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The fracture behavior was investigated of a 316L austenitic stainless steel with heterogeneously distributed
nanotwin bundles, prepared by dynamic plastic deformation and subsequent annealing at different tempera-
tures. The results indicate that the controlled annealing causes a slight decrease in the strength, but remarkably
improves the fracture resistance, and therefore enhances the strength–toughness synergy. The toughness en-
hancement is attributable to the formation of recovered sub-micron-sized and recrystallizedmicron-sized grains
postponing crack nucleation and to the remnant nanotwin bundles arresting crack propagation.

© 2016 Published by Elsevier Ltd.
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Austenitic stainless steels (SS) are widely used in engineering appli-
cations due to their excellent corrosion resistance and good formability
[1]. But their low yield strengths in general limit the applications as en-
ergy efficient structural components [2]. Grain refinement by severe
plastic deformation has attracted considerable attention to develop
high strength steels [3–5]; however, the strength increment by this
method is always accompanied with dramatic reduction in ductility
and fracture toughness [5–7]. The reduced fracture toughness has an
important bearing on the suppression of dislocation activities within
the nanoscale tiny grains [7–9], and on the fact that the numerous
large angle grain boundaries (GBs) in three-dimensional network can
directly act as micro-void nucleation sites and crack extension paths
[10,11]. Therefore, structural reliability and hence potential engineering
applications of nanograined components are still seriously restricted by
their limited damage tolerance.

By contrast, two-dimensional coherent twin boundaries (TBs) at the
nanometer scale aremore resistant to crack nucleation and propagation,
whilemaintaining a significant strengthening capability [12–15]. For in-
stance, by introducing bundles of nanoscale deformation twins into a
matrix of nanograins, Qin et al. discovered that the nanotwin bundles
could enhance the crack growth resistance by triggering the formation
of coarse/deep dimples [16,17]. However, the presence of a large vol-
ume fraction of nanograins in the deformed samples still limits the
crack initiation toughness, since micro-cracks easily nucleate and coa-
lesce in the nanograined matrix. To solve this problem, controlled
thermal treatment to modify the nanograined microstructure, which
has been recognized to be an effective approach to deal with the
strength–ductility trade-off relationship [18,19], can be a feasible
strategy.

For the case of austenitic steels, it has been demonstrated that dynam-
ic plastic deformation (DPD) in conjunction with optimized thermal an-
nealing to produce a mixed structure consisting of nanotwinned and
recrystallized austenitic grains could bring about a good combination of
high strength and large tensile ductility [20,21]. However, there is still a
lack of fracture mechanics evaluation on the damage tolerance of this
unique material, which is highly required for engineering applications.
In this work, the fracture behavior of the nanotwinned austenitic 316L
SS was investigated, majorly aiming at evaluating the contributions
of nanotwin bundles and recrystallized grains to the fracture toughness,
and at exploring the underlying strengthening and toughening
mechanisms.

The used 316L SS and the DPD treatment in thiswork are identical to
those in Refs. [21,22]. Cylindrical coarse-grained samples, 12 mm in di-
ameter and 16 mm in height, were subjected to repeated DPD treat-
ments up to a total true strain of 1.6. The strain is defined as ε = ln
(hi/hf), where hi and hf are the initial and final thickness of the treated
sample. In order to further modify the microstructure, the as-DPD disk
samples were annealed at 710–730 °C for 20 min and then water-
quenched. Uniaxial tensile tests were performed on an Instron
5848 microtester (2 kN load capacity) at a strain rate of 3 × 10−3 s−1

at room temperature, using dog bone-shaped samples with a gage
length of 5 mm. A contactless MTS LX300 laser extensometer was
used to accurately measure the imposed strain upon loading.
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In order to evaluate the fracture toughness, miniaturized single
edge-notched specimens with a thickness of 2 mm, a width of 4 mm,
and a span distance of 16 mm were machined from the as-DPD and
thermally treated disks, with the thickness direction corresponding to
that of the DPD disk. The crack propagation direction is parallel to the
radial direction of the disk, while the propagation plane is normal to
the tangential direction. The specimens were first notched to a depth
of ~800 μm by electrical discharge machining, and then pre-cracked
under cyclic bending to an original crack length a0 of ~2 mm. The pre-
cracked specimens were finally monotonically bent to extend the
crack at a constant displacement rate of 0.3 mm min−1 on the Instron
5848 microtester. During the test, the instantaneous crack length was
monitored using the direct current potential drop method. With the
synchronously recorded force P, load-line displacement v and crack ex-
tension Δa, the elastic–plastic fracture toughness (critical J-integral)
could be determined from the J-integral resistance curves calculated
based on the recommendations of the ASTM E1820-11 [23].

The microstructure was characterized by field emission gun scan-
ning electron microscopy (SEM) in a FEI Nova NanoSEM 430 micro-
scope and by transmission electron microscopy (TEM) using a JEOL
2010 microscope operated at 200 kV. Electron backscatter diffraction
(EBSD) measurements and analysis were performed using the HKL
channel 5 software suite. The fracture surfaces were examined by the
SEM with secondary electron imaging, and by the Olympus LEXT
OLS4000 confocal laser scanning microscope (CLSM) to determine the
three-dimensional fracture topography.

Fig. 1a shows the typical cross-sectional microstructure of the as-
DPD sample, which is spatially heterogeneous and is characterized by
rhombic bundles of nanoscale deformation twins embedded in amatrix
of nano-sized grains. The nanotwin bundles with longitudinal length
ranging from several to tens of micrometers are remnants surviving
from the extensive localized shear deformation in various directions.
Closer TEM observations reveal a high density of dislocations accumu-
lated along the TBs (Fig. 1b), characteristic of deformation twins. The
Fig. 1. (a) Cross-sectional microstructure of the as-DPD 316L SS, showing the nanotwin bundle
with a high density of accumulateddislocations; (c) SEM image of the cross-sectionalmicrostruc
(d) closer TEM observations of the unresolved areas in (c), displaying the nanotwin bundles s
relatively low density of dislocations; (f) EBSD map of the selected area in (c), indicating the p
statistical results indicate that the nanotwin bundles with a mean
twin/matrix thickness of ~16 nm take up a total volume fraction of
~26%, with the balance being occupied by the nanograins. Most of the
nanograins are generated inside the shear bands through the fragmen-
tation and rotation of the twin/matrix lamellae, and hence are slightly
elongated with an average transverse size of ~30 nm and a mean longi-
tudinal size of ~80 nm.

Additional thermal annealing at 710–730 °C leads to substantial var-
iations in the deformedmicrostructure. Fig. 1c shows the typical micro-
structure of the DPD sample annealed at 720 °C for 20 min. Obviously,
nano-sized grains are much less stable due to the high stored energy
comparing to nanotwinned structures, and hence partial recrystalliza-
tion preferentially occurs in the nanograined areas to convert some of
them to micron-sized recrystallized grains that are visible under the
SEMobservations. The EBSDmeasurements (Fig. 1f) reveal the presence
of large angle misorientations between the recrystallized grains and the
formation of the annealing twins inside. Due to the relatively low an-
nealing temperatures, some deformed nano-grains are just recovered
and become dislocation-free. These recovered sub-micron-sized grains
usually surround the nanotwinned bundles, as shown in closer TEM ob-
servation (Fig. 1d). After the thermal annealing, there is no significant
change in the volume fraction or the average twin/matrix thickness of
the nanotwin bundles, due to their low interface energy and high ther-
mal stability [24]. However, a large fraction of dislocations accumulated
at TBs annihilates after the annealing (Fig. 1e). The statistical results of
the microstructure for the as-DPD and the annealed DPD samples are
summarized in Table 1.

The representative tensile engineering stress–strain curves for the
as-DPD and the thermally treated samples are shown in Fig. 2. DPD to
ε = 1.6 substantially elevates the yield strength σy up to 1366 MPa
and the ultimate tensile strengthσuts to 1416MPa. However, it also dra-
matically reduces the tensile ductility. After the annealing treatments,
the strengths (both σy and σuts) slightly drop due to the reduction in
dislocation density and moderate grain coarsening. In return, an
s embedded in a nanograin matrix; (b) closer TEM observation on the deformation twins
ture of the 720 °C annealedDPD sample, showing some recrystallizedmicron-sized grains;
urrounded by equiaxed sub-micron grains; (e) TEM image of annealed nanotwins with a
resence of high angle grain boundaries and annealing twins in the recrystallized grains.



Table 1
Microstructure, tensile properties, and fracture toughness of the as-DPD 316L SS and DPD samples annealed at different temperatures.

Sample VNT

%
VG

%
d
nm

σy

MPa
σuts

MPa
εf
%

JIC
kJ m−2

KIC

MPa m1/2

DPD 26 ± 5 — 33 1366 ± 49 1416 ± 50 8 ± 1 63 ± 2 117 ± 1
DPD + 710 °C annealed 28 ± 2 72 ± 2 150 1144 ± 39 1294 ± 56 13 ± 2 88 ± 5 136 ± 4
DPD + 720 °C annealed 23 ± 6 77 ± 6 230 1113 ± 55 1222 ± 8 14 ± 1 108 ± 12 151 ± 8
DPD + 730 °C annealed 21 ± 2 79 ± 2 550 1020 ± 15 1115 ± 15 18 ± 1 140 ± 6 172 ± 5

VNT, volume fraction of nanotwin bundles; VG, volume fraction of recovered and recrystallized grains; d, average grain size;σy, yield strength; σuts, ultimate tensile strength; εf, elongation
to failure; JIC, critical J-integral; KIC, critical stress-intensity factor calculated from JIC.
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obvious increment in ductility is observed. For instance, the uniform
elongation increases to 4.2% for the sample annealed at 720 °C.

Fig. 3a shows the P–ν curves for the as-DPD and heat-treated sam-
ples obtained from the three-point bending tests. The instantaneous
electric resistance R between the two ends of the bending sample was
also automatically recorded to measure the crack growth, see the
dash lines in Fig. 3a. Based on the P–ν curves and the crack extension
Δa = a − a0 inferred from the calibration curves between R and crack
length a, the fracture resistance, J-integral, as a function of Δa can be
computed, as presented in Fig. 3b. All the samples exhibit stable crack
growth behavior, and the J-integral monotonically increases with Δa.
But with increasing annealing temperature, the slope of J-integral resis-
tance curve increases, indicating an enhanced crack propagation resis-
tance for samples annealed at higher temperatures.

According to the J-integral resistance curve, the critical fracture
toughness (JIC) is in general evaluated as its intersection point with
the 0.2 mm offset crack blunting line (J= 2σYΔa, where σY is the aver-
age value of σy and σuts), as displayed in Fig. 3b. Then the critical stress-
intensity factor (KIC) can be calculated from JIC by using the following re-
lationship: K IC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E JIC=ð1−v2Þ

p
, where E is the Young's modulus and ν

is the Poisson's ratio, respectively. JIC and KIC values of all the tested 316L
samples are also listed in Table 1, which shows that KIC of the as-DPD
sample is 117 MPa m1/2, and increases with increasing annealing tem-
perature. After annealed at 730 °C for 20 min, the KIC is 172 MPa m1/2,
which is remarkably enhanced compared to that of the as-DPD sample.
Note that the σuts is still as high as 1.1 GPa, mildly reduced with respect
to that of the as-DPD sample. The above results suggest that a good syn-
ergy of strength and fracture toughness can be accomplished by
thermo-mechanical treatment involving nanoscale twins, which is su-
perior to other strengthening strategies [6].
Fig. 2. Tensile engineering stress–strain curves for the as-DPD and annealed DPD 316L SS,
and the coarse-grained (CG) counterpart for comparison.
To understand the enhanced fracture toughness, the fracture sur-
faces of the as-DPD and 720 °C annealed samples were examined by
SEMand CLSM, as shown in Fig. 4. SEMobservations reveal that the frac-
ture surface of the as-DPD sample exhibits ductile fracturemode, which
is evidently composed of two kinds of dimples (see Fig. 4a). One is rel-
atively coarse and deep with an average longitudinal length of
~30 μm; the other is rather equiaxed and fine with a mean diameter
of ~5 μm. While the fine dimples were prominently observed on the
fracture surfaces of homogeneous nanocrystalline and ultrafine grained
materials [6,25,26], the coarse dimples have only been identified in the
heterogeneous structure with embedded nanotwin bundles [16,17].
The coarse/deep dimples constitute an area fraction of ~26%, close to
the volume fraction of the embedded nanotwins, manifesting that
their formation is intimately connected with the presence of the
nanotwin bundles. The CLSM 3D morphology in Fig. 4b reveals the
depth of different dimples, and the relative peak-valley height of the se-
lected area can be as large as ~80 μm.
Fig. 3. (a) Typical curves of P and R versus v for the bending tests of the as-DPD sample and
the DPD samples annealed at different temperatures; (b) corresponding J-integral resis-
tance curves calculated from the data in (a).



Fig. 4. SEMobservations on the fracture surface of (a) as-DPD sample and (c) 720 °C annealedDPD sample; (b) and (d), three-dimensional CLSMobservations on the fracture surface of the
same areas in (a) and (c), respectively. The color bars in the right indicate the relative dimple depth.
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Fig. 4c shows the typical fracture surface of the 720 °C annealed sam-
ple, which is also composed of two kinds of dimples. And apparently,
the applied annealing treatment increases the dimple sizes, especially
for the fine ones. The average size of thefine dimples (~9 μm) is approx-
imately two times as large as that of the as-DPD sample, while the aver-
age longitudinal length of the coarse dimples is slightly increased to
~40 μm. The area fraction of coarse/deep dimples is ~29%, nearly the
same as that of the as-DPD sample, in consistent with the remaining
nanotwins. The CLSM observations (Fig. 4d) indicate the fracture sur-
face becomes even more rough and the relative peak-valley height of
the surface increases to about 110 μm. Table 2 summarizes the statistical
results of the dimple sizes and area fractions for the as-DPD and
annealed DPD samples. The area fractions of the two kinds of dimples
remain unchanged upon the mediate temperature annealing at
710–730 °C, but increasing the annealing temperature slightly elevates
their sizes.

Combining the results of tensile tests and fracture toughness mea-
surements for the thermally annealed DPD 316L SS (Table 1), it is sug-
gestive that the incorporation of nanoscale twins as appealing
strengthening and toughening agents in bulkmetals and alloys is highly
practical under optimized deformation conditions (to stimulate defor-
mation twinning) in conjunction with suitable heat treatment. This
Table 2
Statistics on the sizes (W) and the volume fractions (V) of the two kinds of dimples for the
as-DPD and DPD sample annealed at different temperatures.

Sample Coarse dimples Fine dimples

W (μm) V (%) W (μm) V (%)

DPD 31 26 ± 3 5 74 ± 3
DPD + 710 °C annealed 44 31 ± 3 8 69 ± 3
DPD + 720 °C annealed 40 29 ± 5 9 71 ± 5
DPD + 730 °C annealed 41 32 ± 7 9 68 ± 7
feasibility originates from several special features of the nanoscale
twins, including a good combination of strength and deformability aris-
ing from TB/dislocation interactions [12,27,28], strong fracture resis-
tance of coherent TBs [14,15,29], and superior thermal stability [24].

The as-DPD sample simultaneously possesses a high strength and a
strong fracture toughness, which provides a favorable starting point for
subsequent thermal treatment. The high strength arises from the
presence of nano-sized grains and twin lamellae, while the fracture
toughness is closely associated with the nanotwin bundles. Qin et al. re-
vealed that the embedded nanotwin bundles are responsible for forming
coarse/deep dimples (like those in Fig. 4a) and thus increase the resis-
tance to the crack propagation [17]. However, in the mixed structure of
nanotwins and nanograins, the cracks tend to nucleate at the abundant
GBs or triple junctions, and then extend through the nanograin matrix
easily [30]. The nanograin matrix with limited deformability is still the
weak link that constrains further enhancement in fracture resistance of
the deformed sample [30].

Controlled heat treatment effectively modifies themicrostructure of
the nanograin matrix by increasing the grain size and eliminating the
stored extrinsic dislocations. More importantly, the GB structures are
also altered intrinsically by recrystallization or GBmigration during an-
nealing [31,32]. It is believed that the nucleation of GB crack is caused by
the strain incompatibility between neighbor grains, which is largely de-
pendent on the GB characteristics [10]. Thermal treatment would re-
duce the volume fraction of GBs and some potential crack nucleation
sites. Furthermore, the clearing up of the stored dislocations would in-
crease the critical strain for crack nucleation. These analyses are exper-
imentally proved by the detection of much larger dimples on the
fracture surface of the heat-treated samples (Fig. 4c and d). The incre-
ment in dimple size elevates the irreversible plastic energy dissipated
during crack propagation. Taking account of the large volume fraction
(~70%), the enhanced facture toughness of the annealed DPD samples
can be attributed to the formation of recovered and recrystallized
microstructures.
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Another advantage of the annealed samples arises from the annealed
deformation twins, which not only strengthen the material, but also to
certain extent contribute to the improved fracture toughness. Due to
the high thermal stability, the heat treatment does not substantially
change the volume fraction or the thickness of the twins. Therefore, it is
anticipated that the nanotwin bundles almost retain their contribution
to the total strength after annealing, as confirmed by previous tensile
tests [22]. The strength contributed by the nanotwin bundles is estimated
to be as high as 420 MPa (~40%) for the 730 °C annealed sample, taking
account of their strength and volume fraction. Besides the strengthening,
the additional toughening arising from the annealed nanotwins should
not be neglected either. The thermal annealing removes someaccumulat-
ed dislocations at TBs and hence recovers the deformability of nanotwins,
which is beneficial for accommodating the plastic incompatibility be-
tween the nanotwins and the surrounding recrystallized grains. Further-
more, a strain gradient was observed to develop at the transitional area
from the nanotwin bundle to the recrystallized grains, which stimulates
deformation twinning in the recrystallized grains immediately near the
bundle [33]. The enhanced plastic deformation of the nanotwin bundle
and the neighboring recrystallized grains increases the energy dissipation
for generating the coarse dimples that aremuch larger than those formed
during the fracture of the as-DPD sample (Table 2).

In summary, the fracture behavior is investigated of the nanostruc-
tured 316L SS with a mixed structure of nanotwin bundles embedded
in the matrix of deformed nanograins and of annealed submicron
grains. The microstructural modulation involving recovery and con-
trolled recrystallization of nanograins leads to an enhanced strength-
fracture toughness synergy. The improved toughness is predominantly
attributed to the recovered or partially recrystallized grains that sup-
press the crack nucleation leading to much larger dimple sizes and to
the annealed nanotwin bundles that impede the crack propagation.
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