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ABSTRACT: Despite various strategies to address sticking failure
in stainless steels (STSs), difficulties in understanding its
fundamental mechanisms hinder precise solutions during STS
fabrication. This study investigated the effect of chromium (Cr)
content on the microstructures and failure modes of oxide scales
under a tensile load, simulating the hot-rolling process. The
dynamic, real-time behavior of crack initiation, propagation, and
interfacial delamination in the oxide scales under tension was
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obtained from in situ SEM provide interfacial strength, while the elastic modulus and hardness obtained from nanoindentation
provide vertical fracture strength. In combination with an ex situ elemental image analysis, the in situ SEM results reveal three
different failure modes of the four different STSs. The results confirm that sticking failure is more likely to occur as the Cr content
increases.

1. INTRODUCTION

Stainless steels (STSs) have a wide range of applications, from
kilometer-scale structural components to nanometer-scale
electronic devices." The mechanical and chemical robustness
in harsh environments, cost effectiveness, and processability of
STSs can be controlled by changing their composition.”” A

deteriorating the surface of the STSs.*” Because the surface
quality is critical, STSs with indented surfaces have
significantly diminished value.'”'" Therefore, many engineers
have tried to explain the fundamental mechanisms'>"
address the sticking failure problem with empirical control of
alloying elements,” structural analysis,'" processing parameter

and

slight difference in composition can transform the STS phases
among ferrite, austenite, and martensite, which have different
microstructures and mechanical properties.””* STSs with a
high chromium (Cr) content (11-30 wt %) and minimal
amounts of other elements have a ferritic body-centered cubic
structure, whereas STSs containing nickel (Ni) have an
austenitic face-centered cubic structure.’

STSs with low and medium Cr contents are martensite.’
Austenitic STSs have high mechanical stability, corrosion
resistance, and formability over a wide temperature range.”°
However, ferritic STSs have been preferred over martensite
and austenitic STSs due to the high cost of Ni.” Highly
purified, microalloyed ferritic STSs have been developed as a
counterpart to austenitic STSs to improve the corrosion
resistance and mechanical properties of ferritic STSs with a Cr
content of more than 18—19 wt %.”

However, during the hot rolling of ferritic STSs with a high
Cr content, oxide flakes form and stick to the rollers,
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controls,"’ and replication of hot-rolling processes.'* Kim et
al."”> suggested failure mechanisms with different types of
commercial STSs on the basis of an ex situ elemental image
analysis of the microstructure of the scale and the exposed
fractured surface. However, a real-time investigation of sticking
failure is required to determine the failure process in terms of
the crack initiation position, preferable cracking path, and
delamination.

In situ, continuous monitoring of scale failure processes can
facilitate a closer inspection of the sticking mechanism during
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the hot-rolling process.'’ Scanning electron microscopy
(SEM) is used to investigate the in situ dynamics of sticking
failure because it is commonly used to study the mechanical
resistance of brittle coatings on ductile substrates to external
tensile loads.'” ™' Researchers have used in situ micrographs to
explain the process of oxide failure in terms of the dependence
of the crack spallation spacing on oxide scale thick-
ness.'”2%?*?* Pyrthermore, most studies have focused on
describing the failure mechanisms at the interface region
between a ductile metal and the brittle oxide scale, exploring
the mechanisms with limited types of STSs.' 182223 However,
to the best of our knowledge, none have investigated the effect
of the mechanical properties of each microstructure on sticking
failure due to the oxide scale—either in the form of a
composite or in layers—with various elemental ratios in
STSs, 152425

This study investigated the sticking failure mechanism of
four different STSs with different Cr contents on the basis of
the fracture patterns of the oxide scales formed on STSs under
tension. The lowest Cr content was 11 wt %, and the highest
was 21 wt %. The dynamic response of oxide scales obtained
from an in situ SEM tensile test validated the exposed
microstructure under a tensile test at high temperature
(Gleeble test). In the test, real-time crack initiation,
propagation, and delamination of the oxide scales occurred
as the strain was increased to 10%. The microstructure and
mechanical properties were analyzed by an ex sifu elemental
image analysis using electron probe microanalysis (EPMA) and
nanoindentation, respectively. The in situ SEM tensile results
were analyzed based on the microstructural composition and
mechanical properties of the oxide scales. On the basis of the
interpretation of the superiority between interfacial strength
and vertical fracture strength in the four different STSs, the
sticking failure modes depend primarily on the interfacial
microstructural composition of each STS. On the basis of the
ex situ and in situ analyses of the four STSs, the critical effect of
Cr content on the sticking problem can be observed.

2. EXPERIMENTAL SECTION

2.1. Chemical Compositions of STSs. The names and
chemical compositions (wt %) of the four types of STS alloys
are summarized in Table 1. STS4A, STS4B, and STS4C are

Table 1. Names and Chemical Compositions (wt %) of
Ferritic and Austenitic STSs”

sample name Fe Cr Ni C Ti
STS4A balance 11 0 <0.01 0.05
STS4B balance 18 0 <0.01 0.06
STS4C balance 21 0 <0.01 <0.4
STS3 balance 18 8 <0.05 0.04

“Other elements, including Si, Mn, W, Mo, Nb, P, and S, exist in
quantities less than 1 wt %.

ferritic STSs with 11, 18, and 21 wt % Cr contents,
respectively. None of the STS4 series contained Ni. STS3 is
an austenitic STS with 18 wt % Cr content and 8 wt % Ni
content. A minimal quantity of other elements, such as C, Tj,
Si, Mn, W, Mo, Nb, Ti, C, P, and S (less than 1 wt %), can be
used for various purposes, including oxidation control,
corrosion resistance, and formability.” Typically only STS3
contains Mn with 0.96 wt %, while other STSs do not. In this
study, we focused on the characteristic content of Cr and the

presence of Ni to analyze the effects of the mechanical
properties on the sticking problem.

2.2. Sample Preparation. The STSs in Table 1 were
oxidized for 2 h at 1200 °C under atmospheric pressure and
pressed by roughening and finishing rolls at 1000 °C in a
commercial production plant. At every interval of each step,
descaling of the outermost oxide scales of STSs was performed
frequently with a high-pressure hydraulic descaler, as described
in a previous study.” According to the product statistics
confirmed by visual detection, STS4C has suffered sticking
failures most frequently among the four types of STSs given in
Table 1, implying that the fracture pattern of oxide scales
formed on high-Cr-content STSs during hot rolling differs
significantly from that of oxide scales formed on the other
STSs presented in the table.

2.3. Gleeble Test. To mimic the stress conditions during
hot rolling experienced by the oxide scales, we conducted a
thermomechanical tensile test through a Gleeble test setup
(Gleeble 3800, Imdea Materials). The oxide scales can be
simultaneously examined under vertical compression and
horizontal tension, resulting in the bare bulk STS exposure.
All samples were stretched to 20% strain with a fixed strain rate
of 1 57" under a 950 °C ambient atmosphere. Accurate control
of the specimen temperature was carried out using temperature
feedback signals predicted by thermocouples. The compound
types on the exposed top surface of these Gleeble samples were
compared, which provides direct information regarding
sticking failure.

2.4. Measurements. Nanoindentation is an experiment
that involves indenting the surfaces of materials with an
ultralow load*® using a nanoindenter (TI-950, Bruker). We
used a trigonal (Berkovich) tip, and a 10 mN load was applied
for each indention. An indent load of 10 mN was selected to
exclude a superposition of stress fields under plastic
deformation between the indents. The load was applied in §
s, a constant load was held for 2 s to complete the drift of the
instrument, and the load was released in S s. The samples were
anchored with a cross-sectional face using epoxy. By
positioning the bulk side at the bottom of the apparatus and
the oxide side at the top, we indented both in a vertical
direction crossing the bulk/oxide interface and the lateral
direction of the STSs. The same positions of the samples were
observed using field emission SEM (FE-SEM, JEOL-7800F,
JEOL) equipped with an EPMA analyzer (JXA-8500F, JEOL)
for compositional analysis.

The in situ SEM tensile test was conducted using a
microtest300 tensile jig module (Gatan, USA). For SEM
(Inspect F, FEI Company, USA), the accelerating voltage was
set to be less than 30 kV, in which the SEM resolution was less
than 1 nm. The 10 mm gauge length of the half-dog-bone-
shaped samples was stretched at a strain rate of 1072/s with an
equal force from approximately 50 to 150 N applied on the
sample cross-sectional area.

3. RESULTS AND DISCUSSION

3.1. Microstructures of Oxide Scales. The cross-
sectional view of SEM images and EPMA compositional
distributions of Fe, Cr, O, and Ni presented in Figure 1 were
analyzed to determine the microstructure in the oxide scales of
STS4A, STS4B, STS4C, and STS3 (Table 1). The raw EPMA
data with the compositional scale bar can be seen in Figures
S1-S6. The visible nanoindentations in the SEM images in
Figure 1 were used to determine the mechanical properties of

https://doi.org/10.1021/acsomega.2c01267
ACS Omega 2022, 7, 15174—-15185


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01267/suppl_file/ao2c01267_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01267/suppl_file/ao2c01267_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01267?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

pos s

/77 Fe Fe;0,

W SNG I

N Cr;0,

D Fe,0;

S
B Fe NI, [ FeCr,0,

Figure 1. Cross-sectional SEM images and EPMA (Fe, Cr, O, and Ni) compositional distributions in the oxide scales of (a) STS44, (b) STS4B, (c)
STS4C, and (d) STS3. The oxide/bulk interfaces are marked with solid white lines, as indicated in the SEM images. Two different regions were
analyzed in STS4A and STS4B due to their thick oxide scales, as shown in the schematic illustrations (bottom row of images) as red boxes around
the bulk/oxide interfaces and black boxes far from the interfaces. The schematic images reveal the composition of the oxide scales on the basis of
the EPMA analysis results and our previous work involving microstructural analyses.'” The nanoindentation marks in the SEM images were used to
analyze the variation in mechanical properties across the oxide/bulk interfaces and in the three equidistant regions (indicated by the red arrows)
from the middle of the oxide scales, and the results are presented in Figure 6.

the oxide scales in relation to their composition and
microstructure, as presented in Figures 2 and 6. The different
colors and contrasts of the EPMA images depend on the
atomic mass concentration (%) of each element. The positions
of the bulk/oxide scale interfaces of the STSs were identified
by comparing the O-deficient and Fe-rich areas of the EPMA
elemental maps.

In ferritic sample STS4A (Table 1), with a low Cr content
(Figure la), most of the evenly distributed Cr near the
interface coexisted with the Fe-sufficient region, implying that
the iron(II) chromite (FeCr,O,) inclusions were uniformly
dispersed near the bulk/oxide interface.> However, above the
FeCr,0, inclusion-rich region on the STS4A oxide scale,
Cr,0; inclusions were surrounded by magnetite (Fe;0,), as Cr
existed in discrete areas deficient in Fe. Similar to the case for

15176

STS4A, Cr,0; inclusions also precipitated in the Fe;O, matrix
of STS4B, as shown in Figure 1b, but they coexisted with the
FeCr, 0, inclusions above the very thin Cr,0; layer above the
bulk/oxide interface. In contrast, a thick Cr,O; layer existed at
the bulk/oxide interface in STS4C, followed sequentially by
layers of Fe;O, and hematite (Fe,O;) with very minute
FeCr,0, inclusions.

According to Figure la—c, with increasing Cr content from
STS4A to STS4C, the number of FeCr,O, inclusions
decreased in the oxide scales and the thickness of the Cr,0O4
layer at the bulk/oxide interface increased. In austenitic STS3
(Figure 1d), O-deficient and Ni-rich Fe,Ni, intermetallic
particles were embedded with Cr,O; and FeCr,O, inclusions
in the Fe;O, matrix, forming a composite-like structure.'’
These elemental analysis results agreed very well with previous

https://doi.org/10.1021/acsomega.2c01267
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Figure 2. (a) Schematic descriptions of the Gleeble test specimen and (b) its real-time image under simultaneous heating and stretching conditions
from outside of the safety shield. The sample was connected to heat sinks and glowed with 950 °C heating. Top view FE-SEM images and EPMA
compositional distributions of (c) STS4A, (d) STS4B, (e) STS4C, and (f) STS3 after the Gleeble test under 20% strain.

studies, ' ¥2H*527:28 showing that STSs with low and medium

levels of Cr have oxide scales with composite-like distributions
of Fe—Cr and Cr—oxide inclusions, while STSs containing
high levels of Cr have oxide scales consisting of discrete and
dense Fe— and Cr—oxide layers."”

3.2. Gleeble Test. Gleeble tests were performed with dog-
bone-shaped specimens, as presented in Figure 2a. As shown in
Figure 2b, the samples were anchored by a heat sink and
glowed red by a direct resistance heating system. To
understand the onset fracture mechanisms of STSs under hot
rolling, the samples were stretched to only 20% strain at 950
°C, with a strain rate of 1 s™! to avoid necking or delamination

of the oxide scale. With the elongated specimens, by using FE-
SEM and EPMA, the morphology and the elemental
distributions of the fractured top surfaces were investigated,
respectively, as shown in Figure 2c—f. Each mass concentration
(%) of Fe, Cr, O, and Ni was identified by the different degrees
of contrast and colors in this experiment. The raw EPMA data
with different compositional scale bars are presented in Figures
§7—S§10. Similarly to our previous study, STSs containing a
low level of Cr (Figure 2c) and Ni (Figure 2f) were highly
resistant to crack generation, while STSs containing a medium
and high level of Cr showed frequent crack generation
represented as a distinct O-deficient region (bulk exposure).

https://doi.org/10.1021/acsomega.2c01267
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Figure 3. (a) Schematic illustration of the in situ SEM setup for the microtensile test of the STS samples and (b) photograph of the tensile test jig.
(c) Schematic descriptions of the tensile specimen and its mechanical failure processes under continuous stretching. (d) Schematic illustration of
the bulk/oxide interface and the free body diagram of the oxide scale segment represented by A. The graph below the free body diagram indicates
the interfacial shear and normal stress distributions. (e) General crack propagation behavior in terms of crack density at the oxide scale, displaying

three representative stages for delamination or descaling failure.

Beyond investigating the ex situ top-view crack generation, we
need to determine the dynamic mechanisms of crack initiation
and how cracks propagate through the thickness of the oxide
scale with regard to the distribution of microstructural
compositions and their mechanical properties.

3.3. Failure Modes of Oxide Scales under Tensile
Loading. The in situ SEM tensile tests were performed on a
tensile test jig, as depicted in Figure 3a. Cracking started from
the surface of the brittle oxide scales and then progressed
through the thickness of the scales. Cross-sectional crack
initiation and propagation observations were possible only in
the half-dog-bone-shaped specimens (Figure 3c). In situ tensile
tests were conducted until the number of cracks was saturated,
followed by bulk fracture of the STSs.

During tensile loading to a two-layered structure with
different mechanical properties—particularly brittle/ductile
properties—crack initiation and propagation behaviors can
be determined by the superiority between the interfacial
strength and vertical fracture strength. As shown in Figure 3d,
due to the higher modulus of the oxide scale in comparison to
that of the bulk, interfacial shear stress is applied to both ends
of the oxide scale. Here, the interfacial shear stress (7(x)) has
distributions along the x axis (from x = 0 to x = L), and the
maximum interfacial shear stress (7,,,,) is applied at both ends
of the fractured oxide segment. At the same time, by a force
balance within the oxide scale, the applied 7(x) value can be
transferred as the normal stress ¢(x) value at the center of the
oxide fragments by eq 1

(1)

where ¢t represents the thickness of the oxide scale, assuming
that the in-plane normal stress is uniformly distributed
throughout the cross-sectional area (ortho§onal to the plane
of the paper or diagram) of the samples.”””’

o(x) is also a function of position x, which reaches a
maximum value (6,,,) within the middle plateau region of the
fractured oxide segment. Therefore, the uniaxially applied
tensile load is transferred to 7(x) at the interface between the
oxide scale and the bulk, particularly at both ends of the oxide
scale, and then, it is also transferred to ¢(x) in the middle of
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the oxide scale. Here, a vertical crack is first generated in the
middle of the oxide scale when the transferred o, is larger
than the critical stress (6,.) for the vertical fracture of the oxide
scale (0. = E ¢, where E__ is the elastic modulus of the oxide
and ¢, is the onset strain of the fracture). With progressing
crack generation, the transferred o, decreases due to the
reduced 7(x) as the overall lengths of segments decrease,
resulting in no additional vertical crack generation and
saturation, as schematically illustrated in Figure 3e.

With the length of the oxide scale segments determining the
width of the intercrack spacing (4), Chen’® developed the
relationship between the smallest characteristic intercrack
spacing (4.) and 7., using eq 2% Here, with the smallest
crack segment, o, = E.€,, exists as a point rather than a
plateau region.

T = 4o, /(4 + m)A) = 4E e, /(4 + 7)A, ()

After the vertical crack initiation and multiplication of the
cracks, the formation of vertical cracks reaches saturation when
the crack density is high enough to be limited by A.°"***°
Finally, eq 2 provides an interpretation tool for the interfacial
strength between two layers having different mechanical
properties, where the variation in crack density (1/4.) coupled
with the fracture strength (E,.&,,) is reflected as 7. For
example, the smaller the 7., between the two layers, the
higher the possibility of crack propagation along the bulk/
oxide interface rather than vertical crack generation.”

The cross-sectional crack patterns in the oxide scales of
STS4A, STS4B, STS4C, and STS3 at strains of 2%, 4%, 6%,
8%, and 10% are shown in Figure 4. At a strain of 2%, all of the
STS oxide scales had cracks that were generated from their
surfaces through their thickness. Varying crack patterns then
developed in the oxide scales as the strain increased to 10%,
depending on the type of STS. While vertical crack generation
was dominant in STS4A, vertical and lateral cracks (parallel to
the bulk/oxide scale interface) were generated in STS4B and
STS3. Furthermore, the vertical crack tips arriving at the bulk/
oxide scale interfaces in STS4B and STS3 did not propagate
further across the interface, as if the tips were pinned at the
interface. In contrast, the initially generated vertical cracks in
the STS4C oxide scale propagated along the bulk/oxide

https://doi.org/10.1021/acsomega.2c01267
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Figure 4. In situ SEM images of the crack patterns and propagation in the oxide scales of (a) STS4A, (b) STS4B, (c) STS4C, and (d) STS3 at

strains (&) of 2%, 4%, 6%, 8%, and 10% during a tensile test analysis.

interface as the strain reached 4%. These interfacial cracks then
resulted in an unexpected descaling of the oxide scale from the
bulk of STS4C.

On the basis of the relationship between the interfacial
strength and crack density, provided as eq 2, the variation in
crack density with the four different STSs is analyzed as shown
in Figure 5. The long-range crack patterns in each oxide scale
of the STSs at strains of 4% and 10% shown in Figure Sa—d
were determined by SEM micrographs. The vertical cracks that
initiated at a strain of 2% continued to propagate through the
thickness of the oxide scales or were followed by the
generation of lateral cracks along with the interfaces of the
oxide inclusions. The intercrack spacing and normalized
density of vertical cracks within the oxide scale length of 300
pm at strains of 2%, 4%, 6%, 8%, and 10% were measured for
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each sample, as shown in Figures Se/f, respectively. Because the
crack spacing is inversely proportional to the crack density, the
lower vertical crack spacing in STS4A, STS4B, and STS3 than
in STS4C indicated that more vertical oxide scale cracks were
generated in STS4A, STS4B, and STS3.

In Figure Se, the intercrack spacing in the oxide scales
became saturated when the strain was 8%, 6%, and 4% for
STS4A, STS4B, and STS4C, respectively. STS3 showed a
continuous decrease until 10% strain. With the lowest strain of
STS4C for the onset of vertical crack saturation, the highest
saturated intercrack spacing value indicated that crack
propagation through the bulk/oxide interface overcame the
additional formation of vertical cracks to relax the strain energy
applied in STS4C in comparison with the other three types of
STSs in this work. As illustrated in Figure 5f, the normalized
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Figure S. SEM images of the long-range fracture patterns in the oxide scales of (a) STS4A, (b) STS4B, (c) STS4C, and (d) STS3 at strains of 2%
and 10%. (e) Intercrack spacing (vertical cracks) and (f) normalized vertical crack density of each sample as a function of strain.

vertical crack density can be obtained from the difference
between the crack densities (1/(mean value of the intercrack
spacing)) at strains of 10% (po%) and 2% (p,y), in which
STS4A exhibited the highest increase in vertical crack density
and STS4C exhibited the lowest increase in vertical crack
density and the lowest strain when the vertical crack density
was saturated. Vertical cracks in the oxide scales of STS4A,
STS4B, and STS3 continuously increased, even beyond a strain
of 4%.

The applied strain energy relaxes through bond breakage
inside the oxide scales after new fracture site formation. The
strain energy relaxation in the STS4B and STS3 oxide scales
evolved by either lateral or vertical direction debonding
following the initial formation of vertical cracks at the oxide
scale surface due to the distribution of Cr,O; inclusions with
weak cohesive energy. Therefore, the lower normalized vertical
crack density in the STS4B and STS3 oxide scales in
comparison to that in the STS4A oxide scale was ascribed to
the relaxation of elastic strain energy through the additional
intermediate lateral debonding.

3.4. Mechanical Properties of Oxide Scales. To
interpret the interfacial strength of the four STSs in
combination with the crack density results obtained in Figure
S, we determined the mechanical properties of the oxide scales
with varying compositions and microstructures by a nano-
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indentation method,” as illustrated in Figure S11. Nano-
indentations spaced at 1 and 2 pm were observed vertically
across the bulk/oxide scale interfaces and laterally parallel to
the interfaces, respectively, as in Figure 1. From the cross-
sectional SEM images, we confirmed that the indents of oxide
scales are independent of each other from the stress field
(Figures S1—S6). Three parallel and equidistant lines of lateral
nanoindentations were used to determine the mechanical
property variations in the oxide scales at the different locations.
The theory for the derivation of the modulus (E) and hardness
(H) from the nanoindentation test results is presented in
section S1lof the Supporting Information.

The distributions of E and H in the oxide scales are plotted
in Figure 6. The oxide scale on ferritic STS4A had uniform
distributions of E and H at approximately 125 and 8 GPa,
respectively, near the bulk/oxide scale interface; this was
caused by the evenly distributed FeCr,O, inclusions embedded
in the Fe;0, matrix, according to the vertical nanoindentation
results presented in Figure 6a. However, both the average E
and H values of the oxide scale of STS4A decreased from its
bottom region (136 and 9 GPa, respectively) toward its top
region (95 and S GPa, respectively). Hence, the top area
containing the Cr,0j inclusions embedded in the Fe;O, matrix
has both low E and low H.
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Figure 6. Elastic modulus (E) and hardness (H) obtained from vertical (left column graphs) and lateral (right column graphs) nanoindentations of
the oxide scales of (a) STS4A, (b) STS4B, (c) STS4C, and (d) STS3. The bottom, middle, and top locations in the lateral indentation graphs were
equidistant regions from the center of the oxide scales. The bottom, middle, and top sites were near the bulk/oxide interface, at the center of the

oxide scales, and near the surface of the oxide scales, respectively.

In Figure 6b, the oxide scale on ferritic STS4B near the measurement results imply that the locations of the Cr,O;
bulk/oxide scale interface had E and H values similar to those inclusions were distributed throughout the oxide scale in
of STS4A at approximately 140 and 6 GPa, respectively. On STS4B, while they were concentrated in the top region of the
the other hand, both E and H across the STS4B oxide scale STS4A oxide scale.
thickness were almost constant at approximately 110 and 7 In Figure 6¢, STS4C—with the highest Cr content—had a

GPa, respectively, close to values obtained from the top region thick Cr, 0, layer above the bulk/oxide interface, with E and H
of the STS4A oxide scale with Cr,O; inclusions. These values of approximately 120 and 8 GPa, respectively, being
15181 https://doi.org/10.1021/acsomega.2c01267
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similar to regions in STS4A and STS4B containing Fe;O,
layers with Cr,Oj; inclusions. In contrast, the Fe;O, layer on
top of the Cr,Oj; layer on the STS4C oxide scale had higher E
and H values of approximately 210 and 13 GPa, respectively.
Because Cr has a high oxidation potential,”*** the Cr,0, layer
forms easily at the bulk/oxide scale interfaces, resulting in the
slow formation of a dense Fe oxide on top of Cr,0;. Only Fe
can diffuse outward from the reactive zone of the concentrated
Cr,0O; layer because Fe has a higher diffusivity in comparison
to Cr and Ni.”******* Further oxidation leads to the formation
of a dense Cr,0; layer, in which the abundant Fe continually
diffuses out from the bulk, forming a dense layer of Fe;O, and
Fe,0,.”"

The oxide scale of STS3 near the bulk/oxide interface had E
and H values of approximately 80 and 2 GPa, respectively,
lower than those of the bulk STS (E and H of approximately
125 and 7 GPa, respectively), as shown in Figure 6d. In
comparison to STS4B with an equivalent Cr content (Figure
6b), STS3 has an oxide layer with a composite structure
containing the O-deficient intermetallic compound Fe,Ni,
leading to low E and H values of approximately 70 and 4 GPa,
respectively. Hence, dense oxides without inclusions in their
structures have high E and H values, whereas mixed composite
oxides and Cr,O; components have low E and H values.

3.5. Failure Models of the Oxide Scales in STSs with
Different Cr Contents. On the basis of the results of
saturated crack density and elastic modulus discussed in
sections 3.3 and 3.4, respectively, 7., values of the four STSs
were calculated using eq 2, and the values are presented in

Table 2. E,,. is the average elastic modulus calculated from the

Table 2. Calculated 7, Values of the Four Types of STSs
using eq 2

sample ¢ (um) A (um) €5, (%) g (%) Ee (GPa) 7y (GPa)

STS4A 24.7 16.1 2 8 123.74 213
STS4B 30.1 15.1 2 6 107.09 2.39
STS4C 37.9 97.9 2 4 165.78 0.72
STS3 48.5 29.7 2 >10 72.47 133

“h is the thickness of the oxide scale. 4. is the saturated vertical crack
spacing in Figure Se. €., and &, are the vertical crack generation
onset strain and the saturation strain, respectively.

lateral nanoindentation results. For the STS4 series, both
STS4A and STS4B exhibited similarly high 7., values of 2.13
and 2.39, respectively, whereas the lowest 7., of 0.72 was
observed in STS4C (Table 2). The high 7,,,, value explains the
substantial crack pinning effect at the bulk/oxide scale interface
in STS4A and STS4B, as shown in Figure 4a,b, respectively.
However, whereas only vertical cracks developed at the oxide
scale of STS4A, the oxide scale of STS4B exhibited both
vertical and lateral crack propagation. The different crack
patterns between the oxide scales of STS4A and STS4B—
despite the similar high 7., values—can be explained by their
distinct E distributions in the through-thickness direction of
the oxide scale.

How different crack patterns were correlated with the E
distributions throughout the thickness of the oxide scale can be
understood through fracture toughness (K)>** On the
assumption that the oxide scales are isotropic and linear elastic
(following linear elastic fracture mechanics), their K, value is
then associated with the critical stress for crack propagation
(0.) and crack length (a)

K, = (2By)"* = Yo(ma)'"? 3)

where y, is the specific surface energy and Y is the
dimensionless parameter that takes into account the crack
condition and specimen shape.’**’ Accordingly, the fracture
propagates through the oxide scales along the path with the
lowest E value. In STS4A, E increased from the surface of the
oxide scale toward the bulk/oxide scale interface (Figure 4a).
Hence, the easiest method to release the stored strain energy at
the STS4A oxide scale was to fracture new vertical sites at the
oxide scale surface and then propagate toward the bulk/oxide
scale interface. In contrast, E did not vary significantly
throughout the oxide scale of STS4B, as shown in Figure 4b.
Therefore, there was no preferred crack propagation path in
the STS4B oxide scale after formation of the initial vertical
crack. The stored strain energy was randomly released within
the oxide scale of STS4B, resulting in the evolution of both
vertical and lateral crack patterns, as schematically illustrated in
Figure 7.

On the other hand, the significantly low 7,,,, value of STS4C
implies the lowest interfacial adhesion energy between the
oxide and bulk. Accordingly, the stored strain energy was
predominantly released through delamination and descaling.
As depicted in Figures 4a,c, in comparison to that of STS4A,
the oxide scale of STS4C has a reverse E distribution along its
thickness, causing vertical crack generation to become the most
challenging approach for releasing the stored strain energy in
the oxide scale of STS4C. Therefore, a positive coupling
between the low interfacial adhesion energy and high fracture
toughness on top of the oxide scale induces delamination of
the oxide scale and exposure of the bulk STS in STS4C, which
eventually results in sticking failure (Figure 7).

An intermediate 7,,,, value of 1.33 of the STS3 oxide scale
(among all four samples in this work) was in contrast to the
observed vertical crack pinning at the bulk/oxide scale
interface and the random vertical and lateral crack patterns
shown in Figure 4 without oxide descaling, similar to the case
fir STS4C. In contrast, the oxide scale of STS3 showed the
same crack patterns as that of the oxide scale of STS4B, with a
Tinax Value of 2.39. The distinctive feature of STS3 involving the
uniformly dispersed Fe,Ni, intermetallic particles mixed with
other Fe- and Cr-based oxides resulted in an underestimation
of its E value and, in turn, its 7, value. As in the case of
STS4B, the almost uniform distribution of E in the oxide scale
of STS3 allowed random crack propagation through either the
lateral or vertical direction (Figure 7).

4. CONCLUSION

This paper describes the failure mechanisms for the oxide
scales of four differently alloyed STSs on the basis of the 7.,
and E distributions throughout the oxide scales. From the
lowest (11 wt %) to highest (21 wt %) Cr content STSs, the
oxide scales evolved from having a composite-like structure
with Cr,O; and FeCr,0, inclusions to having a dense layer of
Cr,O; near the bulk/oxide interface. The layered structured
Fe—oxide components of the oxide scale formed on the top of
the Cr,0; layer in STS with the highest Cr content. A Gleeble
test and ex situ analysis of the exposed fractured surfaces on the
oxide scales were validated using in situ SEM tensile tests
coupled with nanoindentation. The different vertical crack
densities and crack propagation paths in the four STSs
originated from the microstructural composition and mechan-
ical properties within the oxide scales, which determines the
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superiority between the development of new vertical cracks
from the top region and interfacial delamination from the
oxide/bulk region.

After the initial vertical crack generation, delamination was
observed in the bulk/oxide interface of the highest-Cr-content
STS4C due to its bottom-layer Cr,0O; with low fracture
toughness. In contrast, additional vertical cracks were
generated on the top of the oxide scales in the lowest-Cr-
content STS4A with a gradual increasing E value from its top
surface toward its interface. Furthermore, vertical and lateral
propagations were simultaneously observed in the STS oxide
scales with intermediate Cr contents (STS4B and STS3),
exhibiting a distribution of Cr,O; inclusions and uniform E
distributions throughout the oxide scales. Finally, we
concluded that the distribution of Cr,O; inclusions in the
oxide scales determined the crack propagation path because
the inclusions exhibited both the lowest E value and fracture
toughness in comparison with the other microstructural
components of the oxide scales. Hence, this study suggests
that the formation of Cr,0O5 due to the Cr content in STSs
should be finely tuned to avoid sticking failure by preventing
crack propagation through the bulk/oxide scale interface.
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