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1 Introduction 

Austenitic stainless steels (ASS) are frequently used as con-
struction materials of various components in chemical, petrochem-
ical, pharmaceutical and nuclear power industries, because of their
excellent corrosion resistance and good mechanical properties at
elevated temperatures [1–4]. However, properties of these steels
depend strongly on structural, compositional, and morphological
characteristics of the grain boundaries, e.g. on the state of inter-
granular precipitation [5–7].

On heat treatment, welding or service, the unstabilized ASS
can be sensitised if isothermally exposed at temperatures 500–
800°C or slowly cooled through this temperature range [1, 4, 8, 9].
The sensitisation resulting from microstructural changes can cause
intergranular corrosion of unstabilized ASS. The microstructural
changes evoking the sensitisation reside mostly in the precipitation
of secondary chromium-rich phases (e.g. M23C6, sigma, chi) along
the grain boundaries followed by the formation of chromium-
depleted zones with chromium content below 12 wt% [10].

Sigma, as a typical phase occurring in the 316L steel, precip-
itates at temperatures between 550–900°C on grain boundaries,
especially on triple points, incoherent twin boundaries and inter-
granular inclusions [11]. The sigma precipitation has a very slow
kinetics, so the formation of precipitates can take hundreds to
thousands of hours. Cold work (CW) accelerates its precipitation
particularly if also recrystallization occurs on subsequent anneal-
ing [11]. Chi is mostly a minor phase and it was found in the

AISI 316L steel at temperatures about 750 °C [7]. The formation
of this phase can be observed mainly on the grain boundaries,
incoherent twin boundaries, coherent twin boundaries and on dis-
locations within the matrix. Owing to its ability to dissolve carbon
and also to its easier nucleation, the chi precipitation, when it
occurs, precedes the sigma formation. The chi nucleation is also
accelerated by cold work [11]. Laves of the Fe2Mo type was found
in AISI 316 steels with the bulk Mo content between 2–3 wt.%
after long-term annealing. It is often a minor phase precipitating
intragranularly in the form of equiaxed particles, with occasional
occurrence at the grain boundaries [11].

The degree of sensitisation is influenced by many factors, e.g.
bulk composition of the steel, grain size, plastic deformation, time-
temperature exposure [1, 2, 4, 7]. The influence of time-tempera-
ture exposure on the steel sensitisation can be derived from time-
temperature-sensitisation (TTS) diagram. In the diagram, each
condition characterized by time and temperature of annealing is
assigned to the sensitised or the non-sensitised areas separated by
typical C-curve. The nose of this curve defines the critical tem-
perature with the minimal time for sensitisation. 

In the present work the AISI 316L steel was investigated. The
aim of the study resides in the determination of relationships
between the steel thermal-deformation history, its resistance to
intergranular corrosion, and the state of precipitation. The atten-
tion was paid to the characterization of type, metal composition,
amount, and distribution of secondary phase particles.
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2. Experimental procedure

The chemical composition of the investigated AISI 316L steel
is given in Table 1. In the first step, the steel was solution annealed
for 1h at 1100 °C. Immediately after the solution annealing, the
steel was water quenched to eliminate the formation of new pre-
cipitates. In the second step, cold working of the steel sheets was
applied at ambient temperature with the deformation of 40 %
toward the original sheet thickness. The final step of the sample
treatment resided in the isothermal annealing performed at 750 °C
for 1, 2, 5, 10, 50 and 100 h. 

The samples for the light microscopy were polished up to fine
diamond finish (�1μm) and then electrolytically etched for 10–
30 s (in dependence on the sample sensitisation) using 10 % oxalic
acid at the current density 1 A.cm�2. The metallographic sections
were observed by a light microscope NEOPHOT 32 equipped
with CCD camera. The samples were tested to determine the sen-
sitivity to intergranular corrosion according to ASTM A 262, prac-
tice A (Oxalic Acid Etch Test). In the corrosion test, the same
etching procedure as described above for preparing metallographic
samples was used, except for the etching time taking 90 s. The fol-
lowing criterion was applied to classify the sensitivity of the etched
microstructures to the intergranular corrosion:
� the step structure, when the grain boundaries are not attacked

by corrosion, 
� the dual structure, when the grains are not completely sur-

rounded by deeply etched boundaries, 
� the ditch structure, when at least one grain is completely sur-

rounded by deeply etched boundaries.

The samples showing step or dual structures were considered
to be non-sensitised, whereas the samples exhibiting the ditch struc-
ture were classified as sensitised [12]. 

For the identification of secondary phases the transmission
electron microscopy (TEM) of extraction carbon replicas was
utilised. TEM observations were performed using a JEOL 200 CX
microscope operated at 200 kV. It was equipped with an energy
dispersive 

X-ray spectrometer (EDX). The samples for TEM were pre-
pared as follows: 
� etching of the mechanically polished surfaces for 2–3 min with

etchant consisting of 10 ml H2SO4, 10 ml HNO3, 20 ml HF and
50 ml H2O, 

� coating of the surfaces with a thin layer of carbon, 
� removing the carbon film from the samples in 8 % solution of

HCl in ethanol.

At least ten EDX analyses per secondary phase were performed
for each condition. At the evaluation of EDX spectra the stan-
dardless method for thin specimens was used.

The phase equilibria were calculated for the system correspond-
ing to the investigated steel in the temperature range 500–1500 °C
by ThermoCalc software [13] using the database STEEL17 for-
mulated by Kroupa et al. [14]. In the calculation procedure the
total Gibbs energy of the system consisting of contributions of
individual phases is minimized at constant temperature and pres-
sure. The particular phases were modelled as a sum of the refer-
ence level of Gibbs energy, entropy term, excess Gibbs energy,
and magnetic term (if plausible the magnetic ordering). In the cal-
culations, the elements Fe, C, Si, Mn, Cr, Mo and Ni were consid-
ered, and the phases liquid, delta-ferrite (b.c.c.), austenite (f.c.c.),
laves (h.c.p.), M6C (f.c.c.), M23C6 (f.c.c.), sigma (tetragonal) and
chi (b.c.c.) were taken into account. 

3. Results

The microstructures of the investigated steels after the solution
annealing are composed of polyhedral austenitic grains containing
twins (Fig. 1a). After cold working the grains are prevailingly aci-
cular and contain shear bands (Fig. 1b). No precipitates were
observed at the grain boundaries of both solution annealed and
cold worked conditions. Black discrete areas randomly distributed
across the microstructure of the cold worked condition are prob-
ably etching artefacts. 

TTS diagram for the AISI 316L steel after 40% cold working
is illustrated in Fig. 2a. Circles represent experimental results
after oxalic acid etch test for the conditions annealed at 750 °C.
The solid circles represent sensitised conditions showing the ditch
structure. The condition 750 °C/1 h exhibiting the dual structure
is illustrated by the empty circle. The microstructures correspond-
ing to conditions 750 °C/1 h and 750 °C/5 h are documented in
Figs. 2b and 2c, respectively.

On annealing, secondary phases were observed to start to pre-
cipitate on the grain boundaries and in the grain interior. The
phases identified are summarized in Table 2. Figs. 3a and 3b show
the microstructures of the investigated steel after annealing at
750 °C for 1 h and 2 h, respectively. M23C6 (Fig. 4), chi (Fig. 5)
and sigma (Fig. 6) were identified on grain boundaries. Moreover,
the particles of laves (Fig. 7) were evidenced. In Figs. 4–7 both
the analysed particles and the corresponding diffraction patterns
are documented.  Average metal compositions of identified sec-
ondary phases in the analysed conditions can be seen in Table 3.

Chemical composition of the investigated steel Table 1 

Steel
Contents of elements in wt.%

C N Si Mn P S Cr Ni Mo Ti Fe

AISI 316L 0.021 0.019 0.62 1.10 0.0027 0.004 17.47 12.20 2.10 – bal.
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Fig. 1 Microstructures of the investigated steel after solution annealing (a) and subsequent 40 % cold work (b)

Fig. 2 TTS diagram for the AISI 316L steel after 40% cold working ( the circles represent experimental results after oxalic acid etch test for
conditions annealed at 750 °C) (a), the microstructure of condition 750 °C/1 h – dual structure (b), 

the microstructure of condition 750 °C/5 h – ditch structure (c)
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Fig. 3 Microstructures of the investigated steel  after annealing at 750 °C/1 h (a), 750 °C/2 h (b)

Experimentally identified secondary phases in the investigated steel after 40% cold working and Table 2 
subsequent annealing at 750°C. Occurrence of a phase is denoted with symbol “X”

Annealing time (h)
Secondary phases

Sigma Laves Chi M23C6

2 X X X –

5 X X X –

10 X X X X

50 X X X X

100 X X X X

Metal compositions of identified secondary phases in conditions annealed at 750 °C. Table 3 
Average metal compositions of particular phases regardless of condition are highlighted (italic + bolt)

Secondary phases Annealing time (h)
Mass contents of elements in %

Cr Fe Mo Ni Si

Sigma 

2 33.0 � 1.3 51.2 � 2.6 10.6 � 2.6 4.0 � 0.6 1.3 � 0.4

5 32.9 � 3.9 46.4 � 4.8 12.9 � 3.2 5.7 � 2.7 2.0 � 2.0

10 32.7 � 3.2 48.0 � 4.8 11.9 � 4.4 5.1 � 2.5 2.3 � 2.7

50 31.9 � 2.5 47.8 � 1.1 13.5 � 2.7 5.0 � 0.6 1.9 � 0.6

100 32.7 � 2.2 49.4 � 2.8 11.3 � 3.0 5.2 � 1.2 1.5 � 0.9

Average metal composition of sigma 32.6 � 0.9 48.6 � 3.6 12.0 � 2.3 5.0 � 1.2 1.8 � 0.8

Laves 

2 14.4 � 4.2 28.6 � 6.5 49.0 � 8.3 3.8 � 2.1 4.2 � 4.0

5 12.4 � 5.5 24.7 � 6.6 51.5 � 7.0 5.8 � 4.1 5.6 � 5.5

10 11.7 � 3.6 27.1 � 9.0 49.6 � 9.5 4.8 � 4.6 6.7 � 5.7

50 9.7 � 1.4 25.9 � 2.5 51.0 � 2.9 5.0 � 1.1 8.4 � 4.4

100 10.1 � 1.7 29.5 � 1.3 49.5 � 2.0 5.1 � 1.5 5.9 � 2.7

Average metal composition of laves 11.7 � 3.5 27.2 � 3.3 50.1 � 2.1 4.9 � 1.4 6.2 � 3.1

Chi 

2 21.5 � 4.3 39.1 � 4.0 33.2 � 7.3 3.4 � 1.9 2.7 � 1.2

5 25.6 � 1.0 44.3 � 2.9 23.7 � 3.0 4.1 � 1.2 2.5 � 0.2

10 24.3 � 4.4 43.4 � 5.7 26.0 � 5.6 4.1 � 1.6 2.2 � 1.8

50 23.3 � 1.8 41.6 � 2.3 27.0 � 2.5 4.6 � 0.7 3.5 � 1.4

100 22.4 � 3.3 45.1 � 5.0 25.2 � 5.8 4.7 � 0.9 2.5 � 2.2

Average metal composition of chi 23.4 � 3.1 42.7 � 4.3 27.0 � 7.1 4.2 � 0.9 2.7 � 1.0
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Fig. 4 Particle identified as M23C6 in the condition 750°C/100 h (a), diffraction pattern corresponding to the marked particle (b), 
TEM of carbon extraction replicas 

Fig. 5 Particle identified as chi in the condition 750°C/100 h (a), diffraction pattern corresponding to the marked particle (b), 
TEM of carbon extraction replicas

Fig. 6 Particle identified as sigma in the condition 750 °C / 100 h (a), diffraction pattern corresponding to the marked particle (b), 
TEM of carbon extraction replicas

Secondary phases Annealing time (h)
Mass contents of elements in %

Cr Fe Mo Ni Si

M23C6

10 65.9 � 0.9 15.0 � 0.2 16.0 � 0.9 2.9 � 0.2 0.3 � 0.0

50 66.6 � 5.5 13.7 � 2.6 16.0 � 4.5 3.2 � 1.1 0.6 � 1.0

100 68.6 � 2.3 13.6 � 0.4 13.7 � 2.0 3.5 � 0.4 0.7 � 0.3

Average metal composition of M23C6 67.0 � 1.5 14.1 � 1.0 15.2 � 1.4 3.2 � 0.3 0.5 � 0.3
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The experimental characterization of secondary phases was done
for the sensitised conditions only. The results of the thermodynamic
calculations performed for the temperature range 500–1500 °C
are shown in Table 4. According to the prediction, M23C6 is the
only secondary phase in equilibrium with austenite at 750 °C.

4. Discussion

Two important transitions between the analysed conditions of
the AISI 316L steel were found as a result of the current study. 

The transition between non-sensitised and sensitised states was
determined between 1 and 2 h of annealing at 750 °C according
to the corrosion test ASTM A 262, practice A (Fig. 2). During the
annealing for 1 h (Fig. 3a) only small changes appear in the
microstructure compared to the original 40% CW condition (Fig.
1b). In spite of the “acicular” microstructures documented in Figs.
1b and 3a, the microstructure of the condition annealed for 2 h
(Fig. 3b) contains also polyhedral grains surrounded with inter-
granular particles both features typical for recrystallization. Thus,
it is probable that the sensitisation starts between 1 and 2 h of
annealing due to a progress in the microstructure recovery and
recrystallization.

The another important transition observed between 5 and 10 h
of annealing concerns the number of identified secondary phases
in the analysed conditions (Table 2). In general, the amount of
secondary phase particles in the microstructure was found to

increase with increasing the annealing time [7, 8, 11]. Sigma, laves
and chi phases were identified in all conditions analysed. The pre-
cipitation of M23C6 started however between 5–10 h of annealing.
This transition did not influence the steel resistance to intergranu-
lar corrosion (Fig. 2), because of a small amount of M23C6 particles
in the low-carbon steel (Table 1) and the presence of chromium also
in earlier precipitated intermetallic phases (Table 3). 

Sigma, chi, and M23C6 were found to precipitate mainly along
the grain boundaries. On the other hand, laves precipitated in the
grain interior in the form of fine mostly longitudinal particles
(Fig. 7). This is in agreement with findings of Padilha and Rios
[11]. After 50 h of annealing laves was also found on the grain
boundaries in the form of massive particles.

Thermodynamic predictions of phase equilibria for the system
corresponding to the AISI 316L steel showed partial agreement
with the experimental results. According to the prediction, M23C6

is the only secondary phase co-existing with austenite in equilib-
rium at 750 °C (Table 4). It shows that sigma, chi, and laves iden-
tified experimentally are probably stable phases on annealing for
shorter times. In the investigated steel the equilibrium at 750 °C is
expected to be reached after annealing for times evidently exceeding
100 h. Then, the amount of the equilibrium M23C6 should increase
at the expense of the non-equilibrium intermetallic phases. 

The annealing time was not found to influence significantly
average values of the metal composition of identified phases. This
made possible to calculate the average metal compositions for par-
ticular phases regardless of the condition (Table 3). The biggest
standard deviations were determined for laves, because the analysed
particles of this phase were of smallest dimensions. 

5. Conclusions

In the present work the influence of secondary phase precipi-
tation on the resistance to intergranular corrosion of the 40 %
cold work AISI 316L steel annealed at 750 °C for 1, 2, 5, 10, 50,
and 100 h was investigated. Based on the experimental results the
main findings can be summarized as follows:

Fig. 7 Particle identified as laves in the condition 750°C/100 h (a), diffraction pattern corresponding to the marked particle (b), 
TEM of carbon extraction replicas

Phase equilibria predicted for the system corresponding Table 4 
to the investigated AISI 316L steel using ThermoCalc software

Temperature range
[°C]

Secondary phases predicted to be in
equilibrium with austenite

500 – 657 M23C6 + M6C + sigma

658 – 744 M23C6 + sigma

745 – 849 M23C6

850 – 1500 –
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1. The transition between non-sensitised and sensitised states
was found to be between 1 and 2 h of annealing.  

2. Sigma, laves, and chi were identified in all the analyzed con-
ditions although they were not predicted to be equilibrium
phases at 750 °C. M23C6, predicted to be in equilibrium with
austenite at 750 °C, started to precipitate between 5 and 10 h
of annealing. 

3. Particles of sigma, chi, and M23C6 were observed mainly along
the grain boundaries. Laves formed fine mostly longitudinal
particles in the grain interior. After 50h of annealing this phase

was also observed on the grain boundaries in the form of
massive particles. 

4. The annealing time was found to influence the average metal
composition of the identified secondary phases slightly only. 
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