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Abstract:
Intergranular stress corrosion cracking (IGSCC) has 

been observed in the heat affected zone (HAZ) of low 
carbon martensitic stainless steel. In this study, the 
authors assessed Cr-depleted zones at the grain bound-
aries by a STEM-EDX analysis and determined the mor-
phology by deconvolution of the STEM-EDX results. 
Findings of the authors indicate that Cr-depleted zones 
of only a few nanometers in width are sufficient to cause 
IGSCC at the HAZ of low carbon martensitic stainless 
steel under certain circumstances.

1.	 Introduction 

Low carbon martensitic stainless steels with carbon 
concentrations of about 0.01 mass % are highly reliable 
for industrial use and have been used as line pipes since 
the late 1990’s1,2). Intergranular stress corrosion cracking 
(IGSCC) was previously observed in the heat affected 
zone (HAZ) of this material3). This was unexpected, 
given that IGSCC is fully suppressed at the HAZ in a 
similar low carbon level SUS304 steel. This new type of 
IGSCC has also been observed under a particular stress 
corrosion test condition4,5). The factors dominating this 
IGSCC at the HAZ in low carbon martensitic stainless 
steel remain unclear and will have to be fully elucidated 
before this steel can be safely used. Based on the cur-
rent knowledge of SUS304, the Cr-depleted zones are 
presumed to be one of the factors responsible for this 
fracture5,6). In several experiments, Cr-depleted points 

were detected just at the grain boundary5,6). These results 
alone, however, are too incomplete to reliably evaluate 
the Cr-depleted zone morphologies, such as the width 
and depleted Cr value. The Cr concentration of low-C 
martensitic steel (11 mass% Cr) is much lower than that 
of austenite stainless steel (18 mass% Cr). The diffusion 
constant of Cr in martensitic steel is much higher than 
that in austenite steel, and the solubility product of Cr 
carbides in martensitic steel is much lower than that in 
austenite steel. These properties pose difficulties in eval-
uating a Cr-depleted zone, because the zone is smaller 
and narrower in martensitic steel. An accurate investi-
gation of nano level Cr-depleted zone morphologies is 
therefore important and necessary for our understanding 
of the fracture mechanism of this material.

Field-emission TEM (FE-TEM) is one of the most 
powerful tools for evaluating nano-scale structures. In 
the present work the authors applied systematic STEM-
EDX analyses to detect and evaluate the Cr depletion 
zone morphology and to acquire knowledge of the fac-
tors contributing to IGSCC in low carbon martensitic 
steels.

2.	 Experimental Procedure

Low carbon martensitic stainless steels for seam-
less line pipe of the composition shown in Table 1 were 
used in the present experiments. Before stress corrosion 
testing, the samples were subjected to two-step heat 
treatment cycles in a Gleeble tester to sensitize them for 

Quantitative Analysis of the Cr-depleted Layer  
in the Heat Affected Zone  



JFE TECHNICAL REPORT No. 12 (Oct. 2008)  33

Quantitative Analysis of the Cr-depleted Layer in the Heat Affected Zone of Low Carbon Martensitic Stainless Steel

SCC. The samples were heated at 1 300°C for 1 s (1st 
step), cooled to room temperature, heated at 650°C for 
1 s (2nd step), then cooled to room temperature in a jet 
of argon gas. This two-step treatment was carried out to 
simulate the HAZ heat history of the condition imposed 
during the girth welding of a seamless line pipe.

Scanning election microscopy (SEM) observations 
were performed on SCC test specimens. Stress was 
applied by bending the specimens into a U shape. The 
samples were held in a corrosive environment consist-
ing of 5% NaCl aqueous solution at pH2.5, with 1 bar 
CO2



34  JFE TECHNICAL REPORT No. 12 (Oct. 2008)

Quantitative Analysis of the Cr-depleted Layer in the Heat Affected Zone of Low Carbon Martensitic Stainless Steel

recognized and both elements appear to have enough 
intensity for quantitative analysis. Several peaks for 
minor elements, such as Ni or Si, can also be observed. 
The Fe and Cr distribution is calculated based on an Fe 
and Cr binary element method using a thin film calcula-
tion model7) to avoid the effect of small elements. The 
figure also shows the Cr concentration (mass%) calcu-
lated for each spectrum. Figure 2, meanwhile, shows the 
measured Cr distribution across the prior austenite grain 
boundary with statistical error bars (±1Ü). Cr depleted 
zones are clearly observed along lines A and C.

3.3.	Quantitative Estimation 	
of the Cr Depleted Zone

The depleted zone morphologies were investigated 
by deconvoluting the profile shown in Fig. 2. The scat-
tering of the electron beam in the specimens widens the 
distribution of the measured EDX analysis peak profiles 
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The beam spreading shape and specimen thickness 
are both taken into account in the calculation of the 
actual distribution morphology. According to ref. 8), the 
beam diameter at the bottom of the samples is defined 
as, 

Dmax  (b2  d2)
1—2............................................ (2)

where d is an incident beam diameter at the top surface 
of the specimen and b is defined by,
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where Z is the atomic number of the sample,   is the 
density of the sample (g/cm3), t is the specimen thick-
ness (cm), E is the energy of incident electron (eV), and 
A is the mass number of the sample.

The specimen thickness is estimated using an EELS 
method9). Figure 4 shows an EEL spectrum at the 
STEM-EDX spectrum mapping area (Photo 3). The 
thickness of the specimen is defined by the following 
Eq. (4):
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Cr-depleted zone across the prior austenite grain bound-
aries is detected precisely by STEM-EDX mapping. The 
Cr-depleted zone morphologies reveal that the minimum 
Cr concentrations within the depleted zones are about 
75% of the matrix Cr concentration, with depleted zone 
widths between 10 and 15 nm. Depleted zones this nar-
row are sufficient to instigate IGSCC in super martens-
itic stainless steels. 


