced refined 

grains with no preferential orientation. 
 

  
Fig. 5 - (a) Optical microscopy of the as received UNS S32520 superduplex stainless steel with 

elongated grains, light region – austenite (γ), dark region – ferrite (α). (b) Material obtained from 

embrittled chips (800 ºC for 6 hours), reprocessed in SPEX mill for 10 hours and heat treated for 1 

hour. Etchant: electrolytic solution of aqueous NaOH.  
 

The morphology differences between the steel obtained from elemental powders and from embrittled 

chips are notable, as can be seen in Fig. 6. The foremost show more regular and equiaxial grains while the last 

one, irregular grain boundaries. These irregular shapes can be explained by the precipitation of σ-phase, 

whereas the ferrite proportion depends on the σ-phase dissolution, recristalization will be faster than the 

precipitate dissolution, difficulting grain growth where σ-phase acts as a barrier. 

 

  
Fig. 6 - Scanning electron microscopy from the duplex structures obtained by mechanical milling 

process. (a) From elemental powders; (b) from the precipitation of σ-phase. 
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Conclusion 

A duplex stainless steel was obtained from a mixture of Fe, Cr and Ni elemental powders, 

with the Fe-19.5%Cr-5%Ni composition, processed in ATTRITOR high-energy mill, whereas a 

very fine and homogeneous final microstructure was obtained through 15 hours milling and heat 

treatment at 1200 ºC for 1 hour. 

The UNS S32520 duplex stainless steel processed in the SPEX mil and heat treated at 1200 

ºC for 1 hour presented a refined microstructure, but grains morphologies less oriented compared 

with the initial material and with the one obtained from the elemental powders processed in 

ATTRITOR. The most probably reason was the presence of the σ-phase that acted as a physical 

barrier to the grains growth, giving them irregular shapes.  
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