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Fig. 1. Microstructure
of our D and P steel
before the tensile test.
(A) Electron backscatter
diffraction phase image
and orientation image
showing the lamella
microstructure of austen-
ite (y) embedded in tem-
pered martensite (o)
matrix. The austenite area
fraction is 15%, and the
martensite area fraction
is 85%. RD indicates

the rolling direction, ND
indicates the normal

e o 10 pm
direction, and TD indi-
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cates the transverse

direction. (B) Dislocation
structures in martensite.
The inset is a selected-
area diffraction pattern
(SADP). (C) A typical
lenticular martensite dis-
tributed with twins and
dislocations. (D) The lath

500 nm

martensite and lamella F
austenite as observed in
transmission electron
microscopy (TEM) bright-
field and dark-field
images. The right image
is a SADP showing a
Kurdjumov-Sachs (K-S)
relation between lamella

austenite and lath mar-

tensite. (E) Dislocations in submicron granular austenite. (F) Dislocations and stacking faults in a large austenite grain captured by TEM bright-field
and high-resolution images. (G) Distribution of nanosized vanadium carbide (V4C3) in tempered martensite matrix. (H) High-resolution TEM image of

nanosized vanadium carbide in austenite.

Fig. 2. Engineering stress-strain curves of
our steels at room temperature. Curves a and
b represent the D and P steels, processed by
warm rolling, intercritical annealing, and cold
rolling followed by tempering at 400°C for 6 and
15 min, respectively. Curve c represents the
deformed steel, processed by warm rolling,
intercritical annealing, and cold rolling without
tempering at 400°C. Curve d represents the
sample with bimodal coarse-grained micro-
structure (fig. S5) obtained by annealing at
900°C for 30 min. The uniform elongation is
almost the same as the total elongation for all
tensile curves. An increased yield strength of

2500 3

MPa)
(e}
o

S 2000

—-

o

o

S
1

-

o

S

S
1

500 —

Engineering stress
o

0~
0 2

LA L L L L L I L B
4 6 8 10 12 14 16 18 20

Engineering strain (%)

180 MPa in curve a as compared to that in curve c is due to the segregation of C atoms at dislocations
during the tempering at 400°C (24). The serrations at elongations between 10 and 14% in curves a and

b manifest the Portevin-Le Chatelier effect (35).

Intriguingly, the D and P steel also had a larger
tensile uniform elongation (>15%) than its bi-
modal coarse-grained counterpart. Our D and P
steel with high dislocation density has an inverse
strength-ductility trade-off similar to what has
been found in other materials (23).

The high dislocation density in our D and P
steel results in an ultrahigh yield strength. The
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large uniform elongation is also due to the dis-
location density. The D and P steel demonstrates
discontinuous yielding followed by large Liiders
strains (¢) (Fig. 2). The enhanced yield drop after
the prolonged annealing is a typical feature of
strain aging during which both mobile and im-
mobile dislocations are segregated by solid solutes
(24). Martensite has an inherently high ratio
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(~18%) of mobile screw dislocations from dis-
placive shear transformations (25, 26). The mobile
and immobile dislocations in martensite could
rearrange to form dislocation cells (Fig. 1B) dur-
ing cold rolling, while the characteristics of
dislocations remain the same (I8, 27). The dis-
location cells consist of a cell interior with a low
dislocation density and a cell wall with a high
dislocation density. The catastrophic release and
glide of the mobile screw dislocations from the
cell wall lead to the collapse and break of orig-
inal cell boundaries and the formation of elon-
gated dislocation cell structure after Liiders strain,
which we confirmed by comparing Fig. 1B and
Fig. 3A. The elongated cell has an increased
length of ~400 nm compared to that of the original
cell structure, which indicates that the average
glide distance of the mobile screw dislocations
is ~400 nm. A general relationship between plastic
strain and mobile dislocation density (p,,) can
be written as (28)

e Yap,bL=M

where L is the average glide distance of the
mobile dislocations (~400 nm). We assumed
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Fig. 3. Microstructure of our D and P steel after the tensile test. (A) The elongated
dislocation cell structure in the tempered martensite matrix after tensile straining to 8%. The
inset is the corresponding SADP. Arrows mark the break of cell boundaries. (B) The XRD profiles
at different strains. The XRD measurement on the specimen of 5.9% strain is on the gauge
part swept by Luders band. Compared to the (220)y peak, the substantially enhanced (211)c’
peak intensity at strains beyond 5.9% suggests that martensitic transformation is active in the
large-strain regime. a.u. represents arbitrary units. (C) The formation of lenticular martensite
in the coarse austenite grains after tensile straining to fracture. (D) The generation of
deformation twins in the submicron austenite grains after tensile straining to fracture. The right
image is the SADP showing a K-S relation between twinned lamella austenite and lath martensite.
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Fig. 4. Tensile properties of our steel compared with those of other existing high-strength
metallic materials. These include nanobainite steel (36), maraging steel (37, 38), dual-phase
steel (39), martensitic steel (40), TRIP steel (41, 42), quenching and partitioning (Q and P)
steel (43), nanotwinned steel (44, 45), maraging-TRIP steel (46), high—specific strength steel
(47), high-entropy alloys (48, 49), nanostructured lamella Ti (3), Ti6AI4V (47), tungsten (50),
Inconel 718 (51), nanostructured Mo alloy (52), and nanostructured Co alloy (53). Our D and

P steel is clearly separated from the general trend and therefore defines a new space in the
strength-ductility map. Note that the uniform elongation is selected here not only because it is
a desirable property but also because it is less affected by the sample dimensions used in

different studies (2).
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the ratio of mobile dislocation density to total
dislocation density to be 18% for deformation-
induced martensite (26), given a mobile disloca-
tion density of 2.3 x 10” m2 in the martensite
matrix. Consequently, the plastic strain induced
by the glide of these mobile dislocations in the
martensite matrix is estimated to be 6.8%, which
constitutes a large portion of measured Liiders
strain (~7 to 9%) in the D and P steel (Fig. 2). The
high mobile dislocation density in the martensite
matrix accommodates a large plasticity upon
yielding. The catastrophic release and glide of
the mobile screw dislocations result in a low, but
positive, strain-hardening rate during Liiders strain
regime (fig. S6). Such a low but positive strain-
hardening rate has been reported in irradiated
metals (29) and o-containing Ti alloys (30), in
which the operation of dislocation channeling
is the governing deformation mechanism.

In addition to the high mobile dislocation
density, the D and P steel had a continuous
transformation-induced plasticity (TRIP) effect
at a large strain during the tensile test (Fig. 3B).
The TRIP effect resulted from the formation of
martensite in the coarse layered austenite grains.
This TRIP effect applied compressive residual
stress to effectively blunt localized plasticity during
tensile straining (fig. S7) (31) and also provided
dynamic strain partitioning between phases and
improved strain hardening (fig. S6) (32). The
formation of the large martensite grains suggests
that coarse layered austenite grains are less stable
than ultrafine austenite grains during uniaxial
tensile deformation (Fig. 3C). Nevertheless, most
of these coarse layered austenite grains only
transform to martensite at strains beyond the
Liders strain (Fig. 3B), explaining their high
mechanical stability in the D and P steel. We
ascribed the enhancement in the mechanical
stability to the high dislocation density in large
austenite grains (Fig. 1F), where dislocations can
act as barriers for glissile martensite interface
and therefore stabilize austenite grains (19). More-
over, the hard martensite matrix (fig. S8) can
shield austenite from deformation (33), allowing
the austenite to transform at a large strain re-
gime. The austenite grains in the D and P steel
were further stabilized by C partitioning from
martensite (fig. S9) (13) relative to the austenite
grains in deformed steel (fig. S10). In addition to
the effect of C partitioning and relatively higher
Mn content (fig. S4), the high dislocation density
in the D and P steel also controlled release of the
TRIP effect, improving ductility.

The D and P steel also had a twinning-induced
plasticity (TWIP) effect during the tensile test.
We mostly observed the TWIP effect, induced
by the formation of deformation twins, in ul-
trafine austenite grains (Fig. 3D). The initiation
of nanotwins from phase boundary suggests a
high stress level experienced by lamella aus-
tenite grain (Fig. 3D). Therefore, the TWIP ef-
fect also operated in the large strain regime
(fig. S6). The minor austenite volume fraction
(Fig. 1A) of the small grains means that we ex-
pect the TWIP effect to be much less important
than the TRIP effect, even as deformation twins
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can accumulate deformations and improve duc-
tility (4).

‘We compared the bulk properties of D and P
steel to other high-strength metallic materials
(Fig. 4). The D and P steel exhibits a yield strength
that is 50% higher than that of nanobainite steel
while maintaining a comparable uniform elon-
gation (Fig. 4). Moreover, it exhibits a uniform
elongation that is one order of magnitude larger
than that of commercial maraging steels while
maintaining an equivalent yield strength. Con-
sequently, our D and P steel achieves excellent
tensile properties and defines a new space in the
strength-ductility map (Fig. 4). Despite its dis-
continuous yielding and Liiders strain (Fig. 2),
the ultrahigh yield strength of our D and P steel
makes it a desirable alloy for applications where
yield strength is the main design criterion.

The D and P overcomes the challenge of
creating martensite, which is known to be an
issue for compositionally similar steels that rely
on a quenching and partitioning process (13)
(fig. S5). The high dislocation density in the D
and P steel not only increases the yield strength
by dislocation forest hardening but also enables
a large ductility by the glide of existing mobile
dislocations and by the controlled release of the
TRIP effect. The high dislocation density is the
origin of the inverse strength-ductility trade-off.
We expect that this strategy will be useful in other
systems with similar deformation-induced mar-
tensitic transformation mechanisms such as tita-
nium alloys (34). The D and P steel exhibits a low
raw-materials cost as compared to the maraging
steel while maintaining a comparable ultimate
tensile strength (fig. S11). Therefore, by engi-
neering dislocations, we simultaneously alleviate
the economic concerns while achieving ultrahigh
strength.
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High dislocation density—-induced large ductility in deformed and partitioned steels
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A ductile steel shows its strength

Many industrial applications require materials to have high strength while remaining pliable, or ductile. However,
the microstructure that increases strength tends to reduce ductility. He et al. used a processing mechanism to create a
"forest" of line defects in manganese steel. This deformed and partitioned steel was produced by cold-rolling and
low-temperature annealing and contained a dislocation network that improved both strength and ductility.
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