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Anintact oxide scale adhering well to the matrix is crucial for the safe service of
metallic materials at high temperatures. However, premature failure is usually
caused by spallation of scales from the matrix. Although few mechanisms have
been proposed to understand this phenomenon, consensus has not yet been
reached. In this study, we reveal that trace sulfur impurities contaminated in
high-purity raw materials prominently segregate to the interface and form a

thin intermediate amorphous-like layer between the oxide scale and alloy
matrix during the oxidation process. Subsequently, cracking and spallation
occur preferentially between the sulfur-rich layer and alumina scale due to the
weak bonding between sulfur and alumina atoms. We validate the revealed
atomistic spalling mechanism by successfully eliminating the detrimental
effect of sulfur via microalloying. Our findings are useful for improving
adhesion of oxide scales and enhancing heat-resistant properties of other
high-temperature alloys.

Heat-resistant alloys are key materials widely applied in the field of
transportation, aerospace, petroleum industry and energy generation'.
Particularly, with the flourishing development of energy storage and
electric vehicle, new requirements have been put forward for heat-
resistant alloys as balance of plant components, which encounter
severe challenge in high-temperature oxidation and corrosion under
complex environments**. The corrosion resistance of these heat-
resistant materials, which relies on the formation and retention of
contact yet adherent oxide scales to protect the metal matrix from
corrosive atmospheres, plays a pivotal role during operation®. How-
ever, because of differences in physical properties between the oxide
scale and the metal matrix (i.e., coefficient of thermal expansion), the
oxide scale is prone to cracking or spalling during the growth process
and thermal cycling, leading to premature catastrophic failure®’. Ser-
ious efforts were devoted to elucidating the origins of the high-
cracking tendency, nevertheless, no consensus has been reached yet.

The segregation phenomenon of indigenous sulfur impurity from
raw materials at the oxide-matrix interface during oxidation is one of
prevailing mechanisms for explaining the spalling of the oxide scale®’.

In the mid-1980s, Smeggil et al. discovered significant sulfur segrega-
tion (over 20 at. %) on the free surface of NiCrAl alloy which contained
only about 50 ppmw of inherent sulfur impurities'®. Then the “sulfur
effect” was proposed by Hou et al., who assumed that the scale-metal
interfaces are intrinsically strong, but impurity sulfur segregated at
oxide-matrix weakens the bonding and causes the scale to be
nonadherent” ", Smialek confirmed this proposal by demonstrating
that removing sulfur from the alloy, typically through high-
temperature H-annealing, can significantly improve the spallation
resistance of the oxide scale during cyclic oxidation processes™".
While the presence of sulfur near the oxide-alloy interface has been
identified through techniques such as Auger electron spectroscopy
(AES), there is still no direct evidence to ascertain whether a ppm-level
amount of sulfur can segregate along the interface, and how it segre-
gates and deteriorates the adhesion at atomic scale, primarily due to
the lack of clear observation and quantitative analysis of atomic
configuration of S.

In this study, we used the atomic level characterization techniques
to solve the aforementioned questions and challenges. The integrated
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differential phase contrast (iDPC) signal of spherical aberrations-
corrected scanning transmission electron microscopy (AC-STEM) is
facilitates the resolution of lightweight atoms, whilst three-dimension
atom probe tomography (3D-AP) is feasible and precise for quantita-
tive analysis of segregation atoms at the interface’®”. A typical
alumina-forming austenitic (AFA) steel prepared with high-purity raw
materials was selected as the model material, and the deterioration
effect of indigenous sulfur on the adhesion of oxide scales during the
oxidation process was re-evaluated'®. By atomic-scale analysis (i.e.,
iDPC and 3D-AP) combination, we clearly verified the sulfur effect and
investigated the amorphous-like sulfur-rich layer at the oxide-matrix
interface, then experimentally guided simulations were performed
based on the probed segregation configurations to uncover atomistic
mechanism of decohesion.

Results

Spallation and sulfur segregation behavior in high-purity

AFA steels

AFA specimens were heat-treated in a humid air atmosphere at 900 °C
for 100 h, and morphology of the spontaneously grown oxide scale is
shown in Fig. 1. The top-view morphology (i.e., Fig. 1a) clearly shows
spalling and cracking occurred on the surface of the specimen, sug-
gesting poor adhesion of the oxide scale. The red dashed lines indicate
the areas where the matrix is exposed due to the spalling of the scale,
and some detached locations can be clearly observed adjacent to these
areas. The high-magnification image in Fig. 1b shows the coexistence of
areas still covered by oxides and areas underlying extensive spalling. A
fresh matrix surface without any protecting scale can be probed on the
left of the image and some cracks present within the adjacent scale,
indicating that the scale has lost its protection. In order to further
uncover the origin of the scale spallation, TEM investigation was
conducted for the white-boxed region. The alloy matrix, oxide scale
and deposited Pt protective layer are shown in Fig. 1c. The oxide scale
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Fig. 1| Decohesion behavior of scales on the surface of high-purity alumina-
forming austenitic (AFA) steel. a, b Top-view and ¢ cross-section morphology of
the oxide scale grown spontaneously on the surface of an AFA specimen after 100 h

has a thickness of about 500 nm and is mainly composed of columnar
crystals that exhibit light contrast in the bright field (BF) image. A long
yet continuous crack along the interface between the scale and matrix
was observed, evidencing that the spalling occurred preferentially
along the oxide-matrix interface.

Figure 1d shows the enlarged HAADF-STEM image of the oxide-
matrix interface region, where two flat phase boundaries were exam-
ined. One interface is still connected with the matrix (red dashed line)
while cracks have already initiated on the other interface (blue dashed
line). The EDS mapping results indicate that the main components of
the oxide scale are Al and O elements. The fast Fourier transform (FFT)
of the selected atomic image reveals that the crystal structure of the
scale is a-Al,03, which was taken from the [2110] direction (Fig. le).
Since there are no detectable specific orientation relationships
between the a-Al,05 grains and austenite matrix, it is difficult to detect
the lattice fringes of the matrix as well. Particularly notable is the
detection of a sulfur-rich layer with a relatively high concentration at
the oxide-matrix interface, as shown by the EDS mapping around the
interface (Fig. 1f). This observation directly confirms the segregation of
sulfur along the interface, which has been frequently proposed as the
origin of interface decohesion in previous studies.

Atomic configuration of sulfur at the interface between oxide
and matrix

To elucidate the interface segregation configuration of sulfur (only 26
ppmw in the matrix) and its role in decohesion, atomic-resolution
STEM and 3D-AP techniques were employed. Figure 2a, b shows
HAADF and iDPC images recorded concurrently from the [1010]
direction of Al,O5;. The HAADF image (Fig. 2a) only presents the sub-
lattice occupied by Al in the outer scale layer, whilst the iDPC image
(Fig. 2b) also illustrates the sublattice occupied by oxygen atoms.
Compared with the outer a-alumina layer, the periodic lattice struc-
ture between the scale and matrix becomes relatively disordered

a-Al,O4

Mapping
Sulfur

segregation

oxidation, and d-f High-magnification HAADF images and EDS mapping results of
the scale-matrix interface.
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Fig. 2 | The segregation behavior of trace sulfur at the oxide-matrix interface.
a HAADF image, b iDPC image (the blue dash lines indicate the disordered region
and the blue and red spheres represent O and Al atoms, respectively), ¢ EDS

mapping and d line scanning analysis of the disordered sulfur segregation layer, as

indicated by blue dash lines. e Atomic maps of all constituent elements from a 3D
reconstruction. f, g 1D concentration and 2D mapping quantitative analysis of the
oxide-matrix interface, which confirms the existence of sulfur segregation on the
alumina side. Source data are provided as a Source Data file.

(highlighted by two blue dash lines). The corresponding EDS mapping
and line scanning results in Fig. 2c, d demonstrated that this
amorphous-like layer corresponds well to the S-rich layer. In addition,
the morphology of sulfur-rich layer within differently oriented samples
were further checked. As shown in supplementary Fig. 1, an S-rich
amorphous-like layer was consistently observed regardless of the
orientation and terminating plane of the adjacent grains, and their
average thickness was determined to be about 632+26 pm. The
orientation independent behavior of sulfur segregation across various
phase boundaries provides a raw interface complexion diagram and an
opportunity to understand the role of sulfur in the migrating interface
decohesion of alumina-forming alloy systems.

Quantitative analysis of sulfur at the interface was conducted by
3D-AP. Figure 2e shows a representative 3D reconstruction atom map
of a typical oxide-matrix interface, which clearly displays the dis-
tribution of O, Al and Fe atoms. To analyze the distribution of S, a
30 x 20 x 20 nm? region in the orange box of Fig. 2e was extracted, and
a one-dimensional (ID) profile of elemental distribution along the
cylinder was then obtained, which clearly verifies segregation of sulfur
atoms. Although the detected concentration of sulfur in the layer with
less than 1 nm thickness was significantly affected by interface broad-
ening caused by the needle tip evaporation, the S content at the
interface was roughly estimated to be as high as 18 at. % (Fig. 2f) by
using the method proposed previously”. Such a high concentration of
sulfur may be the reason for the highly disordered structure. In addi-
tion, a corresponding two-dimensional (2D) elemental mapping in
Fig. 2g indicates that sulfur enrichment mainly occurred on the alu-
mina side near the oxide-matrix interface. In light of all these obser-
vations, it can be speculated that the S-rich amorphous-like layer
containing a substantial amount of Al and O atoms locally shares the
Al,O3 lattice.

Although sulfur segregation has not been experimentally
observed in phase boundaries at the atomic scale before, these
amorphous-like (or liquid-like) nanometer-thick intergranular films
(IGFs) were frequently observed in grain boundaries of metals. It has
been reported that their existence is mainly originated from the strong
segregating tendency to free metal surfaces and physical character-
istics such as low melting point of sulfur?®*. Current findings confirm
that sulfur also preferentially segregates along phase boundaries due
to the high thermodynamic driving force, as evidenced by density
functional theory (DFT) calculation shown in Fig. 3.

Segregation and decohesion mechanism of sulfur at the oxide-
matrix interface

With the information of atomic configuration and composition, the
segregation was further modeled and analyzed by calculations. Figure 3a
is a filtered iDPC image with higher magnification used to analyze the
disordered segregation at atomic scale. The intensity profile analysis
along the orange dash line from the top to bottom of the image reveals
the atomic arrangement near the interface. The high-intensity peaks
represent the atomic columns of oxygen, whilst the low-intensity peaks
represent the atomic columns of Al. Regular periodic intensity evolution
maintains within the outer Al,O5 scale while irregular intensity evolution
with a thickness of about four atomic layers emerges in the interface
layer at the scale side where sulfur containing.

Based on the above analysis, a model was then built via randomly
replacing one-fifth of Al and O atoms in the corresponding atomic
layers at the oxide-matrix interface with sulfur atoms, followed by
relaxation. As shown in Fig. 3b, the model subsequently formed and
replicated a disordered layer, which is consistent with the experi-
mental results. By initiatively changing the location of sulfur in the
model, we found that the Gibbs free energy of the system decreased
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Fig. 3 | Atomic configuration and fracture mechanisms of sulfur segregation at
the oxide-matrix interface. a Filtered iDPC image and an intensity line profile
taken across the scale-matrix interface (orange line). b A simple oxide-matrix
interface, similar to a, constructed by a DFT simulation. ¢ Change of Gibbs free

b After relaxation c

ooooo 420

Gibbs free energy

Sulfur diffusion with oxidation

position 1 position 2

New oxide

energy as sulfur diffuses from the matrix to the interface. d The 2D ELF maps and
e PDOS curves between typical S atoms and other nearest atoms (Al and O). fiDPC
imaging and g EDS mapping analysis of the detached scale region. Source data are
provided as a Source Data file.

markedly as sulfur atoms were displaced from the interior of the alu-
mina to the interface (from -461.1to —499.7 eV). Thus, the segregation
along interfaces is thermodynamically favored by a high driving force.
From a kinetics perspective, the growth of a-alumina is dominated by
the diffusion process of O towards the oxide-matrix interface. It can
be inferred that the high concentration of sulfur segregation on the
alumina side at the interface is caused by the inward growth of alumina
during oxidation. In this process, the diffusion coefficient of sulfur in a-
alumina and y-Fe was calculated according to the reported data. It was
found that the diffusion rate of sulfur in y-Fe (1.69E-11 m?%/s) is 3 orders
of magnitude higher than that in a-Al,O3 (6.30E-14 m?/s), and both are
much larger than that of constituent metallic elements (Supplemen-
tary Table 2)***. This result suggests that the rapid diffusion of sulfur
from the y-Fe matrix to the interface while the sluggish diffusion of
sulfur in a-Al,03 dynamically results in the special segregation con-
figuration, rather than segregation along the free surface at the outer
of the scale.

To uncover why specific sulfur segregation configurations can
initiate interface cracking, statistical analysis, electron locational
function (ELF) and projected density of states (PDOS) were conducted
to reveal the atomic arrangement and bonding environment of sulfur
atoms. Different from previous studies in classical Ni-S system®?, it
was found that S atoms in alumina tend to cluster in pairs with a closer
interatomic distance in dashed box in Fig. 3b. We choose a typical
sulfur-atom pair in the red dashed box, named S1 and S2. As shown in
Fig. 3d, the two-dimensional (2D) ELF maps clearly show that S atoms
form a strong covalent bond with each other, and the interatomic

distance of the S-atom pair is 1.98 A. While the surrounding Al and O
atoms are repelled by these S-atom pairs (the nearest interatomic
distances are 2.6 A and 2.8 A, respectively), indicating the two S atoms
do not bond with the nearby Al and O atoms. The valence electron
density at the midpoint between two adjacent S-Al and S-O is close to
zero. In Supplementary Fig. 2, it is found that all other S-atoms pairs
follow this rule, which proves that this phenomenon is not occasional.
In addition, it was found that the PDOS in Fig. 3f of a typical sulfur atom
has almost no coincidence with surrounding Al atoms, and interaction
between S and O is not sufficient to maintain the cohesion of the scale,
despite slight overlap above the Fermi level. It is worth mentioning that
regardless of the interaction between S and the matrix Fe, the oxide
scale will spall off along the interface between sulfur and alumina since
sulfur cannot form strong bonds with Al or O, as demonstrated in
Supplementary Fig. 3.

To verify the above mechanism, a high-resolution investigation
was conducted on the cracks at the oxide-matrix interface in Fig. 1c. As
shown in Fig. 3g, zigzag fracture planes can be observed on the scale
side. An amorphous-like layer with a thickness of about 5nm was
formed on the surface of the fractured matrix side. The EDS mapping
in Fig. 3h shows that this layer is a new Cr-rich scale due to the sec-
ondary oxidation of the exposed fresh matrix at low temperatures,
rather than the sulfur segregation, which is further verified by Sup-
plementary Fig. 4. In addition, sulfur segregation (yellow arrow) can be
observed between the new oxide layer and the matrix, suggesting that
the crack propagates along the interface and the poor bonding
between sulfur and alumina.
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Adhesion improvement guided by the atomistic mechanism of
sulfur effect

Therefore, eliminating segregated-S to remove weak bonds may be an
effective way to improve adhesion. As shown in Supplementary Fig. 5,
the S impurity is difficult to eliminate by Hj-annealing treatment
because it is only a few ppm in the matrix. According to the
S-destruction mechanism, we need to find an element that not only
have stronger segregation tendency, but also can form strong bonding
with the oxide. For this purpose, we found that the standard molar
Gibbs energy for the formation of zirconium oxide (-1042.8 kJ/mol) is
lower than that of transition metal oxides (i.e., Fe,05 is —742.2 kJ/mol)?,
suggesting that Zr can form strong bonds with O relatively. Moreover,
we substituted S with Zr atoms in the above model and calculated the
segregation energy (Eg) (or impurity formation energy) by the fol-
lowing equation®?’:

— lab lab bulk bulk
Eces = (EX, yre — Entore ) — (E™ — ERI) M

where EX™, / r. and E3%, r. are the total energy of M-doped and
clean Al,05/Fe interface slab, Ey;" and ER}¢, are the energies of the
single M and substituted (Al or O) atoms in the relaxed bulk,
respectively. A smaller Ey, means that doped atoms can more easily
segregate to the interface. The results in Fig. 4a show that there is a
significant decrease in E, of the system alloyed with Zr, indicating
that the driving force for Zr segregation is stronger than that for S (i.e.,
from 52.0 to 34.3 eV).

Then, we calculated the ideal adhesion work using Eq. 2 to eval-
uate the adhesion of the oxide-matrix interface after Zr doped®*":

Waa= (ESA]?ZI?),/M +ER° — E/sxliaz%; /M/Fe> /A 2

Among them, ES®%, , and E}¢® are the total energy of oxide and

Fe slab, respectively. E’% s is the total energy of the Fe-S-Al,05
interface system, and A is the area of the interface. In comparison with
the S segregation layer, the model in which Zr substitutes S lattice sites
has a higher adhesion work (from 124.0 to 128.0J/m?), which theore-
tically verifies our viewpoint. As expected, after 500 h cyclic oxidation
at the same condition, the oxide scale on the surface of the Zr-doped
AFA specimen indeed did not spall off, indicating formation of an
adherent oxide-matrix interface (Fig. 4b, c). As shown in Fig. 4d, EDS
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Fig. 4 | Improving adhesion of the scale by replacing S with Zr segregation.

a The segregation energy and ideal adhesion work calculated by using the initial
S-segregation model and Zr-doped model. b Top-view and c cross-section view of
the oxide scale grown spontaneously on the surface, and d EDS mapping of the

mapping captured Zr atoms at the interface but without S segregation,
which vividly validates our viewpoint experimentally.

Discussion

Although sulfur is often reported as a grain boundary (GB) segre-
gator and embrittlement agent in alloys, traditional wisdom suggests
that its detrimental effect can be essentially eliminated when the
sulfur concentration is reduced to several tens of ppm*. Indeed, in
recent studies, S-rich amorphous-like intergranular films have been
probed at GBs of transition metals and ceramics®. However, the
amorphous-like layer caused by indigenous impurity S segregation at
the phase interface between oxide and alloy was rarely reported.
More importantly, our work reveals that severe segregation at
interfaces and detrimental effects occurred even when the sulfur
concentration in the raw materials is only ppm level, which breaks
the general knowledge about segregation. This phenomenon means
that the tendency of sulfur segregation at the oxide-matrix bound-
aries is much higher than that at GBs, and the segregation along the
interfaces must be taken into account even if the material is highly
purified.

Furthermore, the segregation morphology and embrittlement
mechanism along the interfaces are also different from those reported
at GBs. On the one hand, in the case of oxidation resistance, the
interface is continuously moving, and during the oxidation process,
the segregated sulfur atoms are always on the scale side of the inter-
face during oxidation, which is distinguished from those boundary
complexions with both sides containing segregated atoms. This dif-
ference may be resulted from the different solubility of sulfur in oxide
scale and alloy matrix. On the other hand, compared with the interface
bonding between the oxide scale and alloy matrix, GBs of metallic
materials are generally strongly bonded, and the presence of relatively
weak S-S bond is considered the root cause of embrittlement. How-
ever, in this case, the S-S bond is still stronger than S-O/Al bonds in
the amorphous oxide layer. In conjunction with the experimental
observation that cracking occurred right along the interface between
the segregated layer and alumina scale, it is believed that the weaker
S-0/Al is responsible for cracking and spallation. Based on these
findings, we have successfully eliminated S segregation through
microalloying and significantly improved the oxide scale adhesion,
which may also provide a solution to GB brittleness caused by impurity
element segregation.

oxide-matrix interface on the surface of an AFA specimen doped with 0.1 at. % Zr
and oxidized after 500 h in air+10%H,0 atmosphere at 900 °C. Source data are
provided as a Source Data file.
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In summary, this study clearly demonstrates that ppm-level sulfur
impurities diffuse rapidly and progressively segregate to the interface
during the oxidation process, leading to the formation of an
amorphous-like intermediate layer containing a high centration of
sulfur atoms at the alumina side. DFT calculations suggest that both Al
and O atoms in alumina cannot form strong bonds with S, which is the
reason why S atoms form pairs and repel other atoms, leading to
occurrence of debonding. Moreover, we doped Zr in the alloy and
successfully eliminated S segregation in the oxide-matrix interface,
resulting in much-improved cohesion of the oxide scale and vividly
verifying our findings. Our current work not only enrich our funda-
mental understanding of fracture and adhesion mechanisms at the
interface between oxide scale and matrix, but also suggests that even
in materials with ppm sulfur, preventing sulfur segregation is essential
for improving scale adhesion and enhancing oxidation resistance of
the material for its high-temperature uses.

Methods

Material preparation and microstructure characterization

Alloy ingots with a nominal composition of Fe-25Ni-18Cr-3Al-0.8Mo-
0.5Nb (wt. %) were prepared by arc-melting under argon atmosphere
using metals with purity above 99.99 at. %. The actual composition was
measured by inductively coupled plasma optical emission spectrometer
(ICP-OES), and the content of S was determined to be less than 30 ppmw
(Supplementary Table 1). The as-cast bars were first homogenized and
cold rolled, followed by recrystallization annealing. Oxidation tests of
the samples with dimension of 10x10x2mm® were performed in
flowing air with 10% water vapor at 900 °C, followed by air cooling.
Water vapor was introduced by distilled water atomization into the
flowing gas stream above its condensation temperature. The specimens
were positioned in alumina boats (multiple specimens per boat) in the
furnace hot zone so as to expose the specimen faces parallel to the
flowing gas®. Surface microstructures were examined using a scanning
electron microscope (SEM, Zeiss, supra 55), and specimens for atomic
analysis were prepared by focused-ion beam (FEI, Helios G5 UX). The
detailed cross-section morphology, atomic structure and chemical
composition of the oxide scale were examined on a Thermo Fisher Sci-
entific TEM (Themis Z, 300 kV), which is coupled with atomic resolution
high-angle annular dark-field (HAADF), iDPC and Energy dispersive
spectrometer (EDS) detectors. APT quantitative analysis was performed
on CAMECA LEAP 5000 XS, and data was collected at a base tempera-
ture of 60 K using 80 pJ pulse energy in laser mode with a repetition rate
of 200 kHz. The laser and high voltage were progressively increased to
maintain a detection rate of 5ions per 1000 pulses. The APT data was
reconstructed using CAMECA IVAS in AP Suite 6.3.

Density functional theory simulations

DFT calculations were performed using the Vienna ab initio simulation
package (VASP) code*** with the Perdew-Burke-Ernzehof (PBE)*
potential of Generalized Gradient Approximation (GGA) for exchange-
correlation functional. The convergency of the total energy for calcu-
lation parameters such as kinetic energy cutoff and the number of k
points for the Brillouin zone integration were carefully tested. A plane
wave cutoff energy of 400 eV was selected. Brillouin zone integration
was performed on k points of 2 x 4 x 2 Monkhorst-Pack mesh for the
225-atom supercells, which is sufficient to obtain fully converged
results. Atomic positions were relaxed within the conjugate gradient
algorithm until the forces on all atoms were converged to be less than
102 eV/A. The total energy was converged to better than 107 eV/atom
using Gaussian smearing.

The cells of a-Al,O3 for R-3C (No.167) and y-Fe for FM-3M (No.225)
were selected to construct the oxide-alloy interface models. With
reference to the experimental results, a model with «-Al,Oj3 slab along
the [2110] orientation (2 x 2 x 2 supercell, 173 atoms) on the top and
face-centered cubic (fcc) Fe slab along the [100] orientation

(5 x5 x 5 supercell, 52 atoms) on the bottom was established, and the
slab model was separated with a vacuum length of 1.4 A. The ALO;-M-
Fe systems were constructed by randomly replacing the Al and O
atoms at the interface (4 disordered atomic layers in alumina) with
varying numbers of S (20) and Zr (10) atoms. The atoms at the out-
ermost layer were fully fixed and the other atoms were relaxed at the
bulk lattice.

Data availability

The data that support the findings of this study are available from the
corresponding author upon request. Source data are provided with
this paper.
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