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Abstract: 
 Three austenitic steels (18Cr-8Ni, 18Cr-10Ni, and 21Cr-30Ni) exploited for long-terms 
at temperatures between 600 and 800°C were investigated.  In the investigation, EPR-DL and 
oxalic acid etch corrosion tests, metallography, scanning electron microscopy, transmission 
electron microscopy, selected area electron diffraction, and energy dispersive X-ray 
spectroscopy were used. In the severe sensitized 18Cr-8Ni steel, small densely arranged 
intergranular particles mostly of M23C6 were found. The 18Cr-10Ni steel was classified as 
less sensitized compared to the 18Cr-8Ni steel due to the presence of larger discrete grain 
boundary particles additionally to small densely arranged particles. In the unsensitized 21Cr-
30Ni steel, huge discrete clusters often exceeding 10 µm were observed at the grain 
boundaries. The clusters were found to consist of large Cr-rich M23C6 and small Ti-rich MC 
particles.  
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INTRODUCTION 
 
 More than hundred years of experiences stay behind the good mechanical properties and 
corrosion resistance of austenitic steels. The properties of these steels make it possible to use 
them in aggressive and hot environments as components of power generating nuclear plants 
and other energy systems. They are also used in the food, paper, chemical and petrochemical 
industries. In order to avoid the failure of components made of austenitic steels due to 
extreme service conditions, the steels high microstructural stability is required. The stability 
of the microstructure is ensured with alloying elements, mainly chromium and nickel. Nickel 
provides the formation of an austenitic microstructure at all temperatures and chromium 
provides the good corrosion resistance. Both elements are characteristic for the 300 series of 
austenitic steels. Also other alloying elements are present in the steel, so it is important to 
carry out a solution treatment of these steels to obtain a homogenous microstructure. The 
temperature of the solution treatment was reported to range between 1000 and 1150°C [1-4]. 
In case of the steels stabilized with Nb (347) or Ti (316Ti, 321) the stabilization treatment 
follows ensuring the precipitation of NbC and TiC and inhibiting from the formation of Cr-
rich M23C6. The temperature of the stabilization treatment is around 900°C, but it varies 
according to the type of the steel [4,5]. The precipitation of Cr-rich particles causes the 
formation of Cr-depletion zones responsible for the steel sensitization and for the 
intergranular corrosion during service in the temperature range of 450-850°C. The fine 
carbides and/or carbonitrides of Nb and/or Ti increase also the strength and creep resistance 
of the steels [2,4,6-9]. The danger of Cr-rich particles rests not only in the formation of Cr-
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depletion zones, but they can also start an electrochemical reaction between the carbide and 
the matrix. The corrosion resistance is subsequently reduced due to this process [10]. 
Although all procedures of the heat treatment are well performed, some unwanted precipitates 
can be present in austenitic steel after long-term aging like M23C6 (mainly for unstabilized 
steels [2,11]), Laves, and Sigma (mainly for stabilized and low-carbon steels [9, 12]). Ohmura 
et. al. [13] showed that M23C6 dominates in the steel AISI 316 (0.05C-0.014Ti-17.6Cr-
11.19Ni, contents of elements are given in wt %) after long-term aging. Källqvist and Andrén 
[12] have detected the precipitation of NbC which prevents the formation of M23C6 in the 
AISI 347 steel (0.054C-0.78Nb-17.69Cr-11.36Ni). Kyung Seon Min and Soo Woo Nam [14] 
have reported that M23C6 is also present in the AISI 321 steel (0.03C-0.257Ti-17.90Cr-
9.15Ni) stabilized with Ti additionally to the TiC particles. 
 Nowadays, corrosion properties of austenitic steels can be well predicted using 
modeling. However, the most reliable data were obtained by corrosion tests. Most of the 
corrosion experiments were done after aging of the steels in the temperature range of 500-
950°C for up to 70 000 h [2,4,15,16]. Sometimes it is important to test components after long-
term service in corrosion environments to obtain the most realistic information about 
microstructure stability and corrosion behavior of the steels. For this reason EPR and weight 
loss tests were preformed in the present work on three samples made from different austenitic 
steels aged for several years in power plants.  
 
EXPERIMENTAL 
 
 In this work, the steels 18Cr-8Ni, 18Cr-10Ni, and 21Cr-30Ni (Table 1) were 
investigated after service for long time in a hot corrosion environment. The working 
conditions of tubes used for machining the experimental samples are shown in Table 2. 
 
Table 1 Chemical compositions of investigated steels [wt. %]  

Steel  C Mn  Si  Cr  Ni Mo Ti  Nb S P 
18Cr-8Ni 0.06 1.67 0.62 18.48 8.37 0.30 - - 0.025 0.030
18Cr-10Ni 0.10 1.59 0.74 17.71 9.32 0.52 - 0.56 0.026 0.030
21Cr-30Ni 0.12 0.6 1.00 21.02 30.07 0.25 0.45 - 0.005 0.030

 
Table 2 Exposure conditions and average grain sizes for investigated steels   

Steel Temperature of 
exposure (°C) 

Duration of 
exposure (year) 

Average grain 
size (µm) 

18Cr-8Ni 600 3.5 65 ± 27 

18Cr-10Ni 650 10 20 ± 5  
21Cr-30Ni 800 3 89 ± 18 

 
 Light microscopy observations were done after preparing the metallographic samples by 
grinding, polishing (1 µm finish) and etching in 10 % aqueous solution of oxalic acid. A light 
microscope NEOPHOT 30 was used to document the microstructure of the samples inclusive 
the determination of the average grain size by the line method. Particles precipitated in the 
steels were identified by transmission electron microscopy (TEM) of thin foils using the 
selected area electron diffraction (SAED). All samples were also studied with scanning 
electron microscopy (SEM) using a microscope JEOL JSM 7000F/FEG equipped with an 
energy dispersive X-ray (EDX) analyzer INCA OXFORD. To obtain secondary electron 
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imaging (SEI) micrographs and to create compositional SEM/EDX maps the operating 
voltage of 20 kV was used.  
 Two types of corrosion tests were used to determine the steel sensitization. The double 
loop (DL) electrochemical potentiokinetic reactivation (EPR) test was performed according to 
the ASTM G 108 standard. In the first step the surface was polarized anodically (from -700 to 
+500 mV), then the scanning direction was reversed (from +500 to -700 mV). The ratio IR/IA, 
where IR is the maximum current in the reactivation loop and IA is the maximum current in the 
anodic loop, was used as a measure of the degree of sensitization [17]. The samples can be 
classified into 4 sensitivity groups after the test, as it was proposed by Číhal [18]. To 
characterize the sensitization caused by chromium carbides the oxalic acid etch test was used 
(ASTM 262 practice A test). The samples were etched electrochemically in the 10% aqueous 
solution of oxalic acid for 90 s at ambient temperature using the current density of 1 A/cm2. 
The following criteria were applied to classify the steel sensitivity to the intergranular 
corrosion:  (a) the step microstructure, when the grain boundaries are not attacked by 
corrosion, (b) the dual microstructure, when the grains are not completely surrounded by 
deeply etched boundaries, (c) the ditch microstructure, when at least one grain is completely 
surrounded by deeply etched boundaries [17]. 
 
RESULTS 
 
 To get an overview of the microstructure, the samples were observed with light 
microscopy. For steels 18Cr-8Ni, 18Cr-10Ni and 21Cr-30Ni the micrographs and the average 
grain sizes (standard STN EN ISO 643 [19] was used for the grain size determination) are 
summarized in Figure 1 and Table 2, respectively.  
 The phases identified in the steels are summarized in Table 3. It was shown using TEM 
that the precipitates in the 18Cr-8Ni steel are M23C6 (Figure 2) and σ. Besides M23C6 and σ 
(Figure 3) the intragranular NbC particles were also found in the steel 18Cr-10Ni. In the 
21Cr-30Ni steel, the TiC precipitates and the large intergranular M23C6 particles were 
identified (Table 3). Clusters of various particles were observed as shown in Figure 4. In 
comparison to the matrix, the large dark particles contain more chromium, the smaller 
brighter particles more titanium.  
 According to the EPR test (Table 4), only the 18Cr-8Ni steel with IR/ IA = 33.35% was 
classified to be severe sensitized. The limit for the severe sensitization is 30% [17, 18]. The 
18Cr-10Ni steel was medium sensitized, and the 21Cr-30Ni steel retained to be passive (IR/ IA 
= 0.38 %). The oxalic acid etch test (ASTM 262-A) showed similar results (Table 4). In the 
sample 18Cr-8Ni, all grain boundaries were found to be completely over attacked after the 
test (Figure 5[a]). The corrosion level was classified as ditch. For this level, boundaries of at 
least one grain have to be completely over attacked (i.e. “closed”). The 18Cr-10Ni steel 
(Figure 5[b]) showed also a ditch microstructure, although some grains were not “closed”. 
The microstructure of the 21Cr-30Ni steel was classified as the dual type after the test (Figure 
5[c]).  
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Table 3 Secondary phases identified in austenitic matrix of steels 18Cr-8Ni, 18Cr-10Ni, and 21Cr-
30Ni using TEM and EDX 

Secondary phases identified  Steel 
 Intergranular area Intragranular 

area 
18Cr-8Ni M23C6 + Sigma M23C6

18Cr-10Ni M23C6 + Sigma NbC 

21Cr-30Ni M23C6 + TiC TiC 
 

 
a) 

 
b) 

 
c) 

Figure 1 Microstructures of the 18Cr-8Ni (a), 18Cr-10Ni (b) and 21Cr-30Ni (c) steels, 10% aqueous solution of 
oxalic acid, light microscopy. 
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a) b) 

Figure 2 M23C6 particle in the 18Cr-8Ni steel (a) and corresponding electron diffraction pattern (b), 
TEM/SAED, thin foil. 

 

  
a) b) 

Figure 3 Sigma phase particle in 18Cr-10Ni steel (a) and corresponding electron diffraction pattern (b), 
TEM/SAED, thin foil. 

 

 
Figure 4 Cluster of carbide particles, SEI image. 
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Table 4 Results of DL-EPR and ASTM 262-A tests for investigated steels  

Steel IR 
[mA/cm2] 

IA 
[mA/cm2] 

IR/ IA 
[%] 

DL-EPR test 
classification - 

ASTM 262-A 
test classification

18Cr-8Ni 26.2 78.6 33.35 severe 
sensitized ditch structure 

18Cr-
10Ni 11.5 98 11.73 medium 

sensitized ditch structure 

21Cr-
30Ni 0.58 151.7 0.38 unsensitized dual structure 

 

 
a) 

 
b) 

 
c) 

Figure 5 Microstructures of 18Cr-8Ni (a), 18Cr-10Ni (b), and 21Cr-30Ni (c) steels after corrosion test 
performed according to ASTM 262 - A. In the microstructure of steel 18Cr-10Ni, the non-attacked segment of 

grain boundary is marked with arrow. 
 
DISCUSSION 
 
 Although the initial microstructures of the investigated steels are unknown, one can 
suggest that the non-stabilized 18Cr-8Ni steel did not contain almost any precipitates after 
solution heat treatment (1020-1120°C) and rapid cooling.  The microstructures of stabilized 
steels 18Cr-10Ni and 21Cr-30Ni contained probably MC particles after stabilization treatment 
at temperatures between 950-1070°C and slow cooling [5]. Naturally, the precipitation of new 
particles and the evolution of the original particles can be expected during the long-term 
service (Table 2). These processes surely had an effect on the corrosion resistance of the 
steels investigated. 
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Particles of M23C6 form mostly dense layers along the grain boundaries in austenitic steels. In 
dependence on annealing temperature and/or time, the particle sizes were found to range 
between 50 and 1200 nm [15, 20]. Presence of large particles at the grain boundaries evokes 
the suggestion that the steel is sensitized. However, austenitic steels were reported to be 
strongly sensitized even if the particles were extremely small and therefore hardly observable 
by light microscopy. Small particles arranged close to each other along the grain boundaries 
appear in austenitic steels already after low temperature annealing [21]. The case described 
above was also confirmed experimentally in this work for the 18Cr-8Ni steel (Figure 1[a]). 
The small densely arranged intergranular particles mostly of M23C6 type (Figure 2, Table 3) 
precipitating during the service [2, 11] caused a severe sensitization of this steel. It was 
confirmed by both the EPR-DL and the etch tests (Table 4, Figure 5[a]). It is generally known 
that M23C6 evokes the formation of Cr-depletion zones more often than Sigma. Contrary to the 
Sigma particles, the M23C6 particles are forming continuous layers along the grain boundaries 
promoting the creation of large and continuous Cr-depletion zones [15]. Sigma particles 
precipitate in the first place on the triple-points of the austenitic microstructure [3] and do not 
create usually continuous Cr-depletion zones. The more extreme service conditions (compare 
steels 18Cr-8Ni and 18Cr-10Ni, Table 2) caused the Ostwald ripening [22] of intergranular 
particles (Sigma - Figure 3 and M23C6) precipitated in the 18Cr-10Ni steel. As a consequence, 
larger discrete particles more distant from each other appeared. It prevented them probably 
from forming a continuous depletion zone along the grain boundaries. Moreover, M23C6 
particles were limited in growth, because of the partial stabilization of the 18Cr-10Ni steel 
with niobium. The NbC precipitation reduced the bulk amount of carbon needed for the 
substantial growth of M23C6. The experimental evidence about the described processes 
follows from the corrosion tests. Steel 18Cr-10Ni was found to be less sensitized than the 
18Cr-8Ni steel according to both tests performed (Table 4, Figure 5[a] and [b]). In spite of the 
presence of niobium, medium sensitization instead of unsensitized state was observed for the 
18Cr-10Ni steel. It was probably caused by the incorrect stabilization of this steel. The ratio 
between the bulk niobium and carbon contents has to be at least 8:1 according to Bhadeshia 
and Honeycombe [23, 24] and even 10:1 according to Sourmail [9]. This ratio for the 18Cr-
10Ni steel is about 6:1 only.  
 At the grain boundaries of the 21Cr-30Ni steel, huge particles with dimensions often 
exceeding 10 µm were observed (Figure 1[c]). The more precise investigation based on the 
SEM/EDX mapping discovered a cluster character of these “particles”. The clusters are 
formed by large M23C6 particles containing mostly chromium and smaller particles of TiC 
(Figure 4). Precipitation of M23C6 in a Ti-stabilized steel was also reported by Kyung Seon 
Min and Soo Woo Nam [14].  In this work, the clusters were also observed in the grain 
interior of the 21Cr-30Ni steel (Figure 1[c]). The microstructure of the 21Cr-30Ni steel was 
classified as unsensitized according to the EPR-DL test. More factors can contribute to good 
resistance of this steel to the intergranular corrosion. The accelerated diffusion at high enough 
service temperature (800°C) enabled intensive changes in the initial microstructure consisting 
probably of austenitic grains containing TiC particles. As a consequence, discrete particles 
and/or clusters along the grain boundaries were formed due to the Ostwald ripening. It 
extended the grain boundary areas free of carbides and reduced in this way the areas suitable 
for the formation of Cr-depletion zones. Because of shorter times needed for the chromium 
compensation at 800°C, the continuous deeply etched boundaries were not observed all over 
the grain boundaries after the oxalic acid etch test (Figure 5[c], Table 4). The good etching 
ability of some grain boundary segments in 21Cr-30Ni steel was caused by at least two 
factors: the presence of “wide” clusters at the boundaries and the lattice misfit at the 
carbide/matrix interface.  
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 Two methods of corrosion tests were compared in this work. It was stated that the EPR-
DL method is finer scaled and more precise than the oxalic acid etch test (Table 4). The 
results obtained confirmed that the latter test is suitable for first-step consideration of the 
resistance of austenitic steels to intergranular corrosion. For a more precise screening, the 
EPR test should be done.    
 
CONCLUSION 
 
 Three austenitic steels (18Cr-8Ni, 18Cr-10Ni, and 21Cr-30Ni) exploited for long-terms 
at temperatures between 600 and 800°C were characterized using corrosion tests and the 
experimental identification of phases. The results obtained can be summarized as follows: 
1. Small densely arranged intergranular particles mostly of M23C6 were found to form   

continuous Cr-depletion zones in 18Cr-8Ni steel. The steel was classified as severe 
sensitized. 

2. At the grain boundaries of 18Cr-10Ni steel larger (due to the Ostwald ripening), discrete 
particles were observed additionally to small densely arranged particles. The steel was 
classified as less sensitized compared to 18Cr-8Ni steel. 

3. In 21Cr-30Ni steel, huge discrete clusters often exceeding 10 µm were observed at the 
grain boundaries. The clusters consisted of large Cr-rich M23C6 and small Ti-rich MC 
particles. The steel was classified as unsensitized. 

4. It was confirmed that the EPR-DL method is finer scaled and more precise than the    
oxalic acid etch test. 
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