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An ideal ultrafine-grained (UFG) microstructure for high strength and high ductility should have short dislocation-slip path to
impede dislocation slip and very low dislocation density to ensure more room for dislocation accumulation. Such a microstructure
is hard to produce, especially for UFG metals produced by severe plastic deformation techniques. Here, we report an ideal UFG
structure produced by reverse transformation of deformation-induced martensite in 304 L austenitic stainless steel. It produced
small grains and a high density of nanotwins for both high strength and high ductility. This approach is applicable to face-centered

cubic metals with low stacking fault energy.
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What is an ideal ultrafine-grained (UFG) structure for
high strength and high ductility? First, to produce high
strength in a pure metal or alloy, the path for free slip
of dislocations needs to be short to make it hard for dis-
location to slip. In other words, high spatial density of
barriers to block dislocation slip is needed. Second, to
produce high tensile ductility, effective accumulation of
crystalline defects such as dislocations, stacking faults
(SFs) and/or twin boundaries (TBs) is needed to produce
a high strain-hardening rate to deter necking under ten-
sile strain.[1-3] This requires microstructures that can
effectively accumulate crystalline defects such as dislo-
cations and have initial low dislocation density to leave
enough room for dislocation accumulation.

It is a challenge to produce UFG microstructures
with the ideal characteristics described above, especially
in large work pieces. UFG metals and alloys are usu-
ally produced by a top-down approach named severe
plastic deformation (SPD) because it can produce bulk
UFG work pieces that are large enough for real-world

structural applications at reasonably low cost.[4] SPD
techniques refine grains by plastically deforming a metal
to extremely large plastic strain, which results in dislo-
cation rearrangement and grain subdivision.[5—7] Con-
sequently, high density of dislocations often exists in
the as-processed UFG metals,[8,9] which leaves little
room for further dislocation accumulation. This leads to
low strain hardening and low ductility, which has been
reported in UFG materials produced by the SPD meth-
ods such as equal channel angular pressing (ECAP),[10]
accumulative roll bonding [11-13] and high pressing
torsion.[14] Annealing UFG metals to lower dislocation
density can recover some of the ductility, but often at
the cost of significant reduction in strength.[15,16] In
addition, some dislocation structures produced by SPD
could be relatively stable and hard to be fully annealed
out without significant grain growth, which dramatically
decreases the strength.[17]

Here, we report an ideal UFG microstructure in
304 L austenitic stainless steel (304 L SS) that was
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produced by reverse transformation of deformation-
induced martensite. This UFG microstructure is com-
posed of fine grains and high density of twins to ensure
high strength, while its low dislocation density leaves
more room for strain hardening. Furthermore, the low
stacking fault energy (SFE) of 304 L SS leads to simul-
taneous accumulation of both dislocations and SFs, mak-
ing it more effective in strain hardening. As a result, a
combination of high yield strength (810 MPa) and high
uniform elongation (30%) is obtained in tensile tests.
The 304 L SS has a composition (wt%) of 0.007 C,
18.46 Cr, 11.82 Ni, 1.61 Si, 0.008 S, 0.018 P, 0.29 Mn
and the balance Fe. The UFG microstructure was pro-
duced by means of phase-reversion annealing of heavily
cold-deformed austenite.[18,19] Specifically, the coarse-
grained (CG) samples were first processed by ECAP
at room temperature (RT) for six passes, which pro-
duced a high volume fraction (~ 70%) of deformation-
induced martensite with a mean grain size of ~90
nm.[20] This was followed by annealing at 625°C for
60 min, which reversely transformed all martensite back
to austenite with ultrafine grain sizes and high density
of nanotwins. Figure 1(a) shows the typical transmission
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electron microscopy (TEM) image of the phase-reverted
microstructure with a mean grain size of 660 nm. It
reveals equiaxed grains with sharp grain boundaries
(GBs), annealing nanotwins, and very low dislocation
density. Approximately 75% of grains were observed
containing annealing nanotwins in the TEM micrograph.
The actual fraction of grains that contain annealing twins
should be higher since some twins without appropri-
ate orientation may be not observed under TEM.[21]
Figure 1(b) is an electron back scattered diffraction
(EBSD) image, which shows a high fraction of the £3
TBs, as marked with red lines. The average thickness
of the twins is ~ 110 nm, as shown in Figure 1(c). The
GB misorientation distribution is shown in Figure 1(d).
Ignoring the boundaries with misorientation less than 2°,
the high-angle GBs (> 15°) comprise 92% of the total
GBs. The highest peak at ~ 60° results from X3 TBs,
which is 23.1% of the total boundaries.

By uniaxial tensile testing at RT, the yield strength
and ultimate tensile strength of the UFG samples were
measured to be 810 and 970 MPa, respectively. The
high yield strength can be attributed to fine grain sizes,
according to the Hall-Petch relationship. In addition,
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(a) Typical TEM micrograph showing the UFG microstructure produced by phase reversion transformation, (b) EBSD

image. The black lines denote random GBs and the colored lines represent coincident-site lattice boundaries, of which the 3 TBs
are represented by red lines, (c) distribution of twin thickness, (d) distribution of GB misorientation angles.
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the high density of nanotwins should also have con-
tributed to the observed high yield strength, because TBs
play a similar role to that of GBs.[22,23] A high uni-
form elongation of 30% was obtained, which is much
higher than that of most UFG materials.[8—14] Figure
2(a) shows the representative true stress—strain curves of
the current ideal UFG 304 L sample and its CG counter-
part. The samples used for tensile tests are in dog-bone
shape with gauge dimensions of 1 x 2 x 8 mm® (see
Figure S1 in the Supplementary material). A yield drop
in stress is observed in the UFG sample, suggesting a
strong pinning of mobile dislocations, which underpins
the high yield stress. After yielding, the Liiders defor-
mation is activated for a few percent of strain with low
strain-hardening rate (see Figure S1).With further strain-
ing, the UFG sample undergoes high strain hardening,
which produces a large uniform plastic deformation.
X-ray diffraction analysis at tensile strains of 10.9%,
19.2% and 29.3% revealed no strain-induced martensite
(see Figure S2), indicating that no martensitic trans-
formation occurred during tensile deformation. It has
been reported that decreasing austenite grain size can
enhance the austenite stability to impede strain-induced
martensite transformation.[24,25] In addition, the rela-
tively high nickel and very low carbon contents in this
304 L steel also improved the austenite stability. There-
fore, the high strain-hardening rate of the current UFG
sample was caused by the accumulation of dislocations
and/or other crystalline defects.

Figure 2(b) compares the yield strength and uniform
elongation of the current sample with those reported in
the literature for 304 L SSs with Ni concentration in the
range of 10-12%.[26-30] As shown, for most reported
data points, the yield strength usually decreases with
increasing uniform elongation. However, the strengths-
uniform elongations of the current UFG samples are
clearly superior to those reported in literature. The only
other data point (the pink triangle [30]) that is com-
parable to the current one is from a sample that had
strain-induced martensite transformation during tensile
deformation. It has been reported that the strain-induced
martensite causes undesired hydrogen embrittlement
[31-33] and decreases corrosion resistance of austenitic
SSs.[34-36] These problems are avoided in the current
ideal UFG sample, which has more stable austenite due
to ultrafine grain sizes.

In order to identify the deformation mechanism, the
UFG samples after tensile testing were characterized by
TEM and high-resolution TEM (HRTEM). Figure 3(a)
shows the typical microstructure at low magnification
after ~28% tensile strain. It reveals very high disloca-
tion density, in sharp contrast with the initial microstruc-
ture before testing (Figure 1(a)). Figure 3(b) further
shows the defect structure in the interior of a single grain
at higher magnification by tilting the incident beam to
parallel to the [011] zone axis. It reveals a high density
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Figure 2. (a) Typical tensile true stress—strain curves for UFG

and CG 304 L SSs at a quasi-static strain rate of 5 x 1074 s~!
and RT. The inset is engineering stress—strain curves, (b) excel-
lent strength—ductility combination of the current ideal UFG
SS in comparison with other 304 L SSs (with Ni content of
10 ~ 12%).

of straight lines lying on the (111) plane, with lengths
of several tens to hundreds of nanometers and inter-
line spacing of 4 ~ 60 nm. The selected-area diffraction
(SAD) pattern shows obvious streaks along the [111]
direction, indicating that these lines are edge-on SFs.
The formation of high density of SFs is due to the low
SFE of this 304 L SS, ~ 34 mJ/m?.[37] Low SFE pro-
motes the dissociation of a full dislocation into two
partial dislocations during plastic deformation. In UFG
and nanocrystalline materials, the leading Shockley par-
tial dislocations can originate from GBs and glide into
grain interiors, leaving behind wide SFs.[38—40] In low
SFE materials, the SFs can be very wide, even across the
entire grains, as shown in Figure 3(b).

Figure 3(c) and 3(d) show annealing nanotwins in
two ultrafine grains. High densities of dislocations are
clearly shown near some TBs, suggesting that TBs are
effective in blocking and storing dislocations. It is also
seen that the interaction between dislocations and TBs
made TBs curved and deviate from the original straight
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Figure 3.

Typical TEM micrographs showing the microstructures and defects in ultrafine austenitic grains after ~ 28% tensile

strain: (a) overview of the microstructure, (b) defect structure in a 520 nm grain, (c) a 400 x 570 nm grain with an annealing twin,
(d) a 500 x 700 nm grain with two nanotwins. The corresponding SAD patterns with [011] zone axis are shown in the insets.
The insets denoted by capital letters A and B are enlarged from the corresponding white frame regions, which reveal different slip

planes activated in different regions.

line, which is consistent with a previous report.[41] In
addition, the nanotwins lead to activation of more slip
systems for dislocations/SFs. As seen in the inset images
enlarged from the corresponding white frame regions in
Figure 3(c) and 3(d) (denoted by capital letters A and
B), the dislocations/SFs on the left part of matrix glided
on the (111) plane, while on the right side they glided
on the (111) plane. Within twin lamellae, the disloca-
tions can glide on both (111) and (111) slip planes, as
evidenced by the rhombic grids in the center of Figure
3(c). It is expected that the activation of multiple slip
systems produces high strain-hardening rate, because the
simultaneous activation of different slip systems needs
a higher shear stress,[42] and the dislocations from dif-
ferent slip systems may entangle and react with each
other.[43] The dislocation density in deformed grains is
measured to be about 1.8 x 10" m?.

The generation of SFs was also observed within
nanotwin lamellae, as demonstrated by the straight lines
indicated by arrows in Figure 4. These SFs either trav-
eled across twin lamellae or terminated inside the twin.
The lower-left inset is an HRTEM image viewed from
the [011] zone axis, confirming that these lines are SFs.
The SFs can originate from TBs via dislocation-TB reac-
tions. As revealed by molecular dynamic simulation [44]

91

and analytical model,[45] when a perfect 60° disloca-
tion meets a TB, it can be dissociated into a 30° partial
and a 90° partial. The partials can transmit across the
TB to slip in the twin to produce SFs, depending on the
orientation and magnitude of local stress. As shown in
Figure 4, most of the SFs are originated from TBs, which
is consistent with the above twin-dislocation interaction
theory.

The above microstructure and defect observations
indicate that the ideal UFG structure produced by phase-
reversion annealing can effectively accumulate a high
density of dislocations during uniaxial tensile test, which
explains its high strain-hardening rate. The contribution
of dislocation accumulation to the plastic flow stress can
be evaluated by the Taylor dislocation hardening rela-
tion, 0 = MaGh,/p, where o is the true flow stress,
M is the Taylor factor, o is the material constant, G
is the shear modulus, b is the Burgers vector, and p
is the dislocation density accumulated in grain interior
during plastic strain. In this study, the dislocation den-
sity after tensile test is as high as 1.8 x 10" m?, which
can be considered accumulated during tensile deforma-
tion because the initial dislocation density is extremely
low (see Figure 1(a)). Using the typical parameters for
304L SS (M =+/3, « = 0.28,[46] G = 78 GPa and
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Figure 4. High density of SFs (indicated by arrows) formed
inside nanotwin lamellae. The upper-right inset is correspond-
ing SAD pattern with the [011] zone axis. The lower-left inset
is an HRTEM image showing a stacking fault formed within a
nanotwin.

b = 0.2535 nm), the increase in flow stress is calculated
to be about 407 MPa. This value is close to the increase
(470 MPa) of flow stress from yield point (810 MPa) to
the true stress at 28% strain (1,280 MPa), as shown in
Figure 2(a).

It should be noted that due to the low SFE of
304LSS, most dislocations are dissociated with SF rib-
bons, and some SFs have one or both ends pinned at
GBs or TBs, as seen in Figures 3 and 4. This makes
dislocation recovery via cross-slip and climb very diffi-
cult, because these processes require the wide SF ribbon
to constrict into a full dislocation first. In addition, the
SFs are effective barriers for blocking and accumu-
lating dislocations.[47,48] When a moving dislocation
encounters with a SF, it can either interact with the SF
or accumulate near the SF if the applied stress is not
high enough to activate the reaction.[45] It has been
reported that SFs are very effective in promoting disloca-
tion accumulation in UFG Cu—Zn alloy.[40] Therefore,
lowering SFE has been found to enhance dislocation
density and hence improve the strain-hardening rate of
these alloys.[40,49-51]

Another important feature of the current UFG sam-
ple is the presence of a high density of nanotwins. These
nanotwins must have contributed to the high strain-
hardening rate. It has been reported that TBs are strong
obstacles for blocking gliding dislocations and effec-
tive sites for storing dislocations,[44,45,51-53] which
is also clearly shown in Figure 3(c) and 3(d). Lu et al.
[54] proposed four types of TB-related dislocations to
explain the strain hardening of nanotwinned Cu. They
are glissile Shockley partials, sessile dislocation locks
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and extended SFs at TBs, as well as thread dislocations
in the twin/matrix lamellae. All of these dislocations
can be found in our samples, as shown in Figures 3
and 4. However, fabricating large bulk UFG materials
with high density of nanotwins for structural appli-
cations is still a challenge to date. The current work
provides a new approach to produce bulk low SFE
UFG materials, which can be engineered with high den-
sity of annealing nanotwins for high strength and high
ductility.

Other approaches have also been reported to
improve the strength and ductility of UFG metals. For
example, introducing nano-precipitates into the UFG
matrix can recover some strain hardening. However,
the increase in uniform elongation is still very lim-
ited, usually less than 10% in UFG Al alloys, for
instance.[2,55] One approach for regaining high strain
hardening is phase transformation, which can lead to
high strength and good ductility in some austenitic
steels.[18,30,56,57] For example, bulk UFG 301 grade
austenitic SSs exhibited very high tensile yield strength
(900—1,000 MPa) and high total elongation (30-—40%)
via strain-induced martensitic transformation.[18,19]
However, the strain-induced martensite results in sig-
nificant hydrogen embrittlement [31-33] and decreased
corrosion resistance [34-36] in austenitic SSs, both of
which are potential hazards for some applications such
as nuclear reactor structural materials.[58,59] To avoid
such problems, strain-induced martensite transforma-
tion has to be avoided during the plastic deformation
of austenitic SSs. The ideal UFG structure produced
by phase reversion in the current work avoids this
problem and may have potential applications where
resistance to hydrogen embrittlement and corrosion is
critical.

In summary, we have produced an ideal UFG
microstructure with fine grains, high density of anneal-
ing twins and low dislocation density by phase-reversion
annealing of deformation-induced martensite in 304 L
SS. It exhibited a superior combination of strength and
ductility. The high strength resulted from the small grain
size and high density of annealing twins, while the
high ductility resulted from the high density of twins
and initial low dislocation density, which were not only
effective in blocking and storing dislocations, but also
provided more room for dislocation accumulation. The
low SFE of 304 L SS also helped with increasing the
strain-hardening rate by producing SFs and dissociated
dislocations with wide SF ribbons. These structural and
deformation features ensured a high strain-hardening
rate for high ductility. Finally, the ideal microstructure
presented here can only be produced in fcc metals with
low SFEs. Any other approaches that can produce fine
grain size with high dislocation barriers and low dislo-
cation density are expected to produce similar superior
mechanical properties.
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