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ABSTRACT
Theprecipitationof grain boundary (GB) κ-carbides critically influences thedamage-tolerance ability
of high-Mn high-Al lightweight steels, particularly in harsh environments (cryogenic and H envi-
ronments). The formation and growth behavior of these carbides thus need to be understood. In
this work, we use atom probe tomography and four-dimensional scanning transmission electron
microscopy to study the formation mechanisms of GB κ-carbides in a Fe-28Mn-8Al-1.3C (wt.%) steel
that is aged at 550°C, a temperature at which GB κ-carbide formation is often believed to be delayed
or avoided. We observe that the formation of GB κ-carbides results from spinodal decomposition
of grain interior (GI) κ-carbides and their further interaction with GB planes rather than from het-
erogeneous GB nucleation, as has been formerly proposed. However, the subsequent growth of GB
κ-carbides shows different kinetics in comparison to GI κ-carbides. The underlying reason and its
implications for future microstructure design of such steels are discussed.

IMPACT STATEMENT
We originally report that grain boundary κ-carbides can result from spinodal decomposition rather
than conventional heterogeneous nucleation and refute the possibility of avoiding their precipita-
tion by controlling aging parameters.
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Austenitic high-Mn and high-Al lightweight steels,
with a typical composition of Fe-(18–30)Mn-(7–12)Al-
(0.7–2)C (in wt.%), belong to the group of advanced
high-strength steels with potential applications in cryo-
genic, automotive and aircraft parts [1–4]. The addition
of Al enables a mass density reduction in these steels
by 10–18% for the addition of 7–12wt.% Al, respec-
tively [5]. Moreover, these steels possess higher spe-
cific energy absorption and strain hardening capabili-
ties compared to other weight-reduced steels [5] as well
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as a high tensile strength-ductility combination above
∼80,000MPa% [6].

The mechanical properties of these steels are highly
tunable via the homogenous precipitation of nanosized
κ-carbides throughout the matrix during age hardening.
For instance, the yield strength can be increased from 540
to 880MPa by age hardening at 550°C while maintain-
ing a high ductility of 45% [7]. However, the excellent
damage tolerance of these steels becomes vulnerable by
the formation of coarse heterogeneous grain boundary
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(GB) κ-carbides andmore sowhendiscontinuous precip-
itation occurs due to long-time and/or high-temperature
age hardening [8–11]. Discontinuous precipitation leads
to the precipitation of a lamellar structure consisting of
a solute-leanmatrix, γ 0, and solute-rich micro-sized car-
bides, κ0 [9]. The growth of this lamellar structure is asso-
ciated with GB migration [12,13]. The presence of large
GB κ-carbides deteriorates the room-temperature tensile
properties due to the brittle nature of κ-carbides [14],
which is not an issue for the smaller coherent, shearable
grain interior (GI) κ-carbides [15].

To suppress the formation of GB κ-carbides, a lower
aging temperature (e.g. 450–550°C [8,9,16–20]) has been
proposed to favor precipitation of GI κ-carbides [8,14].
However, in a recent work [7], atom probe tomogra-
phy (APT) and four-dimensional scanning transmis-
sion electron microscopy (4D-STEM) results revealed
the precipitation of nano-sized (GB) κ-carbides in a Fe-
28Mn-8Al-1.3C steel heat treated at 550°C for 1 and
16 h. These precipitates were not detected by conven-
tional scanning electron microscopy (SEM) techniques.
While the 16-hour-aged steel exhibited a good room-
temperature tensile propertywith a combination of 1GPa
tensile strength and 42% ductility, tests under harsh envi-
ronments revealed significant ductility loss. Tensile sam-
ples tested after H-charging lost 77% of their ductility,
while samples tested at cryogenic temperatures exhibit no
macroscopic plastic deformation [7]. The investigation
of the fracture surface and cracking behavior attributed
this deterioration to the precipitation of nano-sized GB
κ-carbides and the decohesion of their associated hetero-
interfaces under harsh conditions. These results strongly
threaten the application potential of these steels and ren-
der them viable only in their relatively soft solution-
treated state. Hence, the understanding of the forma-
tion of GB κ-carbides pertaining to both formation and

growth should be revisited to aid future microstructure
design, which is the main focus of this study.

The steel investigated in this work has a composition
of Fe-28Mn-8Al-1.3C (wt.%) [21]. The material was cold
rolled, solution treated at 1000°C for 1 h, and lastly aged at
550°C for 16 h. This temperature has been considered the
optimum aging temperature due to the suppressed for-
mation of large-sized GB κ-carbides [8,9,16–20]. At this
temperature, the peak tensile strength and the peak hard-
nesswere reached after two and fourmonths, respectively
[9]. Site-specific APT tips were prepared using a focused
ion beam (FIB)/scanning electron microscopy (SEM)
dual beam instrument (FEI Helios Nano-Lab 600i). Key
steps in the preparation of GB-containing APT tips are
shown in Supplementary Figure 1 in the Supplemen-
tary Materials. The APT experiments were performed
in voltage mode in a LEAP 5000XS device operated at
70K using a pulse fraction of 15%, a pulse repetition rate
of 200 kHz and a detection rate of 0.5% ions per pulse.
The acquired datawas reconstructed and processed using
the IVAS 6.3 software. We conducted 4D-STEM experi-
ments to analyze the distribution of κ-carbides in a JEM-
2200FS TEM (JEOL) operated at 200 kV, utilizing the
TemCam-XF416 pixelated complementary metal–oxide-
semiconductor (CMOS) detector for data acquisition.
Further information regarding sample preparation and
data collection can be found elsewhere [7].

Figure 1 shows the APT and TEM results of the
solution-treated sample. The three-dimensional (3D)
atomicmap of C and B is shown in Figure 1(a).While B is
only present as an impurity element, it serves to highlight
the position of the GB due to its high tendency toward
grain boundary segregation [22]. In this sample, we
observe no elemental clustering, as confirmed by the fre-
quency distribution analysis [23] shown in Figure 1(b).
In this analysis, the observed distribution of elemental

Figure 1. Precipitation state in solution-treated condition. (a) 3D atomicmap of C and B in a GB-containing APT sample. (b) Comparison
of observed frequency distribution of elemental concentrationswith the binomial frequency distribution reveals the absence of chemical
clustering in the sample. (c) Diffraction pattern along the [001] zone axis.
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concentration in blocks of 100 atoms is compared with
the binomial distribution representing ideal randomness.
The near-perfect match between the observed and bino-
mial distributions indicates the absence of clustering.
A TEM selected area diffraction pattern (SADP) cap-
tured along the [001] zone axis is shown in Figure 1(c).
We observe the existence of faint 100 superlattice reflec-
tions, indicating the onset of long-range ordering at this
stage. This result matches well with other recent studies
[24,25], which revealed the existence of ordered clusters
with a size of 2–3 nm after quenching from the solution
treatment temperature without any detectable chemical
partitioning [25].

Figure 2 shows the APT and 4D-STEM results of sam-
ples age-hardened at 550°C for 16 h. The APT 3D atomic
map of C and the impurity element B (Figure 2(a)) indi-
cates the GB position as viewed from an edge-on per-
spective. Figure 2(b) shows the 3D concentration map of
Al+C from the same point of view. This map is useful
for the visualization [26] of the Al and C-enriched κ-
carbides, with an ideal chemical formula of (Fe,Mn)3AlC
[9,27]. Hence, the regions with a higher Al+C concen-
tration, green to yellow regions, represent κ-carbides,
while the Al+C lean matrix is identified by blue color.
In both grains observed, stacks of κ-carbides are found
in two perpendicular directions, as indicated by the
black dashed lines (Figure 2(b)). This pattern is a typi-
cal behavior of GI κ-carbides since they form homoge-
nously by spinodal decomposition along <001> direc-
tions [9,28,29]. The observed precipitates donot show the
well-defined cuboid shape reported in similar steels heat
treated at higher aging temperatures and/or for longer
times, e.g. 24 h at 600°C in [15]. We observe that some of
the GI κ-carbides stacks (indicated by red arrows) termi-
nate close to theGB, leaving solute-lean regions in theGB
vicinity, as indicated by white-dotted ellipses. Frequently,
large GB κ-carbides, associated with stacks indicated by
black arrows, exist near these solute-lean regions. These
GB κ-carbides have a larger average size of ∼13 nm
compared with ∼6 nm for GI κ-carbides. GB κ-carbides
in the left grain are viewed in Figure 2(c) through a
section in the 3D Al+C concentration map parallel to
the GB. We observe that GB κ-carbides exhibit a peri-
odic arrangement in the GB plane, very similar to that
of GI κ-carbides. Two sets of perpendicular nano-sized
GB κ-carbides stacks can be observed, as highlighted by
the black dashed lines. Such behavior indicates the occur-
rence of spinodal decomposition in the GB plane as well.
4D-STEMexperimentswere carried out to investigate the
orientation relationship between GB κ-carbides and the
matrix (Figure 2(d)). The virtual dark field image, shown
in Figure 2(d1), reveals the precipitation state at and close
to a high-angle GB. In this image, the left grain (G1)

Figure 2. Precipitation state in samples age-hardened at 550°C
for 16 h. (a) 3D atomic map of C and B to highlight GB posi-
tion. (b, c) κ-carbides visualization via 3D concentration maps of
Al+ C from a GB edge-on and GB face-on perspectives, respec-
tively. (d) 4D-STEM observations of the GB region imaged along
the [001] zone axis. (d1) Virtual dark field image. (d2, d3) diffrac-
tion patterns from the matrix and a GB κ-carbides, respectively.
(e) The direction of GB κ-carbides growth observed in this work
(top) compared with the growth direction during discontinuous
precipitation (bottom).

is imaged along the [001] zone axis. The GB is marked
by a blue dotted line based on the change in diffraction
pattern across the interface. Figure 2(d2 and d3) show
the diffraction patterns obtained from a near-GB matrix
region and a GB κ-carbide region, as indicated by the
red and blue arrows, respectively. The diffraction patterns
reveal the GB κ-carbides have the same orientation as the
surrounding matrix. Hence, at this stage, GB κ-carbides
grow into the matrix via the migration of the coher-
ent interface rather than the migration of the incoherent
interface, i.e. the GB. This confirms that the discontinu-
ous precipitation process has not been initiated yet. The
difference between the growth directions in both cases is
illustrated in Figure 2(e).

Figure 3 shows the reconstruction of another age-
hardened sample lifted out of a different high-angle GB.
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Figure 3. Analysis of an age-hardened GB-containing APT sample. (a) 3D atomic map of C and B to highlight the GB position. (b, c) κ-
carbides visualization via sections in the 3D concentration map of Al+ C from GB face-on and GB edge-on perspectives, respectively.
(d–f) 1D concentration profiles, (d) parallel to the GB, (e) perpendicular to the GB and (f ) in the GB plane, as indicated by black solid,
dotted and dashed lines, respectively. The red horizontal line at 8 at.% signifies the C concentration used to identify κ-carbides.

Figure 3(a) provides the 3D atomic map of C and B.
Figure 3(b and c) show sections in the 3D concen-
tration map of Al+C from GB face-on and edge-on
perspectives, respectively. We observe that the GB car-
bides have different sizes between ∼7 nm and ∼35 nm
(Figure 3(b)). The largest GB carbide in this speci-
men, indicated by the black dashed arrow, has a dimen-
sion of 12× 21× 35 nm3. Larger precipitates, indicated
by red arrows, appear to expand over the positions of
multiple stacks of κ-carbides when compared with the
smaller precipitates indicated by yellow arrows. The loca-
tion of the largest GB κ-carbide next to the smallest
GB κ-carbides suggests the dissolution of the latter and
growth of the former via Ostwald ripening. The driving
force behind this process is the discrepancy in chem-
ical potential between larger and smaller κ-carbides.
The higher surface energy, or equivalently, the higher
chemical potential, prompts the migration of atoms from
smaller κ-carbides to larger ones. Evidence of such κ-
carbide dissolution is also demonstrated in Figure 3(c),
which shows distinct near-GB solute-lean areas (as indi-
cated by white-dotted ellipses) adjacent to larger κ-
carbides. Figure 3(d and e) show the one-dimensional
(1D) concentration profiles for C and Al across GI κ-
carbides along directions parallel and perpendicular to

GB, respectively, as indicated by the solid and dotted
black lines in Figure 3(c). We observe that the C content
in the solute-lean matrix decreases as the distance from
κ-carbides increases. Thismeans that larger inter-particle
spacings are associated with a lower minimum carbon
content as shown by the blue arrows in Figure 3(e). This
is due to the elastic distortion resulting from the differ-
ence in lattice parameter between the κ-carbides and the
matrix [30]. This elastic strain is largest at the interface
between the precipitate and the matrix, which leads to a
concentration gradient across the interface. The distorted
matrix near the carbide interface tends to dissolve more
C to minimize the elastic strain. For closely precipitated
carbides, the whole interparticle spacing is affected by the
strain field from both carbides and a higher average con-
centration of C in the adjoining γ -matrix is favorable for
stress release. As the distance from the carbides increases,
less C is necessary to minimize the elastic strain in the
matrix. On the other hand, C concentration in κ-carbides
is lower at the interface. This phenomenon makes it
difficult to define the interface between κ-carbides and
the surrounding C-rich matrix. When different chemical
compositions and age-hardening stages are also consid-
ered, different C concentrations could be used to define
κ-carbides. Previously, C concentrations of 9 at.% [15]
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Figure 4. Illustrations of the formation and growthmechanism of grain boundary (GB) κ-carbides. (a) A sketch of different stages of the
formation and growth of κ-carbides. Each stage is redrawn in dashed lines in the following stage. Black circles: κ-carbides, red circles:
GB κ-carbides, yellow circles: dissolving κ-carbides. Teal square: solute-lean region. (b) Associating illustrations with APT observations.
(b1) A section in the 3D concentration map of the age-hardened sample in Figure 3. (b2) Overlayed image of (b1) with a schematic of
κ-carbides in an aging step prior to (b1).

and 7 at.% [31] have been used. In Figure 3(d–f), we use
C concentrations of 8 at.% to identify κ-carbides, as indi-
cated by the horizontal red line. This value leads to a good
match between the sizes of κ-carbides measured from
1D concentration profiles and Al+C 3D concentration
maps. Figure 3(f) shows the 1D concentration profile for
C and Al across a large GB precipitate, as indicated by

the black dashed arrow in Figure 2(b). We observe that
the C content is not constant across the precipitate but
shows a periodicity similar to that observed across mul-
tiple smaller, unconnected precipitates. This implies the
coalescence of multiple GB κ-carbides, where the rela-
tively solute-lean regions resemble former interparticle
spacing. We note that the APT results in Figures 3 and
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4 provide localized information. This allowed the inves-
tigation of GB κ-carbides at different stages of growth
(different sizes) even within one sample.

Based on these observations, we illustrate the behavior
of the formation ofGB κ-carbides in the steel investigated
in Figure 4(a) and summarize it as follows: (a) Phase sep-
aration: Spinodal decomposition produces a precursor
state preceding the formation of κ-carbides continuously
in the matrix, Figure 4(a1). This process takes place dur-
ing quenching from the single-phase region. Naturally,
some of these precursors/κ-carbides will occur next to
(or at) GBs. During their growth, these κ-carbides con-
tact the GBs to form GB κ-carbides, which have one
incoherent interface (i.e. the GB) with the neighboring
grain, in contrast to the coherent interface with the par-
ent grain from which they stem. This finding contradicts
the previous understanding of GB κ-carbide formation at
higher aging temperatures or longer aging times, which
has been attributed to heterogeneous GB nucleation as
the predominant mechanism [8,12]. Unlike heteroge-
neous nucleation, there is no energy barrier to spinodal
decomposition. Hence, while GB κ-carbides could still
nucleate heterogeneously, they would be disfavored at
temperatures in the spinodal range. (b) GB κ-carbide
growth and coalescence: In this stage, GB κ-carbides
grow into the parent grain rather than the neighboring
grain. This is probably driven by the lower energy bur-
den associated with the increase in the area of coherent
interfaces with the parent grain compared with incoher-
ent interfaces with the neighboring grain. The growth
kinetics of GB κ-carbides are probably driven by solute
diffusion along GBs, which can be several orders of mag-
nitude faster than bulk diffusion [32]. This difference in
diffusion leads to a size advantage for GB κ-carbides over
GI κ-carbides, Figure 4(a2). Due to the variance in the
size of κ-carbides, competitive Ostwald ripening is initi-
ated (Figure 4(a3)), leading to the dissolution of smaller
GB κ-carbides and the nearest GI κ-carbides in favor of
the growth of larger GB κ-carbides. This process leaves
solute-lean regions in the vicinity ofGB, as highlighted by
the teal square in Figure 4(a4). In Figure 4(b), we establish
the connection between our illustrations and observa-
tions by overlaying a section in the 3D Al+C concen-
tration map, Figure 4(b1), with an array of circles that
resemble κ-carbides at an earlier stage of precipitation,
as shown in Figure 4(b2). κ-carbides formed as a result
of spinodal decomposition are distributed periodically,
as indicated by colored circles. The red-colored group
benefited from GB diffusion, leading to faster growth
kinetics. Their larger size compared with neighboring
carbides allowed them to consume the yellow group and
grow to the sizes observed in Figure 4(b1). As observed,
some of these growing precipitates will cross paths and

coalesce (Figure 4(a5)). The presence of coarse intergran-
ular carbides on GBs eventually leads to the onset of GB
migration and discontinuous precipitation. This has been
observed for GB Cr23C6 carbides in a Ni-based Alloy
690, whose orientation relationship with thematrix is the
same as that for GB κ-carbides [33].

To conclude, the purpose of this work was to study
the early precipitation stage of GB κ-carbide in a high-
Mn, high-Al lightweight steel aged at 550 ˚C, in order to
provide insights for high-strength and damage-tolerant
microstructure design in this type of steel. We find that,
at this aging temperature, GB κ-carbides form through
spinodal decomposition similar to GI κ-carbides. For-
mation of GB κ-carbides via a heterogeneous nucleation
process is still expected at aging temperatures higher than
the spinodal range. Despite forming by the same spinodal
decomposition process, the growth of GB precipitates
exhibits higher kinetics in comparison to GI κ-carbides,
which was proposed to be due to the faster solute dif-
fusion along the GB plane. Our study thus suggests that
it would be a very challenging task to completely elimi-
nate the existence of GB κ-carbides in this type of steel
subjected to age hardening, which could be an issue
for their application in harsh environments with a high
damage-tolerance requirement.
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