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The deformation behavior of cementite and k-carbide of Fe-0.1C-0.05A1 and Fe-0.1C-5A1 (mass%) steels at below
A; friction stir welding (FSW) was investigated. Quantitative nano-hardness measurements revealed that
cementite exhibited high hardness (13.0 GPa) and strong resistance to deformation (0.22 pN/nmz), whereas
k-carbide had a lower hardness of 6.9 GPa and resistance force of 0.083 pN/nm? for the first time. During FSW
under an axial load of 40 kN at a rotation rate of 80 rpm (peak temperatures ~700 °C, below A;), few dislo-
cations were introduced into the structure of cementite, which is hard and brittle and is prone to fragmentation
owing to the accumulation of dislocations at the ferrite/cementite interface. In contrast, k-carbides, being softer,
exhibited considerable plastic deformation and were presumed to be sheared by the high-density dislocations
introduced under the same conditions. The shear processing plausibly triggers dynamic redistribution of the C
atoms, where dislocations penetrate through the k-carbides, disrupting Fe—C bonding. These phenomena enable
the transfer of C atoms from the k-carbides to the matrix and subsequent precipitation of fine cementite along
part of the grain boundaries during the cooling stage after FSW. Furthermore, the introduced dislocations remain
within the shearable k-carbides and may serve as dislocation sources in subsequent deformation processes,
thereby enhancing the ductility of the steels. The present study is the first to clearly reveal the internal dislo-
cation features of carbides and analyze the distinct deformation behavior of different carbides during FSW below

Al

1. Introduction

Ferrite-based Fe-C-Al lightweight steels, known for their exceptional
specific strength, have attracted significant attention for applications in
lightweight ground transportation systems, such as automobiles and
heavy trucks [1-3]. Increasing the Al content is an effective approach for
reducing the weight of the structural components [4], because the
atomic weight of Al is lower (26.981) and the atomic radius (143 pm) is
larger than the atomic weight (55.847) and atomic radius (124 pm) of
Fe. This achievement originates from lattice expansion and lowers the
average molar mass of the steel [5,6]. High-Al ferritic steels boost
automotive fuel efficiency and offer excellent corrosion resistance for
ship hulls and offshore structures in marine environments, promoting
growth of the green economy [7-9].

The addition of alloying elements significantly influences the
microstructure and phase composition of alloy systems, thereby pro-
moting the precipitation of new secondary phases. In Fe-C-Al alloys, the
precipitated carbides may consist of cementite, k-carbides, or a
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combination of both with different Al and C contents. According to the
Fe—C binary phase diagram, the primary phases in carbon steels are
ferrite (a-Fe) and carbides, where 0-type FesC (cementite) carbide is the
most recognized, having an orthorhombic crystal structure in the Pnma
space group [10,11]. The addition of Al to the Fe—C system significantly
affects the phase fields and phase constituents. Adding C and Al to steel
reduces the stability of cementite and promotes the formation of k-car-
bides [12]. At Al contents greater than 2 mass%, k-carbides with a
perovskite-like L1 cubic crystal structure in the Pm3m space group are
introduced, and the volume fraction increases with increasing C content
[13]. k-carbides, represented by the formula FesAlCx (where x ranges
from 0.5 to 1), have a lattice parameter that varies from 0.372 to 0.379
nm as the C concentration increases [14]. Previous studies [15] have
reported that alloys with 7 mass% Al and C contents of 2-2.5 mass%
consist of ferrite and k-carbides, without cementite. When the C content
is in the range of 2.7-4 mass%, the matrix includes ferrite, k-carbide, and
cementite. This shift is attributed to the excess C, which promotes the
formation of cementite, with a high C content potentially leading to the
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formation of graphite. A recent study [16] discussed Fe-1.2C-1.5Cr-5Al
(mass%) low-density steel for bearings, in which the addition of 5 mass
% Al led to the precipitation of k-carbides. Consequently, k-carbides and
cementite coexisted with a-Fe in the eutectoid microstructure.

Carbide precipitation is a key mechanism for strengthening alloys.
Controlling the deformation behavior of carbides during severe plastic
deformation (SPD) is expected to be an effective strategy for achieving
high strength or an optimal strength-ductility balance. Cementite is
generally considered detrimental to the ductility and toughness of steel
owing to its brittle nature, particularly when present as coarse cementite
[17,18]. Fe-0.1C-0.05Al alloys containing cementite particles of
approximately 2 pm in size exhibited reduced ductility and toughness,
where the coarse cementite hindered dislocation movement during
deformation and caused notable stress concentration [19]. On the other
hand, Li et al. [20] reported the fabrication of ultrahigh-strength
nanostructured materials by drawing pearlitic steel with thin lamella
cementite. Under high strain, thin cementite dissolves via mechanical
alloying, transforming the pearlitic structure into a C-saturated iron
phase with subgrain sizes of ~10 nm, leading to an extremely high
tensile strength of 7 GPa and making the alloy the most ductile bulk
material known. Sauvage et al. [21] reported the dissolution behavior of
cementite in pearlitic steels during high-pressure torsion (HPT). Under
severe torsion, the lamellar FesC elongates, fragments, and C atoms in
FesC near the phase boundary migrate to dislocations in the ferrite,
creating vacancies and a thin off-stoichiometric Fe3C layer. Subse-
quently, some of these C atoms diffuse along the dislocation cores,
accumulating at the FegC/a-Fe interface. With increasing strain, the
dislocation cells in ferrite trap C atoms, leading to gradual cementite
decomposition. With five torsions (N = 5), only FesC nanoclusters
remained, indicating that vacancies played a key role in carbide disso-
lution [21].

k-carbides may exhibit varied responses. Yao et al. [22] observed
that nano-sized k-carbide precipitation led to a notable increase in the
yield strength of high-Mn mild steel (~480 MPa) without considerably
sacrificing tensile elongation. Furthermore, studies have demonstrated
that k-carbides for which morphology was optimized through appro-
priate thermomechanical treatment (TMT) acted as a strengthening
phase in high-C (0.3-1.1 wt%), lightweight ferritic steels, without sig-
nificant ductility loss [12,23]. Therefore, during plastic deformation,
k-carbides in the Fe-Al-C ternary system are expected to improve the
mechanical properties by replacing cementite [24], whereas brittle
carbides such as cementite with low strain energy [25] can lead to both
precipitation strengthening and ductility loss.

Precipitated phases are a key source of strengthening, and their
evolution during deformation significantly affects the material proper-
ties such as strength, ductility, and toughness. Therefore, understanding
the behavior of cementites and k-carbides during deformation is novel
enough to be crucial for the development of low-density, highly
corrosion-resistant Fe-C-Al alloys with superior performance to meet
growing industrial demands. In terms of structural applications, friction
stir welding (FSW) [26] shows great promise for achieving severe plastic
deformations, such as equal channel angular extrusion (ECAE) [27],
severe plastic torsion straining (SPTS) [28], and accumulative roll
bonding (ARB) [29]. Research by the present authors has demonstrated
for the first time that during FSW, the «k-carbides present in Fe-0.1C-5A1
base metal surprisingly transform into finer k-carbides and a semi-
network of ultrafine cementite, resulting in increased alloy strength,
alongside improved ductility and toughness [19].

In general, as a solid-phase welding method [26], FSW presents a
promising solution to the common welding problems (cracking suscep-
tibility) faced by high-Al steels. Controlling the parameters (rotation
rate: 80 rpm; transverse speed: 100 mm/min; axial force 40 kN) can
enable effective joining of the alloy at a peak welding temperature below
A; (joining without phase transformation) [19,30], ensuring that the
material retains the excellent multifaceted properties of ferrite-based,
high-Al alloys. In addition, FSW refines the grains through dynamic
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recrystallization at elevated temperatures [31], overcoming the issue of
coarse grains typically observed in Fe—Al steels owing to the lack of
phase transformation during the cooling stage of production [15], thus
achieving the desired combination of strength and toughness in the stir
zone (SZ) region. Moreover, the simultaneous thermo-mechanical ef-
fects unique to FSW induce distinct deformation behaviors of cementite
and «k-carbide, potentially enhancing the mechanical properties.
Currently, investigations on the FSW of ferrite Fe-C-Al solid-solution
alloys with Al as the principal alloying element are scarce. Even fewer
studies have considered the presumably different deformation behaviors
of precipitated carbides with varying Al contents. However, direct evi-
dence of the deformation behavior of carbides is novel and challenging
to obtain, with crack rupture along certain fracture surfaces serving as
one of the few macroscopically visible indicators, and recorded in-
stances being extremely limited.

The complexity of ternary or multicomponent alloy systems may
obscure analysis of the structure and deformation mechanisms of car-
bides. Thus, simpler ternary Fe-C-Al alloys are more suitable and valu-
able as target alloys. This study systematically evaluates the
deformation behavior of cementite and k-carbides during FSW of Fe-
0.1C-0.05Al and Fe-0.1C-5Al (mass%) steels at temperatures below A;
by monitoring the internal dislocation characteristics of the deformed
carbides.

2. Materials and methodology
2.1. Material preparation

Fe-0.1C-0.05Al1 and Fe-0.1C-5Al alloy ingots were prepared via
vacuum induction melting. The chemical compositions of the target al-
loys are listed in Table 1. The processing routes for hot rolling and
subsequent annealing are illustrated in Fig. 1. Initially, the steel ingots
were preheated to 700 °C and subjected to multiple hot-rolling passes.
After each pass, the ingots were reheated at 700 °C for 10 min before
proceeding to the next pass until the sheet thickness reached 3.4 mm.
After hot rolling, the sheets were annealed at 700 °C for 30 min and air-
cooled. The oxidized layers were removed from the top and bottom
surfaces using a milling machine to a final thickness of 3.0 mm; this
served as the starting material for FSW.

As shown in Fig. 2, in the FSW process, the peak temperature was
maintained at approximately 700 °C in the ferrite region according to
our previous study [19]. The welding parameters were as follows:
rotation rate of 80 rpm, traverse speed of 100 mm/min, and an axial
force of 40 kN. The FSW tool was composed of cemented tungsten car-
bide (WC) (FSW7; Sanalloy, Japan). The shoulder diameter, probe
diameter, and probe length were 15, 6, and 2.9 mm, respectively. The
tool was tilted at an angle of 3° relative to the rotational axis in the
transverse direction. Ar was used as the shielding gas at a flow rate of 20
L/min during welding.

2.2. Microstructural investigations

The specimens for microstructural analysis were sectioned using
linear motor-operated wire electrical discharge machining (EDM; Sodick
AG360L). Microstructural observations were performed using field-
emission scanning electron microscopy (FE-SEM, JEOL JSM-7001FA),
transmission electron microscopy (TEM, JEOL 2011F), and electron
probe microanalysis (EPMA, JEOL JXA-8530F). The SEM and EPMA

Table 1
Main chemical composition of the steels (mass%) and A.; (°C) temperatures
calculated with Thermo-Calc using the TCFE9 database.

Type C Al Fe Aer
Fe-0.1C-0.05Al 0.11 0.033 Bal. 727
Fe-0.1C-5Al 0.11 5.27 Bal. 766
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Hot rolling [

700°C

Fig. 1. Schematic of hot rolling and subsequent annealing conditions for Fe-
0.1C-0.05Al and Fe-0.1C-5Al steels.

Unit: mm

Fig. 2. Welding procedure, geometric dimensions of the tool (unit: mm), and
selected location for SEM/TEM/nano-hardness specimens, respectively.

specimens were mechanically polished and etched using a 4.0 % nitric
acid +96.0 % ethanol solution. The TEM specimens were fabricated
using focused ion beam (FIB; FB-2000s Hitachi) milling, targeting the
central region of the SZ, as indicated by the red box in Fig. 2.

2.3. Nano-hardness test

The nano-hardness experiments were carried out using a nano-
indentation machine (Bruker-Hysitron TI Premier) equipped with a
computer-controlled indentation system that continuously monitors the
displacement (h) of the tip of the Berkovich-type diamond indentation
head and the applied load (P) throughout the test. The P-h curve was
analyzed based on the continuous stiffness method [32]. The nano-
hardness of the carbides was measured by setting the peak load at 800
pN. Special attention was paid to ensure that carbides reaching more
than three times the size of the indentation were selected to avoid
interference from the matrix.

3. Results and discussion
3.1. Microstructures

Fig. 3al,cl displays the SEM images after etching the initial micro-
structures of Fe-0.1C-0.05Al and Fe-0.1C-5Al prior to FSW, respectively.
The microstructures of the SZs after FSW below A; are shown in Fig. 3b1
and d1. Here, wavelength dispersive spectroscopy (WDS) microanalysis
using EPMA was employed to investigate the distribution of C and Al to
distinguish between cementite and k-carbide. The C distribution is
presented in Fig. 3a2,b2 and c¢2,d2, whereas Fig. 3a3,b3 and ¢3,d3 show
the Al distribution. All thermal processing was performed within the
range of existence of the single ferrite phase, without the o« — y phase
transformation. The initial grain sizes of ferrite in both steel plates were
relatively coarse and inhomogeneous owing to the lack of homogeni-
zation heat treatment. The size of the cementites in the base metal (BM)
of Fe-0.1C-0.05Al was approximately 1.7 pm. In contrast, with the
addition of 5 mass% Al, the carbide type was converted from cementite
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to x-carbide, as revealed by EPMA (Fig. 3a3,c3), and ferrite coexisted
with smaller « carbides (dgye, ~ 0.6 pm) in the microstructure of the BM
in the Fe-0.1C-5Al specimens, without cementite. k-carbides exist within
an appreciable ternary homogeneity range in the Fe-Al-C system [33].
The authors’ previous report verified the presence of k-carbides from the
TEM images and Kikuchi patterns using scanning electron microscopy-
electron backscatter diffraction (SEM-EBSD) [19]. In addition to the
grain refinement caused by dynamic recrystallization during the FSW
process [34], intense plastic deformation may cause partial fragmenta-
tion of cementite in the BM of Fe-0.1C-0.05Al, as evidenced by the
presence of broken cementite in the SZ (Fig. 3e), producing slightly
smaller cementite (avg. size of ~1.4 pm), without other types of carbide.
The slight reduction in the average size of the cementite is likely
attributed to the dynamic relaxation of high stress-concentrations at the
interface between cementite and the matrix. This relaxation is caused by
the accumulation of dislocations during FSW at ~700 °C, leading to a
reduced frequency of cementite fracture compared to that observed at
room temperature or lower temperatures, such as during tensile or
Charpy impact testing [19]. Furthermore, the shape of cementite may
influence its fragmentation behavior. The lamellar cementite in pearlite
was easily fragmented during FSW below the A; temperature [35],
whereas fragmentation of globular cementite was difficult. In contrast,
for Fe-0.1C-5Al, a significant portion of x-carbides in the BM surprisingly
dissolved, and the retained portion was refined to an average size of 0.4
pm in the SZ. In addition, newly precipitated cementite, approximately
0.2 pm in size, was observed along the grain boundaries, with a semi-
reticulated shape, as indicated in the marked regions in Fig. 3d1. The
above analyses revealed two distinct carbides, differing in morphology,
size, and chemical composition, and highlights their evolution during
FSW.

3.2. Mechanical properties of SZs

Fig. 4 presents a spider chart comparing the mechanical properties of
the SZs of Fe-0.1C-0.05Al and Fe-0.1C-5Al based on the authors’ pre-
vious report [19]. The properties assessed include the ultimate tensile
strength (UTS, MPa), yield strength (YS, MPa), total elongation (%),
Vickers hardness (HV), and toughness (J/m?) at room temperature. The
significant improvement in the mechanical properties observed for Fe-
0.1C-5A1 compared to Fe-0.1C-0.05Al, particularly the superior
ductility and toughness despite the high strength due to the increased Al
addition, indicates that the distinct mechanical behavior may arise from
the thermomechanical effects of FSW not only on grain refinement but
also on the changes in the carbide type and size. Compared to cementite,
k-carbides have a smaller average size under an equivalent thermody-
namic effect [19]. This suggests that the deformation behavior of car-
bides during FSW plays a critical role in improving the mechanical
properties. During the FSW process, mechanical stirring and thermal
effects affect the state of the carbide. The mechanisms of carbide
deformation are discussed in detail in Section 4.

3.3. Nano-hardness of cementite and x-carbide

During the FSW process, cementite and -carbide underwent
distinctively different deformation, primarily due to the intrinsic prop-
erties of the materials. Fig. 5a presents the nanoindentation profiles of
cementite and k-carbide precipitated in the SZs of Fe-0.1C-0.05Al and
Fe-0.1C-5Al, respectively. The inset shows a SEM image of the test re-
gion, along with the indentations. Larger carbides were selected for
testing, with a peak contact load of 800 pN, to minimize the indentation
size effect (ISE) [36]. The nano-hardness was calculated using the Oliver
and Pharr method [32]. The nano-hardness of cementite was approxi-
mately 13.0 GPa, whereas that of the k-carbides was approximately 6.9
GPa. To quantify the deformation resistance due to cementite and
k-carbides, the relationship between P/h and h [37,38] was investigated
(Fig. 5b), where P and h indicate the load and indentation depth,
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Fig. 3. SEM micrographs and WDS microanalysis elemental mappings of the corresponding regions by EPMA. (al-a3) and (b1-b3) BM and SZ of Fe-0.1C-0.05Al
(c1-c3) and (d1-d3) BM and SZ of Fe-0.1C-5Al; (e) Supplementary figure showing partial fragmented cementite observed in the SZ of Fe-0.1C-5Al after FSW.

respectively. The slope of the curves, obtained through the least-squares
approximation, can be evaluated as an index of the deformation resis-
tance. The slope of the curve for cementite was approximately 0.22 pN/
nm?, which is significantly greater than the slope for the k-carbide
(0.083 pN/nmz). This clear difference in the slope further underscores
the higher deformation resistance of cementite compared to that of
k-carbide at room temperature. These analyses suggest that cementite is
significantly harder and more brittle than k-carbide. The difference in
the deformation behaviors of these carbides during FSW is presumed to
be closely linked to this finding, although there is a temperature dif-
ference. Notably, this study represents the first direct quantitative
comparison of the hardness and deformation resistance of cementite and
k-carbides in the Fe-C-Al ternary system, moving beyond generalized or
separate descriptions of the hardness and brittleness of these species
[39,40].

3.4. Thermal & mechanical dissolution of carbides during FSW

Carbides may undergo thermal and mechanical dissolution when
subjected to frictional heat and shear forces caused by the rotation and
axial pressure of the stirring tool during the FSW process. As indicated
by the phase diagrams in Fig. 6a,b, at 700 °C where FSW was conducted,
the microstructures of Fe-0.1C-0.05A1 and Fe-0.1C-5A1 were character-
ized by ferrite 4 cementite + a small amount of solute carbon and ferrite
+ k-carbide + a very small amount of solute carbon, respectively.
Fig. 6¢,d shows the isothermal ternary phase diagrams of Fe-0.1C-Al at
700 °C and 400 °C, respectively. As the temperature decreases, the C
content in k-carbides increases, indicating that k-carbides are relatively
stable and do not readily undergo thermal dissolution under the FSW
conditions. Therefore, it was inferred that substantial thermal dissolu-
tion of carbides is unlikely during welding. Under FSW conditions below
the A; temperature, accompanied by rapid cooling, the thermodynamic
effects are minimal, making mechanical dissolution the dominant factor.
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Fig. 4. Spider diagram of the mechanical properties of the SZs of Fe-0.1C-
0.05Al1 and Fe-0.1C-5Al.

Previous studies have indicated that thin cementite in pearlite may
decompose under severe plastic deformation when steel wires are drawn
at room temperature. The primary mechanisms of cementite decompo-
sition include (1) dislocation-C interactions during the plastic defor-
mation of thin, lamellar cementite [21], where C atoms gain mobility
due to the increased temperature during deformation and migrate to-
ward high-density dislocation regions; (2) the Gibbs-Thomson effect
[41], in which severe deformation fractures the cementite phase,
increasing the interfacial free energy and enhancing the local solubility
of C, thereby facilitating carbide decomposition; (3) the C-drag effect
[42] where the strong affinity between C and dislocations leads to the
transfer of C atoms from the carbides into ferrite as dislocations traverse
the carbide/ferrite interface. Upon dislocation annihilation, the C atoms
remain in the ferrite. These mechanisms can potentially explain the
mechanical decomposition of carbides under severe plastic deformation.
Accordingly, the deformation behavior and processes related to carbide
decomposition during FSW were considered. During FSW, large elastic
and plastic strains may occur within the carbides at elevated tempera-
tures. However, owing to its hardness and brittleness, relatively coarse
cementite presumably undergoes limited deformation compared to
k-carbides, reducing the likelihood of mechanical dissolution of the
former [25].

The essential mechanical properties of crystalline materials, such as
strength and ductility, are predominantly determined by the dislocation
mobility and interactions between the dislocations and various micro-
structural features [43]. Typically, precipitates act as obstacles to
dislocation gliding, and their interactions with dislocations contribute to
material hardening [44]. The Orowan and cutting-through mechanisms
are basic sources of metal strengthening by particles [45]. In the first
scenario, at coherent or incoherent phase boundaries between the
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matrix and particles, which are sufficiently stronger than the matrix, the
dislocation bypasses the particle owing to differences in the lattice
structure, resulting in the formation of dislocation loops around the
precipitate. In contrast, cutting-through (Friedel effect) occurs only at
coherent or semicoherent phase boundaries, where the dislocation slip
plane remains continuous on account of the compatibility of the lattice
structures [46]. Notably, if the precipitated particles are hard, relatively
large, and incoherent with the matrix, dislocations may struggle to
bypass or cut through these obstacles, leading to their accumulation at
the matrix-precipitate interface, potentially serving as nucleation sites
for cracks. The accumulation of dislocations in front of obstacles creates
stress concentrations, which are presumed to induce either fragmenta-
tion or mechanical dissolution of the particles, depending on their na-
ture and size.

3.5. TEM analysis of cementite in the BM and SZ of Fe-0.1C-0.05 Al

Cementite exhibits high hardness, elasticity, and toughness [47].
Given its hardness, direct evidence of deformation is challenging to
obtain, with crack rupture along certain fracture surfaces being one of
the few visible indicators. Previous studies [48] on drawn pearlitic steel
wires identified deformation traces of cementite along the drawing di-
rection, but the information was limited to thin, lamellar pearlite and
was ambiguous. To further elucidate the deformation behavior of rela-
tively large cementite under FSW conditions below A;, specimens from
both the BM and SZ were prepared using FIB for TEM analysis. FIB
milling was focused on the center of the selected cementite to ensure its
inclusion in the upper section of the TEM specimen, where the thinner
region near the ion beam source allowed for clearer observation of the
internal microstructure of the carbide.

Fig. 7 illustrates the cementite located in the BM region of Fe-0.1C-
0.05Al. The dark-field image (Fig. 7bl) obtained using a scanning
transmission electron microscope (STEM) and the corresponding
diffraction patterns obtained along the [0,1,0] zone axis (Fig. 7b2),
along with energy-dispersive X-ray spectroscopy (EDS) analysis (Fig. 7c)
confirmed that the carbides comprised orthorhombic-structured
cementite. As indicated by the marked locations in Fig. 7al,a2, a
limited number of dislocations was clearly observed within the
cementite. These dislocations were likely introduced during the multi-
pass hot-rolling process at 700 °C, used to prepare the BM. Dislocations
were also found at the interface between the cementite and ferrite, as
well as in the region on the ferrite side at a small distance from the
interface, as shown in Fig. 7a3. Although cementite is typically regarded
as hard and brittle, the presence of these dislocations reveals that
cementite presumably experiences stress or strain during hot rolling and
plays a role in stress transfer and absorption during the overall plastic
deformation, leading to subtle changes in its local microstructure.

The SZs of the FSW specimens are illustrated in Fig. 8, revealing three
cementites approximately 2 pm in size, along the zone axis [2,2,1],
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Fig. 5. (a) Nano-hardness load (P) vs. indentation depth (h) for areas of cementite and k-carbide; (b) P/h-h curves of cementite and « carbide.
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with Thermo-Calc using TCFE9 database.

[1,1,4], and [1,0,1] (Fig. 8al-cl). Fig. 8al,bl clearly shows the presence
of dislocations within the cementite. Considering the dislocation
morphology in the BM specimen, despite its hard and brittle nature, the
cementite presumably experienced minor plastic deformation under the
hot rolling and FSW conditions applied in this experiment. Furthermore,
the dislocation density within the cementite of the BM and SZ specimens
was not significantly different. The interface region between the
cementite and ferrite was obviously different for the BM and SZ speci-
mens. The number of dislocations at the ferrite-cementite interface in
the BM (Fig. 7a3) was notably lower than that in the FSW specimen
(Fig. 8b2), which suggests that the FSW process introduces and accu-
mulates a significant number of dislocations in the ferrite region of the
interface owing to the large plastic deformation introduced during the
FSW process. The pronounced local strain gradient in the interface re-
gions caused large deformation in the ferrite region, thereby introducing
highly dense dislocations, which accumulated at the interface in the
sustained state, as illustrated in Fig. 8b3. Therefore, dislocations pri-
marily accumulated at the interface between cementite and ferrite under
shear deformation. Consequently, the interaction between the cementite

and dislocations under FSW conditions appears to align with the Orowan
mechanism rather than with mechanisms such as the cut-through pro-
cess. Increased stress concentration at the interface led to the fragmen-
tation of a small portion of the cementite, even at elevated temperatures,
although the experimental results show minor plastic deformation of
cementite owing to the extremely limited deformability of the hard,
brittle, and large cementite particles during the shear deformation
process. This behavior contributes to the reduced ductility and tough-
ness of engineering materials at room temperature [49].

Notably, the dislocation distribution in the two cementites differed:
in Fig. 8a2, the dislocation lines are dispersed, whereas in Fig. 8b2, the
dislocations are more concentrated. This discrepancy is likely attribut-
able to the difference in the shear components around these precipitates
during FSW. This observation was verified by the data in Fig. 8c1, where
no dislocations were found within the cementite. Variations in the tor-
sion angles and shear stress are presumed to produce different defor-
mation behaviors. However, each observed dislocation within the
cementite exhibited a slight curvature, whereas the overall extension of
the cementite tended to follow a specific direction. It is speculated that
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Fig. 7. TEM micrographs of FIB specimens from selected BM areas of Fe-0.1C-0.05Al; (al) TEM bright-field image; (a2, a3) showing enlargement of the selected
areas in (al), respectively; (b1) TEM dark-field image; (b2) selected area electron diffraction; and (c) TEM EDS-mapping analysis of cementite.

only a single slip system is activated within cementite during shear
deformation, making it difficult to activate multiple slip systems because
of the hard and brittle nature of cementite. Furthermore, the relatively
smooth surface of the cementite and minor reduction in its average size
may be due to a certain degree of dynamic relaxation during the FSW
process, which diminishes the effect of the stress concentration caused
by dislocations and lowers the frequency of fractures. The deformation
trajectory of the cementite appears to be associated with its (010)
cleavage plane [50,51]. This aspect of the study will be addressed in
future research.

3.6. TEM analysis of k-carbide in the BM and SZ of Fe-0.1C-5 Al

Fig. 9 shows the carbide in the BM region of Fe-0.1C-5Al, which was
confirmed to be k-carbide with an L1-type crystal structure based on
TEM-selected area electron diffraction along the [121] zone axis
(Fig. 9b3) and EDS elemental mapping (Fig. 9¢). The internal dislocation
in k-carbide was visible, which was presumably introduced during hot
rolling. Comparison of cementite in the BM of Fe-0.1C-0.05Al with
k-carbide in the BM of Fe-0.1C-5Al subjected to multi-pass hot rolling
followed by isothermal annealing at 700 °C for 30 min showed only
slight differences. Notably, some portions of the interface between the
k-carbides and the ferrite matrix presumably appeared to be semi-
coherent. The presence of semicoherent interfaces can be inferred from

the Moiré fringes or other interference patterns resulting from crystal
misorientation (as shown in Fig. 9a3), along with the significant number
of dislocations observed at the boundary at different crystal tilt angles
(Fig. 9b1). This misfit primarily arises from the differences in the lattice
parameters, leading to increased stress near the interface. Under such
conditions, the boundaries between the matrix and precipitate may
gradually transition into coherent or semicoherent interfaces. Although
coherent interfaces generally imply good lattice matching, semicoherent
interfaces typically incorporate dislocations to manage partial lattice
misfits [46]. In semicoherent interfaces, a partial lattice misfit typically
results in the generation of dislocations to accommodate mismatched
regions, thereby allowing the two adjacent crystal structures or orien-
tations to adjust and alleviate the strain induced by the lattice mismatch
at the boundary. In regions subjected to high strain or significant plastic
deformation [52], the interface between the x-carbides and the ferrite
matrix exhibits substantial elastic strain, causing local disorder in the
crystal structure and misorientation. Note that the presence of such
semicoherent interfaces is presumed to allow shearing of the k-carbide
during interactions with dislocations under conditions of large plastic
deformation.

For the SZ specimens of Fe-0.1C-5Al, distinctly different carbide
deformation behavior was interestingly observed. Fig. 10 shows the
three x-carbides at the selected locations, which were densely filled with
dislocation lines that were notably bent and disordered. Owing to their
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Fig. 8. TEM micrographs of FIB specimens from selected SZ areas of Fe-0.1C-0.05Al, including three carbides; (al, bl) TEM bright-field image with selected area
electron diffraction of cementite; (a2, b2) enlargement of the selected area in (al) and b1, respectively; (a3, b3) enlargement of the selected area in (a2) and (b2),
respectively; (c1) TEM bright-field image, (c2) TEM dark-field image, and (c3) electron diffraction of a selected area of dislocation-free cementite.

relatively softer nature compared to cementite, it is speculated that
multiple slip systems were activated within the k-carbides under shear
deformation, and the k-carbides experienced significant plastic defor-
mation during the FSW process. The k-carbides introduced numerous
internal dislocations, which are presumably coordinated with disloca-
tions located at the neighboring ferrite boundary [53], and the dislo-
cations are presumed to cut through the k-carbides [22,54]. This process
is aligned with the cut-through mechanism [46]. Under shear stress, the
deformability of ferrite facilitates the introduction of numerous dislo-
cations, while the relatively soft nature of k-carbide is assumed to
simultaneously lead to the generation of internal dislocations. The
semicoherent phase boundaries presumably enable the dislocation slip
to overcome the resistance posed by the k-carbides, thereby inducing
shearing. The enlarged view of the dashed box in Fig. 10II reveals that
less dislocation density accumulated at the ferrite/x-carbide interface
because the existing k-carbides allow dislocation shearing.

The strong attractive interaction energy (0.8 eV/atom) between the
high-density mobile dislocations and C atoms exceeds the bonding en-
ergy between Fe and C in cementite (0.5 eV/atom) and the k-carbides
(0.29 eV/atom) [21,55]. Notably, the bonding energy between Fe and C
in k-carbide is much smaller than that in cementite; thus, dislocations
can trap C atoms in kx-carbide and transfer them to the a-ferrite matrix.
This novel process is attributed to the localized stress fields generated by
the dislocations, which attract and trap C atoms, outweighing the
bonding energies within the carbides. Some of the C atoms captured in
the dislocations diffused toward the grain boundaries with a deeper

attractive potential. Moreover, as the dislocations intersected and
formed pairs, leading to partial annihilation and rearrangement at
elevated temperatures, the released C atoms diffused toward parts of the
grain boundaries, and the segregated C led to the precipitation of fine
cementite particles at the grain boundaries. This inference corresponds
to the observed precipitation of fine cementite in the SZ of Fe-0.1C-5Al.
The motion of the high-density dislocations that “capture” C atoms is
analogous to the tendency of solute atoms (such as C and N) to segregate
at defects (e.g., dislocations, interfaces) to minimize the free energy in
the system [56,57].

3.7. Formation of intergranular cementite during cooling after FSW of Fe-
0.1C-5A1

To quantitatively determine whether the inferences made in the
previous section regarding the precipitation behavior of fine cementite
at the grain boundaries in the SZ of the Fe-0.1C-5Al specimen are valid,
the diffusion distance of C atoms in ferrite during the cooling phase after
FSW was evaluated (using the diffusion distance of Al as a reference).
Fig. 11 shows the heat cycle measurements obtained using a thermo-
couple during FSW under the same welding conditions.

The lattice diffusion coefficient D is commonly utilized to assess the
diffusion distance, L, of a solute and is calculated using Egs. (1) and (2).

D:Doem(—%) 1)
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Fig. 9. TEM micrographs of FIB specimens from selected BM areas of Fe-0.1C-5Al; (al) bright-field image; (a2, a3) enlargement of selected areas in (al), respectively;
(b1) TEM bright-field image at different tilt stage angles; (b2) TEM dark-field image; (b3) selected area electron diffraction; (¢) TEM EDS-mapping analysis of

k carbide.

The pre-exponential factor and activation energy for C diffusion in
ferrite are Dp = 2 x 10 ® m?/s [59] and Q = 87.4 kJ/mol [60], and those
for Al diffusion in ferrite are Dy = 2.4 x 107'% m?/s [61] and Q=142
kJ/mol [62], respectively; R is the gas constant (8.314 J/mol-K). Given
that the diffusion rate of C atoms decreases significantly below 200 °C, C
diffusion is considered negligible at lower temperatures [63]. During
this period of several seconds, C atoms complete the main diffusion
process and accumulate at the grain boundaries. The diffusion distance,
L, is expressed as:

s S % (Q
L _/q, Ddt—Do/tu exp( —T(t))dt @

where tp and tyare the time at the start and finish (200 °C) of cooling (see
Fig. 11). The diffusion distance of the C and Al atoms during the FSW
was estimated to be approximately 45 pm and 4.2 x 10~% pm, respec-
tively, which, in the case of C, significantly exceeds the radius of the
ferrite grains (~3 pm) in the SZ of FSW below A;. Grain boundary
precipitation of fine cementite is inferred to take place during the
cooling phase of FSW.

3.8. Verification of dissolution and reprecipitation behavior of carbides
during FSW

To further verify the hypothesis that the partial dissolution of
k-carbides is followed by the precipitation of fine cementite at the grain
boundaries in the SZ during FSW, post heat-treatment was performed at
700 °C for 10 min. Under the set conditions, the metastable fine

cementite in the SZ of Fe-0.1C-5Al is expected to dissolve first [64], after
which the stable k-carbides precipitate.

In Fe-0.1C-0.05Al, cementites persisted in the SZ after the post-heat
treatment, as shown in Fig. 12a,bl. The carbide type was determined
through selected-area electron diffraction (Fig. 12b3) and EDS analysis
(Fig. 12c¢). Even after the post-heat treatment, dislocations were still
observed within the cementite, as shown in Fig. 12b2. In contrast, it is
interesting that a significant amount of carbides precipitated in the SZ of
Fe-0.1C-5Al after the post heat-treatment, all of which were identified as
k-carbide through TEM and EDS analyses, with no detection of
cementite. This suggests that the fine cementite at the grain boundaries
in the SZ first dissolved and were then transformed into x-carbide.
Consequently, the hypothesis that k-carbide dissolves, accompanied by
the formation of metastable cementite during FSW of Fe-0.1C-5Al was
verified.

Statistical analysis of the changes in the type, size, and number of
carbides during FSW and post-heat treatment was conducted for the Fe-
0.1C-0.05A1 and Fe-0.1C-5Al specimens. In Fe-0.1C-0.05Al, the
cementite particles with a size of approximately 1.7 pm experience
minor plastic deformation under the shear forces during the FSW pro-
cess. Given their inherent hardness and brittleness, these cementites are
prone to fragmentation under stress, resulting in an average size
reduction to approximately 1.2 pm (Fig. 13b). Following the post heat-
treatment, the cementites grew slightly to a size of ca. 1.4 pm, with no
other carbide type detected (Fig. 13c). Furthermore, during this post-
annealing stage, an overall slight coarsening of the particles, regard-
less of the type of carbide, occurred through Ostwald ripening [65],
which is commonly used to explain the morphological changes that
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Fig. 10. TEM micrographs of FIB specimens from selected SZ areas of Fe-0.1C-5Al, including three carbides (I, II, III) with corresponding magnified images and

electron diffraction of the selected area.
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Fig. 11. Heat cycle during FSW, measured using thermocouples [58].

occur at the end of a first-order transformation driven by a reduction in
the interfacial energy. Decreasing the total interfacial energy increases
the size of the coarsened particles through diffusive mass flow from the
shrinking to growing precipitates at the expense of the smaller ones
[66]. In other words, the thermal effect of post heat-treatment, i.e.,
holding at 700 °C for 10 min, causes coarsening of the cementite in the
SZ of Fe-0.1C-0.05Al. On the other hand, after FSW, smaller particles of
residual k-carbides were observed in the SZ of Fe-0.1C-5Al, along with
fine intergranular cementite. Post heat-treatment initially led to the
dissolution of fine cementite, with subsequent precipitation of a signif-
icant number of stable k-carbides (0.2 pm) at the grain boundaries
(Fig. 13d,e1,e2,f). Elemental analysis of the carbides precipitated at the
grain boundaries in the statistical region revealed that all the carbides
were k-carbides, with no evidence of cementite. The thermal effect of
post heat-treatment causes the small cementite particles to dissolve and
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reprecipitate as small x-carbides, accompanied by growth of the
remaining k-carbides in the SZ of Fe-0.1C-5Al.

3.9. Proposed mechanisms of cementite and k-carbide deformation during
FSwW

Fig. 14 presents a schematic of the evolution of cementite and
k-carbides in the SZ of Fe-0.1C-0.05Al and Fe-0.1C-5Al during FSW
below the A; temperature. The FSW process is divided into three stages.
The cementite in Fe-0.1C-0.05Al undergoes slight plastic deformation
under the influence of shear forces, and the strain distribution in-
troduces numerous dislocations at the cementite/ferrite interface. As the
dislocations accumulate, their large size and the hard and brittle nature
of cementite make it difficult for dislocations to cut through the
cementite, leading to stress concentration at the interface and partial
fragmentation of cementite, presumably due to dynamic relaxation of
the concentrated stress at the interface. In contrast, the softer k-carbide
in Fe-0.1C-5Al forms dislocations, resulting from significant plastic
deformation and the low density of dislocations at the k-carbide/ferrite
interface, caused by the ability of the dislocations to cut through the
k-carbides, facilitated by the semicoherent interface. This process ulti-
mately resulted in the observed smaller size of the remaining k-carbide.
Meanwhile, the C atoms from the k-carbide are captured by dislocations
and transferred into the ferrite region. As the dislocations merge and are
annihilated at elevated temperatures, these unbound C atoms diffuse
and segregate at the grain boundaries, leading to the formation of very
fine, semi-stable cementite in a network or semi-network structure
during FSW.

4. Conclusions

The novel deformation behavior of cementite and k-carbide during
FSW of Fe-0.1C-0.05Al and Fe-0.1C-5Al (mass%) steels below the A;
temperature was systematically evaluated by clarifying the internal
dislocation characteristics of the deformed carbides. The results are as
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Fig. 12. (a) SEM image of SZ after post heat-treatment of Fe-0.1C-0.05Al at 700 °C for 10 min; (b1) TEM bright-field image of cementite with corresponding (b2)
magnified images and (b3) selected area electron diffraction of cementite; (¢c) TEM EDS-line analysis of cementite; (d) SEM image of SZ after post heat-treatment of
Fe-0.1C-5Al at 700 °C for 10 min; (el) TEM bright-field image of k-carbide with corresponding (e2) magnified images and (e3) selected area electron diffraction
pattern of k-carbide; (f) TEM EDS-line analysis of k-carbide.

follows:

(1) Nano-indentation tests revealed for the first time that the nano-

(2

3

)

-

hardness of cementite (13.0 GPa) was greater than that of the
k-carbides (6.9 GPa). During FSW, the cementite undergoes slight
plastic deformation, followed by rupture, due to its hard and
brittle nature, while the x-carbide experiences significant plastic
deformation.

In the SZ of the Fe-0.1C-0.05Al joint, shear forces introduced a
large number of dislocations at the interface between the
cementite and ferrite matrix. The accumulation of these disloca-
tions, combined with the brittle and hard nature of cementite,
prevents dislocation bypasses or penetration, resulting in local
stress concentration and eventual fragmentation of cementite.
In contrast, in the SZ of the Fe-0.1C-5Al joint, the relative softness
of k-carbide allows dislocations that accumulate at the interface
to cut through the interface. The moving dislocations capture C

atoms and transfer them into the ferrite region; namely, me-
chanical dissolution occurs where C atoms diffuse to the grain
boundaries, leading to the precipitation of fine cementite during
FSW.
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