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Abstract Etching characteristics used to reveal localized
plastic deformation zones in a SUS303 stainless steel have
been examined. The etching was conducted on a sample
using an etchant consisting of 5-g ferric chloride, 50-mL
hydrochloric acid, and 100-mL water. The sample was
deformed severely and heated to various temperatures
before the etching process. With this etching technique, the
plastically deformed area is clearly observed even at low
magnification. This is due to a change of the microstruc-
tural characteristics in the plastic deformation zone. There
are different microstructure patterns that reveal the plastic
zone in the sample with and without heating, e.g., plastic
zone in the sample with heating to 800 °C is observed
clearly due to randomly oriented crystals and recrystallized
small grains with precipitated nano-size particles. Details
of the etching characteristics that reveal the plastic defor-
mation zone are further discussed.

Introduction

It is reported that more than 90% of component failures are
caused by fatigue, and the fatigue strength is attributed
directly to the crack growth rate. The crack growth speed is
associated with the severity of plastic deformation around
the crack tip. In recent years, the effect of plastic defor-
mation on the crack growth characteristic has been exten-
sively studied. Many researchers have investigated the
deformation characteristics using various experimental
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techniques, such as etching techniques, photoelastic stress
analysis, and microhardness measurements. Due to its
accuracy, simplicity, and low cost, etching is a very suit-
able approach for observing the plastic deformation zone.

Such etching techniques have been reported by Fry [1]
and Morris [2]. With their techniques, the plastically
deformed area in mild steels can be identified from the
segregation of impurity atoms at dislocation cores, where
etch-pit formation occurs. Applications of their techniques
can be found in many published reports [3-6], e.g., the
plastic deformation zone in specimens of Fe-3%Si steels
subjected to bending is revealed clearly [5, 6]. Moreover,
Friihauf et al. [7] have examined the characteristic of
plastic behavior in silicon microelements by etch-pit
technique. Meguid [8] reported that plastically deformed
regions in aluminum can be revealed by an etching tech-
nique using a solution modified from Tucker’s etchant [9].
Some etching methods have been developed several dec-
ades ago for revealing plastic deformation zones but there
are apparently material limitations. In fact, few metals are
suitable in this way. To extend the etching technology, the
authors propose alternative etching techniques. With these,
the plastic deformation zones in several materials can be
clearly delineated [10-13], these include carbon steels, Al
alloys and Mg alloys. The concept of our etching technique
is to alter the microstructure in the deformation zone by a
heating process.

Stainless steels have been served widely in various
structures and components, e.g., power plant pipes and
automotive parts [14]. This is because of its combination of
acceptable strength, superior ductility, and high oxidation
resistance. Those components are produced by stretching,
drawing, and bending, which causes severe plastic defor-
mation in the alloys. Experimental and numerical approa-
ches have been carried out to understand the stress—strain
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characteristics in stainless steels [15, 16]. Although an
examination of the deformation characteristics of stainless
steel is significant, no clear etching technique has been
reported which reveals the plastic deformation zones.
Therefore, the purpose of this study is to demonstrate an
etching technique to observe the localized plastic defor-
mation zone in stainless steels. In addition, an attempt has
been made to investigate the detailed etching characteris-
tics that reveal the plastic deformation zone.

Experimental
Material and experimental procedures

In this study, a SUS303 stainless steel was used. The
chemical composition of the stainless steel is (wt%): 8 Ni,
18 Cr, and 0.2 S, balanced with Fe. The tensile properties
of the material at room temperature are 0.2% proof strength
092 = 205 MPa, tensile strength oyrs = 520 MPa, and
elongation ¢ = 40%. A severe plastic deformation was
introduced by imposing a hardened high carbon steel wire
(700 HV) with diameter 1.0 mm at a compressive force of
10 kN. The specimen was machined into the form of a
rectangular block (10 mm x 10 mm x 5 mm). An elec-
tro-servo-hydraulic system with a capacity of 200 kN was

Table 1 Test samples

Sample A Sample B Sample C Sample D
No heating 500 °C 650 °C 800 °C
Fig. 1 Optical maf:rographs of Region A
SUS303 after etching: a no (@)
heating, b sample heated to l
500 °C, ¢ sample heated to A
650 °C and d sample heated to e
800 OC .T ......
Region B

employed to carry out the compressive loading. To inves-
tigate the etching characteristics that could identify the
plastic deformation zone, the deformed samples were
heated to different temperatures, e.g., 500, 650, and 800 °C
for 1 h (Table 1). The choice of the heating temperatures is
determined based upon the recrystallization temperature of
this stainless steel, which is over 750 °C. The heating is
used to distinguish the plastic deformation zone, since
more severe precipitation occurs in the deformed area [10].
The etching technique proposed in this study is briefly
summarized as follows: (i) the specimens are compressed
to produce a severe plastic deformation, (ii) the deformed
samples are heated to different temperatures, (iii) the
specimen surface to be observed is ground to a mirror
finish, (iv) the polished surface is etched for 30 s using an
etchant consisting of 5-g FeCl;, 50-mL HCI, and 100-mL
H,O. The microstructural observations were conducted
using an optical microscope, with X-ray diffraction (XRD),
and an electron back scatter diffraction analysis (EBSD).
The fundamentals of the EBSD techniques employed in
this study are described by Randle [17].

Finite element analysis

To investigate the plastic strain distribution in the stainless
steel sample after compressive loading, finite element
analysis (FEA) was conducted using ANSYS software. In
this analysis, a two-dimensional finite element simulation
with 8-node quad elements was employed. A FEA model
was designed based on the compression test, as described
in the previous section. The mesh size of the area sur-
rounding the hardened steel wire was 0.05 mm, where a

Dent zone

1 mm
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total of 3,251 quadrilateral solid elements were used. Due
to the high hardness of the steel wire when compared to the
stainless steel, the hardened wire was considered to be rigid
in this analysis. To model the contact between the hardened
wire and the stainless steel sample, the area contact ele-
ment (CONTACT 172 and TARGET 169 [18]) was used,
corresponding to the geometry mesh of the model. The
case of bilinear kinematic hardening was selected in this
analysis, where the initial slope of the stress—strain curve is
taken as Young’s modulus of the material, and after
material yield the curve continues along the second slope
defined by the tangent modulus. The following material
properties were employed: Young’s modulus E = 190
GPa, tangent modulus 7 = 19 GPa, Poisson’s ratio v = 0.3
and 0.2%, proof stress gy, = 205 MPa.
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Fig. 2 Microhardness results from Samples A, B, C, and D measured
from position P, as shown in Fig. la

Fig. 3 a von-Mises plastic (a)
strain distribution obtained by
an FE analysis; b optical
macrograph of Sample D,
showing the plastic deformation
zone enclosed by the dashed
line
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Results and discussion

Figure 1 shows the macrostructure of the etched samples in
the area adjacent to the dented zone. A round bright (white)
region in the vicinity of the dented zone was observed for
all the samples. The brightness is altered depending on the
discolored area: strong brightness zone can be seen in the
sample near the loading point, e.g., Region A versus
Region B, see Fig. 1a. Moreover, the overall brightness of
the sample heated to 800 °C is slightly weaker than that for
the other samples, i.e., Samples A, B, and C versus Sample
D. The reason for the weakness for Sample D will be
discussed in a later section of this article. It should be noted
that the white regions corresponded to severe etching [10].
Because of the lighting conditions, they appear white in the
photographs taken by a digital camera. It is considered that
the profile of the white areas in Fig. 1 can be attributed to
the plastic deformation zone. To verify this, microhardness
measurements in the bright and dark regions for all the
samples were carried out. The hardness was measured in
both the white and the dark areas from point P, as shown in
Fig. la and the results obtained given in Fig. 2. As seen,
the overall hardness in the white area is higher than that in
the dark area for Samples A, B, and C even though the
hardness level decreases even in the white zone (Region A
vs. B). Such a high hardness in the bright zone suggests
that the discolored area on the etched surface for Samples
A—C reflects the actual plastic deformation zone (or work
hardening area). The reason for the decrease of hardness in
the white areas would then be related to the degree of
brightness around the dented zone in Fig. 1, with the
brighter the area, the higher the hardness. It is also seen that
the hardness level in the white area for Samples A, B, and
C is different depending on the heating temperature, with
the lower the temperature, the higher the hardness. This
may be attributed to softening of the sample because of
heating. On the other hand, the hardness level in the white

1 mm
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region for Sample D is the same as for its dark area.
Although the reason for the low hardness in the white area
of Sample D can be considered to be due to the material
softening or recrystallization, the reason for revealing of
the bright zone is not yet clear and will be discussed later.
To confirm the relationship between the plastic deforma-
tion zone and the white areas for Samples A, B, and C, the
stress—strain distribution was examined using FE analysis.
Figure 3a presents the von-Mises plastic strain distribution
for the stainless steel sample. As can be seen, the shape of
the plastic strain distribution is similar to the bright zone

shown in Fig. 3b. This result convinces us that the white
area for Samples A—C is associated with the actual plastic
deformation.

To understand the mechanism behind the revealing of
the plastic deformation zones, the microstructural charac-
teristics of the samples were investigated. Figure 4 shows
the microstructure of the undeformed and deformed zones
of Samples A, B, C, and D. It can be seen that austenitic
phases with f.c.c. crystal structures are obtained in the
undeformed areas for all the samples. In Samples A-C,
many slip bands (share bands) are detected in the plastic

Fig. 4 Optical micrographs
of undeformed and deformed

Undeformed zone

Deformed zone (Region A, Fig. 1)

regions (a)

Sample A
(no heating)

(b)

Sample B
(500°C)

(c)

Sample C
(650°C)

(d)

Sample D
(800°C)

S %

50 pm
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deformation zone near the loading point (P). Furthermore,
the density of the slip band decreases in the area far from
the point P, e.g., in Region B, as shown in Fig. 5a. Such a
slip system is attributed to the high material hardness [19]
(Fig. 2). In this case, the slip would have occurred on the

Fig. 5 Optical micrographs and
secondary electron images of
the deformed regions (Region B
Fig. 1a) for Samples A and D

Fig. 6 EBSD analysis of
Samples A and D, showing
image-quality map, crystal-
orientation map, and phase map

@ Springer

Sample A

50 um

close-packed {111} planes and in the (110) close-packed
directions [15]. On the other hand, the microstructural
formation in the deformation zone of Sample D is different,
with small grains created by the heating process. Moreover,
from the secondary electron image of the deformation zone

Sample D

Image quality map

Crystal orientation map

Phase map

(a)

Sample A

(Undeformed :

zone)

(b)

Sample A

(Deformed

zone)

(c)

Sample D
(Deformed
zone)

B Fe-o
B Fesy
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Fig. 7 EBSD analysis of
deformed zone in Sample A

a crystal orientation map and
b the (001), (100), and (110)
pole figures, showing Fe-o and
Fe-y phases, respectively

1 um

in Sample D (Fig. 5b), small grains with many nano-sized
particles are observed, as indicated by the arrows. Such
particles might be related to the carbide, which precipitated
by the high temperature heating. Figure 6 displays the
SEM images of the microstructure, crystal-orientation
maps, and phase map obtained by EBSD analysis in
Samples A and D. The color level of each pixel in the
crystal-orientation map is defined according to the devia-
tion of the measured orientation from the direction parallel
to ND (see the color key of the stereographic projection).
From the EBSD analysis in Fig. 6a, randomly oriented
crystals in large grains with 6.02 um in diameter are
clearly observed in the undeformed zone of Sample A. The
sample also displays a strong texture characteristic of Fe-7,
in which the total fraction of Fe-y is 98% (Fe-o. = 2%). On
the other hand, the crystal orientation in the deformed zone
of Sample A is complicated due to share bands, as seen in

Max: 18.9

Min: -1.3

Fig. 6b. The average grain size of the deformed zone is
0.92 pm and the phase texture of Fe-o and Fe-y is almost
same level: Fe-a = 58% and Fe-y = 42%. The increment
of Fe-o phase would be attributed to the strain-induced
martensite formation. It is well known that the plastic
deformation of austenite can induce martensitic transfor-
mation in Fe-based alloys. It should be pointed out that the
area, observed in Fig. 6b, can be deformed greatly by the
compressive applied load, but the phase texture in the
related region has not been altered completely to Fe-o. The
reason behind this might be related to the different dislo-
cation density [20, 21]. Details of phase formation (Fe-«
and Fe-y) in the deformed zone can be further observed in
Fig. 7, in which several slip bands and changed phase
formation is clarified. The microstructure in the deformed
zone for Sample D shows recrystallized small grains
(Fig. 6¢). In this case, the grain size is found to be 1.86 pum,

@ Springer
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and the total fraction of Fe-y phase is recovered to 97%
(Fe-a = 3%). It is also observed in Fig. 6¢ that many black
points and tiny black islands are obtained as indicated by
the arrows, which could be caused by either carbide pre-
cipitation or strain by slip band. From this result, it can be
briefly concluded that the plastic deformation zone in
stainless steel can be identified even at low magnification
because of the varying microstructural characteristic in the
plastic zone, e.g., random crystal orientation, recrystallized
small grains, and precipitated nano-size particles.

Conclusions

An etching technique for revealing the plastic deformation
zone in a SUS303 stainless steel has been studied experi-
mentally and numerically. The following conclusions can
be drawn.

(1) With the proposed etching technique, the localized
plastic deformation in the SUS303 stainless steel
sample can be revealed clearly. The procedure of the
etching technique is summarized as follows: (i) the
specimens are plastically strained by applied com-
pressive stress, (ii) the strained samples are heated to
various temperatures before grinding to a mirror
level, (iii) the polished surface is then etched for 30 s
using an etchant consisting of 5-g FeCl;, 50-mL HCI,
and 100-mL H,O.

(2) The sample in the plastic deformation zone can be seen
as a bright region although a dark area in the
undeformed area. From the discoloration, the plastic
deformation zone can be observed even on the macro
scale. Asrevealed, the profile of the plastic deformation
zone revealed by the etching technique was in good
agreement with the results of the von-Mises plastic
strain distribution obtained by finite element analysis.

(3) With the EBSD analysis, microstructural characteris-
tics, such as grain orientation and phase texture, in the
un- and deformed zones were clarified. Large grains
of Fe-y phase with 6.02 pm in diameter are obtained
in the undeformed zone, whereas small grain with
0.92 pm is detected in the deformed zone, in which
the phase texture of Fe-o and Fe-y is almost same

@ Springer

level. The increment of Fe-a would be caused by the
strain-induced martensite formation. The amount of
Fe-y phase in the deformed zone is recovered to be
97% by the heating process.

(4) The plastic deformation zone in the stainless steel as
revealed in this way corresponds to a change of
microstructural characteristics. The microstructure in
the plastically deformed zone is altered in different
ways: the formation of randomly oriented crystals, the
recrystallization of small grains, and precipitated
nano-size particles.
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