
Vol.:(0123456789)1 3

Metallography, Microstructure, and Analysis (2021) 10:25–35 
https://doi.org/10.1007/s13632-020-00708-4

TECHNICAL PAPER

Effect of Sensitizing Treatment on the Microstructure 
and Susceptibility to Intergranular Corrosion of High‑Nitrogen 
Austenitic Stainless Steel

Wenqian Zhou1 · Weiwei Ma1 · Yamin Li1 · Yufu Sun2

Received: 10 September 2020 / Revised: 12 November 2020 / Accepted: 20 November 2020 / Published online: 6 January 2021 
© ASM International 2021

Abstract
This experiment investigated the effect of different sensitizing treatment times (2–48 h) at 800 °C on the microstructure and 
intergranular corrosion of high-nitrogen austenitic stainless steel by using scanning electron microscopy, energy-dispersive 
spectroscopy, double loop electrochemical potentiokinetic reactivation, and an oxalic acid etch test. The results indicate 
that with increasing sensitizing time, the austenite grains grew significantly and the carbide quantity began to increase at 
the grain boundary. The lamellar pearlite-like  Cr2N was precipitated when the specimens were aged at 800 °C for 12 h. DL-
EPR testing showed that IGC susceptibility of high-nitrogen austenitic stainless steel is mainly caused by the precipitation 
of carbide and increases when sensitization time is increased from 2 to 48 h.
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Introduction

High-nitrogen austenitic stainless steels (ASSs) can be 
defined as steels that contain more than 0.4 % (mass percent) 
nitrogen in an austenitic matrix; they are largely used in 
construction industries due to their superior combination of 
mechanical, fabrication, and corrosion resistance properties 
in very aggressive environments [1–3]. However, they are 
subject to localized corrosion problems such as intergranu-
lar corrosion (IGC), pitting corrosion, and stress corrosion 
cracking. Among these forms of corrosion, IGC is widely 
encountered for most stainless steels [4–6] and may occur 
due to the sensitization that results from heat treatment and 
welding processes, which are carried out at temperatures 
ranging from 600 to 1000°C [7].

A sensitized ASS could result from chromium carbide 
precipitation, which creates chromium-depletion zones 
adjacent to grain boundaries [8, 9]. The grain boundaries 
along the chromium-depletion zones favor electrochemical 
dissolution in certain environments, leading to localized 
IGC attack along the grain boundaries, which can result in 
loss of material strength, loss of performance or changes in 
other desired material properties [10–12]. Several attempts 
have been made to improve the performance of the material 
and increase the resistance of stainless steel to IGC corro-
sion [13]. It is generally believed that some beneficial ele-
ments such as chromium, nickel, molybdenum, and nitrogen 
increase IGC resistance. At the same time, the element of 
nitrogen added to austenitic steel also draws great attention 
from engineers and researchers [14]. According to the cur-
rent research, the addition of nitrogen can be justified as 
follows:(1) occurrence of the nitrogen consumption mech-
anism, whereby nitrogen dissolves and binds with H+ to 
reduce the content of H+ in the grain boundary; (2) nitrogen 
can promote the formation of a passive film, which provides 
good corrosion resistance properties [15, 16].

Over the past few decades, several typical tests have been 
developed to evaluate the susceptibility of sensitized stain-
less steels to IGC. For example, electrochemical impedance 
spectrum and electrochemical noise techniques have been 
employed to assess the intergranular corrosion in austenitic 
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steels. In addition, electrochemical potentiokinetic reactiva-
tion (EPR) methods also can successfully detect the degree 
of sensitization in stainless steels by measuring the reactiva-
tion associated with chromium depleted areas of the lamellar 
constituent with advantages such as being rapid, quantitative, 
non-destructive, and valid for in situ measurements [17, 18].

In the past few years, more attention has been devoted to 
stainless steels like tin-added ASS, super ASS, duplex stain-
less steel, and so on. Few attempts, however, have been made 
to clarify the relationship between microstructure evaluation 
and IGC susceptibility of high-nitrogen ASS.

The aim of the current research is to investigate the effect of 
sensitizing treatment on the microstructure and susceptibility 
to intergranular corrosion of high-nitrogen austenitic stainless 
steel, providing the fundamental knowledge for the further 
development of evaluations on susceptibility to IGC.

Experimental Procedure

Sample Preparation and Heat Treatments

The materials used in this work were provided by Jiyuan Petro-
leum Machinery Equipment Co. LTD, with 0.49 wt. % nitrogen 
at based of ASS. The chemical composition was obtained by 
spectrometry of ASS, as shown in Table 1. The experimental 
samples were cut into 10×10 mm pieces from block steel with 
a thickness of 5 mm. All the samples were solution treated at 
1100 °C for 2 h in  N2 flow then water-quenched to room tem-
perature. For detecting the effect of sensitization treatment on 
microstructural changes that can influence IGC susceptibility, 
those samples were then subjected to sensitization treatment 
by heating to a temperature of 800 °C under a stream of argon 
for 2, 4, 6, 12, 24, and 48 h and then air-cooled. All of these 
samples were referred to as “aged specimens.”

Samples for metallography were prepared using a tradi-
tional method: roughed by abrasive paper (the particle sizes 
were 100, 200, 400, 600, 800, and 1200) and polished using 
chromium oxide polish solution. After etching with 50 % 
 HNO3 + 50 % HCl (wt.%), the microstructure of aged speci-
mens sensitized for different times was observed with a Leica 
DM4000M optical microscope (OM). Afterward, a FEI-
qutanta-200 scanning electron microscopy (SEM) equipped 
with energy-dispersive spectroscopy (EDS) was used to 
observe the distributions of different elements at this stage, as 
well as the precipitate.

Double Loop Electrochemical Potentiokinetic 
Reactivation (DL‑EPR) Test

DL-EPR was performed using a Princeton PARSTAT M 
electrochemical system, using a conventional three-elec-
trode cell. The samples were used as the working electrodes, 
which were embedded in epoxy resin leaving a working area 
of 10×10 mm. Subsequently, all samples were polished and 
cleaned by ethanol and deionised water prior to tests. Plati-
num foil and a saturated calomel electrode (SCE) were used 
as the counter and reference electrodes, respectively. The 
electrolyte was 0.8 M  H2SO4 + 0.8 M HCl + 0.01 M KSCN, 
and the temperature was 25±1 °C. During the DL-EPR test, 
the working electrode was immersed into solution for 10 
min until the steady-state open circuit potential (EOCP) was 
reached. Afterward, the working electrode was anodically 
polarised at a scanning rate of 1.667 mV/s from EOCP to a 
potential of 300mV versus SCE. Then, the scanning direc-
tion was reversed back to EOCP at the same scan rate. After 
each test, microstructure analysis was carried out using an 
OM to evaluate the region and degree of IGC attack.

For each test, at least 3 time measurements were per-
formed to ensure its reproducibility and samples were tested 
as standardized in GB/T 29088-2012 [19]. In forward scan-
ning, the peak current (Ia) of the anode could be measured 
by dissolving the whole sample surface and the peak reac-
tion current (Ir) could be obtained during reverse scanning 
due to the precipitation of chromium carbide in ASS caus-
ing the active dissolution of the chromium-depletion zone 
at the grain boundary. The ratio of current density R=Ia/Ir is 
defined as sensitization.

Oxalic Acid Etch Test

All specimens were dipped into 10 % oxalic acid solution at 
1 A/cm2 for different times (15, 30, 60, and 90 s) according 
to GB/T 4334.1-2000 [20]. During the etch test, the speci-
mens were made as anode and a stainless steel cup with 10 % 
oxalic acid solution was used as cathodic. For each test, the 
solution was replaced with a new solution. After the oxalic 
acid test, etched surfaces were rinsed with flowing water and 
alcohol and then dried. The microstructures were observed 
using an OM, and the etched structures were classified as 
step, dual, and ditch.

Table 1  Final chemical 
composition of austenitic 
stainless steel (wt.%)

C Si Mn S P Ni Cr Mo Cu N

0.012 0.53 20.46 0.006 0.019 1.85 17.9 0.51 0.04 0.49
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Fig 1  The SEM images of austenitic stainless steel after solution and sensitization heat treatment at 800 °C for different time (a) 2 h (b) 4 h (c) 6 
h (d) 12 h (e) 24 h (f) 48 h.
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Result and Discussion

Microstructure Observation

Figure 1 shows SEM images of the microstructure of sam-
ples sensitized at 800 °C for different times. From Fig. 1, 
it can be seen that the microstructure largely consists of 
single austenite and the grain size of austenite increases 
obviously with the increasing sensitizing time. For longer 
sensitizing times, precipitated phases in metal matrix 
can be observed at the edge and center of the samples. It 
should be noted that the metal matrix shown in Fig. 1d, 
e and f may be the same, while the morphologies and the 
amount of precipitated phase are totally different to each 
other. Tiny and granular precipitate begins to appear at 
the austenite boundary (Fig. 1d), and then, the amount of 
granular precipitate increases and the lamellar pearlite-
like microstructure of the particles begins to appear in 
the austenite crystal (Fig. 1e) with increasing sensitizing 
time. It can clearly be seen that the amount of precipitate 
gradually increases and the distribution is denser. Some of 
the lamellar precipitates even fill the entire crystal grains 
when the samples are sensitized for 48 h (Fig. 1f).

The change process of precipitates in the process of 
sample sensitization is relatively complicated. Firstly, 
precipitation occurs not only at the grain boundary but 
also at the intracrystalline boundary. With the increase in 
sensitization time, the precipitates gradually increase and 
the morphology of precipitates also changes. As shown in 
Fig. 1e, when sensitized for 24 h, the morphology of the 
precipitate changes from the original scattered particles 
to thin strips and lamellae. The samples of high-nitrogen 
ASS are desolventizing precipitation during the sensitiza-
tion process. These precipitates will preferentially grow up 
in high energy areas such as grain boundaries and disloca-
tions. With the extension of sensitization time, precipitates 
will aggregate into the crystal and will also appear at the 
intracrystalline.

In order to analyze the elemental composition and con-
tent of precipitates in ASS after sensitization, EDS was 
used for area scanning and point energy spectrum analysis 
on the samples; the results are shown in Fig. 2.

It can be seen from Fig. 2 that the precipitate of high-
nitrogen ASS sensitized at 800 °C for 48 h has a lamellar 
morphology, in which Mn, Cr, N, C, and Si elements are 
uniformly distributed in the matrix, while the content of 
Cr and N elements in the precipitate is relatively high. 
In order to further analyze the composition of elements 
in the precipitates, the ASS matrix and precipitates were 
analyzed by EDS and the results are revealed in Fig. 3.

In Fig. 3, Spectrogram 1 is the energy spectrum of gran-
ular precipitates in grain boundaries, Spectrogram 2 is the 

energy spectrum of massive precipitates in grain bounda-
ries, Spectrogram 3 is the energy spectrum of lamellar 
precipitates at intracrystalline, and Spectrogram 4 is the 
energy spectrum of the matrix near grain boundaries.

From Figure 3 and Table 2, it can be concluded that the 
precipitates contain more Cr and Mn, indicating that the 
precipitates in the sensitization process of stainless steel are 
 Cr2N,  M23C6, and intermetallic compounds, and the lamellar 
precipitates of pearlite-like structure contain higher N ele-
ment, so the lamellar precipitates are  Cr2N. Zou Zhangxiong 
et al. [21] found that  Cr2N precipitated in 0.7N38K ASS is 
a typical pearlite-like structure when sensitized at 800 °C. 
As nitrogen is an active element in the interface, it is easy 
to agglomerate toward the grain boundary. The nitrogen is 
easily able to form  Cr2N with chromium and precipitate on 
the grain boundary at a suitable sensitization temperature. 
The higher the nitrogen content, the more obvious this trend 
is and the easier the nitride precipitates. In addition, the type 
and morphology of precipitates are not only related to the 
holding time, but also to the nitrogen content and alloy ele-
ment content in ASS.

EDS results in Table 2 show that the chromium content 
(34 %) in the energy spectrum results of intragranular mas-
sive nitrides is relatively high, while the chromium content 
(10.75 %) in the matrix near the grain boundary is relatively 
low, which indicates that a chromium-depletion area has 
been formed around the nitrogen carbide precipitates. The 
formation and growth of the chromium-rich phase and  M23C 
and other carbonitrides affects the distribution of alloy ele-
ments in local areas. For example, chromium, manganese, 
and iron near the matrix carbonitride interface at the grain 
boundary change with the formation of precipitates. Accord-
ing to the research of Jainf [22], if the chromium content in 
the local area at the grain is less than 12 %, the chromium-
depletion area will easily produce local serious IGC in the 
corrosive medium environment. In addition, with the exten-
sion of sensitization time, the chromium content returns to 
the original content due to diffusion from the matrix to the 
carbonitride-grain boundary interface to prevent the forma-
tion of chromium-depletion areas at grain boundaries, but 
this sensitization time is long and is not taken as a heat treat-
ment measure to eliminate the chromium-depletion areas.

Oxalic Acid Etch Test Results

Figure 4 reveals the corrosion morphology of sensitized 
stainless steel after the oxalic acid etch test for different 
times. From Fig. 4, the degree of IGC increases with an 
increase in etching time in 10 % oxalic acid solution. The 
specimen etched for 15 s exhibits a slight IGC attack with 
a dual structure, mixed with step and ditch structures. The 
specimens etched for 60 and 90 s are classified as the 
ditch structure, and all the grains are completely encircled 
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Fig 2  Scanning image of precipitates after solution and sensitization heat treatment at 800 °C for 48 h and results of area scanning of the main 
elements
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Fig 3  The results of EDS analysis of specimen after solution at 800 °C and sensitization for 48 h.
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by etched grain boundaries, characteristic of completely 
sensitized materials. Meanwhile, the degree of IGC in the 
specimens etched for 90 s is obviously more severe than 
the other three specimens. When constant-current etching 
of sensitized stainless steel is performed in oxalic acid 
solution for different periods of time, slight corrosion 
occurs at first due to the poor stability of the passivation 
film in the chromium-depleted region of stainless steel at 
the beginning of the etch test. The chromium zone grad-
ually dissolves and presents the characteristics of IGC. 
As a result, the development of intergranular corrosion 
depends on the etching time.

DL‑EPR Test Results

Figure 5 shows the typical DL-EPR curves for specimens 
after sensitization heat treatments for different times, and 
the variation of the degree of sensitization of specimens is 
shown in Table 3. From Fig. 5, it could be seen that the EPR 
curves of the samples treated with different sensitization 
times show typical activation peaks and reactivation peaks. 
As shown in Fig. 5a, the activation peak of the sensitized 2 h 
sample differs greatly from that of the sensitized 4 h sample. 
As shown in Fig. 5b, when the sensitization time is 12, 24 
and 48 h, the difference of each peak value on the curve is 

Table 2  Analysis of Main 
Elements of Precipitates after 
sensitization at 800 °C for 48h

Element C N Cr Mn Si Fe

Matrix near grain boundary … … 10.75 22.64 1.00 62.9
Granular precipitates 2.95 … 19.06 20.23 0.87 56.89
Massive precipitates … 6.87 34 16.31 0.99 41.82
Lamellar precipitates … 6.89 28.35 17.75 0.92 46.09

Fig 4  Corrosion morphology of sensitized stainless steel in oxalic acid after galvanostatic etching for different time (a) 15 s (b) 30 s (c) 60 s (d) 
90 s.
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not very large, which corresponds to the reactivation rate of 
different treated samples in Table 3. From Table 3, it can be 
found that the reactivation rate of the samples increases with 
the extension of sensitization time. The results show that the 
IGC sensitivity of the sample increases with the increase in 
sensitization time.

Figure 6 shows SEM images after EPR tests for speci-
mens with sensitizing for different times at 800 °C. From 
Fig. 6a, the grain boundary of ASS appears slightly after 
sensitization for 2 h and EPR testing. After corrosion, the 
grain boundaries of the samples sensitized for 6 h have been 
significantly thickened. After the sample with sensitization 
time of 12 h is corroded, the grain boundaries have been 
connected into a network, which indicates that the precipi-
tation of carbonitride has been sufficient and the material 
has suffered serious IGC. With the extension of sensitiza-
tion time, precipitates on grain boundaries have increased 
obviously, showing typical IGC characteristics. As shown 
in Fig. 6f, when the sensitization time is 48 h, the grain 
boundaries are all connected into a net shape and the corro-
sion grooves are deeper compared with the previous ones.

Figure 7 shows the relationship between calculated 
Ra values and sensitization time. The reactivation rate 

increases rapidly with the extension of the sensitization 
time when the sensitization time is less than 12 h, while 
the reactivation rate increases slowly with the continuous 
increase in the sensitization time. In the sensitization pro-
cess of stainless steel,  M23C6,  Cr2N and σ phases are equal 
at the grain boundary, resulting in chromium-depletion 
areas at the austenite grain boundary. In the early stages, 
the formed  M23C6,  Cr2N, and σ increase with the increase 
in sensitization time and the chromium-depletion areas 
become more pronounced, leading to a rapid increase 
in IGC susceptibility with the increase in sensitization 
time. However, as the diffusion rate of chromium atoms 
is less than that of carbon atoms, the formation rate of 
 M23C6,  Cr2N, etc., is limited by the content of carbon 
and nitrogen at the grain boundary as sensitization pro-
gresses. Meanwhile, chromium atoms diffuse from inside 
the grain to the grain boundary to fill up the chromium-
depletion area, and the IGC sensitivity of the samples 
slowly increases [23].

Conclusion

The major conclusions derived from the present investiga-
tions are:

(1) IGC resistance of high-nitrogen ASS can be strongly 
affected by microstructural changes induced by sensi-
tizing treatments. When high-nitrogen ASS is sensi-
tized at 800 °C for different times, the austenite grain 
size gradually increases with the increase in sensiti-
zation time and the morphology and quantity of pre-
cipitates also change. When the sensitization time is 12 

Fig 5  DL-EPR curves for sam-
ples after sensitization at 800 
°C for different time (a) 2 h, 4 h 
and 6 h (b)12 h, 24 h and 48 h

Table 3  Reactivity R of sample 
after sensitization at 800 °C for 
different time after DL-EPR test

Sensitization time 
(h)

Reactiva-
tion rate 
(R)

2 0.113
4 0.167
6 0.199
12 0.235
24 0.264
48 0.272
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h,  Cr2N with a lamellar pearlite-like structure,  M23C6 
begins to precipitate in the grains and can cause chro-
mium-depletion zone at grain boundaries and increase 
the IGC susceptibility of this steel.

(2) The reactivation rate of samples sensitized at 800 °C 
for different times increases with the increasing sensi-
tization time and the IGC sensitivity of samples also 
increases with the increase in sensitization time.

Fig 6  Morphologies of specimen with sensitizing at 800 °C for different time after EPR test (a) 2 h (b) 4 h (c) 6 h (d) 12 h (e) 24 h (f) 48 h
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