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a  b  s  t  r  a  c  t

Refractory  alloys  such  as tungsten  and  molybdenum  based  alloys  with  high  strength,  thermal/electrical
conductivity,  low  coefficient  of  thermal  expansion  and  excellent  creep  resistances  are  highly  desirable  for
applications  in  nuclear  facilities,  critical  components  in  aerospace  and  defense  components.  However,
the  serious  embrittlement  limits  the  engineering  usability  of some  refractory  alloys.  A lot  of  research
results  indicate  that  the  performances  of  refractory  alloys  are  closely  related  to  the  physical/chemical
status,  such  as the  interface  dimension,  interface  type,  interface  composition  of their  grain  boundaries
(GBs),  phase  boundaries  (PBs)  and  other  interface  features.

This  paper  reviewed  the  recent  progress  of  simulations  and  experiments  on  interface  design
strategies  that  achieve  high  performance  refractory  alloys.  These  strategies  include  GB  interface  puri-
fying/strengthening,  PB  interface  strengthening  and PB/GB synergistic  strengthening.  Great  details  are
provided  on  the  design/fabrication  strategy  such  as  GB  interface  controlling,  PB  interface  controlling  and
synergistic  control  of  multi-scaled  interfaces.  The  corresponding  performances  such as  the  mechanical

property,  thermal  conductivity,  thermal  load resistance,  thermal  stability,  irradiation  resistance,  and
oxidation  resistance  are  reviewed  in  the  aspect  to  the  effect  of interfaces.  In addition,  the  relation-
ships  between  these  interfaces  and  material  properties  are  discussed.  Finally,  future  developments  and
potential  new  research  directions  for refractory  alloys  are  proposed.

© 2020  Published  by  Elsevier  Ltd on  behalf  of  The  editorial  office  of Journal  of  Materials  Science  &
Technology.
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. Introduction

Refractory metals and alloys, here targeting tungsten (W),
olybdenum (Mo), niobium (Nb), tantalum (Ta), vanadium (V)

nd their alloys, with the melting temperature above 2000 ◦C are
andidates for applications in aerospace, cladding and structural
aterials for fission reactors, and first wall blanket and diver-

or materials for fusion reactors. These refractory metals have
igh melting temperatures, superior high-temperature strength
nd especially high void swelling resistance and good thermal
reep resistance [1–5]. However, the serious embrittlement and
nstability in several regimes, i.e., low-temperature embrittlement,
ecrystallization embrittlement and radiation embrittlement, as
ell as the poor oxidation resistance at moderate temperatures,

imit the usability of above mentioned refractory metals for engi-
eering applications [6–11].

Over recent years, numerous researches have been done to
mprove the strength and ductility of refractory alloys. As we know
hat the incorporation of structural defects into crystalline lattices
rovides an effective approach to the control of metal character-

stics. The interfaces including the grain boundary (GB) interface,
hase boundary (PB) interface, contact interface and surface are
lso a kind of defects. The physical and chemical status of these
nterfaces play a very important role in determining the perfor-

ance of materials [12–23]. Because interfaces are very important
or properties as mentioned above, out of the various possible
efects like point defects and dislocations, interfaces attract much
ore attentions. As the structural units such as grains or phase

omains etc., the shrink in dimension to nanoscale, the number
ensity of interfaces increases and their influences could be ampli-
ed to the point that some material properties are essentially
etermined by the nature of interfaces [21,22]. For example, the
trength of metals with nanometer-sized grains can be an order
f magnitude higher than that of their coarse-grained counter-
arts, owing to the extremely high density of GBs [24,25]. But at
he same time, the increased number density of GBs will enhance
he interface scattering of electrons and thus decrease the elec-
rical conductivity [16]. In addition, for nuclear application, the
erformances such as irradiation resistance, hydrogen retention,
hermal stability, etc., are closely related to the interface status
26–32]. For example, interfaces can improve the irradiation resis-
ance by absorbing and annihilating irradiation induced defects, but
n the other hand they increase the hydrogen retention [33–36].
herefore, interfaces play a very important role in determining the
roperties of metals. In practice, we could decorate the interface
o make the best use of advantages and bypass the disadvan-
ages.

Since the physical properties of materials are to a great
xtent controlled by their internal interfaces, including GBs, PBs,
win boundaries and lamella boundaries [37]. Therefore, recently,
everal approaches are developed to construct interfaces to mod-
late material performances such as strength, ductility, fracture
oughness, irradiation resistance, corrosion resistance and ther-

al  load resistance of refractory alloys. These approaches include i)
trengthening GB interface by alloying with other alloying elements
38–43], producing twin boundaries and low-angle or high-angle
B interfaces [37,44–46], as shown in Fig. 1a, ii) increasing number
ensity of GB interface by refining grains [46–49], iii) constructing
anosized PBs with coherent or incoherent interfaces by adding
anosized oxide/carbide particles which have different combin-

ng strength with the matrix, as shown in Fig. 1b and c [37,50–57]
nd iv) building multi-layer immiscible nano phase boundary inter-

aces by up-down or bottom-up methods and so on, as shown in
ig. 1d [58–65]. There is no doubt that these strategies significantly
mproved the performance of refractory metals and alloys, suggest-
ng that internal interfaces can be designed to produce superior
ce & Technology 52 (2020) 29–62

performances. Additionally, the external interface such as the sur-
face also affects the properties of materials.

In this review, we  discuss the recent developments in the
improving performances of refractory alloys by means of interfacial
architectures. Several interfaces in refractory alloys are analyzed to
identify the effects of their quantity, structure and distribution on
the global performance of materials.

2. Grain boundary interface controlling

As well known that tungsten and molybdenum are brittle at low
temperatures because of two primary factors: the shortage of dis-
location slip planes and the poor cohesion of GB interfaces [66]. The
former is a typical feature in the body-centered cubic (BCC) met-
als and alloys. As a typical BCC metal, the plastic deformation of
tungsten or molybdenum depends on the mobility of non-planar
½<111> screw dislocations [67]. The dislocation cores spread into
three {110} planes with the <111> zone and leads to a very high
Peierls stress [68,69]. Thus the spread of a ½<111> dislocation core
makes a three-dimensional structure which is hard to move [70].
This basic factor in tungsten and molybdenum is the main reason
for their brittle behavior [66]. In addition to the shortage of operable
slip planes, tungsten also suffers from poor GB cohesion. Intergran-
ular fracture has been shown as the most prominent failure mode
of tungsten and molybdenum [66]. Up to 95.9 % of fracture surfaces
are intergranular in pure tungsten samples [69]. It is understood
that non-metallic impurities (e.g. N, O, P) segregating at the GBs
would reduce their cohesion [72–74], resulting in a raising brittle-
ment and a high ductile to brittle transition temperature (DBTT),
which has been clearly confirmed by the evolution of DBTT with
the content of impurities, as shown in Fig. 2a [56,75]. Fig. 2b and c
show a detailed information that most of N, O and P impurities dis-
tribute at GBs of Mo  and W [71,76,77]. The DBTT rapidly increases
with increasing O or O/N contents.

Therefore, decreasing the level of segregating impurities at the
GBs, more ductile materials can be expected. Impurities like O, P or
C generally cover high angle GBs because of their limited solubility
in tungsten matrix (lattice). Refining grain size could increase the
density of GB interfaces and thus decrease the impurity concentra-
tion. Gludovatz et al. [71] found that the shear deformation during
severe plastic deformation (SPD) process distributes the impurities
at the newly increased high angle GBs and as a result the concen-
tration of impurities per GB interface area were decreased. On the
other hand, the oxygen content can be reduced as low as possible
by hydrogen reduction during high temperature sintering, but it is
still inevitable that the free oxygen exists at GBs. Another effective
method is adding some trace nano compounds or alloy elements to
absorb free oxygen by forming more stable compounds like oxides
[39,54,78–89]. For example, trace ZrH2 was added into W matrix
and stable ZrO2 nanoparticles located at GBs were formed, which
came from the reaction between the dehydrogenized Zr and O
during sintering [78,89,90]. Zhang et al. added trace nanosized car-
bides such as ZrC and HfC nanoparticles into the tungsten matrix
to absorb impurities of O and to form stabled Zr(Hf)-C-O particles
pining GBs. This method not only significantly eliminate the inter-
granular embrittlement by reducing O segregation at GBs, but also
provides an effective pining effect by the forming nano particles
[78–89,91], which achieve an one-stone-two-birds effect: purifying
and strengthening the GBs.

Similarly, Saage et al. [39] found that the addition of Zr to
Mo-1.5at. %Si alloy could also control the GB interface, result-

ing in not only refined grain sizes and an extremely high bend
strength, but also detectable bending ductility at room tempera-
ture. Stress–strain curves of this Mo  based alloys tested at room
temperature and at 538 ◦C are presented in Fig. 3 [39]. The Mo-
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Fig. 1. Sketch of interface structures [37].
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ig. 2. a) Effects of oxygen and nitrogen impurity contents on DBTT measured by th
rom  160 to 870 wt. ppm [75]; b) APM-reconstruction of a measured atom probe sam
f  Whipped with an overlaying O mapping showing O covering most grain boundarie

.5at. %Si and Mo-1.5at. %Si-Y2O3 alloys are brittle at temperatures
p to 538 ◦C. In contrast, the alloy with Zr addition already exhibits
etectable plastic strain at room temperature with a very high
trength level of about 2 GPa. Zr additions are regarded to be ben-
ficial for the following reasons: i) refining the grains of the Mo
ased alloy, ii) diminishing detrimental oxygen by forming stable
rO2 particles, which in turn helps to pin the GBs, iii) reducing the
oncentration of Si at the GBs, which is thought to strengthen the
Bs [39].

For the issue of the lack of slip planes, alloying W or Mo  with
henium (Re) can increase slip planes and enhance the mobility of
islocations, and meanwhile trap impurities (particularly oxygen)

n the lattice, reduce GB segregation and embrittlement and thus
mprove GB cohesion [17,66]. Alloying W with Re can also lower
he Peierls stress, resulting in an effect termed “solid solution soft-
ning”, which clearly increases the toughness especially at high Re
oncentrations close to the solubility limitation [43,92]. Even for
race Re addition to tungsten matrix, this solid solution softening
rocess is active and leads to toughening and ductilization [93].

In addition to Re, other transition metals such as Ir, Rh, Ru, and
s might reduce the Peierls barrier [94]. Setyawan et al. conducted

 series of computational studies on the effects of transition metals
n the interface cohesion of tungsten GBs [95]. As a typical model,

 �27 < 110 > {525} symmetrical tilt GB was employed to calculate
he cleavage energy of the GB upon substituting of W atoms at dif-

erent positions with Rh, Ru, Os, Re or Ir atoms, as shown in Fig. 4.
he plotted energy embodying the Griffith ideal cleavage energy
ith the fracture plane is denoted by a dashed line in Fig. 4b. All ele-
oint bending at 5 × 10-3 mm s-1 for TFGR W-1.1TiC/H with oxygen contents ranging
ith a GB of 45◦ rotation angle and detailed view on the GB [76]; c) Fracture surface

.

ments located at position A or E strengthen the GB, on the contrary
weaken at B, C, or D sites. The Os element has the largest strength-
ening effect. The calculated cleavage energy without impurities was
4160 mJ/m2. Formation energies could reflect the stability for dif-
ferent transition metals at GBs, which are defined as the energy
needed to swap an impurity atom at a bulk position with a W atom
at a GB site. Different sites correspond to the different formation
energy, the strengthening sites of A and E also correspond to highest
formation energies (i.e. the most stable positions) [95]. In addition,
the higher the cleavage energy, the more stable the GB site. A sta-
ble substitution at GB sites can enhance the intergranular interface
cohesion, but at the same time, strong GB segregation should be
avoided so that enough alloying atoms can be dissolved in the bulk
to reduce the Peierls stress. Especially, segregation at decohesion
sites B, C, and D should be avoided [95]. Considering these require-
ments, Re, Os and Ru are more suitable for improving the intrinsic
ductility as well as increasing interfacial cohesion [93]. Moreover,
the strengthened GB interface and suppression of diffusion of W
atoms by Re addition raise the recrystallization temperature of
W–Re alloys [93]. Exceptionally, Ta can increase the cohesion of
the �27 GB when it locates at site D, at which, Ta is energetically
stable. At other sites, it is counterproductive and Ta decreases the
cohesion. In addition to Ta, other lower-valence solutes, such as Hf,
could also increase the cohesion at different sites of GB interfaces
[95]. These results emphasize the importance for choosing alloying

elements to strengthen W based alloys, which suggest that ternary
alloys applying a synergistic effect of lower- (Hf, Ta) and higher-
(Re, Os and Ru) valence elements may  be better than binary alloys
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Fig. 3. Stress–strain curves (outer fibre) of pure Mo-1.5Si and Mo-1.5Si with Y2O3 and ZrH2 addition at (a) room temperature and at (b) 538 ◦C (c) 816 ◦C and (d) 1093 ◦C
[39].
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ig. 4. (a) Model structure of the W �27 < 110> {525} general twin GB as viewed f
ifferent colors represent different coordinates along the <110> direction. (b) Cleav
n the aspect of improving ductility by enhancing the GB interface
ohesion [93].

Tran et al. [96] investigated the segregation and strengthen-
ng/embrittling effects of 29 metallic dopants at the �5(310) tilt
he <110> direction. The dashed line denotes the position of the GB cleavage plane.
nergy as a function of substitutional elements at different positions [95].
and �5(100) twist Mo  GBs by employing density functional the-
ory calculations and empirical continuum models. They found that
dopants can be classified into three zones of interest, as shown
in Fig. 5. These dopants that have the positive segregation energy
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ig. 5. Plots of the strengthening energy E
SE

versus segregation energy Eseg for the 2
urface (l-to-l approach); (b) based on Site 0 (m-to-s approach). Dopants in the wh
egativeEX

SE
(blue region) tend to strengthen the GB [96].

X
seg (white region) would prefer to stay in the bulk, and hence
ould have no effect on GB strength. For dopants that segregate

t GBs, those with negative strengthening energy EXSE (blue region)
end to strengthen the GB, while those with positive strengthen-
ng energy EXSE (yellow region) tend to decrease the cohesion of
B. The dopant site preference and strain effects have a significant

nfluence on the strengthening energy. Assuming a fast cleavage
odel for fracture, only Re, Ta, Os and W are predicted to have

 weak strengthening effect on Mo  for the �5(310) tilt GB, and
e, Mn,  Nb and Co are predicted to have reasonable strengthening
ffects for the �5(100) twist GB [96]. These above results indicate
hat GB interfaces critically affect their mechanical properties by
cting as centers of dopant segregation and system stabilization.
herefore, the chemical states of GB interfaces could determine the
erformance of afore-mentioned refractory materials.

Except for the chemical states, the physical states of the GB inter-
ace are also important factors to determine the performance of
efractory metals and alloys. It’s known that increasing GB interface
ensities and controlling GB types (i.e. high-angle GB and low-
ngle GB) are also effective route to modulate the performances
f refractory metals. Ultrafine grained (UFG) and Nanocrystalline
NC) metals have been proposed as radiation tolerant materials
ue to their high density of GB interface areas [97,98]. The GBs
ave been indicated working act as particularly efficient defect
inks to increase the radiation tolerance [99–101]. Furthermore,
ecent works have suggested that GBs can facilitate recombination
nd annihilation of the Frenkel pairs [102]. The use of UFG and NC
ungsten with extensive GBs is an effective way to heal helium-
nduced radiation damage [103]. In addition, GBs in tungsten can
rap helium atoms during irradiation [101] and thus reduce the
elium accumulation within the grains [104]. Therefore, the inter-

ace engineering with increasing the GB density could be a vital

ool for enhancing the radiation tolerance. Additionally, increas-
ng GB interface density can also improve mechanical properties,
specially the strength according to the Hall-Petch relationship,
ompared to commercial coarse-grained materials [105,106]. The
ants in the � 5(310) tilt GB. (a) based on lowest energy dopant site in GB and free
ion (positiveEXseg ) prefer to stay in the bulk. For dopants that segregate, those with

UFG and NC tungsten materials could be prepared through sev-
eral severe plastic deformation (SPD) techniques [105–109] and
alloying methods [110–112]. Hao et al. [107] used an equal channel
angular pressing (ECAP) processing at 800 ◦C and 950 ◦C to refine
tungsten grains from several ten micrometers to the ultrafine-
grained level, and found a simultaneous improvement in both
the strength and ductility/toughness: the microhardness increased
from about 510 HV in as-received state to about 560 HV after ECAP
extrusion and the DBTT decreased from 483 ◦C to 322 ◦C after the
950 ◦C ECAP processing. It was  indicated that a number of low-angle
GBs consisting of edge dislocations in the specimen after 950 ◦C
extrusion lead to the microstructure and performance optimization
[107], as shown in Fig. 6.

Levin et al. [109] fabricated W specimens with elongated
microstructures by an equal channel angular extrusion (ECAE) at
∼ 300 ◦C through a 90◦ angle die. The mechanical behaviors of both
unprocessed and processed materials were tested by a three-point
bending method at temperatures ranging from 24 ◦C to 320 ◦C, as
shown in Fig. 7. The results indicate that a single pass of ECAE (strain
∼1.15) reduces the flexural toughness of the material and increases
the DBTT, while two  and four passes significantly increase the flex-
ural toughness compared to that of the referenced material. The
flexural toughness of the material after four-pass extrusion (strains
exceeding 4.5) is more than 50 times greater than that of the orig-
inal one at ambient temperature. This is mainly due to elongated
GB interfaces that increase the resistance to intergranular fractures,
enhance plastic dissipation, and activate relatively high fracture
toughness crack systems for transgranular fractures, as presented
in Fig. 7a and b. The results indicate that substantially elongated
grains formed by deformation processing at a temperature near the
DBTT are effective for improving the ambient temperature ductility
and toughness of bulk polycrystalline tungsten materials.
In addition to W material, the nanostructured Ta was also fabri-
cated by using ECAE from precursor powders [108]. Consolidation
by ECAE was conducted through extruding the encapsulated pow-
der through four extrusion passes by three different routes: A (no
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ig. 6. TEM micrographs of the specimens after two  extrusion passes at 800 ◦C (a) a
emperatures for the ECAP-strained specimens [107].

otation of the billet between ECAE passes); B (±90◦ rotation after
uccessive passes); and E (a rotation schedule of 180◦, −90◦, 180◦).
he temperature of extrusion was either 900 ◦C or 1200 ◦C. Tanta-

um consolidated through the route 4A (4 passes at 900 ◦C) exhibits
he finest structure with elongated flat features aligned along a
irection close to the extrusion direction (ED), as shown in Fig. 8c
nd d. The structure of the specimens (from route 4B, 4 passes at
00 ◦C) also has aligned grain regions (prior particles) but they are
horter than those in the route A case and oriented at a modest
ngle to the horizontal ED. In the route 4E (4 passes at 900 ◦C)
ase, the GBs are not elongated as in the route 4A and 4B cases,
ut having a rough interlocking surface with adjacent grains, as
hown in Fig. 8e and f. In addition, these grains are aligned at an
ngle of ∼25−30◦ along with the extrusion direction for the route
E case. The microstructure of the route 4A 1200 ◦C case is simi-

ar to that of the 4A 900 ◦C case with elongated interlocking grains
nd an aspect ratio, length/width, of ∼15. The 4B 900 ◦C material
as a grain aspect ratio of 10, and the 4E 900 ◦C case possesses the
mallest aspect ratio of ∼8 [108].

Consolidated Ta by ECAE exhibits a much higher strength (with
n UTS from 531 MPa  to 618 MPa) than that of as-received wrought
aterials (178 MPa), while keeping a comparable good ductility

with failure strain from 19 % to 24 %), which indicated that the
pecial GB interface structure in ECAE processed Ta resulted in a
reater toughness [108]. The large increase in both strength and
oughness of ECAE consolidated Ta comes likely form the complex
rain morphologies. These include grain aspect ratio and grain or
ub-grain size, which all affect the dislocation mean free path. Crack
ropagation is hindered by the different substructures in these

CAE consolidated Ta materials. For example, in the case of 4E pro-
essed specimens, the special interlocking GB structures effectively
revent cracks from spreading along prior GBs while cause other
ffective modes of deformation [108]. The different treat technol-
ee extrusion passes at 950 ◦C (b); The load–displacement curves at different testing

ogy leads to various interfaces including GB interfaces and defect
interfaces, which results in the different mechanical properties of
the processed Ta materials.

Another SPD method for fabricating nano grains to increase the
GB interface density is the high-pressure torsion (HPT), in which
the produced GBs are most of high-angle types in a non-equilibrium
and high-energy state [47,105,106]. HPT induced edge dislocations
within the grains, combined with a depleted impurity concentra-
tion along pre-existing GB interfaces, lead to the enhancement of
the ductility in nanocrystalline-W (NC-W) [105]. Under dynamic
compression, the specimen exhibits localized shearing followed by
cracking and subsequent failure, similar to their UFG counterparts
processed by ECAP plus cold rolling. The width of shear bands in
the HPT-processed NC-W is much smaller than that of other UFG
counterparts [105]. In other words, the extensive nanograins in the
NC-W lead to more adiabatic shear properties than that of bulk
W with coarse grains, so the NC-W is more suitable for the armor
piercing bullet.

Mechanical testing under uniaxial dynamic loading indicated
that UFG and NC-W materials exhibit the long-sought-after local-
ized shearing, rather than uniform plastic deformation and/or axial
cracking [105,113]. This result highlights that nanoengineering is
opening a new area for tungsten, especially for its application in
anti-armor kinetic energy penetrators. However, the nanograins
in HTP and ECAP materials are elongated, which lead to obvious
anisotropy, as shown in Fig. 9. The bright-field TEM micrograph
indicates that grains all have the elongated shape. Many grains
are heavily dislocated and break-ups of the elongated grains are
apparent. In fact, the deformed structures with a high density of

dislocations and GBs will lead to the thermal instability. In addition,
although these SPD techniques can fabricate high-quality samples
for important fundamental studies to gain improved understanding
of physical phenomena in these materials, their use on industrial
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ig. 7. SEM-BSE images showing the microstructure of the as-received polycrystallin
urves  of (c) the as-received and (d) the ECAE processed (4A) polycrystalline tungst

cales remains a challenge due to limitations on the achievable
hroughput using current manufacturing technologies.

Surface mechanical attrition treatment (SMAT) technique also
an modulate the GB interface by producing gradient grain size
rom surface to inside [114,115]. After the SMAT process, nanos-
ructures were obtained in the surface layer of a commercial pure

 due to the multi directional repetitive loading and the large
train rate [115]: SMAT induced dense dislocations and disloca-
ion tangles in grains transformed into nanosized sub-boundaries
ith low-angle GBs and finally to high-angle GBs. The strain range

n SMATed W can reach up to a depth of 220 �m from the top sur-
ace. As a result, the bending strength of commercial W could be
mproved from 825 MPa  to 1850 MPa  by SMAT process. It’s indi-
ated that the high density of dislocations in the nanograins lead
o the synergetic improvement of ductility and bending strength of
ungsten. The residual compressive stresses in the top surface of the

 plates with and without SMATed processing are about 881 MPa
nd 234 MPa, respectively [115]. The improvement of toughness
lower the DBTT) of SMATed W may  also be the synergistic effect of
he residual compressive stress, improvement of dislocation den-
ity and grain size refinement induced by SMAT processing. That’s
o say, the SMAT processing is a complementary method to further
ncrease the mechanical properties like increasing the strength and

ecreasing the DBTT value of tungsten-based materials.

All of the above approaches are top-down methods which are
ften complicated and costive. Hereinafter, the bottom-up strat-
sten (a) and ECAE processed (4A) polycrystalline tungsten (b); Flexural stress-strain
various test temperatures [109].

egy will be introduced, which uses powder metallurgy techniques,
involving synthesis of nanosized powders followed by a consolida-
tion process. Wei  et al. prepared nano crystalline vanadium with an
average grain size of 100 nm by high energy ball milling followed by
two-step consolidation: i) a room temperature compaction of the as
milled powder at a pressure of ∼1 GPa for 24 h was  conducted, and
then ii) hot consolidation was  performed by applying a pressure
of 850 MPa  for 3 h at 600 ◦C [116]. The mechanical testing results
indicate the shear localization was  promoted in the nano crystalline
vanadium compared to the coarse-grained vanadium [116]. How-
ever, because of the high melt temperature (3400 ◦C) of tungsten,
it is tough to prepare nanocrystalline pure tungsten by the pow-
der metallurgy method. Kurishita et al. [8,46,117–120] developed
ultrafine grained W-0.5 wt%TiC compacts (hereafter designated as
UFGR-WTiC) in a recrystallized state by using mechanical alloying
(MA) and hot isostatic pressing (HIP) techniques from the start-
ing powders of W and TiC. There is a key factor for preparing this
UFGR-WTiC that high purity raw powders and thorough prevention
of contamination of oxygen and nitrogen are needed. During the
fabrication, powder treatments were conducted in a well degassed
glove box filled with the purified Ar, and then W-0.5TiC were con-
solidated in a purified H2 or Ar atmosphere (termed W-0.5TiC-H2
or W-0.5TiC-Ar, respectively). The W-0.5TiC-H2 specimens exhibit

superplastic behavior at 1973 K, as shown in Fig. 10(a), where the
specimen was  elongated to ∼160 %. And the W-0.5TiC-Ar was frac-
tured abruptly at the elongation of 55 % at 1973 K without necking,
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ig. 8. Back scattered electron SEM images taken on the flow plane of the wroug
rought low magnification, d) 4A wrought high magnification, e) 4E wrought low 

t  room temperature [108].

s shown in Fig. 10(b) [120]. The microstructures of the as-HIPed
-0.5TiC-H2 and W-0.5TiC-Ar are presented in Fig. 11. Lots of

rains have the size larger than 100 nm,  beyond the scope of a real

anocrystalline (< 100 nm). The average grain sizes for W-0.5TiC-Ar
nd W-0.5TiC-H2 are 69 and 106 nm,  respectively [120]. This strat-
gy provides an effective method to fabricate ultrafine grained W
lloys, but it does not achieve real nanograined (<100 nm)  one.
talum: a) as-received low magnification, b) as-received high magnification, c) 4A
ification, f) 4E wrought high magnification. 4A and 4E wrought material processed

In 2013, Schuh et al. developed a theoretical framework to
design stable nanostructure GB interface in tungsten alloys based
on a thermodynamic model [110,121], as shown in Fig. 12. They

found that relatively low segregation enthalpy and mixing enthalpy
of alloying elements in W matrix would lead to a stable nano-
structure in tungsten based binary alloys. The calculation results
indicated that the Gibbs free energy of a W-Ti/W-Cr binary alloy
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Fig. 9. Bright-field (a), dark-field (b) images and SAED (c) from HPT-W. Notice the high density of defects in the grains, and break-ups in the elongated grains. The SAED
shows nearly continuous rings, with no obvious intensity concentration along the rings, indicating large-angle GBs [105].
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ig. 10. Tensile specimens of (a) W-0.5TiC-H2 elongated to approximately 160 % an
f  5 × 10−4 s−1. For the W-0.5TiC-H2 the crosshead was arrested on the way  of defo
5  % without necking [120].

s very low in several alloying elements, and the nanostructure is
resumed to be thermally stable [110,121]. Based on this model,

 W-20 at. % Ti alloy powder with an average grain size around
0 nm was produced by high energy ball milling. After one week
nnealing at 1100 ◦C, the grain size keeps constant, which demon-
trates substantially enhanced stability for the high-temperature
nd long-duration conditions, as shown in Fig. 12.

Fig. 13 shows that this nanostructured W-Ti alloy processes
 heterogeneous chemical distribution: where Ti and W are het-
rogeneously distributed on the nanoscale with a polycrystalline

ody-centered cubic structure, with no signatures of any amor-
hous content [110,121]. However, this stable nanocrystalline
-Ti alloy only appears in the alloyed powder, and not the bulk
aterials. Although sintering is a common processing method for
-0.5TiC-Ar elongated to approximately 55 % at 1973 K and at the initial strain rate
on. W-0.5TiC-Ar is elongated uniformly but fractures abruptly at the elongation of

manufacturing bulk materials, however, the fabrication of bulk
nanocrystalline refractory alloys with fully densified compacts is
still difficult because full densification often requires a long-time
high temperature sintering. During the high temperature process
the contact and immigration of GBs would lead to significant grain
growth. So, it is a challenge to use enough thermal cycles to remove
porosities without also seeing large changes in grain sizes. Encour-
agingly, this thermodynamic model open a gate to fabricate real
nanocrystalline W alloy in large scale.

And then in 2015, based on an accelerated sintering in a nano

phase-separating model, Schuh et al. designed a W-Cr alloy and
found that the nanoscale Cr-rich phase separation is favorable
of accelerating sintering at relative low temperature [122]. They
employed a high energy ball technique to prepared W-15 %Cr super
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Fig. 11. TEM bright-field images showing grain structures for (a) W-0.5TiC-H2 and (b) W-0.5TiC-Ar, Size distribution of grains in W-0.5TiC-H2 and W-0.5TiC-Ar [120].

Fig. 12. (A) The nanostructure stability map  for tungsten based alloys at 1100 ◦C. Pre- and post-annealing structures of tungsten powders after one week at 1100 ◦C. (B) The
grain  size histograms reveal only a minor change in the W–20 at. % Ti alloy after prolonged annealing and an almost two-orders-of-magnitude coarsening in unalloyed W.
(C)  The bright-field transmission electron microscopy (TEM) image shows a uniform distribution of nanometer-sized grains in the as-milled structure of the W–20 at. % Ti
a tes. Th
u lline s
(

s
s
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lloy,  with the dark-field TEM image (inset) showing different diffracting crystalli
nalloyed W,  presented in a focused ion beam image, and (E) a retained nanocrysta
inset)  [110].

aturation alloy powders with an average grain size of 13 nm.  This
upersaturated solution is thus poised to phase separate on heating.
rom the as-milled powder, cylindrical compacts were formed by
old uniaxial pressing, and pressureless sintering was conducted.
hey found that the compact began to noticeably densify (achieving

◦

 relatively density of 95 %) at ∼950 C, lower than the ∼1100–1200
C at which liquid phase or conventional activated sintering gener-
lly sets on in tungsten, and even lower than the normal sintering
nset for pure chromium. Usually, the sintering temperature for
e post annealing structures vary with alloying: (D) a coarsened grain structure in
tructure in W–20 at. % Ti, shown in a bright-field TEM image with a dark-field TEM

pure W is up to 2200 ◦C without pressure. The rapid sintering in
this W–Cr alloy can be attributed to the phase separation, particle
surface decoration and interparticle necks, which provide new and
more rapid diffusional transport pathways, as shown in Fig. 14, thus
sintering may  be expected to be accelerated [122,123].
This methodology lends itself naturally to the production of fine-
grained materials, for example, W alloy sintering achieves much
smaller grain sizes at comparable densities as compared with the
other methods. Basing on this accelerating sintering method, Schuh
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Fig. 13. Chemical analysis of the annealed W-20 at. % Ti alloy. (A) Scanning TEM imaging shows the darker contrast from a heavier element and the brighter contrast
from  a lighter element. (B) The W-Ti elemental map  confirms a nanoscale heterogeneous structure instead of a more homogeneous solute distribution expected from bulk
thermodynamics. (C) The Ti compositional line scan across the three larger W-rich regions indicated by the yellow line in (A) further illustrates Ti atoms being depleted at
the  W-rich grain centers. The entire volume is apparently polycrystalline BCC structure, although with nanoscale composition gradients [110].

Fig. 14. (a) SEM in backscatter mode reveals a chromium-rich phase forming necks between the compact particles on heating up to 1200 ◦C (scale bar, 500 nm). (b) A direct
v eld TE
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isualization of a Cr-rich neck adjacent to W-rich particles is shown in the bright-fi
canning TEM with energy dispersive spectroscopy (STEM-EDS) (scale bar, 200 nm)

 grain size of about 100 nm at nearly full density (scale bar, 100 nm)  [122].

t al. fabricated W-35Ti-10Cr (at. %) with a nearly full density and
n average grain size of 100 nm,  as presented in Fig. 14 [122]. In
his alloy system, Cr is added to accelerate sintering and Ti is added
o promote stabilization of the nano grain structure. However, as
hown in Fig. 14, the grain sizes of this bulk W alloy are still near or
bove 100 nm which is almost beyond the scope of a real nanocrys-
alline (< 100 nm). The above works provide a possible effective
trategy to fabricated nanocrystalline tungsten alloys with both
ull density and fine grains in a bulk state through a “bottom-up”
ressureless sintering of alloy powders.

In order to further increase the GB interface number density in
ulk tungsten alloys, basing on the above interface strategy of GB
eparation and alloying, recently, Wang et al. [124] introduced a
romising method with the synergistic effects of solute-drag and
econd phase nanoparticle pinning in W matrix with trace Ti and
2O3 addition. A high dense nanocrystalline W bulk alloy was pre-
ared via a dissolution-precipitation process by a combination of
igh-energy ball milling and the subsequent spark plasma sinter-

ng. In this bulk W-Ti-Y2O3 alloy, the average size of W grains is
7 nm and the average particle sizes in grain interior and at GBs
re 8.5 nm and 16.4 nm,  respectively. The Y2Ti2O7 particles were
recipitated during the SPS process, resulting in the refinement of
oth W grains and dispersed nanosized oxide particles. The Vickers
icrohardness of this nanostructured W alloy is as high as 1441 HV,
hich is 2–3 times higher than that of the previously reported ODS-

 alloys [124] (see Fig. 15). For example, in bulk ultrafine grained
-Y2O3 materials with high relative densities, the Vickers micro-

ardness is about 700 HV [125,126]. The W-1  %Ti-0.5 %Y2O3 alloy
repared by SPS has a hardness of 750 HV [127]. Similarly, a bulk
-2  %Ti-1.2 %Y2Ti2O7 alloy has a hardness of 780 HV [128]. For
he deformed ODS-W materials including the hot rolled W-La2O3,
-Y2O3 and swaged W-Y2O3, the Vickers microhardness is in the

ange from 500 HV to 600 HV [129]. The extremely high micro-
ardness of the nanostructured W-Ti-Y2O3 alloy can be ascribed
M image with W and Cr elemental maps (superimposed on the micrograph) using
M image of a bulk (6 × 4 mm right cylinder) nanocrystalline W–Ti–Cr alloy shows

to the synergistic effect of aboundant GB interfaces and PB inter-
face induced by both nanoscale W grains and uniformly dispersed
nanoscale oxide particles. This result indicates that only the GB
interface stabilization alone by alloy elements is to some extent
not enough to produce a stabled bulk nanocrystalline W alloy, it is
still necessary to introduce some other stabilizer interfaces like the
PBs. More importantly, if these interfaces are in low energy states,
i.e. coherent or semi-coherent PB interfaces, the stabilization would
be better.

In addition to the modulation of thermal stability and mechani-
cal properties by GB interface controlling. Some theoretical studies
[101,130] have demonstrated the improved radiation resistance
of materials with increasing GB interface. Recently, Bai et al. [98]
demonstrated the GBs could work as defect sinks: GBs absorb
interstitial defects and could then annihilate nearby vacancies by
re-emitting the interstitial atoms back into the grain interior. Sefta
et al. [130] demonstrate that the introduction of a single GB was
shown to result in the trapping of more helium than a single crystal
of tungsten. Valles et al. [48] investigated the influence of GB den-
sity on helium retention in tungsten by simulating 625 keV He ion
irradiation in monocrystalline and nanocrystalline tungsten mate-
rials. The result shown that in nanocrystalline one, around 50 % of
the incoming He ions are retained at the GBs and the other 50 % in
the interior. In the case of larger grains, the amount of He retention
at the GBs decreases (∼30 %) and increases in the grain interior,
revealing a high dependence of GB density on the mechanisms of
He retention. The amount and distribution of pure vacancy clusters
(Vm) are similar in both the monocrystalline and nanocrystalline
tungsten materials. Mixed HenVm clusters are concentrated in a
small “damaged volume” at about 1000 nm.  The size and number

density of He atoms inside the mixed HenVm clusters is different in
the interior of a grain in nanocrystalline and monocrystalline ones.
The trend is clear: mixed HenVm clusters are larger and their He/V
ratio is lower in nanocrystalline. Therefore, mixed HenVm clusters
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Fig. 15. (a) SEM image showing the fracture surface of high dense bulk nano structured WYT, (b) the size distribution in this nano structured WYT, (c)-(d) TEM images showing
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he  size and distribution of nano particles in this WYT, and (e)-(f) histograms showin
ardness of the present nano structured WYT, and comparison with other reported
fter  high energy ball milling [124].

re less pressurized in the interior of a grain in nanocrystalline.
he value of the elastic strain energy is lower in the interior of
he grain in nanocrystalline than that in monocrystalline. More-
ver, in monocrystalline a significant increase in the elastic strain
nergy is observed, and in nanocrystalline it remains almost con-
tant. Therefore, nanocrystalline with the high GB interface density
ould have better resistances to the deleterious effects of irradia-

ion than that of the monocrystalline [48]. In experiment, Zhu et al.
131] studied helium irradiation behavior of coarse-grained tung-
ten (CGW) and nanocrystalline tungsten (NCW) fabricated by HPT.
he result indicates that the degradation mechanisms of CGW and
CW are remarkably different. Blister occurs on the surface of CGW
hen the irradiation dose increases to 5.0 × 1021/m2. However,

o blister is formed on the surface of NCW even when the irradi-
tion dose increases up to 1.0 × 1023/m2. Instead in NCW, crack
ormation along GBs is the major degradation mechanism during
elium irradiation. This explains the unprecedented irradiation tol-
rance of NCW in terms of blistering. Molecular dynamics results
lso show that GBs and helium clusters play an important role
uring the propagation of a crack. GBs play decisive roles in the

rradiation resistance of nanostructured materials. It is thus sug-
ested that excellent irradiation resistance can be achieved by a
eticulous design of GBs based on an interface engineering. El-

twani et al. [132] investigated the behaviors of the helium ion
rradiation on UFG and nanocrystalline tungsten. They found that
nder helium irradiation at a low energy (70 eV), bubbles were uni-

ormly distributed with no preferential bubble formation on GBs.

t is known that 70 eV helium irradiation does not cause atomic
isplacements in tungsten. At higher energies that can cause dis-
lacements, bubbles were preferentially formed at the GBs only at
igh temperatures where vacancy migration occurs. Under these
size distributions of intragranular and intergranular nano particles, respectively. (g)
ased alloys; (h) High resolution TEM image showing the nanocrystalline in W5Y5T

conditions (displacements and a high temperature), large facetted
bubbles with dimensions less than 60 nm were observed at GBs
in nanocrystalline tungsten due to the vacancies enhancing bubble
growth by increasing the mobility of helium through the matrix
in the form of helium–vacancy complexes. In this case, both the
vacancies and helium are able to migrate and agglomerate to form
bubbles [132]. However, in the absence of an irradiation-induced
vacancy, helium atoms reaching a GB can only become immobilized
in a pre-existing region of low electron-density on the boundary,
combining with a thermal vacancy or continuing to migrate on the
boundary until they reach a surface and escape. Therefore, increas-
ing GB interface density can enhance the irradiation tolerance, but
too small grain size will lead to large helium bubbles, resulting in
damage of GBs and disappearance of the GB self-healing ability, as
shown in Fig. 16

[132]. So the GB interface density should be meticulously con-
trolled.

The above simulation and experiment results shown that the GB
interface controlling is an effective way to improve the mechanical
properties and irradiation resistance of tungsten or molybdenum-
based materials.

3. Phase boundary interface controlling

In addition to GB interfaces, PB interfaces also can give rise to
unprecedented properties such as high creep strength, excellent
creep resistance, oxidation resistance and irradiation resistance.
It is known that Nb-based alloys have the potential for future
aerospace as well as gas turbine applications because of its rela-
tively low density, 1000 K higher melting temperature than those
of Ni-based superalloys, and attractive high temperature strength
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Fig. 16. (left) Bright-field TEM micrographs of UFG and NC tungsten irradiated with 2 keV helium ions (flux of 3.3 × 1016 ions m-2 s-1) at 1223 K demonstrating: (a) overview
of  sample with bubbles decorating GBs at a fluence of 3.6 × 1019 ions m-2; (b) nanocrystalline grain with large facetted bubbles/voids on GBs and few bubbles in the grain
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Fig. 17. TEM bright-field micrograph of as-deposited 40 nm Cu/40 nm Nb. Note
selected area diffraction pattern showing {111}Cu//{110}Nb interface texture. Com-
pression curves for 5 nm Cu/Nb multilayers. Note the high rate of work hardening
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layered sheets exhibit excellent shock resistance and ultra-high
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p  to a maximum flow stress of 2.4 GPa, followed by apparent work softening to
ailure at 26 % true plastic strain [138].

roperties combined with moderate room temperature ductilities
133]. However, the poor oxidation resistance at high temperatures
imits its practical application. In addition, continuous disastrous
xidation caused by oxygen embrittlement takes place even at 600
C for pure Nb [133]. It is indicated that the oxidation resistance
an be improved by addition of solution elements of Ti, Si, Al, Cr or
f and secondary compound phases (such as (Nb, Zr)C [134], Nb3Al

135] and Nb5Si3 [136]). In addition, these dispersing compound
hases introduce a high density of PBs in the Nb matrix, which
ould effectively increase the creep strength and excellent creep
esistance of Nb-based alloys. For example, Fujikura et al. [137]
ound that the Nb5Si3-reinforced Nb-Si-Mo-W-Hf alloys demon-
trated an unprecedentedly excellent creep resistance and also a
reep rupture strength exceeding the target strength (450 MPa)
f 150 MPa  and above at 1773 K for 100 h. The fractographic and
EM observations indicated that the Nb solid-solution/Nb5Si3 PB

nterface play an important role in the increase of creep resistance
137].

The high density of PB interfaces also can increase the mechani-
al properties and irradiation resistances of the Nb, Ta and V based
omposites. For example, Mara et al. found that the 5 nm Cu/Nb
anolayered composites developed by sputter deposition exhibit
xtremely high flow strength of 2.4 GPa, and significant ductil-
ty with more than 25 % true strain [138], as shown in Fig. 17.
he strengthening mechanism is the single dislocation deformation
echanism where individual dislocations cross the nanolayered

u/Nb interfaces. The PB interface plays a very dominant role for the
xcellent mechanical properties. Furthermore, nanomaterials with
early perfect, atomically ordered low-energy PB interfaces have
een found to possess extraordinary thermal stability and radiation
olerance [21,30,62,139–142]. Recent studies show that immisci-
le Cu/Nb (Cu/V, Cu/Mo) metallic nanolayer films with very large
hase interfacial areas, particularly those with a layer thickness of

 few nanometer, are extremely resistant against He ion irradiation
141,143–146]. Irradiated at the same condition, a major difference
n Cu/V 50 nm nanolayer and Cu/V 2.5 nm is that the peak He bub-

le density in the Cu/V 50 nm nanolayer is three times larger than
hat of the Cu/V 2.5 nm specimen. On the other hand, the peak
ubble density of irradiated Cu/V 50 nm nanolayer specimens is

atrix at a fluence of 3.6 × 1019 ions m-2; and (c) GB and (d) GB triple-junction decorate
020 ions m-2. Bubble areal density (right columns) and average bubble size (left column

 1019 ions m-2. Bubbles located on GBs were not counted. A total of 18 neighboring gra
hickness and irradiation temperature [132].
ce & Technology 52 (2020) 29–62

lower than that of single layer polycrystalline Cu films, suggest-
ing the extraordinary capability of Cu/V interface in reducing point
defect concentration compared to their single-phase bulk counter-
parts. The magnitude of swelling in nanolayers clearly decreases
with decreasing the layer thickness [143]. The swelling in irradiated
Cu/V 2.5 nm nanolayer is approximately two times lower than that
in Cu/V 50 nm nanolayers. Furthermore, swelling in all irradiated
Cu/V nanolayers is less than rule-of-mixture swelling in irradiated
single layer Cu and V films, as shown by the horizontal dash line
in Fig. 18 [143]. In V/Ag multlayers, the irradiation results further
certified the retardation of bubble growth and irradiated swelling
by V-Ag interfaces [147,148]. Another representative composite
with the combination of metal and nonmetal is the V-graphene
nanolayer material fabricated by combing physical sputtering with
chemical vapor deposition, which exhibits ultra-high strength and
excellent radiation tolerance as compared with pure V [149] (see
Fig. 19). The V-graphene nanolayers had reduced formations of
radiation induced crystalline defects compared with pure V, which
was confirmed by the reduction in radiation induced hardening and
suppression of brittle failure [149]. In-situ SEM compression tests
showed that V-graphene interfaces can hinder the crack propaga-
tion thus helping to suppress the brittle failure. In addition, the
He bubble formation was  shown to be significantly reduced in V-
graphene nano-layers due to the impermeability of He through the
graphene layer that prevents agglomeration of He gas into large
bubbles. Therefore, nano-layer PB interfaces can not only induce
initially high strength materials, but also the interface can self-
heal the crystalline defects introduced by irradiation as well as
terminate migration of He bubbles to lead to radiation tolerance
materials.

It is notable that in these nano-layer films, the two materials
should be immiscible, otherwise, the intersoluble element would
produce new phase. However, the above nano-layers are fabricated
by using physical sputtering, which is very limited for preparing
bulk materials in large scales. In addition, nanomaterials with disor-
dered, high-energy interfaces are not stable in extreme conditions.
Therefore, the ordered and low-energy PB interfaces are desired to
be developed for improving performances.

In 2015, Beyerlein et al. discovered that a top-down bulk metal-
working technique of the accumulative roll bonding (ARB) which
imposes extreme amounts of plastic strains can give rise to a pre-
ferred bimetal interface with perfect atomic order [150]. Cu-Nb
nano-layered materials in bulk form were fabricated with an ARB
process including multiple cycles of rolling, cutting and stacking
[150]. The interfaces with an atomic level order emerge ubiqui-
tously in this large-scale layered Cu-Nb nanocomposite. In addition,
these ordered interfaces are shown to be stable with respect to fur-
ther straining, high-temperature exposure, and irradiation, giving
the nanomaterial extraordinary tolerances in extreme conditions.
As shown in Fig. 20A, the initial layer dimension h is about 20
nm.  After annealing at 500 ◦C for 1 h, the interface structure and
parent nanostructure of the h = 20 nm are retained, (Fig. 20B),
indicating the good thermal stability. Under He-ion irradiation the
interface does not develop damaging voids like ordinary GBs in
Cu, as shown in Fig. 20C [150]. In addition, the bulk Cu/Nb nano-
strength [151–153]. The detailed information of Cu/Nb interface
shows that a stable interface is observed with two  configurations
slightly misoriented by ∼7◦, as shown in Fig. 20D. The atomic

d by facetted bubbles with different sizes inside ultrafine grains at fluence of 4.0 ×
s) versus grain size for 2 keV helium ions irradiation at 1223 K and a fluence of 3.6
ins were analyzed in order to ensure maximum consistency in ion fluence, sample
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Fig. 18. Cross section TEM (XTEM) images of as-deposited (a) Cu/V 50 nm,  and (b) Cu/V 2.5 nm nanolayers. Films with smaller individual layer thickness (h) have a stronger
Cu{111}  and V{110} fiber texture. (c) and (d) Peak damage regions of irradiated Cu/V 50 nm and Cu/V 2.5 nm nanolayers, respectively. He bubbles are observed in both Cu
and  V. (e) Comparison of He bubble density distributions along film normal direction underneath the surface in ion irradiated Cu/V 2.5 nm and Cu/V 50 nm nanolayers. Peak
He  bubble density is reduced by a factor of ∼3 in Cu/V 2.5 nm,compared to that in Cu/V 50 nm specimens. (f) Swelling vs. 1/h in ion irradiated Cu/V nanolayers, where h is
individual layer thickness, shows a continuous swelling reduction with decreasing layer thickness [143].
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ig. 19. (a) Schematic for pure V and V-graphene nanolayers with repeat layer s
ompression testing of pure V, and V-graphene nanolayers with 110 nm and 300 nm
ondition of 120 keV [149].
evel ordered interfaces have a low formation energy, which is a
trong criterion for interface stability. Meanwhile, the high density
f the low-energy Cu/Nb interfaces and the low density of accu-
 (�) of 110 nm and 300 nm. (b) Stress-strain curve determined from nanopillar
ated layer spacings. (c) SRIM ion trajectories of He+ irradiation on V thin film under
mulated high-energy defects in the layers also contribute to the
above excellent performances [154]. The forecasted lifetimes of
these bulk nanomaterials, dense with naturally selected interfaces



44 T. Zhang et al. / Journal of Materials Science & Technology 52 (2020) 29–62

F interfa
(  Cu (3
i py mic

w
T
a

q
b
i
m
t
a
o
b
i
e
b
t
f
4
9
s
d
C
h
T
a
s
s
t
d
t
d
c
t
t
l
h
i
j
a
c
s
s
a

a
w
v
F
C
i
r
b
n

ig. 20. Transmission electron microcopy micrographs displaying the planar Cu–Nb 

B)  elevated temperatures of 500 ◦C, which is 0.45 times the melting temperature of
n  an h = 20 nm composite, (D) the high-resolution transmission electron microsco

ould, therefore, significantly exceed those of their constituents.
his work opens up an alternative route for fabricating the ordered
nd stable PB interfaces with low-energy states.

In the ARB multilayered composites, the shear bands occur fre-
uently due to the different strength and work hardening abilities
etween constituent layers [155,156]. The plastic instabilities dur-

ng the ARB process is an obstacle for fabricating nanolamellar
ultilayers with higher strength such as Cu/Ta [157]. In addition,

he appearance of edge cracks at higher ARB cycles also prevent
 further refinement of the layer thickness. Based on ARB meth-
ds, Zeng et al. [62,141] developed a cross accumulative rolling
onding (CARB) method combined with an intermediate anneal-

ng process to eliminate plastic instabilities and the formation of
dge cracks. The detailed sketch map  is shown in Fig. 21 [62]. The
ulk Cu/Ta (Cu/V) nanolamellar multilayers with an individual layer
hickness from several micrometers down to 50 nm were success-
ully fabricated, as shown in Fig. 22 [62]. With decreasing h from
30 nm to 50 nm,  the tensile strength increases from 500 MPa  to
50 MPa  (see Fig. 23a). The average hardness variation trend is con-
istent with the Hall-Petch behavior that the values increase with
ecreasing the layer thickness h (see Fig. 23b), indicating that the
u/Ta PB interfaces act as barriers against dislocation motion. The
ardness reached an ultra-high value of 3.48 GPa for h =50 nm.
he high hardness of the CARB Cu/Ta nanolamellar multilayers is
ttributed to the large amount of deformation and the interface
tructure. The nanosized PB interfaces were indicated having the
emi-coherent structures which play an important role in achieving
he high strength and hardness. In addition, the CARB process intro-
uced a high density of dislocations, non-equilibrium GBs and lead
o a strong grain refinement. The refined grains and the high defect
ensities result in a much higher strength and a reduced ductility
ompared with the coarse grained counterparts. Fig. 23c presents
he thermal stability of the Cu/Ta nanolamellar multilayers through
he evolution of hardness. The hardness of the un-annealed multi-
ayers sample is 3.48 GPa. After annealing at 500 ◦C for 1 h, the
ardness keeps at a constant value of 3.48 GPa. When further

ncreasing the annealing temperature up to 600 ◦C, the hardness
ust gradually decreases to 93 % of the initial value. After 800 ◦C
nnealing for 1 h, the hardness decreases to 75 %. Even so, this
omposite still has a higher hardness than the pure Cu and Ta
amples after annealing at 800 ◦C [62]. This outstanding thermal
tability is attributed to the atomically flat bimetal PB interfaces
nd decreasing amount of unstable homophase GBs.

Based on the Cu/Ta preparation, Zeng et al. [141] developed
nthor PB interface dominant bulk Cu/V nanolamellar composites
ith different layer thickness by CARB. These composites have indi-

idual layer thicknesses h ranging from 300 �m down to 25 nm.
ig. 24 shows some examples of layer morphology of the CARB
u/V nanolamellar composites after 3–6 rolling cycles, correspond-
ng to an average layer thickness of 38.0, 19.0, 9.0 and 4.0 �m,
espectively. A controlled and continuous layer structure has still
een achieved in all samples despite the presence of a wavy and
on-planar Cu/V interfaces. In CARB Cu/V multilayer composites,
ces after (A) extreme plastic strains of ∼12, which produces an h = 20 nm composite,
2), and (C) helium-ion irradiation, showing no voids in the layer or in the interfaces
rographs of the preferred Cu–Nb interface [150].

shear bands were not obvious, indicating that this CARB technique
can indeed suppress the occurrence of shear bands in comparison
with the normal ARB methods [141]. Cu/V nanolamellar compos-
ites with the layer thickness h =25 nm (see Fig. 25a) present that in
each single layer thickness grains with an extremely high aspect-
ratio are achieved, which implies the extremely increasing density
of bimetal PB interfaces and the remarkably decreasing density of
GBs after the multistep CARB process. This behavior is therefore dif-
ferent from the grain refinement caused by SPD, which leads to a
high fraction of disordered GB interfaces with the high energy state.
Typical HR-TEM image in Fig. 25b reveals that the Cu/V interface is
atomically ordered and chemically sharp [141].

The hardness and thermal stability of the Cu/V nanolamellar
composites are presented in Fig. 26 [141]. The hardness of the
CARB Cu/V composite increases linearly with decreasing the layer
thickness from sub-micrometer to nanometer, and reaches a max-
imum value of 3.68 GPa at h =25 nm.  This result indicates that
the abundant Cu/V heterophase interfaces in the nanocomposite
can serve as pining points to hinder dislocation movement dur-
ing deformation, and hence strengthen the material. The CARB
Cu/V nanocomposite (h =25 nm)  retains its hardness even after
annealing at 600 ◦C, demonstrating a better thermal stability as
compared to other nanocomposites prepared by SPD. After the 200
keV He ion irradiation with a fluence of 2 × 1021 ions/m2 [144],
the smooth, intact surface with continuous nano-layered struc-
ture is maintained, as shown in Fig. 27a, and there is a neglectable
irradiation-induced hardening, suggesting that bulk nanolamellar
Cu/V composite retains stable under high-energy He ion radia-
tion. In contrast, under an irradiation fluence of 7 × 1022 ions/m2,
numerous notable He bubbles and GB grooving are observed. How-
ever, bubble-free zones (BFZs) with no signs of He bubbles are
frequently observed near the Cu/V interfaces, as highlighted in
Fig. 27b. It’s indicated that the formation of BFZs is a consequence of
the absorption and annihilation of irradiation-induced defects and
the preferential trapping of He at Cu/V interfaces [21,31]. These
results highlight that the Cu/V bimetal interfaces from immisci-
bility of Cu and V phases during the CARB deformation process
stabilize the structure under high temperature and irradiation con-
ditions.

To sum up, CARB processing is indeed an effective approach
to construct stable PB interfaces with low-energy states. The
low-energy stated PB interfaces could significantly increase the sta-
bilities of nano structures under high temperature and irradiation
conditions.

4. Synergistic effects of multi-scaled phase/GB interfaces

As described above, the modulation of GB interface or PB inter-
face can effectively control the performance of refractory metals.

Therefore, the synergistic effect of GB and PB interfaces should be
more remarkable. The coexistence of decorated GB and PB inter-
faces can be achieved through adding second phase particles such
as oxide, carbide or inter-metallic compounds into the matrix. The
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Fig. 21. Schematic illustration of the CARB process [62].

Fig. 22. Representative TEM images obtained for nanolamellar Cu/Ta multilayers prepared via CARB for different individual layer thicknesses h: (a) h =230 nm, (b) h = 110
nm,  (c) h =50 nm [62].
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ig. 23. (a) Bulk tensile stress-strain curves for the CARB Cu/Ta nanolamellar m
ultilayers; (c) Variation of the nanohardness after an annealing at elevated tempe

econd phase particles could pin the migration of the GBs, hinder
rain growth and thus refine grains. As discussed above, abundant
B areas can drive down the concentration of deleterious solutes in
he lattice and the refined microstructure will result in an increase
n strength. Meanwhile, the nanosized second phase particle can
roduce extensive PB interfaces between the particles and the
yers; (b)Average nanohardness versus 1/h 1/2 for the CARB Cu/Ta nanolamellar
s for the sample with a layer thickness h =50 nm [62].

matrix, which act as sinks for irradiation-induced point defects, and
thus have potential in improving the irradiation resistance [158]. In
addition, the dispersion particles are expected to stabilize the GBs

in nano-grained materials upon thermal annealing and/or irradi-
ation [90]. For oxide dispersion strengthened (ODS) molybdenum
and molybdenum-titanium-zirconium (TZM) alloys, the fine grains
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Fig. 24. SEM cross-sectioning images of the CARB Cu/V multilayer composite with controlled individual layer thickness h: (a) h =38.0 �m,  (b) h =19.0 �m, (c) h =9.0 �m,  and
(d)  h =4.0 �m.  EBSD-based inverse pole figure (IPF) maps (h =9.0 �m) for (d) Cu layers and (e) V layers, respectively. (g) EDS-mapping image of layer thickness h =4.0 �m
nanocomposites after 3-6 rolling cycles, corresponding to an average layer thickness of 38.0, 19.0, 9.0, and 4.0 �m,  respectively [141].

Fig. 25. A typical layer morphology and interface structure of Cu/V nanocomposite with individual layer thickness h =25 nm. (a) Typical bright field TEM image exhibiting
single  crystal layers with extremely high-aspect-ratio grains. (b) Representative HRTEM image of the predominant interface in the 25 nm CARB material, which is atomically
ordered and sharp [141].
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ig. 26. High strength and thermal stability of the bulk Cu/V nanocomposite. (a) Av
hickness by the Hall–Petch scaling law. (b) Hardness reduction as a function of ann
anocomposite [141].
nduced the high density of GB interfaces and nanosized oxides
roduced extensive PB interfaces, which synergistically raise the
ensile and creep strength [159,160]. The addition of second phase
articles can be done by the following traditional approaches: i)
 nanohardness versus h−1/2, showing that strength increases with decreasing layer
g temperature exhibiting outstanding thermal stability of CARB Cu/V nanolamellar
powder blends of solid refractory metal (i.e. W and Mo)  based pow-
ders with solid oxide powders (a S–S doping route [161,162]) and
ii) mixed with a liquid rare-earth solution (S-L doping) [163,164].
In Mo–xLa2O3 (x = 0, 0.5, 1.0, 1.5 and 2.0 wt. %) alloys prepared
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Fig. 27. High magnification TEM images of an He implantation zone with depth ranging from surface to 600 nm: (a) microstructure with small size He bubbles and limited
damage region after He implantation with fluence of 2 × 1021 ions/m2, (b) microstructure with large size He bubbles accompanied with grain boundary grooving after He
implantation with fluence of 7 × 1022 ions/m2 [144].
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ig. 28. (a) Grain size in the pure Mo,  Mo-0.5 wt. %La2O3, Mo-1.5 wt. %La2O3 and M
o-0.5  wt. %La2O3, Mo-1.5 wt. %La2O3 and Mo-2.0 wt. %La2O3 [161].

y using the S–S doping method, the addition of La2O3 particles
ffectively refines the grains and significantly elevates the recrys-
allization temperature of the Mo  alloys. The average grain size
ecreases from 45 �m to 15 �m with increasing La2O3 content

rom 0 to 2.0 wt. %, as shown in Fig. 28. At the same time, the
ncreasing La2O3 content not only changed the GB interface state

ith reducing the grain size, but also increased the PB interfaces.
he nano La2O3 particles located at the GBs could strengthen the
Bs, resulting in intragranular fractures and an obvious enhance-
ent of the ductility. The low cycle fatigue testing results revealed

hat the pure Mo  experienced cyclic hardening behaviors, while
he ODS-Mo alloys exhibited cyclic softening behaviors because the
DS-Mo possessed a higher fatigue ductility and longer fatigue life

han that of the pure Mo  [162]. In addition, the high density of
B interfaces in ODS Mo  could introduce a higher concentration of
enuded zones along GBs and improved ductile-laminate toughen-

ng that results in improved resistance to irradiation embrittlement
165]. However, in S-S or S-L mixing processing route, the oxide
articles tend to coarsen at the GBs, and these coarse hard parti-
les introduce stress concentrations at the GBs and tend to localize
trains and cracking near them, as shown in Fig. 28 [161]. The key to
rolonged ductility is to split these oxide particles into nanosized
nes (nanosized PBs) and spread them into the grain interior, rather
han leaving them coarsened and concentrated at the GBs, which
ot only can alleviate the stress concentration behaviour, but also

ncourage dislocation trapping by the particles in the grain interior,
hich would help sustain work hardening and uniform elongation.

he liquid-liquid (L-L) mixing process can achieve this goal to con-
truct a harmonious microstructure with nanosized La2O3 particles
 wt. %La2O3, and (b)-(e) Sketches illustrating the fracture process of the pure Mo,

(nanosized PBs) homogeneously dispersing in the Mo  grain interior
[166], as shown in Fig. 29. The L-L process ensures mixing on the
molecular level, and encourages heterogeneous nucleation to form
core-shell structures. The outcome is a nanostructured Mo  alloy
with nanoscaled La2O3 particles mostly distributed inside the inte-
rior of ultra-fine grained Mo.  This nanostructured Mo alloy exhibits
an unprecedented combination of strength and ductility: the yield
strength is ∼820 MPa  and the total tensile elongation to failure is as
large as 38 % at RT, as shown in Fig. 29. At the same time, the frac-
ture toughness and DBTT are also obviously improved. This strategy
helps guiding endeavours to design other dispersion-strengthened
alloys to simultaneously achieve high strength and good ductil-
ity by controlling the size and distribution of the PB interfaces.
For example, a similar nano-structuring strategy is indicated to be
effective for the tungsten-based alloys.

The performance of tungsten based alloys and composites
can also be controlled by GB/PB interfaces by adding thermally
stable fine particles, which are usually oxides (e.g., La2O3 and
Y2O3) or carbides (e.g., ZrC, HfC and TiC), forming the oxide or
carbide dispersion-strengthened (ODS or CDS) tungsten alloys
[54,78,167–174]. Recently, various ODS-W or CDS-W materials
with improved performances have been fabricated [78,79,175].
ODS-W such as W-La2O3 and W-Y2O3 showed higher strength,
higher recrystallization temperatures and higher thermal shock
resistance than that of pure W [27,53,172,175]. For instance,

W–(0.3, 1.0, 2.0)Y2O3 materials produced by mechanical alloying
(MA) and hot isostatic pressing (HIPing) or microwave sintering
have fine grains with the grain sizes ranging from 20 to 500 nm
and contain a high density (5.4–6.9 × 1022 m−3) of nanosized Y2O3
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Fig. 29. (a) Comparison of room-temperature tensile behaviour for three different types of Mo  alloys: tensile engineering stress–strain curves of CP-Mo with grain size D
∼ ,  and N
o s: (b) 
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100  �m,  ODS-Mo alloy with grain size D ∼2.5 �m and oxide particle size d∼1.2 �m
f  (L-L) mixing and liquid-solid (L-S) mixing processes and resulting microstructure
nd  L-L mixing/doping processes that produced the ODS-Mo and NS-Mo alloys, res

articles with sizes between 1 and 50 nm [176,177]. These refined
rains and nanosized particles produce high densities of GB/PB
nterfaces, which generate high strength and a promising radiation
esistance. The influences of different sintering and post treatment
n GB/PB interfaces and performances of W-Y O materials are
2 3
bvious [178–181]· Several different W-Y2O3 materials were man-
factured by spark plasma sintering (SPS) and high temperature
intering in combination with hot rolling or forging deformations,
S-Mo alloy with grain size D ∼0.5 �m and oxide particle size d ∼80 nm Comparison
Schematics showing the microstructural development in the L–S mixing/doping (c)
ely [166].

respectively. They were investigated as potential plasma facing
materials with respect to thermal physical properties, mechanical
properties, and thermal shock responses. For the SPSed W-Y2O3,
the tungsten grains exhibit an isotropic microstructure with an
average grain size of 3.2 �m and the average size of Y O parti-
2 3
cles is about 80 nm [177,180]. For the sintered W-Y2O3 in flowing
H2, the average grain size of tungsten is about 3 �m and Y2O3 par-
ticles are located at the GBs with a typical bimodal size distribution
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Fig. 30. SEM images and size distribution histograms for visible dark Y2O3 particles of (a)
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ig. 31. Temperature-dependent tensile stress-strain curves of (a) sintered and (b)
ot-forged W-2Y2O3 [180,181].

∼0.68 and 1.1–1.7 �m,  respectively), as shown in Fig. 30a [178].
fter hot rolling, the size and shape of both W grains and Y2O3
articles have been changed: the grain size increasing along the
olling direction, in other words the PB/GB interface becoming elon-
ated, leading to the anisotropy [181]. The thermal conductivity of
eformed W-Y2O3 showed nearly 35 % and 17 % higher values than
hat of SPSed W-Y2O3 at RT and at 1473 K, respectively, due to the
ncreased relative density and decreased PB/GB interface scatter-
ng of electrons [181]. Three point bending tests at RT and tensile
ests at elevated temperatures showed that the rolled W-Y2O3 had

 better mechanical strength and toughness than that of the sin-
ered one, as presented in Fig. 31. The tensile tests showed that
he sintered W-Y2O3 is fully ductile in the temperature range of
73–1273 K: the total elongation is between 4% and 10 % (Fig. 31a).
s the testing temperature increased from 473 K to 1273 K, the ulti-
ate tensile strength of the rolled W-Y2O3 decreased from 841 MPa

o 532 MPa, as shown in Fig. 31b. As compared to ultra-high-purity

ungsten, the rolled W-Y2O3 performed a higher strength at ele-
ated temperatures [180,181]. The thermal shock response result
evealed a superior thermal shock resistance of the rolled W-Y2O3:
o cracks but only surface roughening was found on the loaded sur-
 SPSed W-Y2O3, (b) sintered W-Y2O3 in flowing H2 and (c) deformed W-Y2O3 [178].

face after 100 shots at an absorbed power density of 0.6 GW/m2 for
a pulse duration of 1 ms  at RT, as shown in Fig. 32 [178]. Besides, the
thermal loading induced melting and recrystallization behaviors of
deformed W-Y2O3 were less obvious than those of SPSed W-Y2O3
[178]. The discrepancy in thermal shock response between the two
materials and in particular the superiority of deformed W-Y2O3
agrees well with the results that the better thermo physical and
mechanical properties the better thermal shock resistances.

The high-energy-rate forging may  significantly improve
mechanical properties by changing the PB/GB interfaces [179]. It
is indicated that grains with the size range from a few to more
than 50 �m (bimodal distribution) were formed in forged W-Y2O3.
A detectable plastic deformation (a total elongation (TE) of 2.9 %)
associated with work-hardening occurs at 100 ◦C, and the ultimate
tensile strength (UTS) of this forged W-Y2O3 material increases
drastically to 1040 MPa. Pronounced tensile ductility is observed
in the forged W-Y2O3 at 200 ◦C with a plastic strain as large as TE
= 5.5 %.

For the swaging deformed W-Y2O3, tungsten grains are round-
bar shape with an approximately circular shape along with the
cross section and elongated shape in the swaging direction, as
shown in Fig. 33 [129]. The average length and diameter of tungsten
grains in swaged W-Y2O3 are 26.7 and 4.6 �m,  respectively, corre-
sponding to an aspect ratio of about 6:1 [129]. The tensile results
shown that it is brittle until above 250 ◦C, and its strength is also
smaller than that of the high-energy-rate forged ones [129], which
implies that bimodal interfaces (in forged ones) may  be more in
favor of strength and ductility. Therefore, it emphasizes again that
the microstructure design (decorating the GBs) through different
deformation processed is important.

Although the addition of Y2O3 can produce PB interface and con-
trol GB interface, but it cannot reduce the detrimental impurities of
oxygen. Xie et al. [27] added Zr element into W-Y2O3 to absorb free
oxygen at GBs to form Y-Zr-O particles. The particle size of Y-Zr-O
can be further reduced compared to the Y2O3 particles, as shown in
Fig. 34. Because the improved PB/GB interfaces by Zr, the strength
and plasticity of this W-Zr-Y2O3 increases further on the base of
W-Y2O3.

However, the above mentioned ODS-W still exhibits a relatively
high DBTT and poor low-temperature ductility, which resulted
from the coarsening oxide particles that tend to segregate at GBs,
and thus introduce stress concentration at the GBs and lead to
weak GBs [90,166,182]. To solve this problem, some wet-chemical
synthesis routes (L-L processes) offering molecular-level mixing
have been developed, and shown some potential in inhibiting
the particle coarsening and fabricating nano-structured ODS-W
[87,122,158,183–187]. For example, a nanostructured W-Y2O3
composite were prepared by an improved bottom-up wet chem-
ical method and consolidated using the SPS technique [186,187]. It

is found that the average grain size is about 0.76 �m and the oxide
particle sizes are significantly reduced to about 2−10 nm and these
nanoparticles are dispersed uniformly in the tungsten matrix, as
shown in Fig. 35 [186]. Due to the ultrafine grains and uniformly



50 T. Zhang et al. / Journal of Materials Science & Technology 52 (2020) 29–62

Fig. 32. Damage characteristics of the investigated materials after thermal loading with 100 pulses at 0.6 GW/m2 for 1 ms  at RT. (a) the loaded surface of SPSed W-Y2O3, (b)
the  magnification of (a), (c) the loaded surface of deformed W-Y2O3, (d) the magnification of (c). The loaded areas are indicated by a red square (4 × 4 mm2) for the electron
beam  loading [178].

 Tensil

d
n

b
t
b
l
r
f
R

Fig. 33. (a) Optical micrograph of R direction of swaged W-1.0Y2O3; (b)

istributed oxide nanoparticles, the Vickers microhardness of this
anostructured W-Y2O3 alloy reaches up to 598 HV.

As compared with the oxide strengthening phases, some car-
ides such as ZrC, TiC, TaC and HfC have much higher melting
emperatures. Some carbides can form coherent PB interfaces
etween the nanosized carbide and the W matrix, which may
ead to excellent comprehensive performances. Kurishita et al.
eported an UFG W-1.1 %TiC, which exhibited very high bending
racture strength of about 4.4 GPa and an appreciable ductility at
T [56]. These favorable properties imply the potential of other
e behavior of swaged W-1.0Y2O3 at various testing temperatures [129].

carbides in the tungsten based materials with fine microstruc-
tures.

Among these carbide strengthen phases, ZrC and TaC have high
melting temperatures (3540 ◦C and 3900 ◦C, respectively) which
are much higher than that of TiC (3160 ◦C) and VC (2810 ◦C).
Meanwhile, ZrC has the near equal lattice parameter of d(200)ZrC

≈ d(110)W ≈ 0.221 nm,  which might introduce coherent PB inter-
face between W matrix and ZrC phase and significantly increase
the PB cohesion. In addition, ZrC can react with oxygen to form
stable Zr-C-O or ZrO2 particles at GBs, purifying GB interfaces, and
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Fig. 34. Distribution of the grain/particle sizes and microstructures of the rolled W-Y2O3 (a-c) and W-Zr-Y2O3 (d-f) alloys: SEM images of rolled W-Y2O3 (a) and rolled
W-Zr-Y2O3 (d) and insets of high magnification results; TEM images showing the fine tungsten grains in rolled W-Y2O3 (b) and rolled W-Zr-Y2O3 (e), second phase particles
size  distributions in rolled W-Y2O3 (c) and rolled W-Zr-Y2O3 (f). Tensile behaviors of the rolled W-Y2O3 and W-Zr-Y2O3 at different temperatures [27].

Fig. 35. Low magnification TEM image of the W-Y2O3 alloy prepared by wet  chemical method and subsequent SPS, (b) high magnification TEM image showing the oxide
particles within W grain, (c) HRTEM image of black square region in panel a, (d) HRTEM image of oxide particles within W grain [186].

Fig. 36. SEM images showing the representative fracture surfaces of (a) SPS W and (b) SPS W-0.5ZrC after tensile test at RT; (c) Comparison of tensile properties of SPS pure
W,  W-ZrC, W-Y2O3, W-Zr and W-Zr-Y2O3 materials tested at 700 ◦C [79,189].
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ig. 37. EBSD images of swaged W-0.5ZrC in the planes (a) parallel to and (b) per
waged  W-0.5ZrC [190].

hus is beneficial to improve the GB cohesion. Xie et al. fabricated
 series of W-(0, 0.2, 0.5, 1.0) %ZrC with average grain size ranging
rom 2.7 �m to 4.2 �m by using mechanical alloy and SPS sinter-
ng [188,189]. At 700 ◦C, the UTS of SPS pure W and W-(0.2, 0.5,
.0) % ZrC are 337 MPa, 419 MPa, 535 MPa  and 749 MPa, respec-
ively, suggesting enhancements in strength by a small amount of
rC nano-particle addition. The strength of the SPSed W-0.5ZrC

s over 50 % higher than that of SPSed pure W.  Meanwhile, the
oughness could also be improved by the ZrC addition. The fracture
urface of the SPSed pure W is dominated by intergranular fracture
Fig. 36a), implying its weak cohesion strength of GBs. While in
he SPSed W-0.5ZrC, both transgranular and intergranular fracture
ere observed (Fig. 37b), suggesting the enhanced GB cohesion by

he addition of ZrC nano-particles. In this SPSed W-0.5ZrC alloy,
ost of the nano-sized particles were distributed in tungsten grain

nterior, and a few particles were found at the GBs [79,189]. The
verage size of these intragranular ZrC particles is smaller than 50
m.  While particles bound to or near the GBs have larger size (>
00 nm)  and been indexed to be Zr-C-O or ZrO2 phase particles,
hich were formed from ZrC capturing trace impurity oxygen in

ungsten during the high-temperature sintering [189]. This purifi-
ation process would diminish the detrimental effects of oxygen
nd enhance the GB cohesion through a positive pining effect from
he Zr-C-O or ZrO2 particles. Thus significant enhancements in
oth strength and ductility were achieved by improving the PB/GB

nterface structure through adding trace ZrC nano-particles into
ungsten.

As described above, thermomechanical treatments (e.g., forging,
waging and rolling) can further optimize the PB/GB interface struc-
ure, improve the relative density and enhance low-temperature
uctility of tungsten materials. The microstructure of the swaged
-0.5ZrC rod indicates that most GB interface are elongated along

he swaging direction (L-direction, Fig. 37a), while the grains in
ross section (R-direction) are nearly equiaxed (Fig. 37b). The aver-
ge grain size of the as-swaged W-0.5ZrC is about 35 �m in swaging
irection and 7 �m in cross section, corresponding to an aspect ratio
f about 5:1. This kind of GB interfaces will lead to better tensile
roperties along L direction [190], as shown in Fig. 37c. The as-
waged W-0.5ZrC is brittle at 150 ◦C and exhibited obvious ductility
t 200 ◦C with a total elongation (TE) of 4.2 %. This result suggests
hat the DBTT of the as-swaged W-0.5ZrC is about 200 ◦C, which is
bout 400 ◦C lower than that SPSed W-0.5ZrC [190]. With increas-
ng the testing temperature to 500 ◦C, the UTS of the as-swaged

-0.5ZrC is as high as 547 MPa  and the TE is about 28 %.

Compared with the hot swaging, the hot-rolling introduces

ore homogeneous deformation, which is a better kind of ther-
omechanical route for fabricating bulk refractory metals through

 controllable way for interface decoration. The multistep orthog-
icular to the longitudinal direction; (c) Tensile engineering stress-strain curves of

onal hot-rolling with large deformation of 94 % reduction make
more homogeneously prolonged interfaces along rolling direction
(RD) and transverse direction (TD), as shown in Fig. 38(a) and (b)
[50]. This thin W-0.5ZrC plate has better mechanical properties as
compared with that of swaged W-0.5ZrC, as presented in Fig. 39c.
For example, the DBTT of this thin W-0.5ZrC plate is about 50−80
◦C, much lower than that of the swaged one (150−200 ◦C) [190].
The corresponding UTS is also improved significantly.

On the base of swaged rods and rolled thin plates, Xie et al.
[54,79] fabricated the thick W-0.5ZrC plate (WZC05) with thick-
ness of 8.5 mm,  which is suitable for engineering application. The
detailed microstructures indicate that there is the coexistence of
multiscale interfaces in this rolled thick WZC05 plate. From outer to
inner space, in the first layer along the rolling direction, the average
length of mother grains is about 10 �m and the width is about 1∼3
�m, which is the micron sized GB interface, as shown in Fig. 39(a).
Prolonged mother grains come from the multistep rolling defor-
mation. In the second layer, there are equiaxed sub-grains in the
matrix with an average size of about 1 �m,  as shown in Fig. 40(a)
and (b), which could be considered as the sub-micrometer scale
GB interfaces. These sub-grains can be attributed to the deforma-
tion and dynamic recrystallization from the precise control of hot
rolling processes [54]. For the third layer, the nano-scaled parti-
cles, most of them dispersed in tungsten grain interior (Fig. 39c).
The second phase particles locating in W grains have an average
size of 51 nm (with the fraction of 79 %) covering a range from 29
to 200 nm,  as shown in Fig. 40c. While parts of particles (21 %) at
W GBs have bimodal distribution which contains relatively small
particles with an average particle size of 60 nm ranging from 40 to
200 nm (see Fig. 40d), and a small fraction of large particles with
an average particle size of 385 nm ranging from 250 to 400 nm (see
Fig. 40d) [54]. The small particles in tungsten grain interior and
at GBs are dominantly ZrC, while the large particles are W-Zr-C-O
complexes. Therefore, the third layer PB interface is the nanoscale
or sub-micrometer scale interface.

The intuitive HRTEM of PB interface shown in Fig. 41(a–e)
exhibits a perfect coherent structure between W matrix and ZrC
dispersoids, indicating an atomic ordered interface. This coherent
PB was  further confirmed by simulation results [54]. These coherent
PB interfaces can generate, pin down and thus accumulate dislo-
cations within the grains during the deformation process, which
effectively raise the strength and simultaneously improve the duc-
tility of alloys. In addition, some particles tightly bounding to the
GBs could impede GB sliding. For example, a clubbed ZrC particle

locates across two tungsten grains’ boundaries, just like a deadbolt
tightly locking the two  tungsten grains as shown in Fig. 41f, which
could obstruct the GB sliding and thus significantly increase the GB
cohesion [54].
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Fig. 38. SEM micrographs of the W-0.5 wt. %ZrC thin plate in normal direction (ND) and transverse direction (TD); Engineering stress-strain curves of W-0.5 wt. %ZrC thin
plate  specimens tested at different temperatures [50].
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Fig. 39. The microstructure image an

The multi scale interface structure synergistically improves the
erformance of this WZC05 alloy. The WZC05 exhibits obvious
lasticity with a flexural strain of 3% and a fracture stress up to
.5 GPa at RT, as shown in Fig. 42. At 100 ◦C, the flexural strain
f this WZC05 increases to 5.0 %. That’s to say, the DBTT of this
ZC05 is about 100 ◦C, which is lower than the reported value in

ulk W and W alloys including hot/cold rolled and HIPed pure W,
DS W and W-Re alloys [180,191–193]. The coherent interfaces
etween W matrix and the ZrC dispersoids induce the enhanced
uctility/strength of this WZC05 alloy. Intuitively, the nanosized
B interfaces in tungsten grain interior can pin and accumulate
islocations, which effectively improve the strength of the alloy.
oreover, there is a channel for the gliding of dislocations along

oherent structure between particle and matrix interfaces [194],
hich would help sustain work hardening and uniform elongation

nd thus enhance the ability to accommodate plastic deformation.
On the other hand, if the internal boundaries were introduced

y addition of some unsuitable dispersion particles, which forbodes
he forming of PB interfaces in unstable high-energy states. These
nstable PB interfaces would spontaneously coarsen to release the
nergy under some moderate thermal conditions, which conse-

uently become preferential sites for stress concentration and crack

nitiation during loading and have serious deterioration of the duc-
ility.
ch of the thick W-0.5 wt.  %ZrC plate.

The high strength and good ductility/plasticity lead to an
unprecedented thermal shock resistance in this WZC05 alloy. No
cracks or melting were observed on the samples even after the
thermal bombardment test at an absorbed energy density of ∼ 3.3
MJ/m2, as shown in Fig. 43. The strength of this WZC05 is high
enough to resist the stress induced by thermal shocks, and thus
to prohibit the formation of cracks. In addition, the good plastic-
ity/ductility can consume the stress energy by deformation to avoid
the occurrence of cracking [54].

The multi-scaled interface structure is in favor of irradiation
resistance and decreasing the hydrogen retention in this WZC05
alloy. Firstly, the prolonged mother grains can provide an escape
channel for the hydrogen in the W matrix and thus decrease the
retention, as shown in Fig. 44. After the same irradiation under a
high fluence of high flux and low energy deuterium (D) plasma, the
retention of D in WZC05 is 9 times lower than that of ITER grade
W [79]. At the same time, the fine sub-grains and nanosized par-
ticles increase the density of GB and PB interfaces, respectively,
which can absorb interstitial defects and annihilate nearby vacan-
cies by re-emitting the interstitial atoms back into the matrix, and
then improve the ability of irradiation resistance of this WZC05

alloy. Fig. 45 shows the surface morphologies of different tung-
sten materials after irradiation under a high fluence of high flux
and low energy He plasma: (a) rolled pure W,  (b) CVD-pure W and
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ig. 40. Distribution of grain/particle sizes and microstructures of WZC05. (a) High
he  black contrast dots correspond to the second phase particles. (b) Grain size dist

c) W-1  %Y2O3 irradiated by 220 eV helium plasma to a dose of
026 atoms/m2, and (d) rolled pure W,  (e) CVD-pure W and (f) W-
.5ZrC (WZC05) irradiated by 620 eV helium plasma to the same
ose, and the insets of (a)-(f) show the corresponding cross-section
orphologies of irradiation-modified layer in each sample. For the

ungsten materials irradiated by 220 eV He ions at 900 ◦C, sur-
ace modifications of all the samples, including the rolled pure W,
VD-pure W,  W-1  %Y2O3 and WZC05, showed the pin-hole fea-
ure, while in the case of 620 eV He ion irradiation at 1000 ◦C,
he pin-hole surface evolved into the coral-like feature except for
he WZC05 alloy which remains the pin-hole feature [195]. This
esult implies the good resistance of WZC05 alloy to high fluence
e irradiation. The large amount of GBs and PBs in fine-grained
ZC05 alloy provide more nucleation sites for He atom aggrega-

ion, resulting in smaller He bubbles, and mitigate the evolution
f pin-hole to coral-like structures. The thickness of modified lay-
rs on sample surfaces were measured and plotted in Fig. 46. The
hickness of modified layers on WZC05 is much lower than that of
he pure W,  W-1  wt. %La2O3, W-1  wt. %Y2O3 and W-1  vol. %Y2O3,
urther implying its better resistance to plasma irradiation and
rosion.

In addition to ZrC/TiC, nanosized HfC [83,196], TaC [86], SiC
197] and K bubbles [198] can also be used to construct GB/PB
nterfaces. Miao et al. [86] fabricated the W-0.5 wt.  %TaC plate
hrough the same preparation technology with that of the above

entioned thick WZC05 plate. Due to the relatively larger TaC par-
icle size, the produced PB interface density is lower than that of
ZC05, resulting in a relatively low pining ability of GBs and an
bviously larger grain size in W-0.5 wt. %TaC [86]. In addition, the
oarse micron sized Ta-C-O compounds at GBs lead to the stress
nification BSESEM image showing the tungsten grains possess equiaxed structure.
on. (c, d) ZrC and W-Zr-Cx-Oy particles size distribution [54].

concentration and then degrade the strength/ductility. Therefore,
both the tensile strength and ductility are lower than that of the
WZC05 plate. For example, the DBTT of this W-0.5 wt. %TaC plate
is about 200 ◦C and the UTS is about 717 MPa  at 250 ◦C. To solve
this problem of particle coarsening, Miao et al. used a special pow-
der preparation route termed “dissolution and re-precipitation” by
adding nanosize Ta powder and C powder to form W-Ta-C solid
solution and finally to form W-TaC composites, which significantly
decreases the particle and grain sizes and increase the interface
density [81]. Wang [83] and Zhang et al. [196] employed HfC par-
ticles, which has a higher melting temperature, to prepare W-HfC
alloys. Because of the high thermal stable interface between the
W matrix and the HfC, the W-0.5 wt. %HfC has the best thermal
stability (without obvious grain or particle coarsening after high
temperature annealing) among W-0.5 wt. %TaC, W-0.5 wt. %HfC
and W-0.5 wt. %ZrC plates, as shown in Fig. 47 [87]. But due to
the large particles and grains, there are low densities of GB and PB
interfaces which offer limited capture sites for irradiation defects
in this W-0.5 wt. %HfC. Naturally, the self-heal ability is relative
weak, which results in low irradiation resistance as compared with
the WZC05 plate [79]. For example, at the same irradiation param-
eters of D ions, there is a high density of D bubbles on the surface
of W-0.5 wt.  %HfC with the bubble size of ∼1 �m, while in the
case of the WZC05 there is just a low density of nanosized D bub-
bles [79]. Huang et al. prepared a W-K  alloy with the intra- and
inter-potassium nano-bubble modifying GB interfaces by using an
industrially applicable process combining aluminum-potassium-

silicon doping and spark plasma sintering, which exhibits desirable
strength and remarkable toughness, as well as high thermal-shock
resistance [198].
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Fig. 41. Detailed analysis of the interface structure between W matrix and second phase particlesin WZC. (a) HRTEM image of W matrix and ZrC phase (intragranular)
as  viewed along [001]. (b) The SAEDP revealing the particle with a face centered cubic structure. (c) Fast Fourier transform (FFT) pattern of selected red square area A on
ZrC.  (d) FFT pattern of selected red square area B at interface area between W and ZrC. It is clear that the particle-matrix PBs have coherent structure like showing in high
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agnification (e). (f) TEM image showing a deadbolt shaped ZrC particle (intergran
he  left one). (g) Semi-coherent structure appears between the ZrC dispersoid and 

lements through (i) EDX analysis [54].

. Other interfaces

In addition to the above mentioned grain refinement, alloying,
oping and dispersion strengthening processes to control the inter-

aces of refractory alloys, since a decade, a promising method of
oughening refractory metals, such as carbon nano-tubes (CNTs)
oped tungsten alloys [199,200], and tungsten fiber reinforcement
ungsten composites termed tungsten fiber-reinforced tungsten
Wf /W)  [201–213], has been actively pursued. Tungsten fibers
re embedded in a tungsten matrix where a proper interface has
o be introduced to prevent chemical reaction between tungsten
bers and the matrix, because in the bared Wf /W the interface
ohesion is weak and the interfacial debonding often occurs under
ensile stress, as shown in Fig. 48 [203,213]. The increase in tough-
ess is achieved through a couple of non-plastic energy dissipation
echanisms such as matrix cracking and interfacial debonding fol-

owed by frictional sliding/pull-out of the fibers while the primary
rack is bridged by mostly deforming fibers [210,211]. To maxi-
ize the energy dissipation, the interfaces need to be engineered

y coating which can withstand thermal exposure during service.
u et al. investigated the effects of different coated interfaces for
f/W composite: Cu/W multilayer, ZrOx/Zr multilayer, Er/W mul-

ilayer, ZrOx/W bilayer and C/W dual layer [210]. These coatings
ere effective in utilizing energy dissipation by controlled inter-

acial debonding and sliding to achieve apparent toughness. The
esults indicated that the ZrOx/W bilayer interface is the best choice
or Wf/W composite. In addition, the fiber configuration (actually

he interface configuration) also plays an important role in Wf
W composites. The single direction of W fibers can enhance the
racture energy of tungsten matrix once the extrinsic toughening

echanisms of fiber pullout and plastic deformation were trig-
ightly locking two tungsten grains (G1 represents the right one and G2 represents
) Some relatively large particles locating at GBs oftungsten contain W,  Zr, C and O

gered, but they will lead to the obvious anisotropy of mechanical
properties [206]. Woven tungsten wire meshes as reinforcement
in the composites could avoid the anisotropy. The Wf/W compos-
ites with tungsten wire meshes coated by zirconia film (ZrOx) were
fabricated using spark plasma sintering method at different tem-
peratures [212]. Fig. 49a and c shows the SEM results of the Wf /W
composite specimen after the SPS processes at 1400 ◦C and 1700 ◦C,
respectively. The zirconia coating remained indeed mostly undam-
aged after 1400 ◦C sintering as shown in Fig. 49b. In contrast, the
coating thickness was  considerably reduced (from 1 �m to 0.7 �m
in average) after sintering at 1700 ◦C as shown in Fig. 49d. After the
high heat flux loading with the intense hydrogen bombardment, a
discernible damage of the matrix surface is observed due to the sig-
nificant erosion of the GBs. On the contrary, zirconia coating seems
to have survived the heat loads without any notable damage or
overall cracking but slight erosion. Therefore, under the extreme
environment, the zirconia coating interfaces are stable, which is
favor of reinforcing the Wf/W composites [213,214]. In addition,
nanoporous also can increase the interfaces and then modify the
performance of refractory metals, for example, the structure of
nanoporous tungsten has a high activation energy for surface dif-
fusion, which contributes to its extremely high thermal stability
[215].

Recently, refractory high-entropy alloys (RHEAs) with multi-
principle elements and refractory metals were first reported in
2010 [216], such as WNbMoTa and WNbMoTaV alloys exhibiting
high yield strength at temperatures up to 1600 ◦C and the strong

resistance to high temperature softening, as compared to the super-
alloys [216,217]. Although RHEAs have excellent strength at high
temperatures, disadvantages such as poor room temperature duc-
tility, poor oxidation resistance and the relatively high density are
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Fig. 42. Mechanical behaviors of WZC05. (a) Flexural stress-strain curves of WZC05 tested at different temperatures, note that values larger than a flexural strain of 15 %
a  strain
d ble lit
( in cur

a
h
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re  not accurate because of the limited bending angle of the machine. (b) Flexural
ependence of the yield strength (YS) of the WZC05 plate in comparison with availa
d)  Optical images of WZC05 samples after tests. (e) Tensile engineering stress-stra

lso inherited. Senkov et al. reported that [218,219] replacement of
eavier W,  Mo,  and V with lighter Hf, Zr, and Ti allowed the formu-

ation of a new refractory alloy, TaNbHfZrTi, with a reduced density
f � =9.94 g/cm3 and excellent compression ductility at room tem-
erature. The good ductility of this TaNbHfZrTi alloy is probably
ue to the twin GB interfaces, which effectively reduce stress local-
zation along grain boundaries. Schuh et al. found that [220] a
anocrystalline TaNbHfZrTi alloy with high density GB interfaces
roduced by High-pressure torsion shows significant increase in
 of the tested samples versus temperature, DBTT is about 100 ◦C. (c) Temperature
erature data. The YS of WZC05 is the highest among the all reported bulk W alloys.
ves of WZC05 tested at various temperatures [54].

tensile strength (1900 MPa) and remain fairly ductile with a total
elongation to failure of 7.9 %. Therefore, it can be concluded that
the mechanical performance of the new type of RHEAs can also be
tailored by controlling their interface structures.
6. Future development and research

The interface is a unique lattice defect with many possible
structures and energy states, which plays a very important role
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Fig. 43. SEM images showing the thermal shock resistance properties of WZC. (a) No cracks were detected on the samples with absorbed energy density (AED) ∼ 3.3 MJ/m2.
(b)  There is still no crack with AED ∼ 4.4 MJ/m2 despite the surface melting, which should benefit from the extraordinary plasticity and high strength. (c) Melting and cracks
appear  simultaneously with AED ∼ 5.5 MJ/m2 and the wave-like stripes along with the crack illustrate the good ductility and plasticity of WZC  alloy from other side [54].
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ig. 44. The mother grain structure (a); the state of H in columnar grain structur
-0.5ZrC specimen (c). The irradiation temperature is 420 K [79].

n determining the performance of materials. With the increas-
ng awareness of interface effects on material performances, the
rocessing-structure-performance relationships will be upgraded
ith the addition of the interface structures, of which there

re numerous variants [16]. Research in the design, fabrication,
icrostructures and properties of interfaces at the different scales

rovides new challenges and opportunities for experimental, ana-
ytical and simulation studies. During the recent decades, the
mprovement of performance of refractory metals and alloys by
ontrolling the interfaces have enriched the knowledge base and

elped to show the way to high performance refractory metals
nd alloys for various potential applications. The properties and
erformances of refractory materials are determined not only by
he number of interfaces but also by their physical and chem-
ch) (b); the thermal desorption spectrometry of deuterium in ITER grade W and

ical states such as the structure, distribution and composition
as well as their synergistic effects. From the above results, it
can be concluded that the formation of elaborately decorated
interfaces is a key to enhance performances of materials. These
performances include the physical and chemical properties such
as mechanical, thermal properties and irradiation and corrosion
resistance.

Although the performances of refractory metals have been sig-
nificantly improved by controlling interfaces, there are still lots of
open questions needing to be further discussed, analyzed, debated

and explored. These questions focused on the following issues: i)
interface types and features (i.e., the high angle GBs, low angle GBs,
twin boundaries and coherent/semi-coherent/incoherent GB/PB
interfaces), ii) how to to judge an interface and how to deter-
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Fig. 45. The surface morphologies of (a) pure W,  (b) CVD-W, (c) W-1.0 % Y2O3 irradiated by 220 eV He+ at about 900 ◦C, and (d) pure W,  (e) CVD W and (f) W-0.5ZrC irradiated
by  620 eV He+ at 1000 ◦C to a same fluence of 1 × 1026 atoms/m2 [195].
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ig. 46. Thickness of modified layers in various tungsten materials under the He+

rradiation of 220 eV at 900 ◦C and 620 eV at 1000 ◦C [195].

ine what makes one interface better than another, in other
ords, how to build different types of interfaces according to

eeds, iii) the correlation and mutual influence between dif-

erent types of interfaces and iv) the quantitative relationship
etween special interfaces and the material performances. As a
atter of course, further innovation in processing techniques for

ailoring the interfaces is crucial for the future development of

ig. 48. (a) Metallographic cross-sections of a single-fibre Wf/W composite consisting of
hemical vapour deposition. (b) Cross-section of the whole sample: a longitudinal section
c)  The fracture surface of the Wf/W composite (with the tungsten fibre array) [213].
Fig. 47. The annealing temperature dependence of hardness of hot rolled pure W,
W-ZrC and W-HfC plates [87].

refractory metals and alloys with high performances, especially

for advancing the fundamental understanding of relationships
between the interface structures/states and performances. The
construction of low-energy ordered interfaces through a “top-
down” route using extreme deformation treatments on single

 a single coated tungsten wire which is embedded in a tungsten matrix formed by
 along the fibre axis showing the interface between fibre and matrix in detail [203].
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[2] M.  Kawai, M.  Furusaka, K. Kikuchi, H. Kurishita, R. Watanabe, J. Li, K.
Sugimoto, T. Yamamura, Y. Hiraoka, K. Abe, A. Hasegawa, M.  Yoshiie, H.
Takenaka, K. Mishima, Y. Kiyanagi, T. Tanabe, N. Yoshida, T. Igarashi, J. Nucl.
Mater. 318 (2003) 38–55.
Fig. 49. SEM microstructural image of the Wf/W composite spe

hase refractory metals or multi-phase refractory alloys could
nspire the development of hybrid processing techniques with
cale-up capability for refractory metal materials. For “bottom-
p” method to fabricate bulk nanocrystalline refractory alloys with
igh thermal stabilities, it is the key to design and construct the

ow energy ordered GB/PB interfaces to synergistically stabilize
he nanostructure, because the instability of interfaces is mainly
esponsible for structure and performance instabilities. This tech-
ique is promising for fabricating bulk nanograined refractory
lloys.

For the traditional alloying principles in the interface architec-
ure strategy of refractory alloys, especially for the second phase
article dispersion strengthened refractory materials, the density
f GB/PB interfaces should be further increased. In current com-
ercial refractory alloys such as the W-La2O3 alloys, the second

hase particle size is relatively large (even in micron dimensions).
f the second-phase particles could be refined to nanoscale, e.g., to
0 nm or even smaller, the mechanical properties and resistance

o thermal loads and irradiation might be further improved due to
he increased particle-matrix interfaces.
 after SPS process at (a), (b) 1400 ◦C and (c), (d) 1700 ◦C [212].
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Vilémová, J. Matějíček, T. Zhang, Int. J. Refract. Metal. Hard Mater. 75 (2018)
153–162.

[83] K.E. Rea, V. Viswanathan, A. Kruize, J.Th.M. De Hosson, S. O’Dell, T.
McKechnie, S. Rajagopalan, R. Vaidyanathan, S. Seal, Mater. Sci. Eng. A 477
(2008) 350–357.

[84] Z.M. Xie, S. Miao, R. Liu, L.F. Zeng, T. Zhang, Q.F. Fang, C.S. Liu, X.P. Wang, Y.Y.
Lian, X. Liu, L.H. Cai, J. Nucl. Mater. 496 (2017) 41–53.

[85] S. Miao, Z. Xie, T. Zhang, X. Wang, Q.F. Fang, C.S. Liu, G. Luo, X. Liu, Y. Lian,
Mater. Sci. Eng. A 671 (2016) 87–95.

[86] S. Miao, Z. Xie, X. Yang, R. Liu, R. Gao, T. Zhang, X. Wang, Q. Fang, C. Liu, G.
Luo, Int. J. Refract. Metal. Hard Mater. 56 (2016) 8–17.

[87] Y.K. Wang, Z.M. Xie, M.M.  Wang, H.W. Deng, J.F. Yang, Y. Jiang, T. Zhang, X.P.
Wang, Q.F. Fang, C.S. Liu, J. Refract, Metal. Hard Mater. 81 (2019) 42–48.

[88] X.D. Yang, Z.M. Xie, S. Miao, X.P. Wang, C.S. Liu, Q.F. Fang, Fusion Des. Eng.
106 (2016) 56–62.

[89] Z.M. Xie, R. Liu, Q.F. Fang, Y. Zhou, X.P. Wang, C.S. Liu, J. Nucl. Mater. 444
(2014) 175–180.

[90] R. Liu, Z.M. Xie, T. Hao, Y. Zhou, X.P. Wang, Q.F. Fang, C.S. Liu, J. Nucl. Mater.
451 (2014) 35–39.

[91] M.M. Wang, Z.M. Xie, H.W. Deng, J.F. Yang, Y.K. Wang, T. Zhang, Y. Xiong, X.P.
Wang, Q.F. Fang, C.S. Liu, Mater. Sci. Eng. A 754 (2019) 216–223.

[92] L. Romaner, C. Ambrosch-Draxl, R. Pippan,Phys. Rev. Lett. 104 (2010),
195503.
[93] S. Wurster, B. Gludovatz, R. Pippan, Int. J. Refract. Metal. Hard Mater. 28
(2010) 692–697.

[94] G.D. Samolyuk, Y.N. Osetskiy, R.E. Stoller,J. Phys. Condens. Matter 25 (2)
(2012), 025403.

[95] W.  Setyawan, R.J. Kurtz, Scripta Mater. 66 (2012) 558.

http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0020
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0020
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0020
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0020
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0020
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0020
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0020
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0020
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0020
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0020
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0020
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0025
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0025
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0025
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0025
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0025
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0025
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0025
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0025
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0025
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0025
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0025
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0025
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0030
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0030
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0030
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0030
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0030
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0030
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0030
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0030
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0030
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0030
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0030
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0030
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0030
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0030
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0030
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0030
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0030
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0030
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0035
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0035
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0035
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0035
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0035
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0035
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0035
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0035
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0035
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0035
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0035
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0035
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0035
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0035
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0035
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0035
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0035
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0035
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0040
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0040
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0040
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0040
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0040
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0040
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0040
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0040
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0040
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0040
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0040
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0040
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0040
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0040
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0040
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0040
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0040
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0040
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0040
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0040
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0040
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0045
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0045
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0045
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0045
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0045
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0045
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0045
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0045
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0045
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0045
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0045
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0045
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0045
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0045
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0050
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0050
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0050
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0050
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0050
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0050
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0050
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0050
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0050
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0050
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0050
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0050
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0050
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0050
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0050
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0050
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0050
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0050
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0050
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0050
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0050
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0055
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0055
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0055
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0055
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0055
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0055
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0055
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0055
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0055
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0055
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0060
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0065
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0065
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0065
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0065
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0065
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0065
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0065
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0065
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0065
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0065
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0065
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0065
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0065
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0070
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0070
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0070
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0070
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0070
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0070
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0070
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0070
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0070
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0070
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0070
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0070
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0070
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0070
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0070
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0070
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0075
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0075
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0075
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0075
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0075
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0075
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0075
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0075
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0075
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0075
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0075
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0075
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0075
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0075
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0075
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0075
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0075
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0075
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0075
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0080
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0085
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0090
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0090
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0090
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0090
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0090
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0090
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0090
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0090
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0090
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0090
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0090
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0095
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0095
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0095
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0095
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0095
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0095
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0095
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0095
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0095
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0100
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0100
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0100
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0100
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0100
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0100
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0100
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0100
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0100
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0100
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0100
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0100
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0100
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0105
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0105
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0105
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0105
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0105
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0105
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0105
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0105
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0105
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0105
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0105
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0105
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0110
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0110
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0110
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0110
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0110
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0110
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0110
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0110
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0110
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0110
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0110
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0110
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0110
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0110
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0110
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0110
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0110
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0115
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0115
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0115
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0115
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0115
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0115
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0115
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0115
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0115
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0120
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0120
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0120
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0120
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0120
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0120
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0120
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0120
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0120
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0120
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0125
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0125
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0125
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0125
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0125
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0125
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0125
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0125
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0125
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0125
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0125
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0125
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0125
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0125
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0130
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0135
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0135
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0135
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0135
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0135
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0135
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0135
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0135
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0135
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0135
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0135
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0135
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0135
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0135
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0135
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0135
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0135
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0135
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0135
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0135
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0135
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0140
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0140
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0140
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0140
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0140
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0140
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0140
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0140
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0140
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0140
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0140
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0140
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0140
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0140
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0140
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0140
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0145
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0145
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0145
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0145
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0145
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0145
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0145
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0145
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0145
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0145
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0145
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0145
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0145
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0145
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0145
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0145
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0150
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0150
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0150
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0150
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0150
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0150
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0150
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0150
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0150
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0150
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0150
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0150
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0150
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0150
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0150
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0150
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0150
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0150
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0155
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0160
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0160
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0160
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0160
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0160
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0160
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0160
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0160
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0160
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0160
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0160
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0160
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0160
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0160
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0160
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0160
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0160
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0160
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0160
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0160
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0160
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0165
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0165
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0165
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0165
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0165
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0165
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0165
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0165
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0165
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0165
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0165
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0170
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0175
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0180
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0185
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0185
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0185
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0185
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0185
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0185
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0185
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0190
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0190
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0190
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0190
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0190
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0190
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0190
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0190
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0190
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0190
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0190
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0190
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0190
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0190
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0190
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0190
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0190
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0190
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0190
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0195
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0200
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0200
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0200
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0200
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0200
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0200
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0200
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0200
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0200
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0200
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0200
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0200
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0200
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0200
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0200
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0200
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0200
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0200
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0205
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0210
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0210
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0210
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0210
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0210
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0210
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0210
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0210
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0210
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0210
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0210
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0210
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0210
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0210
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0215
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0215
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0215
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0215
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0215
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0215
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0215
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0215
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0215
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0215
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0215
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0215
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0215
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0215
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0215
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0220
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0220
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0220
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0220
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0220
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0220
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0220
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0220
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0220
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0220
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0220
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0220
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0220
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0220
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0220
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0220
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0220
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0220
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0220
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0220
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0220
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0225
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0230
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0235
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0235
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0235
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0235
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0235
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0235
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0235
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0235
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0235
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0235
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0235
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0235
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0235
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0235
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0235
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0235
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0235
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0235
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0235
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0240
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0240
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0240
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0240
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0240
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0240
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0240
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0240
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0240
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0240
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0240
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0240
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0240
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0240
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0240
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0240
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0240
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0240
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0240
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0240
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0245
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0250
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0255
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0260
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0260
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0260
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0260
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0260
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0260
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0260
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0260
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0260
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0260
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0260
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0260
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0260
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0260
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0260
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0260
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0260
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0265
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0270
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0275
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0275
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0275
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0275
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0275
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0275
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0275
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0275
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0275
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0275
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0275
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0275
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0275
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0275
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0275
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0275
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0275
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0275
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0275
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0275
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0280
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0285
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0285
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0285
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0285
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0285
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0285
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0285
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0285
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0285
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0285
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0285
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0285
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0285
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0285
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0285
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0285
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0285
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0285
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0285
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0285
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0290
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0290
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0290
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0290
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0290
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0290
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0290
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0290
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0290
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0290
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0290
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0290
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0290
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0295
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0295
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0295
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0295
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0295
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0295
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0295
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0295
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0295
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0295
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0295
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0295
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0295
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0295
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0295
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0295
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0295
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0295
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0295
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0300
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0300
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0300
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0300
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0300
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0300
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0300
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0300
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0300
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0300
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0300
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0300
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0300
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0300
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0300
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0300
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0300
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0305
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0305
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0305
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0305
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0305
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0305
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0305
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0305
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0305
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0305
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0305
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0305
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0305
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0305
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0305
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0305
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0305
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0310
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0315
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0315
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0315
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0315
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0315
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0315
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0315
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0315
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0315
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0315
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0315
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0315
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0315
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0315
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0320
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0320
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0320
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0320
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0320
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0320
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0320
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0320
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0320
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0320
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0320
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0320
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0320
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0320
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0325
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0330
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0335
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0335
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0335
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0335
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0335
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0335
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0335
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0335
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0335
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0335
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0335
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0335
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0335
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0335
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0335
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0335
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0335
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0335
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0335
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0340
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0340
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0340
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0340
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0340
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0340
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0340
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0340
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0340
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0340
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0340
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0340
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0340
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0340
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0340
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0340
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0340
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0340
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0340
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0345
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0345
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0345
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0345
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0345
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0345
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0345
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0345
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0345
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0345
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0350
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0350
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0350
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0350
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0350
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0350
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0350
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0350
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0350
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0350
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0350
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0350
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0350
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0350
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0350
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0350
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0350
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0350
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0355
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0355
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0355
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0355
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0355
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0355
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0355
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0355
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0355
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0355
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0355
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0355
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0355
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0355
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0355
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0355
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0355
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0360
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0360
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0360
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0360
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0360
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0360
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0360
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0360
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0360
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0360
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0365
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0365
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0365
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0365
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0365
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0365
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0365
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0365
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0365
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0365
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0370
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0370
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0370
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0370
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0370
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0370
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0370
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0370
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0370
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0370
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0370
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0375
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0380
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0380
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0380
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0380
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0380
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0380
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0380
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0380
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0380
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0380
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0380
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0380
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0380
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0380
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0380
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0380
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0380
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0380
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0380
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0380
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0380
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0385
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0385
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0385
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0385
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0385
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0385
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0385
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0385
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0385
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0390
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0390
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0390
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0390
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0390
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0390
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0390
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0390
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0390
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0390
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0390
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0390
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0390
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0390
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0390
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0390
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0395
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0400
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0405
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0410
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0415
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0420
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0425
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0430
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0435
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0440
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0440
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0440
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0440
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0440
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0440
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0440
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0440
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0440
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0440
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0440
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0440
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0440
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0440
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0440
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0440
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0440
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0440
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0440
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0440
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0445
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0445
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0445
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0445
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0445
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0445
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0445
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0445
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0445
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0445
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0445
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0445
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0445
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0445
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0445
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0445
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0445
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0445
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0445
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0445
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0450
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0455
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0460
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0460
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0460
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0460
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0460
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0460
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0460
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0460
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0460
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0460
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0460
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0465
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0465
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0465
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0465
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0465
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0465
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0465
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0465
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0465
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0465
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0465
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0465
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0465
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0465
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0465
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0465
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0465
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0470
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0470
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0470
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0470
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0470
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0470
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0470
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0470
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0470
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0470
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0470
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0470
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0470
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0475
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0475
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0475
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0475
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0475
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0475
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0475
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0475
http://refhub.elsevier.com/S1005-0302(20)30298-X/sbref0475


s Scien

[

[

[

[

[

[

[

[

[

[

[
[
[
[
[
[

[
[

[

[

[

[
[
[

[

[

[
[
[
[

[
[

[

[
[
[

[
[

[

[

[

[

[

[

[

[

T. Zhang et al. / Journal of Material

[96] R. Tran, Z. Xu, N. Zhou, B. Radhakrishnan, J. Luo, S.P. Ong, Acta Mater. 117
(2016) 91–99.

[97] T.D. Shen, S. Feng, M.  Tang, J.A. Valdez, Y. Wang, K.E. Sickafus,Appl. Phys.
Lett. 90 (2007), 263115.

[98] M.  Samaras, P.M. Derlet, H. Van Swygenhoven, M.  Victoria, Philos. Mag. 83
(2003) 3599.

[99] J. Schiotz, T. Leffers, B.N. Singh, Radiat. Eff. Defects Solids 157 (2002)
193–200.

100] C. Sun, M.  Song, K.Y. Yu, Y. Chen, M.  Kirk, M.  Li, H. Wang, X. Zhang, Metall.
Mater. Trans. A 44 (2013) 1966–1974.

101] X.M. Bai, A.F. Voter, R.G. Hoagland, M.  Nastasi, B.P. Ulberuaga, Science 327
(2010) 1631.

102] G. Federici, C.H. Skinner, J.N. Brooks, J.P. Coad, C. Grisolia, A.A. Haasz, A.
Hassanein, V. Phlipps, C.S. Pitcher, J. Roth, W.R. Wampler, D.G. Whyte, Nucl.
Fusion 41 (2001) 1967.

103] K. Hattar, M.J. Demkowicz, A. Misra, I.M. Robertson, R.G. Hoagland, Scr.
Mater. 58 (2008) 541–544.

104] O. El-Atwani, J.A. Hinks, G. Greaves, S. Gonderman, T. Qiu, M. Efe, J.P. Allain,
Sci. Rep. 4 (2014) 4716.

105] Q. Wei, H.T. Zhang, B.E. Schuster, K.T. Ramesh, R.Z. Valiev, L.J. Kecskes, R.J.
Dowding, L. Magness, K. Cho, Acta Mater. 54 (2006) 4079–4089.

106] Q. Wei, T. Jiao, K.T. Ramesh, E. Ma,  L.J. Kecskes, L. Magness, R. Dowding, U.
Kazykhanov, R.Z. Valiev, Acta Mater. 54 (2006) 77–87.

107] T. Hao, Z.Q. Fan, T. Zhang, G.N. Luo, X.P. Wang, C.S. Liu, Q.F. Fang, J. Nucl.
Mater. 455 (2014) 595–599.

108] Z.S. Levina, X.X. Wang, M.  Kaynakc, I. Karamanc, K.T. Hartwig, Int. J. Refract.
Metal. Hard Mater. 80 (2019) 73–84.

109] Z.S. Levina, A. Srivastavab, D.C. Foleyc, K.T. Hartwig, Mater. Sci. Eng. A 734
(2018) 244–254.

110] T. Chookajorn, H.A. Murdoch, C.A. Schuh, Science 337 (2012) 24.
111] L. Ding, D.P. Xiang, Y.Y. Li, Y.W. Zhao, J.B. Li, Mater. Des. 37 (2012) 8–12.
112] Z.B. Jiao, C.A. Schuh, Acta Mater. 161 (2018) 194.
113] P. Li, Q. Lin, Y.F. Zhou, K.M. Xue, Y.C. Wu,  Acta Metall. Sin. 55 (2019) 521.
114] X. Zhou, X.Y. Li, K. Lu, Science 360 (2018) 526–530.
115] H.Y. Guo, M.  Xia, Z.T. Wu,  L.C. Chan, Y. Dai, K. Wang, C.C. Ge, J. Lu, J. Nucl.

Mater. 480 (2016) 281.
116] Q. Wei, T. Jiao, K.T. Ramesh, E. Ma,  Scripta Mater. 50 (2004) 359.
117] H. Kurishita, S. Kobayashi, K. Nakai, H. Arakawa, S. Matuso, T. Takida, K.

Takebe, M. Kawai, Phys. Scr. T128 (2007) 76–80.
118] H. Kurishita, Y. Amano, S. Kobayashi, K. Nakai, H. Arakawa, Y. Hiraoka, T.

Takida, K. Takebe, H. Matsui, J. Nucl. Mater. 367-370 (2007) 1453–1457.
119] Y. Ueda, N. Ohno, S. Kajita, H. Kurishita, H. Iwakiri, K. Tokunaga, N. Yoshida,

Fusion Sci. Technol. 52 (2007) 513–520.
120] H. Kurishita, S. Matsuo, H. Arakawa, S. Kobayashi, K. Nakai, T. Takida, K.

Takebe, M. Kawai, Mater. Sci. Eng. A 477 (2008) 162–167.
121] T. Chookajorn, C.A. Schuh, Acta Mater. 73 (2014) 128–138.
122] M.  Park, C.A. Schuh, Nat. Commun. 6 (2015) 6858.
123] Mansoo Park, Tongjai Chookajorn, Christopher A. Schuh, Acta Mater. 145

(2018) 123–133.
124] R. Wang, Z.M. Xie, Y.K. Wang, J.P. Song, Q.F. Fang, R. Liu, J.F. Yang, T. Zhang,

X.P. Wang, C.S. Liu, Int. J. Refract. Metal. Hard Mater. 80 (2019) 104–113.
125] W.Q. Hu, Z. Dong, L.M. Yu, Z.Q. Ma,  Y.C. Liu, J. Mater. Sci. Technol. 36 (2020)

84–90.
126] R. Liu, X.P. Wang, T. Hao, C.S. Liu, Q.F. Fang, J. Nucl. Mater. 450 (2014) 69–74.
127] C. Chen, Y. Zeng, J. Nucl. Mater. 469 (2016) 1–8.
128] C.L. Chen, Y. Zeng, Int. J. Refract. Metal. Hard Mater. 56 (2016) 104–109.
129] Z.M. Xie, R. Liu, S. Miao, T. Zhang, X.P. Wang, Q.F. Fang, C.S. Liu, G.N. Luo, J.

Nucl. Mater. 464 (2015) 193–199.
130] S. Sefta, K.D. Hammond, N. Juslin, B.D. Wirth,Nucl. Fusion 53 (2013), 073015.
131] Z. Chen, L.L. Niu, Z.L. Wang, L.F. Tian, L. Kecskes, K.G. Zhu, Q.M. Wei, Acta

Mater. 147 (2018) 100–112.
132] O. El-Atwani, K. Hattar, J.A. Hinks, G. Greaves, S.S. Harilal, A. Hassanein, J.

Nucl. Mater. 458 (2015) 216–223.
133] W.Q. Wei, H.W. Wang, C.M. Zou, Z.J. Zhu, Z.J. Wei, Mater. Des. 46 (2013) 1–7.
134] R.G. Ding, I.P. Jones, Mater. Sci. Technol. 26 (2010) 323–332.
135] K.J. Leonard, J.C. Mishurda, V.K. Vasudevan, Metall. Mater. Trans. B 31 (2000)

1305–1320.
136] K. Zelenitsas, P. Tsakiropoulos, Mater. Sci. Eng. A 416 (2006) 269–280.
137] M.  Fujikura, A. Kasama, R. Tanaka, S. Hanada, Mater. Trans. 45 (2004)

493–501.
138] N.A. Mara, D. Bhattacharyya, P. Dickerson, R.G. Hoagland, A. Misra,Appl.

Phys. Lett. 92 (2008), 231901.
139] W.Z. Han, A. Misra, N.A. Mara, T.C. Germann, J.K. Baldwin, T. Shimada, S.N.

Luo, Philos. Mag. 91 (2011) 4172–4185.
140] S.J. Zheng, S. Shao, J. Zhang, Y.Q. Wang, M.J. Demkowicz, I.J. Beyerlein, N.A.

Mara, Sci. Rep. 5 (2015) 15428.
141] L.F. Zeng, R. Gao, Z.M. Xie, S. Miao, Q.F. Fang, X.P. Wang, T. Zhang, C.S. Liu, Sci.

Rep.  7 (2017) 40742.
142] N. Li, M.  Demkowicz, N. Mara, Y.Q. Wang, A. Misra, Mater. Res. Lett. 4 (2016)

75–82.
143] E.G. Fu, A. Misra, H. Wang, L. Shao, X. Zhang, J. Nucl. Mater. 407 (2010)
178–188.
144] L.F. Zeng, P. Fan, L.F. Zhang, R. Gao, Z.M. Xie, Q.F. Fang, X.P. Wang, D.Q. Yuan,

T.  Zhang, C.S. Liu, J. Nucl. Mater. 508 (2018) 354–360.
145] T. Höchbauer, A. Misra, K. Hattar, R.G. Hoagl, J. Appl. Phys. 98 (2005)

123516–123524.
ce & Technology 52 (2020) 29–62 61

[146] N. Li, J.J. Carter, A. Misra, L. Shao, H. Wang, X. Zhang, Philos. Mag. Lett. 91
(2011) 18–28.

[147] Q.M. Wei, N. Li, N. Mara, M.  Nastasi, A. Misra, Acta Mater. 59 (2011)
6331–6340.

[148] H.X. Zhang, F. Ren, Y.Q. Wang, M.Q. Hong, X.H. Xiao, W.J. Qin, C.Z. Jiang, J.
Nucl. Mater. 467 (2015) 537–543.

[149] Y.B. Kim, J.W. Baek, S.H. Kim, S.M. Kim, S.H. Ryu, S. Jeon, S.M. Han, Sci. Rep. 6
(2016) 24785.

[150] I.J. Beyerlein, J.R. Mayeur, S. Zheng, N.A. Mara, J. Wang, A. Misra, Proc. Natl.
Acad. Sci. 111 (2014) 4386–4390.

[151] E.H. Ekiz, T.G. Lach, R.S. Averback, N.A. Mara, I.J. Beyerlein, M.  Pouryazdan, H.
Hahn, P. Bellon, Acta Mater. 72 (2014) 178.

[152] A. Misra, X. Zhang, M.J. Demkowicz, R.G. Hoagland, M. Nastasi, MRS  Online
Proceedings Library Archive, 1188, 2009.

[153] N.A. Mara, I.J. Beyerlein, J. Mater. Sci. 49 (2014) 6497–6516.
[154] N.A. Mara, I.J. Beyerlein, Curr. Opin. Solid State Mater. Sci. 19 (2015)

265–276.
[155] S. Ohsaki, S. Kato, N. Tsuji, T. Ohkubo, K. Hono, Acta Mater. 55 (2007) 2885.
[156] M.Z. Quadir, M.  Ferry, O. Al-Buhamad, P.R. Munroe, Acta Mater. 57 (2009)

29–40.
[157] N.V. Govindaraj, J.G. Frydendahl, B. Holmedal, Mater. Des. 52 (2013)

905–915.
[158] S. Wurster, R. Pippan, Scripta Mater. 60 (2009) 1083–1087.
[159] B.V. Cockeram, Mater. Sci. Eng. A 418 (2006) 120–136.
[160] A.J. Mueller, J.A. Shields, R.W. Buckman Jr, in: G. Kneringer, P. Rodhammer,

H.  Wildner (Eds.), Proceedings of the 15th International Plansee Seminar,
vol. 1, Plansee Holding AG, Reutte, Austria, 2001, pp. 485–497.

[161] P.M. Cheng, G.J. Zhang, J.Y. Zhang, G. Liu, J. Sun, Mater. Sci. Eng. A 640 (2015)
320–329.

[162] P.M. Cheng, Z.J. Zhang, G.J. Zhang, J.Y. Zhang, K. Wu,  G. Liu, W.  Fu, J. Sun,
Mater. Sci. Eng. A 707 (2017) 295–305.

[163] A.J. Mueller, R. Bianco, R.W. Buckman, Int. J. Refract. Metals Hard Mater. 18
(2000) 205–211.

[164] G.J. Zhang, Y.J. Sun, R.M. Niu, J. Sun, J.F. Wei, B.H. Zhao, L.X. Yang, Adv. Eng.
Mater. 6 (2004) 943–948.

[165] B.V. Cockeram, R.W. Smith, N. Hashimoto, L.L. Snead, J. Nucl. Mater. 418
(2011) 121–136.

[166] G. Liu, G.J. Zhang, F. Jiang, X.D. Ding, Y.J. Sun, J. Sun, E. Ma,  Nat. Mater. 12
(2013) 344.

[167] H. Kurishita, S. Kobayashi, K. Nakai, T. Ogawa, A. Hasegawa, K. Abe, H.
Arakawa, S. Matsuo, T. Takida, K. Takebe, M.  Kawai, N. Yoshida, J. Nucl.
Mater. 377 (2008) 34–40.

[168] M.  Rieth, B. Dafferner, J. Nucl. Mater. 342 (2005) 20–25.
[169] L. Veleva, Z. Oksiuta, U. Vogt, N. Baluc, Fusion Eng. Des. 84 (2009) 1920–1924.
[170] M.A. Yar, S. Wahlberg, H. Bergqvis, H.G. Salem, M.  Johnsson, M. Muhammed,

J.  Nucl. Mater. 408 (2011) 129–135.
[171] J.L. Fan, Y. Han, P.F. Li, Z.Y. Sun, Q. Zhou, J. Nucl. Mater. 455 (2014) 717–723.
[172] D. Lee, M.A. Umer, H.J. Ryu, S.H. Hong, Int. J. Refract. Met. Hard Mater. 44

(2014) 49–53.
[173] Y.K. Wang, S. Miao, Z.M. Xie, R. Liu, T. Zhang, Q.F. Fang, T. Hao, X.P. Wang,

C.S. Liu, X. Liu, L.H. Cai, J. Nucl. Mater. 492 (2017) 260–268.
[174] Y.C. Wu,  Q.Q. Hou, L.M. Luo, X. Zan, X.Y. Zhu, P. Li, Q.  Xu, J.G. Cheng, G.N. Luo,

J.L.  Chen, J. Alloys Compd. 779 (2019) 926–941.
[175] M.  Rieth, S.L. Dudarev, S.M.G. de Vicente, J. Aktaa, T. Ahlgren, S. Antusch,

D.E.J. Armstrong, M.  Balden, N. Baluc, M.F. Barthe, W.W.  Basuki, M.
Battabyal, C.S. Becquart, D. Blagoeva, H. Boldyryeva, J. Brinkmann, M.  Celino,
L.  Ciupinski, J.B. Correia, A. De Backer, C. Domain, E. Gaganidze, C.
García-Rosales, J. Gibson, M.R. Gilbert, S. Giusepponi, B. Gludovatz, H.
Greuner, K. Heinola, T. Höschen, A. Hoffmann, N. Holstein, F. Koch, W.
Krauss, H. Li, S. Lindig, J. Linke, Ch. Linsmeier, P. López-Ruiz, H.  Maier, J.
Matejicek, T.P. Mishra, M.  Muhammed, A. Muñoz, M.  Muzyk, K. Nordlund, D.
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