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Hierarchical 3D nanolayered Zr‑2.5Nb has high strength, strain hardening and ductility because of the 3D 
α/β‑Zr networks, which is a promising structural material for nuclear reactor. However, excellent thermal 
stability is of great importance for materials service in nuclear reactor. Here, we study thermal stability 
of the hierarchical 3D nanolayered Zr‑2.5Nb. After 1 h annealing at various temperatures below 700 °C, 
α‑Zr layer thickness only has a slightly increase. The hardness, yield strength and uniform elongation of 
the sample remain unchanged. Interface orientation relationship and layer morphology keep stable after 
annealing, indicating high thermal stability. The duplex phase structures coarsen quickly after annealing 
at 1000 °C. An obvious increase in hardness and yield strength was observed when sample annealed at 
300 °C, which relates to the precipitation of ωiso phase in β‑Zr. Controlling the number of ωiso phase is 
likely a strategy to further enhance the strength and ductility of the alloy.

Introduction
Zr-2.5Nb alloys have drawn attention because of a combination 
of low thermal neutron scattering cross-section, high strength 
and good corrosion resistance [1, 2]. As a result, Zr-2.5Nb alloys 
are widely used in the nuclear reactor as pressure vessels and 
fuel claddings [3–5]. Because of ever-increasing demands on 
structural materials for new generation nuclear reactors, vast 
improvements in strength, toughness, radiation tolerance, cor-
rosion resistance are critically needed [1].

Traditional methods used to improve the strength include 
solid solution strengthening [6, 7], dispersion strengthening 
[7, 8], strain hardening [9] and grain refinement [10, 11] etc. 
The common feature in these methods is to introduce various 
defects and boundaries to obstruct dislocation motion [11, 12]. 
The strength of metals can be improved effectively using these 
methods, however, a notable decrease in ductility and toughness 
always occurs [11]. Several reports show that the strength and 
ductility of metallic materials can be simultaneously increased 
via microstructural refinement down to nanoscale [13, 14]. In 
our previous work, a novel hierarchical 3D nanolayered micro-
structure has been developed in Zr-2.5Nb alloy via dynamic 
thermal–mechanical phase transformation (DTMPT) method 
[1]. It is composed of coarse grains filled with microscale colo-
nies, each of which are nanolaminated with numerous α/β-Zr 

phase lamellae. The α-Zr phase has hexagonal close packed 
(HCP) crystal structure with an average layer thickness of 
222 ± 94 nm, while the β-Zr phase is of body centered cubic 
(BCC) structure with average layer thickness of 10 to 20 nm [1]. 
The α/β-Zr duplex interface has a classical Burgers orientation 
relationship  [0001]α//[011]β and ( 

−

1
−

1 20) α //(1 11) β, which is not 
atomically flat but comprised of a series of facets [1]. Moreover, 
the angle between α/β-Zr duplex interface and the prismatic 
plane ( 

−

1 100 ) of α-Zr phase is ~ 10° [1]. Due to strong obstruc-
tion of α/β-Zr interface on dislocations, the hierarchical 3D 
nanolayered biphase Zr alloy exhibits high yield strength, strain 
hardening and toughness [1], making it a promising structural 
material for nuclear reactors. The thermal stability of the alloy 
is of concern because of the cladding tubes in nuclear reactor 
service in the temperature range of 300 °C to 500 °C [15]. How-
ever, in general, poor thermal stability is one of the inherent 
drawbacks in nanostructured metals owing to the amount of 
interfaces [16].

In general, grain growth occurs in nanocrystalline Cu even 
at room temperature [17]. Similarly, the grain size of ultrafine 
grained Cu can be enlarged by an order of magnitude even after 
annealing at 200 °C [18]. The driving force for grain growth 
relate to the size of grain and the boundary energy according 
to the Gibbs–Thomson equation [19], P =

4γ
d

 , where P is the 
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driving force for grain growth, γ is the interface energy and d is 
the grain size. The driving force of grain growth increases with 
the increasing of boundary energy and the decreasing of grain 
size, which are origins for poor thermal stability of nanostruc-
tured metals [17, 20]. Moreover, by diffusive mass transport at 
elevated temperature, polycrystalline multilayers become ther-
mally unstable, because grooves develop at the triple-point junc-
tions, where a grain boundary intersects the bimetal interface 
[21]. As a result, the stability of polycrystalline multilayers is of 
question due to thermal grooving at columnar grain bounda-
ries, which leads to layer pinch-off at elevated temperatures [21]. 
What’s more, the mobility of the boundary and the interface 
structures also affect the grain or phase growth by affecting the 
migration rate of the interface [20]. Because of the low-energy 
bimetal interface, the hardness of nanolaminated Cu/Nb com-
posites with a thickness of 10 nm has a slightly decrease from 
4.13 ± 0.4 GPa to 4.07 ± 0.2 GPa after annealing at 500 °C for 
1 h and the sample maintains layered morphology with flat and 
sharp interfaces. In addition, the layer thicknesses increase by a 
small amount and their distribution broadens slightly, indicat-
ing high thermal stability [22]. Nanotwined Cu also exhibits 
good thermal stability owing to a high fraction of low-energy 
coherent twin boundaries. For instance, the average twin lamel-
lae thickness has a modest increase from 4 to 16 nm as well 
as a broader distribution even annealed at 800 °C for 1 h, and 
the hardness of the as-received nanotwinned Cu films gradually 
decreases from ~ 3.5 GPa to approximately 2.2 GPa after anneal-
ing at 800 °C, which is much slower than the hardness decrease 
of ultra-fined grained and nanocrystalline Cu after annealing 
at 400 °C [18]. Therefore, high thermal stability could achieve 
in interface engineered metals through proper design [22, 23].

Despite the high mechanical strength and excellent tough-
ness of the hierarchical 3D nanolayered Zr-2.5Nb alloy, their 
thermal stability at elevated temperatures remains to be eval-
uated. The faceted interface structure in Zr-2.5Nb will likely 
induce thermal instability [1]. In this study, we investigated the 
thermal stability of the hierarchical 3D nanolayered Zr-2.5Nb 
alloy through annealing experiment, microstructural characteri-
zation and mechanical test. We found that the hierarchical 3D 
nanolayered Zr-2.5Nb is thermally stable till 700 °C.

Results and discussion
Microstructural evolution

Scanning electron microscope (SEM) images of the as-received 
hierarchical 3D nanolayered Zr-2.5Nb and annealed samples 
are shown in Fig. 1. For annealing in the temperature range of 
200 °C—500 °C, the layered morphology remains unchanged. The 
α/β-Zr lamellar interface keeps flat and sharp, and α-Zr lamellae 
do not coarsen. The duplex interface structure changes slightly 

after annealing at 600 °C; α-Zr phase lamellae become thicker 
and the duplex interfaces become diffuse, as shown in Fig. 1f. 
This indicates that only a small amount of phase transition from 
α-Zr phase to β-Zr phase occurs. Part of transformed β-Zr phase 
remained, which makes the duplex boundaries fuzzy. With further 
increasing the annealing temperature to 700 °C, α-Zr phase to 
β-Zr phase transformation becomes more obvious; The original 
β-Zr lamellae still existed and the newly precipitated β-Zr phases 
are partially retained after furnace cooling. Therefore, the β-Zr 
lamellae become discontinuous, while the morphology of α-Zr 
lamellae do not change significantly, as shown in Fig. 1g. Phase 
transition from α-Zr to β-Zr occurs after annealing at 800 °C, 
thus more β-Zr phase remained after cooling, as shown in Fig. 1h. 
Therefore, discontinuous β-Zr lamellae occupy a large fraction 
(Fig. 1h) after annealing at 800 °C. After annealing at 1000 °C for 
1 h, the layered microstructures coarsen obviously. As shown in 
Fig. 1i, α-Zr lamellar thickness increased significantly. According 
to the binary phase diagram, when the annealing temperature 
reaches 1000 °C, Zr-2.5Nb alloy enters β-Zr phase zone and all 
α-Zr phase convert into β-Zr phase. Because no plastic deforma-
tion treatment is carried out before β-Zr to α-Zr phase transfor-
mation during furnace cooling, the number of α-Zr phase nuclea-
tion site is scarce. Thus, most of α-Zr phase nucleated from grain 
boundaries during furnace cooling, which resulting in coarsening 
of α-Zr lamellae. The density of α/β duplex interfaces decreases, 
as a result, the hierarchical 3D nanolayered structure is destroyed 
and transforms into a 2D coarse-layered structure.

The distribution of the lamellar thickness for the as-received 
and the annealed hierarchical 3D nanolayered Zr-2.5Nb are 
shown in Fig. 2. The average thickness of the α-Zr lamellae 
do not increase significantly as the temperature increases for 
annealing below 700 °C. The average thickness of α-Zr lamellae 
has slightly increased from 251 ± 122 nm for as-received speci-
men to 300 ± 129 nm for annealing at 600 °C for 1 h. With fur-
ther increasing the annealing temperature to 700 °C, the average 
thickness of α-Zr lamellae increases modestly to 385 ± 171 nm as 
well as a broader distribution. Moreover, the average thickness 
of α-Zr lamellae increases rapidly to 611 ± 231 nm after anneal-
ing at 800 °C for 1 h. Notably, the thickness of α-Zr lamellae 
increases to 890 ± 576 nm after annealing at 1000 °C for 1 h, 
which is even higher than a previous 2D coarse-layered Zr-
2.5Nb (589 ± 227 nm) [1]. The previous 2D coarse-layered alloy 
is prepared via annealing at 1000 °C for 15 min followed by air 
cooling to room temperature [1], while the 1000 °C annealing 
of the hierarchical 3D nanolayered Zr-2.5Nb lasts for 1 h. The 
increased annealing time at β phase zone leads to larger β-Zr 
grain size or reduced grain boundary density, as a result, there 
are low density of α-Zr nucleation sites. Moreover, the furnace 
cooling of 1000 °C annealed hierarchical 3D nanolayered Zr-
2.5Nb make the β-Zr to α-Zr phase transformation slower, and 
the growth time of α-Zr lamellae longer. Hence higher average 



Invited Paper

© The Author(s), under exclusive licence to The Materials Research Society 2021 

 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 V
ol

um
e 

36
 

 I
ss

ue
 1

3 
 J

ul
y 

 2
02

1 
 w

w
w

.m
rs

.o
rg

/jm
r

2632

Invited Paper

Figure 1:  SEM images of hierarchical 3D nanolayered Zr-2.5Nb: (a) As-received sample and specimens annealed at (b) 200 °C, (c) 300 °C, (d) 400 °C, (e) 
500 °C, (f ) 600 °C, (g) 700 °C, (h) 800 °C and (i) 1000 °C for 1 h.

Figure 2:  Statistical distributions of α-Zr layer thickness in (a) As-received sample and specimens annealed at (b) 300 °C, (c) 600 °C, (d) 700 °C, (e) 1000 °C 
for 1 h. (f ) Variation of α-Zr layer thickness with annealing temperature.
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layer thickness of α-Zr lamellae after annealed at 1000 °C than 
that of previous 2D coarse layered alloy [1]. Furthermore, unlike 
traditional metallic multilayer with several nano-scale grain or 
grain boundaries inside a single layer, there is no groove forms 
at α/β-Zr interface, due to the lack of grain boundaries inside 
a single α-Zr or β-Zr layer, resulting in the unchanged α/β 
lamellar morphology [1]. The statistics of layer thickness show 
that a remarkable thermal stability of hierarchical 3D nanolay-
ered Zr-2.5Nb below 700 °C. Even at temperatures close to the 
monotectoid reaction temperature of 610 °C [24], no significant 
coarsening of α-Zr lamellae was discerned according to SEM 
observations.

Figure 3 shows the XRD patterns of the as-received and the 
annealed specimens. Two types of diffraction peaks are identi-
fied in the as-received specimen, such as α-Zr and β-Zr phases, 
respectively. For annealing at 300 °C, a new diffraction peak for 
ω phase at 2θ of 59° can be detected, as highlighted in Fig. 3b. 
Two kinds of ω phase can be obtained either by rapidly quench-
ing from the β-phase region (athermal ω phase, ωath) or prod-
uct of thermally activated β-phase decomposition (isothermal 
ω phase, ωiso) in Zr-2.5Nb alloy [11, 25–27]. Crystal structure 
of the ω phase is either hexagonal with space group of P6/mmm 
or trigonal with space group of P 

−

3 m1, depending on the sol-
ute concentration [28]. The orientation relationship is (111)β//
(0001)ω and [ 1

−

1 0]β//[1
−

2 10]ω for athermal and isothermal ω 
phase [29, 30]. The athermal β → ω transformation is displacive, 
diffusionless of the first-order, and thus the obtained ω phase has 
a composition very close to that of the β-Zr phase. The athermal 
ω phase are very fine (< 5 nm) and it is difficult to assign any 
well-developed geometrical shape for these particles which tend 

to align along <111> β [28, 29]. The thermally activated β → ω 
transformation is accompanied by solute redistribution. The 
solute lean regions of β-Zr phase are eventually transformed 
to the ωiso phase [25, 30, 31]. The shapes of ωiso phase have two 
types of morphologies, ellipsoidal and cubic [32]. According to 
these characteristics, the ω phase here is ωiso phase which pre-
cipitated during the annealing process [11, 25–33]. Almost no 
diffraction peak of ωiso phase was detected for annealing in the 
range of 400–1000 °C, which suggests the dissolution of ω phase 
take place with further increasing of the annealing temperature.

Lamellar structure evolution

Transmission electron microscope (TEM) images and the cor-
responding selected diffraction patterns of the as-received and 
the annealed specimens are shown in Fig. 4. The α-Zr lamellae 
and β-Zr lamellae stack alternately. According to the diffraction 
pattern in Fig. 4a, the α/β-Zr interface has a Burgers orienta-
tion relationship  [0001]α//[011]β and ( 

−

1
−

1 20)α//(1
−

1 1)β for the 
as-received specimen. Moreover, part of β-Zr lamellae are not 
quite flat, but rather intermittent which is different from SEM 
observations in Fig. 1a. During air cooling process in DTMPT, 
different β-Zr lamellae touch or connect to each other, but a 
small amount of β-Zr phase transform to α-Zr phase occurs 
at the junctions is likely responsible for the intermittent β-Zr 
lamellae. There is some ωiso phase precipitated from the sol-
ute lean regions of β-Zr phase according to the XRD charac-
terization for specimen annealed at 300 °C for 1 h. In Fig. 4b, 
both α-Zr lamellae and β-Zr lamellae did not coarsen signifi-
cantly. Meanwhile, no ωiso precipitation can be observed in the 
nanoscale β-Zr lamellae likely due to weak diffraction signal 

Figure 3:  XRD patterns of hierarchical 3D nanolayered Zr-2.5Nb annealed at various temperatures for 1 h: (a) Full range of XRD patterns; (b) Enlarged 
XRD pattern for specimen annealed at 300 °C.
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from ωiso phase in a single layered β-Zr. Moreover, the amount 
of ωiso phase is low and their size is too small to be detected in 
the nanoscale β-Zr lamellae.

As shown in Fig. 4c and d, after annealing at 600 °C and 
700 °C, the thickness of α-Zr lamellae increased obviously and 
the coarsening of β-Zr lamellae indicated that α → β phase trans-
formation has happened because part of transformed β-Zr phase 
retained during the subsequent cooling, which is consistent with 
the SEM observations. The morphology of β-Zr lamellae did not 
change significantly, which still join with different β-Zr lamel-
lae. According to the diffraction pattern, the α/β-Zr phases still 
have the Burgers orientation relationship. The angle between 
the interface and the ( 

−

1 100 ) plane of α-Zr phase is still around 
10° after annealing, comparable to the as-received sample [1]. 
In addition, there is no grain boundary exist in either α-Zr or 

β-Zr lamellae because the internal orientation of each lamella 
is consistent, which is different from the nanolayered Cu/Nb 
films fabricated by magnetron sputtering [24] and accumulative 
rolling bonding [22], or duplex Zr-2.5Nb manufactured by hot-
rolled deforming at α + β duplex zone [27]. As a result, no groove 
is observed in α/β-Zr lamellae, resulting in the thermal stability 
of α/β-Zr duplex lamellae. These observations indicate that the 
duplex microstructures are stable up to 700 °C, which show the 
hierarchical 3D nanolayered Zr-2.5Nb has good thermal stabil-
ity in a wide temperature range.

Mechanical properties

Figure 5 and Table 1 show the variation of micro-Vickers hard-
ness of specimens annealed at different conditions. The micro-
Vickers hardness firstly decreases from the original value of 213 
HV to 210 HV after annealing at 200 °C, and then increases to 
the highest value of 226 HV at 300 °C. Finally, the hardness 
decreases to 192 HV after annealing at 1000 °C. Moreover, the 
hardness is slightly lower for annealing at 300 °C for 10 h (218 
HV) than that of 1 h (226 HV). The decrease of hardness is 
related to the decrease of dislocation density in α-Zr lamellae. 
The precipitation of ωiso particles are origin for the increase of 
hardness after annealing at 300 °C although the dislocation den-
sity maybe decreased after annealing. The volume fraction of the 
ωiso phase forming in the β-Zr matrix is a function of the reac-
tion time, it will increase first and then decrease which depends 
on the diffusion controlled partitioning of the solute between 
solute lean and solute rich β-Zr regions [8, 30]. Therefore, with 
further annealing, ωiso phase dissolves continuously, which 
decreases the hardness of sample annealed at 300 °C for 10 h. 
For annealing at 1000 °C, α-Zr lamellae coarsen significantly, 
colonies disappear, and dislocation density decreases, all of these 
factors cause lower hardness. In addition, the microstructural 

Figure 4:  TEM micrographs and selected area diffraction pattern of (a) As-received sample and specimens annealed at (b) 300 °C, (c) 600 °C and (d) 
700 °C for 1 h.

Figure 5:  Hardness variation of hierarchical 3D nanolayered Zr-2.5Nb 
annealed at different conditions.
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transformation from 3D to 2D due to the spatial interface rear-
rangement. The heterogeneous microstructures induce a larger 
error bar in hardness in Fig. 5. 

Tensile engineering stress–strain curves of the as-received 
sample and specimens annealed at 300 °C, 700 °C and 1000 °C 
for 1 h are displayed in Fig. 6 and summarized in Table 2. After 
annealing at 300 °C for 1 h, the yield strength and the ultimate 
tensile strength increase slightly from 428 MPa and 533 MPa 
to 435 MPa and 540 MPa, respectively. The uniform elongation 
also increases from 8.39% to 9.36%. It means a small amount of 
ωiso phase increases the strength and ductility simultaneously. 
Slip transmission of dislocations along (10

−

1 0) α-(0
−

1 1) β occur 
at the later stage of uniform deformation in the as-received 
nanolayered Zr-2.5Nb alloy [1], which means dislocations could 
cut through the β-Zr lamellae. In contrast, precipitation of ωiso 
phase after annealing at 300 °C prevents dislocations cutting 
through the β-Zr lamellae, which strengthens the nanolayered 
duplex Zr-2.5Nb alloy and leads to the dislocations pile-up at 
interfaces. Therefore, precipitation of ωiso phase enhances the 
strain hardening rate, yield strength and uniform elongation 
simultaneously. Moreover, the internal stress will reduce as 
dislocation density decreases. Thus, the specimen annealed at 
300 °C for 1 h also has improved ductility. When the specimen is 
annealed at 700 °C for 1 h, the yield strength and ultimate tensile 
strength decrease to 385 MPa and 500 MPa, respectively. The 
uniform elongation evolution is inverse to the strength, which 
slightly increases to 9.94%, and comparable to the as-received 
specimen. With further increasing the annealing temperature 

to 1000 °C, the yield strength and tensile strength significantly 
decrease to 362 MPa and 481 MPa, respectively. The uniform 
elongation slightly increases to 9.08%. The coarsening of the 
α-Zr lamellae, resulting in the decrease of the α/β-Zr duplex 
interfaces, which makes the motion of dislocations easier. In 
addition, the disappearance of the 3D colonies as well as the 
decreasing of dislocation density lead to lower yield strength in 
these samples. In general, the strength of the annealed samples 
although decrease but less than 16% compared to the as-received 
specimens, displaying a good mechanical stability after high 
temperature annealing. 

The fracture surface of the as-received and the annealed 
specimens are shown in Fig. 7. All samples display a typical 
ductile fracture mode. High density of dimples are produced. 
The ductile fracture consists of three distinct stages: micro-voids 
nucleation where the severe ductile deformation occurred in the 
first stage, micro-voids growth with the continuous action of the 
stress in the second stage, and then micro-voids coalesce into 

TABLe 1:  Micro-Vickers hardness of hierarchical 3D nanolayered Zr-2.5Nb annealed at different conditions.

Temperature (°C) RT 200 300 400 500 600 700 800 1000

Time (h) – 1 1 10 1 1 1 1 1 1

Hardness/HV 213 ± 8 210 ± 7 226 ± 4 218 ± 11 216 ± 5 203 ± 13 200 ± 9 195 ± 9 185 ± 9 192 ± 18

Figure 6:  Tensile properties of hierarchical 3D nanolayered Zr-2.5Nb annealed at different temperatures (a) Engineering stress–strain curves; (b) 
Variation of strength and elongation with annealing temperature.

TABLe 2:  Tensile properties of hierarchical 3D nanolayered Zr-2.5Nb alloy 
annealed at different temperatures.

Temperature (°C) σ0.2 (MPa) σb (MPa) δu (%)

As-received 428.34 533.69 8.39

300 435.28 540.45 9.36

700 385.53 500.89 9.94

1000 362.93 481.21 9.08
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crack [34, 35]. According to Table 2, the ductility of the annealed 
specimens remain unchanged. Micro voids can preferentially 
nucleate at α/β-Zr duplex interface, and the morphology of dim-
ples are related to colonies in each grain. As shown in Fig. 7a–c, 
the size and depth of dimples are same in the as-received sam-
ple and specimens annealed at 300 °C and 700 °C due to the 
unchanged size of colonies. However, the size and depth of dim-
ples increase obviously in sample annealed at 1000 °C for 1 h as 
a result of significantly increased area of colonies. The variation 
in size of dimples reflect the hierarchical 3D microstructures 
remaining stable until 700 °C, and gradually transform into 
coarse 2D layered microstructures after annealing at 1000 °C.

Conclusions
In this paper, the microstructural stability and corresponding 
mechanical properties of the hierarchical 3D nanolayered Zr-
2.5Nb alloy annealed at different conditions were investigated. 
Main findings are as following:

(1) Hierarchical 3D nanolayered Zr-2.5Nb has good 
thermal stability till 700 °C. Layered thickness and 
morphology remain unchanged. The α-Zr and β-Zr 
phases still maintain the classical Burgers orientation 
relationship below 700 °C.

(2) Once annealing temperature higher than 700 °C, the 
thickness of duplex lamellae increases significantly, and 

β-Zr lamellae become intermittent. The coarsening of 
layered structure leads to significant decrease of hard-
ness and strength.

(3) A certain amount of ωiso phase with a faint diffrac-
tion peak precipitated from the β-Zr lamellae when 
annealed at 300 °C for 1 h. Strength and ductility of 
sample are enhanced due to a small amount of ωiso 
phase.

Experimental methods
Hierarchical 3D nanolayered Zr-2.5Nb alloy was fabricated 
using a DTMPT method [1]. Specimens for microstructural 
observations were annealed at 200 °C, 300 °C, 400 °C, 500 °C, 
600 °C, 700 °C, 800 ºC, 1000 °C for 1 h and 300 °C for 10 h 
using a tube furnace with a vacuum of 1.3 × 10–4 Pa. Microstruc-
tural characterization was performed using scanning electron 
microscope (SEM, Hitachi SU6600) and transmission electron 
microscope (TEM, FEG JEOL 2100F), respectively. Samples for 
SEM observation were first polished and then etched using a 
mixture of 10 vol.% hydrofluoric acid, 40 vol.% nitric acid and 
50 vol.% distilled water. Thin foils for TEM observation were 
first ground to a thickness of approximately 50 μm and then 
further thinned by twin-jet polishing in a solution of 10 vol.% 
perchloric acid and 90 vol.% ethanol under an operation volt-
age of 25 V at − 40 °C. X-ray diffraction (XRD) profiles were 

Figure 7:  Tensile fracture morphology of hierarchical 3D nanolayered Zr-2.5Nb: (a) As-received sample; Specimen annealed at (b) 300 °C, (c) 700 °C and 
(d) 1000 °C for 1 h.
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collected for each annealed specimen using a Bruker diffractom-
eter with Cu Kα radiation. The diffraction profiles were obtained 
by varying 2θ from 30° to 80° with a step scan of 0.02° and the 
time spent collecting the data per step was 0.1 s. Micro-Vickers 
hardness was measured at room temperature under a load of 
200 gf and holding for 10 s after the samples were polished. 
At least 10 valid spots were tested on each sample. Specimens 
for tensile tests were cut into dog-bone samples with size of 
14 mm (length) × 3.2 mm (width) × 1.16 mm (thickness) by an 
electric spark cutting machine. Quasi-static tensile tests were 
performed at room temperature with a constant displacement 
rate of 0.84 mm/min, corresponding to an initial strain rate of 
1 × 10–3/s using an MTS tensile machine with an extensometer. 
More than 3 tests were repeated for each type of sample. The 
fracture surface morphologies of specimens were observed using 
SEM to characterize the fracture mode.
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