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The ‘‘Gold Dust Defect’’ affects the surface quality of AISI 430 ferritic stainless
steels. However, there is a very limited number of studies focusing on it. To
better understand its nature, we have combined several techniques, such as x-
ray photoelectron spectroscopy, atomic force microscopy, and transmission
electron microscopy, in order to extract a maximum of structural and com-
positional information. Our results show that the surface quality,
microstructure, and chemistry of the samples are strongly affected by the
aluminum content, the severity of the defect being the highest at the lowest Al
concentration. Not only is the concentration of the defects at the surface
strongly reduced when increasing the Al. at.% but the depth of the cavities is
also reduced by a factor of 3 when the Al content is increased from 0.09 at.%
to 0.59 at.%. Our results provide new information on the nature of this defect,
and show that an increase of the aluminum content allows the Cr concen-
tration to be maintained in the range of values required to maintain the
passivity of the steel, thus improving the surface quality.

INTRODUCTION

Ferritic stainless steels (FSS) are used in a wide
range of applications, including cutlery and wash-
ing machine drums, as well in the automotive and
construction industries.1 FSS offer an interesting
balance between a competitive price and good
physical, chemical, and mechanical properties,
including an excellent resistance to stress corrosion
cracking.2–4 However, the production of FSS, in
particular of AISI 430, is not completely controlled.
In particular, they tend to present a surface defect
called the ‘Gold Dust Defect’ (GDD) which corre-
sponds to flakes that detach from the surface of the

material and leave cavities in the surface.5 The
GDD gives to the material an impaired and
sparkling appearance that detracts from its sale.
At the industrial level, the tape test is used to
observe the damage caused by GDD with the naked
eye. Once the tape is removed, the asperities of the
surface can be observed and the severity of the GDD
can be appreciated (Fig. 1). The presence of the
GDD obliges the manufacturer to develop additional
control steps, which increase the final price and
decompensate the advantage of using FSS. Despite
this, there is an extremely limited number of studies
focused on the GDD. It has been shown that
chromium carbides precipitation accompanies the
formation of the GDD, which means that it might be
related to the tendency of FSS to be ‘sensitized’, i.e.,
to increase the susceptibility to intergranular cor-
rosion.5 Sensitization usually occurs at grain
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boundaries, because they provide diffusion paths to
nucleation sites for the precipitation of secondary
phases, such as chromium carbides M23C6

(Fe0.5Cr0.5)23C6.6 It induces a decrease of the
chromium concentration in the areas adjacent to
the carbides by about 9–10%, when compared to the
ferritic matrix,7,8 moving away the Cr concentration
from the values which are required to maintain the
passivity of the steel, and consequently leading to
further deterioration.9 It is known that the steps of
the AISI 430 production process, where high tem-
peratures are required, become crucial when study-
ing sensitization, due to the precipitation of
different phases, such as chromium carbides and
carbonitrides.10–12 Using alloying elements such as
aluminum, which are more susceptible than chro-
mium to form carbides, carbonitrides, and oxides,
can mitigate the sensitization.13

To further explore the possible link between the
GDD and sensitization, we have studied the influ-
ence of the aluminum content on the severity of the
GDD in AISI 430 FSS. For this purpose, we have
combined several techniques, including x-ray pho-
toelectron spectroscopy (XPS), atomic force micro-
scopy (AFM), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM), in
order to extract a wealth of structural and compo-
sitional information. In particular, the TEM sam-
ples were prepared by using a focused ion-beam
microscope (FIB), in order to be able to select the
exact locations at the surface of the stainless steel
sheets which were affected by the GDD.

EXPERIMENTAL

Materials

The AISI 430 ferritic stainless steel samples were
cast at the Acerinox Europa facilities in the Bay of

Algeciras (Spain). These samples have gone through
the same production process, in which the most
important steps are constituted by a preheating in a
furnace and then the hot-rolling process, in which the
original thickness decreases from 200 mm to about
3.5 mm. Subsequently, the plates underwent anneal-
ing treatment to regenerate the ferritic microstruc-
ture. To further reduce the thickness of the steel, they
went through the cold-rolling line to reach a final
thickness of about 0.5 mm. Finally, the stainless steel
plates were subjected to a final annealing treatment,
called bright annealing, in order to remove possible
internal structural alterations produced during the
rolling process, and to give to the plates a bright
finish. It was carried out in a reducing atmosphere
composed of 75% H2 and 25% N2, and at a temper-
ature of 900�C, which was maintained during 20 min.
Four different grades of FSS AISI 430 with different
Al contents were used. Their raw compositions were
obtained by x-ray fluorescence (XRF) and spark
optical emission spectroscopy (S-OES) at the final
stage of the production process at the factory, and are
listed in Table I. The samples present an increase in
Al content from 0.09% to 0.59 at.%. Furthermore, the
tape tests carried out in the factory show that the
sample with the lowest Al content (Al1) shows the
highest GDD damage, while the sample with the
highest Al content (Al4) shows the lowest GDD
damage (cf. Fig. 1). The samples Al2 and Al3 show
an intermediate behavior. It should be noted that Al2,
Al3, and Al4 present similar Cu at.%, which allows us
to decorrelate the effect of the GDD from the Cu
content.

Physical Characterization Techniques

XPS analyses were performed by using a Kratos
Axis UltraDLD spectrometer (Kratos Analytical,

Fig. 1. (a) Sample with high GDD damages observed after the test tape. (b) Sample with low GDD damages observed after the test tape. The
samples with high and low damage correspond to the samples Al1 and Al4 of this study, respectively.
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Manchester, UK), using a monochromatized Al Ka
(hm = 1486.6 eV) source. The working power was
150 W and the vacuum condition in the analysis
chamber was 3 9 10–9 Torr. High-resolution spec-
tra were acquired with a pass energy of 20 eV in
fixed analyzer transmission mode. The samples
were placed in a sample holder by means of
conductive double-sided carbon polymer tape. The
binding energy scale was corrected with respect to
the position of adventitious carbon (284.8 eV).14 The
oxidation states of Al, Fe, Cr, Mn, and Si were
determined by the deconvolution of the 2p3/2
lines.15,16 AFM measurements were performed by
using a Bruker Dimension ICON microscope in
PeakForce Tapping mode, and by using a Bruker
ScanAsyst-Air-type probe. The topographic data
and corresponding 3D representations of the topog-
raphy mages were processed by using the Gwyddion
software.

TEM samples were prepared by using a dual
beam microscope FIB/SEM FEI Nova200 (Institute
of Microscopy and Nanoanalysis of Graz, Techno-
logical University, Austria) equipped with an accel-
erated gallium ion gun and a platinum deposition
system. The secondary electron image resolution at
the dual beam coincidence point is 1.5 nm at 15 kV.
The FIB optics have better than 7 nm resolution at
30 kV. For all the TEM samples, areas that included
the GDD were selected (shown in supplementary
Fig. S-1 in the Electronic Supplementary Material),
and layers of Pt and C were deposited at the surface
of the sample to protect it from ion damage.

TEM analyses were performed using a FEI Talos
F200X microscope operated at 200 kV. This micro-
scope is equipped with a high brightness field
emission gun and a high-sensitivity energy disper-
sive x-ray spectroscopy (EDS) detection system
(Chemi-STEM G2 Technology) that integrates 4
SDD detectors around the sample. The lamellas
were analyzed by using high-resolution TEM (HR-
TEM), spatially-resolved EDS, and a high-angle
annular dark-field (HAADF) detector in scanning
mode (STEM). EDS quantification was performed
using the Brown–Powell cross-sections in the Velox
software. The EDS resolution of the microscope is

equal to 136 eV at the Mn-K-a line. Cu-K lines
arising from the TEM sample holder were deconvo-
luted prior to quantification. Due to the proximity
between Cr-L and O-K lines, the Cr-K lines were
used for chromium quantification. It should be
noted that the Mn content could not be accurately
quantified because of the overlap between the Mn-
K-a line (5.89 keV) and the Cr-K-b line (5.95 keV)
on the one hand, and the overlap between the Mn-
K-b line (6.49 keV) and the Fe-K-a line (6.40 keV)
on the other hand. Interpretation of the fast Fourier
transform (FFT) patterns obtained from the HR-
TEM images was performed using the Eje-Z
software.

RESULTS

Surface Characterizations

Supplementary Fig. S-2 shows the XPS spectra
acquired for the four samples. Several lines can be
clearly observed, including those belonging to Al, Si,
N, O, Cr, Mn, and Fe. In particular, an intense O 1s
line can be observed for all the samples. The
corresponding atomic compositions extracted from
these spectra are shown in supplementary Table S-
I. As expected, it is clear that the surface composi-
tions determined by XPS are completely different
from the matrix composition determined by XRF
and S-OE. XPS analyses of stainless steels such as
AISI 430 usually show the presence of a passive
oxide layer, formed by Fe-Cr oxides, with an
increasing Cr/Fe ratio towards the oxide/metal
interface.17 In the case of the sample which is the
most affected by the GDD (Al1), the areas probed by
XPS can be expected to be a complex mixture
between the passive layer and the areas that have
been affected by the GDD. Therefore, the composi-
tion determined by XPS for the sample whose
surface is less affected by the GDD (Al4) should be
closer to the composition of the passive layer.

According to the results of the low-resolution XPS
spectra (supplementary Table S-I), the sample with
the highest Al content (Al4) shows the lowest
chromium content (about 5 at.% and 7 at.% for the
rest of the samples, respectively) and the highest

Table I. Chemical composition obtained by XRF and S-OES (wt.% and at.%)

Element

Al1 Al2 Al3 Al4

wt.% at.% wt.% at.% wt.% at.% wt.% at.%

C 0.07 0.31 0.07 0.33 0.07 0.32 0.07 0.32
Cr 16.66 17.52 16.67 17.50 16.77 17.59 16.61 17.39
Mn 0.42 0.42 0.56 0.56 0.47 0.46 0.50 0.50
Si 0.47 0.92 0.50 0.97 0.54 1.05 0.54 1.04
Al 0.05 0.09 0.06 0.13 0.10 0.20 0.29 0.59
N 0.07 0.28 0.08 0.31 0.08 0.31 0.07 0.29
Cu 0.48 0.41 0.12 0.10 0.11 0.09 0.11 0.09
Fe 81.78 80.05 81.94 80.11 81.87 79.98 81.81 79.78

Multiscale Analysis of the Gold Dust Defect in AISI 430 Industrial Stainless Steels: Influence
of the Aluminum Content

4061



aluminum content (about 18 at.%). On the other
hand, the samples Al2 and Al3 show similar Al
surface contents (10 at.%), whereas no Al is detected
at the surface of the Al1 sample. In addition, all the
samples show the presence of approximately 60%
oxygen, which can be attributed to the presence of
surface oxides, the concentration being slightly
higher for the Al1 sample (about 69 at.% and 58
at.% for the rest of the samples).

The analyses of the high-resolution Al 2p spectra
are shown in Fig. 2a. It should be noted that,
because of the low at.% of Al for the Al1 sample,
accurate analysis of the Al 2p edge was not possible.
The remaining samples present a low concentration
of metallic Al (about 2%). The main contribution for
the Al4 sample corresponds to Al2O3 (about 60%),
whereas, for both the Al2 and Al3 samples, the main
contribution comes from Al(OH)3 (about 55% and
63%, respectively). The analyses of the high-resolu-
tion O 1s spectra are shown in Fig. 2b. The O 1s
region presents a double peak for the Al1, Al2, and
Al3 samples, which can be ascribed to the presence
of metal oxides and metal carbonates16 in similar
proportions for the three samples. For the Al4
sample, the main contribution comes from the
presence of metal oxides (about 80%), transforming
the double peak into a well-defined of O 1s peak.
Figure 2c shows the high-resolution spectrum of the
Cr 2p edge. The main components can be attributed
to the presence of metallic Cr, Cr2O3 and Cr(OH)3.18

The presence of Cr(OH)3 could result from the
reaction of oxygen from air and/or water with the
initial chromium oxides. The Al1 sample shows the
lowest contribution of Cr0 and Cr(OH)3 and the
highest contribution of Cr2O3. On the other hand,
the Al4 sample show the highest contribution of Cr0

and Cr(OH)3 and the lowest contribution of Cr2O3.
The samples Al2 and Al3 both present an interme-
diate behavior. Analyses of the high-resolution Fe
2p XPS spectra are shown in Fig. 2d. The behavior
of the samples Al1 and Al4 is once again completely
different. For Al1, the Fe 2p main component
corresponds to FeO, with a minority contribution
from Fe0,16 while the main contribution for Al4
comes from Fe0 with a small contribution from FeO.
A similar behavior is observed for the Al2 and Al3
samples. In addition, Mn 2p and Si 2p high-resolu-
tion spectra were also acquired and analyzed,and
are discussed in the Supplementary Fig. S-3. The
quantification of the high-resolution XPS spectra
are shown in Table II.

In summary, the composition and the chemical
nature of the surfaces probed by XPS show strong
variations as a function of the Al content. In
particular, the sample with the highest Al content
(Al4) presents a higher concentration of metallic Cr,
metallic Fe, and Al2O3. The surface being richer in
aluminum oxides rather than chromium and iron
oxides, it allows Fe and Cr to remain in their
metallic state, thus helping to mitigate

Fig. 2. High-resolution XPS spectra acquired in the vicinity of the: (a) Al 2p and (b) O 1s, (c) Cr 2p and (d) Fe 2p lines.
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sensitization. On the other hand, the surface of the
sample with the lowest Al content (Al4) shows
contributions coming mainly from FeO and Cr2O3,
thus preventing the steel from maintaining its
passivity.

Figures 3 and 4, and supplementary Figs. S-4 and
S-5, show the SEM micrographs acquired on the
Al1, Al2, Al3 and Al4 samples in different areas
before and after the tape test. Before the tape test,
the surface of the Al1 sample presents a higher
density of defects than the other samples. The
density of the flakes has been estimated from the
SEM images, and is equal to 6.2 9 10–4 ± 0.6
flakes/lm2, 5.1 9 10–4 ± 0.7 flakes/lm2, 4.5 9 10–

4 ± 0.6 flakes/lm2, and 1.4 9 10–4 ± 0.4 flakes/lm2

for the Al1, Al2, Al3, and Al4 samples, respectively.
The Al content seems to lead to a decrease in the
density of the defects present at the surface of the
samples. Figure 4 shows the SEM micrographs
acquired at higher magnifications. The size of the
flakes also seems to be dependent on the Al content,
and they present larger dimensions for the Al1
samples than for the other samples. The typical
dimensions are equal to 226 (± 41) 9 42 (± 9) lm,
87 (± 6) 9 21 (± 8) lm, 68 (± 8) 9 24 (± 7) lm, and
44 (± 6) 9 19 (± 2) lm for the Al1, Al2, Al3, and Al4
samples, respectively. In addition, after the tape
test, the surface of the Al1 sample shows the
presence of flakes that are almost completely
detached from the surface. In the case of Al4, there
is hardly any difference between before and after
the tape test, and the flakes seems to adhere better
to the surface.

Figure 5 shows the 3D representations of the
topography of the AFM images for the samples Al1
and Al4. It should be noted that the AFM images
were acquired at the lowest scan size (50 9 50 lm)
allowed by the microscope. The presence of cracks
can be observed in the surface of both samples. In
the case of Al1 (Fig. 5a and b), the average depth of
the cracks is about 0.75 lm and can reach up to
1.25 lm. For this sample, the entire length of the
cracks exceeds the lowest scan size that can be
acquired by the microscope, in good agreement with
the SEM observations. On the other hand, the
average depth for the Al4 sample (Fig. 5c and d) is
about 0.25 lm. The length of the cracks for Al4 is
about 20 lm. The analyses were repeated on

Fig. 3. Low-magnification SEM images of: (a) Al1 before the tape test, (b) Al1 after the tape test, (c) Al4 before the tape test, and (d) Al4 after the
tape test. The red arrows highlight the presence of the GDD (Color figure online).

Table II. High-resolution XPS spectra
quantification of Al1, Al2, Al3, and Al4 for Al 2p,
Cr 2p, Fe 2p, and O 1s

Region Compound Al1 Al2 Al3 Al4

Al 2p Al (0) – 2.9 1.9 1.6
Al2O3 – 42.3 35.5 60.1
Al(OH)3 – 54.8 62.6 38.3

Cr 2p Cr0 5.5 9.6 12.6 21.3
Cr2O3 62.7 47.0 38.4 9.9
Cr(OH)3 31.2 42.9 49.0 67.3
CrO3 0.6 0.5 0 1.5

Fe 2p Fe0 22.4 74.3 68.3 62.6
FeO 77.6 25.7 31.7 37.4

O 1s Metal oxides 38.1 44.6 38.3 83.7
Metal carbonates 61.9 55.4 61.7 16.3
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various cracks, and confirmed that, for the Al4
sample, the depth of the cracks is reduced by
roughly a factor of 3, when compared to the Al1
sample. The SEM and AFM results show that the

aluminum content of the matrix has a strong
influence on the quality of the surface. In particular,
the sample with the highest aluminum content (Al4)
presents a surface which is less altered by the GDD

Fig. 5. (a) 3D representation of the topography images of the Al1 sample. The red and blue arrows highlight the area used to extract the (b)
corresponding depth profiles of the Al1 sample (lm). (c) 3D representation of the topography images of the Al4 sample. The red and blue arrows
highlight the area used to extract the (d) corresponding depth profiles of the Al4 sample (lm) (Color figure online).

Fig. 4. Medium-magnification SEM images of: (a) Al1 before the tape test, (b) Al1 after the tape test, (c) Al4 before the tape test, and (d) Al4 after
the tape test.
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than the sample with the lowest aluminum content
(Al1).

(S)TEM Analyses

Figure 6 shows the (S)TEM micrographs acquired
on the sample Al1 prepared in cross-section. Above
the surface of the samples, two layers rich in Pt and
C were deposited at the surface of the sample during
the sample preparation by FIB. A discontinuous top
layer, with a maximum thickness of about 700 nm,
can be observed at the surface of the sample. The
discontinuity of the top layer can be explained by
the detachment of the flakes from the surface, as
observed by SEM. The grains of the top layer
present a columnar growth, have a size of about
100 9 200 nm, and show variations of diffraction
contrast in the corresponding TEM image (Fig. 6b).
These grains are much smaller than the grains of
the FSS matrix that have a dimension of about 5 lm
and more. The presence of smaller grains with a
columnar growth was also observed in the case of
deep drawing and welds, in which grain coarsening

occurs in the heat area and deep drawing areas.19,20

Fig. 7 shows the STEM-EDS analysis of the Al1
sample. The presence of continuous cracks separat-
ing the top layer from the FSS matrix can be clearly
observed, as well as cracks inside the top layer. The
outer diameter of the cracks is typically around 10–
20 nm. The grains A, B, and C (as labeled in Fig. 6b)
were studied by EDS, and the corresponding EDS
spectra are shown in Fig. 7b. In addition, areas
labeled D and E in Fig. 7a were selected as refer-
ence for the top layer and the stainless steel matrix,
respectively. The presence of oxygen and nitrogen is
observed (both in the EDS spectra and in the EDS
chemical maps (Fig. 7b and c) in grain C. The
quantifications of the Cr and Fe elements extracted
from the EDS spectrum are shown in supplemen-
tary Table S-II. The FSS matrix presents a Cr at.%
of about 18% with a Cr/Fe ratio equal to 0.2. Grains
A, B, and C present higher Cr at.% values, with a
Cr/Fe ratio ranging from 0.7 to 12.6. In particular,
grain C presents the highest at.% of Cr (� 93%),
with a Cr/Fe ratio of 12.6. With respect to the FSS

Fig. 7. STEM-EDS analyses of the Al1 sample: (a) STEM-HAADF micrograph. The rectangles labeled A, B, C, D, and E correspond to the area
used to extract the corresponding spectra. (b) EDS spectrum. The inset shows the low-energy range of the spectra. (c) Corresponding EDS
chemical maps.

Fig. 6. (S)TEM micrographs of Al1: (a) STEM-HAADF micrograph of the Al1 sample prepared in cross-section. The yellow rectangle highlights
the area shown at higher magnification in (b) TEM micrograph of the enlarged area of the top layer. The grains labelled A, B, and C have been
selected for further analyses shown in Figs. 7 and 8 (Color figure online).
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matrix (area labeled as E in Fig. 7a), the rest of the
top layer (area D) presents values similar to the FSS
matrix with slightly higher and lower values of Cr
at.% and Fe at.% by about 2 at.%, respectively. It
should be noted that no Al signal was evidenced in
the EDS spectrum, which means that the Al content
in this probed area is below the EDS detection limit.

Figure 8 shows high-resolution TEM images of
the grains A, B, and C with their respective FFT
patterns. The crystalline nature of the top layer can
be clearly highlighted from the HR-TEM micro-
graphs. It is important to note that grains A and B
(Fig. 8a and b) show unambiguous FFT patterns
that can both be indexed as corresponding to the
hexagonal crystal system Cr7C3 (M7C3) with the
space group P63mc crystal structure. The chromium
carbide Cr7C3 is considered a metastable carbide
and was already observed in welded areas of FSS.21

It has been shown that, when increasing the
temperature, M3C precipitates first followed by
M7C3 and, finally, M23C6.22,23 For grain C (Fig. 8c
and d), it shows mostly overlapping crystalline
phases. Small crystalline domains of about 20 nm
have been found corresponding to the Cr6C3N phase
(Fig. 8c). In addition, even smaller crystalline
domains (around 5 nm) have been found corre-
sponding to the Cr7C3 phase (Fig. 8d).

Figure 9 shows the STEM micrograph acquired
on the sample Al4 prepared in cross-section. For
this sample, the presence of a top layer separated
from the FSS matrix by cracks can also be observed.
Grains smaller than those in the FSS matrix are
also observed in the top layer. It should be noted
that the presence of a top layer was also observed
for Al2 and Al3 (not shown here). It has a thickness
of about 900 nm, and, contrary to what have been

Fig. 8. HR-TEM micrographs and corresponding FFT patterns acquired on the Al1 sample on the corresponding grains: (a) grain A, (b) grain B,
(c d) grain C of the top-layer of the Al1 sample, as labeled in Fig. 6b.
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observed for Al1, the top layer does not show any
discontinuity. Figure 10 shows the STEM-EDS
analyses of the Al4 sample. The corresponding
chemical compositions are given in supplementary
Table S-III. It should be noted that no C and N
signals were highlighted in the probed area. As
already observed for the Al1 sample, grains corre-
sponding to Cr accumulation and Fe deficiency are
also present. For areas A, C, and D, the Fe/Cr ratio
is between 4.2 and 4.6. However, the precipitate
with Cr accumulation has a ratio of 3.3, correspond-
ing to a Cr increase of about 5 at.% compared to the
FSS matrix. Furthermore, the Cr content in the top
layer is decreased by about 1 at.% compared to the
matrix content. A small precipitate rich in Al (1.2
at.% Al) is also observed, with dimensions of about
250 9 220 nm. In addition, contrary to the rest of
the samples, a passive layer rich in O, Al, and Cr is
also observed. The results of the STEM-EDS anal-
ysis for the surface of the Al4 sample is shown in

supplementary Fig. S-6. A passive layer with a
thickness of 15 nm that is rich in O (18 at.%), Cr, (71
at.%), and Al (11 at.%) is observed at the surface of
the sample. On the other hand, the Fe content is
decreased by about 20 at.% compared to the stain-
less steel matrix.

CONCLUSION

We have studied the influence of the aluminum
content on the severity of the ‘‘Gold Dust Defect’’
(GDD) in AISI 430 ferritic stainless steels with a
bright annealed finish. Our results show that the
quality of the surface, the microstructure, and be
chemistry are strongly affected by the aluminum
content. In particular, the density of defects at the
surface is reduced by a factor 4.4 when the Al
content is increased from 0.09 at.% to 0.59 at.%. The
depth of the cavities is also reduced by a factor of 3.
In addition, all the samples show a singular

Fig. 9. STEM-HAADF micrograph of the Al4 sample prepared in cross-section: (a) at 2 lm and (b) at 1 lm scale.

Fig. 10. STEM-EDS analyses of the Al4 sample: (a) STEM-HAADF micrograph. The rectangles labeled A, B, C, and D correspond to the area
used to extract the corresponding spectra. (b) EDS spectra. The inset shows the low-energy range of the spectra. (c) Corresponding EDS
chemical maps.
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microstructure in which a top layer composed of
smaller grains than those of the FSS matrix is
observed at the surface of the sample. The presence
of minority phases, such as Cr7C3 and Cr6C3N, was
also observed for the sample with the lowest Al
content. All these results highlight how an increase
of the Al content allows the maintaining of the Cr
concentration in the range of values required to
retain the passivity of the steel, thus improving the
quality of the surface. However, even for the sample
with the highest Al content, sub-surface defects can
still be observed, and further research focusing on
this complex defect is needed.
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