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Abstract

Extension of sensitized zone (SZ) in welded AISI 304 stainless steel was determined by two non-destructive electrochemical tests: double 
loop electrochemical potentiokinetic reactivation technique (DLEPR) and local electrochemical impedance spectroscopy (LEIS). Welding 
was carried out using the shielded metal arc with two selected welding energies: the first one (0.7 kJ mm¡1) does not promote the sensitiza
tion of the 304 steel and it constitutes the reference sample and the second one (2.2 kJ mm¡1) which leads to the precipitation of chromium 
carbides in the grain boundaries after the welding process. The non-destructive DLEPR and LEIS tests allowed the length of the SZ to be 
determined and a good agreement between the two techniques and the microstructure of the two welded samples was shown. The presence 
of an inductive loop on the local impedance diagrams seems to reflect a galvanic coupling between the weld string (anode) and the welded 
stainless steel plates (cathode) which will be very prejudicial to a good corrosion resistance of the welded system. The results showed that 
the two electrochemical tests could be applied in practical cases in industrial field.
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1. Intro­duction
It is widely known that welded austenitic stainless steels 
can present a sensitized zone (SZ) in the heat aVected zone 
(HAZ). This is a well-known phenomenon and consists of 
carbide precipitation at grain boundaries and chromium 
depletion in adjacent regions, making the material suscep
tible to intergranular corrosion. The intensity of this phe
nomenon is aVected by, among other factors, the amount of 
carbon in the base material and in the welded material, the 
welding process, the welding energy, the exposure time of 
the material to the temperature in that segregation phenom
ena take place and the carbide maker elements [1].
doi:10.1016/j.corsci.2007.07.014
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Usually, the sensitized region is determined by methodolo
gies mentioned in ASTM A262 Standard Practice. However, 
this standard does not quantify the sensitization degree, the 
tests are of diYcult preparation, exclusive for use in labo
ratory and they are destructive. For an industrial practice 
point of view, it is necessary to develop non-destructive 
methods and tests for the assessment of sensitized zone in a 
welded stainless steel on its site of operation.

Double loop electrochemical potentiokinetic reactivation 
test (DLEPR) is a powerful tool used recently in our labo
ratory to evaluate the sensitization to quantify the degree 
of sensitization of five austenitic stainless steels (304, 304L, 
316L, 321 and 347) heat treated in the range of 400 °C–600 °C 
for until 100 hours [2,3], to study the loss of the corrosion 
resistance of the UNS S31803 duplex stainless steel aged at	
low temperatures (350–550 °C) [4] and finally, to assess 
the eVect  of   the low-temperature aging   in   the   corrosion 

mailto:pln@ufc.br 


resistance of AISI 444 stainless steel [5]. The advantages of 
this technique are: it is quick, non-destructive, could be used 
for in situ measurements and the results are independent of 
the surface finishing.

Local electrochemical impedance spectroscopy (LEIS) is 
also another non-destructive electrochemical technique that 
has been used in recent years to study localized corrosion on 
bare metal surface and on coated alloys [6,7]. Additionally, 
sensitization is a localized phenomenon which turns inter
esting to apply the LEIS technique to localize the sensitized 
region in a welding stainless steel.

Thus, the aim of the present work is to evaluate the poten
tiality of the DLEPR and LEIS techniques to determine the 
extension of the sensitized area in a welded AISI 304 stainless 
steel. The study was carried out using two selected welding 
energies: 0.7 kJ mm¡1, which does not promote the sensitiza
tion of the 304 steel and used as reference, and 2.2 kJ mm¡1 
to obtain the precipitation of chromium carbides in the 
grain boundaries after the welding process.

2. Experimental

2.1. Mate­rial and welding process

AISI 304 sheet, obtained from hot lamination process, 
was supplied by ACESITA (Brazil). The chemical compo
sition was given by the manufacturer and is presented in 
Table 1. The composition is in agreement with the standard 
limits for the AISI 304 stainless steel. The steels were welded 
using shielded metal arc welding (SMAW) technique with 
the ARCHES AWS E – 308L – 16 electrode having 3.25 mm 
diameter. The welding parameters are presented in Table 2.

2.2. Metallographic etchings

Metallographic etching according to ASTM A-262 was 
performed. Micrographs were acquired using a Philips XL-
30 scanning electron microscope (SEM). The obtained micro
structures were classified into three types: “step” structure 
with no ditches at grain boundaries; “dual” structure, with 
some ditches at grain boundaries; and “ditch” structure, 
with one or more grains completely surrounded by ditches. 
Table 1
Chemical composition of AISI 304 (% wt)

Element C Mn Si P Cr Ni Mo

wt% 0.02 1.39 0.46 0.03 16.82 10.06 2.03
Element V Nb Sn Ti N W Co
wt% 0.04 0.02 0.01 0.01 0.03 0.03 0.05

Table 2
Welding parameters

Current/A Voltage/V Travel speed/
mm min¡1

Welding 	
energy/kJ mm¡1

92 24 200 0.7
132 28 100 2.2
SEM micrographs showing the microstructures, classified 
according ASTM A-262, can be found elsewhere [3].

2.3. DLEPR tests

The electrochemical cell was positioned on the HAZ of 
welded steel to analyse the extension of the sensitized region. 
Fig. 1 shows a draw of the system used for the DLEPR mea
surements and an O ring was used to maintain the solution 
in the cell exposing an area of 1 mm2. Fig. 2a shows a schema 
of the diVerent positions of the plate where the DLEPR mea
surements were performed.

Prior to each experiment, the welded AISI 304 steel sur
face was polished with 400 grit emery paper, degreased 
with ethanol and cleaned in water. The working solution 
was 0.5 M H2SO4 + 0.01 M KSCN. The DLEPR tests were 
conducted using a Pt foil as the auxiliary electrode and a 
saturated calomel electrode (SCE) as the reference one. The 
experiments were started after nearly steady-state open 
circuit potential (Eoc) had been reached (about 10 min) 
followed by the potential sweep in the anodic direction at 
1 mV s¡1 until the potential of 0.3 V/SCE was reached, then 
the scan was reversed until the Eoc. A potentiostat/galvano
stat AUTOLAB PGSTAT 30, linked with a PC microcom
puter and controlled by the GPES software, was used for 
acquisition of the electrochemical data.

2.4. LEIS measure­ments

LEIS technique was used to correlate the local electrochem
ical behaviour with the modification of the microstructure in 
Fig. 1. Draw of the electrochemical cell used to evaluate the extension of the 
sensitized region in welded AISI 304 SS (DLEPR tests).



	

Fig. 2. Schematic representations of the welded plate. For the two electrochemical techniques, the diVerent positions where the measurements were carried 
out are indicated on the scheme.

Fig. 3. SEM images showing a typical micrograph of the 304 SS welding 
with 0.7 kJ mm¡1. The micrograph was observed at 4 mm from the weld 
string.
the HAZ of the studied welded material. LEIS measurements 
were carried out with a Solartron 1275 system. This method 
used a five-electrode configuration and details can be found 
elsewhere [6,7]. As in such a configuration the local measured 
current depends on the conductivity of the electrolyte. Thus, 
the experiments were carried out in 0.001 M Na2SO4 in order 
to improve the resolution of the method. The local imped
ance diagrams were obtained each 0.5 mm perpendicularly to 
the weld string (Fig. 2b) and were recorded over a frequency 
range of 10 kHz to around 100 MHz. With the used experi
mental set-up, only the normal component of the current 
was measured and the spatial resolution was estimated to be 
about 1 mm2 for each measurement.

3. Results and discussion

3.1. Microstructure characterization

Fig. 3 shows a SEM image of the 304 SS surface, welded 
with 0.7 kJ mm¡2, and obtained at 4 mm from the weld 
string. It can be observed the absence of ditches on the grain 
boundaries. The observed microstructure was representative 
of that observed at diVerent places in the HAZ of the welded 
304 SS. This surface morphology, according to ASTM 262-
A, is classified as step and associated to a non-sensitized 
stainless steel.

The modification of the microstructure of the 304 SS, 
welded with 2.2 kJ mm¡2, with the distance from the weld 
string is shown in Fig. 4. The microstructure at 2 mm from 



Fig. 4. SEM images showing the microstructure at diVerent distances from the weld sting for the 304 SS welding with 2.2 kJ mm¡1: (a) 2 mm; (b) 3 mm; 	
(c) 6 mm; (d) 9 mm and (e) 10 mm.
the weld string (Fig. 4a) is similar to that observed for the 
304 SS welding with 0.7 kJ mm¡2 and it is classified as step. 
This is an indicative that from the weld string to this distance, 
the temperature is higher than 800 °C. From the literature, it 
is known that temperatures higher than 800 °C promote the 
solubilisation of the chromium carbides in the grain matrix, 
avoiding the sensitization [1]. On the other hand, the micro
structure at 3 mm from the weld string (Fig. 4b) presents some 
ditches around the grains characterizing a dual microstruc
ture. This indicates that the beginning of the sensitized zone 
in the HAZ is at about 3 mm from the weld string. At 6 mm 
and 9 mm from the weld string (Fig. 4c and d), the grains are 
entirely surrounded by ditches and the microstructure classi
fied as ditch, indicating that these regions of HAZ are sensi
tized. The images Fig. 4b and d suggest that the temperature 
of this HAZ region is between 800 °C and 400 °C, which leads 
to the precipitation of the chromium carbide in the grain 
boundaries. Finally, the SEM image obtained at 10 mm from 
the weld string (Fig. 4e) shows a microstructure similar to 
that observed at 2 mm from the weld string, indicating a non-
sensitized region in HAZ, suggesting that the temperature of 
this HAZ region is lower than 400 °C HAZ and that the end 
of sensitized zone is around 9 mm from the weld string. The 
sensitized zone has an extension of 6 mm.



	

3.2. DLEPR test
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Fig. 6. Dependence of Ir/Ia with the distance from the fusion line for the 
two welding energies. The beginning (Bsz) and the end (Esz) of the sensitized 
region are indicated.
Typical DLEPR curves obtained in the non-sensitized and 
sensitized regions are shown in Fig. 5. As can be observed, 
the diVerence between plots is that the curves obtained in 
the sensitized region shows a well defined reactivation peak 
in the reverse scan (Fig. 5b). The peak that appears in the 
reverse scan is related to the preferential breakdown of the 
passive film covering the chromium-depleted region of the 
steel. In this test, the degree of sensitization is measured by 
determining the ratio Ir/Ia, where Ir is the maximum current 
of the reverse scan and Ia is the maximum current in the for
ward (anodic) scan [1].

The variation of the grade of sensitization (Ir/Ia) with the 
distance from the weld string for the two welding energies 
is shown in Fig. 6. The curve shows that the steel welded 
with the welding energy of 0.7 kJ mm¡1 presents the lower 
Ir/Ia values which remain approximately constant at about 
0.004, independently of the distance. On the other hand, the 
value of Ir/Ia for the steel welded with 2.2 kJ mm¡1 initially 
is about 0.005 until 30 mm from the weld string, followed by 
an increase of the Ir/Ia values with the distance reaching a 
maximum value of about 0.4 at 7 mm, and finally, decreases 
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Fig. 5. DLEPR curves obtained in the non-sensitized region at 2 mm from 
the weld string (a) and in the sensitized region at 6 mm from the weld string 
(b) of the 304 stainless steel welding with 2.2 kJ mm¡1.
for higher distance values until to reach the minimum value 
of 0.005 at 9 mm from weld string. From Fig. 6 it was con
firmed that: (a) the welding energy of 0.7 kJ mm¡1 was not 
enough to promote the chromium carbide precipitation in 
the HAZ; (b) the steel welded with the energy of 2.2 kJ mm¡1 
presents precipitation of chromium carbide in the HAZ. 
These results are in close agreement with those previously 
published by Majidi et al. [8]. Thus, the beginning (Bsz) and 
the end (Esz) of the sensitized zone can be determined and 
are indicated in Fig. 6. The extension of the sensitized region 
in the steel welded with 2.2 kJ mm¡1 is about 6 mm, which is 
in good agreement with the SEM analysis.

3.3. LEIS test

Fig. 7 shows examples of some local impedance diagrams 
obtained for the AISI 304 SS welded with both welding 
energy. The three diagrams in each plot were obtained at 
diVerent positions from the weld string. For both systems, 
the diagrams are characterized in the high frequency (HF) 
range by a capacitive arc (not clearly defined) followed by 
an inductive loop, and in the lower frequency range (LF) 
by another capacitive part. The origin of the first capacitive 
loop is not yet explained. The presence of an inductive loop 
on the local impedance diagram was recently explained by 
the influence of current and potential distributions associ
ated with the geometry of the electrode [9–11]. In addition, 
in a recent work, inductive loops in the HF part of the local 
impedance diagrams were also observed for the coupling of 
pure aluminium with pure copper when the probe analyzes 
the copper behaviour [12]. In this case, the presence of the 
inductive loop was connected to the existence of a galvanic 
coupling between the two materials, with the Cu playing 
the role of cathode. The coupling between Cu and Al would 
lead to particular current and potential distributions associ
ated with this configuration (electric eVect). By analogy with 
this work, it is probable that in the present study a galvanic 
coupling phenomenon between the weld string and the stain



Fig. 7. Local impedance diagrams obtained on the welded 304 SS surface at 
diVerent distances from the weld string: (a) welding with 0.7 kJ mm¡1 and 
(b) welding with 2.2 kJ mm¡1.

Fig. 8. Comparison of the normalized impedance modulus measured at 
0.5 Hz with the distance from the weld string.
less steel is also occurring. This assumption was reinforced 
by the visual observation of the plates after the electrochemi
cal tests. Corrosion products were clearly visible close to the 
weld string, suggesting that the stainless steel plate could be 
acting as cathode in the corrosion process.

Independently of the welding energy, the diagrams plot
ted close to the welding (d = 0 mm) are relatively similar. 
This is explained by the fact that this zone is aVected in the 
same way by the welding process. In Fig. 7a, it can be seen 
a purely capacitive behaviour (low frequency part of the 
impedance diagrams) when the probe moves away from the 
weld string and additionally, the diagrams are relatively sim
ilar for the two positions of the probe. On the contrary, for 
the AISI 304 SS welded with 2.2 kJ mm¡1, a frequencies shift 
is observed on the LF capacitive part of the diagrams when 
the position of the probe is changed (Fig. 7b).
To compare more easily the results obtained for the two 
samples, the frequency of 0.5 Hz, corresponding to the capac
itive part in LF range, was chosen. Fig. 8 presents the varia
tion of the modulus of the normalized impedance at 0.5 Hz 
along a line perpendicular to the weld string for the two 
welding energies. Measurements carried out on the welded 
plate with 0.7 kJ mm¡1 constituted the reference. The imped
ance modulus for the reference increases gradually on the 
first two millimetres starting from the weld string, then its 
value remains relatively constant. For the welding energy 
of 2.2 kJ mm¡1, the variation of the impedance modulus can 
be clearly connected to the localization of the sensitized 
region, since it is observed a reduction in the impedance 
modulus for the sensitized region, compared with the SEM 
image (in greyed on the figure). It is observed in Fig. 3c that 
the welding microstructure of the stainless steel is the most 
sensitized at 6 mm. This point corresponds to the lowest 
value of the impedance modulus on Fig. 8. At 10 mm from 
the weld string, the microstructure is typical for a non-sen
sitized material (Fig. 3e). This point corresponds in Fig. 8 
to a higher value of the modulus. The increase in the mod
ulus in the vicinity of the weld string is in agreement with 
the microstructure observed on the Fig. 3a, which showed 
that in this HAZ region, the chromium carbide precipitates 
were dissolved in the grain matrix. For the welding energy 
of 2.2 kJ mm¡1, the values of the modulus are lower than 
those obtained for the welding energy of 0.7 kJ mm¡1. This 
result can be explained by some diVerences in the properties 
of the oxides formed on the stainless steel surface. The same 
conclusions from Fig. 8 can be made by following the varia
tion of the impedance phase along the line perpendicular to 
the welding, shown in Fig 9. In the HAZ, phase values are 
strongly diVerentiated compared to those obtained for the 
system which is not sensitized.

Thus, the analysis of the local impedance diagram shows 
that the sensitized zone in the HAZ was detected by the 
LEIS technique at a frequency of 0.5 Hz. To visualize the 



	

Fig. 9. Comparison of the impedance phase measured at 0.5 Hz with the 
distance from the weld string.
HAZ, it is necessary to work in a well defined frequency 
range (about the Hertz), which corresponds to interfacial 
phenomena.

4. Conclusions

The non-destructive DLEPR and LEIS tests allowed the 
length of the SZ to be determined and a very good correla
tion between the two techniques and the ASTM 262 Stan
dard Practice was observed. The presence of an inductive 
loop on the local impedance diagrams probably reflect a gal
vanic coupling between the weld string (anode) and plates of 
the welded stainless steel (cathode) which will be very detri
mental for a good corrosion resistance of the welded system. 
In the future, it will be necessary to obtain more informa
tion from local impedance spectra particularly regarding the 
high frequency part of the diagrams. The results obtained 
show the feasibility of developing the DLEPR and LEIS 
tests in industrial field.
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