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Abstract

An application of a magnetic force microscope (MFM) to the measurement of the chromium depleted regions of
type 304 stainless steel is proposed to enable more effective evaluation of the material sensitization to stress corrosion
cracking than the conventional methods. The MFM images of sensitized materials show that the magnetizations are
induced along grain boundaries by the chromium depletion. The dependence of the magnetization on the sensitization
condition conforms to the expected one from the behavior of chromium depletion. Furthermore, the phase identifi-
cation was performed by electron backscattered pattern technique to reveal the magnetization mechanism due to
sensitization. Then, it was found that the magnetization is caused by the transformation from austenite phase to
martensite phase. From the discussion on the temperature at which martensitic transformation starts, we see that it

seems to be possible to detect regions where the chromium concentration is under 14% by using an MFM.

© 2004 Elsevier B.V. All rights reserved.

PACS: 81.70

1. Introduction

Type 304 stainless steel (304SS) is used widely as a
structural material in nuclear fission power plants be-
cause of its good workability and corrosion resistance.
However, heat treatments during welding make it sen-
sitive to stress corrosion cracking (SCC) in corrosive
environments. Sensitization is associated with the chro-
mium depletion near grain boundaries caused by the
precipitation of chromium carbides at grain boundaries.
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Particularly, the extent of chromium depletion at a grain
boundary is a direct indication of the material’s sus-
ceptibility to SCC [1]. Other factors such as chromium
depletion width and carbide spacing contribute less
significantly to SCC susceptibility. In addition to the
extent of chromium depletion at a grain boundary,
however, the distribution of grain boundary chromium
concentrations also becomes very important when one
seeks to determine whether or not a continuous SCC
crack can initiate, propagate, and continue from one
grain boundary to the next through a sensitized mate-
rial. Hence, development of methods for the quantitative
measurement of the distribution of chromium depletion
along grain boundaries with high spatial resolution and
easy operations is very important for the prediction and
prevention of SCC. Until now, several methods have
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been developed. For example, the oxalic acid etch test is
used as a preliminary screening test. This test can be
performed easily, but the evaluation is qualitative [2].
Analysis of grain boundary chemistry with a transmis-
sion electron microscope and an energy dispersive X-ray
spectrometer can provide precise chromium depletion
profiles across grain boundaries, but it has a big problem
that the observation area is so narrow [1]. On the other
hand, an electrochemical potentiokinetic reactivation
test is quantitative and nondestructive, but this test
provides only the average value taken over many grain
boundaries and gives little information about each grain
boundary [3].

We have paid attention to magnetic property as a
candidate of an estimation parameter of material sensi-
tization because magnetic property is one of the most
sensitive physical properties to degradation such as
dislocation and plastic deformation [4]. We have pro-
posed a magnetic method for the sensitization estima-
tion by using a magnetic force microscope (MFM).
Concerning with Inconel 600 alloy, the possibility of the
quantitative estimation by this method has been shown
[5]. In this study, this method is applied to 304SS and the
magnetic microstructures of sensitized 304SSs are pre-
sented. Furthermore, the phase identification is per-
formed by electron back-scatter pattern (EBSP)
technique in order to see if there are any differences of
crystal structures between a solution-annealed sample
and a sensitized one. This observation results will lead
the reason why the magnetic property changes due to
sensitization. Finally, the possibility of sensitization
estimation by using an MFM is discussed.

2. Experimental procedures
2.1. Material

The plates of 304SS (40 mm x 60 mm x 1.27 mm) were
used in this study. Their chemical compositions are lis-
ted in Table 1. Each plate (SS-1, 2, 3, 4 or 5) was solu-
tion-annealed at 1120 °C for 30 min, followed by a water
quench and then subjected to an isothermal heat treat-
ment at 620 °C for various periods as shown in Table 2.

2.2. Etch test

Ten percentage oxalic acid etch test is one of the easy
and simple methods for the sensitization estimation of
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Table 2
Conditions of the heat treatments

Sample number Heat treatment

SS-1 Solution-annealed

SS-2 Solution-annealed + 620 °C/6 h
SS-3 Solution-annealed + 620 °C/9 h
SS-4 Solution-annealed + 620 °C/18 h
SS-5 Solution-annealed + 620 °C/43 h

austenitic stainless steels [2]. Each sample was polished
mechanically and then etched for 90 s with the electric
density of 1 A/ecm?. After the etch test, the etched sur-
faces were observed by a scanning electric microscope
(SEM).

2.3. MFM observation

A commercial MFM (SII SPI3700), which employs
the phase modulation method, was used throughout this
study. In this system, phase shifts (A0) between the
oscillation of the cantilever and the piezoelectric actua-
tor are measured. For small amplitude of the cantilever,
this phase shift can be written as follows:
0
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(1)
where Q is the free-oscillation quality factor (=165* 10
in the air), k is the spring constant (=3 N/m) and F"’ is
the vertical gradient of the magnetic force on the tip of
the cantilever. F” can be expressed by
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where M'" (1) is the magnetization of the volume ele-
ment in the tip and H*™" (r +r’) is the stray field from
the sample [6].

The liftoff between the tip and the sample surface is
about 100 nm. Specimens were polished mechanically
and magnetized perpendicularly to the plane by the
external magnetic field (~0.4 T) before the MFM
observation.

2.4. Observation of phase distributions
The distribution of the austenite phase and the

martensite phase were observed about the solution-an-
nealed sample (SS-1) and the most severely sensitized

Table 1

Chemical composition of 304SS
Element Fe Ni Cr C Si Mn P S
Wt% 71.89 8.65 18.12 0.05 0.43 0.83 0.027 0.002
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sample (SS-5) by EBSP technique. EBSP technique can
present crystallographic and phase information on bulk
samples in a SEM with a spatial resolution of sub-mi-
cron order [7]. When an electron beam is focused on a
tilted specimen, 70° in our observations, electrons are
diffracted with the crystal planes according to the Bragg
condition and create a pattern composed of arranged
Kikuchi bands on the detector. This pattern is termed an
EBSP. The geometrical arrangement of these bands is a
function of the phase and the orientation of the crystal
lattice within the diffracting volume. In this study, the
crystal phases and orientations were determined auto-
matically from EBSPs according to a ranking factor
based on the number of votes [8] and the fit parameter
by utilizing the software of TexXSEM Laboratories Inc..
The votes give the most probable solution out of all
possible solutions, and the fit parameter is defined by the
average angular deviation between the recalculated
bands and the detected bands.

Specimens were polished mechanically at first and
then polished electrolytically to remove the plastic
deformation layer induced by mechanical polishing.

3. Results and discussions
3.1. Etch test

The SEM images after the etch test are presented in
Fig. 1(a)-(e). The etched surface of SS-1 is classified as
step structure. It means that there is no chromium
depletion in the solution-annealed state. On the other
hand, small ditches can be recognized along grain
boundaries on the etched surface of SS-2. The ditch
shows roughly where chromium is depleted. The ditches
become more continuous and the number of ditched
grain boundaries increases with heat treatment time. In
the case of SS-5, almost grain boundaries seem to have
been ditched.

3.2. MFM observation

Fig. 2 shows the surface topography and the MFM
image at the same observation region of SS-5. The
scanning area is 50x 50 pm?. It should be noted that
specimens for MFM observations were polished
mechanically but were not etched electrolytically. Al-
though we cannot recognize the grain boundaries in the
topography, the MFM image shows them clearly. Small
magnetic domains are formed continuously along grain
boundaries. On the other hand, the MFM image of
the solution-annealed sample does not show any signif-
icant magnetization distribution. Therefore, we can see
that the magnetization in Fig. 2 is induced by sensiti-
zation.

MFM images of SS-2, 3, 4 and 5 are presented in Fig.
3(a)—(d). The scanning area is 50 x 50 pm?. The magne-
tized parts along grain boundaries can be recognized in
all the images. They become more continuous and the
number of magnetized grain boundaries increases with
heat treatment period. This tendency is the same with
that of ditches observed by the etch test.

The average total length of magnetized parts along
grain boundaries per one scanning area is plotted in Fig.
4. The error bars in the figure show standard deviations.
The total length of the magnetized parts along grain
boundaries increases monotonously. This result also
agrees well with the expected one from the behavior of
the chromium depletion in the etch test. These results
show that MFM observation can present the morphol-
ogy of sensitized grain boundaries.

As mentioned before, it is suggested that the major
indication of the material’s susceptibility to SCC is the
extent of chromium depletion at a grain boundary. The
average amplitude of MFM signals per one scanning
area, which has the possibility of having some relations
to the extent of chromium depletion, is plotted in Fig. 5.
The error bars in the figure show standard deviations.
The average amplitude of MFM signals per one scan-
ning area increases until around 25 h and after that it
saturates or decreases slightly. It was reported that the
chromium depleted content at a grain boundary in-
creases until several tens hours with heat treatment time
and then decreases gradually due to the redistribution of
chromium [9,10]. The agreement between the time var-
iation of the range of MFM signals and that of chro-
mium depleted content shows the possibility of
quantitative evaluation of the chromium depleted con-
tent at grain boundaries, although additional examina-
tions are needed.

From these results, we can see that the quantitative
measurement of the distribution of chromium depletion
along grain boundaries with high spatial resolution and
easy operations is possible by using an MFM.

3.3. Observation of phase distributions

At first, the distribution of the austenite phase of the
solution-annealed sample (SS-1) is presented in Fig. 6.
The measurement pitch is 0.25 pm. The colors represent
crystal orientations according to a color coded unit tri-
angle of the inverse pole figure. The black spots are
where the phase decisions were impossible. It often ap-
pears on a grain boundary because an EBSP at such a
place is superposition of EBSPs from two or more dif-
ferent oriented crystals. In Fig. 6, three grains can be
recognized and all parts of them are formed of the
austenite phase. At other observation regions also, all of
grains were formed of the austenite phase and the
martensite phase could not be observed. It is well known
that the austenite phase is paramagnetic and the
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Fig. 1. SEM images after the etch test: (a) SS-1 (only solution annealing), (b) SS-2 (solution-annealing + 620 °C/6 h), (c) SS-3 (solution-
annealing + 620 °C/9 h), (d) SS-4 (solution-annealing + 620 °C/18 h), SS-5 (solution-annealing + 620 °C/43 h). The etch surface of SS-1
has step structure. Therefore, it is confirmed that there is no chromium depletion in the solution-annealed state. On the other hand, the
ditches along grain boundaries can be recognized on the surfaces of sensitized samples. It shows that the chromium is depleted near
grain boundaries. The ditches become more continuous and the number of ditched grain boundaries increases with heat treatment
time.

martensite phase is ferromagnetic. This result coincides The distributions of the austenite phase and the
with the fact that magnetization region could not be martensite phase of SS-5 are shown in Fig. 7(a) and (b),
observed in solution-annealed state by the MFM. respectively. The measurement pitch is 0.25 pm. Most
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Fig. 2. Images of SS-5 (solution-annealed + 620 °C/43 h). The tip-sample distance is 100 nm. The scanning area is 50 x 50 um?. (a)
Topography observed by the atomic force microscope does not show the grain boundaries. (b) The MFM image shows the magne-
tization distribution near the grain boundaries. The phase shift range is about 9.18°.

Fig. 3. MFM images of sensitized 304SSs. The tip-sample distance is 100 nm. The scanning area is 50x 50 um?. (a) SS-2 (solution-
annealed + 620C°/6 h); (b) SS-3 (solution-annealed + 620C°/9 h); (c) SS-4 (solution-annealed +620C°/18 h); (d) SS-5 (solution-
annealed + 620C°/43 h). The phase shift ranges are about 3.9°, 4.6°, 7.9° and 8.7°, respectively.
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Fig. 4. Time dependence of the average total length of the
magnetized regions along grain boundaries per one scanning
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Fig. 5. Time dependence of the average amplitude of MFM
signals per one scanning area.

parts of grains are formed of the austenite phase like
SS-1 in the solution-annealed state, but it can be rec-
ognized that the martensite phase appears locally along
some of grain boundaries. The samples of EBSP from
the austenite and martensite phases are presented in
Figs. 8 and 9, respectively. The EBSPs are clear enough
for the phase analysis and agree well with the recalcu-
lated bands in both cases, so the phase differentiations
were achieved correctly. Since the martensite phase
could not be observed in solution-annealed state, we can
say that this phase is induced by sensitization. As men-
tioned before, the martensite phase shows ferromagne-
tism, so there is the possibility that the magnetization
along grain boundaries observed in sensitized samples
by the MFM is the martensite phase. In fact, comparing
the morphologies of the magnetization and the mar-
tensite phase shown in Figs. 3 and 7, respectively, those
are very similar to each other. Next, the average maxi-
mum widths over 10 grain boundaries are compared.
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Fig. 6. Distribution of the austenite phase in the solution-an-
nealed sample (SS-1). The measurement pitch is 0.25 pm. The
color in the figure represents the crystal orientation according
to a color coded unit triangle of the inverse pole figure. About
SS-1, the martensite phase was not recognized anywhere.

The average width of the martensite phase is 2.28 £ 1.37
um and that of magnetization observed in SS-5 by the
MFM is 3.94+1.88 pm. The average widths are also
similar. The reason why the width of magnetization is a
little bit larger than that of the martensite phase will be
that the MFM observation area was larger than that of
phase observation. Therefore, we can conclude that the
magnetization observed by MFM is the martensite
phase induced along grain boundaries.

In the case of 304SS, the temperature at which the
phase transformation from the austenite phase to the
martensite phase starts, Ms point, is given by the fol-
lowing equation [11]:

Ms(°C) = 502-810[%C]-1230[%N]-13[%Mn]-30[%Ni]
—12[%Cr]-54[%Cu]-46[%Mo]. (3)
The Ms point of the sample used in this study is esti-

mated about —26.2 °C. It shows that the matrix is
formed of the austenite phase in solution-annealed state
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Fig. 7. Images of the phase distributions in the sensitized sample (SS-5): (a) the austenite phase, (b) the martensite phase. The
martenite phase, which was not detected in SS-1, is formed locally along grain boundaries.

phil =175.0° PHI = 38.8° phi2 = 295 .0°

Fig. 8. EBSP from the austenite phase without and with recalculated bands.

at the room temperature. This estimation agrees with
our results. However, the chromium is generally de-
pleted near grain boundaries when the austenitic stain-
less steels are subjected to heat treatments from 500 to
800 °C. In the sensitized state, the Ms point become
above the room temperature where the content of
chromium decreases by about 4% or more, and the
martensite phase will appear.

From this discussion, it seems to be possible to detect
a region where the chromium concentration is under
14% by MFM observation. This detection limit is
acceptable because it is reported that the susceptibility to
SCC increases dramatically when the chromium con-
centration is under about 13% [1].

It was shown that EBSP technique is also able to
be one of the estimation methods of sensitization.
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Fig. 9. EBSP from the martensite phase without and with recalculated bands.

However, this technique requires vacuum environment
and electropolishing of samples. In addition, the spatial
resolution of EBSP technique is about five times lower
than that of MFMs.

4. Conclusion

We have proposed the application of an MFM to the
measurement of the distribution of chromium depletion
along grain boundaries. In this study, this method is
applied to 304SS. MFM images of 304SSs sensitized in
various conditions showed the magnetized regions along
grain boundaries corresponding to the chromium de-
pleted regions observed by the etch test. Time depen-
dences of the amplitude of MFM signals and the total
length of magnetized regions along grain boundaries per
one scanning area conformed to the expected ones from
the behavior of chromium depletion. From these results,
we see that it is possible to evaluate the extent of chro-
mium depletion at grain boundaries, which is a major
factor to induce SCC, and observe the distribution of
grain boundary chromium concentrations at the same
time by using MFMs. In addition, it is also an advantage
to the conventional methods that MFM observations
can be performed with minimal sample preparation and
relatively easy operations.

Moreover, the phase identification of 304SSs was
performed by using EBSP technique. It was found that
though all the observation regions were formed of the
austenite phase in the solution-annealed state, the mar-
tensite phase existed along grain boundaries in the sen-
sitized state. The morphologies and the average
maximum widths of the martensite phase and the mag-
netization observed by the MFM are similar to each
other. This fact shows that the magnetization due to
sensitization is caused by the phase transformation from
the austenite phase to the martensite phase. It follows
from the discussion on the Ms point that MFMs seem to

enable to detect region where the chromium concentra-
tion is under 14%. This detection limit is acceptable
because it is reported that the susceptibility to SCC in-
creases dramatically when the chromium concentration
is under about 13%.
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