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Cryogenic toughness in a low-cost austenitic steel
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Niels Hansen5 & Xiaoxu Huang2,6✉

At low temperatures most metals show reduced ductility and impact toughness. Here, we

report a compositionally lean, fine-grained Fe-30Mn-0.11C austenitic steel that breaks this

rule, exhibiting an increase in strength, elongation and Charpy impact toughness with

decreasing temperature. A Charpy impact energy of 453 J is achieved at liquid nitrogen

temperatures, which is about four to five times that of conventional cryogenic austenitic

steels. The high toughness is attributed to manganese and carbon austenite stabilizing ele-

ments, coupled with a reduction in grain size to the near-micrometer scale. Under these

conditions dislocation slip and deformation twinning are the main deformation mechanisms,

while embrittlement by α′- and ε-martensite transformations are inhibited. This reduces local

stress and strain concentration, thereby retarding crack nucleation and prolonging work-

hardening. The alloy is low-cost and can be processed by conventional production processes,

making it suitable for low-temperature applications in industry.
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Low-temperature metals and alloys are widely used in
industry, covering a broad range of areas including liquefied
natural gas (LNG) tanks, ice-breakers, cryogenic super-

conductivity, and outer space exploration1. For such applications,
high cryogenic impact toughness is desired to prevent cata-
strophic failure during impact loading2. A general challenge here
is that impact toughness in metals and alloys almost invariably
decreases with decreasing temperature. As such, the conventional
metals and alloys that have been developed for low-temperature
applications, including steels3,4, Ti5, and Al6, have relatively low
impact toughness at cryogenic temperatures, limiting their
application at such service temperatures. Solutions to this pro-
blem have been explored, though all with significant drawbacks in
terms of cost. For example, a mature class of alloys based on 9%
Ni has been developed over the last 60 years and is used widely
for the construction of LNG tankers1. The fracture toughness of
these alloys is still, however, limited only to moderate values
(<100 J). Moreover, to achieve the required properties in these
alloys, ultrapure smelting technology and complex heat treat-
ments are required7,8, resulting in high production costs. It
remains therefore a dream in material science to develop cheap,
industrially practical alloys with toughness that remains
unchanged or even increases, at low temperatures.

An inverse temperature dependence of toughness has, in fact,
been reported recently for a ferritic steel with an ultrafine-grain
structure3, where the enhanced toughness was attributed to fine
scale delamination resulting from crack branching on aligned
crystallographic cleavage planes. The inverse temperature
dependence of toughness only holds, however, down to a mod-
erately low temperature of −50 °C, with a corresponding max-
imum impact energy of about 300 J. At lower temperatures the
toughness decreases dramatically in the usual manner. More
recently, an increase in impact toughness with decreasing tem-
perature has also been reported for some high- and medium-
entropy alloys (HEAs/MEAs), e.g., CrMnFeCoNi, where an
exceptionally high cryogenic impact toughness of ~400 J has been
achieved9,10. Despite this high cryogenic impact toughness, such
alloys are likely to have only limited industrial application, as a
result both of the high cost associated with the required amounts
of expensive alloying elements (especially Co), and due to the
complexity of large-scale production of components using HEAs
and MEAs11. The sustainability of such alloys is also a challenge,
due to difficulties in recyclability associated with the large alloying
fractions used in HEAs and MEAs.

Two lessons that can be learned from the studies on HEAs are,
however, important. These are: (i) that an ultrahigh impact energy
can be achieved by enabling a transition with decreasing tempera-
ture from planar-slip dislocation activity at room temperature (RT)
to deformation by mechanical nanotwinning at lower temperatures,
and (ii) that to achieve an inverted toughness–temperature rela-
tionship, both strength and ductility should simultaneously increase
with decreasing test temperature8,12. The first criterion can be ful-
filled in some cost-effective high-Mn austenitic steels13,14. However,
in these alloys HCP ε- and BCC α′-martensitic transformation can
take place during plastic deformation at low temperatures, or even
in some cases during cooling15, which leads to embrittlement and
hence premature fracture and low fracture toughness16,17. The
martensitic transformation can be suppressed to a certain extent
by increasing the Mn, Al, Si, or C content18–23 or via grain
refinement24–27. By use of these approaches, the highest cryogenic
toughness value for a high-Mn steel presently achievable is about
220 J15,16,22. Regarding the second criterion, a survey of the litera-
ture reveals one Fe30Mn steel28 and some FeMnAl alloys29 that
exhibit an increase in both strength and ductility with decreasing
temperature, though whether an inverse temperature dependence of
toughness holds for these steels is not reported.

Inspired by these studies, here we report data for a fine-grained
(mean grain size of 5.6 µm) Fe-30Mn-0.11C austenitic steel. The
choice of composition is based on previously reported promising
results for a Fe30Mn steel28, with the addition of a small amount
of C as an additional austenite stabilizing element. In combina-
tion with appropriate grain refinement the resulting steel is
resistant to the formation of ε martensite20,24–27 during low-
temperature deformation20,24–27. The results show that this steel
can satisfy both of the criteria listed above, and also exhibit an
unusual increase in toughness with decrease of temperature to the
cryogenic regime, leading to an ultrahigh Charpy impact energy
exceeding 450 J at liquid nitrogen temperature (LNT, 77 K). In
addition, the steel consists of only two elements of the Cantor
HEA, together with a small amount of carbon, and is produced by
a process involving only conventional cold rolling and annealing.
The simple alloy composition, low cost, and conventional pro-
cessing route are expected to enable a broad range of cryogenic
applications for this alloy.

Results
Tensile behavior at RT and LNT. Figure 1a shows the micro-
structure and engineering tensile stress–strain curves at RT and
LNT for the Fe-30Mn-0.11C alloy in both a fine-grained (mean
grain size of 5.6 μm; Fig. 1c, d) and coarse-grained (mean grain
sizes of 47.0 μm; Fig. 1e, f) condition. The stress–strain curves for
both samples display continuous (nonserrated) flow at both RT
and LNT. At both temperatures, the decrease in grain size from
47.0 to 5.6 µm leads to increases in the yield strength (0.2% offset)
and ultimate tensile strength (UTS) of about 25% and 7–10%,
respectively, with a corresponding small reduction in total elon-
gation (see Table 1). It is notable, however, that as the tem-
perature is decreased from RT to LNT, both the yield strength
and UTS, as well as the ductility, show a remarkable simultaneous
increase, of about 55% for the yield strength and UTS and
30–40% for the ductility. The work-hardening rates, calculated
from the true stress–true strain curves, are shown in Fig. 1b. It
can be seen that at both temperatures, extensive work-hardening
ability of the steel is achieved without premature failure (i.e., the
flow curves are indicative of ductile failure following the Con-
sidère plastic instability criterion), in contrast to observations in
twinning-induced plasticity (TWIP) steels where strain localiza-
tion leads to premature failure30,31.

To understand these mechanical properties, the microstructures
of the two samples in uniformly deformed regions have been
examined in the scanning electron microscope (SEM) and the
transmission electron microscope (TEM). These observations
reveal that in the as-processed condition, the steel has a fully
austenitic recrystallized structure and contains annealing twins,
similar to other austenitic steels (Fig. 1c–f)15,16,22,23,28,30,32. In the
fine-grain size condition, the major deformation mode during
tensile testing at RT is found to be dislocation slip. SEM
observations using electron backscatter diffraction (EBSD) show
that no α′ martensite or ε martensite is formed either along grain
boundaries or in the grain interior regions (Fig. 2a, b), and TEM
observations confirm the presence of a dislocation-based defor-
mation microstructure (Fig. 2c) without evidence of deformation
twinning. In fine-grain size samples tensile tested at LNT, TEM
observations show the presence of extensive deformation twin-
ning, again though without any evidence of martensitic transfor-
mation (see Fig. 2d–f). A similar deformation response is seen for
the coarse-grained sample (see Fig. 2g–l). The results reveal that
for both grain sizes, deformation-induced nanotwin formation is a
dominant deformation mechanism at LNT, while dislocation
motion, associated with glide of 1/2<110> dislocations on {111}
planes, is the main deformation mechanism at RT. It is worth
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noting that with decreasing grain size, the fraction of grains that
undergo mechanical twinning at LNT decreases, and the
dislocation density inside the nanotwins increases.

Super toughening mechanism. Both the microstructural char-
acterization and the mechanical results suggest that the present
steel fulfills the two criteria proposed above for an inverse
temperature–toughness dependence. Charpy impact tests were
therefore conducted to verify this hypotheses. During testing
none of the samples broke into two separate pieces,

demonstrating their excellent toughness (see Supplementary
Fig. 1). Indeed, we found that for the fine-grained samples, the
impact toughness increased by 36% as the test temperature was
lowered from RT to LNT. Moreover, an extraordinary low-
temperature toughness of more than 450 J at LNT was obtained
for the fine-grained sample (see Table 2), representing to the
authors’ knowledge a new record at present for all reported
metals and alloys9,15,16,22,33–38. Interestingly, the impact tough-
ness for the coarse-grained sample follows the normally expected
toughness–temperature dependence, with a toughness decrease of
~38% as the temperature is lowered from RT to LNT.

Fig. 1 Microstructures and tensile properties at RT and LNT for fine- and coarse-grained samples. a Engineering stress−strain curves for fine- and
coarse-grained samples under uniaxial tension testing at RT and LNT. Yield strength, ultimate tensile strength, and ductility (strain to failure) of the fine-
and coarse-grained samples simultaneously increase with decreasing deformation temperature from RT to LNT. bWork-hardening rate and true stress as a
function of true strain, showing extensive work hardening before ductile failure following the Considère criterion. c Inverse pole figure (IPF) map of fully
recrystallized microstructure in the fine-grained sample. d Grain size distribution in the fine-grained sample. e Inverse pole figure (IPF) map of fully
recrystallized microstructure in the coarse-grained sample. f Grain size distribution in the coarse-grained sample.
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In order to explain the impact toughness results, we also
characterized the microstructure in regions close to the fracture
surface of impact-tested samples (see Fig. 3 and Supplementary
Fig. 2). For the fine-grained samples, deformation-induced
twinning is prevalent both in samples tested at RT and LNT,
though is more pronounced at the lower temperature. Signifi-
cantly, neither α′ nor ε martensite are detected in the fine-grained
sample after Charpy impact testing both at RT and at LNT (see
Fig. 3a–e), in agreement with the results obtained from tensile
testing. Example fractographs of the fine-grained samples after
Charpy impact testing at RT and LNT are shown in Fig. 3j–l. At
both temperatures, the fracture surfaces are mostly composed of
dimples of submicrometer or greater depth. Beneath the fracture
surfaces, only a small amount of cavities is seen (see
Supplementary Fig. 3).

For the coarse-grained samples, extensive deformation twin-
ning is seen after Charpy impact testing at both RT and LNT.
Notably, some ε-martensite formation is found for samples tested
at LNT (see Fig. 3f–i). The difference in deformation behavior
compared to tensile testing is likely to originate in the much
higher strain rate during Charpy impact testing. The formation of
ε martensite and its interaction with other ε-martensite and grain
boundaries contributes to the reduced impact toughness of the
coarse grain material at LNT18–20,31.

To further understand the high impact toughness values, the
three-dimensional (3D) fracture surface morphology after Charpy
impact testing at LNT was characterized using 3D microcom-
puted tomography (micro-CT). For the fine-grained sample, a
large neck is seen together with secondary cracking (Fig. 4a),
whereas only a single deep crack is seen in the coarse-grained
sample (Fig. 4b). The plastic deformation around the crack is
more pronounced for the fine-grained sample, extending to
regions further beyond the notch, while for the coarse-grained
sample the plastic deformation is concentrated mainly in the
region close to the two notch surfaces (see Table 3). Stress
concentrations due to the formation of the ε martensite (see
Fig. 3) are likely to be the reason for the less pronounced plastic
deformation and for the development of just a single deep crack
in this coarse-grained sample, both of which contribute to the
reduced Charpy toughness.

Comparison with various cryogenic metals. Several alloys,
including 304L and 316 austenitic stainless steel and 9% Ni steel,
have already been successfully used in cryogenic applications1,33,36.
Recently, great efforts have been made to develop high-manganese
TWIP austenitic steels for cryogenic applications. Figure 5 com-
pares the Fe-30Mn-0.11C steel of the present work with a number
of alloys that have been used or proposed for cryogenic applica-
tions. As seen in Fig. 5a the Fe-30Mn-0.11C alloy achieves a very
high impact toughness at a Mn concentration lower than that
(34%) required to give maximum toughness in the Fe–Mn binary
system. In Fig. 5b it is seen that for the same level of yield strength,
the Charpy impact energy of the fined-grained Fe-30Mn-0.11C
steel is significantly higher (4–5 times) compared to the 304(L) and
316(L) steels, and noticeably higher compared to the HEAs/MEAs.
Recently, a Charpy impact energy of 398 J at LNT was obtained in
CrCoNi MEA, representing at that time the highest reported value
for all known alloys37. The present fine-grained Fe-30Mn-0.11C
alloy shows, however, a LNT impact toughness exceeding this by
more than 50 J.

Although 9% Ni steel is well established as a cryogenic alloy, it
is expected that the HEAs/MEAs may replace both the 9% Ni
alloy and stainless steels, for some extreme-environmental
cryogenic applications37–39. A challenge here, however, concerns
the high cost of Ni and Co for both the 9% Ni steels andT
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CoCrFeNi HEAs/CrCoNi MEAs, as discussed further in the
outlook presented at the end of this work.

Discussion
Similar to the Fe30Mn alloy comprising austenite grains of 20–50
µm28, both fine- and coarse-grained Fe-30Mn-0.11C alloys

exhibit a remarkable simultaneous increase in both the yield
strength and UTS, as well as the ductility, as the testing tem-
perature decreases from RT to LNT. However, even for the
coarse-grained Fe-30Mn-0.11C alloy the impact energy is about
twice that for a Fe30Mn steel (see Fig. 5a), and is still somewhat
higher than the maximum value achieved in the Fe–Mn binary
system for a Fe-36Mn steel16. Although the grain sizes of these

Fig. 2 Deformation mechanisms of fine- and coarse-grained samples after tensile tested at RT and LNT. a EBSD inverse pole figure (IPF) map and b the
corresponding phase map shows the structure to be single-phase austenite with no martensite detected. c TEM image shows dislocation arrangements in
the fine-grained sample after tensile testing at RT. d EBSD IPF map and e the corresponding phase map with no martensite detected. f TEM image shows
numerous deformation twins in the fine-grained sample after tensile testing at LNT. g EBSD IPF map and h the corresponding phase map with no
martensite detected. i TEM image shows dislocation arrangements in the coarse-grained sample after tensile testing at RT. j EBSD IPF map and k the
corresponding phase map with no martensite detected. l TEM image shows dislocations of the coarse-grained sample after tensile tested at LNT.
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two Fe–Mn binary alloys were not reported, it is expected that the
grain sizes in these two alloys are similar to that of the coarse-
grained sample, as the processing conditions for these alloys are
similar15. The addition of 0.11% C to the Fe-30Mn steel provides
additional stabilization of the austenite phase, leading to a
reduction in the extent of α′- and ε-martensitic transformation

during deformation, while at the same time providing additional
solution hardening21,28,40. Moreover, the results show also that
compared to the Fe-36Mn steel15,16, addition of 0.11% of C is
more effective than the 6% Mn in achieving a high LNT impact
toughness, presumably due in part to the extensive interaction of
C with dislocations, which contributes, in addition to the
mechanical twinning, to a mechanism for sustained work
hardening40. The combination of both the increased strength and
the work-hardening ability is expected to contribute to the high
impact energy.

Remarkably, the low-temperature impact energy for the fined-
grained Fe-30Mn-0.11C steel is nearly twice that of the coarse-
grained steel of the same composition. Evidently, the grain size
plays a dominant role in enabling the observed inverted
temperature–toughness dependence and the high cryogenic
impact toughness. For several carbon steels with medium-high
Mn content (15–22 wt.%) including TWIP steels, it has been
reported that ε-martensite transformation was suppressed by a
reduction of grain size26,27,31. However, in these steels embrit-
tlement by ε martensite is not completely eliminated, due to the
comparatively low Mn content1,26,31. As a result, the ductility of

Table 2 Charpy impact energy (Cev) at RT and LNT for the
Fe-30Mn-0.11C steel for fine (5.6 μm) and coarse (47.0 μm)
mean grain size.

Mean grain size (μm) LNT RT

Cev (J) Average (J) Cev (J) Average (J)

47.0 (coarse) 265 269 ± 16 378 372 ± 5
290 372
251 365

5.6 (fine) 458 453 ± 4 335 334 ± 4
448 329
452 340

Fig. 3 Microstructure of samples at regions about 1000 µm from the fracture surface after impact testing at RT and LNT. a EBSD IPF map of fine-
grained sample after Charpy impact testing at RT and b corresponding EBSD phase map. c EBSD IPF map of fine-grained sample after Charpy impact
testing at LNT and d corresponding phase map and e image quality (IQ) map. f EBSD IPF map of coarse-grained sample after Charpy impact testing at RT.
g EBSD IPF map of coarse-grained sample after Charpy impact testing at LNT and h corresponding phase map and i enlargement of ε-martensite region.
j SEM fractograph of the fine-grained sample after Charpy impact testing at RT. k SEM fractograph of the fine-grained sample after Charpy impact testing
at LNT and l a high magnification view of k showing the presence of small fracture dimples.
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these steels at LNT remains worse than that at RT, i.e., the second
criterion mentioned above is not fulfilled. Accordingly, the
impact toughness for these steels decreases with decreasing
temperature, in a manner similar to that for standard steels1,26. It
should be noted, however, that for the present coarse-grained
sample, the impact toughness also decreases with decreasing
temperature, despite the fact that a transition from planar slip to
twinning, and an increase in both tensile strength and ductility,
are observed with decreasing temperature. This result clearly
indicates that the two criteria mentioned above are necessary, but
not sufficient, to ensure an inverted temperature–toughness
dependence. For high-Mn carbon steels, the preventing the for-
mation of ε martensite is also important.

In austenitic steels, the stacking fault energy (SFE) energy is
typically used to explain the deformation tendency: low SFE (<20
mJ/m2) favors phase transformations (from γ to ε or α′ phase),
medium SFE (20–45mJ/m2) favors deformation twinning, and
high SFE (>45 mJ/m2) favors slip. For the present case, both the C
content and grain size25, as well as the testing temperature, affect
the SFE. The SFE values for the two samples at the two test
temperatures have been calculated theoretically based on a ther-
modynamic model, and are listed in Table 4 (details regarding the
calculation procedure can be found in the Supplementary
Note 1). Although the precise calculated SFE values depend on
grain boundary energy values, the overall trend of the SFE as a
function of grain size and test temperature will not change if

Fig. 4 3D fracture surface morphology using micro-computed tomography of fine- and coarse-grained samples after Charpy impact testing at LNT. a A
big neck is formed at the fracture surface in fine-grained sample after impact testing at LNT, with a main crack seen along the direction of the Charpy notch
and subordinate cracks lying perpendicular to the direction of the Charpy notch (see Supplementary Fig. 4). b Single deep crack along the direction of the
Charpy notch in a coarse-grained sample after impact testing at LNT where no necking is seen and the fracture surface is flat.

Table 3 Quantification of microstructural damage after Charpy impact testing at LNT.

Sample Deformation at neck Deformation at back side Crack depth (mm) Deformation near the notch
opening

5.6 μm, LNT −33.6% 25.2% 1.62 −5.3% −9.8%
47.0 μm, LNT −31.1% 22.4% 5.54 −0.4% −0.5%

Values of plastic deformation defined by change in length along lines parallel to the notch line, with positive values indicating tension—see “Methods” section for a more detailed description of these
definitions.

Fig. 5 Comparison with various cryogenic metals. a Comparison of Charpy impact toughness with different manganese steels at LNT; the horizontal blue
line shows the GB 24510-2009 standard of 9% Ni for plate of thickness≤ 30mm. b Charpy impact energy at LNT as a function of RT yield strength. The
grain sizes for the samples referenced in b are all in the range of 7.5–50 µm.
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different grain boundary energy values are used. As such a
transition from ε martensite to mechanical twining, and then to
slip, as evidenced experimentally in Figs. 2 and 3, is clearly
explained by the trend in SFE values.

Following this SFE trend, the comparatively low impact
toughness for conventional 304(L) at LNT can be understood.
The SFE for conventional 304(L) with grain size around 50 µm is
typically lower than 18–20 mJ m−2 41, facilitating α′- or ε-
martensite transformation42. A combination of some additional
amount of C and grain refinement, as used for the present high-
Mn steel, may also be a solution for the 304(L) to reverse the
temperature–toughness dependence. However, there is also an
upper limit of the SFE, typically ~45 mJ m−2, above which
mechanical twinning is severely retarded and ductility decreases
with decreasing temperature. Heterogeneous plastic deformation-
induced sole by dislocation slip can also result in large stress
concentrations at grain boundaries and hence lead to inter-
granular fracture, as observed in Fe36Mn15. This is also likely to
be the reason for comparatively low impact toughness for con-
ventional 316(L)33 with SFE typically higher than 45 mJ m−2. In
this case, grain refinement can reduce slip-based deformation
heterogeneity within grains, but is unlikely to reverse the
temperature–toughness dependence, as mechanical twinning will
not operate. The SFE of a CoCrNi MEA with a grain size of 16
µm, measured based on TEM micrographs, was estimated as 22 ±
4 mJ m−2, which is lower than that for a CrMnFeCoNi HEA with
a similar grain size, 30 ± 5 mJ m−2 43. For the CoCrNi MEA
included in Fig. 5b with a grain size of ~9.5 µm (taking twin
boundaries into account)38, the SFE will be slightly higher than
22 ± 4 mJ m−2, and may be similar to that of the fine-grained Fe-
30Mn-0.11C steel. Similarly, the SFE for the CoCrFeNi HEA10 is
expected to be in between 22 and 30 ± 5 mJ m−2, close to that of
the fine-grained Fe-30Mn-0.11C steel. Similar deformation
mechanisms between these three alloys can therefore be ratio-
nalized. As such grain refinement may further improve the
impact energy of the CoCrNi and CoCrFeNi M/HEAs. In con-
trast, in the AlxCoCrFeNi HEAs10 the small additions of Al
(0.1–0.3%) will increase the SFE, which in combination with
some further SFE increase by grain refinement to ~7.5 µm, can be
expected to result in a decrease in the extent of mechanical
twinning, thus leading to the reduced impact energy of these
alloys10 compared to the CoCrFeNi alloy.

On top of the SFE, both the mechanical twinning and ε-
martensite transformation are orientation dependent44. Although
this does not contribute much to the differences observed for the
present two samples as they possess similar texture, it is still
useful to keep in mind the possibility in future work for tailoring
the texture of the samples to achieve grains with <111> parallel to
the tensile axis, thereby facilitating mechanical twinning44.

The present result also shows a significant influence of strain
rate on the microstructural evolution (comparing Figs. 2 with 3).
Strain rate is usually coupled with temperature effects in materials
science by an Arrhenius type equation, which is characteristic of a
thermally activated process. For twinning and ε-martensite
transformation, which essentially involves stacking fault pro-
cesses, the effects of increasing strain rate are expected to be
equivalent to those of lowering temperatures45. Tensile tests

conducted at strain rates more similar to those relevant for impact
testing may be more accurate as a predictor of impact behavior.

In the investigated alloy, there is only limited direct con-
tribution from mechanical twinning to the plastic strain46. Twin
boundaries certainly subdivide the grains into twinned and
untwinned regions, which can effectively reduce the dislocation
mean free path and acts as strong planer obstacles for dislocation
motion (i.e., a dynamic Hall–Petch effect)46. At the same time,
however, the slip systems in operation in the twins and matrix are
different, and the twin boundaries react in various ways with
impinged dislocations (e.g., ref. 47), which can reduce stress
concentrations and postpone the formation of local necking or
crack nucleation.

It can also be noted that the coherent twin boundaries are
much stronger interfaces than those between the ductile γ and
brittle ε phases, where the latter are typically associated with
stress concentrations. Higher interfacial strength can retard both
the crack nucleation and propagation. Similarly, grains that have
undergone mechanical twinning and that contain nanotwin
bundles are very strong barriers for blocking cracks propagating
perpendicular to the twin boundary, and thereby promoting crack
branching48.

High-Mn steels have good potential for cryogenic applications,
taking account of various properties including corrosion resis-
tance, fatigue resistance, and the strength of welded joints1. In
this regard, a limitation of the present Fe-30Mn-0.11C steel is that
this alloy has a comparatively lower yield stress than some
alternative cryogenic steels and the competing HEAs/MEAs (see
Fig. 5b). A key factor here is the relatively low Hall–Petch slope of
this type of austenitic Fe–Mn–C steel32, such that the strength
increase by grain refinement is therefore relatively low compared
to that achievable in ferritic steels. Although not yet explored, it
can be expected that the strength may be improved by further
adjustment of the alloy composition, specifically increasing the C
content at a constant or reduced Mn content, or by adding a
small amount of Al29, to enhance solute hardening in the alloy
while keeping the SFE unchanged or only slightly increased. In
this regard, it is known that mechanical twinning is still prevalent
in 30% Mn steels with carbon content up to 0.6%21,40. Also, even
if the impact toughness is influenced by a strength increase, it is
expected that as long as the formation of α′ and ε martensitic
remains suppressed by tailoring of the grain size, the inverse
temperature dependence of toughness can be preserved. In a
recent study49, it has been demonstrated that the yield strength at
RT in a Fe-34Mn-0.04C steel can be varied by microstructural
design over a wide range of 200–780MPa, with tensile elongation
comparable to 9% Ni steel at each corresponding yield strength
level. Combined with the present work, this indicates a possible
route to achieve high yield strength Fe–Mn–C steels with com-
parable or even better impact toughness than 9Ni steels or
CoCrFeNi HEAs/CoCrNi MEAs, but at a much lower cost.

In this regard it can be noted that based on data from the
London Metal Exchange, the price of Ni over the last few years
has varied from 5 to 10 times higher than that for Mn, with an
even greater differential to the price of Co (11–50 times higher
price than Mn) (https://www.lme.com/). The high cost of Co has
been driven up in recent years in particular as a result of the
increased demand for batteries to provide automotive power in
electric vehicles50. As such, even when used in relatively large
amounts as in the present alloy, Mn can be used to replace
expensive additions of Ni and Co, allowing the production of a
high performance cryogenic alloy at a significantly lower cost.

Conclusions. In summary, the present study demonstrates the
possibility to obtain high-Mn, low-carbon steels with superior

Table 4 Calculated stacking fault energy for the fine- and
coarse-grained samples at both RT and LNT.

Mean grain size (μm) RT LNT

5.6 ± 1.7 28.5 mJ m−2 23.8 mJm−2

47.0 ± 4.0 21.9 mJm−2 17.2 mJm−2
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cryogenic toughness. By a combination of these austenite stabi-
lizing elements, together with an appropriately fine-grain size, an
inverse temperature dependence of toughness has been realized
resulting in a cryogenic toughness of >450 J achieved in the fine-
grained Fe-30Mn-0.11C steel. In contrast to high entropy alloys
with high cryogenic toughness, the low price of Mn and the
suitability for industrial mass production using conventional
processing routes combine to make this fine-grained Fe–Mn–C
alloy with superior toughness a very cost-effective steel for a wide
range of cryogenic applications.

Methods
Sample preparation. The investigated steel was melted using vacuum induction
with a main chemical composition of Fe-30Mn-0.11C (wt. pct). The ingot was
heated to 1000 °C and held for 1 h, and then forged at 800–1000 °C to produce 20
mm thick plate. The hot forged plate was heated at 1000 °C for 1 h to obtain a
coarse grain size of 47.0 μm. The hot forged plate was then cold rolled to a
thickness reduction of 50% and followed by annealing at 700 °C for 2 h to obtain
fully recrystallized grains with a fine-grain size of 5.6 μm.

Microstructural characterization. Microstructural analyses were carried out using
a field emission SEM equipped with a backscattered electron detector and an EBSD
system operated at an accelerating voltage of 20 kV both for microstructure
characterization and fracture morphology investigation. The microstructure was
also characterized by transmission electron microscopy using a JEM-2100 electron
microscope operated at 200 kV.

Mechanical property tests. Conventional uniaxial tensile tests with the tensile
axis aligned along the rolling direction of the initial plate were carried using a MTS
tensile testing machine, equipped with a chamber to carry out deformation at low
temperatures. Tensile specimens with a gauge length of 10 mm, width of 2 mm, and
thickness of 2 mm were prepared from the annealed treated plates. Tensile tests
were carried out at an initial strain rate of 10−3 s−1 at RT and LNT. For each
condition three specimens were tested, and the average value was used. Charpy
impact tests were carried out using an ASTM standard E_23 tester (samples with
dimensions of 10 × 10 × 55mm3), and with a 2 mm deep V-notch at the center at
RT and LNT by a MTS impact tester of 600 J capacity. To increase the accuracy of
this procedure, the hammer was released only if the entire process occurred within
5 s. Three specimens were tested, and the average value was used. Samples tested at
LNT were precooled directly in liquid nitrogen; the time between taking a sample
out of the cooling bath and actual impact for all recorded data was less than 5 s.
Deformation of the impact-tested samples was quantified by measuring the change
in length parallel to the notch line (i) on the notch surface near the notch opening,
(ii) near the notch tip, and (iii) on the back surface of the sample in a location
behind the notch tip.

3D fracture surface morphology. To reveal the 3D morphology of the fractured
surface, the samples after Charpy impact tests were characterized by X-ray CT
using a Zeiss Xradia 520 Versa micro-CT system. For the CT scans, a polychro-
matic conical beam with X-ray energies up to 150 keV, an exposure time of 10 s,
and 3001 image projections over a rotation of 360° were used. The voxel size of the
scanned 3D volume was 13.3 µm. Visualization and analysis of the 3D fractured
samples were conducted using Avizo®.

Data availability
The experimental data included in this study are available upon reasonable request from
the corresponding authors.
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