
CHARACTERISATION OF SECONDARY PHASES IN 
AUSTENITIC STAINLESS STEELS USING 

THERMODYNAMIC SOFTWARE 
 

CHARAKTERISTIKA SEKUNDÁRNYCH FÁZ 
V AUSTENITICKÝCH NEHRDZAVEJÚCICH OCELIACH S 

VYUŽITÍM TERMODYNAMICKÉHO SOFTVÉRU  
 
 

Marián VACH , Mária DOMÁNKOVÁ,  Peter GOGOLA,  Martin KUSÝ,  
Jozef JANOVEC  

 
Institute of Materials, Faculty of Materials Science and Technology, Slovak University 

of Technology, Bottova 23, 917 24 Trnava, Slovak Republic, 
marian.vach@stuba.sk, maria.domankova@stuba.sk, peter.gogola@stuba.sk, 

martin.kusy@stuba.sk, jozef.janovec@stuba.sk, 
 
Abstract: 

Three austenitic steels (18Cr-8Ni, 18Cr-10Ni, 21Cr-30Ni) exploited for long-terms at 
temperatures between 600 and 800°C were investigated using metallography, transmission electron 
microscopy, selected area electron diffraction, energy dispersive x-ray spectroscopy, and scanning 
electron microscopy. Various combinations of Sigma, MC and M23C6 phases were found to co-exist 
with the austenitic matrix in the steels. At the grain boundaries of the 21Cr-30Ni steel, large M23C6 

particles (up to 10 µm in length) were identified even if this carbide was not predicted to be in 
equilibrium at 800°C. Otherwise, good agreement between the thermodynamically predicted 
(ThermoCalc) and experimentally obtained results was stated.  
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Abstrakt: 
 Tri austenitické ocele (18Cr-8Ni, 18Cr-10Ni, 21Cr-30Ni) dlhodobo vystavené teplotám medzi 
600 a 800°C boli skúmané pomocou metalografie, transmisnej elektrónovej mikroskopie, difrakčnej 
analýzy, energiovo disperznej spektroskopie a rastrovacej elektrónovej mikroskopie. V austenitickej 
matrici skúmaných materiálov bola zistená koexistencia viacerých  kombinácií sigma fázy, MC 
a M23C6. Veľké karbidické častice M23C6 (s dĺžkou až do 10µm) boli spozorované na hraniciach zŕn v 
oceli 21Cr-30Ni aj napriek tomu, že táto sekundárna fáza nebola podľa predikcií v rovnovážnom 
stave. V ostatných prípadoch bola dosiahnutá dobrá zhoda medzi termodynamickými predikciami 
(pomocou softwaru ThermoCalc) a experimentálnymi výsledkami.  
 
Klúčové slová: ThermoCalc, TEM, SEM, austenitické ocele, M23C6, MC, sigma fáza. 
 
1 INTRODUCTION 

Austenitic stainless steels (ASS) are widely used in almost every industry. They can 
serve in aggressive environments at higher working temperatures because of their good 
mechanical properties and corrosion resistance [2-4]. Exposing them to temperatures around 
600°C may lead to the formation of secondary phases. To prevent problems originating from 
precipitation processes, the evolution of secondary phases has to be well known. The 
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combination of experimental and computational approaches seems to be ideal for gaining 
necessary information.  

Thanks to high alloying, ASS are very rich on secondary phases. The most common 
secondary phase is carbide M23C6. Its formation was observed widely in the temperature 
range from 550 to 950°C [5-7]. The precipitation of M23C6 at the grain boundaries leads often 
to intergranular corrosion. It is necessary therefore to stabilize ASS with elements showing 
higher affinity to carbon the chromium. Titanium and niobium used as stabilizing elements 
form intragranular MC carbides and contribute in this way to bonding chromium inside the 
grains. The formation of MC has been observed after short-term annealing at temperatures 
around 750°C. The temperature range of MC precipitation extends with increasing Ti and Nb 
bulk contents. The brittle σ-phase is a most common intermetalic phase precipitating in ASS.  

Marshall examined several long-term serviced plant steels of the AISI 316 type and 
found M23C6 as the dominant phase; however traces of sigma phase, Laves phase and M6C 
were also observed [7]. Terada in AISI 316L(N) did not found M23C6 after long time exposure 
[8]. Källqvist identified NbC and sigma phases in AISI 347 after exposure between 500 - 
700°C for up to 70 000 hours [9]. M23C6 and sigma phases have been found in AISI 304 after 
annealing at  550 – 750°C for maximum 180 000 hours by Tanaka [10]. Erneman found in 
AISI 347 steel Nb(C,N), Z-phase, M23C6 and Cr2N after long term exposure at 800°C. At 
700°C, author distinguished between two types of Nb(C,N) and reported also about 
occurrence of R-phase [2].  
 The description of the phase evolution in ASS, marked as A, B, and C, during long term 
exposures at temperatures 600, 650 and 800°C is the main aim of this work. The approach 
combining experimental characterization with thermodynamic calculations by ThermoCalc 
was used in the investigation. 
 
2 EXPERIMENTAL 

The investigated steels (Table 1) were exploited in industry at 600, 650 and 800°C for 
long-terms (Table 2).  
 
Table 1 Chemical compositions of austenitic stainless steels investigated [wt. %] 
 

Alloying element  Steel  C Mn  Si  Cr  Ni Mo Ti  Nb S P 
A 0.06 1.67 0.62 18.48 8.37 0.30 - - 0.025 0.030 

B 0.10 1.59 0.74 17.71 9.32 0.52 - 0.56 0.026 0.030 
C 0.12 0.6 1.00 21.02 30.07 0.25 0.45 - 0.005 0.030 

 
The metallographic samples of the steels were prepared by standard procedures. After 

grinding they were polished using diamond pastes with the grain sizes of 6, 3 and 1 µm. 
Finally, the samples were etched either in 10% aqueous solution of oxalic acid or in 
Groesbeck (4g KMnO4 + 4g NaOH + 100ml H2O) that is agent used for the selective etching 
of carbides. The steel microstructure was observed by light microscopy. To identify 
secondary phase particles, scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM) of thin foils and carbon extraction replicas were used. Thin foils were 
prepared by jet-electropolishing. Both selected area electron diffraction (SAED) and energy 
dispersive x-ray spectroscopy (EDX) were used to identify the particles. 
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3 THERMODYNAMIC CALCULATIONS 
The Hillert-Staffason sublattice model was used for the modelling of secondary phase 

evolution [11]. The total Gibbs energy of the system consists of contributions of individual 
phases. Each of the phases considered is modelled as a sum of the reference level of Gibbs 
energy, entropy term, excess Gibbs energy, and magnetic term (if plausible the magnetic 
ordering). Besides phase equilibria, the chemical compositions and molar fractions of 
equilibrium phases were predicted. The Gibbs energies for bcc and fcc phases were described 
using the two-sublattice model consisting of metal and interstitial sublattices. The elements 
like Fe, Cr or Ni can substitute each other on the metal sublattice, and C and vacancies on the 
interstitial sublattice. For one formula unit (A, B, C)a(X, Va)c, the model gives: 
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 with CBAi ,,= ,ji ≠  and  and ,ki ≠ ,kj ≠  
 
where y denotes the site fraction of component i in a sublattice. Symbols a and c denote the 
numbers of sites on each sublattice. In the case of bcc, a=1 and c=3, for fcc, a=c=1. is the 
Gibbs energy of pure element i in a relevant non-magnetic state and is the Gibbs energy 
of a hypothetical non-magnetic state, where all interstitial sites are occupied by carbon. All 
values of G are given relative to the reference state which is defined as a standard state at 
298.15 K and 105 Pa. L is the interaction parameter expressed by Redlich–Kister polynomial 
as a concentration dependence. G

O
VaiG :

O
XiG :

mag is the magnetic part of the Gibbs energy [12]. 
The calculations have been made with the ThermoCalc software using the STEEL16F 

database formulated by Kroupa et al. [13]. The aim of the calculations consisted in prediction 
of phase equilibrium for various temperatures. All elements present in the investigated steels 
were considered except for sulphur and phosphorus (they are not included in the database). 
With respect to the literature, the following phases were considered in the calculations: liquid, 
austenite, ferrite, Laves, Sigma, M23C6, Chi, M3C, M6C, M7C3, and MC. 
 
 
4  RESULTS  

For steels A, B, and C, the typical microstructures are illustrated in Fig. 1 and average 
grain sizes are given in Table 2. Extremely large precipitates along the grain boundaries were 
observed in steel C (Fig.1d).  

 
Table 2 Selected parameters characterizing the steels: exposure conditions, average grain sizes, and secondary 
phases identified 
 

Secondary phases identified 
(TEM, EDX) 

Steel 
 

Temperature 
of exposure 

(°C) 

Duration  
of exposure 

(year) 

Average grain 
size  

in µm Intergranular area Intragranular area 
A 600 3.5 65±27 M23C6 + Sigma  M23C6
B 650 10 20±5 M23C6 + Sigma NbC 
C 800 3 95±20 M23C6  TiC 
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a b

c 1 

d

Figure 1 Microstructures of the steel A (a), B (b) and C (c) after etching in 10% aqueous solution of oxalic acid 
and morphology and distribution of large carbides in microstructure of the steel C (d)  etched in Groesbeck 
(selective etchant for carbides), light microscopy 
 

Particles of Sigma and M23C6 were found at the grain boundaries in steels A and B. 
Moreover, M23C6 was observed to precipitate inside the grains in steel A. In steel B, niobium-
rich MC was identified in the grain interior next to the intergranular Sigma and M23C6. In 
steel C, MC was found to precipitate inside the grains and M23C6 mainly at the grain 
boundaries (Table 2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Particle of M23C6 identified in steel A (a) and the corresponding SAED pattern (b), TEM of thin foils 

ba

)1(01B =500 nm
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Thermodynamic calculations have been performed in the temperature range of 550-
900°C (Table 3). According to the predictions, Sigma and M23C6 (600°C), M23C6 and MC 
(650°C), and MC (800°C) are stable phases for respective A, B, and C steels. Chemical 
compositions of M23C6 in steel C obtained by EDX and predicted by ThermoCalc are 
compared in Fig. 3. The calculated values correspond to 773°C, because this is the upper 
temperature limit of the M23C6 occurrence in equilibrium.  

 
Table 3 Equilibrium phases predicted for systems corresponding to steels A, B, and C 

Temperature range (°C) Secondary phases predicted to be in 
equilibrium with austenite Steel A Steel B Steel C 

Sigma+MC+M23C6  550-656  
Sigma+M23C6 550-675   

MC+M23C6  657-878 550-773 
M23C6 676-900   
MC  878-900 774-900 
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Figure 3 Comparison 
of experimentally 
determined and 
predicted atomic 
contents of Cr, Ni, Fe, 
and C in M23C6 for 
steel C. The predicted 
values correspond to 
773°C 
 
 
 

5  DISCUSSION 
Microstructure of all studied steels consists of austenite and secondary phases in inter- 

and intra- granular positions. Steel A shows larger variance in grain sizes than two other steels 
(Fig. 1, Table 2), probably due to the pre-service heat treatment. It is probable that small 
particles of MC precipitated in steels B and C during the pre-service heat treatment done at 
about 1000°C. 

In the steels, three types of secondary phases (Sigma, MC and M23C6) were identified 
after long-term service. With respect to the suggested heat treatment conditions, Sigma and 
M23C6 precipitated probably during the service, and MC started to precipitate already during 
the pre-service heat treatment [14, 15]. The formation of the Fe-Cr sigma phase [7] in steels A 
and B was driven by two factors. The first one resides in the higher Cr content, and rather low 
contents of Ni and C retarding the Sigma formation [16, 17]. The second factor applicable for 
steel B consists in the formation of carbon depletion zones around M23C6 particles due to the 
MC precipitation. The depletion zones seem to be ideal places for the Sigma formation. MC 
was found to precipitate within the grains (B and C steels) or in the form of carbide clusters at 
the grain boundaries. Janovec et al. [18] showed that the precipitation of Cr(Fe)-rich M3C, 
M7C3 at the grain boundaries preceded the intergranular precipitation of V-rich MC in the 
2.7Cr-0.6Mo-0.3V steel annealed at 720°C. If the mechanism described above is also 
applicable for the stabilized austenitic steels, M23C6 should to start precipitate earlier than MC 

    5



in steels B and C. Both the intergranular M23C6 and the intragranular MC particles are larger 
in steel C than in steel B (Fig. 1). It is probably a consequence of the higher service 
temperature of steel C. The size, quantity and distribution of MC particles are also dependent 
on the bulk concentration of stabilizing elements. Unfortunately, it is in both steels lower than 
recommended [19]. M23C6 was found to be the dominant precipitate in all the studied steels. 
The average length of intergranular particles in steel C exhibited about 4.000 nm, while the 
largest particles reached the length up to 10.000 nm.   

Thermodynamic predictions of secondary phases for steels A and B showed full 
consistency with experimental results (Tables 2 and 3). In steel C, both M23C6 and MC were 
experimentally identified, but the only MC was predicted to be equilibrium phase co-existing 
with austenite at 800°C.  This can be caused by several factors. For instance, steel C did not 
reach equilibrium at service conditions, or some factors stabilizing M23C6 were not taken into 
account in the calculations. The former factor is highly probable, because the maximum 
temperature of the M23C6 occurrence in equilibrium is 773°C and the equilibrium (calculated 
for 773°C) and experimentally determined contents of Cr, Fe, Ni, and C in M23C6 differ from 
each other (Fig. 3).  
 
6  CONCLUSIONS 
 Various combinations of Sigma, MC and M23C6 phases were found in the investigated 
austenitic steels after long-term service at temperatures between 600 and 800°C. At the grain 
boundaries of steel C (21Cr-30Ni), large M23C6 particles (up to 10 µm in length) were 
identified even if this carbide was not predicted to be in equilibrium at 800°C. Otherwise, 
good agreement between the thermodynamically predicted (ThermoCalc) and experimentally 
achieved (TEM, EDX, SAED, SEM) results was stated.  
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