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ARTICLE INFO ABSTRACT

Keywords: The widespread adoption of high-Al steels is hindered by weldability challenges due to thermal cracking sus-
Friction stir welding ceptibility and coarse-grained phase transformations by traditional fusion welding. For the first time, we
Fe-C-Al

demonstrate an innovative low-temperature (<700°C) friction stir welding (FSW) for processing Fe-10Al and Fe-
0.1C-10 (wt%) Al alloys. The X-ray diffraction (XRD) and transmission electron microscope (TEM) observations
confirmed that the ultralow-rotation/high-load FSW process induces order phase DOs disordering by severe
plastic deformation and k-carbide shearing by gliding dislocations, collectively relieving stress concentrations
while achieving ~6 pm grain refinement. This unique microstructural evolution promotes dislocation slip-
dominated deformation and consequently superior strength-ductility synergy in high-Al steels compared to the
existing methods. Quantitatively, the small sized specimens of Fe-10Al alloy exhibited a tensile strength of
~684 MPa with a total elongation of ~40 %, local elongation around 28 %, and an impact upper shelf energy of
~390 kJ/m? with a DBTT of -15 °C. Meanwhile, the Fe-0.1C-10Al alloy achieved a higher strength of ~725 MPa
and a total elongation of ~38 %, along with an upper shelf energy of 454 kJ/m2. However, due to the presence of
residual x-carbides and DOs, faster crack propagation occurred during impact testing, resulting in an increased
DBTT (~70 °C). The study establishes new FSW parameter-design principles for manufacturing high-

DOs decomposition
Shearable k-carbide

performance high-Al steel components.

1. Introduction

The demand for lightweight steel in structural applications continues
to grow, particularly in the automotive and transportation sectors. This
trend arises from the pressing need to improve fuel efficiency, lower
carbon emissions, enhance strength-to-weight ratios, and ensure high
safety standards [1,2]. The addition of lightweight elements such as Li,
Mg, Al, Si, etc. through alloying significantly reduces the density of steel.
Among these, Al [3] has emerged as the key element in the development
of low-density Fe-Al alloys due to its exceptional performance in
reducing density, enhancing strength, and providing corrosion resis-
tance as well as high temperature oxidation resistance [4]. However, the
onset of ordering reactions occurs at approximately 5 wt% Al content.
The structure transitions from a disordered state to the intermediate
K-state (~6 wt% Al) and subsequently to the ordered structures DOs
(~10 wt% Al) and B2 (~22 wt% Al) as the Al content increases [5].
These transformations influence the strength, ductility, toughness, and
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elastic properties of the materials, caused by the ordered DO3 and B2
superlattice structures, which exhibit brittle characteristics [6].

For Fe-Al alloys with an Al content exceeds 20 at%, DOs or B2 or-
dered structure forms depending on the Al content and temperature, the
relationship between mechanical properties has been extensively re-
ported and studied in detail [7,8]. Where, the A3B (FesAl)) type as the
perfect order of DOs-phase with cubic structure (Lattice parameter:
0.5792 nm; Space group: Fm-3m) is regarded as an ordered arrangement
based on the disordered A2 (body-centered cube, BCC) structure.
Nucleation and growth of the classical DOs phase from a ferrite (¢ —
DOs) was observed in the report of Morris et al. [9]. The ordered DOs
phase restricts dislocation slip through pinning effects, and its domi-
nance with increasing Al content significantly enhances the tensile and
yield strengths of Fe-Al ferrite-based alloys but is accompanied by a
sharp decline in total elongation and a transition in fracture mode from
ductile to brittle fracture without necking [10]. The local elongation
drops to nearly 0 % as the Al content reaches 10 wt% [4]. Consequently,
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the current Al content in ferrite-based Fe-Al alloys is presumed to be
strongly limited.

Whereas in Fe-C-Al ternary alloys, the type of carbides precipitated
varies with the Al content [11]. These precipitates serve as an obstacle to
the dislocation motion and form the foundation of precipitation hard-
ening mechanism for enhancing the strength of metallic materials [12].
This process generally occurs in two modes [13]: dislocations either
cutting through semi-coherent or coherent-lattice particles at higher
stresses or bypassing impenetrable precipitates via Orowan loops, also
requiring stress increment. The Orowan looping mechanism, although
providing notable strengthening, involves dislocation accumulation
around impenetrable particles, leading to stress concentration and
consequently leading to the risk of particle cracking [14]. Furthermore,
this stress concentration often renders the interface between the matrix
and hard particles vulnerable to crack initiation, significantly compro-
mising the ductility and damage tolerance of material under stress. This
trade-off has driven efforts to introduce coherent nano-precipitates into
alloys as a facilitation to balance strength and ductility synergy [15,16].
Nevertheless, this method typically entails a highly intricate and
controlled processing route. Challenging this conventional approach,
the shearable k-carbide precipitates was intentionally introduced with
an objective of getting dual benefits [11]: the strengthening and
strain-hardening effects associated with dislocation bowing, and the
enhanced ductility effect resulting from stress relaxation during dislo-
cation cutting through these precipitates.

Notably, friction stir welding (FSW) [17], as a unique and intense
thermo-mechanical process, has the potential to decompose the DOs
phase and generate a high density of dislocations capable of shearing
k-carbides, thereby readily enhancing the mechanical properties of Fe-Al
and Fe-C-Al alloys with high Al content. In contrast, conventional fusion
welding techniques [18] generally involve high heat input — for
instance, gas tungsten arc (GTA) welding typically operates in the range
of 270-1466 J-mm™" [19]. Such excessive thermal input often leads to
severe microstructural coarsening and a high risk of solidification
cracking in the fusion zone, both of which contribute to brittleness and
degraded joint performance. Based on this, Ku et al. [20] and Tjong et al.
[21] attempted to employ relatively lower heat input fusion welding
methods, such as electron beam and continuous wave CO: laser welding,
to join Fe-28Mn-(5,6)Al-1C alloys. However, the resulting welds still
showed significantly inferior strength and toughness compared to the
base metal. Microstructural characterization revealed minor Al micro-
segregation in interdendritic regions, as well as a mixture of columnar
and equiaxed austenite, which collectively accounted for the poor me-
chanical performance. To the best of our knowledge, there are no pre-
vious studies successfully applying fusion welding techniques to high-Al
steels with satisfactory mechanical outcomes.

By comparison, FSW, as a solid-state welding process, effectively
avoids the issues associated with fusion-based methods — particularly
solidification cracking and weld zone coarsening. Its ability to maintain
a relatively low peak temperature while inducing intense plastic defor-
mation makes it an especially suitable technique for joining high-Al
steels. By employing optimized parameters (rotational rate: 80 rpm;
traveling speed: 100 mm/min; axial force: 40 kN), this process achieves
effective joining at low peak welding temperatures below 700 °C,
significantly refining dynamically recrystallized grain, strongly affecting
DOs3 and k-carbide, which are expected to result in the novel properties
of ferrite-based high-Al alloys [17]. In other words, this leads to a
desirable combination of strength and toughness in the stir zone (SZ),
accompanied by an improvement in local elongation [22]. On the other
hand, comparative analysis indicates that SZ specimens of the
Fe-0.1C-5Al1 alloy exhibit enhanced strength, ductility, and toughness
compared to those of the Fe-0.1C-0.05Al alloy. These improvements are
attributed to the distinct deformation behaviors of cementite and
k-carbide under the thermo-mechanical conditions inherent to the FSW
process [11]. Consequently, the metallurgical concept realized by the
unique FSW process using 10 wt%Al alloys is expected to be applied to
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manufacture high-Al base metal products having novel properties.
However, to date, no studies have explored the FSW of high-Al (~10 wt
%) ferritic steels and their mechanical performance under conditions not
exceeding peak temperature 700°C.

To fill this gap, this study systematically investigates the micro-
structural evolution and mechanical behavior of the stir zones (SZs) in
FSWed Fe-10Al and Fe-0.1C-10Al (wt%) alloys, with a particular focus
on the responses of the ordered DOs phase and k-carbides. This work, for
the first time, demonstrates that excellent strength, ductility, and
toughness synergy in SZ of high-Al steels can be achieved by carefully
tailoring the FSW parameters. Furthermore, this approach shows
promise for broader application to other high-Al or high-alloy steels.
Overall, this study addresses a key research gap and proposes a novel
strategy for solid-state joining of brittle high-Al ferritic steel.

2. Experimental procedure
2.1. Materials preparation and friction stir welding

The thermomechanical processing route in this study is illustrated in
schematic Fig. 1f. Fe-10Al and Fe-0.1C-10Al alloy ingots with 350 gf
were melted using a high-frequency vacuum induction furnace. Prior to
hot rolling, the ingots were inserted into the box furnace and preheated
at 700 °C for 10 min. Multi-pass hot rolling was then performed on the
ingots to reduce the final thickness to 3.4 mm. The ingots were heated at
700°C for 10 min before each pass to maintain a consistent hot rolling
temperature. The rolled plates were subsequently annealed at 700 °C for
30 min followed by air cooling. Following annealing, the plates were
milled on both the surfaces to remove the oxide scale and obtain a final
plate of 3 mm thickness for subsequent FSW. The final dimensions of the
plates for FSW include a length of approximately 200 mm, a width of
approximately 40 mm, and a thickness of 3 mm.

The schematic of the FSW process is shown in Fig. 1b. To ensure a
ferrite-based microstructure, the peak welding temperature was inten-
tionally controlled at a low temperature within the ferrite phase region
(~700 °C) [23]. The welding parameters were set as follows: signifi-
cantly low tool rotational rate of 80 rpm, traveling speed of
100 mm/min, and axial force of 40 kN, respectively. Importantly, a
constant relatively high axial force was maintained during the entire
welding process at a low temperature, as verified by the pressure
recording and thermal cycle shown in the insets of Fig. 1b. The axis load
was constantly maintained at 40 kN, and the peak temperature remained
below 700 °C to achieve (1) minimized heat input, and (2) enhanced
shear deformation. The welding tool was fabricated from cemented
tungsten carbide (WC) (FSW7, Sanalloy, Japan), with a shoulder
diameter of 15 mm, a pin diameter of 6 mm, and a pin length of 2.9 mm,
as shown in Fig. 1c. The tool tilt angle along the transverse direction was
maintained at 3°. The entire FSW process was conducted under an argon
atmosphere (20 L/min.) to prevent oxidation of the weld surface. Fig. 1d
shows the macroscopic appearance of the steel plate surface and
cross-sectional morphology of joints after FSW under load control, dis-
playing without macroscopic inclusions, undercuts, and pores. The
subsequent microstructure observations and mechanical testing prove
that sound joints were obtained for high Al alloys of 10 wt%.

2.2. Microstructural analysis

Specimens for microstructural characterization and mechanical
testing were sectioned using electrical discharge machining (EDM).
Microstructural observations were conducted using a field-emission
scanning electron microscope (FE-SEM; JEOL JSM-7001FA) and a
transmission electron microscope (TEM; JEOL 2011 F). SEM specimens
were mechanically polished and etched with a solution of 4.0 % nitric
acid in 96.0 % ethanol, followed by ultrasonic cleaning before exami-
nation. Analyses of grain size, deformation mechanism, and crack
propagation were performed using an electron backscatter diffraction
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Fig. 1. Schematic illustration of the matrix plates preparation procedure, the FSW process, sampling positions, geometry and dimension of specimen (Unit: mm), and
the weld/joint cross-sectional morphologies. (a) Casting, hot rolling, and annealing conditions for Fe-10Al and Fe-0.1C-10Al alloys. (b) Diagram of the FSW process at
80 rpm, 40 kN, and 100 mm/min. The inset shows the pressure (constant at 40 kN) and thermal cycle during welding, with peak temperature below 700 °C.
Sampling locations for tensile (blue box) and mini Charpy impact specimens (red box) are indicated. (c) Geometry and dimension of the WC tool used in FSW. (d)
Surface appearance and cross-sectional morphology of joints produced on Fe-10Al and Fe-0.1C-10Al plates under the above FSW conditions, showing defect-free
joints. (e) Dimension of the non-standard tensile specimen. (f) Dimension of the miniaturized Charpy impact specimen.

(EBSD) system integrated with the SEM. EBSD specimens were me-
chanically polished and subsequently treated with an oxide polishing
suspension (OPS) to remove residual surface deformation and mechan-

ical stress. The acquired EBSD data were processed using TSL OIM
analysis software.

TEM specimens were prepared using a focused ion beam (FIB)
milling process with an FEI Helios NanoLab 600 dual-beam system. The
FIB-selected regions were located at the center of the SZ, as indicated by
the yellow box of the SEM/TEM specimen in Fig. 1b. For carbon-
containing alloys, FIB milling was performed at the midsection of the
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carbide particles, ensuring that the upper region of the TEM specimen
contained carbides with a sufficiently thin thickness (~50-70 nm) for
detailed microstructural analysis.

Phase identification was conducted using X-ray diffraction (XRD,
RIGAKU-ULTIMA 1V) in addition to TEM analysis. The XRD measure-
ments included both broad-range scans (Step size: 0.05°) and high-
resolution scans for selected regions (Step size: 0.01°).

2.3. Mechanical property tests

Microhardness distribution was evaluated using the same SEM
specimens with a Vickers hardness tester (FM-800, FUTURE-TECH)
under a load of ~2.94 N (HV0.3) and a dwell time of 15 s. Indentation
spacing was maintained at 0.3 mm.

Tensile specimens were obtained perpendicular to the welding di-
rection. Tensile specimens were prepared as non-standard dog-bone-
shaped small specimens, with dimensions provided in Fig. le. All
specimens were mechanically polished to eliminate surface defects or
irregularities. The tensile strength evaluation was performed by a uni-
versal tensile test machine (AGS-X, SHIMADZU, Japan) with a 10 kN
load capacity at a constant crosshead displacement rate of 0.2 mm/min
at room temperature. A digital image correlation (DIC) system was
employed for strain monitoring by the application of a speckle pattern.
Images were captured at a frequency of 500 ms and synchronized with
the load-displacement data. Each tensile test was conducted at room
temperature, with three repeated tests per condition to ensure repro-
ducibility. The displacement field and strain were analyzed using Vic-3D
software [24].

Charpy impact tests were conducted (Tanaka, MI20T-DO5KJ type)
with a temperature range from —120 °C to 120 °C and the impact ve-
locity was 60 m/min. The specimens were non-standard V-notched
specimens with dimensions of 1 x 1 x 20 mm and a notch depth of
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0.2 mm, as shown in Fig. 1f.
3. Results
3.1. Microstructures of base metal and stir zone

The secondary electronic image (SEI) morphologies of the base
metals (BM) (Figs. 2a,d1) and the SZs (Figs. 2b,el) of Fe-10Al and Fe-
0.1C-10Al alloys, as well as the inverse pole figure (IPF) maps of the
SZs (Fig. 2¢,f), are presented. Coarse ferrite grains appear highly elon-
gated due to multi-pass hot rolling in the BMs of Fe-10Al and Fe-0.1C-
10Al. Dynamic recrystallization (DRX) induced by FSW refines the
ferrite grains (Fig. 2b) with an average equiaxed ferrite grain size of
approximately 5.0 pm in the SZ of Fe-10Al (Fig. 2c¢). The addition of
0.1 wt% C to the Fe-10Al alloy results in the precipitation of coarse
carbides within the ferrite matrix of BM, as shown in Fig. 2d1. The
enlarged view of the red-marked region in Fig. 2d1 is displayed in
Fig. 2d2. SEM-EDS line scans confirm that the precipitated carbides are
k-carbides, with a noticeable Al-depleted region surrounding the larger
k-carbide particles. The calculated phase diagram suggests that k-car-
bides can exist over a broad composition and temperature range [1,17].
It is well known that excess Al promotes the thermodynamic stabiliza-
tion of x-carbides. With the addition of 10 wt% Al, the precipitated
k-carbides have an average size of approximately 2.5 pm, which is larger
than those at 5 wt% Al (0.6 pm) [17]. As the Al content increases, a
higher fraction of relatively large k-carbide particles tends to precipitate.
This phenomenon was also reported in previous studies on the micro-
structure and mechanical properties of FeMnAlC alloy weld
heat-affected zones [25]. After FSW, the ferrite grain size is refined to
6.1 pm (Fig. 2f), and large k-carbides in SZ partially retained from the
BM are evident (Fig. 2el). Additionally, fine carbides are observed at
grain boundaries, which EDS analysis identifies as k-carbides (Fig. 2el,

_ Fe-1041 (BM)

(b) @D

20
?/]6 - B
§ —a— Al
E]z_ Jpﬁﬁn\
M. L
‘5 4f u"ﬂg)%
N ; f
00 06 12 18 24 3.0 3.6
Distance (um)
&£20
S ™ ——c
g 16 ——al
512¢ N
B
< 8t
&5
24
Bl e -
00 05 10 15 20 25
Distance (um)
(e2)
ND
BM
||
AS D RS

Fig. 2. Microstructure analysis of BM and SZ regions of Fe-10Al and Fe-0.1C-10Al alloys. (a, b) SEM images of the BM and SZ of Fe-10Al alloy, respectively. (c) The
corresponding IPF maps of SZ in Fe-10Al alloy. (d1, e1) SEM images of the BM and SZ of Fe-0.1C-10Al alloy, respectively. (f) The corresponding IPF maps of SZ in Fe-
0.1C-10Al alloy. (d2, e2) Magnified views of selected areas in (d1) and (el) for EDS analysis of precipitated carbides, as shown in Area 1, 2, and 3.
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with an enlarged view of the blue-boxed region in Fig. 2e2). Notably, the
Al and C content in the measured k-carbides is slightly lower than in the
BM. During FSW, although k-carbides exhibit some deformability, ferrite
undergoes more substantial plastic deformation [11]. This strain in-
compatibility leads to the partial decohesion of k-carbides and matrix.

On the other hand, given the high Al content (~10 wt%), the for-
mation of the ordered DOs phase is expected. This was confirmed by
XRD analysis as shown in Fig. 3. By comparing the Powder Diffraction
File (PDF) cards of the ferrite matrix (PDF: 01-075-6499) and ordered
FesAl (PDF:00-033-0020), as provided by the International Centre for
Diffraction Data (ICDD), it was found that most major ferrite peaks of the
two alloys overlap significantly within the 20 range of 20°~90°. The
three strongest ferrite peaks appear at approximately 44.2° (110), 64.3°
(200), 81.3° (211). A distinct characteristic peak of DOs appears at
approximately 20 ~ 26°~27°. To verify its presence, a high-resolution
scan (Step size of 0.01°) was performed within this range, revealing a
weak peak at ~26.8° in both the BM and SZ of Fe-10Al, speculating the
existence of the DOs phase. Another verification of DO3 by TEM obser-
vation is presented later in this paper. For the Fe-0.1C-10Al alloy, a
detailed scan was conducted within the 26 range of 41.0°~42.8° using a
step size of 0.01°, presumably detecting a weak but characteristic peak
corresponding to k-carbide. Although faint, this peak is sufficient to
confirm the presence of k-carbides, aligning well with the microstruc-
tural observations and interpretations described earlier.

3.2. Hardness distribution

The hardness distributions of the BM and SZ in Fe-10Al and Fe-0.1C-
10Al alloys are shown in Fig. 4. The BM hardnesses were 233 HV and
244 HV, respectively. The SZ hardnesses increased slightly to 242 HV
and 256 HV despite significant grain refinement by FSW in Fe-10Al and
Fe-0.1C-10Al alloys, respectively. Compared to the reported hardness
variations in Fe-5Al alloys after FSW [17], the hardness increment is
relatively small, likely due to DOs phase decomposition during FSW,
which will be further discussed in the subsequent section.

3.3. Tensile properties

The room-temperature tensile curves of the SZ specimens of Fe-10Al
and Fe-0.1C-10Al alloys are shown in Fig. 5a,b, respectively, with the
corresponding tensile properties summarized in Fig. 5c. For reference,
the tensile curves of Fe-xAl alloys (0.05, 2, and 5 wt% Al) and Fe-0.1C-
xAl alloys (0.05 and 5 wt% Al) reported in a previous study [17] are also
inserted in Fig. 5a,b. The nominal mechanical properties for various Al
contents are listed in Table 1. The SZ specimen of the Fe-10Al alloy
exhibits a yield strength (YS) of 626 MPa, an ultimate tensile strength of
684 MPa, and a high elongation of 40 %, together with substantial local
elongation (L-EL.). In contrast, the addition of 0.1 wt% C to Fe-10Al alloy
enhances tensile strength, achieving a YS of 640 MPa and a UTS of
725 MPa, though total elongation (T-EL) slightly decreases to 38 % still
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3 Fe-10Al1(SZ) FeAlC,5 (111) Step: 0.01°
—~ 1 Fe-0.1C-10A1 (BM) M
S Fe-0.1C-10Al (SZ)
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>
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E ]
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Fig. 3. XRD analysis of the BM and SZ regions of Fe-10Al and Fe-0.1C-10Al
alloys; the inset shows a detailed scans of selected characteristic angular
ranges for both alloys.
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with large L-EL

Fig. 6 summarizes the mechanical properties (yield strength and
elongation) of the base metals with Al contents below 5 wt% and
increased to 10 wt%. It should be noted that the BMs were not ho-
mogenized prior to testing, and the results are presented for reference/
comparison only. Despite the high Al content (10 wt%), both FSWed
alloys with fine grain sizes exhibit an excellent balance of strength and
ductility, which is completely different from the results of previous work
[4]. The variations in strength and ductility of FSWed specimens with
different Al contents are discussed in Section 4.3.1.

3.4. Fractography test

Fig. 7 presents the fracture morphologies of Fe-10Al and Fe-0.1C-
10Al alloys after tensile testing, revealing distinct fracture behaviors
influenced by composition and microstructural features. In Fe-10Al
(Fig. 7al), the fracture surface predominantly exhibits a ductile frac-
ture mode, characterized by numerous equiaxed dimples (magnified
micrographs Fig. 7a2). The presence of these dimples indicates signifi-
cant plastic deformation prior to fracture. In contrast, the Fe-0.1C-10Al
alloy exhibits a more complex fracture behavior, as shown in Fig. 7b1,
cl, which displays fracture surfaces from two different regions of the
same specimen, highlighting variations in local fracture morphology.
The corresponding magnified images (Fig. 7b2,c2) reveal that both
ductile and brittle fracture regions coexist in the Fe-0.1C-10Al alloy,
indicating a mixed fracture mode. Notably, k-carbides are embedded
within some dimples, suggesting that carbide-matrix interactions influ-
ence the fracture mechanism. Additionally, secondary cracks are
observed, particularly in Fig. 7cl, indicating that cracks presumably
initiated in coarse k-carbides and propagated into the matrix.

3.5. Impact toughness

The impact energy absorptions as a function of temperature for all
SZs of Fe-10Al and Fe-0.1C-10Al specimens, obtained via miniature
Charpy impact testing, are shown in Fig. 8a,b. The dimensions of the
impact test specimens are illustrated in the inset of Fig. 2d. The upper
shelf energy (USE) of the Fe-10Al alloy reaches approximately 390
+9kJ/m? with a ductile-brittle transition temperature (DBTT) of
approximately —15 + 3°C. In contrast, the Fe-0.1C-10Al alloy shows an
increased USE of 454 + 5 kJ/m?, while its impact toughness curve shifts
to higher temperatures, resulting in a DBTT of approximately 70 + 5°C.
With increasing Al content, the USE increases while the DBTT also rises,
following a trend consistent with previous studies on alloys with < 5 wt
% Al [17].
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as reference [17]. (¢) YS, UTS, U-EL, L-EL., and T-EL. of Fe-10Al and Fe-0.1C-10Al alloys; Strength values are plotted on the left axis, and elongation values on the

right axis.

Table 1
Summary of the mechanical properties of FSWed specimens. The values are
shown as the mean + SD.

Material Type Tensile properties

4. Discussion
4.1. Decomposition of the order phase during friction stir welding

DOs represents a continuous ordered arrangement derived from the

YS(MPa) UTS(MPa) U-EL (%) L-EL(%) T-EL (%) A2 structure. The high coherence between the ordered DOs structure and
Fe—0.05A1 361+ 6 379+ 6 14+1 3949 53+ 1 the matrix, similar to the relationship between the B2 ordered structure
Fe—2Al 466 + 4 501 + 10 13+1 31+1 4 +1 and its matrix [25]. Fig. 9a illustrates the selected location of the
Fe—5Al 532+£5 562 +7 13+1 26+2 39+2 FIB-prepared TEM specimen in BM, supported by bright-field TEM
Fe—10Al Ll 684 +7 12£1 it 40+3 image (Fig. 9b), as well as selected area electron diffraction (SAED)
Fe- 445+ 4 463 + 11 11+1 30+1 41+1 . ) L.
0.1C—0.05A1 patterns (Fig. 9c) to confirm the DOj3 exist in Fe-10Al alloy.
Fe-0.1C—5Al 636+ 6 677 +5 13+2 3242 45+1 High-resolution TEM (HRTEM) images were acquired along the
Fe-0.1C—-10Al  640+9  725+11 13+1 25+3 38+2 < 100 > zone axis (Fig. 9d1). A magnified view of the region in Fig. 9d1
is presented in Fig. 9d2. Diffraction patterns, derived from fast Fourier
transform (FFT) analysis of the HRTEM image in Fig. 9d2, are shown in
Fig. 9d3, accompanied by inverse FFT (IFFT1 and IFFT2) images for
precise measurement of crystallographic spacing. Measurements
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Fig. 6. Summary of yield strength and elongation for the BMs and SZs of all alloys involved in this study. (a) Yield strength of BM and SZ regions. (b) Elongation of
BM and SZ regions. The dashed boxes in (a) and (b) highlight the performance at ~10 wt% Al. Data for Al contents below 5 % are taken from [17]. Note: Since all
BMs were not homogenized, the basic mechanical properties of the BMs are provided for reference only.
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Fig. 7. Fracture morphologies after tensile testing. (al) Fracture surface of Fe-10Al alloy, with (a2) as the magnified view of the selected region. (b1, c1) Fracture
surfaces of Fe-0.1C-10Al alloy from different areas, with (b2) and (c2) as their respective magnified views.
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Fig. 8. Temperature dependence of the absorbed impact energies of the SZs. (a) Fe-10Al alloy. (b) Fe-0.1C-10Al alloy. The impact energy absorptions of alloys with
Al content < 5 wt% are shown as reference [17]. Grain size of Fe-xAl: 8.6 pm (0.05Al), 4.8um (2Al), 4.6pm (5Al), 6.5pm (10Al); Grain size of Fe-0.1C-xAl: 9.1 pm

(0.05Al), 6.2 pm (5A1), 6.1 pm (10AD).

indicate d1 ~ 2.033 A and d2 ~ 3.113 A, suggesting that the diffraction
spots (Fig. 9d3) marked in red correspond to the BCC matrix, while the
yellow-labeled diffraction spots align with FesAl (DOs), confirming its
ordered structure.

The SZ of Fe-10A1 FSWed joint exhibits distinct states for ordered
phases. Analysis was conducted following the above approach, as shown
in Figs. 10a,b,c1. FFT was applied to extract diffraction patterns from
the enlarged view (Fig. 10c2) of HR image (Fig. 10c1). IFFT measure-
ments of crystal spacing confirmed that the single diffraction pattern
along the < 111 > zone axis, displayed in Fig. 10c3, corresponds to the
ferrite matrix, with no evidence of superlattice arrays. This observation
suggests that the introduction of significant dislocations accompanied
by severe plastic strains, along with fractional heat input during the FSW
process, likely induced the decomposition of DOs ordered structures.
DOs presumably underwent an ordered-to-disordered transition during
the FSW process. Combined with previous XRD analysis (Fig. 3), which
confirmed the retention of characteristic DOs peaks in the SZ of the
FSWed Fe-10Al alloy. However, the absence of diffraction spots corre-
sponding to ordered phases at the selected locations suggests that partial
decomposition of DOs occurred with a reduced volume fraction. Another
important aspect to highlight is that short range order (SRO) serves as a
precursor to the DOs phase, representing a local atomic ordering ten-
dency. Given the thermo-mechanical effects introduced during FSW, it is
reasonable to infer that, in addition to the DOs — A2 transformation, a

partial reversion of DOz to SRO also occurs. Furthermore, SRO is ex-
pected to be more prevalent in alloys with FSWed Fe-10Al specimens.
Naturally, this behavior is assumed to be still present during FSW of Fe-
0.1C-10Al alloy.

4.2. Verification of the decomposition of the order phase during friction
stir welding

4.2.1. Hardness variation during post weld heat treatment

The hardness distribution in the SZ and BM serves as possible evi-
dence supporting the partial decomposition of DOs during the FSW
process. The lack of homogenization in the base material complicates
the analysis. As a result, the contribution of grain refinement in SZ to
these properties cannot be easily quantified using the Hall-Petch rela-
tionship [26]. Therefore, a direct comparison of hardness variation be-
tween the SZ and BM was performed for the Fe-10Al alloy with
previously reported data for Fe-5Al alloy [17]. The Fe-5Al alloy
exhibited a hardness increase of approximately 28 HV in the SZ
compared to the BM due to the grain refinement. In contrast, the Fe-10Al
alloy exhibited only a slightly higher hardness of 242 HV as compared to
the hardness of BM (233 HV) as seen in Fig. 4. This slightly higher
hardness of suggests that partial decomposition of the DOs phase
occurred during FSW, which likely counteracts the hardness enhance-
ment normally expected from grain refinement.
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Fig. 9. Selection and analysis of the FIB-prepared TEM specimen from the BM of Fe-10Al alloy. (a) Location of the selected region for TEM analysis. (b, ¢) Bright-field
TEM image and selected area electron diffraction (SAED) pattern, confirming the presence of the DOs phase in the Fe-10Al alloy. (d1) High-resolution (HR) TEM
image along the < 100 > zone axis. (d2) Enlarged view of (d1). (d3) FFT diffraction pattern of (d2) with corresponding inverse FFT (IFFT1 and IFFT2) used for

crystallographic spacing analysis.

(c2) (c3)

Fig. 10. Selection and analysis of the FIB-prepared TEM specimen from the SZ of FSWed Fe-10Al joint. (a) Location of the selected region for TEM analysis. (b)
Bright-field TEM image. (c1) High-resolution (HR) TEM image. (c2) Enlarged view of (c1). (c3) FFT diffraction pattern of (c2) with corresponding inverse FFT image

(IFFT) used for crystallographic spacing analysis.

The direct observation of the ordered DOs phase or its evolution
during FSW is highly challenging [27,28]. Therefore, to validate this
hypothesis, an isothermal aging treatment was conducted based on the
known low-temperature formation characteristics of DOz exploiting
Fe-Al phase diagram [29]. Specifically, Fe-Al specimens were aged at
400 °C for 24 h and 100 h, with non-aged as-FSWed specimens serving
as a control group. The hardness distribution of the heat-treated speci-
mens was subsequently evaluated, as shown in Fig. 11a,b. The results
indicate that the hardness of the SZ in the specimens aged for 24 h
increased by approximately 20 HV (8 %) compared to that of the
non-heat-treated specimens. This observation confirms that the trans-
formation from disordered A2 to ordered DOjs presumably occurred
during isothermal aging. The slight increase in microhardness after

isothermal aging at 400 °C for 24 h provides supporting evidence for the
decomposition of DOs during the FSW process. The slight decrease in
hardness after 100 h aged specimen compared with 24 h aged specimen
is attributed to the lattice misfit between the partially ordered phase and
the matrix. Lattice misfit may cause weakening the bonding and
strengthening effect, which leads to a slight decrease in hardness. Maji
et al. [29] reported that a comparison of the hardness increment in
specimens of Fe-12Cr-10Al alloy heat-treated at 475°C for different
ageing times, indicates that the hardness variation induced by the DOs
ordered phase can reach approximately ~30 HV, which suggests that
evaluating the hardness evolution during post heat treatment is a
reasonable approach to indirectly verify the decomposition of the DOs
phase during the FSW process.
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Fig. 11. Hardness distribution along the centerline through the thickness of Fe-
10Al alloy aged at 400°C for different ageing times. (a) Hardness profiles of the
as-welded specimen, the specimen aged at 400 °C for 24 h, and the specimen
aged at 400 °C for 100 h. (b) Comparison of hardness values in the SZ of the
three corresponding specimens. Error bars represent +1¢ (standard deviation).

4.2.2. Verification of the order phase using solid solution hardening
mechanism

For Fe-xAl alloys, Al addition is known to enhance YS and hardness
through solid solution hardening. In model alloys, the hardening effect is
often proportional to ¢” 172 130] for low concentrated solute or ¢* %3 [31]
for high concentrated solute (where c is the solute concentration), while
in engineering alloys, a linear relationship with c is typically observed
[32,33]. Fig. 12 shows the variation of hardness with (Al wt%) " 2/3, Up
to 5 wt% Al the data generally follows the expected trend; however, a
marked deviation emerges at 10 wt%, suggesting an additional hard-
ening mechanism beyond conventional solid solution effects. This de-
viation is assumed to be attributed to the transformation of the A2
matrix or localized SRO into the ordered phase DOs as Al content in-
creases, whereby DOs contributes extra strengthening. During FSW,
partial decomposition of the DOs phase likely occurs, attenuating its
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Fig. 12. Hardness of SZs as a function of Al content together with hardness of
post heat treated Fe-10Al specimen. The green-framed area indicates the as-
welded Fe-10Al specimen and the specimen after post-weld heat treatment at
400 °C for 24 h.
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effect. This is supported by the post heat treated Fe-10Al specimens (red
marker in Fig. 12) as discussed in 4.2.1, where recovery of DOz leads to a
significant hardness increase compared to the as-welded condition,
confirming that DOs in BM partially decomposes during FSW.

4.2.3. Dislocation structure

The dislocation structures in Fe-10Al tensile specimens, subjected to
~5 % tensile strain, both in the as-welded and post heat treated (400°C
for 24 h) conditions, were investigated as shown in Fig. 13. In the as-
welded condition, linear dislocations like straight lines are introduced
into the deformed ferrite within the SZ, exhibiting an apparent inter-
woven and network-like distribution. In some localized regions, dislo-
cation lines are arranged in a relatively ordered manner, indicating a
crystallographic slip system, as shown in Fig. 13al and the magnified
view of the selected area in Fig. 13a2,a3. During tensile deformation,
multiple slip systems are activated, and the possible presence of SRO in
the matrix exerts a drag effect on dislocations [34]. The dislocation
motion is constrained, with some dislocations showing a tendency to
form entanglements. The localized effect of SRO on dislocation motion is
primarily attributed to atomic-scale energy barriers that disrupt linear
slip, leading to the formation of antiphase boundaries (APBs). However,
since the influence of SRO is limited to short-range interactions, the
overall complexity of dislocation movement remains moderate. Some
dislocations are able to locally overcome these energy barriers, dis-
playing partial slip behavior. It is well established that SRO can be
sheared by dislocations, with the first dislocation experiencing signifi-
cant resistance while subsequent dislocations encounter markedly
reduced obstacles [35]. This implies that in certain regions, dislocations
may overcome APB-related barriers and continue their movement, albeit
in a restricted manner. Given the localized nature of SRO pinning effect,
dislocations in less constrained regions can still traverse a certain dis-
tance along crystallographic slip planes, leading to relatively sparse or
liner dislocation structures in some TEM observations.

In contrast, the dislocation structure in the post heat treated spec-
imen after 24 h at 400°C is significantly more complex, with a further
increase in dislocation density and the emergence of pronounced
dislocation bending and entanglement, as shown in Fig. 13bl and
magnified view of selected area in Fig. 13b2,b3. Regional dislocation
interactions and pile-ups are evident, indicating more severe constraints
on dislocation motion. This confirms the transformation from A2 and
SRO to DOs ordering during post heat treatment. The formation and
increased fraction of the DOs ordered phase enhance long-range
ordering effects, leading to a stronger pinning effect on dislocations.
As a stable long-range ordered structure in ferrite, DOs exerts a well-
documented, more extensive influence than SRO on dislocation move-
ment, further restricting dislocation glide and recovery. This effect ul-
timately manifests as more intricate dislocation pile-ups and highly
interwoven distributions, as shown in Fig. 13b3. These findings
corroborate the partial transformation of DOs to A2 and SRO during FSW
and recovery of DO3 after post heat treatment.

4.3. Deformation behaviors of stir zones in friction stir welded Fe-10Al
and Fe-0.1C-10Al alloys

4.3.1. Strength-ductility

The high YS and moderate strain-hardening capacity of the SZ
specimen of the FSWed Fe-10Al alloy primarily originate from a sub-
stantial increase in friction stress associated with solid solution
strengthening [36], as well as from grain refinement induced by dy-
namic recrystallization during FSW. Moreover, the high Al content
promotes the formation of SRO and the ordered DOs phase, which
further contribute to the enhancement of both yield and tensile strength.
Importantly, the FSWed alloys exhibit good ductility, as illustrated in
Fig. 5, particularly in terms of good L-El., which is a completely different
result from previous one [4,37]. Grain refinement achieved through
dynamic recrystallization by FSW is considered the primary factor
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Fig. 13. TEM micrographs show the dislocation structure after ~5 % tensile strain. (al-a3) Fe-10Al in as-FSWed state without aging treatment, with increasing
magnification from (al) to (a3). (b1-b3) Fe-10Al in subsequently aged (400 °C for 24 h) state, with increasing magnification from (b1) to (b3).

responsible for the significant improvement in L-El., as it mitigates strain
localization, enhances resistance to fracture-induced strain localization,
and effectively suppresses void growth [22]. At identical FSW parame-
ters, the grain sizes in the SZs are comparable across different Al con-
centrations. Furthermore, even with an Al content as high as 10 wt%,
the specimen still exhibits good ductility. In addition to the contribution
from grain refinement, this retention of ductility is also presumed to be
attributed to the partial decomposition of the DOs phase during FSW,
which is speculated to alleviate the pinning effect of the ordered phase

on dislocation motion. The L-El. of SZ in Fe-10Al reaches approximately
28 %. Typically, according to the previous report [37], when Al content
approaches 10 wt%, L-El. is nearly zero.

In Fe-0.1C-10Al, besides grain refinement, the effects of DOs
decomposition and interactions between x-carbides and dislocations
must be considered for mechanical performance. TEM analysis of the SZ
in FSWed specimen is shown in Fig. 14. Fig. 14a shows k-carbide in the
BM region, where a small number of dislocations are observed inside,
suggesting that slight plastic deformation of the k-carbides may have

Fig. 14. TEM characterization of carbides in the BM and SZ of Fe-0.1C-10Al alloy. (a) Bright-field TEM image of k-carbide in the BM. (b1) Bright-field TEM image of
a region containing large k-carbide of SZ; (b2) Magnified view of the selected area in (b1); (c) Bright-field TEM image of fine k-carbide; (d) Selected area diffraction

pattern of (c), with corresponding the schematic.

10



J. Chen et al.

occurred during hot rolling. After FSW, bright-field TEM image reveals
the presence of large k-carbides retained from the BM (Fig. 14b1) and
fine k-carbides precipitated at grain boundaries (Fig. 14c). Large k-car-
bides undergo significant plastic deformation during FSW, as shown in
Fig. 14b2. A high density of dislocations is introduced within k-carbides,
whereas dislocation accumulation on the ferrite matrix side is minimal.
Some dislocations penetrate the ferrite/x-carbide interface, as seen in
the region highlighted in Fig. 14b1, with a magnified view provided in
Fig. 14b2. These observations confirm that high-density dislocations
shear the k-carbides through a cutting-through mechanism, consistent
with the Friedel effect [13]. During the shearing process, dislocations
“capture’’ carbon atoms, which are then presumably transferred to the
ferrite matrix. These escaped carbon atoms diffuse to grain boundaries
and precipitate as fine k-carbides (Fig. 14c). This behavior was previ-
ously observed in FSWed Fe-0.1C-5Al, where the relatively lower Al
content led to the diffusion of carbon atoms to the grain boundaries,
resulting in the precipitation of fine cementite [11]. The cutting-through
mechanism leaves behind numerous dislocation remnants within
k-carbides, serving as dislocation sources for further deformation [38].
Notably, fine cementite precipitates at grain boundaries in Fe-0.1C-5Al,
while k-carbides are instead precipitated in Fe-0.1C-10Al due to the
higher Al content. Additionally, bright-field TEM images (Fig. 14c),
selected area diffraction patterns with the schematic (Fig. 14d) reveal
weak superlattice reflections corresponding to the DOs phase around
fine k-carbides. The presence of ordered DOz in the vicinity of k-carbides
is reasonable, given that carbon depletion at grain boundaries favors
ordered phase formation. This confirms that not all DOs decomposes into
SRO or A2 during FSW and some of the DO3 remain intact. The stress
relaxation caused by the dislocation cutting through mode, coupled with
the partial transformation of DOs into SRO or disordered A2, collectively
enables the FSWed Fe-0.1C-10Al alloy to maintain good plasticity
despite its high strength. A slight decrease in L-El. is expected due to DO3
and k-carbide in Fe-0.1C-10Al.

4.3.2. Plastic deformation mechanism of stir zone in friction stir welded Fe-
10Al alloy

The increase in Al content promotes the formation of ordered phases,
which restrict dislocation motion and increase the likelihood of defor-
mation twinning. In BCC crystals, reduced screw dislocation mobility is
a prerequisite for twinning [39,40]. A study [37] observed deformation
twins in the deformed region of an Fe-18 at% Al (~9 wt%) alloy with a
grain size of ~1 mm. It was also reported that increasing Al content
reduces dislocation mobility, leading to lower fracture strain. This
suggests that Fe-Al alloys with ~10 wt% Al tend to exhibit deformation
twinning at the fracture area [41]. However, in the FSWed Fe-10Al alloy
examined here, no deformation twins were found in the fractured area
after tensile testing (Fig. 15a,b). If dislocation motion is more con-
strained under the low temperature and high strain rate conditions,
deformation twinning—typically a rapid response mechanism—is pre-
sumed more likely to occur.

The fracture surface of the SZ in FSWed Fe-10Al after Charpy impact
testing at -40 °C was analyzed (Fig. 15¢, with magnified views in
Fig. 15d1,d2), but no deformation twins were observed in the fractured
grains. This absence may be related to the effect of grain size on
deformation modes. In coarse-grained alloys with fewer grain bound-
aries, deformation concentrates in fewer grains, causing stress locali-
zation at grain boundaries. When slip alone is insufficient, twinning is
more easily activated to transfer strain [40]. In contrast, the refined SZ
in the FSWed Fe-10Al alloy has the higher density of grain boundaries
which facilitate stress redistribution, reducing local stress concentra-
tions and favoring deformation via dislocation slip over twinning. The
effect of grain size on deformation twinning in Fe-10Al is under inves-
tigation and will be reported soon.
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Fig. 15. EBSD analysis of the fractured specimens in the SZ of FSWed Fe-10Al
alloy. (a, b) Inverse Pole Figure (IPF) map and Image Quality (IQ) map of the
tensile specimen near the fracture surface. (¢) SEI morphology and corre-
sponding IPF map of the impact specimen fractured surface at —40°C, with (d1)
and (d2) showing magnified SEI images and IPF map of the selected regions
in (c).

4.4. Toughness

During deformation, some dislocations shear the SRO or ordered DO3
lattice. If this process alters atomic positions and disrupts the original
order, it forms APBs. APBs have high energy and increase brittleness,
facilitating crack initiation and propagation. The APB energy is directly
related to the degree of ordering. The higher the order, the greater the
disruption caused by APB formation. Thus, in FSWed high-Al alloys with
a high fraction of SRO and/or long-range ordered DOg, the APB energy is
high, which aligns with the increase in DBTT as Al content rises in Fe-xAl
alloys. The energy absorption capacity of Fe-0.05Al, Fe-5Al, and Fe-10Al
alloys at —40°C were compared based on the load-displacement curves
of Charpy impact tests, as shown in Fig. 16a. Charpy impact test data at
—40°C indicate that Fe-0.05Al and Fe-5Al alloys exhibit ductile fracture
[17], whereas Fe-10Al undergoes brittle fracture. The impact fracture
surface morphology of Fe-10Al alloy at —40 °C is shown in Fig. 16b. In
Fe-10Al, crack initiation and propagation occur within the ferrite matrix
under low loads, as shown in Figs. 16b and 17. A similar crack
morphology was observed in Fe-5A1 Charpy impact tested at —160 °C
[17]. The fracture surface of Fe-10Al tested at —40 °C mainly exhibited
transgranular cleavage as shown in Fig. 17, which indicates that the
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Fig. 16. Low-temperature (-40 °C) Charpy impact performance of Fe-Al alloys.
(a) Comparison of energy absorption capacity of Fe-0.05Al, Fe-5Al, and Fe-10A1
alloys at —40°C. (b) Fracture surface morphology of Fe-10Al alloy after impact
testing at —40 °C.
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Fracture surface

Fig. 17. Crack initiation and propagation near the fracture surface of Charpy
impact specimens of Fe-10Al alloy at —40°C. (a) IPF of selected area. (b1)
Enlarged map of IPF+IQ for area 1, including crystallographic orientation
analysis of the crack region, showing cleavable {100} crystal planes. (b2)
Enlarged map of IQ for area 1.

crack propagates primarily along the easily cleavable {100} crystal
planes, which may be related to the ordered DO3 phases or SRO. This
embrittlement is attributed to localized ordering within the matrix at
high Al content, which is also considered a major reason for the signif-
icant shift of the DBTT toward higher temperatures in the Fe-10Al alloy.

Tanaka et al. [42] reported that twin-twin intersections were seen in
fracture surfaces in Fe-8 wt% Al single crystal after Charpy impact test at
—14 °C, where the applied tensile stress was along [100] around the
notch, and concluded that the intersection of deformation twins was the
origin of a brittle fracture. In the present study, no clear deformation
twin was observed near the sub-crack region as shown in Fig. 17.
Combined with the fact that no deformation twin was also found in the
grain at the brittle fracture surface (Fig. 15c¢), the importance of grain
size affecting twin formation is indicated as discussed in Section 4.3.2.

In the FSWed Fe-0.1C-10Al alloy, a substantial increase in DBTT,
which is approximately 75 + 3 °C, manifested room-temperature brit-
tleness. In addition to DO3 and SRO, coarse k-carbides present are
accelerating crack nucleation, resulting from not only exceeding k-car-
bide deformation limit but also k-carbide decohesion from the matrix
under deformation. Furthermore, the presence of fine k-carbides at grain
boundaries may also have contributed to this behavior. Tensile fracture
surface analysis revealed the formation of voids and secondary cracks
associated with both coarse and fine k-carbides, as shown in Fig. 7c1,c2.
These combined factors contribute to the easy initiation and rapid
propagation of cracks in Fe-0.1C-10Al under loading. Therefore, in the
SZ of FSWed Fe-0.1C-10Al, where x-carbides are present, these carbides
play a dominant role in determining the fracture mode, distinguishing it
from the Fe-10Al alloy without carbon. DBTT suddenly increased due to
the strong negative effect of simultaneous existence of DO3 and «k-car-
bide is speculated. Notably, despite the high DBTT, Fe-0.1C-10Al ex-
hibits relatively high impact energy absorption and good impact
resistance at elevated temperatures.

The results obtained in the present study by exploiting unique FSW
process at low temperatures suggest the guiding principle to manufac-
ture significantly high-Al steel products with excellent properties by
reducing grain size of about 5-6 pm together with decomposed DO3 and
shearable k-carbides. In fact, the FSW strategy—distinguished by its
extremely low rotation rate and high axial load—offers practical ad-
vantages for engineering applications. In addition to high-Al ferritic
steels, this approach can likewise be extended to other metallic systems
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containing brittle second-phase constituents, such as coarse precipitates
or intermetallic compounds (IMCs). It promotes their fragmentation,
refined distribution, or even partial dissolution through thermo-
mechanical effects, accompanied by grain refinement without phase
transformation (below A7), all of which contribute positively to strength,
ductility and toughness. The FSW-based method only requires precise
adjustment of parameters within the below A; temperature range of
target alloys to achieve the above effects. Moreover, it naturally in-
tegrates the welding capability that is essential for structural applica-
tions of metallic materials, offering a reliable joint formation.

5. Conclusions

High-quality joints of Fe-10Al and Fe-0.1C-10Al alloys were suc-
cessfully fabricated by FSW under extremely low rotational rate and
systematically investigates the microstructural evolution and mechani-
cal properties of FSWed Fe-10Al and Fe-0.1C-10Al alloys. Particular
attention is given to the decomposition of ordered phases and the
shearability of k-carbides, as well as their effects on tensile properties,
toughness, and crack initiation and propagation. The key findings are as
follows:

1. The increase in Al content to 10 wt% promotes the formation of
ordered phase of DOgs, leading to a reduction in dislocation mobility.
This generally enhances the likelihood of deformation twinning in
coarse-grained Fe-Al alloys; however, in FSWed fine-grained micro-
structures of SZ, deformation during tensile test occurs primarily via
dislocation slip due to the stress redistribution at grain boundaries
leading to excellent ductility and reasonable toughness.

2. During FSW, DO3 decomposes, order DO3—disorder A2, with some
residual SRO remaining locally in a smaller size. Despite the refined
ferrite grains in the SZ of Fe-10Al and Fe-0.1C-10Al, the hardness
only slightly increases compared to the BM—by about 9 HV and 12
HV, respectively.

3. The SZs of both alloys exhibit high ductility due to the grain
refinement effect, especially in terms of local elongation, reaching
28 % and 25 % for SZs of Fe-10Al and Fe-0.1C-10Al, respective-
ly—superior to previously reported. For the Fe-10Al, the decompo-
sition of the DOs phase during FSW is another reason for good
ductility, as the reduced dislocation pinning effect facilitates easier
slip. For the Fe-0.1C-10Al, in addition to the decomposition of DOs,
dislocations cutting through the k-carbides during FSW lead to stress
relaxation, ultimately enhancing ductility.

4. With increasing Al content (10 wt%), the presence of SRO and DO3
ordering raises the anti-phase boundary energy, facilitating crack
initiation and propagation, contributing to a higher DBTT. The DBTT
in the SZ of Fe-10Al reaches —15 °C, while that of Fe-0.1C-10Al rises
to 70 °C. For Fe-10Al, the brittle fracture surface impact-tested at low
temperature mainly exhibits transgranular cleavage, which indicates
that the crack propagates primarily along the easily cleavable {100}
crystal planes, which may be related to the ordered DOs phases or
SRO. The further reduced toughness of Fe-0.1C-10Al compared to Fe-
10Al is mainly attributed to k-carbides, which serve as crack initia-
tion sites and promote crack propagation.

5. The present study exploiting unique FSW process at low tempera-
tures with high axial load suggests the guiding principle to manu-
facture significantly high-Al steel products with excellent properties.
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