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In as-cast material, cracking can occur during assembly or welding processes depending on the manufacturing
conditions. This study proposed heat treatment strategies to improve the ductility of as-cast stabilized ferritic
stainless cast steel containing Nb, particularly focusing on cooling rate after solution treatment. The specimen
cooled at 1.0 °C/min (“Slow-cooled sample”) exhibited ductile fracture, while the specimen cooled at 2.0 x
10* °C/min (“Rapid-cooled sample”) exhibited low ductility and cleavage fracture. The fracture initiation site of
the Rapid-cooled sample was a coarse oxide particle near the grain boundary. In the ferrite matrix surrounding
the oxide particles in the Rapid-cooled sample, more dislocations were observed compared to the Slow-cooled
sample. These dislocations are likely introduced by local thermal stress generated during rapid cooling, result-
ing in the suppression of plastic accommodation around the oxide particles during plastic deformation. Conse-
quently, stress concentration at the crack tips of the oxide particles and their Nb(C, N) coating increases, causing
the cracks to propagate into the ferrite matrix. Accordingly, we concluded that the dislocations introduced

around the oxide particles are one of the major factors reducing the ductility of the Rapid-cooled sample.

1. Introduction

Ferritic stainless steel is widely used in heat-resistant applications
due to its low thermal expansion coefficient, excellent high-temperature
corrosion resistance, and cost-effectiveness resulting from the absence of
Ni additions [1-5]. Among them, stabilized ferritic stainless steel with
Nb addition possesses high corrosion resistance, heat resistance, and
weldability, making it suitable for automotive exhaust components and
welded structures [6-12]. These properties are attributed to the fact that
Nb preferentially forms carbides or nitrides over Cr, thereby preventing
the reduction in corrosion resistance caused by grain boundary precip-
itation of Crp3Cg [13-16].

In recent years, automotive exhaust components made of stabilized
ferritic stainless steel have become increasingly complex in shape and
lighter in weight due to stricter environmental regulations. In addition,
there is a demand for reducing manufacturing costs and eliminating
processing steps such as rolling and forging. To meet these requirements,
investment casting method has been adopted for their production.

Casting methods generally allow for the production of single-piece
components with complex shapes and offer excellent recyclability.
Particularly, the investment casting method enables the production of
thin-walled castings with high dimensional accuracy by heating the
mold, making it suitable for automotive exhaust components [17-19].

On the other hand, it is well known that castings generally exhibit
inferior mechanical properties, particularly ductility and toughness,
compared to rolled or forged materials. The main factors are coarse
grain size, microsegregation during solidification, precipitation of brittle
phases caused by segregation, and precipitation of compound phases
during the cooling process after solidification [20-25]. In stabilized
ferritic stainless cast steel, as-cast material with insufficient ductility
may develop cracking during assembly or welding processes, depending
on the manufacturing conditions. Therefore, improving the ductility of
these cast steel in the as-cast condition is essential. We previously
investigated the microstructure and mechanical properties of stabilized
ferritic stainless cast steel containing 19 wt% Cr, 0.020 wt% C, and
0.015 wt% N, with the Nb content varied in the range of 0.2 wt% to 1.0
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wt%. We found that, as the Nb content increased, Nb became enriched in
the final solidification zone, leading to the formation of a brittle eutectic
structure as well as the precipitation of coarse Nb(C, N) and
Laves-phases along the grain boundaries, resulting in a significant
decrease in ductility. From the perspectives of corrosion resistance and
ductility, we identified the appropriate Nb content is 0.35-0.45 wt%
[26]. However, even with the appropriate Nb content, the average
elongation of the as-cast material was 5 %-10 %, indicating that further
improvement in ductility is essential to prevent cracking during sec-
ondary processing.

High-temperature heat treatment is often applied to cast steel
products in order to improve their mechanical properties [27-30]. Zhao
et al. [31] conducted a systematic heat treatment study on a low-carbon
microalloyed cast steel containing Nb, Ti, and V by varying the holding
temperature in the range of 950 °C-1200 °C. They found that
heat-treated material, which exhibited significantly higher ductility and
toughness than as-cast material, had a uniform pearlite structure. They
consider that this microstructural change was caused by the mitigation
of carbon microsegregation through heat treatment. Xie et al. [32]
conducted a heat treatment study on an austenitic stainless cast steel
containing 0.9 wt% Nb and reported that tensile strength and elongation
were significantly improved by homogenization at temperatures above
1150 °C-1250 °C for 5 h. They consider that the improvement in me-
chanical properties is due to the dissolution of eutectic NbC continu-
ously crystallized in the as-cast material, resulting in the suppression of
crack propagation along the eutectic NbC. These findings indicate that
optimizing heat treatment conditions in cast steel is effective in
improving mechanical properties by mitigating microsegregation and
controlling the distribution of compounds.

In the case of Nb-stabilized ferritic stainless cast steel, heat treatment
is sometimes empirically applied in industrial practice, and several
studies reported its effects on microstructural changes and mechanical
properties. Hu et al. [33] reported that heat treatment at 800 °C-850 °C
for 1-3 h on a ferritic stainless cast steel containing 0.44 wt% Nb
reduced the variation in elongation; while the as-cast specimens showed
a wide range from 4.0 % to 27.6 %, the heat-treated specimens exhibited
a narrower range of 22.4 %-26.5 %. They consider that the reduction in
the variation of elongation is due to the fine and uniform precipitation of
the Laves-phase by heat treatment. Kang et al. [34] reported that
annealing at 850 °C for 2 h improved the ductility of a ferritic stainless
cast steel containing 0.24 wt% Nb. They consider that the improvement
resulted from the mitigation of stress concentration during deformation,
which was caused by the transformation of coarse Nb(C, N) precipitates,
originally located along grain boundaries in the as-cast condition, into
more sparsely distributed granular particles through heat treatment.
These studies focus on the optimization of holding temperature and
holding time during the heat treatment, and provide important insights
into improving ductility through the control of precipitates. On the other
hand, the microstructure of Nb-stabilized ferritic stainless cast steel
contains a large number of Nb(C, N) precipitates and deoxidation
products, which are uniformly distributed throughout the material and
differ significantly in physical properties from the ferrite matrix.
Therefore, depending on the cooling conditions in heat treatment, the
microstructure may change due to the stress introduced around the
compounds, potentially leading to variations in mechanical properties.
We considered that investigating the microstructural changes associated
with the cooling rate after high-temperature holding of as-cast material
could lead to the establishment of simple and effective heat treatment
strategies to improve mechanical properties, particularly ductility. This
study investigated the effects of cooling rates after high-temperature
holding on the microstructure and mechanical properties of as-cast
stabilized ferritic stainless cast steel containing Nb, and discussed the
factors influencing ductility by analyzing fracture modes, crack propa-
gation behavior, and microstructures in detail.
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2. Experimental

The raw materials used in this study were ferritic stainless steel
scrap, ferro-chrome, ferro-manganese, ferro-silicon, and ferro-niobium.
The nominal chemical composition was Cr: 19, C: 0.020, N: 0.015, Nb:
0.4, P: 0.03, S: 0.01, Cu: 0.5, Si: 0.5, Mn: 0.12, and Fe: balance (wt%).
The cast specimens were prepared by melting the raw materials at
1680 °C in a high-frequency induction furnace and casting the molten
metal into sand molds to produce rod-shaped specimens with a diameter
of 25 mm and length of 250 mm. The cast specimens were held at
1100 °C for 3 h in an argon atmosphere, then cooled to room temper-
ature at various rates ranging from 2.0 x 10* °C/min to 1.0 °C/min by
oil quenching, boiling water quenching, natural air cooling, forced air
cooling and furnace cooling. The cooling rates were calculated based on
the temperature measured using a thermocouple fixed to the side of the
specimen in the range from 1100 °C to 80 °C. A K-type thermocouple
with a wire diameter of 1.6 mm (Sanko: T-35) and a data logger (KEY-
ENCE: TR-V550) were used for the measurement, with a sampling rate of
2 samples/sec. According to a phase diagram calculated using the
thermodynamic software Thermo-Calc (database: Thermo Tech TCFE9)
[35], Nb(C, N) precipitated through stabilization is fully dissolved in the
ferrite matrix at 1327 °C. However, considering severe oxidation at that
temperature, the heat treatment temperature was set to 1100 °C to
ensure productivity.

Microstructure observations were conducted on the specimen cooled
at a rate of 2.0 x 10* °C/min by oil quenching (referred to as the “Rapid-
cooled sample”) and the specimen cooled at a rate of 1.0 °C/min in a
furnace (referred to as the “Slow-cooled sample”). The specimen sur-
faces were prepared by sequential polishing with wet abrasive papers,
diamond paste, colloidal silica suspension, and finished with ion milling
(Hitachi High-Tech: IM4000 PLUS Ion Milling System). Observations
were performed using field-emission scanning electron microscopy (FE-
SEM, JEOL: JSM-IT800SHL) at an acceleration voltage of 5 kV. To
identify the second-phase particles, elemental mapping was performed
using energy-dispersive X-ray spectroscopy (EDS) on the Rapid-cooled
sample. The measurements and analysis were conducted with an EDS
detector (AMETEK: Octane Elect) attached to the FE-SEM, using AME-
TEK EDAX APEX EDS software. The acceleration voltage was 10 kV, and
the working distance was 10 mm. In the EDS measurements, the
following characteristic X-ray lines were used: C-Ka, N-Ka, O-Ka, Al-Ka,
Si-Ka, Cr-Ka, Mn-Ka and Nb-La. The size and number density of Nb(C, N)
precipitates, as well as the diameter of oxide particles formed as deox-
idation products were measured using SEM-BSE images taken over a 3
mm? area including grain boundaries, analyzed with image processing
software (Inotech: Quick grain). To quantify the thickness and coverage
rate of Nb(C, N) formed around the oxide particles, 50 oxide particles
were randomly selected from each sample, and measurements were
conducted using SEM-BSE images. The thickness of Nb(C, N) was
measured at areas where the coating was continuous and uniform along
the surface of the oxide particles. The coverage rate of Nb(C, N) was
evaluated as the ratio of the Nb(C, N)-covered perimeter to the total
perimeter of the oxide particle. The morphology of oxide particles
coated with Nb(C, N) was observed by FE-SEM after deep-etching in
vilella reagent (1 g of picric acid, 5 ml hydrochloric acid, 100 ml
ethanol) for 4 h.

Mechanical properties were evaluated through uniaxial tensile test at
room temperature using a universal testing machine (Shimadzu Scien-
tific Instruments: UH-300kNC), according to JIS Z 2241 (ISO 6892-1).
The dimensions of test pieces were a gauge diameter of 8 mm and
gauge length of 44 mm. The displacement rate was 0.7 mm/min until
the stress exceeded the 0.2 % proof stress, followed by 5.0 mm/min. The
fracture surfaces of the Rapid-cooled and Slow-cooled samples were
observed using optical microscopy (OM, KEYENCE: VHX-7000) and FE-
SEM at an acceleration voltage of 5 kV. A cross-section normal to the
fracture surface of the Rapid-cooled sample was polished and ion milled
in the same manner as the microscopic observation sample, and
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Fig. 1. SEM-BSE images of the (a) Rapid-cooled sample and (b) Slow-cooled sample.
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Fig. 2. EDS mapping of the precipitated particles in the Rapid-cooled sample.

analyzed for crystallographic orientation using electron backscatter
diffraction (EBSD) system. EBSD mapping was performed using an EBSD
detector (AMETEK: Orion Super) and analysis software (AMETEK: EDAX
OIM Analysis 8) attached to the FE-SEM at an acceleration voltage of 15
kv, working distance of 15 mm and step size of 15 pm. In the EBSD
analysis of this study, the angle difference between adjacent measure-
ment points was classified as low-angle grain boundaries (LAGBs) in the
range of 2-15° and high-angle grain boundaries (HAGBs) in the range of
15° or more. Angle differences of less than 2° were considered to fall
within the measurement error range and were not regarded as grain
boundaries. Phase indexing was conducted using the CIF file of bcc-Fe.

To investigate the initiation and propagation behavior of cracks, the
cross-sections along the tensile direction of specimens unloaded at 10 %
strain for the Rapid-cooled and Slow-cooled samples were observed
using FE-SEM at an acceleration voltage of 5 kV and 15 kV. EBSD

measurements of the Rapid-cooled sample were performed at an accel-
eration voltage of 15 kV, with a working distance of 15 mm and step size
of 50 nm for areas containing oxides of 20 pm x 25 pm, and with a
working distance of 20 mm and step size of 30 pm for wide areas of 10
mm x 23 mm.

Nanohardness measurements were performed on the polished sur-
face of the Rapid-cooled and Slow-cooled samples, which were prepared
following the above-described procedures. Mechanically and ion pol-
ished specimens were used because the surface of electrolytically pol-
ished specimens exposed second-phase particles, making it difficult to
measure the target areas. In order to avoid the scattering of nanohardess
values depending on crystal orientation, the grains with a normal di-
rection close to <0 1 1> were selected for the measurements. Nano-
indentation tests were conducted at room temperature under load
control (Bruker: Hysitron Tribo Indenter TI950). A Berkovich diamond
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Fig. 3. Frequency distribution of the oxide diameters for the (a) Rapid-cooled sample and (b) Slow-cooled sample.

Table 1
Size and distribution for oxide particles and plate-like Nb(C, N).

: : Intragranular Grain boundary
Oxide particle Nb(C, N) Nb(C, N)
Sample
Avg. Max. Number Avg. Max. Number Avg. Max.
diameter diameter density length length density length length
(nm) (nm) (/mm?) (pm) (um) (/mm?) (nm) (nm)
Rapid-
2.0+0.04 11.2 617 1.8+0.9 3.9 505 1.6+1.3 7.0
cooled
Slow 2.1+0.08 13.6 604 2.6+1.4 10.8 465 43433 15.7
cooled
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Fig. 4. (a, b) Relationship between the oxide diameter, the thickness of Nb(C, N), and the coverage ratio by Nb(C, N). (c, d) SEM-BSE images of the oxide coverage by
Nb(C, N) in the Rapid-cooled sample after deep etching.
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indenter was used with a maximum load of 1000 pN, a loading/
unloading rate of 50 pN/s, and a holding time of 10 s at the maximum
load.

The ferrite matrix of the Rapid-cooled and Slow-cooled samples were
observed using scanning transmission electron microscopy (STEM,
Thermo Fisher Scientific: Titan G2 80-200). Thin-film specimens for
high-angle annular dark field (HAADF)-STEM were prepared using a
focused ion beam (FIB, Thermo Fisher Scientific: Helios G4). The
dislocation density was measured from the images taken by exciting the
diffraction vector of g* = 0 0 2. The specimen thickness of the observed
area was determined using electron energy loss spectrometry (EELS)
with STEM (JEOL: JEM-2800).

3. Results

Fig. 1 presents backscattered electron images observed using SEM
(SEM-BSE images) of the (a) Rapid-cooled sample and (b) Slow-cooled
sample. Both samples consist of a single-phase ferrite matrix. The
average grain size is 2.0 mm for the Rapid-cooled sample and 2.2 mm for
the Slow-cooled sample. Fig. 2 shows the results of EDS mapping per-
formed on the second-phase particles of the Rapid-cooled sample. The
spherical inclusions with the darkest contrast in the SEM-BSE image are
Si-rich oxides. The gray regions at the core of the Si oxides contained Cr,
Mn, Al, and O, indicating that they are complex oxides consisting of
these elements. These inclusions are referred to as the “oxide particles”.
The oxide particles originated from deoxidizers added during the casting
process, and they were generated in the molten metal. The precipitates
observed with brighter contrast than the ferrite matrix in Fig. 1 and
SEM-BSE image of Fig. 2 correspond to Nb(C, N), which precipitated
during the cooling process after solidification. The Nb(C, N) nucleated
on oxide particles or MnS, approximately 100 nm in size, and either
grew into a plate-like shape or coated the oxide particles.

Table 1 summarizes the sizes of oxide particles and plate-like Nb(C,
N) in the Rapid-cooled and Slow-cooled samples. Fig. 3 shows the
diameter distribution of the oxide particles. The oxide particles
measured include both those coated with Nb(C, N) and those uncoated.
The average diameter and number density of oxide particles do not differ
significantly depending on the cooling rate, as shown in Table 1. Simi-
larly, Fig. 3(a, b) indicates that the frequency distribution of oxide
particle sizes is comparable. On the other hand, the average length of
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plate-like Nb(C, N) is longer in the Slow-cooled sample for both grain
interiors and grain boundaries, and the number density of plate-like Nb
(G, N) in the grain interior is slightly lower in the Slow-cooled sample.
Fig. 4(a, b) show the thickness of the Nb(C, N), and the coating coverage
rate as a function of the diameter of oxide particles coated with Nb(C,
N). A total of 50 oxide particles were randomly selected from each
sample for measurement. Fig. 4(c, d) show SEM-BSE images of the
Rapid-cooled sample after deep etching, demonstrating the coating of
oxide particles by Nb(C, N). For both samples, as depicted in Fig. 4(a, b),
the thickness of the Nb(C, N) coating and the coating coverage rate
decrease as the oxide particle diameter increases. The area fraction of Nb
(C, N) measured over a 3 mm? region, including grain boundaries, was
0.4 % for the As-cast sample, 0.3 % for the Rapid-cooled sample, and 0.5
% for the Slow-cooled sample.

Fig. 5 shows the nominal stress-nominal strain curves of the As-cast,
Rapid-cooled, and Slow-cooled samples. While the total elongation of
the As-cast sample is 4.3 %, the Rapid-cooled sample exhibits a higher
value of 7.7 %, although it fractured within the uniform elongation
regime. In contrast, the Slow-cooled sample shows significantly larger
uniform elongation than both the As-cast and Rapid-cooled samples and
sufficient local elongation before final ruputure. We should note that the
total elongation of the Slow-cooled sample is 23.9 %, approximately
three times higher than that of the Rapid-cooled sample.

Fig. 6 shows the relationship between cooling rate and mechanical
properties; open and solid markers indicate a ductile fracture surface
ratio of less than 10 % and more than 80 %, respectively. The plotted
values for the Rapid-cooled sample (cooling rate: 2.0 x 10* °C/min) and
the Slow-cooled sample (cooling rate: 1.0 °C/min) represent the average
of five measurements with error bars. For the samples with intermediate
cooling rates, the values represent the average of two measurements.
Tensile strength and 0.2 % proof stress tend to increase slightly with an
increase in cooling rate. On the other hand, elongation and reduction of
area increase with decreasing cooling rate. They increase significantly
when the cooling rate is below 10 °C/min, accompanied by a higher
ductile fracture surface ratio. The results presented in Figs. 5 and 6
demonstrate that the mechanical properties of the cast steel vary
significantly with heat treatment. More specifically, slower cooling rates
after high-temperature holding markedly improve ductility.
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Fig. 7. (a) Optical microscopy image of the fracture surface for the Rapid-cooled sample. (b) IPF map of a cross-section normal to a fracture surface of the Rapid-
cooled sample, which is different from shown in (a). (¢, d) SEM-BSE images of the fracture initiation site for the Rapid-cooled sample shown in (a). (e¢) SEM-BSE image

of the fracture surface for the Slow-cooled sample.

Fig. 7(a) shows an optical microscopy image of the fracture surface of
the Rapid-cooled sample. The fracture surface consists of approximately
1-2 mm facets. Fig. 7(b) shows an Inverse Pole Figure (IPF) map ob-
tained using EBSD on a cross-section normal to the fracture surface of a
different Rapid-cooled sample than that shown in Fig. 7(a). The white
lines indicate traces of the {0 0 1} planes, which are typical cleavage
planes in body-centered cubic crystal, and they were nearly parallel to
the fracture surface. This indicates that the Rapid-cooled sample
exhibited cleavage fracture. The region enclosed by a rectangle in Fig. 7
(a) marks the fracture initiation site identified from the morphology of
the river patterns on the fracture surface, with its SEM-BSE image shown
in Fig. 7(c). The dashed white lines in Fig. 7(c) correspond to boundary
between facets, interpreted as grain boundary. The distance between the
fracture initiation site, where river patterns converge, and the grain
boundary is 61 pm. Because the average grain size of the Rapid-cooled
sample is 2.0 mm, the fracture initiation site can be regarded as near
the grain boundary. The SEM observations revealed no intergranular
fracture or ductile fracture on the fracture surface of the Rapid-cooled
sample. Fig. 7(d) shows a high-magnification SEM-BSE image of the
fracture initiation site in the Rapid-cooled sample, where a crack initi-
ated at an oxide particle and propagated radially through the ferrite
matrix. While the average diameter of oxide particles in the sample is
2.0 pm, as shown in Table 1, the oxide particle at the fracture initiation
site was significantly larger (~23 pm). The slightly brighter contrast

within the oxide particle corresponds to a core of Cr, Mn, and Al complex
oxides surrounded by Si oxide. The observation of this core suggests that
the oxide particle was also fractured. Moreover, voids cannot be
observed at the interface between the oxide particle and the ferrite
matrix. Therefore, we can conclude that the cracks formed within the
coarse oxide particles located near the grain boundaries or at their
interface with the ferrite matrix in the Rapid-cooled sample. Fig. 7(e)
shows the SEM-BSE image of the fracture surface of the Slow-cooled
sample. Although a broken coarse oxide particle with a diameter of
13 pm can be observed, the fracture surface of the Slow-cooled sample
shows dimples in contrast to the Rapid-cooled sample, indicating that it
exhibited ductile fracture.

To investigate the initiation and propagation behavior of cracks in
more detail, we observed the cross-sections along the tensile direction of
specimens unloaded at 10 % strain for the Rapid-cooled and Slow-cooled
samples. As shown in Fig. 8(a), the oxide particles and the Nb(C, N)
coating are cracked in the Rapid-cooled sample, with the cracks prop-
agating into the ferrite matrix. Fig. 8(b) shows an IPF map of the same
area as Fig. 8(a). The white lines represent traces of the {0 0 1} planes of
body-centered cubic crystal. These lines align with the crack traces that
propagated through the ferrite matrix, confirming the occurrence of
cleavage cracks in the Rapid-cooled sample. Interestingly, as shown in
Fig. 8(c), oxide particles not coated with Nb(C, N) were not fractured but
formed voids at the interface with the ferrite matrix. Generally, the
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sample. (b) IPF map for same field as (a). The tensile direction is vertical in the images.
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fracture of second-phase particles during deformation can be attributed
to stress concentration around the particles, caused by differences in the
extent of plastic deformation between the surrounding matrix and the
second-phase particles, which leads to inhomogeneous plastic strain
[36-39]. In this cast steel, Nb(C, N) and oxide particles are significantly
harder and more brittle than the ferrite matrix. Therefore, during the
plastic deformation process, Nb(C, N) and oxide particles become more
prone to fracture due to the increased plastic strain in their surrounding
areas. On the other hand, the incoherency of interface between the
matrix and second-phase particles usually leads to delamination when

the applied stress exceeds the bonding strength [40-43]. The Nb(C, N)
precipitates satisfy the Baker-Nutting orientation relationship with
respect to the ferrite matrix ((1 0 0)np(c, ny//(1 0 0)ge, [0 1 OInncc, ny//[0
1 1]ge, [0 0 1]nbcc, ny//[0 1 1]ge), ensuring crystallographic compati-
bility due to their common cubic crystal system [26]. In contrast, the
oxide particles, being amorphous, have no crystallographic coherence
with the ferrite matrix. Therefore, we infer that the oxide particles not
coated with Nb(C, N) exhibited delamination at the interface with the
ferrite matrix before fracture. In the Slow-cooled sample, as shown in
Fig. 8(d), the oxide particles and their surrounding Nb(C, N) coatings
were cracked, but no cracks propagating through the ferrite matrix were
observed.

In the Rapid-cooled sample unloaded at 10 % strain, multiple
cleavage cracks in the ferrite matrix initiated from oxide particles coated
with Nb(C, N) were observed, as shown in Fig. 8(a). Fig. 9 shows the
diameters of the oxide particles at the crack initiation sites and their
distances from grain boundaries, plotted as black squares. For compar-
ison, the oxide particles that did not act as crack initiation sites,
randomly selected within a 100 pm x 1000 pm region in the grain, were
plotted as white squares in Fig. 9. It is evident that the oxide particles
acting as initiation sites for cleavage cracks in the ferrite matrix of the
Rapid-cooled sample were coarser and located closer to the grain
boundaries compared to the oxide particles that did not act as crack
initiation sites. Fig. 10 shows the Kernel Average Misorientation (KAM)
map of the Rapid-cooled sample unloaded at 10 % strain obtained by
EBSD. KAM indicates the average local misorientation, calculated using
orientation data from the first-nearest neighboring point around each
measurement location. The locations of oxide particles that acted as
initiation sites for cleavage cracks are indicated by black arrows. We
found that the cleavage cracking occurred in the regions with high KAM
values, suggesting that the cleavage cracks were generated in areas with
high local strain levels. Fig. 11 shows the SEM-BSE images of the (a, b)
undeformed samples and (c, d) unloaded at 10 % strain samples for the
Rapid-cooled and Slow-cooled samples. The white dashed lines indicate
the position of grain boundaries. In both samples, the undeformed ferrite
matrix exhibited uniform contrast within individual grains, whereas the
deformed ferrite matrix showed distinct channeling contrast. Local
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Fig. 10. KAM map of the Rapid-cooled sample unloaded at 10 % strain of the
cross section along the tensile direction. The tensile direction is vertical in the
map. The black lines indicate HAGBs, and the black arrows indicate the location
of cleavage cracks.

deformation occurred in the vicinity of grain boundaries during defor-
mation, regardless of the cooling rate. However, the Rapid-cooled
sample exhibited cleavage cracks in the ferrite matrix, whereas no
cleavage crack was observed in the Slow-cooled sample. Based on the
observations presented above, we have clarified the deformation process
of the Rapid-cooled sample as follows: Coarse oxide particles coated
with Nb(C, N), located in the regions of high local strain near grain
boundaries, are cracked. Subsequently, the cracks propagate along the
cleavage planes of the ferrite matrix, originating from these oxide par-
ticles. Furthermore, when sufficiently high local stress concentrations
develop, the cleavage cracks propagate, ultimately leading to brittle
fracture. In contrast, in the Slow-cooled sample, while local deformation
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in the ferrite matrix and fracture of oxide particles coated with Nb(C, N)
occur, the cracks do not propagate into the ferrite matrix, resulting in
ductile fracture.

4. Discussion

The factors affecting ductility include: (i) the size and volume frac-
tion of oxide particles, (ii) the thickness and coverage rate of Nb(C, N) on
oxide particles, and (iii) higher dislocation density around the oxide
particles. The size and number density of plate-like Nb(C, N) differ be-
tween the Rapid-cooled and Slow-cooled samples, as shown in Table 1.
However, based on the observations so far, we have confirmed that it
does not act as a crack initiation site, suggesting that its contribution to
ductility is minimal. In the following, we discuss the effects of factor (i)
to (iii).

4.1. The size and volume fraction of oxide particles

In general, coarse second-phase particles easily become fracture
initiation sites due to stress concentration [44,45]. Additionally,
second-phase particles, such as oxides and carbides, frequently contain
defects, including voids and microcracks. Therefore, as the volume
fraction of second-phase particles increases within the matrix, the
probability of containing critical defects that can cause fractures at
lower strains also increases, thereby mitigating ductility [46-48]. The
frequency distribution of the oxide particle diameters shown in Fig. 3 for
the Rapid-cooled and Slow-cooled samples is similar, with approxi-
mately 70 % of the measured oxide particles in both samples having
diameters of 2 pm or less. Therefore, the average volume fraction of the
oxide particles cannot explain the difference in ductility between the
Rapid-cooled and Slow-cooled samples. Furthermore, as shown in Fig. 3,
the number of the oxide particles decreases as their diameter increases in
both samples, indicating that the formation of a large number of coarse
oxide particles capable of acting as crack initiation sites is not limited to
the Rapid-cooled sample.

4.2. The thickness and coverage rate of Nb(C, N) on the oxide particles

Thinner coatings and lower coverage rates of Nb(C, N) on oxide
particles facilitate crack propagation from oxide particles, thereby
reducing ductility. However, as shown in Fig. 4(a and b), the differences
in these parameters between the Rapid-cooled and Slow-cooled samples
are minimal. Therefore, the effect of differences in Nb(C, N) coating on
the propagation behavior of cracks from oxide particles to the ferrite
matrix and on resultant macroscopic ductility is likely negligible.
Additionally, the higher area fraction of Nb(C, N) in the Slow-cooled
sample compared to the Rapid-cooled sample can be attributed to par-
tial dissolution of Nb(C, N) in the ferrite matrix during high-temperature
holding of the as-cast specimen. This is followed by enhanced growth of
plate-like Nb(C, N) during the slower cooling process. The observed
trend of decreasing Nb(C, N) thickness and coverage rate with increasing
oxide particle size is qualitatively explained by the greater surface area
of larger oxide particles. With the same amount of solute available, the
solute concentration per unit surface area decreases for larger oxide
particles compared to smaller ones, resulting in thinner and less com-
plete Nb(C, N) coatings.

4.3. Higher dislocation density around the oxide particles

During deformation, cracks generated in the oxide particles and the
surrounding Nb(C, N) are expected to exhibit different propagation
behavior depending on the local plastic deformation behavior around
the oxide particles. Therefore, the hardness of the ferrite matrix was
measured on the undeformed samples and unloaded at 10 % strain
samples using nanoindentation to evaluate the local plastic deformation
behavior. Fig. 12 shows the average nanohardness values at three
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Fig. 11. SEM-BSE images of the area in the vicinity of the grain boundary for the (a, b) undeformed samples and (c, d) unloaded at 10 % strain samples with tensile

direction is vertical in the images.
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Fig. 12. Nanohardness of the undeformed sample and the sample unloaded at
10 % strain obtained by nanoindentation tests.

locations within the same grain, with 20 points measured in a grid
pattern at 4 pm intervals for each location, and Fig. 13 presents the
representative load-displacement curves. In the figures, “Grain center”
refers to the nanoindentation results obtained in the central region of
grains, at least 50 pm away from any oxide particles. “Region in the
vicinity of oxide” refers to the results obtained around oxide particles
(4-8 pm in diameter) coated with Nb(C, N), located within 100 pm from

the grain boundaries. These measurements were performed within the
area of approximately 0.5-5 pm from the interfaces between the oxide
particles and the ferrite matrix, or between Nb(C, N) and the ferrite
matrix. It was found from Fig. 12 that, for the undeformed Rapid-cooled
samples, the nanohardness in the “Region in the vicinity of oxide” is
higher than that in the “Grain center”. In contrast, the nanohardness in
the “Region in the vicinity of oxide” and the “Grain center” are nearly
identical for both the undeformed and 10 % strained Slow-cooled
samples. The nanohardness of the “Grain center” is slightly higher in
the Rapid-cooled sample than the Slow-cooled sample. The representa-
tive load-displacement curves shown in Fig. 13(a, b) indicate that
distinct displacement bursts due to the pop-in phenomenon occur during
the loading process for the undeformed Slow-cooled sample. In contrast,
those observed in the Rapid-cooled sample are minimal. The pop-in
phenomenon is attributed to the nucleation and multiplication of dis-
locations in regions initially free of dislocations, and it occurs more
readily when the initial dislocation density is low [49-51]. Because the
samples for nanoindentation experiments were prepared through me-
chanical and ion polishing, the influence of dislocations introduced
during polishing cannot be entirely ignored. However, if the effect of
polishing is comparable between the Rapid-cooled and Slow-cooled
samples, the clear difference in the pop-in phenomenon can reflect dif-
ferences in dislocation density of the ferrite matrix. For the Rapid-cooled
sample unloaded at 10 % strain, the nanohardness in the “Region in the
vicinity of oxide” is significantly higher than that in the “Grain center”.
For the Slow-cooled sample unloaded at 10 % strain, the nanohardness
in the “Region in the vicinity of oxide” is also higher than that in the
“Grain center”, but the difference is much smaller.

Fig. 14 shows HAADF-STEM images of the (a-c) Rapid-cooled sample
and (d-f) Slow-cooled sample. The sampling locations correspond to
those used for the nanohardness measurements: (a, b, d, e) the regions
near oxide particles coated with Nb(C, N) located within 100 pm of grain
boundaries, and (c, f) the central regions of grains at least 50 pm away
from any oxide particles. The observations were conducted under two-
beam conditions with the diffraction vector of g* = 0 0 2, which made
all perfect dislocations in bcc crystal visible, as indicated by the
diffraction patterns in the upper right of Fig. 14(a—f). As shown in Fig. 14
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Fig. 13. Typical load-displacement curves of the undeformed sample and th

(a), in the Rapid-cooled sample, dislocations are observed throughout
the ferrite matrix within an area of up to approximately 5 pm from the
interfaces between the oxide particles and the ferrite matrix, and be-
tween Nb(C, N) and the ferrite matrix. Fig. 14(b) presents a higher
magnification image of the region indicated by a rectangle in Fig. 14(a),
where the dislocations near the oxide particles and Nb(C, N) appear to
be intricately tangled. In contrast, as shown in Fig. 14(c), the ferrite
matrix at the grain center of the Rapid-cooled sample contains fewer
dislocations compared to the regions near the oxide particles. In the
Slow-cooled sample, as shown in Fig. 14(d-f), dislocations are observed
within approximately 1 pm from the interfaces between Nb(C, N) and
the ferrite matrix. However, the number of dislocations is lower than the
regions near the oxide particles in the Rapid-cooled sample (Fig. 14(a,
b)). The dislocation density near the oxide particles in the Rapid-cooled
sample (Fig. 14(b)) was estimated to be 8.3 x 104 m’z, while that in the
Slow-cooled sample (Fig. 14(e)) was 4.2 x 10'2 m~2. Based on these
results, the higher nanohardness surrounding oxide particles coated
with Nb(C, N) in the Rapid-cooled sample, compared to the grain center,
can be attributed to the higher number of dislocations introduced in
these regions. Therefore, the dislocations observed near the oxide par-

ticles in Fig. 14(a, b) are likely introduced by local thermal stress

e sample unloaded at 10 % strain obtained by nanoindentation tests.

generated during rapid cooling, resulting from the differences in thermal
expansion coefficients among the oxide particles, Nb(C, N), and the
ferrite matrix (linear expansion coefficient: 5 x 1077/°C, 7 x 10’6/°C,
and 11.7 x 107%/°C, respectively [52-54]). Although a detailed quan-
titative assessment of local thermal stress around the grain boundaries
during cooling has not yet been performed, this remains an important
topic for future investigation. However, in materials with hard second
phases dispersed in a metallic matrix, it is widely known that thermal
expansion coefficient differences cause strain at the interfaces between
the phases during cooling, and dislocations occur when the strain ex-
ceeds the yield stress of the matrix [55,56]. Furthermore, previous
studies have shown that the dislocation density increases with
increasing cooling rate [57,58]. These findings are in good agreement
with our experimental observations and support the interpretation that
the difference in cooling rate is responsible for the dislocation density
variation shown in Fig. 14. Furthermore, these dislocations likely
contributed to the accumulation of dislocations around the oxide par-
ticles during the tensile deformation process, resulting in the signifi-
cantly higher nanohardness in the “Region in the vicinity of oxide”
compared to the “Grain center” in the Rapid-cooled sample unloaded at

10 % strain, as shown in Fig. 12.

10



R. Nishio et al.

Materials Science & Engineering A 945 (2025) 148952

Fig. 14. HAADF-STEM images around the coarse oxide particle in the vicinity of the grain boundary and the center of the grain for the (a—c) Rapid-cooled sample,

(d-f) Slow-cooled sample.
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Fig. 15. Nominal stress-strain curves for the (a) Rapid-cooled sample and (b) Slow-cooled sample. The solid lines represent samples subjected to rapid cooling and
slow cooling after holding at 1100 °C for 3 h, and the dashed lines represent those subjected to air cooling after annealing at 200 °C for 4 h.

In both the Rapid-cooled and Slow-cooled samples, the particle size
and volume fraction of the oxide particles were similar (Fig. 3). More-
over, the differences in the thickness and coverage rate of the Nb(C, N)
coating on the oxide particles were minimal (Fig. 4). Therefore, these
factors can be considered negligible in terms of their effect on the
ductility under different cooling rates. More importantly, a significant
difference in dislocation density was observed in the regions surround-
ing the oxide particle. In the Rapid-cooled sample, a high density of
dislocations was present around the oxide particles coated with Nb(C,
N), which contributed to the increased nanohardness in that region.
Furthermore, these dislocations likely enhanced stress concentration at
the crack tips generated in the oxide particles and Nb(C, N) coating
during tensile deformation, thereby promoting crack propagation into

11

the ferrite matrix. In particular, near the grain boundaries with high
local deformation, stress concentration around the coarse oxide particles
increases, making the propagation of microcracks more likely. In
contrast, the fewer dislocations around the oxide particles coated with
Nb(C, N) in the Slow-cooled sample allow plastic accommodation to
occur in the ferrite matrix. This reduces stress concentration around the
microcracks in the Nb(C, N) and oxide particles, blunting their tips and
preventing them from propagating into the ferrite matrix. To validate
this consideration, we conducted tensile tests on the Rapid-cooled and
Slow-cooled samples that were annealed at 200 °C for 4 h and then air
cooled. The nominal stress-nominal strain curves of these specimens are
shown as dashed lines in Fig. 15. The solid lines in Fig. 15 represent the
nominal stress-nominal strain curves of the Rapid-cooled and Slow-
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cooled samples without annealing (the same as Fig. 5). The Rapid-cooled
sample annealed at 200 °C exhibited a significantly higher total elon-
gation of 24.5 % and showed sufficient local elongation (Fig. 15(a)). The
total elongation of the Slow-cooled sample annealed at 200 °C also
increased, but the nominal stress-nominal strain curve did not change
significantly (Fig. 15(b)). In the Rapid-cooled sample, dislocations
introduced around the oxide particles during rapid cooling could be
annihilated and rearranged by annealing at 200 °C, resulting in the
significant improvement of ductility. These results strongly support the
idea that the dislocations introduced around oxide particles are one of
the major factors reducing the ductility of the Rapid-cooled sample.

5. Conclusions

We investigated the influence of heat treatment on the mechanical
properties of stabilized ferritic stainless cast steel. The major findings are
as follows.

(1) Elongation and reduction of area increased with decreasing
cooling rates. The Rapid-cooled sample (cooling rate: 2.0 X
10* °C/min) exhibited low ductility and cleavage fracture. In
contrast, the Slow-cooled sample (cooling rate: 1.0 °C/min)
exhibited high ductility, with ductile dimples observed on the
fracture surface. These results indicate that a slower cooling rate
after high-temperature holding significantly improves the
ductility of the cast steel.

In the Rapid-cooled sample, during plastic deformation, cracks
initiated from coarse oxide particles coated with Nb(C, N) and
propagated along the cleavage planes of the ferrite matrix.
Cleavage cracks in the ferrite matrix were observed in the regions
of high local strain near grain boundaries. Eventually, these
cleavage cracks grew due to the occurrence of localized high-
stress concentrations, ultimately leading to brittle fracture. In
contrast, in the Slow-cooled sample, while oxide particles frac-
tured during plastic deformation, no cracks propagating into the
ferrite matrix were observed.

In the ferrite matrix of the Rapid-cooled sample, the nano-
indentation hardness near oxide particles coated with Nb(C, N)
was higher than in the grain center, with more entangled dislo-
cations observed. In contrast, the Slow-cooled sample exhibited
similar hardness between these regions, with fewer dislocations
near the oxide particles compared to the Rapid-cooled sample.
These results suggest that in the Rapid-cooled sample, local
thermal stress caused by differences in the thermal expansion
coefficients of the ferrite matrix, oxide particles, and Nb(C, N)
introduced many dislocations around oxide particles coated with
Nb(C, N). We conclude that these dislocations hindered plastic
accommodation around the oxide particles, leading to cleavage
crack propagation in the ferrite matrix.

After annealing the Rapid-cooled and Slow-cooled samples at
200 °C for 4 h followed by air cooling, the ductility of the Rapid-
cooled sample significantly improved. This suggests that dislo-
cations around oxide particles were eliminated or rearranged,
confirming their role in reducing ductility.
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