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2.1 Suppressing Atomic Diff usion with the 
Schwarz Crystal Structure in Supersaturated Al–
Mg Alloys

Because of the nature of interatomic bonding, atomic 
diff usivity is notably higher in metals relative to that in 
ceramics and compounds with covalent or ionic bonds. 
This feature enables substantial tuneability of structures at 
various length scales by tailoring the diff usion controlled 
processes during the synthesis and subsequent treatments, 
resulting in a broad spectrum of properties and performance 
in metallic materials, but this causes their customized 
properties to be unstable at elevated temperatures. 
Eliminating diff usive interfaces by fabricating single 
crystals or heavily alloying helps to address this issue 
but does not inhibit atomic diff usion at high homologous 
temperatures. Such instability becomes a major bottleneck 
in the development of metallic materials, greatly limiting 
their technological applications at high temperatures.

Recently, we discovered that the Schwarz crystal 
structure was eff ective at suppressing atomic diff usion 
in a supersaturated aluminum–magnesium alloy with 
extremely fi ne grains. By forming these stable structures, 
diff usion-controlled intermetallic precipitation from the 
nanosized grains and their coarsening were inhibited up 
to the equilibrium melting temperature, around which 

the apparent across-boundary diff usivity was reduced by 
about seven orders of magnitude. The melting temperature 
of the nanograined alloy is unprecedentedly elevated by 
about 69 K. This phenomenon stems from the fact that 
the minimal interface structure with zero mean curvature 
not only possess extremely high thermal stability, but also 
changes the vibration mode of interface atoms, thereby 
inhibiting the diff usion of atoms.

The Schwarz crystal seems to provide a robust 
barrier for arresting the diff usion of atoms in metals and 
substitutional alloys, boosting stability up to melting 
temperatures. Developing advanced engineering alloys 
using the Schwarz crystal structure may lead to useful 
properties for high-temperature applications. 

This research was published in Science, 373 (2021) 683.

2.2 Gradient-cell-structured High-entropy Alloy 
with Exceptional Strength and Ductility

In past decades, the emerging multi-principal-
element high-entropy alloys (HEAs) with a near-
infi nite multicomponent phase space have received 
the growing attention of the materials community due 
to their unprecedented mechanical properties, such as 
good ductility, and exceptional damage tolerance at low 
temperature. However, most multicomponent HEAs lose 

Fig. 1.  (A-C) Structure characterization of the Schwarz crystal Al-Mg sample; (D-E) Stability of lattice constant and grain size.
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ductility with increasing strength, owing to the similar full 
dislocation mediated plastic deformation in conventional 
materials. Still, the extraordinary low-hanging fruits 
that the HEA fi eld may off er, such as novel deformation 
mechanism, as expected, are not seen yet.

Recently, by integrating a simple yet effi  cient cyclic-
torsion treatment without any surface tooling, we 
controllably introduced a novel sample-level gradient 
nano-scaled low-angle dislocation-cell structure (GDS) 
in one stable single-phase face-centered-cubic HEA, with 
a length scale spanning 6 magnitudes from millimeter 
to nano scale. In particular, the initial grain structure, 
including grain size and morphology, is unchanged from 
the surface to the core, which is fundamentally distinct 
from conventional nanostructure with severely-refi ned 
grain size. A signifi cantly-enhanced yield strength with 
steady work-hardening, exceptional strength and ductility 
combinations, is achieved in the GDS HEA, which has not 
been possibly achieved in homogenous or heterogeneous 
structured and most existing metals and alloys with 
gradient nanograins or nanotwins. 

By combining in-situ and ex-situ characterizations, a 
novel shockley partial associated with stacking-faults-

induced plasticity mechanism is observed in GDS HEA 
(Fig. 2). After an initial tensile strain as small as 3%, highly 
dense micrometer-length SF bundles, composed of sub-10 
nanometer SFs and twins, are progressively activated to 
mediate the plastic deformation of GDS HEA, nucleating 
from abundant low-angle dislocation cells. In addition, 
they also progressively refi ned three-dimensional SF/cell 
networks acting as strong obstacles to dislocation slip and 
sustainable sources for high-density dislocation storage 
during uniaxial tension, thereby contributing to extra 
strengthening, work-hardening and high tensile plasticity. 
Such a novel strengthening and ductilizing deformation 
mechanism, endowed by both chemical and structural 
features of the GDS HEA, is fundamentally distinct from 
the most commonly observed full dislocation activity in 
numerous single-phase HEAs and conventional metals.

Our fi ndings advance the fundamental understanding 
of the intrinsic deformation behavior of HEAs and off er a 
new promising paradigm for achieving better performance 
of many other metallic systems, through tailoring gradient-
dislocation cells at the nanoscale (See details in Science 
374 (2021) 984).

Fig. 2. Mechanical property and deformation mechanism of the GDS Al0.1CoCrFeNi HEA. (A) Tensile engineering stress-strain 
relations. (B) The product of strength and ductility versus yield strength normalized by Young’s modulus, compared with the 
counterparts with homogenous and gradient-grained structures and other metals and alloys with gradiently-distributed nanograins 
and nanotwins reported in the literature. GNG and GNT denote the gradient nanograin and nanotwin, respectively; TWIP denotes 
twinning-induced plasticity. (C-D) Highly dense micrometer-length SF bundles in the GDS HEA at 3% strain (C), which are 
composed of numerous sub-10 nanometer SFs and tiny TBs (D). The inset in (C) is the corresponding selected area electron 
diff raction patterns containing parallel streaks from SFs.
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2.3 Multilevel Design of Boron Nitride Matrix 
Composites and Construction of Aerospace 
Electric Propulsion Chamber

Based on the composition-microstructure multilevel 
design and the fabrication technology of large-scale 
components, several kinds of boron nitride ceramic matrix 
composites have been developed with in-situ reinforced 
phases such as silicon oxide, rare earth silicate and rare 
earth aluminosilicate glass. Novel "co-enhancement" 
and "double glass phase reinforcement" strengthening 
mechanisms have been discovered, which stimulates 
the breakthrough to overcome the disadvantages 
of low strength, low thermal shock resistance and 

weak plasma etching resistance of boron nitride. The 
developed composites were material was assembled on 
the satellite used for completing the fi rst successful on 
orbit demonstration and verifi cation task by Hall electric 
propulsion, enabling China to independently master the 
propulsion technology after Russia, the United States and 
Europe. Then it was applied on satellites in subsequent 
major space programs. In order to further develop electric 
propulsion system on the space station, a lot of work 
has been carried out on composition and microstructure 
modifi cation, large-size component preparation, material 
homogenization and quality stability control. The critical 
performance of newly developed composite is signifi cantly 
ahead of similar products developed by other domestic 
universities, institutes and the United States.

On April 29, 2021, the "Tianhe" core module of China's 
"Tiangong" space station was successfully launched. The 
boron nitride ceramic matrix composite developed by 
our division was adopted in the Hall thruster chamber in 
supporting electric propulsion system in "Tianhe" core 
module, which indicates the remarkable contributions on 
application of Hall electric propulsion technology on the 
space station for the fi rst time in the world.

2.4 Research on Joining of Dissimilar Materials 
in Massive Scientifi c Facility

In magnetic confi nement nuclear fusion, a strong 
magnetic fi eld is used as "magnetic container" to confi ne 
high-temperature plasma which is then heated to hundreds 
of millions of degrees to maintain continuous thermonuclear 
reactions. Because the fusion reactors are made of a wide 

Fig. 3. The boron nitride ceramic matrix composite was adopted in the Hall thruster chamber in supporting electric propulsion sys-
tem in "Tianhe" core module.

Fig. 4. Key parts of magnetic confi nement nuclear fusion. (A) 
Faraday shield; (B) diamond-shaped cross section molybdenum 
rails; (C) plasma grid.
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variety of materials, the need to join dissimilar materials is 
apparently prevalent. Furthermore, all the joints are always 
subject to higher heat loads and serious plasma sputtering 
erosion. Accordingly, the joint reliability is of intense 
importance. However, joining of dissimilar materials with 
huge diff erences in composition, physical and chemical 
properties has always been the biggest bottleneck 
restricting their engineering applications.

For the fi rst time, we completed the preparation of 
the negative ion source plasma grids and became a bulk 
supplier for EAST and HL-2M, resolving the joining 
technologies for some critical material combinations 
such as Mo/Mo, Mo/stainless steel and Mo/OFC. We 
successfully manufactured the negative ion source 
Faraday shield, breaking through the key technologies 
for large-area diff usion bonding of OFC and precision 
brazing of OFC/stainless steel assemblies. We developed 
a precision brazing technology for diamond-shaped 
cross section molybdenum rails. Ultra-high precision 
procedure (post-braze dimensional tolerance: ±0.02 mm) 
were accomplished with 14 diamond-shaped cross section 
molybdenum tubes, 28 miniature metal bellows and 
stainless steel holders. No leak was identifi ed in post-braze 
helium leak testing of the 86 brazing seams (the leakage 
rate was less than 1×10-10Pa•m3/s).

The proposed technologies for joining of dissimilar 
materials provide strong support for the construction and 

maintenance of the magnetic confi nement nuclear fusion 
devices in China. Furthermore, in the next 10 years, 
China will gradually build nuclear fusion power station to 
generate electricity, and the application prospects of our 
researches will be broad and the economic value will be 
huge too.

2.5 Development of Special Stainless Steel 
Welding Consumable and Its Application in the 
First Sodium-cooled Demonstration Fast Reactor

The IV generation nuclear energy system is an important 
direction of advanced nuclear energy development. 
Focusing on the construction requirements of the "CFR600 
sodium-cooled demonstration fast reactor", the special 
stainless steel welding material ER316H (KD) has been 
developed for the fourth-generation sodium-cooled fast 
reactor. The replacement design of interstitial solid solution 
strengthening elements is proposed, which solves both the 
high temperature strength and the corrosion resistance 
for the weld joint. By controlling the nickel-chromium 
equivalent ratio and the microstructure of the weld metal, 
the welding crack sensitivity of large-thickness stainless 
steel joint was reduced signifi cantly and the stability of 
the weld structure at high temperature is improved. The 
evolution mechanism of the weld metal microstructure 
and its infl uence on the performance of the weld joint 

Fig. 5. Eff ect of C content and aging time at 600℃ on the decomposition δ-ferrite and properties of weld metal.
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have been studied, and the optimized composition for 
the special welding material was identifi ed, which ensure 
the joint performances including the high temperature 
strength, corrosion resistance and low crack sensitivity. 
The developed welding consumables was successfully 
applied to the fi rst CFR600 sodium-cooled demonstration 
fast reactor vessel, independent heat exchangers, sodium-
air heat exchangers, and high-temperature sodium 
pipelines successfully.

2.6 Discovery of Segmented Fermi Surface in a 
Superconductor

Superconductivity is a long-standing research topic 
in physics. Superconductors have critical applications 
because of their unique properties like zero resistance and 
complete diamagnetism. When a superconductor is in the 
superconducting state, an energy gap will form at the Fermi 
level, so there is no Fermi surface in a superconductor. In 
1965, theoretical physicists predicted that when the Cooper 
pair momentum in a superconductor is large enough, 
quasiparticles will be generated in the superconducting 
energy gap, thus forming a segmented Fermi surface. 
However, this prediction has not been confi rmed 
experimentally for more than 50 years because when the 
Cooper pair momentum of conventional superconductors 
is large enough to create quasiparticles, the Cooper pair 
itself will break up and lose superconductivity.

 Here, we discover the segmented Fermi surfaces in 
the topological insulator/superconductor heterostructures 
by using ultra-low temperature scanning tunneling 

microscopy (STM) equipped with a vector magnetic fi eld. 
Via molecular beam epitaxy, a 4-layer thick fi lm of the 
topological insulator Bi2Te3 is precisely grown on the surface 
of the superconductor NbSe2, the existence of uniform 
topological surface states and superconducting energy 
gaps are corroborated on the surface of this system (Fig. 
6 A-C). By applying in-plane magnetic fi elds of diff erent 
magnitudes and orientations, the abundant quasiparticle 
excitations are generated in the superconducting energy 
gap (Fig. 6 D and E), which heralds the gradual generation 
of segmented Fermi surfaces in superconductors. Using 
quasiparticle interference techniques, standing waves 
created by the scattering within the Fermi surface were 
detected in real space, and the generation of the Fermi 
surface at zero energy was further confi rmed by Fourier 
transform. The shape and orientation of the Fermi surface 
can be regulated by the strength and direction of the 
applied magnetic fi eld (Fig. 6 F and G).

This work innovatively solves experimental diffi  culties 
by using the special characteristics of topological insulator/
superconductor heterostructures, and experimentally 
observes the segmented Fermi surface predicted by theory 
more than 50 years ago for the fi rst time. It fi nds that the 
shape and size of this Fermi surface can be adjusted by 
the direction and magnitude of the magnetic fi eld and 
can also modulate topology to build new topological 
superconductors. Our results open a new method to 
regulate the states of matter. 

The relevant work was published in Science, 374 (2021) 
1381.

A B C

Fig. 6. (A) Schematic diagram of a Bi2Te3/NbSe2 superconducting heterostructure; (B) Morphology of a high quality Bi2Te3 fi lm 
grown on NbSe2; (C) Atomic resolution image of Bi2Te3 fi lm; (D), (E) Signal from quasiparticles gradual increase in in the tunneling 
spectrum under the in-plane magnetic fi elds of diff erent magnitudes and orientations; (F), (G) Segmented Fermi surfaces that varies 
with the direction of the magnetic fi eld arise in the quasiparticle interference patterns.
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3.1 Materials Kinetics Division

DIVISION HEAD: LI Yi 

RESEARCH GROUP LEADERS: (3)

LI Yi (Architectured Materials) 
LU Lei (Mechanical Behavior of Bulk Nano Structured Metals)
WANG Jianqiang (Amorphous Metallic Coatings)
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Summary of Scientifi c Activities

Materials Kintetics Division explores materials and material processes from the perspective of kinetics, one of the 
key fundamental fi elds of materials science. We focus on the kinetic processes in terms of understanding basic aspects 
of phase transformation and structure-property relationship in heterogeneous structures of multi-scale and of developing 
novel technologies for materials processing and manufacturing. Our goal is to develop advanced materials, covering 
amorphous metals and alloys, nano-metals and alloys and their composites for engineering applications, contributing to 
achieve a positive impact on the lives of people in the nation and around the world.

The main achievement of this division over last one year are as following:
1. A signifi cantly-enhanced yield strength with steady work-hardening, exceptional strength and ductility combinations, 

is achieved in the GDS HEA, which has not been possibly achieved in homogenous or heterogeneous structured and most 
existing metals and alloys with gradient nanograins or nanotwins. 

2. Pure, bulk-sized nt-Ni (99.78 wt.%) architected with extremely fi ne twin spacings has been fabricated and the 
continuous Hall-Petch strengthening extended to an extremely fi ne twin spacing of 2.9 nm, well below the critical 
softening value has been revealed. An unprecedented strength of 4.0 GPa is thus achieved in our 2.9-nm-twin-spaced 
sample, more than twice of the nc-Ni with d = 20 nm (σy=1.9 GPa) and 12 times of the coarse-grained Ni with d = 80 μm 
(σy = 0.34 GPa).  

3. A new type of atomization nozzle with double focusing structure was designed by optimizing the atomization 
parameters. The recovery rate of the powder below 53 μm was increased to more than 60%, which realized the high 
quality preparation and stable control of the metal powder used in additive manufacturing.

3.1.1 Ultrastrong Nanotwinned Pure Nickel with 
Extremely Fine Twin Thickness

Making materials stronger and harder is an everlasting 
pursuit of material scientists. Hall-Petch strengthening, 
which originates from the fact that grain or twin 
boundaries (GBs or TBs) impede the dislocation motion, 
is a classical yet the most effi  cient approach to increase 
materials’ strength and hardness. Unfortunately, previous 
studies have demonstrated that when the grain size or 
twin thickness is below a critical size (typically around 
10-15 nm), the yield strength either remains constant or 
decreases with decreasing grain size or twin thickness; 
this phenomenon is termed as the Hall-Petch breakdown 
or softening. Existing theories suggest diff erent softening 
mechanisms in nanograined (NG) and nanotwinned (NT) 
metals; softening in the former is caused by GB sliding or 
grain rotation and in the latter by soft mode dislocations 
(twinning partial dislocations slip along TBs) or 
detwinning. Great challenges still remain in the inhibition 
of these softening mechanisms and the realization of 
continuous strengthening below the critical size.

Recently, in a study published in Science Advances, 
we and our coworkers report the successful fabrication of 

columnar-grained NT-Ni (Fig.1) with a twin spacing of 
2.9-81.0 nm, and demonstrates its continuous Hall-Petch 
strengthening. The strengthening can be extended to a twin 
spacing of 2.9 nm, leading to a strength of 4.0 GPa, which 
is about twelve times stronger than that of conventional 
coarse-grained nickel. Furthermore, microalloying Mo in 
NT-Ni results in a fi ner twin spacing of 1.9 nm and higher 
strength of 4.4 GPa. Microstructural analysis reveals that 
the continuous strengthening is attributed to the excellent 
stability of twin boundaries due to the inhibition of 

Fig. 1. Continuous Hall-Petch strengthening in NT-Ni.
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detwinning by high stack fault energy and subsequently 
renders sustained plastic deformation via secondary 
nanotwining.

3.1.2 Evolution Behavior of Gas Atomization 
Complex Flow Field and Control of Powder 
Characteristics

High-quality precursor powder is an important 
prerequisite for 3D printing high-performance components. 
Gas atomization is a key technology for preparing metal 
powder, and its powder characteristics depend on the 
understanding and regulation of the evolution behavior of 
complex fl ow fi eld. 

Based on fl uid dynamics K-ε and discrete phase model 
theory, we analyzed the characteristics of gas-liquid two-
phase fl ow fi eld under "closed wake" condition. It is found 

that the shape of Mach disk is sensitive to atomization 
pressure. When the shape changes from "S" shape to "Z" 
shape, the cross-sectional area of secondary refl ux region 
is the largest, and the liquid fl ow crushing eff ect is the 
most suffi  cient. Thus, the correlation between atomization 
fl ow fi eld and powder characteristics is established. The 
experimental results of amorphous alloy system show 
that the powder properties are in great agreement with the 
simulation results. On the basis of this study, a new type 
of atomization nozzle with double focusing structure was 
designed by optimizing the atomization parameters. The 
recovery rate of the powder below 53 μm was increased to 
more than 60%, which realized the high quality preparation 
and stable control of the metal powder used in additive 
manufacturing. 

See details in J. Mater. Sci. Technol., 105 (2022) 203.

Fig. 2. Mechanism of liquid fl ow breakage in gas atomization process.
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3.2 Materials Structure and Defect Characterization 
Division

DIVISION HEAD: MA Xiuliang 

RESEARCH GROUP LEADERS: (5)

MA Xiuliang (Ultra-high Resolution Transmission Electron Microscopy of Interfi cial Structures)
DU Kui (Quantitative Electron Microscopy Investigation on Kinetics of Materials Deformation)
ZHU Yinlian (Low Dimensional Ferroelectric Functional Materials)
WANG Shaoqing (Theoretical Study of Material Structure and Defects)
CHEN Chunlin (Diff erential Phase Contrast Scanning Transmission Electron Microscopy)
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3.2.1. Identifi cations of Polar Waves in 
Ferroelectric PbTiO3 and Non-polar SrTiO3 
Systems

A dipole wave is composed of order parameter of dipoles 
which transmit head-to-tail in the form of Sine function. 
Based on the wave formula, potential applications in 

Summary of Scientifi c Activities

By means of transmission electron microscopy, we focus on material structures and defect characterization, address 
some unclarifi ed fundamental issues in materials science, explore the frontier problems in materials science, and provide 
atomic-scale information for developing high-performance engineering alloys and advanced functional materials. 

In 2021, two types of novel polar topologies as polar waves in ferroelectric PbTiO3 and non-polar SrTiO3 systems were 
identifi ed in PbTiO3/SrTiO3 related superlattices and multilayer fi lms, via the combinations of advanced transmission 
electron microscopy and precision fi lm depositions. These results suggest that it is possible to integrate large and periodic 
strain state in oxide fi lms with exotic properties, which in turn could be useful in boosting the performances of oxides by 
triggering or enhancing polarizations. These results also suggest that by engineering strain at the nanoscale it should be 
possible to fabricate unknown polar textures, which in turn could facilitate the development of nanoscale ferroelectric 
devices.

Fig. 1. Polarization waves inside the 2D ultrathin SrTiO3 layer sandwiched by two PbTiO3 layers. (A), (B) The polarization 
distribution of the whole model by phase field simulation. (C) The polarization mapping in the high resolution HAADF-STEM 
image. (D) The profi les of polarization magnitudes for the black parallelograms marked by “1” and “2” in (A). (E), (F) The profi les 
of in-plane and out-of-plane polarizations of the SrTiO3 layer showing clearly the periodic wave feature. Ps, Pmag, Px and Pz here 
indicate the bulk PbTiO3 polarization value, the magnitude of the polar vectors, the in-plane and out-of-plane polarization values, 
respectively.

information carrying, transporting, and processing are 
expected, and logic circuits based on nonlinear wave 
interaction are also promising. Although dipole waves 
are well known in ferromagnetic materials for their 
roles in some physical essences, their behaviour and 
even existence in ferroelectric materials are still elusive. 
Moreover, potential ferroelectricity in non-polar SrTiO3 is 
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believed to be restricted by quantum fl uctuations of ions 
so that the SrTiO3 is paraelectric with centrosymmetric 
symmetry from 0 Kelvin to room-temperature. While strain 
engineering via epitaxial growth is an eff ective way to 
elevate the Curie Temperature of SrTiO3 even up to room-
temperature, strains across coherent interfaces in epitaxial 
systems generally display uniform, single strain states 
and the induced strains and ferroelectricity are unusually 
small. These facts restrict the potential applications of 
strain engineering where non-uniform, periodic or large 
strains are required.

Here, we observe the atomic morphology of large 
scale dipole waves in PbTiO3/SrTiO3 superlattice under 
tensile epitaxial strains on variant scandate substrates. In 
particular, we further show a strategy for integrating large 
tensile strains periodically in a two dimensional SrTiO3 
ultrathin layer sandwiched by two thicker PbTiO3 layers, 
which not only stabilize the long-range dipolar orders in 
SrTiO3 at room-temperature and particularly, a unique super 
structure of highly polar and periodic polarization waves 
was obtained. Aberration-corrected scanning transmission 
electron microscopy reveals that the tensile strain from 
GdScO3 substrate triggers periodic a/c domain structures in 
the PbTiO3 layers, which further exert the unique periodic 
tensile strains in the coherent SrTiO3 layer and result in a 
highly polar SrTiO3. The as-received polar SrTiO3 layer 
features peak polar ion displacement of ~ 0.01 nm, peak 

lattice parameter of ~ 0.40 nm, and peak tetragonality of ~ 
1.07. All these peak values are much larger than previous 
reported polar SrTiO3 stabilized by various methods, and 
stably occur in a periodicity of approximately 20 nm. Our 
results suggest that it is possible to integrate large and 
periodic strain state in oxide fi lms with exotic properties, 
which in turn could be useful in boosting the performances 
of oxides by triggering or enhancing polarizations. These 
results suggest that by engineering strain at the nanoscale 
it should be possible to fabricate unknown polar textures, 
which in turn could facilitate the development of nanoscale 
ferroelectric devices. 

Related results were published at Sci.Adv., 7 (2021) 
5503 and Nano Lett., 21 (2021) 6274.

3.2.2. Single-Dislocation Schottky Diodes

Dislocations are one of the basic structural defects 
of crystalline materials and signifi cantly aff ect their 
mechanical, physical, and chemical properties. 
Dislocations in functional materials usually should be 
eliminated or at least minimized, since they will, in most 
cases, decrease the physical properties of materials and 
degrade the performance of devices.

Recent studies, though limited, have revealed that the 
electrical properties of dislocations in ceramics could be 
modulated by element doping or tuning the stoichiometry 

Fig. 2. Conductivity measurements of individual dislocation Schottky diodes. (A−D) AFM current-mapping images revealing that a 
net current will fl ow through individual dislocation Schottky diodes under forward bias and disappear under reverse bias. (E) Cyclic 
I−V curves indicating that the single-dislocation Schottky diode exhibits a distinct resistive switching behavior. (F) RON/OFF ratios of 
the single-dislocation Schottky diode.
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in the dislocation cores. The unique electrical properties 
render dislocations attractive in functional applications. 
Functional devices composed of single dislocations 
constitute the most promising development direction to 
promote their practical applications, but this work is full 
of challenges.

Schottky diodes are widely used in high-frequency 
electronic and photoelectronic devices. Reducing the size 
and increasing the density of Schottky diodes are effi  cient 
ways to promote their applications. Threading dislocations 
in epitaxial thin fi lms have two outstanding advantages to 
be used for the construction of Schottky diodes. First, the 
dislocation core is very small (usually less than 5 nm in 
diameter). Second, the density of threading dislocations 
can be extremely high and readily controlled by tuning the 
misfi t degree between fi lms and substrates.

Here we demonstrate unidirectional single-dislocation 
Schottky diode arrays in a Fe2O3 thin fi lm on Nb-doped 
SrTiO3 substrates. A net current will fl ow through 
individual dislocation Schottky diodes under forward 
bias and disappear under reverse bias. Under cyclic bias 
voltages, the single-dislocation Schottky diodes exhibit 
a distinct resistive switching behavior containing low-
resistance and high resistance states with a high resistance 
ratio of ～103. The Fe2O3 dislocations comprise mixed 
Fe2+ and Fe3+ ions due to O defi ciency and exhibit a one 
dimensional electrical conductivity. The single-dislocation 
Schottky diodes may fi nd applications for developing 
ultrahigh-density electronic and memory devices.

3.2.3. 3D Atomic Imaging of Low-coordinated 
Active Sites in Solid-state Dealloyed Hierarchical 
Nanoporous Gold

The Boosting the activity of catalysts by constructing 
abundant low-coordinated sites is of considerable 
interest for maximizing the effi  ciency of catalysts. 
Equally importantly, three-dimensional imaging of 
these low coordinated sites is crucial to the fundamental 
understanding of the relationship between the coordination 
environment and catalytic performance. Herein, we 
fabricate a novel class of hierarchical nanoporous gold 
which is rich in low-coordinated sites through solid-state 
plasma dealloying. 

For the fi rst time, by using atomic-resolution electron 

tomography, we map out the coordination environment of 
the hierarchical nanoporous gold in three dimensions at 
the single-atom level. Quantitative coordination analysis 
reveals that owing to the introduction of substantial 
low-coordinated active sites with coordination numbers 
from 5 to 7, the catalytic performance of the hierarchical 
nanoporous gold in CO oxidation is improved. Our work 
provides in-depth insights into the relationship between 
the catalyst's coordination environment and catalytic 
performance, and the proof-of-concept demonstrated in 
this study is expected to be generally applicable to the 
design and study of a broad range of catalysts.

3.2.4 Atomic-scale Tunable Flexoelectric 
Couplings in Oxide Multiferroics

Flexoelectric is an eff ective tool in modulating the 
crystallographic structures and properties of oxides for 
multifunctional applications. However, engineering 
the non-uniform strain to obtain tunable fl exoelectric 
behaviors at atomic scale remains an ongoing challenge in 
conventional substrate-imposed ferroelectric fi lms. Here, 
the regulatable fl exoelectric behaviors are demonstrated 
at atomic scale in <110>-oriented BiFeO3 thin fi lms, 
which are triggered by the strain-fi eld coupling of 
high-density interfacial dislocations. Using aberration-
corrected scanning transmission electron microscopy, 
the asymmetric polarization rotation around the single 
dislocation is revealed, which is induced by the gradient 

Fig. 3. 3D reconstruction of solid-state-dealloyed NPG with 
supra-nano dents and pores by electron tomography.
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the rich fl exoelectric behaviors for multifunctional 
applications. These would also off er important hints on 
tailoring physical properties by strain-fi eld coupling in 
other functional materials.

3.2.5. Interfacial Strengthening of Graphene/
Aluminum Compositesthrough Point Defects

Point defects in graphene have signifi cant eff ects on 
the mechanical properties of graphene/metal composites, 
which has been proved from an experimental perspective. 
However, the relationship between the point defects and 
the mechanical properties has not been fully understood 
yet from a theoretical perspective. 

In this study, the Stone-Wales (SW) defect, the single 
vacancy (SV) and the double vacancy (DV) as three 
typical point defects are considered in our calculations. 
We systematically investigate the interfacial binding 
energy, the equilibrium interlayer distance, the minimum 
interatomic distance and the buckling in order to better 
understand how the point defects aff ect the mechanical 

Fig. 4. Nanodomain formation deriving from interfacial dislocations in BFO films. (A) Atomic-resolved HAADF-STEM image 
with the dashed lines denoting the domain walls; (B) The lattice rotation RX map of (A). (C), (E), (G), (I) Atomically resolved 
HAADF-STEM images for diff erent dislocation pairs, including the a[010]-a[010] pair, a[100]-a[100] pair, a[100]-a[010] pair and 
a[010]-a[100] pair; (D), (F), (H), (J) Corresponding polarization vector maps for the areas between two dislocations. Dotted circles 
in (D) and (H) denoting the continuous polarization rotation.

strain fi elds of single dislocation. These strain fi elds are 
highly correlated to generate huge strain gradients between 
neighboring dislocations and thereby serial fl exoelectric 
responses are engineered as a function of dislocation 
spacings in thicker BiFeO3 fi lms. This work opens a 
pathway for the modulation of fl exoelectric responses in 
ferroelectrics, which could be extended to other functional 
materials to create exotic phenomena.

The fl exoelectric responses are thickness-dependent 
and induced by the gradient strain fi elds of high-density 
interfacial dislocations. Diff erent from the monotonous 
fl exoelectric behavior of polarization rotation around the 
single dislocation in thinner BFO fi lms, the sequential 
transition of fl exoelectric responses is regulated from 
triangular-like nanodomains, the 180º domains above 
the triangular-like domains to the polarization rotation as 
a function of dislocation spacings in thicker BFO fi lms, 
which are induced by the horizontal gradients of out-of-
plane normal strain and shear strain between neighboring 
dislocations. Our results provide a route to modulate 
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properties of graphene/Al composites through the fi rst-
principles calculations. The results demonstrate that the 
point defects signifi cantly increase the interfacial binding 
energy and thus improve the mechanical properties, 
especially the SV. The interfacial binding energy of the SV 
graphene is about four times that of the pristine graphene. 
Diff erent from the pristine graphene, the obvious buckling 
of the defective graphene sheet and the topmost layer of 
Al are observed. The diff erential charge density is also 
calculated in order to further understand the interfacial 
strengthening mechanism of graphene/Al composites. The 
formation of strong Al-C covalent bonds at the defects is 
proved to be the most fundamental reason for enhancing 
the mechanical properties. Notably, three covalent bonds 

formed between one sp2-hybridized Al atom and three 
carbon atoms are observed at the SV graphene/Al (111) 
interface and the hybridization state of the three carbon 
atoms has changed from the original sp2 hybridization to 
the current sp3 hybridization. 

The extensive calculations demonstrate that the defective 
graphene as the reinforcing phase is more promising to be 
used in the metal matrix, which can off er a novel design 
guideline for graphene/metal composites. Furthermore, the 
sp3-hybridized C dangling bonds increase the chemical 
activity of the SV graphene, making it possible for the SV 
graphene/aluminum composite to be used in the catalysis 
fi eld. (Nanomaterials, 11 (2021) 738). 

Fig. 5. SV graphene/Al (111) interface (A) Side view of the equilibrium configuration; (B) Top view of the differential charge 
density.

A B
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3.3 Metallic Nano-Materials Division

DIVISION HEAD: LU Ke

RESEARCH GROUP LEADERS: (4)

LI Xiuyan (Size Limits in Metals)
TAO Nairong (Strain Induced Nanotwinned Metals)
WANG Zhenbo (Application Fundamentals of Nanostructured Metals)
ZHANG Bo (Chemistry of Nanocrystalline Metals)
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Summary of Scientifi c Activities

Research at the Metallic Nano-Materials Division focuses on the design of novel nanostructures, synthesis and 
structural characterization of novel metallic nano-materials, and exploration of their mechanical, physical and chemical 
properties, and functionalities. The ultimate goal is to understand the formation and deformation mechanisms of novel 
nanostructures, to develop new technologies for synthesis of nanostructured materials with exceptional properties 
and improved global performances, and to seek the applications of metallic nano-materials in key areas. The research 
area of our division is incluced size limits in metals, strain induced nanotwinned metals, allplication fundamentals of 
nanostructured metals and chemistry of nanocrystalline metals.

The major achievements of 2021 include:

1. We discovered that the Schwarz crystal structure was eff ective at suppressing atomic diff usion in a supersaturated 
Al-Mg alloy with extremely fine grains. By forming these stable structures, diffusion-controlled intermetallic 
precipitation from the nanosized grains and their coarsening were inhibited up to the equilibrium melting temperature, 
around which the apparent across-boundary diff usivity was reduced by about seven orders of magnitude. The melting 
temperature of the nanograined alloy is unprecedentedly elevated by about 69 K.

2. Constraining eff ects of 3D coherent twin boundaries network on the formation and thermostability of Schwarz 
crystal are addressed via molecular dynamics simulations. The Schwarz crystals with grain boundary aperture down to 
3 nm are thermally stable at temperatures close to the melting point.

3. Corrosion resistance is enhanced by pre-forming a gradient nanostructured surface layer and annealing on the 
316L stainless steel and anti-corrosion mechanism of GNS 316L stainless steel is systematically investigated.

3.3.1 Formation of Stable Schwarz Crystals at the 
Grain Size Limit 

Polycrystals in general are not in thermal equilibrium 
due to the existence of grain boundaries (GBs), as 
individual grains must change in order to balance the 
interaction forces with their neighboring grains. Rich inter/
intra-granular activities can be observed, such as grain 
growth, coarsening and/or recrystallization. For the same 
reason, it remains challenging to obtain polycrystals which 
are both fi ne in grain sizes and thermally stable. Recently, 
the SYNL team discovered a new kind of metastable state 
known as Schwarz crystal (SC) in polycrystalline fcc 
metals with GBs assembling the minimal surface topology. 
Schwarz crystals exhibit superior thermal and mechanical 
stabilities at the grain size limit of a few nanometers.

Here the team reported further details on how SC 
may form in polycrystals [Phys. Rev. Lett., 127 (2021) 
136101]. With molecular dynamics (MD) simulations, 
they demonstrated that the transformation from Kelvin 
crystals (KC) to SC is strongly constrained by twin-
boundary networks. Enhanced activities such as GB 

reactions facilitate the formation of Schwarz diamond 
(D) minimal-interface (Fig. 1 A). The characteristic D-SC 
structure found in MD simulations also helps to describe an 
apparent D-surface morphology seen experimentally (Fig. 
1 B). Since GBs of zero mean curvature are of vanishing 
capillary pressure and the mirrored twin symmetries are 
apt to counterbalance the elastic driving forces raising by 
anharmonic and anisotropic grain lattices, the Schwarz 
crystals with GB aperture down to 3 nm are thermally 
stable at temperatures close to the melting point (Fig. 1 C). 

Understanding the nature of GBs and interfaces is 
vital to predict material properties. This work clearly 
demonstrated that limiting grain size of a few nanometers 
underlying remarkable stabilities is approachable in 
conventional metals when GB morphology is prone to 
a unique combination of twin and minimal interface. 
As marked by Philip Ball, a famous science writer, 
“Engineering such a robust grain-boundary structure can 
boost the stability of the material itself.” [Ball, Nat. Mater., 
20 (2021) 1452].
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3.3.2 Enhanced Mechanical Properties and 
Corrosion Resistance of 316L Stainless Steel by 
Pre-forming a Gradient Nanostructured Surface 
Layer and Annealing 

Although high strength-ductility synergies were 
obtained in gradient nanostructured (GNS) austenitic 
stainless steel, a diversity of results was observed on 
GNS samples in comparison with on coarse grained (CG) 
counterparts, mostly due to that such factors as chemical 
composition, preparation route and environment infl uenced 
the surface adsorption, dissolution, passive fi lm formation, 
et al., on nanostructured materials. In the present work, 
surface roughness, microstructure, chemical composition 
and phase constitution are taken into consideration to 
systematically investigate the corrosion behavior of GNS 

316L stainless steel. GNS surface layer is preformed 
on 316L stainless steel by surface mechanical rolling 
treatment (SMRT) and then vacuum annealed at 700 °C. 
The grain size and hardness of the GNS 316L stainless 
steel remain stable, making the tensile performance 
better than the conventional CG samples. Meanwhile, 
the corrosion resistance of the 316L stainless steel is 
signifi cantly enhanced on the GNS sample annealed at 700 
°C (SMRT700) with respect to the CG sample in the 3.5% 
NaCl medium: the pitting potential (Ep) of the SMRT700 
samples (379 mV) are ~58 mV higher than those of the CG 
samples(321 mV) and the corrosion current density (ip) at 
0 VSCE of SMRT700 sample (2.28 μA•cm-2) is only ~1/4 
that of the CG sample (8.37 μA•cm-2). 

A signifi cant enrichment of Cr element is detected in the 
surface layer of the SMRT700 samples, with a thickness 

A B

C

Fig. 1. (A) Transformation from twinned Kelvin crystal (KC) to Schwarz crystal (D-SC), (B) D-surface morphology of Cu seen 
experimentally and (C) Size-dependence of D–SC thermostability..

Fig. 2. A schematic illustration of the thermomechanical route combining SMRT and annealing to produce a Cr-enriched GNS 
surface layer on 316L stainless steel and the enhanced mechanical properties and corrosion resistance.



35

SYNL 2021 ANNUAL REPORT

of approximately 100 nm. It reveals that the surface 
enrichment (or segregation) of Cr is expected to occur in 
Fe-Cr-Ni alloys to lower surface energy. Furthermore, there 
are numerous interface defects in the GNS surface layer, 
which provides more diff usion channels to accelerate Cr 

surface segregation process at elevated temperature. And 
Cr spontaneous enrichment to the surface enhances the 
corrosion resistance of GNS 316L stainless steel. 

See Acta Mater., 208(2021)116773 for more details.
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3.4 Advanced Ceramics and Composites Division

DIVISION HEAD: WANG Jingyang

RESEARCH GROUP LEADERS: (5) 

WANG Jingyang (Multifunctional Thermal and Environmental Barrier Coatings)
LI Meishuan (Ultra-High Temperature Structure Materials and Protective Coatings)
WANG Xiaohui (Functionalization of Structural Ceramics)
ZHANG Jie (Advanced Nuclear Materials)
ZHANG Guangping (Thin Films & Small-Scale Materials and Mechanical Behavior)
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Summary of Scientifi c Activities

The research activities of the High-performance Ceramics Division are focused on: multi-scale materials design and 
structure-property relation of advanced high-temperature structural/functional ceramics and composites; novel processing 
methods for bulk and low-dimensional (nano-powder and thin fi lm) ceramics and composites; performances and thermal/
chemical stability of ceramics and composites under extreme environments (high-temperature, loading, oxidation and 
corrosion); fabrication of small-scale materials and nanocomposites, size and interface eff ects, strength-ductility and 
fatigue & fracture properties.

In 2021, staff s in our division authored and co-authored 39 papers, applied and registered 24 Chinese patents, delivered 
22 keynote and invited presentations in international and domestic academic conferences.

Our division focused on fundamental research of advanced ceramics and composites for extreme environmental 
applications. We developed new strategies and conducted innovative works on high throughput materials design, novel 
materials processing technology, advanced microstructural characterization, and rapid property evaluation in harsh 
environments. Representative advancements are summarized as following. 

1. Rare-earth (RE) silicates environmental barrier coatings (EBC) systems, applied on the gas turbines, have been 
developed via an integrated fl ow of high-throughput compositional design of coating materials, preparation of high quality 
spray powders, and synthesis of multilayer coatings. The coatings exhibit high bonding strength, long cycling life at 1350 
°C, and excellent resistance against CMAS corrosion, which so far, show a leading position in the fi eld. Besides, the 
fundamental mechanisms governing the random distribution of multi-rare-earth elements on the RE3+ cationic sites, and 
thus the formation of single-phase solid solution, are investigated, which lead to a practical criterion to predict the phase-
formation capability and structural stability of multicomponent rare-earth disilicates. Based on these experimental and 
theoretical achievements, more than 20 novel multicomponent rare-earth disilicates have been designed and synthesized, 
which are tested to be promising candidates for the EBC applications. The mechanical, thermal, and corrosion properties 
of these materials have been recorded in our newly developed materials database with completely independent IPR, 
which, as the fi rst EBC database in the world, is expected to accelerate the development and optimization of advanced 
EBC.

The medium-entropy (Hf1/3Ta1/3Nb1/3)C and high-entropy (Zr1/5Hf1/5Nb1/5Ta1/5Ti1/5)C ultra-high temperature ceramics 
(UHTCs) with superhigh porosity (90.0%～95.9%) have been successfully prepared by foam-gelcasting-freeze drying 
technology with proprietary intellectual property rights. They are porous thermal insulation materials with high specifi c 
strength and quite low thermal conductivity (0.09～0.16 W/m•K). This work lays a fi rm foundation for developing ultra-
high temperature superinsulation material with ultra-high temperature resistance (melting point >3500 °C), lightweight, 
high strength and low thermal conductivity. 

Critical breakthrough in fabrication technology with high density and low sintering additives was made under the 
operation of the Strategic Priority Research Program (Category C) of Chinese Academy of Sciences on research and 
development of high quality silicon nitride bearing balls. The as-prepared silicon nitride bearing balls fulfi ll the required 
properties and have been assembled into bearings for bench testing.

2. Nuclear energy is a major contributor to clean energy, which is identifi ed as a strategic approach to achieve the 
reducing C emissions. The direction of economic savings for ATFs can come from improvements in fuel reliability during 
normal operation leading to lower number of fuel failures and higher discharge burnups. Cr2AlC coating with suitable 
buff er layer was developed to improve the performance of Zircaloy cladding under both normal operating and accident 
conditions. Cr/Cr2AlC coating presented enhanced high-temperature oxidation resistance, hydrothermal corrosion 
resistance and fretting wear resistance, which could be regarded as one of the most promising coating candidates.
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3.4.1 Integrated Design and Optimization of 
Environmental Barrier Coating Materials Through 
Multicomponent Rare Earth Engineering

Silicon carbide fi ber-reinforced silicon carbide (SiCf/
SiC) ceramic matrix composites (CMCs) have shown 
disruptive advantages as hot section structural components 
in gas turbine engines. Environmental barrier coatings 
(EBCs) are developed to protect SiCf/SiC components 
from the corrosion of oxygen, hot steam and molten 
CMAS in harsh combustion environment. Rare-earth (RE) 
disilicates are among the most promising candidates but 
suff er from insuffi  cient CMAS corrosion resistance and 
high-temperature phase transformation, which restrict their 
applications as long-lifecycle and high-reliable EBCs. 

We herein explored the phase formation capability of 
multicomponent RE2Si2O7 via experimental and high-

throughput density functional theory calculations and 
found the phase formation capability of multicomponent 
RE2Si2O7 is governed by low energy barrier for the 
ergodicity of metastable confi gurations in a compositional 
ensemble composed of all the possible confi gurations. 
Moreover, the temperature-dependent confi guration 
entropy is demonstrated as an eff ective descriptor to predict 
the formation capability of multicomponent RE2Si2O7. 
With the guidance of theory, a novel multicomponent 
(Er1/4Tm1/4Yb1/4Lu1/4)2Si2O7 multicomponent disilicate, 
which shows good phase stability from room temperature 
to 1860 ℃ and signifi cantly enhanced CMAS corrosion 
resistance at 1500 °C compared with single-component 
RE2Si2O7 was designed and developed. Moreover, the 
mechanism of enhanced CMAS corrosion performance of 
multicomponent disilicate (Er1/4Tm1/4Yb1/4Lu1/4)2Si2O7 was 
disclosed experimentally. The enhanced CMAS resistance 

3. New ultra-high temperature ceramics HfCxN1-x (x=0.3～0.7) were synthesized by using solid reaction method at 
2400 ℃, their crystal structure and lattice parameters were characterized. The infl uences of ZrB2-SiC-La2O3/SiC dual-
layer coating on the oxidation induced mass loss and mechanical damage of carbon materials during thermal shock from 
1500 ℃to room temperature in air were investigated. Meanwhile, the phase transformation and diff usion blocking eff ect 
of Cr2AlC fi lm as active interdiff usion barrier at the interface between superalloy and MCrAlY coating, and dielectric and 
microwave-absorbing performances of quaternary MAX phase (Cr2/3Ti1/3)3AlC2 at room temperature and high temperature 
were also investigated meticulously. In addition, it has undertaken a total of 8 projects entrusted by the First Academy of 
Astronautics, oxidation and mechanical damage of C/C, ceramic matrix composites and porous SiBCN in the thermal-
load-oxygen coupling environment were tested and analyzed.

4. Focusing on the basic scientifi c issues of material structure, controlled preparation and material properties, the boron 
nitride ceramic matrix composite was developed by combining the basic research of ceramic materials with practical 
application. For the fi rst time in China, the on orbit demonstration and verifi cation task of satellite Hall electric propulsion 
was completed, making China the fourth independent master of the propulsion technology after Russia, the United States 
and Europe. Since then, it has been applied on satellites of several major space programs. In order to further meet the 
needs of the space station for electric propulsion system, a lot of work has been carried out in the aspects of composition 
allocation, large-size material preparation, material homogenization and quality stability control. At present, the core 
technical indicators of materials are signifi cantly ahead of similar products in China and the United States. Some products 
have passed the on-site audit of the Aerospace Department and become Aerospace catalogue products.

5. Ni/Ni-W laminated composites with good strength/ductility synergy for high-temperature micro-electro-mechanical 
systems were designed and fabricated by the dual-bath electrodeposition method. A cost-eff ective strain sensor with 
ultrahigh strain sensitivity (gauge factor > 40000) under small strain (ε < 2%) was designed and prepared based on Cu-
Al alloying fi lms composed of loosely arranged clusters. The developed strain sensor exhibited excellent application 
prospects in the detection of micro-strain. Mechanical properties of the selective laser melting fabricated Inconel 718 
investigated at room temperature and 650 ℃ using miniature specimen tests combined with the statistical method and 
machine learning algorithms. The fi ndings may provide a guide to the establishment of miniature specimen-based 
standards toward the qualifi cation of additively manufactured metal parts.
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Fig. 1. Schematic diagram for the interaction between CMAS and (Er1/4Tm1/4Yb1/4Lu1/4)2Si2O7 multicomponent disilicate at 1500 °C. 

is achieved via the synergistic eff ect of multi rare earth 
principal component. On one hand, elements like Er/
Tm act as active factors to promote the precipitation of 
precipitated phase, causing the faster drop of Ca/Si ratio, 
thereby reduce the corrosion activity of CMAS; On the 
other hand, inert elements like Lu/Yb play the key role in 
maintaining the phase stability of disilicate. 

We expect these fundamental understandings of phase 
stability optimization and CMAS corrosion resistance 
enhancement by multicomponent design in high entropy 
RE2Si2O7 will initiate new explorations to discover new 
EBC candidates for harsh combustion environment 
protection. 

3.4.2 Design and Development of Protective 
Coatings for High Burnup Fuel

The development of accident tolerant fuel (ATF) have 
been launched worldwide to enhance accident tolerance in 
light water reactors (LWRs). The future research direction 
of ATF has been shifted to high burnup fuel. The primary 

driver for these eff orts is to economically increase cycle 
lengths of reactors, reduce the number of fresh fuel 
assemblies and possibly reduce core design constraints, 
with an introduction of steam oxidation resistant and 
hard coatings. Cr2AlC coating is regarded as one of the 
most promising coating candidates, and buff er layer is 
essential to restrain the reaction between Zr-based alloy 
and protective coatings. Among metallic Cr, Nb and Mo 
as well as sub-stoichiometric zirconium carbides, Cr and 
ZrC0.55 were selected due to their good thermochemical 
compatibility with the Zry-4 alloy in the temperature 
range of 800–1200 °C. Under simulated LOCA condition 
at 1200 °C, Cr/Cr2AlC coating exhibits the lowest weight 
gain among various candidate coatings (Cr2AlC, Ti2AlC 
as well as Cr/Cr2AlC, ZrC0.55/Cr2AlC and TiC/Ti2AlC). 
Meanwhile, the parabolic oxide growth rate of Cr/Cr2AlC 
is four orders of magnitudes lower than that of Zry-4 
cladding, and one order of magnitude lower than that of 
parallelly developed Cr coating. The research work is 
published at Journal of the American Ceramic Society, 
104 (2021) 5424. Cr/Cr2AlC coating manifests enhanced 

Fig. 2. The hydrothermal corrosion resistance and fretting wear behavior under a simulated primary coolant condition of Cr/Cr2AlC 
coating as well as various candidate coatings.
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corrosion resistance and fretting wear resistance under 
normal operating conditions. The corrosion resistant 
Cr2O3 formed on Cr/Cr2AlC coating and the thickness 
of the oxide scale is roughly one order of magnitude 
thinner than the ZrO2 scale growth on the uncoated Zry-
4 alloy, and comparable with that on Cr coating. Under 
a simulated primary coolant condition, Cr/Cr2AlC coating 
demonstrates good fretting wear behavior. The wear scar 
depth of Cr/Cr2AlC coating is merely 5% that of Zry-4 
alloy. It is expected that the reliability and safety of the 
nuclear fuel system could be eff ectively improved with the 
incorporation of Cr/Cr2AlC coating. The patent number of 
this research work is 202110506295.X. 

3.4.3 Investigations on Synthesis and Mechanical 
Properties of Novel UHTC HfCxN1-x

Carbides and borides of transition metals as ultra-high 
temperature ceramics (UHTCs) have been investigated 
widely, but nitrides of transition metals have attracted 
very little attention. In fact, nitrides of transition metals 
also possess ultra-high melting point, high strength and 
excellent oxidation resistance etc., and have the application 
potential as UHTCs. It has been confi rmed that compared 
with carbides of transition metals, carbonitride solid 
solutions possessed more superior properties in hardness, 
electrical conductivity, corrosion resistance, thermal 
and chemical stability, due to the combining of ionic 
bonding, metallic bonding and covalent bonding. Among 
these carbonitride solid solutions, simulated calculation 
indicates that HfC0.58N0.42 had a high hardness of 23.5 GPa, 
and the sintering of HfCxN1-x dense blocks is very diffi  cult 
due to the ultra-high melting points (3890 ℃ and 3305 ℃, 
respectively), strong covalent bonds and low interdiff usion 
coeffi  cients of HfC and HfN. 

Based on the consideration of property requirements 
of UHTCs, the preparation and mechanical properties of 
HfCxN1-x have been investigated. Initially, thermodynamic 
calculation was carried, optimized synthesis route was 
proposed; then, by using the ultra-high temperature heating 
facility established by ourselves and taking the mixture of 
Hf, C and HfN powders as raw materials, HfCxN1-x (x=0.3
～0.7) powders were synthesized successfully via solid 
state reaction method at 2400 °C for 30 min in fl owing 
nitrogen; fi nally, dense bulks of HfCxN1-x (x=0.3～0.7) 

were prepared by hot pressing sintering.
As-synthesized HfCxN1-x (x=0.3～0.7) powders were 

single-phase solid solutions, almost no impurities existed. 
Their crystal structure was face-centered cubic of NaCl-
type Fm-3m (225); with increasing the content of N (the 
value of x varied from 0.7 to 0.3), the lattice parameter 
decreased from 0.45980nm to 0.45556nm. The relative 
density of the as-prepared bulk HfCxN1-x (x=0.3～0.7) 
was 96%～97%, their room-temperature fl exural strength, 
fracture toughness and hardness were 520～640 MPa, 5.3
～6.7 MPa•m1/2 and 19 GPa, respectively. With the increase 
of N content, the fl exural strength of HfCxN1-x (x=0.3
～0.7) decreased, the fracture toughness increased greatly, 
and the hardness also slightly decreased. Therefore, by 
adding N in typical UHTC HfC, the fracture toughness, as 
well as thermal conductivity of HfCxN1-x (x=0.3～0.7) was 
increased obviously. 

This work is signifi cant for improving the intrinsic 
brittleness and bad thermal shock resistance of UHTCs.

A

Fig. 3. (A) TEM, (B, C, E) HRTEM and (D, F) FTT images of 
as-synthesized HfC0.6N0.4 powders.
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3.4.4 Design and Property Tailoring of Lightweight 
High-entropy Ultra-high Temperature Thermal 
Insulation Material

Lightweight porous ultra-high temperature thermal 
insulation material is the optimal candidate material 
for the ultra-high temperature insulation (> 2000 ℃) of 
new generation hypersonic fl ight vehicle. At present, the 
matrix material of ultra-high temperature thermal insulator 
is ultra-high temperature ceramics (UHTCs) due to their 
best high-temperature resistance and highest melting point 
(> 3000 ℃). However, there exist two problems of high 
density and high thermal conductivity for UHTCs. 

Herein, we introduced the high-entropy eff ect and 
superhigh porosity (> 90%) to break the limit of thermal 
conductivity for UHTCs and realize the reducing weight 
of component and superinsulation. The new-type foam-
gelcasting-freeze drying technique was used to obtain the 
superhigh porosity (90.0%～95.9%), lightweight (0.38
～0.94 g/cm3) and isotropic microstructure. The pure-
phase porous high-entropy (Zr1/5Hf1/5Nb1/5Ta1/5Ti1/5)C
was synthesized by the in-situ pressureless sintering. 
Meanwhile, the distributions of fi ve metal elements were 
highly uniform without any segregation. It suggested 
that the solid solution process of fi ve principal elements 
was complete and the composition was homogeneous at 
microscale. Due to the addition of SiC sintering additive, 
the sinterability of UHTCs powders was obviously 
improved. Surprisingly, although the SiC was added, there 

was no secondary phase or intergranular fi lm at the grain 
boundary. Besides, the mechanical property and thermal 
property could be tailored quantitatively by adjusting the 
porosity of porous material. Thus, we obtained the high 
strength of 4.48～0.70 MPa and low thermal conductivity 
of 0.212～0.164 W/m•K (porosity: 91.4%～95.9%). 

In summary, this work broke the advanced fabrication 
technique of high-entropy ultra-high temperature ceramics 
with superhigh porosity and developed the ultra-high 
temperature superinsulation material with excellent ultra-
high temperature resistance, lightweight, high strength and 
low thermal conductivity.

3.4.5 Enhancing Co-deformation Ability of 
Nanograined Ni-W Layers in the Ni/Ni-W 
Laminated Composites

With the rapid development of science and technology 
in the information era, micro-electro-mechanical systems 
(MEMS) have been expanding its application into 
elevated temperatures (above 200 ℃). Meanwhile, the 
miniaturization and high precision of MEMS also call 
for the development of metallic alloys which can be 
fabricated and shaped on the micro-scale. Based on that, 
electrodeposited LIGA (German acronym for lithography, 
electroplating, and molding) Ni has been regarded as an 
ideal MEMS material due to the advantage in fabricating 
high-aspect-ratio structures with high shape precision. 
However, evident grain growth of LIGA Ni at a temperature 

Fig. 4. SEM images of (A) large pore & (B) cell wall, and (C) STEM and corresponding EDS mappings at the interface of matrix 
grains for porous high-entropy (Zr1/5Hf1/5Nb1/5Ta1/5Ti1/5)C.
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above 200 ℃ would lead to a dramatic decrease of the 
strength due to the thermal instability of nanograined 
(NG) pure metals. Hemker et al. summarized emerging 
materials for MEMS at elevated temperatures and selected 
electrodeposited Ni-W alloy as an ideal MEMS material to 
replace LIGA Ni. Compared to LIGA Ni, NG Ni-W alloy 
has much higher mechanical strength and thermal stability 
(up to 500 ℃) due to grain boundary (GB) segregation. 
Unfortunately, the appearance of GB relaxation increases 
the strength but deteriorates the ductility of the NG Ni-W 
alloy through the recovery of GBs to the equilibrium state, 
which might severely restrict the application of the NG 
Ni-W alloy at elevated temperatures. Thus, it is believed 
that the strength/ductility trade-off  of the NG Ni-W 
alloys at ambient/elevated temperature cannot be evaded 
completely by tuning element content and grain size. 

Based on the above application background and key 
scientifi c issues, in this work, the design concept of 

heterostructured materials, especially heterogeneous 
laminated composites, was proposed. NG Ni/ Ni-W 
laminated composites with varied thickness ratios of the 
Ni layer to the Ni-W layer were fabricated by the dual-
bath electrodeposition method. Experimental results 
reveal that the strength/ductility synergy of Ni/Ni-W 
laminated composites with a large thickness ratio is much 
improved compared with that of monolithic Ni, which is 
attributed to the enhanced co-deformation ability of the 
nanograined Ni-W layers with decreasing the Ni-W layer 
thickness below a critical layer thickness. Ni-W layers 
with small original layer thickness achieve continuous 
thinning through the stable grain boundary sliding under 
the interface constraint. 

The fi nding may provide a potential strategy for the 
design and development of high-performance materials 
for high-temperature MEMS devices. This work was 
published in Acta Mater., 216 (2021) 117138.

Fig. 5. Applied stress (σ) required for channel cracks (purple line) as a function of Ni-W layer thickness (tNi-W). The deformation 
modes of the Ni-W layers in Ni/Ni-W laminated composites are highlighted in the shadowed regions, which are controlled by the 
length scale and fl ow stress. The right hand images show the corresponding SEM observation of the related deformation mode.
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DIVISION HEAD: CHENG Huiming 
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3.5.1 Single-atom Fe-Nx Doped Single-wall 
Carbon Nanotube Films as a Bifunctional Oxygen 
Electrode

With the rapid development of fl exible and wearable 
electronics, there is an urgent demand for fl exible high-
density energy storage and conversion devices as the 
power source. Rechargeable Zn-Air battery has been 

emerging and developing as a promising technology 
because of its high energy density, low cost, and good 
safety. However, the performance of Zn-Air batteries 
has been largely impeded by the kinetically sluggish 
oxygen catalytic reaction occurs at the cathode, and it is 
essential to develop a highly effi  cient, low cost, and stable 
electrocatalyst. SWCNT fi lms with high conductivity, high 
porosity and good fl exibility can act as a perfect supporter 

Summary of Scientifi c Activities

The research activities in the Advanced Carbon Division are focused on: Preparation, property and application of 
carbon nanotubes, graphenes and other 2D materials; nanocarbon-based fl exible electronic devices; novel electrochemical 
energy storage materials and devices; advanced energy conversion materials and devices.

The main progresses made in 2021 are as follows: 

1. A simple gas-phase method involving fl uorination and defl uorination/ammoniation processes was developed to 
anchor single-atom Fe-Nx moieties on a freestanding, high quality, fl exible SWCNT fi lm. The obtained dual function 
electrocatalyst showed superior ORR performance than commercial Pt/C and similar OER performance compared with 
noble metal Ir/C catalyst. 

2 We developed a strain-engineering strategy for realizing the effi  cient intact transfer of CVD graphene fi lm, which 
solves the dilemma between improving the transfer rate and retaining the structural integrity of graphene. This strategy 
enabled continuous intact transfer of meter-scale graphene transparent conductive fi lm, paving the way for its application 
in optoelectronic devices. 

3 We developed a carbon nanotube artifi cial vision photoelectric sensor array, which integrates light sensing, 
information storage, data preprocessing and other functions, and realizes the process of visual image reinforcement 
learning through a highly integrated physical device array. 

4  By modifying the solvation structure of Li+ in electrolyte, the solubility of LiNO3 is increased since the dissolution-
precipitation equilibrium between Li+ and NO3- is changed. Using this new electrolyte, the performance of lithium metal 
batteries is improved, showing potential for use in practical pouch cells. 

5 We developed a method of directly converting solid pure metal substrates into porous and hierarchical porous metal 
substrates by thermal oxidation-nitridation-denitridation processes in controlled gaseous atmospheres. The resultant 
hierarchical porous metal foam gives remarkably enhanced performance for both electrolysis of water (1.65 V at 10 mA 
•cm-2) and electrochemical energy storage (2.04 F•cm-2) as the host substrate of capacitive material MnO2.

Fig. 1. (A) Galvanostatical discharge curves and achieved specifi c capacities of Zn-Air batteries assembled with SAFe-SWCNT fi lm 
and Pt/C-Ir/C. (C) Open-circuit voltage of a homemade all-solid-state Zn-Air battery at diff erent bend angles.

A CB
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for oxygen electrode. However, challenges still exist for 
the development of fl exible air electrode based on CNT 
assemblies.

Here we report a simple gas-phase method involving 
fl uorination and defl uorination/ammoniation processes to 
anchor single-atom Fe-Nx moieties on a freestanding, high 
quality, fl exible SWCNT fi lm. The single-atom Fe-Nx-
doped SWCNT (SAFe-SWCNT) electrocatalyst obtained 
not only has a high density of Fe-Nx active sites but also 
retains the high crystallinity and excellent fl exibility of 
SWCNTs. The fi lm shows good activity for both ORR and 
OER and can be directly used as a bifunctional oxygen 
electrode for rechargeable Zn-Air batteries. The battery 
with SAFe-SWCNT fi lm shows high specifi c capacity of 
772 mA•h/g (Fig. 1A) and good cycling stability (Fig. 1B). 
Furthermore, an all-solid-state fl exible Zn-Air battery was 
assembled using the SAFe-SWCNT fi lm as the electrode 
and showed a stable open circuit voltage even when bent to 
diff erent angles (Fig. 1C) and good cycling stability.

3.5.2 Breaking the Rate-Integrity Dilemma in 
Large-area Bubbling Transfer of Graphene by 
Strain Engineering

Effi  cient intact transfer of CVD graphene fi lm grown 
on metal foil is crucial for its scalable production and 
applications. Electrochemical bubbling delamination 
is highly promising for realizing the scalable transfer of 
high-quality CVD graphene fi lm at a low cost. However, 
it remains a challenge to signifi cantly improve the 
delamination rate of large-area fi lm without causing 
structural damage. To realize the effi  cient delamination, 
current strategy focuses on using intense bubbling to 

surmount the binding energy of graphene/substrate, which 
involves both high peel force and enhanced intercalation. 
However, the use of high peel force increases the risk of 
separating graphene from the polymer support because the 
binding energy of graphene/polymer is relatively low. As a 
result, large improvement in delamination rate is achieved 
at the expense of structural integrity. Moderate bubbling 
with lowered peel force favors the intact delamination but 
signifi cantly decreases the rate.

In this study, we demonstrate a strain-engineering 
strategy to break this rate-integrity dilemma by introducing 
appreciable compressive strain into graphene to 
dramatically accelerate the delamination of CVD graphene 
from Cu foil in a non-destructive manner. We achieve an 
astonishing 25-fold improvement in the delamination 
rate by hot bubbling graphene coated with a post-cured 
UV-epoxy adhesive. Meanwhile, the inherent structural 
integrity of delaminated graphene fi lm is well preserved. 
Our strategy is superior to the prevalent methods by 
simultaneously realizing the unprecedented high-rate 
delamination and intact transfer. It is also compatible with 
various polymers with tunable shrinkage, thus providing 
guidance for developing a versatile strategy for effi  cient 
transfer of 2D materials. 

We also show that the post-cured UV-epoxy adhesive 
serves as a stable p-type doping layer, improving the 
electrical performances of transferred graphene fi lm. We 
further demonstrate highly effi  cient roll-to-roll bubbling 
transfer of meter-scale high-quality graphene fi lms by 
using a custom-built apparatus, which paves the way for 
the application of fl exible graphene transparent conductive 
fi lms in optoelectronic devices.

Fig. 2. High-rate and intact transfer of graphene grown on Cu foil by using the strain-engineered electrochemical bubbling method. 
(A) Correlation between the bubbling delamination rate of G/polymer fi lms and the compressive strain in graphene arising from 
diff erent polymer coatings. (B) Eff ect of electrolyte temperature on the bubbling delamination rate of G/Epoxy/PET fi lm and its 
sheet resistance. (C) Sheet resistance mapping of a 10×10 cm2 G/Epoxy/PET fi lm obtained by the high-rate (50 cm/min) bubbling 
delamination.
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3.5.3 Ultrasensitive Carbon Nanotube 
Optoelectronic Sensor Array for Artifi cial Vision 
System

 The challenge for developing an artifi cial vision system 
is twofold: to recreate the fl exibility, sophistication, 
and adaptability of animal systems, and to do so with 
computational effi  ciency and elegance. In recent 
years, artifi cial vision systems, based on conventional 
complementary metal oxide semiconductor (CMOS) 
imagers or charge coupled device (CCD) cameras, have 
been rapidly developed to achieve the computer vision 
through extended interfaced digital processing units on 
serial or coarsely parallel structures. However, these 
conventional digital artifi cial vision systems tend to have 
excessive power consumption, size and cost.

We designed and fabricated a fl exible optoelectronic 
sensor array with 1024 pixels using a combination of carbon 
nanotubes (CNTs) and perovskite quantum dots (CsPbBr3-
QDs) as the active materials of the neuromorphic vision 
system, which integrate sensing, memory and processing 
functions, and the neuromorphic reinforcement learning 
has been successfully demonstrated experimentally. Both 
materials can be fabricated into uniform large-area fi lms 
with excellent fl exibility and stability, and the combination 
of these two materials provides a new strategy for realizing 
neuromorphic artifi cial vision systems with the fl exibility, 

sophistication, and adaptability of animal systems. It is also 
the fi rst time that neuromorphic reinforcement learning 
has been experimentally demonstrated by training a highly 
integrated sensor array with a weak light pulse of 1 μW/
cm2. Similar to biological systems, the photoreceptor, 
memory element, and computational node components 
share the same physical space in the array and process the 
information in parallel and in real-time, which makes them 
attractive for constructing artifi cial vision systems that 
attempt to emulate biological processing.

3.5.4 Controlling the Dissolution-precipitation 
Dynamics in Ester Electrolyte for High-stability 
Lithium Metal Batteries

Owing to the highest theoretical specifi c capacity (3860 
mAh g-1) and lowest redox potential (-3.045 V vs NHE), 
lithium metal is considered the most promising anode for 
lithium battery systems. However, the inevitable dendrite 
and solid electrolyte interface (SEI) fi lm formation 
during cycling dramatically hinders the application of 
lithium metal. LiNO3 is an additive which can improve 
the performance of lithium metal anode obviously. But 
the limited solubility of LiNO3 restricts its widely use. 
Therefore, we have increased the solubility of LiNO3 by 
the solvation structure of Li+. In ethylene carbonate (EC) 
and dimethyl carbonate (DMC) mixed ester electrolyte, 

Fig. 3. Carbon nanotube neuromorphic artifi cial vision chip.
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Fig. 4. Schematic of the equilibrium between dissociation and recombination. (A) Increasing the solubility of LiNO3 by facilitating 
the dissociation of LiNO3. (B) The equilibrium state between dissociation and recombination. (C) Increasing the solubility of LiNO3 
by preventing the recombination of Li+ and NO3-.

ethylene glycol diacetate (EGD), which has the molecular 
structure with two carbonyls, was used to replace DMC. 
The free carbonyl of EGD in the solvation structure of 
Li+ can repel NO3- by the Coulombic force and increase 
the recombination activation energy between Li+ and 
NO3-. The increased recombination activation energy can 
break the dissolution-precipitation dynamic equilibrium 
between Li+ and NO3-, and the solubility of LiNO3 in 
ester electrolyte was increased. In the LiNO3-containing 
EC-EGD-LNO electrolyte, Li3N-rich SEI fi lm forms 
by the electro-reduction of LiNO3. And uniform lithium 
electrodeposition morphology, high anode CE and good 
cycling stability of lithium metal anode is achieved. At 0.5 
mA•cm-2-1 h, the cycling stability of Li-Li symmetric cell 
has been increased to more than 1000 h, and the anode CE 
can reach 98.5%. Paring lithium metal anode with LiCoO2 

or NCM811 cathode, the Li||LiCoO2 and Li||NCM811 full 
cells also exhibit better cycling stability and high CE. 

Based on the traditional thermodynamics of the 
dissolution process of salt, two strategies are usually 
accepted to lower the Gibbs free energy: (1) using solvent 
with high permittivity to increase the entropy of solution 
system and (2) using solvent with high donor number 
to decrease the enthalpy of solution system. The unique 
of our research is that we have focused on breaking the 
dissolution-precipitation dynamic equilibrium, so that the 
solubility of salt can be increased by reasonably designing 

the solvation structure to prevent the recombination 
between cations and anions.

3.5.5 Hierarchical Porous Metal Foams as Effi  cient 
Electrodes

Constructing renewable energy structure is a long-term 
strategic objective of China and all the other world, and 
developing effi  cient techniques, such as electrochemical 
energy catalysis and storage, for the conversion and storage 
of renewable energy resources is critical for this objective. 
Porous metal materials have been regarded as an ideal and 
desirable electrode structure for electrochemical energy 
catalysis and storage applications. To date, some methods 
have been developed for the fabrication of porous metal 
materials, but these methods generally have limitations 
of step complexity, material waste, and environment 
harmful, and the resultant porous metal materials 
commonly have pore structures with a narrow size range. 
Accordingly, it is generally required to combine two or 
more methods together for the synthesis of hierarchically 
porous metal materials. Moreover, some soft and low-
melting-point metals with high catalytic activity cannot 
be easily fabricated into 3D porous structures using the 
conventional methods. Therefore, developing alternative 
eff ective preparation methods of constructing metal foams 
with fl exibly tunable pore size is of great signifi cance and 
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remains a challenge.
In this study, an alternative method of directly 

converting solid pure metal substrates into porous metal 
substrates by thermal oxidation-nitridation-denitridation 
processes in controlled gaseous atmospheres of air and 
sequent ammonia was developed. One advantage of this 
method is the high fl exibility of controlling pore sizes 
ranging from nanometers to micrometers in diff erent 
shapes (foil, tube and foam) of metal substrates (Cu and 
Ni) only by changing thermal treatment temperature in 
ammonia. Moreover, this method can be repeatedly applied 
to metal substrates to produce various hierarchical porous 
structures containing macropores and mesopores (Fig. 5). 
The eff ective integration of diff erent size pores in these 

metal foams makes them very promising in the functional 
applications that require both rapid mass transport and large 
specifi c surface area. The resultant hierarchical porous Ni 
foam gives the remarkably enhanced performance of both 
electrochemical water splitting as HER/OER electrodes 
and electrochemical energy storage as the host substrate 
of capacitive material MnO2. The two-electrode water 
splitting system exhibits an impressive activity, and a 
bias of ~1.65 V (overpotential of ~420 mV) is required 
to produce a current density of 10 mA/cm2. An areal 
capacitance of 2.04 F•cm-2 has been achieved for the MnO2 
loaded electrode at 0.5 mA•cm-2, which is on the top list of 
the reported values.

Fig. 5. Synthesis of porous structure Cu foams. SEM images of (A) commercial Cu foil, (B) Cu foam derived from the foil by the 
oxidation-nitridation-denitridation process and (C) the hierarchical porous Cu by the oxidation-nitridation-denitridation process 
twice; SEM images of (D) commercial Cu foam, (E, F) hierarchical porous Cu derived from the commercial Cu foam by the 
oxidation-nitridation-denitridation process once and twice.
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Division
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such as excellent processability, the diversity and tunable 
electronic structures. Establishing a strong internal electric 
fi eld (IEF) is the key to improving the photocatalytic 
performance of polymer materials. This requires that the 
polymer chain structural unit itself has a suffi  ciently large 
dipole moment to ensure the separation of photogenerated 

3.6.1 Regulating Internal Electric Field by Breaking 
Monomer Symmetry in Polymeric Photocatalysts 
for Visible-Light-Driven Disinfection

Recently, polymeric photocatalysts have attracted 
much attention because of their fascinating properties, 

Summary of Scientifi c Activities

The research of the division is focused on the following areas: Asymmetric construction of polysaccharide nanomaterials, 
Bionic construction of porous materials and porous fi eld eff ect, Cost-eff ective manufacturing of architected composite 
materials in multiscale, Structured catalytic material and functional high-energy metals.

The progress of the research work of this division is as follows: 

1. A series of diff erent crystal structures of poly-(phenylene-imine) (PPI) semiconductor materials are prepared by 
the researchers based on a strategy of using common di-substituted aromatic ring monomers as raw materials and using 
the diff erence in the symmetry of monomer substituents to construct polymer semiconductor materials with controllable 
crystal symmetry. The results show that PDA-MAH, which has a monoclinic crystal form with low symmetry, has the 
highest surface potential, photocurrent, fl uorescence lifetime, and the highest photocatalytic bactericidal ability. These 
properties are attributed to cis-aggregated dipoles formed by electron donors with high symmetry (PDA) and electron 
acceptors (MAH) with low symmetry.

2. A novel hollow SiC foam with porous walls (HSFp) is proposed to modify the Au catalyst distribution on the 
foam-based structured catalyst. The HSFp with 3D interconnected hollow channel structure was demonstrated to have a 
promotion eff ect on the reaction stability due to the bidirectional diff usion eff ect to refi ne the catalyst particles during the 
impregnation and drying processes. This strategy may have positive signifi cance in the fi eld of preparation of structured 
catalysts.

3. The mechanism of liquid mass transfer in the process of reaction melting and infi ltration was systematically 
studied, and the mass transfer model of cross scale pore structure was constructed. Meanwhile, the reaction mechanism 
and microstructure regulation mechanism of SiC ceramics were studied, as well as the strengthening and toughening 
mechanism of continuous fi ber composites. The comprehensive mechanical properties of C/SiC composites at room 
temperature and high temperature were signifi cantly improved by optimizing the microstructure and interfacial bonding 
properties.

4. Researchers have proposed a new strategy for in-situ synthesis of all-silica zeolite coating on SiC foam to confi ne a 
nickel-based catalyst, which signifi cantly reduces the size of nickel particles, improves nickel dispersion and resistance to 
sintering deactivation. In addition, the use of SiC foam as a structured carrier can improve momentum and mass transfer, 
while reducing pressure drop, thereby improving the catalyst's ability to resist carbon deposition. The structured catalyst 
exhibits excellent and stable performance in dry reforming of methane and carbon dioxide at 700 °C for 100 hours.

5. Boron powder is embedded on the surface of aluminum powder to form a pockmarked composite powder according 
to the characteristics of their energy release reaction in the working environment. The dispersed boron on the surface 
of aluminum could easily react with oxygen atmosphere, and the combustion of aluminum matrix benefi t the energy 
release of B. Furthermore, their oxidation product, aluminum borate rather than viscous boron oxide, is conducive to the 
continuous reaction of active boron components, which promotes the combustion and energy release of boron particles, 
and then improves the explosive energy level.
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charges, and a reasonable dipole aggregated structure is 
required to ensure the eff ective transfer of photogenerated 
charges between dipoles. At present, the usual practice is 
to give the structural unit of the polymer chain a strong 
dipole moment by designing a monomer with a very 
complex structure. However, this design method faces 
challenges from the substantial increase in the cost 
of monomer preparation and the control of the dipole 
aggregate structure in the material.

In response to the above problem, we propose a 
strategy of using common di-substituted aromatic ring 
monomers as raw materials and using the diff erence 
in the symmetry of monomer substituents to construct 
polymer semiconductor materials with controllable crystal 
symmetry. Establish a strong IEF, and then obtain excellent 
photocatalytic performance. We chose the common 
p-phenylenediamine (PDA)/m-phenylenediamine (MDA) 
and terephthalaldehyde (PAH)/m-phthalaldehyde (MAH) 
as monomers, and prepared a series of diff erent crystal 
structures of poly-(phenylene-imine) (PPI) semiconductor 
materials. These materials include both highly crystalline 

orthorhombic PDA-PAH and monoclinic PDA-MAH, 
as well as amorphous MDA-MAH and MDA-PAH. We 
found that PDA-MAH, which has a monoclinic crystal 
form with low symmetry, has the highest surface potential, 
photocurrent and fl uorescence lifetime, meanwhile has the 
highest photocatalytic bactericidal ability. Its bactericidal 
ability is the highest among those with previously reported 
polymeric photocatalysts. Molecular dynamics and DFT 
calculations show that dipoles formed by electron donors 
with high symmetry (PDA) and electron acceptors (MAH) 
with low symmetry are easy to form dipole aggregates 
arranged in cis , is the root cause of the best photocatalytic 
performance of PDA-MAH. The research proves the 
correctness of the above strategy.

3.6.2 Regulation of Distribution of Catalytic Active 
Component by Pore Structures of Structured 
Support Materials

It is essential to improve the catalytic stability of Au-
based catalysts for acetylene hydrochlorination. In this 

Fig. 1. PXRD pattern and Le Bail fi tting plots of (A) PAH-PDA and (B) PDA-MAH; TEM images of (C) PDA-PAH and (D) PDA-
MAH; Surface potential of (E) PDA-PAH, (F) PDA-MAH and (G) MDA-MAH detected with KPFM; (H) Zeta potential of PPIs; (I) 
Transient fl uorescence spectra of the PPIs; (J) Transient photocurrent response of diff erent PPIs; (K) Free energy diagrams of H2O2 
generation on diff erent PPIs; (L) Visible light-driven disinfection curves of PPIs with control experiments.
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may have positive signifi cance in the fi eld of preparation 
of structured catalysts. 

The research results were titled as “A structured catalyst 
with high dispersity of Au species based on hollow SiC 
foam with porous walls for acetylene hydrochlorination” 
and published in RSC Adv., 11 (2021) 19819.

3.6.3 Study on Preparation Technology of Low 
Cost C/SiC Composites by Reactive Infi ltration

Ceramic matrix composites are widely used in aerospace 
and other fi elds as high-temperature thermal structure 
materials due to their low specifi c gravity, excellent high 
temperature strength and incomparable fracture toughness 
of traditional ceramic materials. The reactive melt 
infi ltration technology is a typical preparation technology 
for developing ceramic matrix composites. The technology 
has the characteristics of short preparation cycle and low 
production cost, and the C/SiC composites prepared by the 
reactive melt infi ltration technology show high density and 
excellent high-temperature ablation resistance. However, 
due to the relative complexity of the process, there are 

study, a novel hollow SiC foam with porous walls (HSFp) 
is proposed to modify the Au catalyst distribution on the 
foam-based structured catalyst. 

The scanning electron microscopy and 3D X-ray 
tomography results showed that the hollow structure 
and the porous ceramic wall of HSFp were successfully 
obtained. An Au/AC/HSF structured catalyst was prepared 
by the slurry-coating and impregnation method. Then the 
eff ects of the wall pore structure of HSFp on the distribution 
of Au species and the stability of the catalyst were studied 
by comparison with a hollow SiC foam with compact 
walls (HSFc). The HSFp with 3D interconnected hollow 
channel structure was demonstrated to have a promotion 
eff ect on the reaction stability due to its ability to refi ne 
the catalyst particles during the impregnation and drying 
processes. The result indicates that the time on stream of 
acetylene conversion above 90% over the Au/ AC/HSFp 
structured catalyst reaches about 380 h at an acetylene 
gaseous hourly space velocity of 130 h-1, which is much 
longer than that of the Au/AC/HSFc (200 h). In addition, a 
bidirectional diff usion eff ect that can enhance the catalyst 
distribution by the porous wall of HSF was proposed. This 

Fig. 2. Regulation of distribution of catalytic active component by pore structures: (A) Hollow structure of bare HSF; (B) Cross-
section images of the strut of HSFc and HSFp; TEM images of fresh Au/AC/HSFc structured catalysts (C) and Au/AC/HSFp 
structured catalysts (D); (E) Acetylene conversion of structured catalysts with diff erent structured support as a function of reaction 
time. Reaction conditions: T=170 ℃, GHSV(C2H2)=130 h-1 and HCl/C2H2=1.1; (F) Schematic diagram of the impregnation and 
drying process.
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many process parameters that aff ect the mechanical 
properties of the fi nal composite materials. In the long-
term research, the mechanical properties of the composite 
materials prepared by reaction melting method are always 
low, which greatly limits the application and development 
of the process in the fi eld of ceramic matrix composites.

We optimized the process based on the traditional 
reaction-osmosis preparation technology. The uniform 
fi lling technology of highly reactive carbon particles, the 
effi  cient preparation technology of pyrolytic carbon coating 
on fi ber surface suitable for reactive melting process, the 
liquid silicon melting technology of three-dimensional 
complex components, and the reaction preparation 
technology of high temperature thermal barrier coating 
have been developed. The mechanism of liquid mass 
transfer in the process of reaction melting and infi ltration 
was systematically studied, and the mass transfer model 
of cross scale pore structure was constructed. Meanwhile, 
the reaction mechanism and microstructure regulation 
mechanism of SiC ceramics were studied, as well as the 
strengthening and toughening mechanism of continuous 
fi ber composites. The comprehensive mechanical 
properties of C/SiC composites at room temperature 
and high temperature were signifi cantly improved by 
optimizing the microstructure and interfacial bonding 
properties. Furthermore large size C/SiC composite 
component with typical structure has been successfully 
prepared.

3.6.4 Study on Structured Catalysts for Catalytic 
Dry Reforming of Methane and Carbon Dioxide to 
Syngas

Methane and carbon dioxide are typical greenhouse 
gases and important carbon resources. Using methane and 
carbon dioxide as carbon sources can be reformed into 
synthesis gas under certain conditions to achieve a win-win 
situation for economic development and environmental 
protection. It is attracting attention under the current global 
carbon peak and carbon neutral background. Nickel-based 
catalysts are widely used in catalytic reforming processes 
due to their good catalytic activity and low cost. However, 
dry reforming of methane and carbon dioxide is usually 
carried out at high temperature ( >700 ℃), which will 
cause sintering of active metals and decomposition of 
methane, which will lead to rapid deactivation of nickel-
based catalysts and physical blockage of fi xed-bed reactors, 
which aff ects the practical application of this technology. 

Recently, researchers from our department have 
proposed a new strategy for in-situ synthesis of all-silica 
zeolite coating on SiC foam to confi ne a nickel-based 
catalyst, which signifi cantly reduces the size of nickel 
particles, improves nickel dispersion and resistance to 
sintering deactivation. In addition, the use of SiC foam 
as a structured carrier can improve momentum and mass 
transfer, while reducing pressure drop, thereby improving 
the catalyst's ability to resist carbon deposition. Compared 

Fig. 3. Components and microstructure of C/SiC composites prepared by reactive infi ltration process.
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with conventional nickel catalysts, the developed SiC 
foam-based structured catalysts (i.e., Ni@S1-SiC) 
show excellent catalytic performance, stability and anti-
sintering and anti-coking capabilities. The structured 
catalyst exhibits excellent and stable performance at 700 
°C for 100 hours. The conversion rates of CO2 and CH4 are 
~ 60.9±4.7% and ~ 48.4±5.4%, respectively, and the H2/
CO molar ratio is 0.59±0.04%.

Our researchers also used the above strategy to prepare 
a series of structured catalysts, which have also achieved 
good application eff ects in the hydrogenation of carbon 
dioxide to methane. Related research results have been 
continuously published in AIChE J. (67 (2021) e17126/  
66 (2020) e17007).

3.6.5 Preparation of Composite Structure of B-Al 
/MgH2 Powders

Metal combustors added in explosive is one of the 
important ways to eff ectively improve their energy level 
of explosives and propellants. Aluminum powder, boron 
powder and magnesium powder are the mostly used metal 
combustors, among which  boron powder has high mass 
energy level (58mJ/kg) and volume energy level (137mJ/ 
L). While for B powders, the oxidation product is boron 
oxide with low melting point and high boiling point, and 
the liquid boron oxide with high viscosity hinders the 
further reaction between oxygen with inner boron, making 
it unable to release energy quickly and effi  ciently, and the 
high calorifi c value is delayed.

In the early stage, the research group successfully 

prepared MgH2-Al-B composite powder, which can 
eff ectively improve the energy level of underwater 
explosive. This year, we continue to strive to improve 
the combustion energy release of boron. From the early 
test results and the characteristics of its energy release 
reaction, boron powder has good ignition performance, and 
it has obvious advantages in energy release when simply 
mixed with aluminum powder than that of assembled 
powder used for underwater explosive. However, adding 
boron powder directly into the explosive improves its 
sensitivity, reduces the density, making it diffi  cult to use 
directly. Therefore, according to the characteristics of its 
energy release reaction in the working environment, boron 
powder is embedded on the surface of aluminum powder  
to form a pockmarked composite powder, as shown in Fig. 

Fig. 4. Schematic of the simple strategy for preparing structured silicate-1 encapsulated Ni catalyst supported on SiC foam (i.e., Ni@
S1-SiC).

Fig. 5. Composite structure of Al powder embedded with B 
particles.
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6. The dispersed boron on the surface of aluminum could 
easily react with oxygen atmosphere, and the combustion 
of aluminum matrix benefi t the energy release of B. 
Furthermore, their oxidation products forming aluminum 

borate rather than viscous boron oxide is conducive to 
the continuous reaction of active boron components, 
promoting the combustion and energy release of boron 
particles, and then improve the explosive energy level.
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3.7  Functional Materials and Devices Division

DIVISION HEAD: ZHANG Zhidong

RESEARCH GROUP LEADERS: (4)

LIU Wei (Exchange Coupling and Magnetoelectric Coupling in Functional Films)
WANG Zhenhua (Topological Insulators Nanostructures and Devices)
LI Bing (Neutron Scattering Study of Magnetic Phase Transitions)
HU Weijin (Ferroelectric Thin Films and Devices)
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3.7.1 Correlated States in Doubly-aligned hBN/
graphene/hBN Heterostructures

Van der Waals layered functional materials are able 
to stack and construct new architectures in the manner 
of atomic scale "Lego set", which can be assembled 
vertically without considering lattice matching. In recent 
years, this fi eld has had a booming development, and 
made breakthroughs in new manufacturing methods, new 
theories, new paradigms and new size limits of micro-nano 
devices. Among them, the emerging fi eld of twistronics is 
the most cutting-edge. The ability to precisely controlling 
the relative twist angle between successive layers off ers 
a new approach to studying the tunable lattice symmetry 
and the complexity of related electronic structures. For 
example, when the twist angle between two layers of 
graphene (intrinsic non-superconductivity) is closed to 
1.1° (magic angle), a sequence of gate-voltage-controlled 
superconducting phases and correlated insulating states in 
carbon-based material will be realized. 

Notably, a two-dimensional nanosheet has top and 
bottom open surfaces, allowing the specifi c case of doubly 
aligned super-moiré lattice as a toy model to manipulate 
the electronic band structure of graphene. In this work, we 

investigate the sophisticated case of doubly aligned h-BN/
graphene/h-BN devices (our calculations indicate that 
such a "correlated states" has a tolerance of less than 1°.), 
in which close-to-zero angle alignments were achieved on 
both top and bottom graphene/h-BN interfaces, allowing 
one to fully map the detailed fi llings of each emerging 
minibands thanks to the composite super-moiré lattices. As 
indicated in theoretical calculations, the dual moiré-moiré 
superlattice will introduce a Landau fan with more complex 
fractal structure into graphene, which will manipulate the 
fi lling and transport of electrons in minibands. 

The feature of fi eld-eff ect curves and Raman spectra 
can be a criterion to distinguish devices with diff erent 
alignments at room temperature. Samples with perfect 
alignment (twist angles within 1 degree) were usually 
selected for characterization by recording fi eld-eff ect 
curves as a function of magnetic fi eld at low temperature. 
As indicated in Landau fan below 100 K, the measurement 
results are super sensitive to twisting angles of each 
constituent layer, and multiple sets of fractal energy 
spectra with fi ne structure are obtained. It's the fi rst time 
to observe evolution law of Landau fan in doubly aligned 
composite moiré experimentally. 

To further characterize the correlated insulating states 

Summary of Scientifi c Activities

The research directions of the functional materials and devices division are: Exchange coupling and magneto-electric 
coupling in functional fi lms; Topological insulators nanostructures and devices; Neutron scattering study of magnetic 
phase transitions; Ferroelectric thin fi lms and devices. The research interest is focused on physical (such as magnetic, 
electronic, optical, thermal, etc.) properties of materials and the transfer between the diff erent energies. We are also 
interested in studying diff erent types of phase transitions in functional materials, for instance, structural phase transitions, 
magnetic phase transitions and topological phase transitions. The aim is to discover new topological magnetic materials, 
magnetoresistance materials, electromagnetic wave absorption materials, magneto-elastic materials and colossal 
barocaloric materials and so on. We realize the growth of functional materials thin fi lms, heterostructures and nano-
devices, in order to investigate low-dimensional quantum characters and nanocomposite coupling eff ects in functional 
materials and to realize the controllable quantum transports, controllable magneto-electro-optical properties, controllable 
interfacial eff ects and controllable topological states. 

In 2021, there are some advances in correlated states in doubly-aligned hBN/graphene/hBN heterostructures, enhanced 
spin−orbit torque and low critical current density in Pt100−xRux/[CoNi]/Ru multilayer for spintronic devices, infl uence of 
dopant uniformity on the eectronic transport in CuxBi2Se3 fi lms, microscopic physical scenario for magnetocaloric LaFe13-

xSix, anisotropic growth and magnetic properties of α"-Fe16N2@C nanocones. 

In total, 37 papers have been published in international journals in 2021. 
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Fig. 1. Characterizations of doubly aligned heterostructures.

in doubly aligned samples, we performed temperature 
dependence of its fi eld-eff ect curves, and the thermal 
activation gaps at integer fi llings from -5 to -7 n0, are fi tted 
(with the Arrhenius law) to be 0.06 meV, 0.47 meV and 
0.22 meV, respectively. This energy scale is relatively 
smaller than the theoretically calculated bandwidth. When 
taking IVC order into account in the continuum model, 
IVC amplitude of some points in momentum space can 
reach the order of 100 meV, with each global gap openings 
to be 1.42, 1.90 and 1.35 meV for fi llings of −5, −6 and 
−7 n0, respectively, which is consistent with what can be 
repeatedly observed in the experiment. However, it is 
worthwhile to note that at all of the three fi llings, the IVC 
order amplitudes are highly dependent on the alignment 
angles, dielectric constant and the homogeneities, so the 
requirements for samples preparation in experiment are 
really strict. Among the over 60 samples fabricated, we 
have 5 dual-moiré samples showing the correlated states at 
integer fi llings from −5 to −7 n0, indicating the repeatability 
of our results.

In summary, our experimental evidences together with 
theoretical calculations suggest correlated insulating states 
at integer hole fi llings of −5, −6, −7 electrons per moiré 
unit cell in the weak coupling regime, which is also the fi rst 
time to observe intriguing correlations in two dimensional 
moiré supperlattice in the weak-interaction strength. The 
relevant results are published in Nat. Commun., 12 (2021) 
7196.

3.7.2 Enhanced Spin−Orbit Torque and Low 
Critical Current Density in Pt100−xRux/[CoNi]/Ru 
Multilayer for Spintronic Devices

The spin-orbit torque (SOT) based spintronic devices 
are believed to be a promising candidate for the next 
generation of magnetic random-access memory (SOT-
MRAM) with faster speed and better stability. Based 
on the current researches in the fi eld of SOT, the power 
consumption of the device is often neglected when 
improving the spin Hall angle. In the view of published 
results, alloying a heavy metal (HM) layer is an eff ective 
method to enhance the effi  ciency while keeping a relatively 
low resistance for SOT devices. 

In our designated devices, the Pt100-xRux alloyed HM 
layer is deployed and a Co(0.2)-Ni(0.4) ferromagnetic 
multilayer (FM) is chosen to maintain the perpendicular 
magnetic anisotropy. In comparison with other broadly 
utilized Pt-based alloys, a relatively high effi  ciency as well 
as a lower energy consumption are obtained in our Pt-Ru 
system.  In the device with x=20, the lowest critical current 
density (Jc) of 8×105 A/cm2 and the power consumption of 
3.92×1010 mW/cm3 are observed. The results mentioned 
above reveal obvious advantages to the other Pt-based 
alloys such as Pt-Cu, Pt-Gd, Pt-Cr and Pt-Pd etc. In 
addition, the spin Hall angle is calculated to be 0.132, 
which surpasses those of some conventional HM materials 
with high resistivity and high energy consumption like Ta 
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and Hf. Meanwhile, the lowest in-plane assist fi eld can 
be reduced to 60 Oe, which prompts an open prospect for 
SOT-based application of spintronic devices. 

In conclusion, the SOT-based spintronic devices with 
Pt-Ru HM layer satisfi es a higher effi  ciency and lower 
energy consumption simultaneously and provides an 
alternate route for the fi eld to design SOT-MRAM with 
enhanced performance.

3.7.3 Infl uence of Dopant Uniformity on the 
Electronic Transport in CuxBi2Se3 Films

The contribution of topological insulator surface states 
to their transport properties can be tuned by doping, but 
the uniformity eff ect of the dopants has been ignored in 
previous studies. In this work, we studied the infl uence 
of the degree of uniformity on high-quality CuxBi2Se3 
fi lms prepared by pulsed laser deposition with a designed 
sequential deposition process of Bi2Se3 and Cu. It was 
found that with a greater uniformity of the Cu dopants a 
two-dimensional electron−electron interaction (2D EEI) 

Fig. 2. (A) and (B) Current-driven magnetization switching loops of the Pt100-xRux multilayer samples with x=0, 5, 10, 20 and 
22 verses applied current under the in-plane assist field of +1000 Oe and -1000 Oe respectively. (C) and (D) Current-driven 
magnetization switching of the sample with x=20 under minimum critical current density and in-plane assist fi eld respectively. (E) 
Current density on the dependence of in-plane magnetic fi eld of the sample with x=20. (F) Lowest critical current density of the 
samples with x=0, 5, 10, 20 and 22.
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Fig. 3. Cu elements have been doped into the high-quality CuxBi2Se3 fi lm uniformly relatively by pulsed laser deposition with a 
designed sequential deposition process. The uniformity of the Cu dopants can infl uence the electronic transport properties such as a 
more pronounced weak antilocalization eff ect near zero magnetic fi eld at low temperature.

eff ect becomes more evident below ⁓25 K in the presence 
of weak disorder and a weak antilocalization (WAL) eff ect 
near zero magnetic fi eld becomes more pronounced at low 
temperature. Furthermore, the topological surface state 
conduction of the CuxBi2Se3 fi lms was verifi ed by the 
Hikami−Larkin−Nagaoka (HLN) model analysis of the 
WAL eff ect. This research may open up new aspects for 
the further study of the transport properties of disordered 
topological insulators.

3.7.4 Microscopic Physical Scenario for 
Magnetocaloric LaFe13-xSix

First-order magnetic transitions (FOMTs) are of both 
fundamental and technological interest given that a number 
of emergent phases and functionalities are thereby created. 
Of particular interest are giant magnetocaloric eff ects, 
which are attributed to FOMTs and have attracted broad 
attention for solid-state refrigeration applications. Among 
these compounds, intermetallic LaFe13-xSix  represent one 
of the most classical giant magnetocaloric system. With 
x in a very narrow doping range around 1.5, the system 
undergoes a sharp FM-PM FOMT at Curie temperature 
(TC) of about 190 K, where there is a strong magnetoelastic 
coupling as refl ected in a dramatic negative thermal 
expansion. LaFe11.6Si1.4 and LaFe11.2Si1.8 undergo fi rst-
order and second-order magnetic transitions, respectively. 
While the conventional wisdom is that atomic lattices 
play an important role in fi rst-order magnetic transitions, 
a coherent microscopic description of the lattice and spin 
degrees of freedom is still lacking.

The neutron scattering experiments were conducted on 
the time-of-fl ight neutron spectrometer Pelican at ANSTO. 
The comparative study on LaFe11.6Si1.4 and LaFe11.2Si1.8 

suggests the spin-phonon coupling is not unique to the 
FOMT and a similar phonon softening behavior at the PM to 
FM transitions regardless of the order of phase transitions, 
which might be related to the magnetovolume eff ects. 
Thus, the lattice degree of freedom is not able to account 
for the origin of the FOMT in this system. LaFe11.6Si1.4 and 
LaFe11.2Si1.8 have the similar magnetic diff use scattering. 
However, the intensity of magnetic diff use scattering of 
LaFe11.6Si1.4 is obviously stronger. Meanwhile, Constant-Q 
spectral fi tting is used to extract accurate information on 
spin dynamics from the QENS intensity. As the nearest 
neighboring Fe-Fe distance is about 2.5 Å in this system, 
the obtained PM correlation length (ξPM) suggests that 
magnetic correlations are localized around the nearest 
neighboring Fe atoms at 1.6 TC. By fi tting the intensity 
of Lorentzian 2 function with Gaussian function, the 
ferromagnetic correlation length (ξFM) of LaFe11.6Si1.4 and 
LaFe11.2Si1.8 are 12.2 and 21.0 Å, respectively. LaFe11.6Si1.4 
exhibits a much stronger magnetic diff use scattering in 
the paramagnetic state preceding its fi rst-order magnetic 
transition, corresponding to intense ferromagnetic 
fl uctuations. We emphasize the uniqueness of the FM 
fl uctuations observed here, compared to the common 
critical magnetic scattering. Just above magnetic ordering 
temperatures, magnetic diff use scattering is often observed 
to be centered at positions of magnetic Bragg peaks 
and appears as a QENS signal imposed underneath the 
elastic scattering. These dynamic insights suggest that the 
magnetic degree of freedom dominates this magnetoelastic 
transition. 

The fi ndings in this model system demonstrate that a 
universal scenario might be established based on robust 
FM fl uctuations for FOMTs, which are the central issue of 
giant magnetocaloric materials.
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Fig. 5. Schematic illustration of the growth mechanism of fan-shaped α"-Fe16N2@C nanocones.

3.7.5 Anisotropic Growth and Magnetic Properties 
of α"-Fe16N2@C Nanocones

Permanent magnets can provide a high effi  ciency and 
reliability for renewable energy technologies nowadays, 
such as wind turbines and hybrid electric vehicles. Rare-
earth-free permanent magnets, due to their abundant 
resources, low cost and high Curie temperatures, are 
expected to be the next-generation permanent magnetic 
materials. Among them, body-centered tetragonal α"-
Fe16N2 is one of the most promising candidates because 
of the excellent magnetocrystalline anisotropy and 

the highest saturation magnetization. However, it is 
diffi  cult to synthesize in situ anisotropic α"-Fe16N2 
nanomaterials. Here, we develop a new and facile one-pot 
microemulsion method with Fe(CO)5 as the iron source and 
tetraethylenepentamine as the N/C source at low synthesis 
temperatures to fabricate carbon-coated tetragonal α"-
Fe16N2 nanocones. Magnetocrystalline anisotropy energy is 
suggested as the driving force for the anisotropic growth of 
α"-Fe16N2@C nanocones because the easy magnetization 
direction of tetragonal α"-Fe16N2 nanocrystals is along 
the c axis. The α"-Fe16N2@C nanocones agglomerate to 
form a fan-like microstructure, in which the thin ends of 

Fig. 4. Contour plots of magnetic diffuse scattering. Dynamic structure factor S(Q,E) of LaFe11.6Si1.4 (A) and LaFe11.2Si1.8 (B) at 
diff erent temperatures.
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nanocones direct to its center, due to the magnetostatic 
energy. The lengths of α"-Fe16N2@C nanocones are ~200 
nm and the diameters vary from ~10 nm on one end to ~40 
nm on the other end. Carbon shells with a thickness of 2–3 
nm protect α"-Fe16N2 nanocones from oxidation in an air 

atmosphere. The α"-Fe16N2@C nanocones synthesized at 
433 K show a room-temperature saturation magnetization 
of 82.6 emu/g and a coercive force of 320 Oe. This work 
provides a new way to build up hard magnets by 1D α"-
Fe16N2@C nanocones.
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3.8  Advanced Steel Materials Division

DIVISION HEAD: LI Dianzhong 

RESEARCH GROUP LEADERS: (4)

WANG Pei (Special Steels)
FU Paixian (Heavy Special Steels Castings and Forgings)
LU Shanping (Special Welding Materials)
LI Dianzhong (Plain Steels)
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Summary of Scientifi c Activities

The current focus of the Advanced Steel Materials Division includes special steels, heavy special steels castings and 
forgings, special welding materials, and plain steels.

In 2021, the work of the Advanced Steel Materials Division mainly focuses on the materials and manufacturing 
technologies of basic parts in high-performance equipment used in nuclear power and national defense fi elds. We have 
carried out researches on advanced bearings, rare earth special steels, additive forging of large components, welding 
materials for advanced nuclear energy and the stress deformation control of large-scale complex welded structures 
systematically. Based on the whole life cycle research concept of special steel components, the research work continues 
to expand from material research to parts manufacturing and service performance, in order to contribute to improving the 
overall level of special steel components in our country.

In the aspect of rare earth steel, we revealed the infl uences of RE in solution on the chemical potential and diff usion 
behavior of carbon in low carbon steel. And further improved the purity of RE metal, extended the use of RE steels. 
In terms of special steel components, batch application assessment of machine tool spindle bearings are carried out 
continuously, and the assessment results show that the quality of our bearings is equivalent to that of the best international 
brands. In this year, we have broken through the manufacturing technologies of the main bearing of large shield tunneling 
machine, established the whole chain technical system of the material, processing, assembly, evaluation and design of 
main bearing of large shield machine, and successfully developed the φ3m main bearing used in the large shield machine 
in east extension line of Shenyang Metro No. 1. The tests indicate that the parameters of our main bearing have reached 
the advanced level of foreign imports, which has laid a solid foundation for China to realize the complete independent 
and controllable manufacturing of shield machines. The precise control technologies of carbides and micro defects in 
M50 steel have been developed. And the fatigue life prediction model of aero engine bearings has been preliminarily 
constructed. More than 100 sets of high-quality aero engine bearings have been successfully developed. The bench test 
life has been doubled compared with the existing level, and the installation assessment conditions are met. 

Using the additive forging technology, we successfully manufactured the φ2 m diameter titanium alloy main ballast 
tank of submarine, which are manufactured in batch and delivered for use now. And the world's largest integral weldless 
titanium alloy ring forging has been successfully rolled using metal additive forging technology. It breaks through the 
diffi  cult problem of manufacturing super large titanium alloy forgings by traditional methods. The patent of "metal 
additive forging method" won the gold medal of Chinese patent in 2021. The titanium alloy ring forging participated 
in the exhibition of China's achievements in scientifi c and technological innovation during the 13th Five-Year Plan 
period and was reported by "News Broadcast" as a representative work. The undertaking National Key Research and 
Development Program is progressing smoothly.

Focusing on the demand for special welding materials for Four Generations Lead-Cooled Fast Reactor, the research and 
development of stainless steel and ferritic/martensitic steel welding materials for lead and bismuth corrosion resistance 
were systematically carried out. The design and preparation of special welding material for Lead Cooled Fast Reactor 
were completed. The microstructure, short-term mechanical properties and corrosion resistance for lead and bismuth 
were systematically studied. The room temperature and 550 ℃ high temperature properties of the developed welding 
materials met the design requirements. At the same time, it had excellent corrosion resistance for lead and bismuth, 
which laid a solid foundation for further evaluation of high temperature and long time performance. Furthermore, a 
rapid calculation method for stress deformation of large welded structures was developed. The eff ect of solid state phase 
transformation on the stress and deformation of welded structures was systematically studied. And it was successfully 
applied to the welding and manufacturing of large wind tunnel compressor housing.
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Fig. 1. The EPMA measured carbon concentrations profi les in 
the diff usion couples and their fi tted lines according to the Fick’s 
second law.

3.8.1 The Eff ects of RE in Solution on the Chemical 
Potential and Diff usion of Carbon in Steel

Last year, our research team found that using the dual 
low oxygen rare earth steel technology, a higher proportion 
of the added rare earth metals can exist in the steel in the 
form of solid solution. Therefore, the rare earth alloying 
eff ect is enhanced, and a tiny amount of rare earth 
addition can signifi cantly change the diff usion type phase 
transformation kinetics in steels. In this year, the behind 
mechanisms have been studied by desigining and carrying 
out several groups of diff usion couple experiments to study 
the eff ects of RE on the chemical potential and diff usion 
behavior of carbon in steel.

Low carbon content and high carbon content steel 
diff usion couples with RE in one side and no RE in the other 
side, i.e., Fe-0.14%C/Fe-0.14%C-RE and Fe-0.6%C/Fe-
0.6%C-RE, have been prepared. After diff usion at 920 ℃ 
for 5 hours, the carbon concentration on both sides of the 
diff usion couple were measured by EPMA. It is found that 
there is no measurable change in the carbon concentration 
on both sides of the diff usion couples for both low-carbon 
and high-carbon materials, It is proved that a tiny of RE 
addition does not aff ect the chemical potential of carbon 
in steel. Additionally, two diff usion couples, Fe-0.6%C/
Fe-0.14%C and Fe-0.6%C-RE/Fe-0.14%C-RE, were 
prepared. After diff usion at 920℃ for 5 hours, the carbon 
concentration on both sides of the diff usion couple was 
measured by EPMA, and the carbon diff usion coeffi  cients 
varying with the carbon concentration have been calculated 
according to Fick's second law. Compared with the 
diff usion coeffi  cients, it can be seen that the addition of RE 

signifi cantly reduces the diff usion coeffi  cients of carbon in 
both low carbon and high carbon conditions.

It is well known that carbon diff usion directly aff ects 
many types of phase transformation in steels. Therefore, 
the pinning eff ects of carbon diff usion of RE provides a 
new possible way to optimize the microstructures and 
mechanical properties of steel.

3.8.2 Manufacturing of the World's Largest 
Diameter Titanium Alloy Ring Forging by Additive 
Forging Technology

The manufacturing of large titanium alloy components 
is limited by the smelting capacity. At present, the largest 
domestic titanium alloy ingot is 10 t, so only 5 t to 7 t 
forgings can be manufactured, which cannot meet the 
growing demand for super large titanium alloy forgings. 
In order to solve this problem, additive forging technology 
is used to prepare large titanium alloy billets, so as to 
break the weight limitation of traditional titanium alloy 
ingots and super large titanium alloy components can be 
manufactured. This technology changes the traditional idea 
of using large ingots to make large forgings. A series of key 
technologies such as surface activation, vacuum packaging, 
additive forging connection and multi-directional forging 
and so on are developed, so the technology can eliminate 
the interfaces between multi-layer metals, and makes 
the interfaces completely consistent with the matrix in 
composition, structure and performance. This technology 
is a unique patented technology in China, and its core 
patent "metal additive forging method" won the gold 
medal of Chinese patent in 2021.

The world's largest integral weldless titanium alloy ring 
forging (φ8.5 m) has been successfully rolled using metal 
additive forging technology. The strength and toughness 

Fig. 2. Part of the world's largest integral weldless titanium alloy 
ring forging.
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Fig. 3. Comparing of simulated and experimental results of AF1410 steel bead-on-plate TIG welding residual stress (a)Longitudinal 
stress (b)Transverse stress.

of the ring forging can meet the design requirements. The 
titanium alloy ring forging participated in the exhibition 
of China's achievements in scientifi c and technological 
innovation during the 13th Five-Year Plan period and 
was reported by "News Broadcast" as a representative 
work. This is a breakthrough made by the additive forging 
technology in titanium alloys, which has solved the 
production and manufacturing problems of large titanium 
alloy forgings.

3.8.3 Eff ect of Solid-state Phase Transformation 
on Welding Residual Stress and Deformation of 
High Co-Ni Ultra-high Strength Steel

High Co-Ni ultra-high strength steel is widely used in 
the manufacture of key aviation structural load-bearing 
components such as aircraft landing gear, fl at tail main 
shaft and wing main beam because of its excellent plastic 
toughness, good stress corrosion resistance and welding 
performance. The residual stress and deformation produced 
in the welding process are important factors aff ecting the 
manufacturing accuracy and service life of components. 
Therefore, accurate prediction of welding stress and 
deformation is of great signifi cance to realize the accurate 
manufacturing of components.

We systematically studied the phase transformation 
behavior of AF1410 high Co-Ni ultra-high strength steel, 
tested the physical and mechanical properties of diff erent 
phases, and established an accurate phase transformation 
model and phase transformation plastic model by 
comparing the calculated results with the measured results. 
Based on ABAQUS software, a thermal-mechanical 
coupling fi nite element model considering solid-state 

phase transformation is developed. The residual stress 
distribution during bead-on-plate TIG welding and multi-
pass welding of AF1410 steel is calculated. Combined with 
the measured results of residual stress of welding plate by 
contour method and X-ray method, the eff ects of solid-state 
phase transformation, including mechanical properties, 
phase transformation strain and phase transformation 
plasticity, on welding residual stress and deformation are 
investigated. The results showed that the solid-state phase 
transformation not only aff ects the magnitude of residual 
stress around the weld, but also changes the direction of 
residual stress. The phase transformation plasticity can 
decrease the value of transverse and longitudinal residual 
stresses, but has little eff ect on welding deformation. 
Considering the solid-state phase transformation, the 
welding residual stress and deformation of high Co-Ni 
ultra-high strength steel can be predicted more accurately. 
The evolution law of stress and deformation of the 
mounting beam, which is a key load-bearing component 
of the aircraft during welding and post-welding heat 
treatment, is further studied by using this model. A heat 
treatment shape correction technology is developed, which 
provides a strong support for the accurate manufacturing 
of a new generation of fi ghters.

3.8.4 Research and Development of Large Scale 
Bearing for Tunnel Boring Machine

The large scale bearing for tunnel boring machine 
completely depends on imports in our country. This has 
become a bottle neck problem at present. The rings of 
large scale bearing for the tunnel boring machine have 
the characteristics of large scale, thick section and heavy 
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weight. In the process of melting, casting, forging and heat 
treatment, it is easily to appear generous inclusion, serious 
segregation, bulky microstructure, inhomogeneous grain 
and serious deformation, which deteriorate the properties 
and quality stability of the bearing.

Based on systematic analyses of the imported bearing 
for tunnel boring machine, we summarized the technical 
characteristics of ultimate purity, deep hardened layer 
and high homogeneity for bearing rings. Accordingly, we 
proposed a comprehensive microalloying method using V, 
B and RE elements, and designed a series of 42CrMo4M 
RE bearing steel. Based on the invesitigation of material, 
we prepared bearing rings with a diameter of 3 meters, 

whose purity reach the level of imported bearing rings, and 
the fatigue performance is promoted signifi cantly. Finally, 
the technology system including material, machining, 
assembling, evaluation and design is established, and 
the manufacturing technology of large scale bearing for 
tunnel boring machine has been broken through. The φ 
3m bearing for the tunnel boring machine applied at line 
1 of Shenyang subway is successfully manufactured. The 
technical parameters reach the advanced level of imported 
bearings. This is the fi rst completely domestically 
manufactured tunnel boring machine, which provides 
a solid foundation for the independent and controllable 
manufacturing of tunnel boring machine.

Fig. 4. The φ3 m main bearing for tunnel boring machine.
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3.9 Computational Materials Design Division

DIVISION HEAD: CHEN Xingqiu

RESEARCH GROUP LEADER (1)
CHEN Xingqiu (Computational Alloying Design and Methodologies Initiative)
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Summary of Scientifi c Activities

The Main Research Areas focus on multiscale, high through-put computation and simulations with big data, machine 
learning, and intellectual design. We exploit the composition-structure-property relationships utilizing computation 
and data driven approaches towards an eff ective and effi  cient discovery of high performance structural and novel 
quantum materials. In particular, we emphasize the computation-guided experimental verifi cations. The mission is to 
solve the crucial issues of multiscale computational design of high-performance materials and to advance the frontier of 
computational materials science.

The main achievements of 2021 include:

(1) We have made a series of original research progress in theoretical predictions and applications of topological 
materials. ① Following the prediction of the topological nodal line semimetal Be and the surface electro-acoustic coupling 
analysis, we confi rmed topological nodal line induced non-trivial drumhead-like surface states. The surface state leads to 
the enhancement of surface linear plasmons, which provides a new idea for the application of topological electrons. ② 
In the thermoelectric materials Te and Se, we found the coexistence of topological phonon single Weyl point and double 
Weyl point. Besides, we discovered Kite-like topological phonons with complex confi gurations. ③ In cooperation with 
the experimental team, we prepared a (110) surface beta-W fi lm through epitaxial growth technology and discovered 
the (110) surface has a large spin-orbit moment. We have provided theoretical support for the experimental results by 
calculating the spin Hall conduction in the [110] direction of the body and the spin Hall conduction on the (110) surface.

(2) In the aspect of high-performance structural alloys, the eff ect of rare earth elements on the solid solution and 
diff usion of H and C in bearing steel was studied. It was found that due to the addition of rare earth elements, H atoms 
can form solid solutions in the nearest interstitial position of rare earth and the diff usion energy barrier of H atom in bcc-
Fe was also modifi ed. Similarly, due to the solid solution of the rare earth element La/Ce, the activation energy for C 
diff usion in the matrix was almost doubled, indicating that the rare earth element La/Ce has a certain pinning eff ect on C. 
In order to resolve the coarsened primary carbides formed during solidifi cation of bearing steels, experiments, ab initio 
molecular dynamics and phase-fi eld simulations were performed. The studies disclosed the evolution of atomic cluster in 
high-temperature melt of Fe-Cr-C steel during cooling and the carbide growth kinetics after precipitation. Meanwhile, the 
calculations demonstrated that the rare earth elements are capable of decreasing the diff usion coeffi  cient of carbon and the 
Ce modifi ed inclusions have a very low lattice mismatch with the primary austenite. These special features of rare earth 
lead to the refi nement and reduction of the primary cementite, as has been verifi ed experimentally, in GCr15 steel, and a 
proper amount of rare earth addition was found to refi ne the primary austenite and preclude the carbon diff usion during 
carbide growth. In the mesoscale, the equiaxed dendritic growth of Al-Cu alloy during polycrystalline solidifi cation 
under continuous cooling conditions is studied by an in-situ time lapse observation using synchrotron X-ray radiography 
and large-scale quantitative 2D PF simulations. It is revealed that both the equiaxed dendritic morphology and the SDAS 
in the 2D PF simulations are in reasonably good quantitative agreement with those in the solidifi cation experiments. With 
the cooling rate increasing, the SDAS is reduced, while the segregation ratio (SR) is enlarged. The gravity-driven natural 
convection slightly increases the SDAS and reduces the SR.

(3) In the aspect of bearing design and precision life prediction, a structural design scheme for the shield tunneling 
machine main bearings has been presented, which realized an iterative scheme that optimization of key parameters. 
Through calculations using engineering example, it has been proven that the scheme is reasonable and feasible. This has 
enabled us to make progress in the design capability of the main bearings of the shield tunneling machines from scratch, 
which is of great signifi cance to the independent design and manufacturing of the main bearings of the shield tunneling 
machines. Moreover, based on the Archard wear theory, by constructing static and quasi-static analysis models, a precision 
life prediction method for angular contact machine tool bearings was proposed. Based on the model parameters obtained 
from experiments, we independently developed the precision life prediction system for machine tool bearings.
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3.9.1 Intercalated Architecture of MA2Z4 Family 
Layered Van Der Waals Materials with Emerging 
Topological, Magnetic and Superconducting 
Properties 

Monolayer two-dimensional (2D) materials have 
attracted tremendous interest due to their naturally 
passivated surface and rich properties. With the 
development of research, there are increasing number 
of atomic layers in the monolayer of 2D materials, and 
the properties are progressively abundant, such as the 
Dirac cone in the single-atomic-layer graphene, the spin-
valley properties in  the triple-atomic-layer 2H-MoS2, the 
topological insulator in the quintuple-atomic-layer Bi2Se3, 
and the magnetic topology in the septuple-atomic-layer 

MnBi2Te4. However, there is still a lack of eff ective method 
and strategy for the designment of multi-component and 
multi-atomic-layer 2D materials. 

In our work, we propose a method called intercalated 
architecture for designing 2D MA2Z4 monolayers with 
three components and seven atomic layers. In addition, we 
illustrate this unique strategy by means of fi rst-principles 
calculations, which not only reproduced the structures of 
MoSi2N4 and MnBi2Te4 that were already experimentally 
synthesized but also predicted 72 new compounds that 
are thermodynamically and dynamically stable. We fi nd 
that the systems with 32 and 34 valence electrons are 
mostly semiconductors. Whereas those with 33 valence 
electrons can be nonmagnetic metals or ferromagnetic 
semiconductors. Among the predicted compounds, we 

Fig. 1. (A) Schematic diagram of intercalated architecture. (B) According to the intercalated architecture strategy, 30 candidate 
structures were selected from 144 possible structures. (C) A total of 2,700 potential compounds were obtained from 30 structures 
combined with 90 elemental components, and 72 stable MA2Z4 materials were screened by evaluating their thermodynamic 
and dynamic stability. (D) Berry curvature for WSi2P4 in Brillouin zone. (E) Spin-polarization band structure of VSi2P4. (F) 
Superconducting transition temperature of TaSi2N4 under diff erent strains. (G) Topological edge states of (010) edge of SrGa2Te4.

(4) Based on the fi rst-principles calculations and high throughput topological phonon software package HT-PHONON, 
we have obtained high-precision phonon force constants for 500 elemental substances and classifi ed their topological 
phonons with simultaneous analysis. Besides, combining machine learning and strain engineering technology, the stability 
and topological phonons of diamond materials under tension, shear and mixed strain were systematically studied, which 
generated 60,000 data. The phonon force constant of the diamond under deformation and the instability boundary of the 
diamond deformation were obtained. We also analyzed their topological phonon states and found the complex evolution 
law of nodal lines and nodal rings along with deformation. With these porgresses, the topological phonon database was 
expanded. Especially that the data collection, analysis, storage and visualization of 60,000 deformed diamond topological 
phonons were realized. 
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Fig. 2. (A) Annealing curve of Ni0.83Al0.15Re0.02 ternary alloy. (B) The average order-disorder phase transition temperature and fi tted 
curve with diff erent Re concentration. (C) The partitioning ratio of Re in matrix phase or Ni3Al phase with the temperature cooling 
for diff erent Re content superalloy. (D) The probability PRe-Re at medium temperature and low temperature. (E) The microstructure of 
Ni0.83Al0.15Re0.02 ternary alloy in 1650K, 1200K, 500K and local structure of chain.

reveal that SrGa2Te4 is a robust nontrivial topological 
insulator regardless of the employed exchange-correlation 
functionals (PBE or HSE06). VSi2P4 is a ferromagnetic 
semiconductor. The Curie temperature of VSi2P4 is 90K 
by Monte Carlo simulations based on the Heisenberg spin 
Hamiltonian. TaSi2N4 is a type-I Ising superconductor, and 
its superconducting transition temperature can reach 12 
K at a 3% compressive strain. WSi2P4 is a semiconductor 
with spin-valley characteristics, and its feature of bandgap 
does not change along with layer thickness. 

We proposed a multi-component, multi-atomic-layer 
2D material design strategy, extending the MA2Z4 family 
proposed in our previous work from 12 materials to 72 
materials. Moreover, it greatly reconstructed the band 
structures of the constituents MZ2 and A2Z2 due to the strong 
chemical bond coupling of intercalated architectures, thus 
generating more novel physical properties. This work 

off ers new insights for the design of new 2D materials and 
is published in Nat. Commun., 12 (2021) 2361.

3.9.2 The Annealing Simulation of Ni-Al-Re Ternary 
Alloy Based on Cluster Expansion Method

Nickel-based single crystal superalloy is widely used 
in aero-engine and gas turbine engines. Various harsh 
environments, e.g., high temperature, high pressure, 
corrosion, and so on, put forward extremely strict 
requirements on the mechanical properties and service 
properties of superalloys. Generally, the addition of 
Rhenium (Re) greatly improves the creep resistance of 
Ni-based single crystal superalloy, which is mainly due to 
solid solution strengthening. 

First principles calculation combined with Cluster 
Expansion method and Monte Carlo method is used to 
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simulate the annealing process of Ni-Al-Re ternary alloy 
with diff erent Re concentration (0.0 at.%, 0.5 at.%, 1.0 
at.%, 1.5 at.%, 2.0 at.%, 4.0 at.%, 6.0 at.%), aiming at 
identifying the microstructure evolution of the ternary 
alloys and the distribution characteristics of Re. 

The results show that: (i) with decreasing temperature, 
the Ni3Al phase is precipitated and the order-disorder phase 
transition temperature of the ternary alloy increases slowly 
with the increase of Re content. (ii) The distribution of Re 
in matrix phase or Ni3Al phase can be aff ected by the Re 
content. The eff ect of Re contents on the partitioning of Re 
in Ni3Al is not obvious at medium temperature (850 ~1650 
K) stages. However, at low temperatures (250 ~ 850 K), 
the percentage of Re in Ni3Al decreases signifi cantly with 
the increase of Re content. So far, we have revealed the 
infl uence of Re on the stability of Ni3Al and the distribution 
characteristics of Re. In addition, with regard to chemical 

short orders, we fi nd that the parameter PRe-Re, which is 
used to describe the probability of fi nding a Re atom in the 
neighborhood of another Re atom, is positively correlated 
with the content of Re. At medium temperature the PRe-

Re increases linearly, while at low temperatures the PRe-Re 
increases rapidly and linearly before the concentration 
of Re is 2 at.%, but slowly and linearly after 2 at.%. 
Through crystal structure analysis, it is found that at low 
temperatures when Re concentration is above 2%, most 
of them distribute in matrix phase and a few amounts of 
them distribute in Ni3Al phase, those distributed Re atoms 
gradually enrich towards the γ/γ’ boundary of ternary 
alloy and form chain structures which is believed to be the 
precursors of the undesirable TCP phases. 

This study reveals the infl uence of the Re element on 
the stability of superalloy and its distribution in superalloy, 
which provides theoretical guidance for superalloy design.
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3.10.1 Segregation and Precipitation Stabilizing 
an Ultrafi ne Lamellar-structured Al-0.3%Cu Alloy

Ultrafi ne lamellar-structured metals processed by 
plastic deformation to high strains exhibit enhanced 
strength but reduced thermal stability. The previous studies 
showed that recovery, which is dominated by Y-junction 
motion, may occur at very low temperature and cause 
the loss of benefi t of structural refi nement such as high 
strength. Therefore, it is of great signifi cance to explore 
effi  cient ways to prevent Y-junction motion in ultrafi ne 
lamellar structure. The addition of alloying elements 
has been identifi ed as one possible pathway to improve 
thermal stability of nanostructured metals. However, the 

detail mechanism that how alloying element works on 
the recovery mechanisms during annealing in lamellar 
structured metals remains unclear. 

In this work, a lamellar nanostructured Al–0.3%Cu 
alloy was produced by heavy rolling of high purity 
matrix Al. Detailed characterizations were applied on 
microstructure and Cu distribution to investigate the eff ect 
of Cu segregation on structural refi nement, and the eff ect 
of segregation and precipitation on pinning mechanisms of 
Y-junction. 

The results showed that (1) segregation of Cu on high 
angle boundaries enhanced the structural refi nement 
during deformation. (2) Y-junction motion dominates 
the uniform coarsening of the deformed lamellar 

Summary of Scientifi c Activities

This division aims at proposing and solving important scientifi c problems in the fi eld of light metal materials, for 
supporting the national defense and economy development. We focus on phase transformation mechanism and alloy 
design, deformation mechanism and microstructure control, mechanical behavior and toughening mechanism, advanced 
light metal materials and applications, and development of advanced characterization technologies. 

The main achievements of this division in 2021 are as following:

1. A lamellar-nanostructured Al–0.3%Cu alloy with a high purity matrix Al was designed by heavy rolling. A 
combination of EDS, boundary misorientation measurement, and in situ observation of annealing in TEM was applied 
to reveal the role of alloying elements in stabilizing fi nely spaced lamellar structures during deformation and annealing, 
which provides guidelines for tailoring stable ultrafi ne structured alloys.

2. Unusual solute segregation phenomenon in coherent twin boundaries was reported in Mg-Bi alloys. Based on density 
functional theory methods, a chemical bonding mechanism has been proposed and perfectly rationalized the present 
unusual and previous solute segregation phenomena, which advances the understanding of the infl uence of electronic 
structure in solute segregation in fully coherent twin boundaries and provides insights into interface boundaries in other 
metals and alloys of diff erent structures.

3. The heavily refi ned nanograins as well as the enhanced segregation of Cu and Mg to grain boundaries during aging 
contribute to the unprecedented age-hardening (microhardness value of >320 HV) at the surface layer of a severely 
deformed Al-Cu-Mg alloy produced by means of a surface sliding friction treatment.

4. The microstructure, texture and mechanical properties of Mg-4Zn-xCa-yMn (x=0.3, 0.6, 1.0; y=0.2, 0.3 , 0.7 wt.%) 
alloys were studied. Among them, Mg-4Zn-0.6Ca-0.7Mn alloy shows a good tensile strength (320 MPa) combined with 
an elongation of 16%, due to the grain boundaries strengthening, dispersion strengthening and deformation strengthening 
induced by the second phase particles. This research provides a reference for the development of high-strength deformed 
magnesium alloys. 

5. Combining the JMAK and MPM models, we made a quantitative comparison of the recrystallization kinetics for 
AA5182 and AA5657 sheet. The divergence from the JMAK predictions and variation of both alloys are due to three 
factors: nucleation rate, growth rate and clustering nucleation, among which the growth rate is the main factor.
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microstructure during recovery annealing. The pinning 
from dislocations, dislocation boundaries and particles on 
moving Y-junctions reduces the rate of Y-junction motion 
and delays the removal of thin lamellae. 

The results of this research demonstrated the detail 
mechanisms of stabilizing eff ect of alloying element on 
ultrafi ne lamellar structure, which provide guidelines for 
tailoring thermal stability of ultrafi ne structured metals. 

More detailed descriptions can be found in Acta Mater., 
206 (2021) 116595.

3.10.2 Unusual Solute Segregation Phenomenon 
in Coherent Twin Boundaries

Interface segregation of solute atoms has a profound 
eff ect on properties of engineering alloys. Coherent twin 
boundary has received increasing interests as one of the 
most important interfaces generated in the deformation 
process of Mg alloys. Previous studies reported a periodic 
solute segregation in coherent twin boundaries in the 
annealed Mg alloys, which yielded the solute-pinning 
eff ect and a unique annealing strengthening phenomenon.

The occurrence of solute segregation in coherent twin 
boundaries (CTBs) in Mg alloys is commonly considered 
to be induced by atomic size eff ect where solute atoms 
larger than Mg take extension sites and those smaller 
ones take compression sites in CTBs. Here unusual 
solute segregation phenomenon is reported in a group of 
Mg alloys—solute atoms larger than Mg unexpectedly 

Fig. 1. (A) Microstructure and Cu segregation at boundaries in the 98% cold-rolled Al–0.3%Cu sample. TEM image shows 
misorientation angles of lamellar boundaries with and without strong Cu segregation detected by EDS mapping from the same area. 
(B) Evolution of the average lamellar boundary spacing during isothermal annealing at diff erent temperatures, showing isothermal 
kinetics of recovery and related apparent activation energy in 98% cold-rolled Al-0.3%Cu alloy. (C) In situ TEM observations of 
Y-junction motion in Al–0.3%Cu during annealing at temperatures changing from 20 ℃ to 150 ℃. The annealing times are given on 
each micrograph. The migration direction of Y-junction is shown by the black arrow. Some particles are shown by black dots.

segregate to compression sites of {1011} fully coherent 
twin boundary and do not segregate to the extension or 
compression site of {1012} fully coherent twin boundary. 
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Fig. 2. Unusual solute segregation phenomenon in coherent 
{1011} and {1012} twin boundaries. (A, and B) HAADF-STEM 

images respectively showing (A) a solute-segregated {1011} 

coherent twin boundary (CTB) and (B) a non-segregation {1012} 

CTB. Insets enclosed by white broken rectangles are enlarged 
images of corresponding CTB and that enclosed by yellow 
broken rectangle is simulated HAADF image accompanying the 
experimental result. (C, and D) Contour mappings of diff erential 
electron charge density (DECD). Cases of Bi-segregated {1011} 

CTBs are presented, where the Bi atom respectively occupies (C) 
compression or (D) extension site of CTB. The unit of scale bar 
is eV/Å3.
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Such unusual segregation is proposed to be dominated 
by chemical bonding (coordination and solute electronic 
confi guration) rather than elastic strain minimization. 
Further demonstration is carried out that the chemical 
bonding factor can also predict the solute segregation 
phenomena reported previously. Our fi ndings advance 
the atomic-level understanding of the role of electronic 
structure in solute segregation in fully coherent twin 
boundaries, and more broadly grain boundaries, in Mg 
alloys. They are likely to provide insights into interface 
boundaries in other metals and alloys of diff erent structures. 

More detailed description can be found in Nat. 
Commun., 12 (2021) 722.

3.10.3 Unprecedented Age-hardening and its 
Structural Requirement in a Severely Deformed 
Al-Cu-Mg Alloy

Precipitation strengthening is commonly the main 
strengthening mechanism for the age-hardenable 
aluminum alloy, while its overall eff ect is rather limited. 
In this research, a gradient nanostructured surface 
layer was produced in an Al-Cu-Mg alloy (Al 2024) by 
means of a surface sliding friction treatment carried out 
at liquid nitrogen temperature. After aging treatment, 

Fig. 3. Unprecedented age-hardening in a severely deformed Al-Cu-Mg alloy. (A) Variation of Vickers hardness as a function of 
distance from the treated sample surface for the processed sample and the subsequently aged sample. (B) TEM images and SAED 
patterns (insets) of the aged sample at the topmost surface layer. (C) APT element maps of Cu, and Mg together with Cu-Mg 
isosurface at 5.5 at.% for the topmost surface layer of the aged sample, where the depth direction runs axially from left (surface) to 
right; (D) 1D concentration profi le of Cu and Mg along the entire depth of the analyzed volume.

unprecedented age-hardening was achieved at the surface 
layer, where microhardness values of >320 HV, more 
than twice that achievable by conventional precipitation 
hardening (150 HV), and well above the previously 
reported maximum value (280 HV) for this alloy, were 
achieved. Transmission electron microscopy and atom 
probe tomography analysis revealed that the formation of a 
nanograin structure at the deformed surface layer resulted 
in enhanced segregation of Cu and Mg during aging to 
narrowly spaced grain boundaries, with a corresponding 
suppression of precipitation. The enhanced grain boundary 
segregation instead of precipitation is considered to be 
responsible for the substantial age-hardening, although 
the underlying hardening mechanisms resulting from grain 
boundary segregation require further investigation. 

More detailed description can be found in Scripta 
Mater., 206 (2022) 114240.

3.10.4. The Eff ects of Ca and Mn on the 
Microstructure, Texture and Mechanical 
Properties of Mg-4Zn alloy

In recent years, Mg-Zn series alloys exhibit huge 
application potential in bioengineering and structural 
engineering. The addition of Zn can not only improve the 

A

B

C

D



77

SYNL 2021 ANNUAL REPORT

strength of the magnesium alloy, but also suppress the 
infl uence of impurity elements on the corrosion resistance. 
However, this series of alloys still have some problems: 
the limited strengthening eff ect of the binary alloy, the 
large solidifi cation interval, the poor casting performance 
and the thermal cracking tendency. In order to further 
improve the structure and mechanical properties of this 
series of alloys, it has become a new research hotspot to 
obtain good structure and mechanical properties through 
the compound addition of multiple alloying elements 
combined with plastic processing technology. 

This research systematically studied the infl uence of 
diff erent Ca and Mn contents on the microstructure and 
mechanical properties of Mg-4Zn-xCa-yMn (wt.%) alloy. 
EBSD results show that the grain refi nement eff ect of Ca 
and Mn elements is signifi cant. The increase in alloy content 
also increases the unrecrystallized volume fraction, and 
the texture strength also increases. The Ca element itself 
has a texture weakening eff ect, but due to the composite 
addition of Mn, the recrystallization fraction of the alloy 
decreases, which makes the overall texture enhancement 

Fig. 4. The effects of Ca and Mn on the microstructure, texture and mechanical properties of Mg-4Zn alloy. (A~C) The TEM 
analyses about the orientation of Ca2Mg6Zn3 and Mn particle; (D~F) The EBSD analyses of Mg-4Zn-0.3Ca-0.2Mn; Mg-4Zn-0.6Ca-
0.2Mn; Mg-4Zn-1.0 Ca-0.7Mn alloy; (G~I) The mechanical properties of Mg-4Zn-xCa-yMn (x=0.3, 0.6, 1.0; y=0.2, 0.3, 0.7 wt.%) 
alloys.

trend. The unrecrystallized region exhibits a signifi cantly 
stronger texture strength than the recrystallized region. 
The addition of Ca generates Ca2Mg6Zn3 phase, which 
is distributed in the grain boundaries and inside the 
grains. High-resolution analysis shows that Mn particles 
can be used as heterogeneous nucleation points of 
Ca2Mg6Zn3 phase and promote the dynamic precipitation 
of Ca2Mg6Zn3 phase. The composite alloying of Ca and 
Mn increases the yield strength and tensile strength to 
varying degrees. Among them, Mg-4Zn-0.6Ca-0.7Mn has 
good comprehensive mechanical properties, the tensile 
strength is 320 MPa, and the elongation is 16%. The main 
reasons for the improvement of mechanical properties by 
alloying elements are fi ne-grain strengthening, dispersion 
strengthening, texture strengthening and deformation 
strengthening. Mathematical calculation models are used 
to evaluate the strengthening contributions of diff erent 
strengthening mechanisms. According to the Hall-Petch 
relationship, the largest strengthening contribution is 
calculated from grain boundary strengthening, which is 
about 192 MPa.
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Fig. 5. Three factors to cause AA5182 and AA5657 alloys to deviate from the assumed value of JMAK model (3 or 4) and vary with 
each other are nucleation rate, grain boundary migration rate and clustering nucleation.

More detailed description can be found in J. Magnes. 
Alloys., 9 (2021) 1084.

3.10.5. Quantitative Comparison of the 
Recrystallization Kinetics of Two Industrially 
Processed 5xxx Aluminum Alloys

Annealing is of key importance for industrial 
thermochemical processing of the 5xxx aluminum 
alloys. These alloys were developed to achieve sheet 
aluminum with high strength and good formability, 
which is also weldable and has good corrosion resistance. 
Understanding of recrystallization is essential to achieve 
the optimal combination of strength and formability. The 
recrystallization after cold deformation is due to the storage 
energy in the deformed matrix, which provides a driving 
force for the nucleation and growth of recrystallization. 
For commercial alloys with complex microstructure, the 
nucleation and growth process are usually aff ected by many 
factors. How to establish the complex relationship between 
these factors and recrystallization is very important. 
Some models like JMAK and MPM were established to 

quantitatively analyze recrystallization kinetics. 
The aim of our work is therefore to investigate eff ects 

of diff erent deformation microstructures on the nucleation 
and growth and on the resulting overall recrystallization 
kinetics. Whereas most papers reporting on the 
recrystallization kinetics deal with relatively simple model 
alloys, we have here chosen two industrially processed 
alloys, namely aluminum AA5182 and AA5657 with 
markedly diff erent microstructures. This study reports that 
the Avrami exponents of AA5657 and AA5182 alloys are 
2.8 and 2 respectively, which deviate from the assumed 
value of JMAK model (3 or 4). There are three main factors 
causing this deviation and diff erence: nucleation rate, grain 
boundary migration rate and clustering nucleation. Grain 
boundary migration rate is the main factor. The eff ects 
of these 3 factors are comparatively stronger in AA5182 
and contribute to a lower Avrami exponent compared 
to AA5657. The present comparative analysis of the 
recrystallization kinetics is therefore not only of scientifi c 
importance but also of signifi cant industrial relevance. 

More detailed description can be found in Metall. Mater. 
Trans. A., 52(2021) 4827.
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Summary of Scientifi c Activities

The research activities in the Greater Bay Division are focused on: design and integration of new structural materials, 
surface and prestressed engineering with advanced design;, research and application of a new multi-stable plate shell 
("Transformers"), additive manufacturing materials and process, super-nanomaterials and integration. The activities 
include clarifying the laws and connotations of material science fundamentally, fi nding new materials and new methods 
along with their wide applications in various fi elds and industries.

27 papers were published by staff s in our division in 2021. Additionally, a total of 20 patents were fi led or granted. 

The major achievements over last year are listed as follows:

1. Mineral hydrogel is synthesized from all-inorganic agents in a fully biocompatible setting for the fi rst time. The 
high ionic conductivity and redox centers carried by the gel itself make it a novel type of gel-based one-piece half-cell. 
Furthermore, this work sheds light on the puzzles around the breeding habitat for the pre-cells in the prebiotic era.

2. By reviewing the recent progress in additive manufacturing (AM), including the diff erent materials and potential 
applications of 3D/4D printing, as well as the key issues of AM technology for structural materials, such as printability, 
printing resolution/scalability/speed, geometrical fl exibility, mechanical properties, deformation mechanism, and the 
relationship between structure-function and cost-benefi t, etc., we put forward a diversifi ed outlook for the AM of structural 
materials, such as multi-material, multi-modulus, multi-scale, multi-system, multi-dimensional and multi-functional AM. 
In addition, we also summarized the potential applications of AM in important fi elds including aerospace and biomedical 
systems.

3. A brand-new L12-strengthened low-density Co-rich high-entropy alloys through balanced alloying additions was 
developed. The novel high-temperature Co-rich alloy delivers an unparalleled combination of superb strength-ductility 
synergy at ambient temperature, excellent thermal stability, and outstanding high-temperature strength, providing broader 
opportunities in aerospace engineering and power generation industries.

4. The space–time evolution of the surface topography of thin fi lm at a frame rate of 100 fps in a large fi eld of view of 
50 × 195 µm2 was directly captured for the fi rst time. An optical approach to in situ characterizes the buckling of silicon 
microribbon driven by releasing the pre-stretched poly-dimethylsiloxane (PDMS) substrate at a controllable strain rate 
was demonstrated. The results reveal that a sequence of partially buckled patterns are energetically stable to bridge the 
unbuckled and fully buckled states. This work opens a new experimental scheme for the research on stretchable soft 
electronics and provides new evidence for the theoretical study of the buckling dynamics.

3.11.1 Mineral Hydrogel from Inorganic Salts: 
Biocompatible Synthesis, All-in-One Charge 
Storage, and Possible Implications in the Origin 
of Life

Compared with conventional organic gels, purely 
inorganic gels are rarely reported, but, if attained, 
represent many unique advantages, such as, facile green 
synthesis in aqueous solutions which is environmental-
friendly and low-cost, low toxicity, enabling high ionic 
conductivity, high stability against photo-damage and 
thermal degradation, and high resistance to swelling in 
solutions. Unfortunately, with limited knowledge on 

building continuous molecular architectures from purely 
inorganic substances, only two mineral gels (Chem. 
Commun. 49 (2013) 9428, Appl. Catal. B, 84 (2008) 742) 
have been achieved so far through inorganic approaches 
but both entailing highly toxic chemicals.

Here we report a novel mineral hydrogel synthesized 
using only water and the inorganic salts of FeCl3•6H2O 
and (NH4)6Mo7O24•4H2O. Notably, the gelation process is 
highly tolerant of a wide range of ion additives (Li+, Na+, 
K+, Ca2+, Mg2+, Zn2+, Mn2+), and the ion-laden gels boast 
high ionic conductivity. Furthermore, the redox pair Fe2+/
Fe3+ of the gel framework renders considerable pseudo-
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capacitance, making it a novel type of gel-based one-
piece half-cell. The volumetric energy density (4.8–1.98 
mWh•cm−3) and power density (119–1188 mW•cm−3) of 
our one-piece half-cell relative to the standard hydrogen 
electrode (SHE) were evaluated, rivaling several newly 
reported devices based on some workhorse materials (e.g., 
MoS2, Black P, and Graphene/Carbon Nanotube).

To our knowledge, this is the fi rst time that mineral 
hydrogels are synthesized from all-inorganic agents in 
a fully biocompatible setting. Moreover, these mineral 
hydrogels display excellent biocompatibility, and can 
be easily divided or fused, demonstrating excellent self-
healing ability. Unlike organic gels or clays, they are 
highly stable with strong resistance to swelling and 
detaching when soaked in water, shedding light on the 
puzzles around the breeding habitat for the pre-cells in the 
prebiotic era. 

More details could be found in Adv. Funct. Mater., 
(2021) 2109302.

3.11.2 Additive Manufacturing of Structural 
Materials

Use of additive manufacturing (AM) is considered to be 

a new industrial revolution, after steam engines, computers, 
and the Internet. AM, also known as three-dimensional 
(3D) printing, has boomed over the last 30 years, and 
its use has speeded up during the last 5 years. AM is a 
materials-oriented manufacturing technology, and printing 
resolution versus printing scalability/speed trade-off  exists 
among various types of materials, including polymers, 
metals, ceramics, glasses, and composite materials. Along 
with the development of various deformation systems 
under the environmental stimuli, such as exposure to heat, 
magnetic fi elds, liquids, electricity, light, gas, prestress, or 
a combination of the aforementioned, 4D printing materials 
and technologies are driving conceptual breakthroughs and 
practical applications in the fi eld of high dimensional AM.

By reviewing the recent progress in AM, including the 
diff erent materials and potential applications of 3D/4D 
printing, as well as the key issues of AM technology for 
structural materials, we put forward a diversifi ed outlook 
for the AM of structural materials. In addition, the rapid 
and tremendous development of AM materials and 
methods off ers great potential for structural applications, 
such as in the fi elds of aerospace, biomedical, electronic 
devices, nuclear industry, fl exible and wearable devices, 
soft sensors, actuators, and robotics, jewelry and art 

Fig. 1. (A) Schematic illustration of the synthetic route of the mineral gels reported in this study, (B) the optical photographs of two 
pieces of the mineral gel before and after merged into one, (C) their general characteristics in comparison with organic hydrogels 
and organogels, (D) ionic conductivities of blank gel and gel containing diff erent ionic additives, and electrochemical performance 
of the mineral hydrogel-based one-piece half-cell: (E) CV curves at diff erent scan rates; (F) Ragone plot: compared with several 
commercial energy-storage systems and recent devices based on some workhorse materials (e.g., MoS2, black P, and ECG/CNT).
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Fig. 2. (A) Multi-dimensional additive manufacturing: higher dimensions and higher printing effi  ciencies. (B) 3D printers may print 
everything with self-printing capabilities.

decorations, land transportation, underwater devices, and 
porous structures. We point out the important development 
opportunities and challenges facing this fi eld: 

(1) The development of AM technology in structural 
materials will shift to multi-material, multi-modulus, 
multi-scale, multi-system, multi-dimensional, and multi-
function AM.

(2) Multi-dimensional AM could achieve higher printing 
effi  ciency by increasing the dimensions of printing from 
dot-by-dot and line-by-line to sheet-by-sheet, volume-by-
volume, and even block-by-block printing.

(3) 3D printers may print everything with self-printing 
capabilities.

More details could be found in Mater. Sci. Eng. R Rep., 
145 (2021) 100596.

3.11.3 A Novel L12-Strengthened Multicomponent 
Co-Rich High-Entropy Alloy with Both High 
γ′-Solvus Temperature and Superior High-
Temperature Strength

Modern aerospace engineering and power generation 
industries put forward an urgent request for structural 
materials with superior temperature capabilities. Recently, 

the emergence of high-entropy alloys strengthened by 
coherent L12-type precipitates demonstrated superb 
mechanical properties and the potential for structural 
applications. Elevating the γ′-solvus temperature, the 
volume fraction of γ′ phase, and the thermal stability of γ′ 
phase is critical for potential application of high-entropy 
alloys towards elevated temperature regime. Moreover, the 
high-energy grain boundary regions often act as preferential 
sites for heterogeneous precipitation of undesired 
intermetallic phases, making grain boundaries more 
vulnerable upon long-term thermal exposure. Deleterious 
intermetallic phases formation at grain boundaries are 
believed to cause severe property degradation by acting 
as sites for crack initiation and propagation, and all of 
these signifi cantly weaken the grain boundaries, leading to 
permanent intergranular fracture at an early stage of plastic 
deformation. In addition, high mass density is unfavorable 
for engineering applications when the specifi c strength is 
crucial, especially for aerospace engineering.

Herein, we developed a brand-new L12-strengthened 
low-density Co-rich high-entropy alloy (HEA) through 
balanced alloying additions. We utilized three-dimensional 
atom probe tomography (APT) and transmission electron 
microscopy to quantitatively unveil the elemental 
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partitioning behavior, precipitation structure, and thermal 
stability at elevated temperatures. APT analyses indicated 
that Ta and Nb elements are preferentially partitioned to 
the γ′ intermetallic phase, which is substantially essential 
for stabilizing the L12 ordered crystalline structure. High-
density cuboidal γ′ particles were found to embed in 
the matrix for the alloy subjected to isothermal aging at 
temperatures ranging from 800 to 1100 °C without the 
formation of brittle intermetallic phases neither at grain 
boundaries nor grain interior after long-term thermal 
exposure. The newly developed HEA demonstrated 
superior thermal stability with a volume fraction of L12 

precipitation over 50% after long-term heat treatment at 
1000 °C without noticeable coarsening. More importantly, 
the present alloy exhibited an excellent combination 
of both high γ′-solvus temperature (1125 °C) and low 
mass density (8.28 g/cm3), together with superb high-
temperature tensile strength (755 MPa at 800 °C and 664 
MPa at 900 °C). 

We developed a novel high-temperature high-
entropy alloy through balancing alloying additions and 
microstructural control. This newly-developed L12-
strengthened low-density high-temperature Co-rich alloy 
delivers an unparalleled combination of superb strength-
ductility synergy at ambient temperature, excellent thermal 
stability, and outstanding high-temperature strength. It 
provides opportunities in aerospace engineering and power 
generation industries. The present fi ndings off er an essential 
paradigm for designing advanced L12-strengthened high-
temperature alloys with broader temperature capabilities. 

More details could be found in Scr. Mater., 199 (2021) 
113826.

3.11.4 Study of Deformation Behaviors in Rigid 
Thin Film on Soft Substrate

The precision of structural design and the deformability 
of the fabricated structure are critical to the functionality 
and stability of Micro-electro-mechanical systems (MEMS) 
devices, especially micro-robotics, and biomedical 
devices. Such demand on precise structural formation 
arises dramatically in emerging foldable and stretchable 
soft electronics. While there are many methods to fabricate 
various delicate MEMS structures, the quantitative 
characterization of the structure and deformation of these 
micro devices is rare. As an important structure in MEMS, 
understanding how the thin fi lm structure deforms and 
propagates on the soft substrate under various loading 
rates is not only essential for the development and design 
of fl exible electronics, but also governs the deployment 
and usage of these devices in practice. 

In this work, we demonstrate an optical approach to in 
situ characterize the buckling of silicon microribbon driven 
by releasing the pre-stretched poly-dimethylsiloxane 
(PDMS) substrate at a controllable strain rate. It is the 
fi rst time that the space–time evolution of the surface 
topography of thin fi lm at a frame rate of 100 fps in a large 
fi eld of view of 50 × 195 µm2 is directly captured. The 
nucleation, propagation, and stabilization of the buckled 
structure during the buckling and unbuckling processes are 
observed and quantifi ed. We found: (i) the major features 
of the stabilized buckled structure are independent of 
strain rate between 0.1 and 5.0%/s; (ii) the buckled hills 
and valleys do not appear/disappear synchronously during 
the buckling/unbuckling process. Instead, the buckled/fl at 
region propagates at a fi nite speed; (iii) during buckling, the 

Fig. 3. (A) Engineering stress-strain curves of the newly-developed Co-rich HEA at ambient and elevated temperatures. (B) The 
plots between specifi c yield strength and deformation temperature.
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buckled structure is pined at certain location and released 
after accumulating more contraction; (iv) the growth curve 
of the gradient peak fi ts well to an exponential formula, and 
the coeffi  cient in the exponent is experimentally measured, 
which scales linearly with the strain rate; (v) both the 
buckling speed and the propagation speed are proportional 
to the strain rate, while the latter is much faster than the 
former. Only with real-time topography characterization 
for a large fi eld of view, would one be able to capture such 

growth and propagation phenomena.
Our work reveals that a sequence of partially buckled 

patterns are energetically stable to bridge the unbuckled and 
fully buckled states. This work opens a new experimental 
scheme for the research on stretchable soft electronics 
and provides new evidence for the theoretical study of the 
buckling dynamics. 

More details could be found in Extreme Mech. Lett., 48 
(2021) 101397.
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Fig. 4. Dynamic process of silicon microribbon buckling on a soft substrate. (A) The reconstructed surface topography of static 
surface of the Si microribbon under D-DInM and compared with AFM. (B) A detailed comparison between D-DInM and AFM along 
the centerline of (A). (C) Evolution of the centerline gradient from fl at confi guration to a partially buckled but stable confi guration at 
strain rates of 0.05%, 0.5%, 0.5% and 1.0%. (E) In situ characterization of Si microribbon during buckling and unbuckling at strain 
rate 0.1%/s. Evolution of the centerline, and the evolution of the fi rstly (blue) and secondly (green) formed positive gradient peaks 
projected in (D) the time -∂x3/∂x2 plane and (F) the time -x2 plane.
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DIVISION HEAD: LU Ke
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Summary of Scientifi c Activities

The Joint Research Division integrates groups from diff erent disciplines to conduct cutting-edge research 
in materials science. It provides a platform that encourages innovation, facilitates interdisciplinary research 
collaborations, and promotes interaction between basic science and application-orientated research. The mission is 
to build a team of excellent scientists, provide supports for research into emerging new materials and challenging 
applications, strengthen both basic research and technological innovations, make major breakthroughs and even 
lead the research in key areas of materials science internationally.

The major achievements of this year include:

1. We developed a new carbon-based catalyst electrode, which exhibited high activity and stability in the electro-
catalytic oxidation of biomass platform molecules, shedding light on the novel strategy for effi  cient utilizations of 
biomass resources.

2. A facile, two-step approach is proposed to fabricate the [001]-oriented diamond nanoneedle arrays containing 
high-brightness SiV centers along the needles’ length. The fi rst step involves the preparation of the (001) textured 
micro/nano diamond fi lms via the addition of the tetramethylsilane (TMS) gas during the MPCVD deposition 
process. The second step involves the selective etching of the nanocrystalline diamond and sp2 amorphous 
carbon phases, using high-temperature annealing in the air, retaining the [001]-orientated micrograins to form the 
nanoneedle structure.

3. Highly ordered SWCNT-nanocrystal hybrid fi lms with unique microstructures were fabricated by epitaxial 
growth guided by the grooves of SWCNT bundles. A prototype fl exible micro-TED module using two p-n hybrid 
couples was assembled, and a record-high output power density of ~0.36 W•cm−2 under a ~30 K temperature 
diff erence and a cooling power density of ~92.5 W•cm−2 at ~ 400 K were demonstrated. These hybrids and the 
micro-TED can be easily scaled by current IC compatible techniques for various applications, such as fl exible and 
portable electronics and on-chip thermal management. 

4. Through structural control and surface chemical functionalization, the photocatalytic pathway was switched 
from a two-step single-electron indirect oxygen-reduction to a one-step two-electron direct oxygen reduction 
for the photocatalytic production of H2O2 in water. The switch of the photocatalytic pathway greatly accelerated 
the generation of the primary bactericidal species, H2O2 reactive oxygen species, resulting in exceedingly high 
photocatalytic disinfection rates against E-coli in water.

5. We systematically studied the temporal and spatial evolution of the composition in the rust layer of carbon steel 
and weathering steel, in typical atmospheric corrosion environment. The pitting corrosion resistance of 13Cr4Ni 
martensitic stainless steel was signifi cantly improved by modifying its inclusions using rare earth La and Ce. 

6. As the main goal of an ongoing project, we successfully synthesized ultra-thin foils of GH3536 alloy with a 
width of 600mm and a thickness down to 0.05 mm. A low cycle fatigue life prediction model was also established 
based on the analysis of crack nucleation and propagation, to understand the fatigue fracture mechanism of diffi  cult-
to-deform superalloys.

7. An anomalous transition from homogeneous to localized deformation with increasing relative density was 
identifi ed in nanoporous gold, which also led to a stress plateau in the compression stress strain curves of nanoporous 
gold with relative density exceeding 1/3. This trend of change in deformation behavior with relative density is 
inverted compared with that of conventional porous materials. 
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3.12.1 Highly Effi  cient Electro-reforming of 
5-Hydroxymethylfurfural on Vertically Oriented 
Nickel Nanosheet/Carbon Hybrid Catalysts: 
Structure–Function Relationships

With the increasing global energy demanding and 
the exhaustion of fossil resources, development of new 
renewable clean energy has become one of the most 
popular research topic in the fi eld of chemical industry 
and material sciences in the world. Biomass, as a novel 
type of renewable non-fossil resources, is considered as 
potential alternatives for mitigating the anthropogenic 
climate risk and meeting the strict requirement for 
environmental protection and sustainable development. 
Electrocatalytic conversion of 5-hydroxymethylfurfural 
(HMF) is considered as a green and sustainable process 
with great potential in practical applications, which 
is completely driven by electrochemical potential and 
is performed under gentle reaction conditions. It is an 
ideal upgrade and potential replacement of traditional 
thermal catalytic process for polymer production industry. 
Coupling electrooxidation HMF with hydrogen evolution 
reaction has important research signifi cance in the fi eld of 
new energy and material science, which can break through 
the kinetic bottleneck of electrocatalytic water splitting 
system. However, this research direction is still in the 

Fig. 1. (A) Theoretical calculation and analysis of Ni in different chemical states. (B) Characterization of the near edge X-ray 
absorption of Ni/carbon composite electrode. (C) Catalytic performance of Ni nanosheet/carbon composite electrode.

initial stage of proof-of-concept and faces many challenges 
in designing highly effi  cient catalyst electrode material.

In this work, the Ni nanosheet/carbon composite 
electrode fabricated via electrodeposition technology 
can selectively and effi  ciently catalyze the electro-
oxidation of HMF producing high value added product 
2, 5-furandicarboxylic acid (FDCA) at relatively low 
potential, which is coupled with high effi  ciency hydrogen 
evolution reaction. The proposed material demonstrated 
ideal catalytic activity, energy effi  ciency and stability in 
this process. The excellent catalytic performance should 
be attributed to the relatively low crystallinity, abundant 
edge sites and unique electronic structure of the nickel 
nanosheets supported on carbon paper. The Ni0 on the edge 
in electron-defi cient state can be easily in situ oxidized to 
Niδ+ species with higher valence state (NiO or NiOOH fi ne 
grains) during the reaction process, which signifi cantly 
improves the catalytic activity of the Ni nanosheet/
carbon composite electrode. The density functional theory 
calculations have identifi ed the catalytic reaction path 
and revealed that the improvement of catalytic activity is 
mainly due to the favorable adsorption confi guration of 
Niδ+ species for HMF, relatively high adsorption energy 
and low energy barrier for the elementary reaction step. The 
present work provides new routes for effi  cient utilization 
of biomass resources and demonstrates the importance 
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for understanding the reaction mechanism at the atomic 
level and electronic structure engineering strategies for the 
design of effi  cient electrocatalysts. 

This work is published in Angew. Chem. Int. Ed., 60 
(2021) 14528.

3.12.2 Fabrication of Diamond Nanoneedle Array 
Containing High-brightness Silicon-vacancy 
Centers

One dimensional single- crystalline diamond 
nanoneedles have attracted great attention over recenet 
years for the outstanding mechanical properties along 
with high length to diameter ratio. They can be applied 
to measure the hardness or surface topography as the tip 
of the nano-indentor and atomic force microscope. As an 
optical active point defect in diamond, color centers exhibit 
excellent optical properties for the applications in the areas 
of quantum information processing, biological marker 
and optical sensors. Incorporating color centers into the 
diamond nanoneedles would enable the AFM tips with 
new functional properties, such as probing the properties 
of magnet and temperature at nano-level. However, it 
remains a challenge to realize the diamond nanoneedles 
containing high-brightness color centers at a low cost so 

Fig. 2. The typical SEM (A), TEM (B) and HRTEM (C) images of diamond nanoneedles formed after the annealing of (001) 
diamond films. (D) The magnified image of the marked square in (C). The high-angle annual dark field (HAADF) image of a 
diamond nanoneedle (E) and the corresponding elemental mapping of carbon (F) and silicon (G).

far.
Herein, a facile, two-step method is used to fabricate 

the [001]-oriented diamond nanoneedle arrays containing 
high-brightness SiV centers along the needles’ length. 
The fi rst step involves the preparation of the (001) 
textured micro/nano diamond fi lms via the addition of 
the tetramethylsilane (TMS) gas during the MPCVD 
deposition process. The TMS gas not only alters the fi lm 
texture of the fi lm from [110] to [100], but also results 
in the incorporation Si atoms into the diamond lattice to 
form SiV centers. The second step involves the selective 
etching of the nanocrystalline diamond and sp2 amorphous 
carbon phases, using high-temperature annealing in the 
air, retaining the [001]-orientated micrograins to form the 
nanoneedle structure. The HRTEM characterization further 
confi rms the single crystal nature of the nanoneedles. In 
comparison to the as-deposited fi lms, the PL intensity of 
SiV centers within these diamond nanoneedle arrays is 
found to increase by a factor of up to 12.1. Since TMS gas 
as a dopant can eff ectively increase the concentration of 
SiV centers in diamonds, our study demonstrates a feasible 
approach for the fabrication of diamond nanoneedle arrays 
with high-performance SiV centers for the application of 
temperature detection.
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Fig. 3. Cooling and power generation performance of the micro-TED.

3.12.3 A Micro-thermoelectric Module from 
Flexible Carbon Nanotube-epitaxially Grown 
(Bi,Sb)2Te3 Nanocrystal

Flexible thermoelectric (TE) materials have attracted 
increasing interest due to their potential applications in 
energy harvesting and high-spatial-resolution thermal 
management. However, a high-performance fl exible 
micro-TE device (TED) compatible with the modern 
electronics fabrication process has not yet been developed.

Here we report a general van der Waals epitaxial growth 
approach to fabricating a freestanding and fl exible hybrid 
comprised of single-wall carbon nanotubes and highly 
ordered (Bi,Sb)2Te3 nanocrystals. High power factors 
ranging from ~ 1,680 to ~ 1,020 µW•m−1 K−2 in the 
temperature range of 300-480 K, combined with a strongly 
depressed thermal conductivity yield an average fi gure of 

merit of ~ 0.81. A prototype fl exible micro-TED module 
consisting of two p-n hybrids was then fabricated, which 
demonstrated an unprecedented open circuit voltage of ~ 
22.7 mV and a power density of ~ 0.36 W•cm−2 under a ~ 
30 K temperature diff erence, and a net cooling temperature 
of ~ 22.4 K and a heat absorption density of ~92.5 W•cm−2. 

3.12.4 Amino-rich Porous Ultrathin g-C3N4 
Nanosheets for Photocatalytic Disinfection of 
Water by Solar Energy

Metal-free polymeric carbon nitride (C3N4) 
photocatalysts off er attractive technological advantages 
over the conventional transition metal oxides or sulfi des 
–based photocatalysts in water disinfection, but their 
antimicrobial activities are limited by their rapid charge 
carrier recombination and low specifi c surface areas. 
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holey ultrathin structure and the structural characteristics 
of amino-rich surface. On the one hand, the unique holey 
ultrathin structure of AHUCN can expose more surface 
active sites and greatly reduce the recombination of the 
photo-induced carriers by shortening their diff usion 
paths from bulk to surface. This explained why HUCN 
showed a superior photocatalytic activity than the BCN as 
demonstrated in their photocatalytic disinfection of E. coli 
cells. Furthermore, in order to obtain a good photocatalytic 
activity, the photogenerated electron–hole pairs which have 
diff used to the photocatalyst surface must stay separated 
and react with the target reactants effi  ciently. The abundant 
amino groups present on the surface of AHUCN could 
greatly improve the charge mobility along the interface 
between the photocatalyst and the target reactants, and 
then react with oxygen to produce ROS such as H2O2. Last 
but not least, the amino-rich surface of AHUCN could 
switch the oxygen activation from one-electron reduction 
to two-electron reduction process by accelerating the rate 
of two-electron transfer process as compared with BCN 
and HUCN photocatalysts, which aff ords the AHUCN 
with the strongest photocatalytic bactericidal activity.

3.12.5 New Understanding of Temporal and 
Spatial Distribution and Evolution of Components 
in Weathering Steel Rust Layer

Atmospheric corrosion, an interaction between metal 
materials and atmospheric environment, is the most 

By controlling photocatalytic pathways, we obtained in 
amino-rich holey ultrathin g-C3N4 nanosheets (AHUCN) 
a highly effi  cient inactivation rate against E-coli, 
which is the highest among the monolithic g-C3N4 and 
exceeds the antibacterial performance of the most of the 
previously reported g-C3N4-based photocatalysts. Both 
the experiments and theoretical calculations demonstrated 
that the high photocatalytic disinfection performance of 
AHUCN was derived from the synergistic advantages of 
their unique holey ultrathin structure and the amino - rich 
surface in controlling the charge separation and transfer, 
and most importantly in increasing the photo-production 
of the dominant antibacterial species, H2O2. From the 
analysis of the reactive oxygen species and rotating disk 
electrode (RDE) measurements, it was found that the 
presence of abundant surface amino groups enabled the 
switch of the oxygen-reduction pathway from the two-
step single-electron indirect reduction on holey ultrathin 
g-C3N4 nanosheets (HUCN) to the one-step two-electron 
direct reduction on AHUCN. The switch of the H2O2 

production pathway not only facilitated the separation of 
photogenerated electron−hole pairs but also promoted the 
generation of reactive oxygen species, greatly enhancing 
photocatalytic disinfection effi  ciency.

As schematically illustrated in Fig. 4, the photocatalytic 
disinfection activity of AHUCN was derived from the in-
situ photo-generated H2O2 and the signifi cantly enhanced 
photocatalytic disinfection activities of AHUCN could 
be attributed to an excellent combination of their unique 

Fig. 4. Schematic illustration of photocatalytic inactivation of E. coli process in water by BCN, HUCN and AHUCN photocatalysts 
under light illumination.
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common corrosion behavior in industrial production and 
daily life, and also one of the most serious corrosion forms 
causing considerable economic losses. The deposition of 
corrosion product layer on metal surface can signifi cantly 
aff ect the subsequent process of atmospheric corrosion 
of metal, and even plays a decisive role in its corrosion 
thermodynamics and kinetics. Weathering steels, also 
known as low alloy steels that have been developed by 
adjusting the alloying elements and substrate structure 
of the steel, inhibit atmospheric corrosion eff ectively 
by forming a rust layer with protective components 
and structures. For a long time, it was not clear that the 
compactness, ion selectivity and phase distribution of the 
rust layer, and the internal evolution of each rust phase 
during wet/dry cyclic corrosion is rarely reported, which 
severely limited the design and development of weathering 
steel. In 2021, our research team used synchrotron XRD, 
Micro-Raman spectroscopy, EPMA, electrochemical 
tests and other analysis methods to characterize the initial 
distribution and evolution process of rust components, 
such as α-FeOOH, γ-FeOOH, β-FeOOH and Fe3O4 and so 
on, in the rust layer that formed on plain carbon steel and 
weathering steels in typical atmospheric environments, 
as shown in the fi gure below. At the same time, the key 
role of weather-resistant elements such as Mn, Cu, P has 
been expounded. It was found that the addition of Cu 

promoted the formation of α-FeOOH in the rust layer of 
MnCu steel, and also reduced the formation of β-FeOOH 
in the rust layer near the substrate. Alloying elements Cu 
and P further promoted the formation of α-FeOOH in the 
rust layer, and inhibited the formation of β-FeOOH and 
Fe3O4 in the inner rust layer more obviously. In addition, 
Cu and P not only increased the corrosion potential of bare 
MnCuP steel, but also made the corrosion potential of 
rusty electrode shift to positive rapidly in the early stage 
of corrosion, which signifi cantly inhibited the anodic and 
cathodic processes and reduced the corrosion rate. This part 
of the work has laid a solid foundation for the construction 
of weathering steel design theory and the development of 
related products. 

The above work has been published in J. Mater. Sci. 
Technol., 76 (2021) 41-50 and Corros. Sci., 193 (2021) 
109912, respectively.

3.12.6 On Annealing Microstructures of a Ni-
Based Superalloy

Rolled superalloy profi le (especially the foil) plays an 
irreplaceable role in improving equipment performance 
and service reliability. However, the deformation of these 
materials has encountered several technical problems: (I) 
The superalloy exhibits apparent work-hardening during 

Fig. 5. (A1) Raman spectra of the cross section of the rust layer formed on Q235 steel after 60CCT in simulated coastal atmosphere. 
(A2) Test positions of Raman spectra. (A3) Composition diagram of rust layer in depth direction. (B1) Raman spectra of the cross 
section of the rust layer formed in MnCuP weathering steel after 10CCT in simulated coastal-industrial atmosphere. (B2) Test 
positions of Raman spectra. (B3) Composition diagram of rust layer in depth direction.
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Fig. 6. The effect of annealing temperature on microstructures and properties of a Ni-based superalloy. The recrystallization 
temperature of the alloy is 950℃. There is a significant decrease in grain size (C). The reduction of dislocation density due to 
the recrystallization of the alloy leads to a noteworthy decrease in strength (A), while the dislocations pilled up and the stress 
concentration in the alloy are relieved resulting in an obvious increase in plasticity (B). A large number of annealing twins were also 
produced during this process (D)

the rolling process. Meanwhile, it is challenging to control 
the dimensional accuracy, the shape and surface quality. 
(II) Superalloy strips and foils can withstand the limit 
cumulative deformation when the thickness of the profi le 
is less than 0.1 mm, and the traditional metal processing 
theory does not apply to it. (III) The deformation resistance 
increases sharply under the limit cumulative deformation, 
and it is easy to produce edge cracks and delamination 
defects resulting in the performance fl uctuations of 
mechanical properties. In order to solve these technical 
problems, a multi-pass repeated cold rolling and 
annealing treatment process was adopted to produce 
the ultra-thin superalloy profi le with uniform structure, 
stable performance, excellent surface quality, and the 
thickness meeting the needs of application requirements. 
Therefore, it is particularly important to explore the 
eff ects of annealing treatments on the microstructures 
and mechanical properties of the alloy and determine a 
reasonable annealing temperature. The research on the cold 
deformation mechanism of ultra-thin superalloy has more 
important academic signifi cance for the improvement of 
designing superalloy. It provides a theoretical basis for 

the subsequent engineering production and application 
of superalloy sheets. The conclusions of the study can be 
drawn as follows: Annealing treatment has a signifi cant 
eff ect on the behavior of carbides precipitation, low-angle 
grain boundaries and twins. It can also cause an obvious 
weakening of the texture of the alloy. The M6C carbides 
precipitation can clearly be seen at the grain boundaries 
after annealing. As the annealing temperature increased, the 
fraction of low-angle grain boundaries and the dislocation 
density gradually decreased, while the line fraction of twin 
boundaries increased signifi cantly. The recrystallization of 
GH3536 alloy occured at 950 ℃. There was an obvious 
reduction in grain size after annealing at this temperature 
and followed by a slight increase in grain size with the 
further increase of annealing temperature. A large number 
of annealing twins were formed in the recrystallization 
stage. The reduction of dislocation density due to the 
recrystallization of the alloy leads to a signifi cant decrease 
in strength, while there is an obvious increase in plasticity 
of the alloy. Excellent plasticity and reprocessing ability 
are obtained owing to the recrystallization.
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3.12.7 Anomalous Deformation Behavior of 
Nanoporous Gold

For conventional porous materials under compression, 
yielding is usually followed by a plateau region of constant 
stress in their stress–strain curves. This stress plateau, which 
has been explored for energy-absorbing applications, is 
associated with the formation and propagation of localized 
densifi cation bands in porous structure. Inhomogeneous 
deformation typically occurs in porous materials with 
relative density (or solid fraction, φ) below 0.30. Above 
this critical relative density, porous materials usually show 
uniform deformation and evident strain hardening under 
compression, similar to their fully-dense counterparts. 

Because of the "smaller is stronger" eff ect, nanoporous 
(NP) metals prepared by dealloying could be more than 
one-order-of-magnitude stronger than conventional porous 
materials of same density. However, previous studies 
showed that NP metals, particularly nanoporous gold 

(NPG), deformed homogeneously under compression. 
Their fl ow stress also increased steadily with increasing 
strain, showing no stress plateau. According to the 
notions established in conventional porous materials, the 
homogeneous deformation and the lack of stress plateau in 
compression may be attributed to the high relative density 
of NPGs, which is typically above 0.25.

Recently, we reported that a stress plateau was achieved 
in the compression of NPGs by further increasing, but 
not decreasing the relative density. This phenomenon is 
associated with a transition from homogeneous to localized 
deformation in NPGs as φ increases to above ~ 1/3, which 
is inverted compared with that of conventional porous 
materials. Under compression, the low-density NPGs 
with φ<1/3 showed evident strain hardening, whereas a 
stress plateau was observed for high-density NPGs with 
φ > 1/3, which is contrary to the established notions for 
conventional porous materials. The ligament pinch-off s 
and bending-dominated structures are responsible for the 
homogeneous deformation of low-density NPGs. For high-
density NPGs, the compression- or tension-dominated 
structure enables the collective strain bursts in nano-
ligaments, resulting in localized densifi cation and stress 
plateau in their compression curves. This deformation 
behavior only occurs in NPGs with ligament diameter 
smaller than 200 nm. In addition to the nano size eff ect, 
the large-scale crystal-lattice coherency arising from the 
large grain size is also decisive to the mechanical response 
of dealloyed NPGs. 

The work was published in Phys. Rev. Lett., 127 (2021) 
095501.

Fig. 7. Deformation of NPG under compression. Consecutive 
optical images of (A) NPG-25 and (B) NPG-35 samples 
compressed to different strains. The scale bar is 0.5 mm. (C-
D): SEM observation of the same area on the surface of NPG-
25 (C) before and (D) after compression (ε = 0.20). (E) High-
magnification SEM image of an area in the deformation band 
of a compressed NPG-35 (ε = 0.10), where the slip traces are 
indicated by dotted ellipses. Inset: Intersection lines of {111} 
planes with the sample surface in this area.
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3.13 Quantum Materials Joint Division

DIVISION HEAD: JIA Jinfeng

RESEARCH GROUP LEADER: (1)

JIA Jinfeng (Quantum Materials)
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3.13.1  Summary of Scientifi c Activities

Research at the Quantum Materials Division focuses on the novel quantum materials such as superconducting materials, 
correlation materials, topological materials, low-dimensional materials. The research area includes the synthesis and 
characterization of nanostructured quantum materials and their heterostructures, the development of new technologies 
and instruments to probe the novel physics at lower temperature, smaller spatial scale, shorter time scale. The ultimate 
goal is to understand the basic mechanisms of the quantum materials, and to seek the protentional applications in 
superconducting device, optoelectronic device and so on. 

In 2021, 30 papers are published in SCI journals, including 1 paper in Science, 1 paper in Nature, 3 papers in Phys. 
Rev. Lett., 1 paper in Nat. Commun..

The major achievements of 2021 include:

1. In 2021, Prof. Jia was elected as an academician of the China Academy of Sciences.

2. Using ultra-low temperature scanning tunneling microscopy equipped with a vector magnetic fi eld, we discover 
the segmented Fermi surfaces predicted by theory more than 50 years ago for the fi rst time in the topological insulator / 
superconductor heterostructures. It fi nds that the shape and size of this Fermi surface can be adjusted by the direction and 
magnitude of the magnetic fi eld and can also modulate topology to build new topological superconductors.

3. We experimentally demonstrate that the electronic dimensionality in a three-dimensional (3D) charge-density-wave 
material 1T-TiSe2 can be manipulated with a laser pulse, and signature of light-induced superconductivity emerges when 
the 3D electronic structure turns into 2D. The work presents a novel approach for manipulating quantum materials using 
ultrafast laser pumping, and open a new window in ultrafast science with profound implications for next-generation 
devices with new functionalities.

4. We measured the temperature and magnetic fi eld dependence of the magnetization, specifi c heat, and electron spin 
resonance of Na2Co2TeO6. We reported a disordered quantum spin liquid state induced by the magnetic fi eld. This work 
not only expanded the Kitaev model to the 3D system, but also provided a method of designing Kitaev materials.

5. By depositing Bi atoms on an InSb(111)B surface around 400 K, we have observed Sierpiński-Triangle-Like Bi 
fi lms. The fractal structure could potentially provide a controllable way to tune the topological property in a quantum-
spin-Hall thin fi lm.

3.13.1 Optical Manipulation of Electronic 
Dimensionality in a Quantum Material

Exotic phenomenon can be achieved in quantum 
materials by confi ning electronic states into two 
dimensions. For example, quantized Hall eff ect can be 
resulted in a unit cell of a periodic 2D system (Nobel 
prize in 1988), relativistic fermions are realized in a single 
layer of carbon atoms arranged in a two-dimensional (2D) 
honeycomb lattice while such electronic state is absent in 
the bulk graphite (Nobel prize in 2010), superconducting 
transition temperature can be enhanced by confi ning 
materials into 2D, and so on. Ordinarily, the 2D electronic 
system can be artifi cially created by exfoliating the 
layered materials, growing on substrates via molecular 

beam epitaxy, or building interfaces between two diff erent 
materials. Searching for new methods to confi ne electronic 
states into 2D is important in condensed matter physics.

We proposed a new way to generate 2D electronic states 
by optical manipulation. The method is based on the physics 
that ultrafast laser excitation can induce macroscopic 
periodic lattice distortion sectionally in material, which 
is a result of photoexcited coherent electron-phonon 
coupling, and long-range-ordered 2D electronic layers are 
established between the lattice distorted layers and original 
lattice layers.

We experimentally demonstrate that the electronic 
dimensionality in a three-dimensional (3D) charge-
density-wave material can be manipulated with a laser 
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pulse, and signature of light-induced superconductivity 
emerges when the 3D electronic structure turns into 2D. 
Specifi cally, we use infrared ultrashort laser pulse to pump 
the sample, and monitor the electronic structure and lattice 
dynamics by high resolution time- and angle-resolved 
photoemission (trARPES) and MeV ultrafast electron 
diff raction (UED) respectively. With improved time, 
energy, and pump fl uence resolution, trARPES experiments 
evidence 2D electronic states on the surface due to the 
ultrafast phase inversion induced macroscopic domain 
wall, which is confi rmed by the temporal lattice distortion 
from high-resolution UED experiments and consistent 
with the phenomenological theory based on a spatially- 
and temporally-dependent double wall Ginzburg-Landau 
potential. Interestingly, a gaped electronic state, which is 
possibly the signature of superconductivity, is discovered 
in the 2D electronic structure on the macroscopic domain 
wall.

The optical induced macroscopic domain wall exhibited 
the behavior of a 2D electronic system, and thus, it is a 
platform for realizing novel phases, for example, phases 
with superconductivity. Our work presents a novel 
approach for manipulating quantum materials using 
ultrafast laser pumping, and open a new window in ultrafast 
science with profound implications for next-generation 
devices with new functionalities. However, further 
studies are necessary to clarify the precise mechanism for 

producing such macroscopic domain walls, to determine 
if such methods are universal and applicable for other 
CDW materials or even other ordered solids, and most 
interestingly, to identify if the observed energy gap was a 
result of photoinduced superconductivity. 

The relevant work published in Nature, 595 (2021) 239.

3.13.2 Field-Induced Disordered Quantum Spin 
Liquid State

As one of the most important and challenging topics 
in the electronic correlation system, the spin frustration 
systems could have disordered and highly entangled spin 
state from the combination of frustration competition 
and quantum fl uctuations to suppress the magnetic long-
range ordering. This liquid like state is called quantum 
spin liquid and is accompanied by rich and novel physical 
phenomena, such as fractional excitation, gauge fi eld 
symmetry, and long-range topological order. Although the 
research on theoretical calculation has accumulated, the 
experimental work is limited by the synthesis of materials 
and the progress has been relatively slow. Recently, the 
experimentalists have made a lot of development on the 
material design, growth and characterization, which 
demonstrated the signifi cant progressing in this area. The 
Kitaev model is an exactly solvable quantum spin liquid 
model and has attracted a lot of attention. However, the 

Fig. 1. Schematic of photon-induced 2D electronic states.
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typical Kitaev materials are α-Na2IrO3 and α-RuCl3, 
which are 4d/5d compounds with strong electronic non-
localizations and non-Kitaev interactions. Although the 
electrons of 3d materials are more localized and it has been 
theoretically predicted that 3d materials can eff ectively 
inhibit non-Kitaev interactions, the real 3d material with 
strong Kitaev interactions has not been discovered. 

We collaborated with the theorists and measured 
the temperature and magnetic fi eld dependence of the 
magnetization, specifi c heat, and electron spin resonance 
of Na2Co2TeO6. From the complicated temperature vs 
magnetic fi eld phase diagram, we reported a disordered 
quantum spin liquid state by the magnetic fi eld. This work 
not only expanded the Kitaev model to the 3D system, 
but also provided a method of designing Kitaev materials. 
Meanwhile, the inelastic neutron scattering technology was 
applied for studying the spin dynamics of the ground state, 
and we found a competition between Kitaev interaction 
and Heisenberg interaction in Kitaev materials, which 
challenged the Heisenberg-Kitaev model. 

The relevant work was published in Nat. Commun.,12 
(2021) 5559.

3.13.3 Sierpiński-Triangle-Like Structure in Bi 
Thin Films

The Sierpiński triangle (ST) is a self-similar fractal 
with a fractional Hausdorff  dimension and with 
fascinating mathematical properties. Historically, such 
beautiful patterns were often utilized for aesthetic reasons, 
especially in architecture, e.g., on the medieval fl oors in 

Rome. Many fundamental and intriguing phenomena in 
ancient and modern mathematics and physics, as well as 
computer science, are related to the STs. Recently, there 
has been also considerable interest in fabricating ST-like 
fractal materials, although the synthesis of such systems 
is notoriously diffi  cult. In 2014, a terpyridine-based 
architecture mimicking ST was synthesized in solution. 
Subsequently, several research groups have successfully 
fabricated the fractal supramolecular materials featuring 
the ST pattern on the coinage metal surfaces such as Ag, 
Au and Cu, as well as on the graphite surface. These 
fabricated fractal supramolecules can be organic. 

In this work, we have realized Bi ST structures grown on 
InSb(111)B surface. This is the fi rst observation of single 
element STs self-assembling on a semiconducting surface. 
Our STM measurements and theoretical analyses suggest 
that a ST ML as an adlayer can form on a wetting layer 
or 2-ML Bi fi lm. The formation of ST structures requires 
a specifi cally large adlayer-substrate lattice mismatch 
(with tensile strain), suffi  ciently strong adlayer-substrate 
and intra-adlayer elastic stiff nesses, and suffi  ciently weak 
intra-adlayer interatomic interactions. Such fractal ST 
structures, as observed in our experiments, are expected 
to be able to turn off  the electronic topology of Bi fi lms. 
Such a feature could potentially provide a controllable way 
to tune the topological property in a quantum-spin-Hall 
thin fi lm. This could make the system attractive to explore 
controlled Majorana Fermion formation for realizing 
topological quantum computing. 

The relevant work published in Phys. Rev. Lett., 126 
(2021) 176102.

Fig. 2. (A) Temperature vs magnetic fi eld phase diagram of Na2Co2TeO6; (B) Magnetic density-of-state dynamics and (C) Simulation 
of ground state.
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Fig. 3. (A), (B) STM images of typical ST-like Bi islands formed on InSb(111)B substrate; (C) Schematic for diff erent island height 
levels corresponding to the labels in (A),(B); (D)-(F) Height profi les for red, blue, and pink lines A, B, and C in (B), respectively.
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3.14  Northeastern University Joint Division

DIVISION HEAD: WANG Fuhui

RESEARCH GROUP LEADERS: (4)

ZHANG Tao (Surface Treatment of Light Alloys)
LIU Li (Marine Corrosion and Protection)
XU Dake (Microbiology Induced Corrosion)
CHEN Minghui (High Temperature Corrosion and Protection)
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Summary of Scientifi c Activities

The research directions of the Northeastern University Joint Division mainly focus on the core scientifi c and 
technological issues of corrosion and protection for the materials. According to the diff erent characteristic corrosion 
environments such as ocean, deep sea, poles, high temperature and the presence of microorganisms, we conduct 
researches on the development of corrosion test equipments, material corrosion mechanisms and corresponding protection 
technologies. We have advanced the design and preparation of corrosion-resistant functional materials, novel protective 
coatings, and better understanding for the principles of corrosion monitoring, detection, and anti-corrosion technologies 
for engineering applications. The major research interests of our division include: surface treatment of light alloys, 
corrosion and protection in oil and gas industry and marine environment, microbiologically infl uenced corrosion, and 
high temperature corrosion and protection.

1. Marine extreme environment corrosion and protection: the chemical and electrochemical interactions corrosion 
mechanism of metal in marine high-temperature environment has been revealed and the design method of protective coating 
has been established; The deep-sea corrosion/failure mechanism of metal/organic coating materials has been clarifi ed, the 
design theory of deep-sea corrosion-resistant metal materials has been established, and the long-life protective coating 
for deep-sea has been developed; In terms of new multifunctional protection technology for marine environment: the 
eff ect of coating on the performance of basic fi ller was studied from three aspects: corrosion resistance, electromagnetic 
absorption and surface resin wetting. The dual improvement of electromagnetic wave absorption and corrosion resistance 
of absorbent has been realized for the fi rst time, and the best compatibility with base resin was obtained. The M@C 
theory of dual energy regulation of elementary fi ller lays a theoretical foundation for the composition/structure design of 
anti-corrosion and microwave absorbing integrated coating.

2. The theory of “Total Acidity / pH” was further improved from the perspective of mathematics and quantifi cation, 
a new model was consequently established – the “dissolution-ionization-precipitation” model. This model fi lled the gap 
of the missing link between thermodynamics and kinetics in corrosion science, and preliminary application trials of this 
model to the design of corrosion-resistant magnesium alloys have been proven to be successful: a Mg-Gd-Nd-In alloy 
with a corrosion resistance comparable to that of 2XXX aluminum alloys, and a HP-13Cr-Cu martensite stainless steel 
with remarkable resistance to sulfur induced cracking have been developed. A route towards establishing thermodynamic 
diagrams for plasma electrolytic oxidation was also proposed, which aims at advancing the PEO coating towards defect-
free structure, from the perspective of both thermodynamics and kinetics. The model predicting the service life of tubes 
in petroleum & oil exploitation was adopted by PetroChina (Tarim branch) and Sinopec (Tahe Oilfi eld) in solving the 
severe corrosion problem in these ultra-deep oil wells for more than three years.

3. The novel mechanism that microorganisms induce the corrosion of metallic materials by directly obtaining electrons 
from the metal through the c-type cytochrome OmcS on the out-membrane has been proven for the fi rst time. The fi nding 
provides the critical targets for the detection and target-prevention of microbiologically infl uenced corrosion (MIC). 
The creative concept of living corrosion-prevention biofi lm materials was raised. Biofi lms, which can fi rmly adhere to 
metallic surfaces and secrete corrosion-prevention extracellular polymers, were selected from the marine environment. 
The biofi lm possesses the ability of consuming O2, blocking Cl- and secreting bioactive corrosion inhibitors. This 
work established the solid theoretical foundation for building gene-programmable intellectual living functional biofi lm 
materials. By introducing the concept of high entropy alloys into the design of anti-bacterial materials, a high entropy 
alloy, which can effi  ciently eliminate corrosive bacteria and virus, was successfully designed and produced. This study 
provides new ideas for designing anti-bacterial materials.  

4. A novel single-phase nanocrystalline coating has been designed and prepared with high stability under harsh high 
temperature environment. And the breakthrough on the growth of nanocrystalline grains after thermal exposure has 
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than the promotion eff ect of Cl- adsorption. Combined 
with molecular dynamics simulation, it is confi rmed that 
hydrostatic pressure reduces the distance between OHP 
layer and electrode surface in the electric double layer, that 
is, the structure of the electric double layer is adjusted. The 
change of OHP layer position changes the ψ1 potential of 
pure iron in the electrode reaction, which leads to the ψ1 
eff ect. It is revealed that hydrostatic pressure promotes 
the anodic electrode reaction process of pure iron by 
compressing the electric double layer. Therefore, the 
kinetic equation of hydrostatic pressure electrode process 
was established for the fi rst time, and the research results 
were applied to active metal materials and passive metal 
materials respectively, which improved the theory of 
hydrostatic pressure promoting electrochemical process 
of metal materials. The electrochemical process of metal 
corrosion is the core of corrosion reaction. 

By mastering the theoretical infl uence of environmental 
factors on the electric double layer, the theoretical control of 
electrode reaction speed in the process of metal dissolution 
can be realized, which lays a theoretical foundation for 

3.14.1 The Mechanism of Hydrostatic Pressure 
Promoting Electrochemical Corrosion of Pure 
Iron in 3.3% NaCl Solution

The electrochemical corrosion behavior of metals in 
deep sea environment is signifi cantly diff erent from that 
in shallow sea environment. One of the main factors is 
the infl uence of deep-sea hydrostatic pressure on the 
electrochemical process. Previous research results revealed 
that deep-sea hydrostatic pressure promoted Cl- adsorption 
and changed the structure of electric double layer, which 
accelerated the corrosion behavior of various metals in 
deep-sea environment, especially active dissolution system 
and galvanic couple system. However, the key factors 
of the infl uence of deep-sea hydrostatic pressure on the 
electrochemical process of metals have not been clarifi ed.

In this work, we systematically studied the anodic 
dissolution reaction of pure iron under diff erent hydrostatic 
pressure conditions, and confi rmed that hydrostatic 
pressure has a signifi cant eff ect on the electric double 
layer at the solid / liquid interface, which is far greater 

successfully been under control. The problems of elements interdiff usion at the interface of coating/alloy has been 
solved. Besides, the problems of scale rumpling and stress concentration during the serving process have been avoided. 
Therefore, the high-temperature oxidation resistance and service life of alloy substrate have been signifi cantly improved. 
It is possible to use nanocrystalline coating as the bond coating on the next generation thermal barrier coating. The design 
principle of Metal Matrix Self-lubricating Composites Based on oxidation regulation is proposed. With the regulation 
of thermodynamic reaction proceed, the dynamic growth process of new composites was controlled. The "sweating" 
phenomenon of materials meet the wear reduction and lubrication of high temperature stable and long-term service 
performance. The high temperature self-lubricating materials and parts have been successfully applied on a series of key 
models in the aerospace fi eld.

Fig. 1. 2D organic-α-Co(OH)2/C composites with bifunctions of anti-corrosion and microwave absorption.
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the composition / structure design of deep-sea corrosion-
resistant metals. This work was received by Acta Mater..

3.14.2 Synergistic Corrosion Mechanism of 
Acidifi cation Process in the Aggressive Oil and 
Gas Environment

The application of Pourbaix Diagram and Tafel 
Equation have long been deemed as the bases of 
corrosion thermodynamics and corrosion kinetics, which 
signifi cantly promotes the development of corrosion 
science in a worldwide scale. The Pourbaix Diagram by its 
nature is a thermodynamic diagram, which predicts the type 
of corrosion product on the metal-electrolyte surface by 
the calculated relationship between the electrode potential 
and pH. The Tafel Equation, however, emphasizes the 
relationship between the electrode potential and the current 
density, which is a productive tool to estimate corrosion 
rate of metals. But for a long time, the relationship between 
thermodynamics and kinetics has never been established, 
which seriously restricts the development of the discipline 
of corrosion science and corrosion engineering. 

The current work extends the theory of TA/pH (Total 
acidity/ pH) to a new level, i.e., the “dissolution-ionization-
precipitation” model, which aims at establishing the 
thermodynamics and kinetics of corrosion science. This 
model comprises three components: a fi rst component 

that depicts the kinetics of electrochemical reactions at the 
interface, which is expressed as a function of metal ions at 
the interface; a second component that takes into account 
the thermodynamic balance at the interface, which is 
presented as a function of pH; a third component that judges 
the nucleation and precipitation of corrosion products, 
which is defi ned by the precipitation line (derived from the 
solubility product). The corrosion behavior of alloys could 
thus be predicted by comparing the calculated trajectory 
line and the precipitation line: a calculated trajectory line 
that converges and surpasses the precipitation line suggests 
the capability of forming a corrosion product layer with 
varied protectiveness; otherwise, an active dissolution 
behavior emerges and suggest an alloy with poor 
corrosion resistance. More importantly, this model gives 
an explanation to these inconsistent results from diff erent 
literature, indicating the universality of this model. 

This work off ers new perspective to the design of 
corrosion-resistant magnesium alloys and sulfur-induced 
corrosion stainless steels.

3.14.3 Novel Cu-bearing High-entropy Alloys with 
Excellent Antibacterial, Antiviral and Properties

Microbiologically infl uenced corrosion (MIC) of metal 
materials has always been a globally unsolved problem, 
and the annual loss of MIC is estimated as 500 billion 

Fig. 2. The “Dissolution-ionization-precipitation” model — bridging the gap between the corrosion thermodynamics and the 
corrosion kinetics.
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Fig. 3. Verification of the corrosion of stainless steel in the presence of different G. sulfurreducens strains. Scanning electron 
micrographs of stainless steel surfaces (scale bar = 50 μm) in: (A) abiotic control; (B) strain ACL; (C) strain ACLHF; (D) strain 
ACLHFΔomcS; and (E) strain ACLHFΔomcS complemented with omcS. Confocal scanning laser microscopy images of stainless steel 
surfaces: (F) abiotic control; (G) strain ACL; (H) strain ACLHF; (I) strain ACLHFΔomcS; and (J) strain ACLHFΔomcS complemented 
by expressing omcS in trans. Analysis of (K) pit depth and (L) pit diameter for the ten largest pits as well as (M) pit density (data 
from ten random fi elds examined on each of fi ve coupons for each treatment; mean ± standard deviation). (N) Rct over time (obtained 
from EIS data). (O) Corrosion current density after 7 d.

were predominately planktonic, and genes for the uptake 
hydrogenase were highly expressed. Strain ACLHF was 
constructed to prevent growth on H2 or formate by deleting 
the genes for the uptake of hydrogenase and formate 
dehydrogenases from strain ACL. Strain ACLHF also grew 
with Fe(0) as the sole electron donor, but H2 accumulated in 
the culture, and cells heavily colonized Fe(0) surfaces with 
no visible planktonic growth. Transcriptomics suggested 
that the outer surface c-type cytochromes OmcS and OmcZ 
were important during growth of strain ACLHF on Fe(0). 

US dollars. Fe(0) oxidation was studied with Geobacter 
sulfurreducens strain ACL, an autotrophic strain that 
was previously shown to grow with electrons derived 
from a graphite cathode as the sole electron donor. Strain 
ACL grew with Fe(0) as the sole electron donor and 
fumarate as the electron acceptor. However, it appeared 
that at least a portion of the electron transfer was via H2 
produced nonenzymatically from the oxidation of Fe(0) 
to Fe(II). H2, which accumulated in abiotic controls, was 
consumed during the growth of strain ACL, the cells 
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Strain ACLHF did not grow on Fe(0) if the gene for either 
of these cytochromes was deleted. The specific attachment 
of strain ACLHF to Fe(0), coupled with requirements for 
known extracellular electrical contacts, suggested that 
direct metal-microbe electron transfer is the most likely 
option for Fe(0) serving as an electron donor. We report 
here that the mechanism for microbial corrosion of stainless 
steel, the metal of choice for many actual applications, can 
be signifi cantly diff erent from that for Fe(0). Although 
H2 is often an intermediary electron carrier between the 
metal and microbes during Fe(0) corrosion, we found that 
H2 is not abiotically produced from stainless steel, making 
this corrosion mechanism unlikely. G. sulfurreducens and 
Geobacter metallireducens, electrotrophs that are known to 
directly accept electrons from other microbes or electrodes, 
extracted electrons from stainless steel via direct iron-to-
microbe electron transfer. Genetic modifi cation to prevent 
H2 consumption did not negatively impact on stainless 
steel corrosion. Corrosion was inhibited when genes for 
outer-surface cytochromes that are key electrical contacts 
were deleted. These results indicate that a common model 
of microbial Fe(0) corrosion by hydrogenase-positive 
microbes, in which H2 serves as an intermediary electron 
carrier between the metal surface and the microbe, may 
not apply to the microbial corrosion of stainless steel. 
However, direct iron-to-microbe electron transfer is a 
feasible route for stainless steel corrosion. 

The present work was published in ISME J., 15 (2021) 
3084.

3.14.4 Solid Oxide Fuel Cell Interconnect Coating

The insatiable quest for higher effi  ciency and better 
reliability of gas-turbine engines is pushing the increment 
of gas inlet temperature, which, in turn, motivates the 
development of advanced coating systems for protecting 
single-crystal superalloy components from progressively 
rigorous working environment. Thermal barrier coating 
system (TBCs), which consists of an Al-rich metallic bond 
coat (BC) providing oxidation resistance and an overlying 
ceramic coat (TC) for thermal insulation, is considered 
as the most advanced and structurally-complicated 
coating system hitherto. As the crucial layer of TBCs, the 
metallic bond coat is always expected to possess excellent 
oxidation and rumpling resistance and meanwhile limited 
interdiff usion with alloy substrate. Under traditional 
wisdom, oxidation resistance of a coating is always 
promoted by increasing Al content, which, unfortunately, 
leads to severe interdiff usion with alloy substrate. 
Moreover, surface distortion of the coatings always brings 
about great troubles. In this work, modifi ed nanocrystalline 
coatings are developed to cope with aforementioned 
challenges. 

Novel single-phase γ′ nanocrystalline coatings 

Fig. 4. A novel single-phase γ′ nanocrystalline coating with high resistance to oxidation and scale rumpling yet mitigated 
interdiff usion with the alloy substrate.
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with and without Pt modifi cation were developed on 
René N5 single-crystal superalloy to investigate their 
cyclic oxidation behaviors at 1100 °C and 1150 °C. 
Compared with conventional β-(Ni,Pt)Al coating, the γ′ 
nanocrystalline coatings, whether with Pt addition or not, 
prevailed in terms of inhibiting elements interdiff usion 
and surface rumpling. More importantly, Pt introduction 
was observed to further enhance oxidation performances 
of the γ′ nanocrystalline coating. Addition of Pt makes the 
γ′ nanocrystalline coating achieve a highly purifi ed oxide 
scale free of oxide impurities, which eff ectively decreases 
the formation of microcracks in the interior of the oxide 

scale originating from stress concentration and thus avoids 
the premature failure of the TGO. The Pt-modifi ed coating 
exhibits decreased CTE and increased Young’s modulus and 
hardness, whereupon it is subjected to smaller stress during 
thermal cycling and more resistant to surface distortion, 
displaying mitigated surface rumpling. Furthermore, the 
degradation rate of the coating is successfully alleviated by 
Pt addition, which predominantly benefi ts from the uphill 
diff usion of Al. 

This series of work was published in Acta Mater., 205 
(2021) 116576; Corros. Sci., 192 (2021) 109866; Corros. 
Sci., 180 (2021) 109182.
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3.15 Advanced Semiconductors Joint Division

DIVISION HEAD: XU Ke

RESEARCH GROUP LEADERS: (4)

WANG Jianfeng (HVPE technology)
Ren Guoqiang (Ammonothermal technology)
LIU Zongliang (Na Flux Method)
SU Xujun (Transmission Electron Microscopy)
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Summary of Scientifi c Activities

Focusing on the major national layout and the application needs of the advanced semiconductor industry, and the 
scientifi c problems and application basic research of high-quality Gallium Nitride, Aluminum Nitride and other nitrides, 
carry out research on the growth and equipment technology of nitride single crystal materials, and develop homogeneous 
epitaxy technology and ultra-high resolution microanalysis technology.

This year has made important progress in the development of growth methods and technologies, such as Hydride Vapor 
Phase Epitaxy, Na Flux method, Ammonothermal and Physical Vapor phase Transmission with independent intellectual 
property rights, growth defect density control technology, electrical property regulation, substrate separation technology 
and so on. Specifi cally include:

1. With equipment upgrading, simulation and combination experiments, the crack free gallium nitride substrate was 
obtained by releasing the growth stress through the nano-column pattern substrate. Combined with the laser lift-off  
technology, the 6-inch crack free gallium nitride substrate was prepared;

2. The growth mechanism and photoelectric characteristics of gallium nitride single crystal by Ammonothermal are 
studied, and the evolution process of lateral epitaxial growth is deeply analyzed, which lays a foundation for obtaining 
very low dislocation density gallium nitride in the next step; 

3. The dislocation reduction mechanism of gallium nitride by Na fl ux method is studied. The dislocation density is 
further reduced to 10e5 cm-2, and self separation is realized through micro-porous structure;

4. Porous aluminum nitride fi lms were prepared on C-face SiC by HVPE method, which accumulated important basic 
data for further improving the quality of aluminum nitride materials;

5. A non-contact automatic measuring instrument for gallium nitride carrier concentration is developed, which is the 
automatic collection of sample position and Raman spectrum, which can provide great help for the improvement of 
production effi  ciency of application enterprises;

6. GaN nanowires irradiated by femtosecond deep UV laser are studied, which provides an important data for improving 
the band edge luminescence.

In this year, the division has 15 combined training graduate students, and 8 graduated successfully; Jointly train 2 
postdoctors. Published 4 articles and applied for 15 invention patents.

In terms of project undertaking, the division participated in one national key R & D project and one key R & D project 
in Jiangsu Province, and one jointly trained postdoctor, who was supported by the youth project of the Ministry of science 
and technology. 

Additionally, this year, we actively opened testing and analysis services, and developed a number of testing technologies, 
such as "TEM + SIMS + FIB" based on microstructure testing.
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3.15.1 6-inch Free-standing Gallium Nitride 
substrate

The development of gallium nitride semiconductor 
application devices and the nitride semiconductor industry 
need high-quality gallium nitride substrates with lower 
defect density and larger size. Just as the development of 
silicon-based semiconductor technology is inseparable 
from silicon wafers with low defect density and large size.

Mainly cause:
(a) The defect density in gallium nitride free-standing 

substrate is closely related to the reliability and life of 
the device. Only with the further reduction of the defect 
density of gallium nitride substrate, the working life and 
reliability of the device could be further improved.

(b) Large size substrate wafer can increase the usable 
area of each cycle chip, greatly improve the production 
effi  ciency and reduce the cost.

The main research methods and innovations are as 
follows:

(1) Hydrodynamics simulation is adopted to upgrade 
from 2-4-inch equipment to 6-inch equipment. The 
experiment is combined with the improvement of 
simulation cycle, so that the uniformity and stability 
of temperature fi eld and fl ow fi eld of large-scale HVPE 
equipment can meet the growth requirements of 6-inch 
substrate.

(2) Gallium nitride substrate is generally obtained by 
heteroepitaxy on sapphire, but the lattice constant and 
thermal expansion coeffi  cient between sapphire and gallium 
nitride are very diff erent. The gallium nitride substrate is 
subjected to great stress, resulting in bending and cracks of 
the sample. The stress of sapphire and gallium nitride was 
relieved by preparing nano column pattern substrate, and 
the crack free gallium nitride substrate was obtained.

(3) In order to eff ectively separate gallium nitride 
from sapphire, laser lift-off  technology is developed 
to realize the separation of sapphire and gallium nitride 
by ablating the interface between sapphire and gallium 
nitride. At the same time, the self- separation technology 
is developed. By generating a weak connection layer at 
the interface between gallium nitride and sapphire, the 
thermal stress generated in the cooling process acts on the 
weak connection layer, and fi nally the eff ective separation 
of gallium nitride is realized. Combined with the above 

methods, a 6-inch crack free gallium nitride free-standing 
substrate was prepared.

3.15.2 Study of Lateral Growth Regions in 
Ammonothermal C-plane GaN

Bulk, single crystal Gallium Nitride (GaN) crystals are 
essential for enabling high performance GaN devices by 
providing high quality, large, arbitrarily oriented single 
crystal GaN substrates. Due to its merits like growth in 
equilibrium conditions, scalability, the ammonothermal 
method is considered as one promising technology to 
realize industrialized production for bulk GaN fabrication.

In this program, the characteristics of ammonothermal 
GaN single crystals with diff erent polar faces were 
characterized by using self built ammonothermal growth 
system. The main research contents are as follows:

Optical and electrical properties of ammoniated GaN 
with diff erent orientation. The diff erence of impurity 
concentration, carrier concentration and photolumin-
escence spectrum of ammonothermal GaN with diff erent 
orientation were compared. The diff erence between the net 
donor and carrier concentration indicates that there are a 
lot of Ga vacancies and vacancy complexes in the crystal. 

Study of lateral growth regions in ammonothermal 
c-plane GaN. Cathodoluminescence image of cross section 
clearly revealed several diff erent regions along a-direction. 
TOF-SIMS mapping showed the spatial distribution of 
O, H, Si and C impurities in lateral growth regions. In 
addition, molten NaOH / KOH was used to etch c plane 
ammonothermal GaN samples, and the dislocation density 

Fig. 1. 6 inch GaN substrate.
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and dislocation distribution were evaluated. The results 
show that the dislocation density in the lateral growth 
region is much lower than that in the vertical growth 
region. 

By studying the evolution process of lateral growth 
of GaN crystal by ammonothermal method and properly 
cutting the N plane after growth, ammonothermal GaN 
crystal with larger diameter than the original HVPE 
seed crystal can be obtained. Combined with the study 
of dislocation density distribution, it provides an idea 
for us to obtain large-size and very low dislocation 
density ammonothermal GaN in the future.This work 
was published in Journal of Crystal Growth, 556 (2021) 
125987.

3.15.3 Study on Growth Mechanism of GaN 
Grown by Na Flux Method

High-quality GaN bulk single crystal is the best 
substrate for the production of low-loss, high-performance 
GaN-based devices, and its preparation technology has 
become a bottleneck restricting the industrialization 
of nitride-based devices, so it can produce low-cost, 
high-quality bulk single crystal is undoubtedly of great 
signifi cance to GaN-based devices. At present, there 
are four main methods for the production of GaN bulk 
single crystal substrates, HVPE, HNPS, ammonothermal 
method, Na-fl ux method. Na-fl ux method has mild growth 

Fig. 2. Schematic diagram of formation process of lateral growth region. (a) GaN crystal cut from thick c-axis HVPE bulk GaN (b) 
After a series of treatment, HVPE seed with fi llet was obtained. (c) HVPE seed is partially dissolved at the early stage of growth. (d) 
fast-growing facets were gradually extinct and {11-22} plane was exposed. (e) A thick Am-GaN crystal can be obtained after long 
time of continuous ammonothermal growth. (f) Am-seed sliced from red dotted rectangle in as-grown Am-GaN crystal.

conditions, simple equipment and easy scale production to 
grow low-cost, high-quality, large-size, low-defect density 
GaN bulk single crystal. The Na-fl ux method provides 
a way to grow at a relatively mild rate (T<950 oC, P<10 
Mpa) as a growth method in the near thermodynamic 
equilibrium state can obtain high-quality (dislocation 
density to 102-4/cm2), large size (2 inch to 6 inch) GaN 
bulk single crystal, and the current internationally reported 
growth rate of up to 60 μm/h, which provides a feasible 
guarantee for the industrialization of mass production of 
this method. However, the cost of single crystal separation 
of GaN bulk single crystal is now high, so we develop in 
situ self-separation technology for single crystal substrate 
preparation of new exploration attempts. 

By controlling the early growth conditions, the self-
separation is achieved by controlling the growth conditions 
in the early stages of growth, by seed meltback to produce a 
large number of micro-holes under the stress of the cooling 
process, published in Appled Physics Express 14 (2021) 
035501. In addition, nitrogen polar nitride has excellent 
application prospects in device performance improvement, 
and there are fewer researches using fl ux method, the 
mechanism discussion is not in-depth, therefore, we have 
achieved the dislocation density from 106 cm-2 to 105 cm-2 

through the comparative study of the growth behavior of 
Ga and N-polar GaN, as well as the distribution of stress, 
as well as the dislocation reduction mechanism, the article 
was published in Appled  Surface Science .
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3.15.4 Growth of Porous AlN Film on C-face SiC 
by HVPE

Porous nitride semiconductor is a rapidly developing 
research fi eld. It has opened up a series of new properties 
and applications, including optical refl ectors, sensors, 
catalysis, as well as improving material quality. AlN 
have potential applications in power electronic and 
optoelectronic fi elds due to its wide energy bandgap, 
high breakdown voltages, high thermal conductivity, and 
strong resistance to radiation. Hydride vapor phase epitaxy 
(HVPE) is expected to be promising for fabricating AlN 
thick fi lms. Several researchers have attempted to grow 
AlN layers by HVPE using SiC as a starting substrate 
for the preparation of AlN thick fi lms, because SiC has 
good thermal conductivity and chemical stability for high-
temperature application conditions, and the lattice and 
thermal expansion mismatches between AlN and SiC are 
low as well. 

We fi rst report the growth of porous nitride AlN fi lms 
on C-face SiC substrates by hydride vapor phase epitaxy 
(HVPE). The infl uences of growth condition on surface 
morphology, residual strain and crystalline quality of AlN 
fi lms have been investigated. With the increasing of V/III 
ratio, AlN grown on C-face 6H-SiC substrates changed the 
growth mode from step-fl ow to pit-hole morphology. AFM, 
SEM and Raman analysis showed that cracks appeared due 

Fig. 3.  (A-C) Void assisted self-separation mechanism, (D) Growth habit and stress distribution of Ga &N polarity gallium nitride.

to tensile stress in the fi lms with the lowest V/III ratio and 
the highest V/III ratio with a thickness of about 3 microns. 
In contrast, under the medium V/III ratio growth condition, 
the porous fi lm can be obtained. Even when the thickness 
of the porous AlN fi lm is further increased to 8 microns, 
the fi lm remains porous and crack-free, and the crystal 
quality is improved. This discovery may have important 
value for the preparation and application of porous AlN 
materials.

Fig. 4. Shows the AFM images over areas of 2×2 μm2 for the 
porous AlN.
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3.15.5 A Gallium Nitride Carrier Concentration 
Non-contact Automatic Tester

The carrier concentration of gallium nitride single 
crystal wafers is an important indicator of the product. 
But the current common test methods, such as the Hall 
eff ect method, need to make electrodes and have certain 
requirements on the shape of the sample. Therefore, for 
products directly supplied to customers, there is an urgent 
need for non-destructive and fast inspection methods. 
In the Raman spectroscopy of gallium nitride, a certain 
concentration of carriers interacts with the lattice vibration, 
which can form a coupling mode of longitudinal optical 
phonons and carriers, resulting in characteristic pulls 
usually marked as LPP+ and LPP- peaks. By analyzing 
the peak position of the characteristic peak, the change 
of carrier concentration can be estimated. Based on this 
principle and combined with literature research, the Suzhou 
Institute of Nano-tech & nano-bionics and The Nanowin 
company formulated the national standard "GB⁄T 36705-
2018 Gallium Nitride Substrate Carrier Concentration Test 
Raman Spectroscopy" which can be used to get the carrier 
concentration value. This method has become an important 
inspection method for gallium nitride wafer products and 
is widely used in production. 

However, the current use of a general-purpose Raman 
spectrometer for the carrier concentration test of gallium 
nitride wafers requires manual stakeout, manual focus, 
adjustment of the Raman spectrometer parameters, 
acquisition of spectral data, and manual peak position 
calculations. The degree of automation is not high, the 
analysis effi  ciency is low, and it cannot meet the needs 
of large-scale production. In addition, there are too many 
manual operations, so that the repeatability of data cannot 
be eff ectively guaranteed. To this end, this project has 
developed a gallium nitride carrier concentration non-
contact automatic tester, using a customized national 
production Raman spectrometer, and developed a stakeout 
plate adapted to the production line. After placing the 
sample in the stakeout plate, the machine can automatically 
locate the sample position and collect the Raman spectrum 
according to the preset process, automatically fi t the data, 
obtain the carrier concentration, and generate a test report. 
The sample tray can hold 4 pieces of 2 inch pieces, which 
can complete the automatic test of 4 pieces at one time. 

At present, the equipment has been used steadily in the 
production line for more than half a year. The tester greatly 
improves the speed and reliability of gallium nitride wafer 
testing, and provides strong support for gallium nitride 
related industries. In the future, it may be further extended 
to the automated inspection of other third-generation 
semiconductor wafers such as SiC, so it has a wide range of 
applications and promotion values in the third-generation 
semiconductor-related industries.

3.15.6 UV Femtosecond Laser Illuminating GaN 
Nanowires to Enhance Photoluminescence

GaN based lighting-emitting-diodes(LEDs), laser 
diodes(LDs) have been developed into a mature 
optoelectric technology, which nowadays have a variety 
of applications, e.g. in solid-state lighting, traffi  c lights, 
full color display screen and backlights. The focus of 
LED research and development has been shifted towards 
Micro/Nano scale miniaturization, for instance, Mini-
LEDs, Micro-LEDs and Nano-LEDs. High effi  ciency, 
brightness and stability Micro-LEDs/LDs have promising 
application in next-generation display screen, which 
owns large gamut, true color and 3D display techniques. 
Micrometer- or nanometer-scale LEDs have a high surface/
volume ratio, and surface states induce irradiative states, 
external quantum effi  ciencies thus are expected to reduce 
dramatically. To improve performance of GaN Micro/
Nano optoelectric devices is challenging.  

We have studied how to use a femtosecond UV Laser 
illumination to enhance the band-edge photoluminescence 
of GaN nanowires(NWs). The innovation is that ultrafast 

Fig. 5. A gallium nitride carrier concentration non-contact 
automatic tester.
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laser illumination gives rise to non-thermal transition 
of GaN NWs, which consequently results in enhanced 
photoluminescece(PL). We found that GaN PL intensity 
has a quick decrease at fi rst, and then progressive 
increase under continuous UV laser illumination. High 
resoltuion transmission microscopy(HRTEM) reveals 
that it experiences an irreversible disorder of the lattice 
of illuminated GaN NWs. The mechanism lies that the 
femtosecond UV laser excites a large fraction(10% or more) 
of the valence electrons to the conduction band, the pulse 
energy chansfers to electrons in femtosecond time scale 
(~500 fs), which is much shorter than the electron-phonon 

interaction time(~1 ps), leaving the ions completely "cold". 
The exciated electrons modify the interactomic forces, and 
thus result in non-thermal transition in GaN NWs. 

The study that illumination of ultrafast femtosecond 
UV laser enhancs GaN PL will not only be helpful in 
clarifying mechanisms of GaN-based high power LEDs 
in high temporary resolution and high spatial resoltuion, 
but also off er a resolution for enhancing Micro/Nano-
LEDs’effi  ciency.We are applying the patent for the method 
of the ultrafast UV laser improving GaN PLs, meanwhile 
we are preparing our results for an international academic 
journal.

Fig. 6. Illumination of femtosecond UV laser enhances PL of GaN nanowires. (A) The scheme of the pulse illumination on GaN 
NWs, and PL is detected by a spectrometer. (B) and (C) are PL spectra and peak intensity as a function of illumination time. (D-I) 
HRTEM images of GaN NWs without and with femtosecond UV illumination. (D) HRTEM image of GaN NWs without pulse laser 
illumination, (E) the fi ltered image of fast Fourier transformation of (D), and (F) strain map of geometric phase analysis(GPA). (H-I) 
Corresponding HRTEM images of GaN NWs with pulse laser illumination.
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3.16 Technical Support Division

DEPUTY DIVISION HEAD: ZHANG Lei

TECHNICAL STAFF: (19)

TEM Group (3): CUI Jingping, ZHANG Mingjie, HE Suyun
SEM Group (3): DAI Chunli, LI Cuihong, LIANG Yan
X-ray group (5): WANG Shaogang, LI Changji, CHE Xuejing, SONG Biying, Wang Sucheng
Property Group (4): YAO Ge, WEN Jinglong, WANG Yulan, ZHOU Yuduo
Sample Group (4): LIU Xiaoguang, CUI Xueshun, ZHANG Qi, ZHANG Lixiang
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3.16.1 Platform Improvement

The technical support division (TSD) is committed to 
improving capacity and operation level of the backbone 
platform of the SYNL, to foster the basic research at 
material scientifi c frontier and the applied research for 
major problem solving. The new orientation is to develop 
novel technique of material analysis and testing, improve 
independent support ability independently.

Technicians have developed and applied new 
technologies, which have been gradually widely used 
in scientifi c research. With the improvement of FIB 
sample preparation ability, the application fi eld of 
the Kikuchi line diff raction (TKD) in SEM began to 
expand; precession electron diff raction (PED) has made 
remarkable achievements in the characterization of nano 
scale crystal orientation distribution and interface stress 
analysis; Secondary ion mass spectrometry (SIMS) and 
3D reconstruction technology have become the key tools 
for the analysis and characterization of two-dimensional 
materials and functional fi lms; Micro area X-ray 
fl uorescence (µ-XRF) show the advantage of characterizing 
the change of carbon content in steel; Femtosecond laser 
processing was used for micro scale sample preparation 
and microstructure processing, which greatly improves the 
effi  ciency of preparing small samples as well.

We improved the management specifi cation of platform 
instruments sharing usage, and clarify the management 
rules applicable to the internal and external users of SYNL. 
On one hand, the specifi cation ensures the independent 
use rights and interests of authorized users; on the other 

hand it provides a process of eff ective services for other 
shared users. In order to incorporate the training license 
into the management system, taking the TEM training as 
an example, we added a training module in the equipment 
management system. The training level license combined 
with corresponding instrument reservation. We established 
a new cooperation with Liaoning Academy of Analytical 
Sciences, so as to realize complementary capabilities and 
mutual assistance.

3.16.2 Operation and Maintenance

The TSD provided totally 167 thousand hours of 
research and service machine time in 2021, an increase of 
48% over 2020, and 11% over 2019 before the epidemic. 
About 1450 students and researchers were trained, which 
was basically the same as that in 2020. The annual average 
machine hour of electron microscope equipment is 2892 
hours, which is 160% of the standard load of 1800 hours. It 
kept overload operation with high effi  ciency. The scattering 
occurrence of COVID-19 has seriously aff ected the timely 
response of the equipment maintenance engineers. Under 
the condition that the instrument engineers cannot be in 
time, our technical staff  independently solved the problems 
in instrument maintenance. The parts of in-situ loading 
stage and radiographic detectors independently were fi xed 
and adjusted. They restored to operate normally and safely 
with saved maintenance cost.

3.16.3 Facility Plan

The advancement of manufacturing technology 
needs essential and compatible condition from large 
infrastructure with novel material science and technology. 
We proposed a large scale facility with high-energy multi 
ray source for multi-dimensional imaging and analysis. 
In close cooperation with the scientifi c and technological 
bureau of Liaoning provinces and Shenyang cities, the 
facility construction with digitalized requirements has been 
incorporated into the major scientifi c and technological 
tasks. Some high-end users in equipment manufacturing 
industry were asked to have extensive discussion and 
defi ne the objectives and tasks of planning and design. 
Marked by the digital integrated platform of materials 
and manufacturing applications, the device will build an Fig. 1: Cu film sample with designed pattern in micrometer 

processed by femtosecond laser machining.
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all-in-one facility that takes into account the integration 
of material characterization, material manufacturing and 
multi environmental service evaluation for components 
from industry, which can play an important role in 
accelerating the upgrade of material key technologies 
combined with intelligent manufacturing technologies. 
It will boost advanced manufacturing industry with 
improving quality and effi  ciency.

3.16.4 Technique Development 

3.16.4.1 Precession Electron Diff raction Technology
and Application

Precession electron diff raction (PED) in TEM is a 
specialized method to collect electron diff raction patterns 
by rotating a tilted incident electron beam around the 
central axis of the microscope. A PED pattern is formed 
by integration over a collection of diff raction conditions. 
This new technology to weaken the dynamic eff ect of 
electron beam can obtain electron diff raction patterns close 
to kinematic intensity with electron beam spots in several 
nanometers to hundreds of nanometers, which is helpful to 
reveal the spatial and lattice symmetry of real crystals. It is 
especially suitable for grain orientation, phase distribution, 
grain boundary type, twinning, nano texture and internal 
strain analysis of nanocrystals from several nanometers to 

tens of nanometers. This technology has been successfully 
applied to the research and analysis of nanocrystalline 
metals, nano porous metals, nano particle orientation and 
alloy phase boundary stress, and has achieved remarkable 
application results.

3.16.4.2 3D Full-fi eld Interior Deformation Evaluation

Digital volume correlation (DVC) technology 
combined with X-ray 3D imaging is a unique experimental 
measurement technology that can quantitatively analyze 
the 3D full-fi eld mechanical parameters of material 
interior. To study the deformation evolution of the internal 
microstructure of materials in-situ, one can input the 
reference and deformation in 3D volume to calculate the 
displacement vector of the internal characteristic region of 
the sample, and then obtain the 3D strain information. The 
key to the precise measurement is the correct and accurate 
registration of the 3D volumes in diff erent time and space 
domain, so as to determine the optimal balance value for 
high resolution and strain vector accuracy, and eff ectively 
reveal the internal deformation and fracture of materials. 
It can be widely used in the research of internal strain and 
damage of advanced materials such as steel materials, light 
metal materials, ceramics and composites, biomimetic 
architectural materials and nano porous materials.

Fig. 2. Orientation mapping of Cu nanograins characterized by precession electron diff raction.




