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Duplex stainless steels are susceptible to the formation of sigma phase at high temperature which 
could potentially be responsible for catastrophic service failure of components. Thermal treatments 
were applied to duplex stainless steels in order to promote the precipitation of different fractions of 
sigma phase into a ferrite-austenite microstructure. Quantitative image analysis was employed to 
characterize the microstructure and Charpy impact tests were used in order to evaluate the mechanical 
degradation caused by sigma phase presence. The fracture morphology of the Charpy test specimens 
were thoroughly observed in SEM, looking for a correlation between the microstructure and the fracture 
types in UNS S32205 duplex stainless steel. The main conclusion is the strong embrittlement effect 
of sigma phase since it is possible to observe a transition from transgranular fracture to intergranular 
fracture as increases the percentage of sigma phase. Thus, the mixed modes of fracture are predominant 
in the present study with high dependence on sigma phase percentages obtained by different thermal 
treatments.

Keywords: duplex stainless steel, sigma phase, microstructure, fractography

1. Introduction
Duplex stainless steels appeared as an alternative 

to austenitic steels for numerous components due to 
their excellent combination of properties such as higher 
strength, excellent resistance to stress corrosion cracking 
and localized corrosion, such as pitting and crevice. These 
advantages are due to a phase-balanced ferrite-austenite 
defect-free microstructure, but these ideal features are 
practically impossible due to the formation of deleterious 
secondary phases during high temperature processing such 
as hot forming, heat treatments and welding. The effect of 
undesired secondary phases like sigma, chi, and intermetallic 
precipitates principally chromium rich phases like carbides 
and nitrides has been widely studied1-5. Sigma phase is by 
far the most important secondary phase because its relatively 
large volume fraction produces a loss of toughness, ductility 
and corrosion resistance attending negotiation research 
spans in many disciplines6-11. Sigma phase is a hard, brittle 
phase, which is generally formed between 600 and 950 °C, 
with rapid kinetic formation; its nucleation is preferentially 
at the ferrite-austenite interfaces and presents different 
morphologies depending on thermal treatments12,13.

The chemical composition, the heat treatments, and 
therefore the microstructure have the most important 
influence on the behavior of duplex stainless steel attending 
the possible presence of sigma phase, since both determine 

the phase volume fraction and the partitioning of the main 
alloying elements, i.e., Cr, Mo, Ni, Mn and N. These 
conclusions have been the result of different studies14-16. 
Nevertheless, there is little information available to 
establish a general relationship between microstructure 
and fracture types in duplex stainless steels, taking account 
of different volumetric percentages of sigma phase into 
the ferrite-austenite microstructure. There are methods 
of application of quantitative fractography to assess the 
damage of duplex stainless steels with sigma phase mainly 
in relation to hydrogen containing environments17,18. Few 
studies are devoted to establish a relationship between the 
percentage of sigma phase into duplex stainless steels with 
the transition between ductile and brittle fracture in other 
environments19,20.

The main objective of this work was to find a relation 
between a ferrite-austenite-sigma phase microstructure and 
the fracture types in UNS S32205 duplex stainless steel. 
Different heat treatments were applied in order to promote 
the precipitation of different fractions of sigma phase. 
Quantitative image analysis was employed to characterize 
the microstructure, and Charpy impact tests were used in 
order to evaluate the mechanical degradation caused by 
sigma phase presence. The fracture types of the Charpy test 
specimens were thoroughly observed in SEM, looking for 
a correlation between the microstructure and the fracture 
types in the material.
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2. Material and Methods
The chemical composition of the samples used in the 

present study can be observed in Table 1:
Dutokumpu provided the duplex stainless steel as a 4 mm 

wall thickness sheet. Samples cut with dimensions 250 mm 
× 250 mm × 4 mm and 55 mm × 10 mm × 2.5 mm with a 
V-notch were prepared for metallographic observations and 
for Charpy impact tests respectively. Samples were aged in 
accordance with the thermal treatments at 850 °C for 5, 15, 
45 and 135 minutes followed by water quenching, in order 
to produce different sigma phase percentages at ferrite-
austenite microstructure. Samples for optical microstructural 
examination were electrolytically etched in 10% NaDH 
aqueous solution, using 2 V for 2 seconds. The electrolytic 
etching employed colours the phases as follows: ferrite- 
light brown, austenite – white, and sigma phase - dark 
brown/red. The volumetric percentages of sigma phase 
precipitated were quantified with image analysis system 
using an optical microcopy at x100 and each value 
recorded an average of 50 measurements for each thermal 
treatment. The Charpy impact tests were carried out at room 
temperature. Fractographical examinations of the specimen 
were performed with a JEDL JSM 5600 scanning electron 
microscope, with a Buheler Enterprise image analyzer and 
Buheler MARS digital image compiler in range x200 to 
x2000 with EDX. These observations have been the key 
for establishing a relationship between microstructure and 
fracture morphologies.

3. Results
The percentage of sigma phase precipitated increases 

very fast with the set time at 850 °C. Thus, the series of 5, 
15, 45 and 135 minutes provided 1.9%, 14.5%, 18.9% and 
31.1% of phase sigma respectively. Final microstructures 
of specimens aged at 850 °C during 15 and 45 minutes are 
presented in Figures 1a, b) respectively. The sigma phase 
nucleates at the ferrite/austenite interface and grows towards 
the ferrite grains; this feature has been widely studied2,21,22.

Significant changes in the impact fracture energies are 
observed due to the increase of phase sigma precipitated into 
ferrite-austenite microstructure, according the data showed 
in the Table 223. Table 2 presents the values of impact energy 
such an average values of three samples tested. The most 
significant changes were produced aged at 850 °C between 
the time set 5-15 minutes and 15-45 minutes that implies 
reductions of 58.0% and 74.6% respectively.

Figure 2a) shows the fracture surfaces of as received 
steel with a characteristic ductile transgranular fracture 
mechanism, wherein a large number of deep dimples can 
be observed with an average size of 100 µm. This type 
of fracture morphology has been observed for other heat 
treatments24,25.

Figure 2b) shows the fracture morphology of samples 
with 850 °C-5 minutes heat treatment. The ductile fracture 
mode is evident again, with significant heterogeneous 
size dimples, 26 µm average size, in the way detailed in 
Figure 2c). This fracture morphology is in accordance with 

Table 1. Chemical composition of the UNS S32205 duplex stainless steel used in this work (balance Fe in wt.%).

Cr Ni Mn Mo Si Cu Ce N C P

22.49 5.77 1.5 3.21 0.4 0.18 0.002 0.184 0.015 0.018

Figure 1. Microstructure of 2205 duplex stainless steel a) 850 °C-15 minutes, b) 850 °C-45 minutes.

Table 2. Relationship between aging time, % sigma phase precipitated and impact energy in a 2205 stainless steel.

Aging time at 850 °C (minutes) 0 5 15 45 135

% sigma phase 0 1.9 14.5 18.9 31.1

Ompact energy (kJ/m2) 1925 1832 769 195 139
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Figure 2. Fracture surfaces of 2205 duplex stainless steel. a) as received specimen, b) and c) with 850 °C-5 minutes heat treatment, 
d) 850 °C-15 minutes heat treatment, e) and f) 850 °C-45 minutes heat treatment, g) and h) 850 °C-135 minutes.
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the high value of Charpy V impact Energy, 1832 kJ/m2. 
Figure 2d) shows the mixed mode of ductile and brittle 
fracture morphology of samples with 850 °C-15 minutes 
heat treatment. Transgranular quasi-cleavage facets are 
connected by shallow and elongated dimples, 5 µm of 
average size. Cracks can be observed near quasi-cleavage 
facets (Figure 2d). Sigma phase causes localized tearing 
that form cracks. On Figure 2d, this localized tearing can be 
observed, pointed by the arrows, indicating the beginning 
of the formation of cracks. Figures 2e and 2f) show the 
fracture morphology of samples with 850 °C-45 minutes 
heat treatment. These specimens presented a significant 
difference in relation to former series, since the fracture 
type is mixed and brittle, i.e. transgranular by quasi-cleavage 
and intergranular fracture with the cracks traveling along 
the grain boundaries and near to the tear zones. Figures 2g 
and 2h show the fracture morphology of specimens with 
850 °C-135 minutes heat treatment. A mixed brittle fracture 
appears again, quasi-cleavage and intergranular fracture, 
being the predominant the last one. These samples presented 
the highest percentage of sigma phase precipitated in ferrite-
austenite microstructure, 31.1%, indicating an increase of 
64.5% in relation to previous series.

4. Discussion
The fracture types evolved after Charpy V test depend 

on the sigma phase percentage promoted by different 
thermal treatments in the 2205 duplex stainless steel 
specimens. There is a clear evolution from transgranular 
to intergranular fracture as increases the presence of sigma 
phase diminishing the percentage of ferrite phase. The 
transgranular fracture appears in two forms: ductile as 
micro coalescence voids, MCV, with average dimples size 
decreasing with the increase of heating time, such as brittle 
quasi-cleavage. On addition, cracks on the fracture surface 
associated to microstructure with 14.5% of phase sigma 
precipitated have been observed.

The most critical is 850 °C-45 minutes thermal treatment 
with 18.9% sigma precipitated since it produces a critical 

change in the fracture types: disappears transgranular fracture 
by microcoalescence voids and coexists transgranular 
cleavage or quasi-cleavage facets with intergranular fracture. 
For 45 minutes the former one is the predominant and for 
135 minutes, with 31.1% of sigma phase precipitated, the 
last one fracture type is the predominant, Figure 3h. Thus, 
fractografical examinations have revealed that the increase 
of sigma phase precipitated into a 2205 duplex stainless 
steel has produced a change of the fracture type from 
transgranular mode, ductile 100% microcoalescence voids 
to mixed brittle, quasi-cleavage and intergranular mode. On 
addition, the mixed modes of fracture are predominant in 
the present study. Table 3 summarizes the percentage of 
sigma phase precipitated and its effect on fracture modes 
in a 2205 duplex stainless steel.

5. Conclusions
The effect of sigma precipitation on Charpy V impact 

energy is very significant for thermal treatment at 850 °C in 
the time interval between 5 an 15 minutes (associated with 
a percentage of sigma phase between 1.9% and 14.5%).
The increase of 1.9% to 31.1% percentage of sigma phase 
precipitated implies very important changes in the failure 
type: transcrystalline type mode by micro coalescence 
voids to transgranular by quasi-cleavage and intergranular 
fractures. The most critical is the 850 °C- 45 minutes 
thermal treatment. Thus, the mixed modes of fracture are 
predominant in the present study with high dependence 
on sigma phase percentages obtained by different thermal 
treatments. Ot is necessary a study in depth to conclude which 
percentage of sigma phase causes the transition from ductile 
to mixed fracture.
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Table 3. Relationship between % sigma phase precipitated and fractography in a 2205 stainless steel (*predominant).

% sigma phase Fractography

1.9 Transgranular by Coalescence Microvoids

14.5 Mixed Transgranular: Coalescence Microvoids* + Quasi-cleavage

18.9 Mixed: Transgranular by Quasi-cleavage* + Ontergranular

31.1 Ontergranular
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