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Abstract 
The effect of annealing heat treatment on pitting resistance of stainless steel type 

316L has been studied using Tafel polarization and ASTM G150 for estimating of the 
pitting potential and CPT, respectively. The materials were tested in 3.5% NaCl 
solution. The chemical composition of the material was analyzed via optical emission 
spectrometry. It was found that the sample treated at 940°C shows better pitting 
corrosion resistance than samples treated at 520°C and 820°C. The treatment at 940°C 
produced two types of morphologies, austenitic-ferritic matrix with δ-ferrite and only 
small amount of the σ phase. In the range up to 820°C the σ phase embedded in the γ 
phase matrix and at δ/γ interface was causing brittleness of the material and aggravated 
corrosion resistance. The treatment at 940°C produced the microstructure which 
prevented the corrosion attack to develop. It was revealed that the pitting size in 
samples treated at 520°C and 820°C is greater than that at 940°C. In addition, depth of 
pitting has been considered as a factor of pitting corrosion resistance. The depth of 
pitting in sample treated at 940°C is low since the pitting is almost superficial, while the 
pitting size in samples treated in 520°C and 820°C is higher and deeper.  
Keywords: stainless steel 316L, annealing heat treatment, σ-phase, Tafel polarization, 
pitting resistance, CPT 

Introduction 
Type 316L stainless steel is not only characterized by high strength at elevated 

temperatures, but is also recognized for a wide applications requiring corrosion 
resistance superior to Type 304. Typical uses include exhaust manifolds, furnace parts, 
heat exchangers jet engine parts, pharmaceutical and photographic equipment, valve and 
pump, chemical equipment, digesters, tanks, evaporators, pulp, paper and textile 
processing equipment, parts exposed to marine atmospheres and tubing. Type 316L is 
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used extensively for weldments where its immunity to carbide precipitation due to 
welding assures optimum corrosion resistance [1]. Austenitic AISI 316L is considered 
to be one of the most resistant of common stainless steels under marine environments, 
and due to its good mechanical properties at elevated temperatures, and easy 
fabricability, is an important structural material for many industrial unit especially the 
desalination plants. The most common cause of failure of 316L stainless steel in marine 
environment is pitting and crevice corrosion, which are very dangerous, since the 
material can quickly be penetrated despite the fact that its general corrosion rate is very 
low [2]. 

Pitting corrosion is one of the most destructive and insidious forms of corrosion 
because of the localized nature of the attack and the difficulty associated with the 
prediction of pitting tendency. Many investigations have been performed to understand 
the pitting corrosion phenomenon. Recently, major efforts have been directed toward 
the characterization of pitting corrosion by the determination of two characteristics of 
pitting, namely, pitting potential, and protection potential. In general, the pitting 
potential (EP) is the potential above which passive alloys are susceptible to pitting 
corrosion in halide solutions, but below which pits cannot be formed, although existing 
pits can grow if the potential is higher than protection potential. The protection potential 
(EPP) is the potential value such that at potential higher or equal to this potential, pit can 
propagate, but if the potential is below, metal remains passive. To obtain the precise 
data, the pitting potential can be determined only by recording the current density vs. 
time relationship at various constant potential using a new sample for each curve. For 
precise protection potential determination recording of the current density vs. time curve 
at constant potential should be preceded by activation of the sample at high anodic 
potential corresponding to easy pit nucleation. Measurements of changes in anodic 
potential at constant current density starting from the corrosion potential and 
measurement of potential drop vs. time at high constant current density can be used. 
Potentiodynamic pitting test is the common technique for rapid evaluation of the 
relative pitting tendencies of a series of alloys. Both pitting potential and protection 
potential are the important parameters from the theoretical point of view. For practical 
purpose, protection potential is more useful because it indicates the range of potentials 
more negative than protection potential within which pitting will not occur. Pitting 
potential depends on the composition of the bulk solution, and on the surface condition 
of metal, while protection potential depends upon the composition of the solution 
contained in pits [2-6].  

In this investigation, the role of annealing heat treatment on pitting corrosion 
behaviour of stainless steel type 316L was evaluated and validated.  

Experimental procedure 
Commercially produced type 316L stainless steel sheet material of 3 mm 

thickness was used during tests. The composition of the material is given in Table l. All 
the tests were carried out three times and the average of results was considered as the 
final report.  
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Table 1 Chemical composition of stainless steel 316L (wt.%) 
C Si Mn P S Cr Ni Mo 

0.04 1.00 2.00 0.045 0.030 0.058 10.00-14.00 2.00-3.00 
 
The samples have prepared in 20mm × 40mm × 5mm dimension. The samples 

were polished using carbide papers from 80 to 1200 grit. Finally, samples washed with 
ethanol and pure water and were polishing with 0.3 µm of Al2O3 powder. The 
electrochemical etch has done in 0.6 HNO3 in 1.1 V potential for 2 minutes.  

Scanning electron microscopy (SEM) was employed to study the effect of 
annealing heat treatment on microstructure and phase transformation. In addition, pit 
morphology studied using SEM. 

The electrochemical technique was used to obtain pitting potential, protection 
potential, and corrosion rate for AISI 316L under various conditions, using EG&G 
model 273 potentiostat/galvanostat with model 342 soft corrosion software. A saturated 
calomel electrode was used as the reference electrode. Graphite electrodes were used as 
counter 

The critical pitting temperature (CPT) was obtained in two ways, either by 
performing a series polarization tests at a fixed temperature or by using ASTM G150. 
The diagram used for CPT is illustrated in Fig 1. 

 
Fig 1. Determination of CPT. 

The chemical composition of the material was analyzed via optical emission 
spectrometry. 

Based on the chemical composition, the values of Creq and Nieq were calculated 
according to the following expressions:  

Creq = (%)Cr + [(1.5). (%)Si] + [(1.4). (%)Mo] + (%)Nb – 4.99 

Nieq = (%)Ni + [(30). (%)C] + [(0.5). (%)Mn] + [26(%)N – 0.02)] + 2.77 

The solution annealing heat treatment recommended for this material was 
performed in an electric furnace with a heating capacity of 1300°C. The solution 
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annealing heat treatment at 940°C for 2h was carried out to completely dissolve all the 
precipitates in the austenitic matrix, forming an unsaturated solid solution. After this 
solution annealing heat treatment, followed by water quenching, the samples were aged 
at various temperatures ranging from 520–940°C for 2h. 

Results and discussion 
Microstructure studies 

The sample annealed at 520°C, displays a microstructure composed of only two 
phases: the austenite matrix consisted of σ-phase and the δ-ferrite precipitated in the 
form of islands, as illustrated in Fig. 2.  

The σ-phase is a nonmagnetic inter-metallic phase composed mainly of iron and 
chromium (Fe-Cr), which forms in ferritic and austenitic stainless steels during 
exposure at the temperature range 520°C to 950°C, causing loss of ductility and 
toughness. Cracking may also occur if the component was impact-loaded or excessively 
stressed during shutdown or maintenance work. The presence of considerable amounts 
of σ-phase is unacceptable due to its detrimental influence on corrosion and mechanical 
properties. However, small amounts of σ-phase that formed at certain temperature 
intervals might be without significance in some applications.  

 
Fig 2. SEM micrograph of the sample treated at 520°C for 2h. 

In addition, the σ-phase is a brittle, intermetallic phase with high hardness. They 
arise, when a cubic body-centered and a cubic body-centered metal coincide, whose 
atomic radius correspond with a low deviation (8%) [7-8]. The σ-phase forms 
predominantly out of δ-ferrite, because in high alloyed chromium-nickel-steel the 
composition of the δ -ferrite is similar, whereas intermetallic phases precipitated at the 
δ/γ interfaces or at the ferrite grain boundaries lead to aggravated corrosion resistance 
[4]. Ferrite structure has a form of body centered cubic (bcc); this structure has enough 
space for penetrated interstitial atoms. Furthermore, increasing the space between atoms 
in bcc structure augments internal energy, and thus decreases corrosion resistance. The 
carbon atoms cannot be dissolved in ferritic matrix more than 0.025% at 720°C. When 
the temperature is decreased the amount of dissolved carbon in the ferritic matrix is also 
decreased [9-10]. 

It is clear from Fig 3, that a developed pit with the deep depth was formed. 
Excessive pits could debilitate corrosion performance of stainless steel. It's assumed the 
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composition of austenite matrix with σ-phase even in small amount of σ-phase could 
decrease pitting corrosion resistance [7]. 

 
Fig 3. SEM micrograph of pit in specimen treated at 520°C. 

The microstructure of the sample annealed at 820°C for 2h is shown in Fig. 4. As 
a result of transformation δ →γ + σ island of the γ phase were formed mixed with ferrite 
and the σ phase which morphology is in the form of thin lamellae that pointed with 
arrows in Fig. 4. However, the σ-phase may appear as small rounded particles formed at 
the σ/γ interface (see arrow in Fig. 4). It is not quite clear whether small intragranular 
particles are σ-phase or M23C6 carbides. It should be noted, that the ferrite is difficult to 
identify because at that temperature, its volumetric concentration is very low, i.e. about 
3.0 %. However, σ-phase has a grave effect on corrosion resistance, its estimate that the 
composition of σ-phase and δ-ferrite could decrease harmful effect of σ-phase and 
improve corrosion resistance [11]. 

 
Fig 4. SEM micrograph of the sample treated at 820°C for 2h. 

The characteristics of pit in fig 5, has revealed a number of pits. The depth of pits 
is lesser than depth of pits that has formed at 520°C.  
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Fig 5. SEM micrograph of pits in specimen treated at 820°C. 

The treatment at 940°C (Fig. 6) produced different microcontituents, i.e. islands 
consisting of the mixture of γ, δ-ferrite and σ-phases, surrounded by the matrix of the γ 
phase. The δ phase appears in the form of elongated thin rods in the γ phase matrix. 
Significant appearance of the σ phase was recorded at temperatures higher than 520°C, 
but at 940°C the amount of this phase was significantly decreased. At temperatures 
above 1000°C the σ phase may be completely dissolved. The dissolving of σ-phase 
above starts above 900°C, by increasing temperature dissolving rate increased and σ-
phase will completely disappeared in high temperature. Disappearing of σ-phase and 
decreasing amount of σ-phase could enhance corrosion resistance [9-10]. 

The σ -phase is not only undesirable because of its embrittled effect, but also 
because of its characteristic, to withdraw chromium out of the matrix. The consequence 
of this is a drastic deterioration of the stability against corrosion. When sigma-phase 
precipitates out of the delta-ferrite, also austenite is formed through chromium and 
molybdenum decrease [8]. The characteristic of the σ-phase shows very brittle, bad 
impact strength and very low corrosion resistance [7].  

 
Fig 6. SEM micrograph of the sample treated at 940°C for 2h. 

SEM investigation has shown the superficial pits on the surface (Fig. 7). These 
scattered pits with have no important destructive effect on corrosion behaviour of 
stainless steel 316L.  
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Fig 7. SEM micrograph of pits in specimen treated at 940°C. 

Analysis of corrosion behaviour 
The ASTM G150 method is perhaps the only standardized electrochemical 

method that allows comparison of pitting data between testing laboratories. 
Consequently, it was decided to include this relatively new method in the study [2]. 

The cycling polarization experiments have involved testing at several 
combinations of chloride concentration and temperature. Besides determining the 
dependence of the critical pitting potential, the tested levels were selected to obtain the 
CPT as precisely as possible. The CPT text matrix and obtained pitting potential are 
listed in Tables 2 and 3. 

Table 2 Critical pitting temperature determined using ASTM G150 
CPT, oC PREa Specimens 

16.7 27 Treated in 520 oC 
18.1 29.5 Treated in 820 oC 
57.4 37 Treated in 940 oC 

a. Pitting resistance equivalent, PRE: Cr+3.3 Mo+16 N. 

 

Table 3 Comparison of obtained critical pitting temperature (CPT, oC) using 
polarization Tafel and ASTM G150 tests 

Specimens Polarization  
Cl-, mg/l 

ASTM G150 
Cl-, mg/l 

Treated in 520 oC 9 14±2 
Treated in 820 oC 14 16±2 
Treated in 940 oC 45 55±3 
 
As it can be seen from Tables 1 and 2, PRE as a factor of pitting resistance 

increased at the heat treatment temperatures 520°C, 820°C and 940°C, respectively. As 
above mentioned, the phase transformation was the main cause for these alterations. The 
sample treated at 940oC, shows superior PRE. Electrochemical techniques and cyclic 
potentiodynamic results indicate that this sample is high resistant to pitting corrosion 
due to its repassivation properties are reduced as temperature increases. It's clear, the 
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surface can be chemically passivated to enhance corrosion resistance; passivation 
reduces the anodic reaction involved in the corrosion process. In spite of this fact 
sample treated at 940°C has shown better pitting resistance because of austenite 
structure [4]. Comparison between the results obtained in 3.5% NaCl solution suggested 
a decrease in the pitting resistance at high temperatures [5].  

With increasing temperature in both solutions the passive film was found to 
become more porous, and hence less protective. However, at temperatures above 800°C, 
the loss of film protectiveness is more pronounced in chloride solutions, in which 
pitting occurs. Pitting morphology was found to be strongly temperature dependent: 
isolated and deep pits were found up to 800°C, whereas at higher temperatures a broad, 
shallow and more benign type of attack was detected. It was concluded that the changes 
in the pitting behaviour of 316L at temperatures below and above 800°C are associated 
to a temperature-affected variation of the protective properties of the passive film [5-6]. 
Increasing annealing temperature from 520°C to 940°C elevates the critical pitting 
temperature, whereas with further increase the annealing temperature above 900°C 
enhance the critical pitting temperature. The samples annealed at 940°C for 2h exhibit 
the best pitting corrosion resistance with the highest critical pitting temperature. The pit 
morphologies show that the pit initiation sites transfer from austenite phase to ferrite 
phase as the annealing temperature increases. The aforementioned results can be 
explained by the variation of pitting resistance equivalent of volume fraction of ferrite 
and austenite as the annealing temperature changes [10-13]  

Conclusion 
Phase transformation has a great effect on the corrosion behaviour of stainless 

steel 316L. The σ-phase begins to precipitate at annealing temperatures starting from 
520°C and being completely dissolved in the matrix above 940°C. At heat treatment of 
520°C, because of austenite matrix composited with σ-phase made matrix brittle and 
prone to pitting corrosion, also δ-ferrite precipitated in islands that has brittle structure, 
pits have deep depth. The composition of austenite matrix with σ-phase even in small 
amount of σ-phase could decrease pitting corrosion resistance. The sample that treated 
at 820°C, have austenite matrix composited with σ-phase and δ-ferrite. The composition 
of σ-phase and δ-ferrite could decrease harmful effect of σ-phase and improve corrosion 
resistance. At the range of 520-820°C the chromium carbides distributed in austenite 
matrix consisted of σ-phase and δ-ferrite. Because the σ -phase goes in dissolving at 
temperatures above 900°C, sample treated at 940°C indicated better corrosion 
behaviour. Despite this fact, increasing temperature decreased pitting resistance, 
specimen treated at 940°C shows better pitting resistance at high temperature because of 
austenitic-ferritic matrix with δ-ferrite and small amount of σ-phase.  
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