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Research Advances of Typical Two Dimensional Layered
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Abstract:

Thermoelectric technologies have caught our intense attention due to their ability of heat conversion into electricity. The considerable
efforts have been taken to develop and enhance thermoelectric properties of materials over the past several decades. Recently, two-
dimensional layered materials are making the promise for potential applications of thermoelectric devices because of the excellent
physical and structural properties. Here, a comprehensive coverage about recent progresses in thermoelectric properties of typical two
dimensional (2D) layered materials, including the theoretical and experimental results, is provided. Moreover, the potential applications
of 2D thermoelectric materials are also involved. These results indicate that the development of 2D thermoelectric materials take a key
role in the flexible electronic devices with thermoelectric technologies.

Keywords: thermoelectric properties; transport properties; 2D layered materials; figure of merit, first-principle calculations

1 Introduction the power factor and reduce the thermal conductivity. In
the TE materials family there are a lot of candidates which
have been reported to achieve an obvious enhancement for
the value of ZT"'2. Among these kinds of strategies, low-
dimensional material system has become a focus with the
development of the nanotechnologies and has been applied
to the thermoelectrics. Moreover, TE devices on the basis
of flexible materials with large size have shown the great
potential with the rapid emergence of the concept of the
"Internet of Things (IoT)""¥], especially in flexible wearable
devices. It has many advantages, such as long lifetime and
maintenance-free. In addition, the devices of TE energy
conversion don’t give rise to the vibrations or noises, while
they are suitable at moderate temperatures!™. Thus, TE
properties of low-dimensional materials have attracted
much attention!*'¢.

To date, the research of TE materials has shown the
prominent progress with the enhancement of ZT value,
due to the inspirations by the design of low-dimensional

he ol } 4 ; ; fth structures, mainly two-dimensional (2D) structures for
on the electronic structure and carrier concentration of the TE proposed in 1990s"7). The core idea behind with low-

materials. There are usually two approaches to improve
the TE performance. One way is to decrease the thermal
conductivities x,and «, and the other is to increase the
power factor §%. In the past few decades, the TE field has
made great progress, including various strategies to increase

Thermoelectric (TE) conversion technology, which is a
kind of green energy technology and can convert waste heat
into electricity, has been considered to be an alternative for
relieving energy shortage. TE devices have been used in
different directions, including solid state cooling and deep
space exploration!"?, and also shown the high potential
in other areas, such as sensors and power generators®®.
These make TE materials a kind of important compounds
which support the development of sustainable energies and
technologies with high efficiency. The performance of TE
materials usually is characterized by the figure of merit ZT
which is a dimensionless parameter and expressed as'®,
ZT=S80T/x, where § is the Seebeck coeflicient and o is the
electrical conductivity. ¥ presents the thermal conductivity
and T 'is the abbreviation of absolute temperature. There are
two parts for the thermal conductivity x which are including
the electronic (x) and lattice contributions (k). These
parameters are coupled to each other and strongly depend

dimensional structures to enhance the TE performance
is to introduce the dramatic differences in the electronic
density of states (DOS) near the Fermi level. In this way, the
electrical conductivity, thermal conductivity and Seebeck
coefficient can be modulated quasi-independently by

Copyright © 2020 by author(s) and Viser Technology Pte. Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http:/creativecommons.orgllicenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any
medium, provided the original work is properly cited.



quantum-confinement effects from three-dimensional to
two-dimensional®. With the development of preparation
technologies, A series of 2D materials have been fabricated
successfully 2. Tt is possible to develop new low-
dimensional TE materials from the perspective of two-
dimensional materials.

Initially, the research on 2D TE materials was mainly
focused on quantum well and super-lattice thin film
materials®?!, such as GaAs/AlAs, Bi Te,/Sb Te, and
SrTiO,/SrTi  Nb ,O,. To date, although there have been
some summaries on the related researches about 2D TE
materials and the progress of the TE devices based on 2D
materials!"*1> 3, an interesting review about new layered
2D materials with different structure types for the potential
applications in TE field is still missing. In this short review,
we are focused on the progress in the new 2D thermoelectric
materials theoretically and experimentally, such as group
IV-VI layered materials, III-VI layered materials, group
IV-V compounds and transition metal dichalcogenides
(TMDs). We review the new TE properties in these types of
2D structures and also provide some insight for designing
the new layered TE materials in the future.

2 TE Properties of typical 2D TE Materials

2.1 Group IV-VI two-dimensional layered materials

As a typical one of layered group IV-VI materials, SnSe
with the special atomic structure has the excellent
electronic transport and thus has attracted wide attention.
It possesses a orthorhombic structure with layered atomic
arrangement under space group of Pnmal®. In figurela, its
structure is along the b-axis in the perspective view. Due

to this special layered structure, the carriers' mobilities
are highly anisotropic along different transport directions.
As depicted in figure 1b, the carrier's mobility at room
temperature is 250 cm? V's™ along the b-axis. This value
is 10 times as high as that of g-axis which is outside the
plane. Due to the folded plane, the mobility of carrier along
c-axis is also obvious different, compared with that along
the g-axis. On account of the lone electron pairs of the Sn**
atoms, SnSe also exhibits ultralow thermal conductivity
of 0.34 W m K' at 773 K along the b-axis. Combined
superior mobility and ultralow thermal conductivity,
the SnSe shows a high ZT value along b-axis at 773K for
p-type which is 2.3, as shown in figurelc. This value is a
higher value among the recent experimental reports in
the published literatures. Moreover, because of the layers'
weak van der Waals interaction, the single-layer with in-
layer strong covalent bonds can be fabricated from the bulk
SnSe. The cleavage energy for splitting layers is about 200
meV/atom theoretically®™®!. The calculation results show
that the single-layer SnSe is with an energy gap of 1.28 eV
and possesses the thermodynamic stability® .. It has been
reported that the ZT value of single-layer SnSe at 773 K
could reach to 3.27. Furthermore, it has been demonstrated
that SnSe with orthorhombic Pnma symmetry (denoted as
a-SnSe) has a phase transition at 796 K and becomes to be
the -SnSe with orthorhombic structure under space group
Cmcem®). These suggested that the new phases may be
realized by changing growth temperature. Since then, the
electronic and TE properties of many potential new phases
(the polymorph structures of SnSe are shown in figureld)
have been researched®”. The theoretical results show that the
B-SnSe phase has a ZT value of 2.06 at room temperaturel®”.
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Figure 1 (a) Crystal structure of SnSe. (b) R, /p (p, electrical resistivity) of SnSe along different axial directions. (c) ZT
values of SnSe along different directions. Reproduced with permission from ref. 21. Copyright 2014, NPG. (d) Geometric
structures of a-, -, y-, 8- and e-SnSe monolayers. Gray atoms denote Sn atoms and yellow atoms denote Se atoms. (e) ZT
values of different monolayer SnSe phases at 300 K. Reproduced with permission from ref.37. Copyright 2017, RSC.




These results above have sparked interest in exploring
other group IV-VI two-dimensional materials®?, such
as GeSe, SnS, GeS, SnS,, SnSe,, SiS and SiSe. Theoretical
calculations have revealed that group IV-VI compounds
with folded structure could exhibit high Seebeck
coeficient, relative low thermal conductivity and had the
potential toward TE applications*?. The thermal transport
property of group IV-VI single-layer materials (GeS, GeSe,
SnS and SnSe) has been investigated by first-principles
calculations!*. The average thermal conductivity calculated
is 6.38 Wm'K", 5.23Wm"'K", 3.08 Wm'K" and 2.77 Wm
'K, respectively. Among these IV-VI materials studied,
GeS has the largest Seebeck coefficient (2810 VK™) at room
temperature!!. Compared with their bulk materials, the
optimal ZT values of single-layer GeSe, GeS and SnS are
high and 1.99, 1.85 and 1.88, respectively. Therefore, these
materials are expected to have the potential applications in
TE devices. In addition, as typical group IV-VI materials,
SiSe and SiS possess high Seebeck coefficient arising from
the sharp DOS near Fermi level*!. The calculation results
about the power factor indicate that the peak values of the
p-type and n-type are 16 mWm?K? and 11 mWm?K?,
respectively. these values are similar to the experimental
report on the state-of-the-art material SnSe with the
layered structurel®”..

2.2 Group III-VI two-dimensional layered materials

As the potential TE materials, the compounds which
belong to III-VI group have aroused much attention
during the past few years. These materials, including
InSe, GaSe, GaS and TL,O, have been extensively studied
in the TE field*). Taking InSe as an example, with the
stoichiometric ratio of 1:1, it has the typical structure of
group III-VI layered materials shown in figure 2a. It has
been also noticed that In-Se system is complex and there
are other different stoichiometric ratios'**, such as In Se,"),
In Se,*, InSe®", In Se F?land In,Se,”). In addition, with
the same stoichiometric ratio, different phases and crystal
structures may coexist. Geim et al.®¥ reported that the
carrier's mobility of the thin InSe was very high. It exceeds
10° cm*V'is! at RT and is about 10* cm?V''s? at liquid-
helium temperature. Moreover, experimental studies show
that the thermal conductivity of bulk In,Se, . is very low
along the b-c plane (1.2 Wm'K™" at 300 K), and it decreases
with increasing temperature (0.74 Wm?K™! at 705 K)**..
Based on the analysis of the electronic structure of III-
VI compounds with single-layer and multi-layer, it is found
that the valence band of these materials have a “Mexican
hat” dispersion®**), which can increase the density of
states near the band edge (as seen in figure 2b), and further
increases the Seebeck coefficient. Single- and multi-layer
materials of InSe, GaSe and GaS have been successfully
fabricated experimentally®®*l, Subsequently, the electronic
and TE properties of these materials from single-layer
to multi-layer have been researched extensively. The
results show that the power factor increases, following
the material's thickness decreases®®). As an example,
the maximum power factor of single-layer InSe reaches to

16 mWm?K?2 The TE performance of single-layer InSe
has been also investigated theoretically through using
mechanical strain. Under the strain, the energy bands will
converge and thus lead to an increase of power factor,
while the thermal conductivity is also found to decrease .

Some works have revealed that the sharp conduction
band edge with high DOS due to the quantum confinement
could lead to the enhancement of the Seebeck coefficient!”).
The DOS and the information of electronic wave functions
at conduction band maximum CBM for 9-layers and
36-layers InSe films are shown in figure 2c. With the
combination of theoretical simulations and experimental
tests, it is found that the power factor is increased obviously,
by following the thickness of InSe sample decreases,
especially less than the thermal wavelength (seen in figure
2d). This may provide a guideline for further optimizing
the TE properties of 2D layered structures.

2.3 Group IV-V two-dimensional layered materials

With the emergence of group IV and group V 2D layered
materials, including graphene, silicene, germanene,
phosphorene and antimonene, group IV-V 2D compound
materials have been also explored®7”. Group IV-V
compounds are known to form the layered structures. A few
structures have been synthesized at high pressure”, such
as SiP, SiAs, GeAs and GeP. The layered crystal structure
with space group C2/m is shown in figure 3a.

As a typical one, GeAs with anisotropic atomic
structure has demonstrated highly anisotropic properties
of transport 2. As shown in figure 3b, the resistivity
perpendicular to the layers is very high due to large distance
of layers with weak coupling. It is 2 orders of magnitude
higher than that along the layers at 300 K. The TE properties
of Sn-doped GeAs have been studied. The results revealed
that at high temperature, Sn-doped GeAs exhibited superior
transport properties, compared to the pristine GeAs. It has
shown that Sn-doped GeAs possesses a remarkable ZT with
a maximum of 0.35 at 660 K (as shown in figure 3¢)"?. On
the Ge-As phase diagram, there are another compound
GeAs, with an orthorhombic crystal structure (in figure
3d). 1t exhibits the strong interlayer coupling due to its
special stacking of layers with small layers' spacing along
vertical direction (about 1 A). The power factor of the
n-type GeAs, along the b-axis can reach to 4.2 mW/mK?.
This are comparable to the value (4 mW/mK?) of SnSe "4,
Monolayer GeAs, has complex bonding characteristic, and
this is similar to the structural characteristic of SnSe. The
calculated in-plane lattice thermal conductivities is 0.68
Wm 'K along the g-axis and 6.03 Wm'K" along c-axis at
RT, respectively”. These research achievements suggest
that the group IV-V compound materials are the promising
candidates for environmentally friendly TE applications.

2.4 TMD materials

It has been well known, TMDs are with typical layered
stacking and the coupling of layers is by van der Waals
interaction. For the singer layer, there are usually two
different structural types. One is the hexagonal structure
(H-phase). The typical materials include Mo and W based
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Figure 2 (a) Crystal structure of InSe. Reproduced with permission from ref. 67. Copyright 2018, ACS. (b)
Comparison of a parabolic and Mexican hat dispersion and density of states of both. Reproduced with permission from
ref. 59. Copyright 2019, APS. (c) Total density of states and planar-averaged squared magnitude of wave functions (which
are from the states of conduction band maximum and plotted along the direction perpendicular to layers) of 9-layers
and 36-layers InSe films (upper panel), (lower panel). (d) Power factor as functions of films' thickness with quantum
confinement effect (h /§) for the different carrier concentrations. (h is for quantum confinement of length, and  is for

heat wavelength). Reproduced with permission from ref. 67. Copyright 2018, ACS.
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dichalcogenides, such as MX, (M=Mo, W, and X=§, Se, Te).
The other one is the 1T-CdI, type with trigonal structure/”/.
In both structures, single layer of metal atoms is sandwiched
between two chalcogen layers. Hexagonal structure is
shown in figure 4a. They have been widely explored in
various fields, such as electronics and optoelectronics, due
to their diverse physical and chemical properties””. TMDs
have been also researched as candidate materials for TE
devices because of their high Seebeck coeflicients and low
thermal conductivities”s*2,

The TE properties of 2D TMDs, such as MoS,
have been studied by both theoretical calculations and
experimental works. The electronic structure has a
significant layered effect for TMDs. For an example,
their indirect band gap in multi-layers and bulk changes
into direct band gap in their monolayer limit®}. The
band structure exhibits obvious changes by following
the increase of atomic layer's number from monolayer to
multilayer®®. The TE transport properties of few-layer
MoS, have been reported®. As shown in figure 4b and 4c,
the electrical conductivities, Seebeck coeflicient and power
factor have been measured®”). The power factor increases
correspondingly, by following the increase of applied gate
voltage V_on account of increasing electrical conductivity.
Apparentfy, the device with double layer MoS, has a large
effective mobility of 64 cm?V''s! with a maximum power
factor of 8.5 mWm'K at RT. The value of power factor is
the highest one among that measured in semiconducting
TMDs as the TE materials. The enhancement of transport
performance is not only due to the quantum-confinement
effect but also due to their valley degeneracies and large
effective masses. Similar behavior was also found in other
TMDs, such as MoSe,, WS, and WSe, [#5#,

The 2D materials, such as TiX,, Zr X, and HfX,
are typically with CdI, type. They have attracted
much attention because of their lower lattice thermal
conductivity than those of W and Mo based TMDs. The
lower thermal conductivity is originated mainly from the
strong hybridization between low lying optical phonon
modes and acoustic phonon modes”!. For instance,
the theoretical calculation results indicate that the lattice
thermal conductivity at RT are 1.2 Wm™K" for ZrSe, and
1.8 Wm'K" for HfSe,, which is lower than those values
of MoS -type monolayers” *>**l and comparable to those
of some popular bulk TE materials, such as Bi,Te,”" and
PbTell.

Recently, another «class highly desirable 2D
material has been theoretically predicated and explored
experimentally®®1%l. They are formed by the combination
of chalcogens and noble metals, such as Pt and Pd. They
have usually bulked or puckered pentagonal structure
with low symmetry. Oyedele et al. has been exfoliated
monolayer PdSe, from its bulk crystals'®®.. This typical 2D
noble transition metal dichalcogenide monolayer with a
puckered morphology is air-stable. The theoretical results
demonstrate that the mobility of holes can reach 1929
cm’V's! for monolayer PdSe,. It possesses the lower lattice
thermal conductivity of 3.7 Wm'K'0%), which is much

lower than that of MoS,. It indicates that PdSe, monolayer
could have a quite potential for TE applications. Recently,
a novel Pd Se, monolayer phase, which is reconstructed
from a few layers of PdSe, by the interlayer fusion, has
been reported experimentally!®. Figure 4d shows the
experimental TEM image with atomic resolution (grey) of
the monolayer and correspondingly theoretical TEM image
by the simulation. The ultralow lattice thermal conductivity
has been found in Pd,Se, monolayer. Theoretical analysis
reveals that in the region of low frequency a strong
hybridization is between [Se,]* ion and Pd*, as verified
by the phonon DOS in figure 412, Thus, it is proposed
that the low thermal conductivity is due to the softening of
phonon modes and the anharmonicity between covalently
bonded [Se,]*. The lattice thermal conductivity of Pd,Se, is
calculated and is about 2 Wm™K™. This small value is 90,
27, and 6 times lower than that of MoS,"*), WSe ), and
TiS, """, respectively.

3 Potential applications of two-dimensional
thermoelectric materials

Traditionally, TE materials are mainly used as TE power
generation and TE refrigeration. The TE generator can be
applied in the TE power station with the long distance and
unmanned maintenance, such as in man-made satellite.
They can be applied in the low-grade TE generation,
such as industrial waste heat, waste heat in our daily life
and heats from vehicle exhaust. TE materials with the
characteristics of both cooling and heating can control
easily the temperature timing and are used to provide the
constant temperature environment for different systems,
such as electronic computers, cameras with CCD and
communication devices. They are also used as the sensors
and temperature controllers with extensive applications
in microelectronic systems and devices. Here, we won’t
discuss these traditional applications in details. Following
the device miniaturization, TE materials will expand their
applications in other potential areas further. Especially,
two-dimensional TE materials have wide application
prospect in wearable/flexible systems.

With the recent appearing of the IoT era, and the wide
range use of microelectronic devices by that people can
communicate with each other at anytime and anywhere,
the research of wearable electronic systems is growing.
However, it still remains a problem for the power supplies
of wearables. At present, batteries can power these wearable
devices. But the frequent recharging and replacement are
unavoidable problems. To solve this issue, one of most
effective strategy is to integrate self-powered system with
wearable electronic devices. Here, the energy conversion
by TE effect on basis of large-area flexible materials
is expected to serve as the energy harvester with self-
powered way. This has received large attention because of
its advantages!'®*1%. For examples, the heat energy from
body may be enough and the long lifetime prevents them
from frequent replacement. In addition, the TE conversion
process don’t create any noise'.
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Originally, the TE generator consisting of bulk Bi,Te,
and Sb,Te, printed on a flexible glass fabric has been
reported?”).. A bend ability radius of up to 20 mm is shown
in this kind of devices. This basically meets the demand
of flexible wearables. Kim et al.% have fabricated a novel
wearable TE generator, which could attach to human skin
and use the heat energy from body. Thus, it is expected to
be with various potential applications. Because of unique
electrical and mechanical properties, TMDs have given
risen to great attention due to their potential in next-
generation microelectronics and wearables. Oh et al.l'l]
developed a method by combining chemical exfoliation
and vacuum filtration to construct the TE generators
directly which are parallel-connected on flexible substrates
(seen in figure 5a). As shown in figure 5b, NbSe, and WS,
nanosheets were used as the p-type and n-type materials,
respectively. In this way, the TE generators were fabricated.
This kind of devices has very high flexibility and durability.
They can be used as the glove-type wrist-band thermal
Sensor.

Moreover, based on the Seebeck effect, the photo TE
device can generate a photocurrent. With the adsorbed
light, the temperature gradient between lighting region
and dark region is built and thus the electric voltage
is formed. This phenomenon has several advantages
in designing the optoelectronics devices with high
performance. The graphene TE terahertz photo detector
has been investigated!'? (figure 5¢). This kind of device
demonstrates an outstanding sensitivity more than 10
VW' at RT with noise-equivalent power less than 1100
pW Hz 2, referenced to the incident power. If based on
absorbed power, the sensitivity exceeds 700 VW at RT
with noise-equivalent power less than 20 pW Hz'2. A
photo-thermoelectric-based graphene photo detector has
been designed to generate a photovoltage directly (seen
in figure 5d). It exhibits an external responsivity of
about 12.2 V/W with a roll-off frequency up to 42 GHz
and 3dB bandwidth. Figure 5e shows the relation between
photovoltage and optical power. With TE effect, the voltage
generated by temperature gradient due to the lighting has a
linear response to optical power!!3l,

4 Conclusion and Outlook

Over the last few decades, TE materials have made a
great progress. In this review, we are focused on the TE
properties of new two-dimensional materials and the
possible applications. In particular, the relevant theoretical
and experimental results for group IV-VI, group IV-V,
group III-VI and layered transition metal dichalcogenides
have been highlighted. We also compared the TE properties
between new two-dimensional materials we considered and
state-of-the-art layered structure materials. In these new
two-dimensional materials, both low thermal conductivity
and high power factor have been revealed. Finally, the
current potential applications in TE device, including
flexible generator and optoelectronics devices using two-
dimensional film materials have also been presented.
Although the tremendous advances have been

achieved during the past decades, there are still problems
and challenges for the practical applications. The phonon
and electrical transport mechanism are still obscure.
The mechanism of increasing the power factor has been
proposed in two-dimension materials, but it still remains
challenge to decouple the different transport coefficients.
We also need a deeper understanding of transport
mechanisms to help enhance TE properties and design new
TE materials in the future.
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Abstract:

The dashboard is the most important part of the large inner decoration of cars; it should not only have enough strength and rigidity, but
also have a harmonious body model which can unify the theme. Besides, it needs to reach the goal of lightweight. In order to achieve
these three goals, the car dashboard is made by engineering-plastics and adopts the technology of injection moulding. This paper
introduces the keys of design and the advanced technology of large injection moulding for car dashboard.

Keywords: automobile instrument panel; injection mould; sequential valve gate

1 Structural Analysis of Plastic Parts

Plastic part is an example of a car dashboard. The materials
are PP + EPDM- TD25, and shrinkage is 1.0095 ['. EPDM
can be improved elasticity, T20 can improve the rigidity of
the bumper, and it refers to the material plus 20% talc.

The average wall-thickness of the plastic parts is
3.5mm. The maximum size of the shape is 1308.00 x 526.00
x 476.00 (mm). The detailed structure is shown in figure
1, its features are as follow: Firstly, there are a lot of holes,
melt flow resistance is high, and they are difficult to fill.
Mould gating The size of the plastic parts is enormous, as
well as the structure is very complicated because system,
exhaust system and guide positioning system design are the
first key technology. Secondly, The plastic parts of seven
lateral concave hole structure (shown in figure 1. S1to S7)
are plenty and irregular, the side core-pulling mechanism
and parting system design are the second key technology.

2 Structural Analysis of the Mould

Injection mould uses hot runner gating system. The core
side and the cavity side of this mould are a union-body.
The mould guide-positioning system uses square guide
pillar and the internal model tube. The largest dimension of
mould is 2200x1100x1425mm, detailed structure is shown
in figure 2.

3 Design of Forming Parts

Stereo diagram (scaled)

The principle of forming-part design is to achieve a
minimum size while to ensure the strength and durability
of the premise of the mould in order to reduce the Figure 1 Car dashboard structure.

Copyright © 2020 by author(s) and Viser Technology Pte. Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution-
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manufacturing cost and production costs . cannot be out of the mould.

Dashboard is a large plastic part with a complex The fixed mould material is 2311, and the core material
structure. Mould is a large injection mould, and the parting  is P20. All cavity surface nitriding treatment should be
surfaces are complex. In order to improve the stiffness and ~ carried out in order to improve the precision plastic parts
strength and to reduce the size, the mould template and  and service life.
moulded parts are designed to be integrated and inserted
through all the holes which are greater than the angle of 7
°. Given to the four corners of the template in the template  The side core pulling mechanism of the mould structure is
notch protruding insert move, aimed at preventing a given  most important and complex. Dashboard has seven lateral
template dislocation deformation, increasing the rigidity  concave-convex structures and it needs 6 side core-pulling
and strength of the mould. mechanisms. The lateral concave S6 and S7 are completed

Appearance of the dashboard surface must be by the same side core-pulling mechanism (Shown in
processed striae, and drafts of the product side must be figure 2).

greater than or equal to 5 °, otherwise the plastic parts

4 Design of Core Pulling Mechanism of Lateral
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Figure 2 The large injection mould of car dashboard



In this mould, inverted S1, $3, S4 and S5 are the "lateral
oblique slider + spring + hook" core pulling mechanism,
power source of oblique slide block core pulling is the hook
and the spring. Here we should pay special attention to
because if the spring did not receive mechanical impact,
it will cause fatigue failure. Therefore, for large injection
mould, oblique slide block core pulling must not only
adopts a spring as power source. Hook structure is shown
in figure 2 (e).

S2 is using the side core pulling mechanism with
"inverted bending pin + block’, which is composed of
oblique core drawing30, bending pin31, core pulling
pressing block 32 and block33. The power source of
inclined core pulling30 is hydraulic cylinder 34 (Shown
infigure 2 (c)).

Inverted S6 and S7 are using the "lateral hydraulic
cylinder +T-type buckle" core pulling mechanism,
composed of an inclined core pulling in 61 (2 pieces), thin
cylinder 7, T-type buckle 8, oil cylinder base 9 and oblique
core drawing guide blockl0. The power source of core
pulling is the hydraulic cylinder (Shown in figure 2 (c) and
(d)).

In the injection mould for car dashboard, it is better
to use nitrogen gas spring and try to avoid using ordinary
spring, because spring will be failure and damage the
mould after a long timel".

nozzle hot runner plate

S]]

Figure 3 Sequential valve gating system.

5 Design of Gating System

In order to improve the melt filling, and to ensure the
quality of the plastic parts moulding, mould casting used a
hot runner system entirely, as is shown in figure 3.

The dashboard is the appearance, so weld lines must be
formed on the non- appearance of the surface, or eliminate
weld lines. This is the emphasis and difficulty in the mould
design.

The traditional multi-point synchronization feed
is difficult to achieve the desired quality requirements
because of the presence of weld lines, even though making
fill the entire cavity melt 1*! .

Therefore, this mould is using an advanced technology
of sequence valve gate (SVG), and six hot nozzles are
driven by the cylinder to control open and close that
according to the requirements of order.

SVG is the recent development of a new hot runner

technology to meet the needs of the automotive industry
for large flat plastic parts, as well as the demand for micro-
electronics industry, thin-walled parts . Using this key
technology can not only eliminate weld lines or weld lines
formed in the non-critical surface, but also get a smooth
melt flow, reduce moulding pressure and residual stress,
and ensure consistency throughout the plastic shrinkage.
Thus it greatly improves the dimensional accuracy.

6 Design of Temperature Control System

The cooling system is significant in the automobile mould.
Reliable cooling system can improve the forming quality of
product and shorten the moulding time.

In the injection mould for car dashboard, there
are 12 shares of "straight type cooling waterway + wells"
cooling loop in the core side, and 20 shares "straight type
cooling waterway + wells" cooling loop in the cavity side,
as are shown in figure 4. The channel spacing distance is
between 50 ~ 60mm, channel from the cavity surface is
20~ 25mm, channel arrangement is with the cavity surface
shape. Channel crosses distributively, and the formation of
waterway meshes uniform, not only enhances the mould
labor productivity, but also avoids the buckling deformation
of products. And it ensures the forming quality of plastic
parts effectively.

7 Design of the Guiding and Positioning System

The guiding and positioning system directly affects the
precision of product and mould service life, especially for
large automobile injection mould. The mould is guided by
four square pillar 53, which are arranged symmetrically in
the mould of the four sides, and their size is: 174 X 60 x
612 (mm).

It should be noted that the parties cannot prejudice the
position of the guide post robot that removed the plastic
parts. In addition, the square pillar must be higher than the
highest point of the mould core at least 30mm, which can
ensure that the guide pin is inserted first when the movable
mould clamping, and give effective protection of the core
and cavity.

In order to ensure the safe and smooth launch of
ejector pin, the fixed plate parts also used 4 round guide
column 54, and their size is: 50 x 480mm.

In the design of the positioning mechanism, there is
one conical positioning structure in each corner, the size is
200 x 200mm, and the cone angle is 10 degrees, as is shown
in figure 2 (a) and (b).

8 Design of Demoulding System

Stripping parts includes 50 pieces push rod and 21pieces
ejector sleeve in this mould, because multi-pusher, ejection
force and push the reset force pieces are larger, the ejection
system uses two hydraulic cylinders as a power source. The
cylinder Specifications Model is : HOB-FA[180x230. The
position of cylinder is shown in figure 2 and figure 5.
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Figrue 5 The position of cylinder for demoulding system

Due to the mould core uneven surface, all of the fixed
end of the push rod and the push tube must design the
structure to prevent rotation.

9 The Working Process of the Mould

(1) The plastic melts through the first class nozzle 4 into the
hot runner plate 5 under the pressure of injection moulding
machine. Then predetermined order into the mould cavity
by the second stage hot nozzle 6 controlled by the sequence
valve.

(2) The cavity is filling, packing, cooling and

solidifying.

(3) Cylinder 7 and 34 start when cured to rigid enough,
and angle core 61and 30 are pulling out of plastic parts by
T-type buckle 8 and a square pin 31.

(4) Injection moulding machine pulls mould opening,
after the completion of the fixed mould oblique core
drawing. The mould is opened from the parting surface 1.
In the retractor 14,21,41,63 and spring 11,27,45,48 action,
the oblique slider 12,26,44 and 49 move from plastic parts,
namely simultaneous lateral mould core pulling. That is, at
the same time in the mould opening of side core pulling.

(5) After the completion of opening stroke 800mm,
hydraulic cylinder 38 pushed rod plate 58 and put the
fixed plate 5, then pushed rod. The dashboard were pushed
away from the dynamic model of steady core, followed the
dashboard removed by the robot will.

(6) The oil cylinder 7and 34 push the angle core and
reset 61 and 30, as well as hydraulic cylinder 38 and 35
to push the reset 16 and 17. Finally, injection moulding
machine pushed the movable mould reposition, and then
started the next injection moulding.

10 Conclusion

In recent years, the development of the automobile industry
is just unfolding. Engineer and technical personnel pay
more and more attention to the research and development
of automobile mould. The large injection mould for
dashboard is the most typical automobile mould, which
is not only large in size, but also complicated in structure,
has high precision and high moulding difficulty. Using a
series of advanced technology in the mould would achieve
good moulding effect. After the operation, the mould



action security coordination and the quality of plastic parts
reached the requirement of design. The mould of the labor
productivity has been improved obviously.
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Abstract:

Engineered Cementitious Composites (ECC) is a class of high-performance fiber reinforced composites with ultra-ductility designed
based on micromechanics, and it has been developed for increasing application in the construction industry during recent decades. The
properties of ECC at room temperature have been tested and studied in depth, however, few studies focus on its performance after high
temperature that is one of the worst conditions to ECC. To investigate the change tendency and mechanism for the high temperature
flexural properties of hybrid fiber reinforced ECC and the feasibility of calcium carbonate whisker to reduce the cost of ECC materials,
polyvinyl alcohol fiber (PVA) reinforced strain hardening cementitious composites (PVA-ECC), steel fiber + PVA fiber reinforced ECC
(defined as HyFRECC-A) and steel fiber + PVA fiber + CaCO, whisker reinforced ECC (defined as HyFRECC-B) subject to room
temperature and 200 C, 400 ‘C, 600 C, 800 ‘C elevated temperature exposure were experimentally compared. The results indicate
that equally replacing PVA fibers by steel fibers degraded the flexural hardening ability of PVA-ECC at room temperature, while the
addition of appropriate amount of CaCO, whisker improved the flexural strength, toughness and flexural hardening behavior. The
elevated temperature posed a significant effect on the flexural strength and toughness of the three types of ECCs. Flexural deflection
hardening behavior of the three types of ECCs was eliminated after high temperature exposure. Flexural strength and toughness of
PVA-ECC presented an exponential decay along with the increase of temperature. The addition of steel fiber slowed down the decay
rate. Although the use of CaCO, whisker increased the post-temperature flexural strength and toughness of HyFRECC-B, the decay
rate was not further decreased.

Keywords: engineered cementitious composites; hybrid fiber; high temperature; flexural behavior

1 Introduction the most important methods to reduce the cost of ECC so
far 8. The mix proportion and fundamental properties of

Basc?d on fracture. .mechanics .and micromc.echanics, hybrid fiber ECC materials (HyFRECC), which was added
Engineered Cementitious Composite (ECC) designed by to fibers with different elastic modulus, was studied by

adjusting fiber, matrix and interfacial properties of fiber/ 3, .qic and foreign scholars in recent years. And based
matrix significantly improved the inherent high brittleness | performance price ratio consideration, currently

and low toughnes.s of cemf:ntitio.us m.aterials nL ECC.iS the attention of academic community and engineering
a type of composite materials with high ultimate tensile community focus on steel fiber + PVA fiber reinforced ECC
strain (usually exceeds 1%) and obvious multiple crack (HyFRECC-A). The tensile property, flexural property and

c.ra.clkmg.charz.icterlstlis which makels it 1ncre}ellsm.gly ligsed N anti-impact property of HYFRECC-A were investigated by
Clvl eng?n.eermg, §uc as structural strengthening, Beam- scholars like Khin'® 1 Alessandrol!!, Zhang“”, Xul3), etc.
column joints, lining tunnel and so on ™ *. However, the

}%iigh ccl))s.t of EfCC hlfls allwaysfbgecnc an engieering dllemrpa. one of the most adverse conditions that ECC may encounter
e subject of application o In construction Consists ) geryice 413 To date, several experimental studies

of a set of problems that are central to effectively reduce the conducted by Mechtcherine, Bhat!, Magalhaes™

cost of lt o and Lin® show that the tensile property of PVA-ECC is
It is generally accepted that fiber blending is one of obviously degraded by high temperature. Especially when

However, it must be emphasized that high temperature is
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the temperature exceeds 150 C, PVA-ECC starts to lose
its ductility. ECC loses almost all of its strain hardening
characteristics and multi-slit cracking behavior due to PVA
fiber, which is used to confect ECC widely up to now, would
be melting and failure completely at 250 C. However,
limited effective investigations have been conducted to
study the high-temperature behavior of steel fiber + PVA
fiber reinforced ECC (HyFRECC-A). In terms of research
findings of the high-temperature behavior of steel fiber
reinforced concrete, the incorporation of steel fiber can
effectively improve the basic mechanical properties of
concrete after high temperature action. But the effect
of steel fiber on the mechanical properties of PVA-ECC
after high temperature is not clear at present, that's why it
remains to be further explored.

Based on previous research results *2, the primary
aim of this paper is to critically analyze the effects of cheap
CaCO, whisker on the properties of ECC materials. In order
to further reduce the cost of hybrid fiber ECC materials,
steel fiber + PVA fiber + CaCO, whisker reinforced ECC
(HyFRECC-B) was fabricated in our group. Then the
flexural tensile properties of PVA-ECC, HyFRECC-A and
HyFRECC-B at room temperature and after 200°C,
400°C, 600 ‘C, 800 C elevated temperature exposure were
experimental compared.

2 Test Materials and Methods

2.1 Matrix

Cement mortar matrix was selected, which contains
P=O 42.5 cement, fly ash, fine quartz sand (particle size
100~210pm, mean size 150pm) and mixed according to
cement, fly ash, quartz sand =1:4:1.8 ratio, water-binder
ratio is 0.34. Polycarboxylic acid superplasticizer (water
reduction rate 28.3%) and plasticizer (thickening type)

were used to adjust the workability of fresh mortar. Table.
1 shows the mass fraction of each mixture in the matrix.

2.2 Fibers

Steel fiber and CaCO, whisker were employed as the
extra fibers of conventional ECC and the key point in the
experimental study. Steel fiber selected from Shanghai Zhen
Qiang Fiber Limited Company has end hooks. The melting
point of PVA fiber selected from Japan kuraray Company is
244°C~250 C. The decomposition temperature of CaCO,
whisker selected from Shanghai Feng Zhu Whisker Limited
Company is 780 C. Table. 2 lists the main parameter of
fibers. From the table. 2, it can be seen that the price of
CaCO, whisker and steel fiber is much cheaper than PVA,
but both the tensile strength and elastic modulus of the
other two fibers are much higher compared with PVA.
In addition, CaCO, whisker, belonging to microfibers,
provides effective reinforcement at the micro cracking level,
restrain the generation and coalescence of micro cracks
into unstable macro cracks, and bring great improvement
of strength.

Up to now, common fiber volume dosage of
HyFRECC-A in study on performance at room temperature
is steel fiber 0.25%, PVA fiber1.75%. Based on this dosage
and combined with the previous research results, CaCO,
whisker was added to confect HyFRECC-B. Previous
research results 2! indicate that CaCO, whisker can
improve the microstructure and fracture morphology
of HYFRECC-A matrix by means of crack deflection,
bridging and whisker pull-out. So as to improve the tensile
strain hardening ability and multi-crack cracking ability
of HYFRECC-A material, and further reduce the cost of
HYFRECC-A by replacing PVA fiber with CaCO, whisker
appropriately. Volume fraction of different fibers are listed
in Table. 3.

Table 1 Mass fraction of each mixture

Powd:
(Cement + ;‘;; :;h + Sand) Water Water reducer Plasticizer
1 0.248 2.62x107 4.52x10*
Table 2 The main parameters of fibers
Price/
. Tensile strength/  Elastic modulus/ Density/ (g/
Types Length/mm Diameter/pm MPa GPa o (thousand
yuan/ton)
steel fiber 13 200 2000 200~210 7.8 20
PVA fiber 12 39 1100 42.8 1.3 140
CaCO, whisker 0.02~0.03 0.5~1 3000~6000 410~710 2.8 1.5
Table 3 Volume fraction of different fibers
CaCO Compressive
0, 0, 3
Types Groups Steel fiber/% PVA fiber/% whisker/% strenoth /MPa
PVA-ECC PVA2 0 2 0 41.7
HyFRECC-A SF0.25PVAL1.75 0.25 1.75 0 46.0
SF0.25PVA1.7CWO0.5 0.25 1.7 0.5 50.8
HyFRECC-B
SF0.25PVA1.65CW1 0.25 1.65 1 53.2




2.3 Specimen details

With reference to ISO 67922 the mixed materials were
put into standard cement curing box (Temperature:
20+2°C, humidity: 95%) for 24h after they were formed,
then take the specimen out of the mold and put it into the
curing box for 28d. Finally, the specimens were removed
and placed in an oven at 105 ‘C for drying to a constant
weight followed by high-temperature test. With reference
to ASTM (3481, ASTM C16092% and JCI-SF4%, the
specimens with the dimension of 40 mmx40 mmx160
mm were tested to investigate the flexural behaviors. Each
group has 15 proportioned specimens, which are used for
flexural mechanical properties test under five temperature
conditions. The preparation process of specimens adopted
in the test are shown in figure 1.

2.4 High-temperature test

SX-10-12 box type resistance furnace was used to provide
a high temperature environment. During the forming
process of the specimens, WRNK-191 probe thermocouple
was embedded and XMZ-101 temperature instrument was
connected externally to monitor the temperature change
in the center of the specimen to determine the difference

between the internal temperature of the specimen and the
ambient temperature of the resistance furnace. Figure 2
shows the high temperature instrument.

The heating program is shown in figure 3, the heating
rate is 10 ‘C/min. Five temperature conditions (room
temperature 20 ‘C, 200°C, 400 C, 600 C and 800 C)
were designed totally. In order to make the temperature
inside and outside the specimen uniform, the temperature
was maintained for 60 min under each high-temperature
working condition. The specimens, which were naturally
cooled to room temperature, were tested to investigate the
flexural behaviors after high temperature action.

2.5 Loading configuration

Each specimen was loaded under four-point flexural by
MTS E44 electronic universal testing machine with a span
of 120mm between supports. Load transducer and clip type
extensometer were employed to monitor the relationship
between flexural load and mid-span deflection of specimen.
Displacement loading control was adopted, and the loading
rate was 0.1lmm /min. The loading configuration is shown
in figure 4.
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3 Experimental Results and Discussion

3.1 Appearance color change

Figure 5 shows the appearance color of PVA-ECC and
HyFRECC-B specimens after natural cooling changes
with the temperature experienced. It can be observed
from figure5 that the appearance color of all specimens
is dark grey at room temperature, and the color of the
specimen gradually fades to light brown with the increase
in experienced temperature, that is no difference in the
rule of color change of ordinary cement mortar and
concrete at high temperature. With the increase in
temperature, there are also the processes of evaporation
of free water (30~105C), decomposition of gypsum
and ettringite (110~170°C), decomposition of calcium
silicate hydrate, loss of binding water (180~300°C), mass
decomposition of calcium silicate hydrate and calcium

°C
20

200
400

600

800

(a) PVA2

Figure 4 Loading instrument for flexural test

hydroxide (450~550°C), and decomposition of calcium
carbonate (700~900°C) in PVA-ECC and HyFRECC-B
specimens?®. It is worth mentioning that since 400°C, the
appearance color of specimens changed apparently which
indicates the water loss process has basically ended, and the
cement hydration products begin to decompose in large
quantities. This process is very unfavorable to steel fiber
and calcium carbonate whiskers due to the decomposition
of calcium silicate hydrate will weaken the interfacial
bond between the fiber and the matrix. In addition, the
specimens of PVA-ECC and HYFRECC-B did not burst at
high temperature, indicating that PVA fiber could restrain
or alleviate the burst behavior of cement matrix composite
at high temperature, as a consequence PVA fiber would
melt at about 250 C result in increasing the release channel
of steam pressure inside the material®”.

20
200
400

600

800| |

(b) SF0.25PVA1.65CW1

Figure 5 Effect of temperature on the color change of specimen

3.2 Load-deflection relationships

Three specimens were tested at room temperature
for each mix proportion, and the median value of the
flexural load-midspan deflection relationship is taken
as the representative curve as seen in figure 6. It can be
observed from figure 6a that the flexural specimens of
PVA2 group showed obvious characteristics of deflection
hardening. However, compared with PVA2 group, the

deflection hardening ability of SF0.25PVA1.75 (equivalent
substituting PVA fiber with 0.25% steel fiber) specimens was
significantly weakened. With the incorporation of CaCO,
whisker (SF0.25PVA1.7CW0.5 and SF0.25PVA1.65CW1),
compared with SF0.25PVAL.75 group, the flexural
deflection hardening ability of specimens was significantly
enhanced, although the ultimate deflection value was
still lower than PVA2 group, the peak flexural load of



the specimen was significantly higher than PVA2 group,
which further demonstrated the feasibility of replacing the
relatively expensive PVA fiber with cheap CaCO, whisker.
What’s more, as shown in figure 6b, the initial crack of each
specimen occurred at a deflection of 25pm, and due to the
addition of CaCO, whisker, its micro-crack resistance can
make great contributions to increasing the initial crack
load of specimens **.

Three specimens subjected to the temperature of 200°C
were tested for each mix proportion, and the median value
of the flexural load-midspan deflection relationship is taken
as the representative curve as seen in figure 7. As shown in
figure 7a, the specimens of PVA-ECC, HyFRECC-A and
HyFRECC-B had basically lost the deflection hardening
behavior after the temperature of 200°C, reflecting that
PVA fiber plays a decisive role in the flexural deflection
hardening behavior. Considering the fact that PVA fiber
would soften significantly under the temperature of 200°C,
which will destroy the interface bond between PVA fiber
and cement matrix, and degrade the flexural deflection
hardening behavior of specimens. In addition, the
specimens in each group still retained a small amount of
deflection hardening behavior, because the softened PVA
fibers recovered some of their mechanical properties after
natural cooling. Compared with PVA2 and SF0.25PVA1.75
groups, the addition of CaCO, whisker did not significantly

—s—PVA2
—e—SF0.25PVA1.75
SF0.25PVA1.7CWO0.5
¥—SF0.25PVA1.65CW1

20C

N A X

Load /kN

0.0 0.5 1.0 1.5 2.0

Deflection /mm

(a) 2 mm of deflection

improve the flexural deflection hardening behavior of
specimens but improved the flexural load of specimens
with fuller post-peak curve, reflecting that the whisker is
still beneficial to the toughness of the specimen. It can be
observed from figure 7b, the initial crack of each specimen
occurred at a deflection of 40um, and the first cracking load
of specimen was improved due to the addition of whisker.
Figure 8, 9 and10 show the typical flexural load-
deflection relationships of tested specimen subjected to the
temperature of 400 'C, 600 ‘C, 800 C respectively. It could
be concluded by comparison that, when the temperature
exceeds 400 C, all specimens in each group have completely
lost the flexural deflection hardening behavior and changed
into obvious softening characteristics. The reason lies in
that the PVA fiber began to melt and decompose at about
250 “C, which caused the PVA2 group specimens degraded
into ordinary cement mortar specimens, showing obvious
brittle failure behavior. In addition, it can be found that the
peak flexural load of each group gradually decreases with
the increase of temperature. The specimens of HyFRECC-A
and HyFRECC-B subjected to the temperature of 400 C,
600 C and 800 C still had high load carrying capacity due
to end hooks of steel fiber employed in the experiment.
It can be found that the whisker, whose decomposition
temperature is about 780 C, is still beneficial to improve the
post-peak carrying capacity of the HyFRECC-B specimen

Figure 6 Flexural load-deflection curve of tested specimen at room temperature
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Figure 7 Flexural load-deflection curve of tested specimen after 200°C



after the temperature of 400 ‘C and 600 C, and the carrying
capacity tends to be further improved with the increase of
whisker content, reflecting the superiority of the whisker
properties. However, it can be observed from figure 10 that
at 800 C, the effect of whisker on the post-peak bearing
capacity basically disappeared, and there was no obvious
difference in the flexural load-deflection relationships
between HyFRECC-A and HyFRECC-B specimens. By

comparing figure 8b, 9b and 10b, it can be found that due
to the high-temperature deterioration of cement matrix,
the initial crack deflection of each specimen increases with
the increase of temperature. Compared with HyFRECC-A,
the addition of CaCO, whisker improved the initial crack
load and deflection of ECC materials, while the function of
whiskers is no longer obvious after 800 C.
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3.3 Flexural strength

Figure 11a plots the relationship between flexural strength
and temperature of each group. The flexural strength of
each specimen decreases significantly with the increase
of temperature. At the same temperature, the flexural
strength of HyFRECC-A was higher than that of PVA-
ECC, and the incorporation of CaCO, whisker can further
improve the flexural strength of specimens subjected to
various temperatures. The relationship between the flexural
strength of PVA2 group specimens and temperature as
shown in figure 11b. The flexural strength of the specimen
decreases exponentially with temperature in a situation
where only PVA fiber is employed, and after 200 C, the
flexural strength of the specimen decreased by nearly 50%,
while after 800 C, the flexural strength of the specimen was
less than 20% of the normal temperature, reflecting that the
high temperature has a significant deterioration effect on the
flexural strength of PVA-ECC. The relationship between the
flexural strength of SF0.25PVA1.75 group specimens and
temperature as shown in figure 11c. The flexural strength
of the specimen decayed linearly with temperature due to
steel fiber employed in the test. Compared with the PVA2
group, the flexural strength decayed more slowly. After 200
C the flexural strength of the specimen decreased by 25%,
and after 800 C, the flexural strength of the specimen was
about 23% of that at room temperature, indicating that the
end hooks shaped steel fiber had a significant improvement
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on the flexural strength of the specimen after high
temperature. The relationship between the flexural strength
of HyFRECC-B group specimens mixed with CaCO,
whisker and temperature as shown in figure 11d. It can be
found that the attenuation tendency of flexural strength
with temperature keeps basically consistent between
SF0.25PVA1.7CW0.5 and SF0.25PVA1.65CW1 group,
while the attenuation tendency of SF0.25PVA1.7CWO0.5
group is different from that of SF0.25PVA1.75 significantly.
Compared with HyFRECC-A, the attenuation of flexural
strength of HyFRECC-B is more obvious between 200
‘Cand 400 C. The reason lies in that after 180 C, calcium
silicate hydrate begins to decompose, which weakens
the interface bond between whisker and cement matrix
and reduces the bridging effect of whisker, which is an
important mechanism for whisker to exert its reinforcing
effect %1, Moreover, by comparing figurel 1¢ with figure11d,
it can be found that despite the fact that CaCO, whiskers
can improve the flexural strength of specimens after 400 C,
they have little significant influence on the attenuation rate
of flexural strength with temperature.

3.4 Flexural toughness

Toughness reflects the ability of material to absorb energy
and undergo plastic deformation before fracture. The
flexural toughness of each group is obtained by integrating
the load-deflection curve, which is calculated to L/100
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Figure 11 Effect of temperature on (a) flexural strength and (b) ~(d) flexural strength ratio



(referred to ASTM C16092%), i.e., the deflection of 1.2mm.
Figure 12a shows the relationship between the flexural
toughness of each group of specimens and temperature.
With the increase of temperature, the flexural toughness of
each sample decreased obviously. At normal temperature,
the flexural toughness of PVA2 group was significantly
higher than that of SF0.25PVA1.75 group, reflecting that
the use of steel fiber to substitute PVA fiber equivalently
degraded flexural energy absorption capacity of ECC
materials, while the addition of CaCO, whisker further
improves the flexural toughness of ECC. Since whisker
can improve the microstructure and fracture morphology
of cement matrix by means of microcosmic effect such
as crack deflection, bridging and whisker pull-out, the
flexural deflection hardening and multi-crack cracking
ability of steel fiber /PVA fiber HyFRECC-A material
can be improved. In addition, it can be seen that when
the temperature exceeds 400 C, PVA2 materials are not
significantly different from ordinary cement mortar, and
the flexural toughness value is only about 0.1]. At the
same temperature, the flexural toughness of HyFRECC-A
is higher than that of PVA-ECC, and the introduction of
CaCO, whisker can further improve the flexural toughness
of specimens subjected to different high temperatures.

The flexural toughness value of each group of
specimens at room temperature was taken as unit 1, and
the comparison of the flexural toughness value at high
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temperature was defined as the flexural toughness ratio.
Figure 12b plots the relationship between the flexural
toughness ratio of PVA2 specimens and temperature. The
flexural toughness ratio of PVA2 group specimen decays
exponentially with the increase of temperature. At 200 C,
the material's energy absorption capacity was less than 30%
of the normal temperature, and after 400 C, it was only
about 1% of the normal temperature, proving that PVA-
ECC could not service normally under high temperature
environment. It can be concluded from figure 12¢ that the
incorporation of steel fiber reduces the attenuation rate of
flexural toughness. The flexural toughness of HyFRECC-A
decays about 50% after 200 “C, while at 800 C, the flexural
energy absorption capacity of HyFRECC-A remained
20% compared with normal temperature. The relationship
between the flexural toughness ratio of HyFRECC-B group
specimens mixed with CaCO, whisker and temperature as
shown in figure 12d. Compared with HyFRECC-A group
(see figure 12¢), it can be observed that the whisker failed to
further retard the attenuation rate of the flexural toughness
of the specimen, but only increased the flexural toughness
of the specimen under various temperature conditions. The
reason lies in that the bonding ability between whisker and
cement matrix decreases with the increase of temperature,
however, the toughening mechanism of whisker such as
crack deflection and pull out is beneficial to improve the
energy absorption capacity of ECC material ¢,
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Figure 12 Effect of temperature on (a) flexural toughness and (b) ~(d) flexural toughness ratio




4 Conclusion

In this paper, the effects of temperature on flexural
performance in terms of flexural strength, flexural
toughness of PVA-ECC, HyFRECC-A and HyFRECC-B
were analyzed, demonstrating the feasibility of using
calcium carbonate whisker to partially replace PVA fiber to
reduce the cost of ECC materials. The following conclusions
can be drawn:

At room temperature, the flexural deflection harden
ability of PVA-ECC is degraded by replacing PVA fiber
with steel fiber, while it can improve the flexural strength,
flexural toughness and deflection hardening ability in a
situation where calcium carbonate whisker replaces PVA
fiber. It is feasible to reduce the cost of PVA-ECC and steel
fiber /PVA fiber HyFRECC-A by replacing PVA fiber with
calcium carbonate whisker moderately.

Rather significant is the effect of high temperature
action on the flexural strength of PVA-ECC, HyFRECC-A
and HyFRECC-B specimens. After 200 ‘C exposure, all
the materials in each group had lost the flexural deflection
hardening ability basically, while after 400 ‘C, they had
completely lost the flexural deflection hardening behavior
and changed into obvious softening characteristics.

The flexural strength and toughness of PVA-ECC
decrease exponentially with the increase of temperature,but
the incorporation of steel fiber can slow down the
attenuation rate of the flexural strength and toughness of
specimens. Despite the fact that calcium carbonate whiskers
can improve the flexural strength and flexural toughness of
materials under high temperature, they are useless to slow
down the attenuation rate of flexural strength and flexural
toughness with temperature.
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Abstract:

Background: poly(vinylidene fluoride) PVDF and PVDF/PMMA blends have been investigated with a focus on the crystal structure,
immiscibility and mechanical properties. However, few reports were found on the crystallization behaviors of PVDF and PVDE/PMMA
blends, especially on crystallization kinetics. The article is to report the research on isothermal and nonisothermal crystallization kinetics
for PVDF and PVDE/PMMA blends using differential scanning calorimetry (DSC). Results: Besides crystallization temperature and
isothermal crystallization activation energy, the Avrami equation exponent of PVDF in blends decreased compared with pure PVDE
The nonisothermal crystallization kinetics of PVDF and PVDF/PMMA (70:30) blends were investigated by Ozawa equation, Jeziorny
method and crystallization rate constant (CRC) in detail. The nonisothermal crystallization energy of pure PVDF and its blends were
determined by the Kissinger and Vyazovkin’s method. Conclusion: The nucleation and growth mechanism of PVDF in blends changed
compared with pure PVDE The Ozawa equation is not applicable in nonisothermal crystallization kinetics of PVDF and PVDE/PMMA
blends. The decreasing of crystallization ability of PVDF in blends were found and confirmed by CRC and the decline of crystallization
rate constant in Jeziorny method. Such is opposite to the results of Kissinger’s and Vyazovkin’s method, chances are that these two
methods were not used to calculate the nonisothermal crystallization activation energy where the nucleation process was influenced.

Keywords: PVDF; PMMA; crystallization; isothermal

balance of optical properties, solvent resistance, hardness,
mechanical strength and weathering resistance, whereas
relevant crystallization kinetics data is devoid, which are
important meaning to the materials processing.

Therefore, the aim of this article is to obtain more
information with respect to the crystallization behaviors of
PVDF and PVDF/PMMA (the mass ratio is 70:30) using
DSC. The dimethyl sulphoxide (DMSO) solvent was used
to dissolve the PVDF and PMMA resin.

1 Introduction

The investigation of isothermal and non-isothermal
crystallization kinetics is very important to ultimate
properties of polymer products. This is because many
macroscopic properties of polymer largely depend on their
crystal structure and spherulite morphology which in turn
is determined by the crystallization conditions. So the
research in this field is very useful for polymer industry.
PVDE, with excellent resistance to chemistry erosion,
high temperature, oxidation and irradiation, especially
good piezoelectricity, pyroelectricity, has been extensively
studied in recent years I'l. Many researchers have done a lot
of works centered on the crystal structure, crystallization,
grafting and blending . It has been reported that PVDF
could be blended with many polymers and exhibited
excellent properties "% Recently, the physical blending
of polymer thanks to its convenience and easy processing
has been popular in polymer modification fields. PVDF

2 Experimental part

2.1 Materials and Sample Preparation

PVDF (FR902), with melt index 10g/min, is purchased
from Shanghai 3F New Materials Co. Ltd. (China). PMMA
resin (HT1000L) is bought from Kuraray Co. Ltd. (Japan).

PVDF and PVDF/PMMA with mass ratio of 70:30
are dissolved in the DMSO solvent at 70°C, agitated until

and PMMA within the whole ratio could be miscible by
melt blending or by solution blending. The reference !
has reported that PVDF with 30 wt% PMMA held good

the completion of dissolving yielding 20 wt% condensable
solutions. The solution was casted on the glass plate, and
then dried in a vacuum oven at 80°C for 24h in order to

Copyright © 2020 by author(s) and Viser Technology Pte. Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http:/creativecommons.orgllicenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any
medium, provided the original work is properly cited.



remove the residual DMSO solvent.
2.2 DSC measurement

The Perkin-Elmer Diamond apparatus are used to
investigate the crystallization kinetics of PVDF and PVDF/
PMMA blends. The weights of samples are 3~4 mg to the
transmission of quantity of heat. All the DSC runs are
performed in the nitrogen atmosphere.

For isothermal crystallization process, at first, the
samples are quickly heated to 210°C at a heating rate of
150°C /min in DSC, held for 5min to eliminate thermal
history, and then quickly cooled to designated temperature
which ranged from 159°C to 155°C at intervals of 1°C for
PVDF and from 147°C to 143°C at intervals of 1°C for
PVDF/PMMA blends, and maintained until the completion
of crystallization. In the nonisothermal crystallization the
PVDF and PVDF/PMMA blends, samples are heated to
210°C, and then cooled to room temperature at cooling rate
of 2.5°C /min, 5°C /min, 10°C /min, 20°C /min and 40°C /
min, respectively.

3 Results and Discussion

3.1 Avrami Equation Analysis of Isothermal Crystallization

The macroscopic isothermal crystallization kinetics are
usually described in terms of the Avrami equation >,
which has been successfully applied in many polymer
systems:

X(t)=1-exp(—kt") (1)
This equation may be rewritten further,
In(-In(1- X(¢))) =Ink +nlnt )

Where X(t) is relative crystallinity at time t, »
represents the Avrami exponent that is correlated to the
crystallization mechanism and k is overall crystallization
rate constant. According to Eq. 2 we can obtain the Avrami
exponent and crystallization rate constant from the slope

and interception of plots of (~In(1— X(¢))) versus In¢ at
various crystallization temperatures (shown in figure 1and 2).

155°C Adj.S-quare=0.99974

156°C Adj.S-quare=0.9998¢
157°CAdj.S-quare=0.99949
158°C Adj.S-quare=0.9999
159°C Adj.S-quare=0.99987

In(-In(1-X(t)))

7T e O > % =

T T T T T T T T T T T T
03 06 09 12 15 18 21 24 27 30 33 36 39

Int

Figure 1 The plots of In(-In(1-X(t))) and In t for
PVDEF at various crystallization temperature T_

143°C Adj.S-Quare=0.99864
144°C Adj.S-Quare=0.99999
145°C Adj.S-Quare=0.99951
146°C Adj.S-Quare=0.99884
147°C Adj.S-Quare=0.99891

In(-In(1-X(t)))

T T T T T T T T T T T T
-03 00 03 06 09 12 15 18 21 24 27 30 33
Int

Figure 2 The plots of In(-In(1-X(t))) and In t for PVDF/
PMMA blends at various crystallization temperature T,

Obviously, in figure 1 for PVDF and 2 for PVDF/
PMMA blends, each curve exhibited a beeline at
preliminary crystallization which meant the experimental
data agreed well with the Avrami equation at low relative
crystallinity, and at later crystallization the curves showed
a little deviation due to the impingement of spherulites. By
fitting to the linear portion at preliminary crystallization of
every curve, the Avrami parameters n and crystallization
rate constant k can be obtained and the results are shown
in Table 1.

Table 1 The isothermal crystallization kinetics parameters
for PVDF and PVDF/PMMA blends

t t
T oc k 12 max
L0 n (min)  (min)
155 356  227x102 2.6l 2.64
156 3.04 1.75x102 336 332
pure 157 385 7.95x107 582 5.90
PVDF
158 3.09 1.575x10°  7.16 711
159 307 3.85x10* 1151 1139
143 262 7.83x102 230 220
sypp 14 266 708x10° 236 227
2
e 145 251 533x10 278 2.63
146 315  1.10x102  3.74 3.71
147 313 6437x10°  4.46 4.43

Another two important kinetics parameters is half-
time of crystallization?,,, and ¢ _ . ?,,is defined as
the time at which the crystallization is 50% complete, is

determined by
In2,,
Ly, = (—)1/
k 3)

..« Tepresents the maximum crystallization rate
corresponds to the point at which dQ(t)/dt = 0, with Q(t)
being the heat-flow rate. 7, can be calculated by the

Avrami equation, as follows:
n—1
tmax = ( ) !
nk “4)

The ¢,,, and ¢ may be used to characterize the

X



crystallization rate, which increases as crystallization
temperature increases (in Tab 1). It was interesting that the
change extent of #,,, or ¢, for pure PVDF was larger than
that for PVDF in PVDF/PMMA blends, which is correlated
to higher crystallization temperature of pure PVDE At the
same time this also suggested that PVDF crystallization
was more sensitive to temperature changes than PVDF in
blends.

From Tab 1 we can also see that after PVDF blending
with PMMA the crystallization temperature of PVDEF
shifted prominently toward to the lower temperature.
This indicated that the PVDF crystallization ability turned
weak since the movement of PVDF molecular chains were
limited by more PMMA. In Tab 1 the Avrami exponents
for pure PVDF changed from 3.04 to 3.85 and from 2.51 to
3.15 for PVDF in blends. This indicated that the nucleation
and growth mechanism have change from three-
dimensional growth to two-dimensional growth. Reference
(14 has reported that the noncrystalline component would
influence nucleation mechanism and growth geometry of
crystalline component.

3.2 Isothermal Crystallization Activation Energy (AE)

The isothermal crystallization activation energy AE is
determined by the Arrhenius equation %, which presumes
that the isothermal crystallization process of polymer is to
be thermally activated,

K7 = ky exp( -2

RT, (5)
In & — ok, - AE
n RT ¢ (6)

Where k is the crystallization rate constant, n the
Avrami exponent, k is the temperature-independent pre-
exponential factor, T_is the crystallization temperature, R
is the gas constant and AE is isothermal crystallization
activation energy.

08+ Adj. S-Quare=0.98304

Adj. S-Quare=0.92527

Ink/n

-2.04

-2.24

244 « PVDF
26 *  PVDF/PMMA

T T T T T T
0.002310 0.002325 0.002340 0.002355 0.002370 0.002385 0.002400
T,

Figure 3 The isothermal crystallization activation
energy AE for PVDF and PVDF/PMMA blends determined
by the plots of Ink/n and 1/T,

In k 1

By fitting the plots of 5 versus?, (shown in

figure 3), the isothermal crystallization activation energy
AE for pure PVDF and PVDF in PVDF/PMMA blends
are determined to be -577.6k] /mol and -250.0k] /mol,
respectively. After PVDF blending with PMMA the
isothermal crystallization activation energy dramatically
decreased, but it must be noted that the values of AE were
not applied to elucidate difficulty extent of crystallization
in the present experiments owing to the difference of
crystallization temperature. In light of the Eq.5 we know
that PVDF with higher AE will be more sensitive to
temperature variation than PVDF in blends with lower
AE  during nonisothermal crystallization process. This
accorded with the changes of #,,or ., in Avrami
equation.

X

3.3 Ozawa Equation of Nonisothermal Crystallization

In order to apply the Avrami equation to the nonisothermal
crystallization process, Ozawa!'* proposed a method which
assumes the polymer system cooled at a constant rate and
the Ozawa exponent m is independent on temperature,
which can be prescribed in the following form:
1-X(T) = exp[-P(T)/ ¢"] )
log[—In(1—- X (T))]=log P(T)—mlog¢ ®)
Where X(T) is relative degree of crystallinity at
crystallization temperature T , m the Ozawa exponent,
related to the nucleation mechanism and growth
geometry, P(T) is the cooling function of nonisothermal
crystallization. By calculating the slope and intercept
of log[-In(1- X(T))] versus logd we can easily the
values of m and P(T). Figure 4 and 5 showed the plots of
log[—In(1- X (T))]and log¢ for PVDF and PVDEF/PMMA
blends at different crystallization temperature. From the
two figures we know that the log[-~In(1-X(T))]present
curves withlogg, instead of straight line, and the Ozawa
exponents also varied with crystallization temperature. The
results suggested that the Ozawa equation was not adaptive
to analyze the nonisothermal crystallization behaviors
of PVDF and its blends due to ignoring the seconding
crystallization.
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Figure 4 The nonisothermal crystallization of PVDF
analyzed by the Ozawa equation
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Figure 5 The nonisothermal crystallization of PVDF
analyzed by the Ozawa equation

3.4 The Avrami Equation Modified by Jeziorny
Mandelkern 7 ' proposed that the nonisothermal
crystallization kinetics could be described by the Avrami
equation, as follows:
log{—In[1- X (#)]} =nlogt +logZ, 9)
Where 7 is the crystallization rate constant.
Considering the effect of cooling or heating rate, Jeziorny
1) assumed @ to be constant or approximately constant.
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Figure 6 The plots of log(-In(1-X(T))) and log t for
PVDF at various cooling rate

The final form of the rate parameter (Z ), characterizing the
nonisothermal crystallization kinetics is given as follows:
logZ —198Z,
$ (10)
Figure 6 and 7 showed the plots of log{—In[l1 - X (#)]}

versus log t for PVDF and PVDF/PMMA blends at various
cooling rate. The values of n and Z_ could be obtained
from the slope and intercepts, respectively, the results were
exhibited in Tab 2. Similar to isothermal crystallization
the whole nonisothermal crystallization process may
be also divided into two stages: primary and secondary
crystallization stages. Dissimilarly, whether in PVDF or
PVDF/PMMA blends the Avrami exponent of primary
crystallization stage far surpassed 3 at various cooling
rate, which hinted spherulite nucleation and growth is
very complicated. From Tab 2, we can see that at the
same cooling rate the crystallization temperature and
the crystallization rate constant of PVDF in blends were
lower than that of pure PVDE, which implied the addition
of PMMA weaken crystallization ability of PVDE. This is
possible attributed to the two reasons: firstly, excess PMMA
molecules must inhibit the movement of PVDF molecules
during crystallization process. Secondly, the decrease of the
concentration of PVDF molecules in blends at unit volume
should not be ignored.
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Figure 7 The plots of log(-In(1-X(T))) and log t for
PVDF/PMMA blends at various cooling rate

Table 2 The nonisothermal crystallization kinetics parameters for PVDF and PVDF/PMMA blends

Primary Secondary
() T .. .

(°C/MIN) ("CC) Crystallization Stage Crystallization Stage

n Z, n, Z,

2.5 150 9.6 7.3x10° 0.64 0.74

5 148 8.1 0.39 0.66 0.94

PVDF 10 145 7.9 1.04 0.69 1.01
20 141 7.7 1.23 0.71 1.03

40 137 6.8 1.20 0.88 1.09

2.5 141 7.7 5.5x10° 1.2 0.46

PVDE/ 5 137 8.7 0.085 1.6 0.64
PMMA 10 131 8.2 0.51 2.0 0.86
20 124 6.8 0.96 2.2 0.99

40 115 6.5 1.1 3.0 1.03




3.5 Crystallization Rate Coefficient (CRC)

Khanna 2% put forwarded a new parameter to describe
crystallization ability, “crystallization rate coeflicient
CRC = A$/ AT, > ¢ is the cooling rate and T, the
crystallization peaks temperature. The values of T at
various @ are exhibited in Tab 2. Here, the larger the values
of CRC, the stronger the ability of polymers crystallization
is. In the present works, we obtain the values of CRC for
PVDF and PVDF/PMMA by fitting cooling rate ¢ versus
crystallization peaks temperature T_(shown in figure 8).
In evidence, the slope of PVDEF plots is higher than that of
PVDF/PMMA blends, which suggested that crystallization
ability of PVDF is weakened after blending with PMMA.
This result is consistent with the outcomes of Jeziorny
method. The CRC values of PVDF and PVDF/PMMA are
166 h' and 87 h'', respectively. The CRC of PVDF (166 h)
is very bigger among semi-crystalline polymers, which
approaches to the PTFE, far above PE, nylon 66, nylon 46,
PET, etc. however, when blending with PMMA the CRC of

ol = PVDF
* PVDF/PMMA

Adj.S-Quare=0.93123

- (°Ch)

-2000 4

-25004

T T T T T T T T
M5 120 125 130 135 140 145 150
Crystallization Temperature (°C)

Figure 8 The crystallization rate constant CRC for

PVDF and PVDF/PMMA blends at cooling process

3.7 Activation Energy of non-Isothermal Crystallization
Proposed by Vyazovkin

Vyazovkin ! believed that the Kissinger’s method is not
used to determined the nonisothermal crystallization
activation energy on cooling from melt, therefore he
proposed and adopted Friedman’s ! equation to calculate
the nonisothermal crystallization activation energy AE , as
follows:
[ D) _inar iy - 22

dt RT (12)

Where X(T) is the relative crystallinity, t is the
time, A is the pre-exponential factor, and f(X(T) is the
crystallization model. At a certain relative crystallinity,
X(T), the slope of the plot of In[dX(T)/dt] versus 1/T was
used to measure AE, which displayed in figure 10. The
application of this method to nonisothermal crystallization
activation energy yields crystallinity-dependent activation
energy. the AE of pure PVDF firstly decreased with relative
crystallinity increasing, when dropped to minimum value
at 60% relative crystallinity, AE increase suddenly above

PVDEF dramatically decreased to 87 h!, which is close to
the CRC of nylon 46 and nylon 66 1.

3.6 Activation Energy of Non-Isothermal Crystallization

Considering the changes in the crystallization peak
temperature with the cooling rate ¢, we can derive AE for
non-isothermal crystallization by the Kissinger method 2"
dlin( ¢ /T°)] _ AL
d(/T,) R (11)
Where T is the crystallization peaks temperature; ¢
is the cooling rate; R is the gas constant; AE nonisothermal
crystallization activation energy. The plots of In(¢/T.)
and AE were shown in figure 9. The values of AE of PVDF
and PVDF/PMMA blends were determined to be 295.3k]/
mol and 148.1kJ/mol through fitting the linear parts,
respectively, the nonisothermal crystallization activation
energy AE did not become bigger but smaller. The reason
will be discussed in next section.
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8.5

-9.0
-9.5

-10.0 Adj.S-Quare=0.96907

In (#T.)

-10.5

= PVDF/PMMA
* PVDF

T T T T T T T T
0.00237 0.00240 0.00243 0.00246 0.00249 0.00252 0.00255 0.00258

UT, (K)

Figure 9 the nonisothermal crystallization activation

energy determined by Kissinger method for PVDF and
PVDF/PMMA blends

60% relative crystallinity. The changing trend for AE in
pure PVD proved that at early crystallization stage the
polymer system the crystallization rate increase rapidly with
crystallization time prolonging, but crystallization rate is
slow due to the spherulite impingement and the reduction
of crystallizable molecules at later crystallization stage,
therefore the nonisothermal crystallization activation AE
increases. Conversely, the activation energy AE for PVDF
in PVDF/PMMA blends by and large does not change on
the whole relative crystallinity ranges and keeps at 123k]J/
mol or so, this is possibly correlated to PVDF diluted and
dispersed by PMMA.

Note that in terms of CRC and Jeziorny method the
PVDF in PVDF/PMMA blends crystallization should
be weakened compared with pure PVDE that is, the
nonisothermal crystallization activation energy AE would
increased after PVDF blended with PMMA. However, both
the Kissinger’s method and Vyazovkins method showed
the AE decreased after blending. Such phenomenon, some
researchers considered, the Kissinger method is not suited
in treating with nonisothermal crystallization on cooling



from melt 2, the others ? figured the Kissinger method
was not used in which the spherulite nucleation and growth
were affected, in our situation the authors considered,
similar to Kissinger method, the Vyazovkins method
was also not appropriate where spherulite nucleation and
growth were affected.

400
—e— PVDF g
3504| —*— PVDF/PMMA /
_
—
g o .
3 e
=% 250 S
2 B
g 0- ~, "
=
= 150+ _— N
-8 *\*¥**t\*f*4*/
§ 100+
5
< 50
0 T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10

Relative Crystallinity

Figure 10 The nonisothemal crystallization activation
energy as a function of relative crystallinity for PVDF and
PVDF/PMMA blends on the basis of Vyazovkin's advice

4 Conclusions

Using the DSC we studied the isothermal and
nonisothermal crystallization kinetics of PVDF and PVDEF/
PMMA blends with mass ratio 70:30, which were prepared
by dissolving in DMSO. The isothermal crystallization
kinetics were analyzed by the Avrami equation, and the
results have indicated PVDF spherulite in blends have
changed into two-dimensional growth, at the same time
the decrease of crystallization temperature was found. The
isothermal crystallization activation energy in PVDF was
determined to be -577.6k] /mol, higher than that PVDF
in blends (-250.0k] /mol). At the same cooling rate the
PVDF/PMMA blends represented lower crystallization
peaks temperature compared with PVDE what’s more
the crystallization rate constants Z_for PVDF at primary
or secondary crystallization stage were higher than that
for blends. The crystallization rate constant (CRC) was
measured to be 166h' OF PVDF and 87h" of PVDF in
blends, respectively. The results of Z_and CRC implied
that PVDF crystallization ability in PVDE/PMMA blends
weakened under nonisothermal crystallization conditions.
It was found that the Ozawa equation was not used to
investigate nonisothermal crystallization kinetics for
PVDF and PVDF/PMMA blends. The Kissinger method
and Vyazovkins method were not proper to calculate

nonisothermal crystallization activation energy in which
the nucleation was influenced.
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Abstract:

The Ni-based Udemit720Li superalloy tends to form large y/y' eutectic on grain boundaries (GBs) during solidification due to
the addition of excessive Al and Ti elements, which provides convenience to study the effect of carbide and y/y' eutectic on crack
initiation and propagation during tensile process. In this paper, Udemit720Li superalloy samples were prepared by induction melting
casting method, arc melting and suction casting method. The microstructure, tensile properties and mechanism of crack initiation
and propagation in Ni-based superalloy fabricated by two methods are investigated. The results exhibit y/y' eutectic accelerates the
stress concentration at GB and thus leads to premature fracture failure. The samples with grain-boundary eutectic have higher strain
hardening rate, but their cumulative and local misorientations are lower. For samples without eutectic at GB, the primary crack initiates
at grain-boundary carbide along GB and extends along GB or into grain matrix, and exhibits better deformation performance and
dislocation storage capacity within grains.

Keywords: Superalloy; Carbides; Eutectic; Crack

1 Introduction the volume fraction of y' phase !*l. It was acknowledged
from alloying experiments that the excellent mechanical
properties of Udimet720Li superalloy are mainly come
from the precipitation hardening effect of y' phase (L12

temp erat.ure parts of g[e:sz] turbine, such as t.urbine diskand —  gereq Ni,(ALTi) particles) and M(C,N) (carbon-nitride
combustion chamber . The excellent high-temperature precipitates) within grain and at GBs P11,

strength mainly ar.ises from the precip%tation (_)f orderefd In general, the researches demonstrate that the factors
2?(1 coherent Y .(N13Al) phase in the SOl%d solution matrix affecting the mechanical properties of polycrystalline Ni-

) 'Ud%met720L1 (developed fro'm Udimet720) aE}o Y IS based superalloy include precipitates phase, grain size
a y' reinforced alloy developed in the late 1970s ! that and GB, etc. Microstructures have different effects on

operates at higher te.:mper.ature (~7300(’?) than othe.r the mechanical properties of polycrystalline nickel base
nickel-base alloy turbine disk. The alloying method is superalloy 123, Yan et al. 14 studied the microstructure

the mos't widely usgd meth'od in the microstructure and ;4 1gera) properties of a directionally solidified (DS)
mechanical properties of Ni-based superalloy. Compared superalloy with different amounts of boron added. It was

With [.Jdimet72'0, carbon and l?"ron conte.:nts are reduced  ¢11d that after solution heat treatment, a y' cladding was
in Udimet720Li to reduce carbide and boride stringersand ¢/ 0 g bdes in boron-containing alloys
improve the[fo]rgeability, thus avoiding the need for powder 1. o significantly improves transverse creep life and
e .

processing “. Moreover, chro.mlum colnltent decreases ¢ qjle properties at room temperature and 870 ‘C. Chang
from 18 to 16 wt. % to enhance tissue stability and prevent .. 1 15 fund that y/y eutectic preferentially consumed
the formation of o phase, so there is less likely of mechanical = 1 .4 T4 in the melt and pushed B and Zr into the final
[p]r operties degradation during high temperature service ¢}, 4ifieq melt, resulting in the formation of coarse
s o . 0

- The additions of Al and Ti (up to 7.5 wt. %) cause the y/y' eutectic structure, n phase and boride in the final

severe segregation and large precipitation of y/y' eutectic ¢ ;i cation stage. Pang et al. "% studied the influence of
in the interdendritic region while significantly increasing

Ni-based superalloy has excellent strength, creep, fatigue
and corrosion resistance, which is widely used in high-

Copyright © 2020 by author(s) and Viser Technology Pte. Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http:/creativecommons.orgllicenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any
medium, provided the original work is properly cited.



initial microstructure on fatigue crack initiation and short
crack propagation at room temperature and found that
smaller grain size and coherent y' phase particle size and
higher volume fractions of y' precipitates improved overall
fatigue lifetimes in Udimet720Li superalloy. However,
coarsening of grain and secondary y' precipitates decreases
strength and ductility both at room temperature and 400°C
17, Previous researches focused on the precipitation of
phase during the solidification of Udemit720Li superalloy
8151 the effect of grain size on properties '), and the tensile
properties of heat treated state !71°l. Although carbide
and y/y' eutectic have been determined to cause stress
concentration which is a dominant factor for cracking,
there is still no clear explanation on the role of carbides and
y/y' eutectic in crack initiation and propagation.

In addition, researchers are committed to optimize
the microstructure to simultaneously improve the
strength and ductility of materials. Traditional methods
to enhance strength are grain-refined strengthening,
solution strengthening, dispersion strengthening and
strain strengthening. For example, when the grain size
is greater than 1 um, grain refinement can often increase
strength without causing a significant decrease in ductility
2021 However, traditional strengthening methods can
cause dislocations to interact with internal barriers (such
as solution atoms, dispersed particles, and GBs) and
often reduce plasticity ). In particular, owing to the local
concentration of internal stress, particles in micron size are
the positions priority for crack nucleation, in particular
to the particles segregated at GBs, thus considerably
reducing ductility and fatigue strength 2. Reasonable
ways for optimizing the trade-off between strength and
ductility are to take into account the fact that features
that not only impede dislocation but also to withstand
plastic strain should be strengthened #2]. Therefore, it is
of great significance to explore and study the mechanism
of its strengthening strength and ductility. Regulating the
microstructure of material, such as a certain degree of grain
refinement, precipitation refinement and the elimination
of the brittle segregation is considered to be a reasonable
approach for optimizing the strength and ductility trade-oft.

The cooling rate is an important influence on the
solidification process and microstructure of Ni-base
superalloy @31 and the evolution of microstructure
with cooling rate is closely related to the precipitation
behavior of the phases. As a superalloy, Udemit720Li
tends to form large y/y' eutectic microstructure on GBs
during solidification due to the addition of excessive Al
and Ti elements, which provides convenience to study the
effect of carbide and y/y' eutectic microstructure on crack
initiation and propagation during tensile process. In this
paper, induction melting casting method and arc melting
suction casting method were used to fabricate Udemit720Li
superalloy samples, respectively. Arc melting and suction
casting method have fast cooling. By comparing the tensile
properties of the microstructures in alloys fabricated by
two method, and the local misorientation after stretching
was analyzed by electron backscatter diffraction (EBSD)

technique, the effect of carbides and y/y' eutectic on crack
initiation and propagation was determined.

2 Experimental procedures

The nominal compositions of Udemit720Li superalloy is
listed in Table 1. In this study, cylindrical ingot of ®5070
mm was produced by vacuum induction melting and
casting in air-cooled steel mold, labeled as sample A;
cuboid ingot of 151560 mm was produced by vacuum arc
melting and suction casting in water-cooled copper mold,
labeled as sample B. Induction melting and casting were
conducted in medium frequency induction furnace with
an ultimate vacuum level of 6.0 102 Pa. Pure Ni, Cr, Co,
Mo, W (with a purity of 99.95%, 99.98%, 99.97%, 99.95%,
99.95%, respectively) were first introduced into a corundum
crucible located in the vacuum chamber. It is noted that
W and Mo were placed at the bottom of the crucible to
accelerate diffusion melting. After being evacuated to 5 Pa,
the chamber temperature was increased from room value
to 1550 C, and the temperature was maintained for 20
min. Then, argon was flow into the chamber to increase
the chamber pressure to 0.07 MPa, and the bulk Al, Ti
and the aluminum foil wrap B, Zr was then added to the
melt. After homogenizing, the furnace temperature was
reduced to 1450 ‘C and hold for 10 min. Finally, the melt
was poured into the steel mold and natural cooling. The
cooling rate of the alloy in steel mold was less than 100 K/s.
In addition, arc melting and suction casting were processed
by arc-melting furnace with an ultimate vacuum level of 5.0
10 Pa. 50 g bulk was cut from sample A for arc melting.
Electromagnetic stirring was conducted during the melting
process to ensur e the uniformity of components. After
melted, the alloy was drop-cast into the water-cooled cupper
mold and cooling rate more than 1000 K/s.

Table 1 Material compositions in wt%.

Composition C Cr Co W Mo Al Ti B Zr Ni
0.015 16 1475125 3 2.5 5 0.0150.03 Bal.

Content

The metallographic and “dog-bone plate tensile were
EDM (Electric Discharge Machining) wire cutting process
from 1/2 radius of cylindrical ingot and 1/4 cuboid ingot as
show in figure 1.

The tensile tests were carried out on a CMT4105
testing machine according to the GB/T 228.1-2010. The
tensile speed and temperature was set as Imm/min and 21
C, respectively. After tensile testing, longitudinal section
was cut from the fractured specimens. The specimens
were ground, polished and chemical etched and then
characterized by using SEM to observe the propagation
path of crack and the evolution of crack in the longitudinal
section.The as-cast microstructure, tensile fracture and
longitudinal section of two samples were studied by
optical microscopy (OM), scanning electron microscopy
(SEM) and electron backscatter diffraction (EBSD). The
metallographic specimens were ground through 400 to
2000 grit papers, polished with diamond paste, cleaned by
ultrasonic device. And then the specimens were chemically



etched using a solution of 5g CuCl, + 100 ml C,H.OH +
100ml HCI for OM examination or electro etched with 13
ml H,PO, + 42 ml HNO, + 43 ml H,SO, at 6V for 5~10s at
room temperature for SEM examination. For EBSD samples,
the specimens were electro-polished with 10 ml H,ClO, +

90 ml C,H,OH at 29V for 5s at room temperature, and the
EBSD investigation was performed on the sample by using
a LEO1450 scanning electron microscope equipped with
HKL Channel 5, to observe the grain size, grain orientation
and the plastic deformation distribution after tensile tests.

20 10
“dog-bene” platetensile sample shape and dimensions

! Fracture morphalogyand 1
| microstructure observation |

Figure 1 Schematic illustration of Udimet720Li metallographic and “dog-bone” plate tensile

3 Results and discussion

3.1 Microstructure of the as-cast Udimet720Li superalloy

Figure 2 displays the low magnification OM image of
microstructure by two casting method. It is obvious that
sample A shows larger grain size of equiaxed crystals
accompanied by local dendrites, and fan-type y/y' eutectic,

block-shaped and strip-shaped n-Ni,Ti are distributed at
GBs (figure 2a, ¢), consistent with the as-cast microstructure
of Uidmet720Li ®. The macrostructure images of sample
B show extremely fine grain size and fine MC carbides
discontinuously distributing at GB, with no common y/y'
eutectic structure (figure 2b, d).

Figure 2 Low magnification OM image of alloying microstructure in (a) sample A and (b) sample B; (c) fan-type
y/y' eutectic, block-shaped and strip-shaped n-Ni3Ti distributed at GB of sample A; (d) fine MC carbides discontinuously

distributed at the GB of sample B.



In SEM images, the y' particles are observed dispersed
in the grain matrix of in samples A and B. As shown in
figure 3b, the size of y' precipitate increases from the grain
center to the GB, and y' particles in sample A are finer
than those in sample B. In addition to the fan-type y/y'
eutectic, block-shaped and strip-shaped n-Ni,Ti, there are
also a series of granular MC carbides at the GB of sample
A (figure 3a). However, y/y' eutectic rarely appears at the
GB of sample B, and it can be observed irregular phases are
intermittently distributed at the GB (figure 3c). Trough EDS
analysis (figure 4), it can be ascertained that the irregular
phases is TiC (figure 3d). It is reported that the formation

of y/y' eutectic mainly depends on the segregation of
titanium 2. The few eutectic in as-cast microstructure of
sample B, different from sample A, can be attributed to
the rapid solidification of arc melting and suction casting
method, which prevents the segregation of titanium at
the GB to form y/y' eutectic. Furthermore, y/y' eutectic
tends to aggregate at the triple GB junctions, in which
more titanium is enriched. In contrast, the enrichment of
titanium at general GBs is not enough to produce the y/y'
eutectic.

The orientation image microscopy map of the two
samples in figure 5 shows quite difference in grain size.

Figure 3 SEM image of two as-cast microstructures: (a) the phases and structure of GB in sample A; (b) the size of
y' distribution in grain of sample A; (c) irregular phase intermittently distributed at GB in sample B, (d) irregular phase in

sample B determined by EDS as TiC.
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5
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Figure 4 Element distribution along the red line marked in Fig 3d



By the line interception method, the average grain sizes
in samples A and B are determined as 74.6 and 36.4 pm,
respectively. Here, different color levels in the orientation

image micrograph represent different crystal orientations,
thin-gray lines and thick-black lines represent LAGBs and
HAGBsS, respectively.

Figure 5 Orientation image microscopy map of (a) sample A and (b) sample B

3.2 Tensile behavior of the as-cast Udimet720Li
superalloy

Tensile tests were performed on Udimet720Li superalloy at
room temperature, and the results are shown in Table 2. It
can be found, compared with sample A, the yield strength
(0,), ultimate tensile strength (o) and elongation () of
sample B are enhanced. Sample A displays the lower strength
and ductility, which is most likely caused by its coarse and
uneven microstructure in terms of grains and phases at
GB (figure 3a and figure 5a). For sample B, attributed to
suction casting in water-cooled copper mold, finer grains
and particle phases at GB lead to substantial elevations in
the o, from of 826-939 MPa, and in the §_ from of 12-15%.
In addition, the strain hardening rate of sample A is higher
than that of sample B during tensile deformation (figure
6). Dislocations accumulate when they intersected or by-
passed the y' particles, which induces enhanced strain
hardening. However, the uniform elongation of sample A
is lower than sample B. Although sample A has a higher
strain hardening rate than sample B, but premature fracture
occurs.

Table 2 Mechanical performance of samples A and B

Samples o (MPa) 0, (MPa) 5,(%)
A 826 1156 12
B 939 1213 15
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Figure 6 Comparison of room-temperature tensile
behavior for the samples

red and black lines are tensile true stress-strain curves and
hardening rate-strain curves of samples A and B, respectively.
Strain hardening rate 0 = do / de

3.3 Crack and deformed microstructure of Udimet720Li
superalloy after tensile test

Samples A and B both demonstrate a combination of
ductile and brittle fracture mechanisms, respectively with
dimples and quasi-cleavage facets. The number of dimples
in the fracture surface of sample A is significantly less
than sample B. In SEM images of fracture surface (figure
7) and cross-section microstructure of fracture tips (figure
8), the crack is mainly generated at the GB at which
brittle carbon act as a crack source. The crack growth and
fracture mode are different between the two samples. For
sample B (figure 7b, d and f), micro-fracture shows many
dimple and tearing ridge basically dendrite fracture, and
the proportion of dimple is dominant. The primary crack
originates from carbide at GB due to intermittent existence
of carbide, and secondary crack extends along the GB or
into grain matrix, so that crack propagation is hindered by
intragranular y' precipitation . The strip tearing ridge of
fracture surface is a sign of rapid crack growth. At the same
time, the existence of massive phases can be observed at
the end of each tearing ridge, which is the carbide at the
GB through EDS analysis. It can be concluded, the brittle
carbides distributed at the GB can act as the crack source,
but can also hinder the dislocation slip between grains. For
sample A (figure 7a, ¢ and e), macro fracture is composed
of fiber zone and shear lip zone. Fiber zone area has a lot
of intergranular or transgranular fracture planes and some
tearing dimples, and the proportion of dimple is inferior.
Primary crack originate from carbide at GB tends to extend
to y/y' eutectic (figure 8). Fan type y/y' eutectic has a
petal or lamellar shape and always leads to phenomenon
of delamination and peeling of eutectic because of poor
deformation coordination between eutectic layers, as
shown in figure 8a. This delamination will reduce the
dislocation pinning ability of strengthening phase at GB
and causing premature fracture, thus reduce the ultimate
strength.
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Figure 7 Fractographs of specimens under room-temperature tensile test: (a), (¢) and (e) sample A; (b), (d) and (f)

sample B

3.4 Electron backscatter diffraction of cross section
of fracture tips

In order to study the tensile deformation mechanism,
electron backscatter diffraction (EBSD) was used to analyze
the plastic deformation of the cross section of fracture
tips. EBSD can be used to study the relationship between
microstructure and plastic deformation, and analyze the
distribution of plastic deformation in polycrystalline alloy
(34351 The applied stress causes dislocation migration and
plastic deformation in the alloy, and inhomogeneous
distribution of dislocation in grains will lead to
inhomogeneous plastic deformation, resulting different

local misorientation within grains *®. Local misorientation
images can reflect the distribution of plastic deformation.
The distribution of plastic deformation in polycrystalline
alloy can be clearly revealed by comparing All Euler image
and Local misorientation image.

The microstructure near the tensile fracture surface
analyzed by EBSD plane scanning are shown in figure 9.
The local misorientation of sample A tends to gather at
the GB and the crystal is relatively small, which indicates
that the plastic deformation mainly occurs at GB and the
plastic deformation in crystal is relatively small (figure 9a,
). Meanwhile, triple GB junctions often has more large
misorientation, at which the plastic deformation is greater
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Figure 8 Micrographs of cross section of fracture tips for room-temperature tensile test (a) and (b) sample A; (c) and

(d) sample B.

Figure 9 EBSD plane sweep scanning images near the tensile fracture: (a), (b) IPF image; (c), (d) Local Misorientation

image. (The misorientation increases from blue to rad).

and stress concentration is also more serious. In as-cast
structure, the y/y' eutectic usually solidifies at the triple GB
junctions. For sample B, there is a different situation. As
shown in figure 9b, d, the misorientation is almost uniformly
distributed in a single grain and no significantly different

between crystal and GB. These results confirm previous
conclusion that y/y' eutectic at GB causes premature stress
concentration and leads to premature fracture failure of the
material.

To evaluate quantitatively the transformation of



orientation difference between two samples, the point to
origin (cumulative) misorientation and point to point
(local) misorientation are calculated along the lines
marked in figure 9a, b. The misorientation profiles along
the directions of lines Al and A2 are illustrated in figure
10a, b. The cumulative misorientation is around 6 and
average local misorientation is 1 of sample A. As shown in
figurel0 ¢, d, an increased misorientation gradient near the
GB is developed, and the cumulative misorientation along
line B1 and B2 exceeds 8° for a distance about 100pum.
Therefore, it can be concluded that the misorientation in
the grain of sample A is less than that of sample B. In other
words, sample B has better deformation performance and
dislocation storage capacity in grains. However, as shown
in figure 10, the distance from grain interior to GB, the
local misorientation does not increase monotonically.
The obvious misorientation jumps appear at all range.
According previous study, this is related to the activation of
different slip systems .. Original grain has several orientation
bands, and compatible deformation between adjacent grains

takes place by activating different slip systems.

Although sample B has a low strain hardening rate at
large strains during deformations, but shows stronger work
hardening stability. High strain rates led to a large number
of dislocations during tensile tests at room temperature,
while high hardness phase and carbide resulted in
dislocation accumulation in the crystal channels and phase
interfaces. In general, numerous dislocations segregated at
the interface of matrix/carbide and matrix/eutectic cause
stress concentration along these phase interface. For sample
A, the cross section of fracture tips shows delamination and
peeling of y/y' eutectic (figure 8a, b). Different from sample
A, sample B cross section of fracture tips shows source of
crack is carbide (figure 8¢, d). As shown in the EBSD results
in figure 9¢, d, compared with sample B, the narrow and
small strain concentration region near GB indicates that
the stress required for GB cracking of sample A is small. As
a result, the stress concentration caused by the GB would
be large, and the microcrystalline crack of samples A and
B tends to nucleate at carbide and y/y' eutectic at the GBs.
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Figure 10 Change of misorientation angle along the lines marked in Figure 9 (a) A1; (b) A2; (c) B1; (d) B2

4 Conclusions

The microstructure and mechanisms of tensile cracks
initiation and propagation in Ni-based superalloy
fabricated by two methods are investigated. The results can
be concluded as follows:

(1) Sample B has a finer grain size and less eutectic
content due to its rapid solidification. Various phases are
distributed at GBs for sample A, but only the single Ti-rich

carbide dispersed at GBs of sample B.

(2) The strain hardening rate of sample A is higher
than sample B, but the uniform elongation is lower in the
former due to the premature fracture during deformation.

(3) The cumulative and local misorientations in
sample A are less than those in sample B, which indicates
that sample B has better deformation performance and
dislocation storage capacity in grains. In terms of crack
initiation and propagation, y/y' eutectic accelerates the



stress concentration at GB and leads to premature fracture
failure.
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Abstract:

In this paper, the effects of different strain rate(1x107° s, 5x10° s, 1x10* s, 5x10* s, 1x10° s*) and aspect ratio(1:1, 1.5:1, 2:1, 2.5:1,
3:1) on mechanical properties of Zr-based metallic glasses at room temperature were investigated. The results indicate that as the strain
rate increases, the plastic strain and compressive strength of the specimens gradually decrease. The specimen with the strain rate of
1x107 s exhibits the higher plastic strain of 10.25 %, compressive strength of 2002 MPa and fracture strength of 1999 MPa. In addition,
accompanied with the increase in aspect ratio, the plastic strain of the specimens declines from 25.42 % to 1.97 %, meanwhile, the
compressive strength and fracture strength of the specimens also present declining trend.

Keywords: Zr-based Metallic glasses; mechanical properties; plastic strain; strain rate; aspect ratio

1 Introduction alll, studied the unidirectional compression deformation
behavior of Zr, Ti  Cu, Ni Be, amorphous alloy
under different strain rates in the temperature range of
supercooled liquid region, and found that the flow stress
was only 74 MPa at 2 x 10%s!, which was more suitable
for superplastic processing. Chen D M et alll'!! studied the
change of mechanical properties of Zr,  Ti,, Cu , Ni Be, .
bulk amorphous alloy composite under different strain
rates, which found that the plasticity of this kind of
amorphous alloy composite increased greatly under quasi-
static compression. Lewandowski™? pointed out that
hydrostatic pressure has a certain influence on the plastic
deformation of Zr-based Metallic glasses, and its plastic
deformation ability can be more than 10 % under limited
conditions. Yuan B! Studied the relationship between
strain rate and serrated flow behavior of amorphous alloy,
and pointed out that the number of standard serrations was
linear with strain rate. With the decrease of strain rate, the
number of standard serrations increases gradually. There
is a strain rate correlation in plastic deformation at room
temperature on account of the uneven deformation of
metallic glasses. It is found that increasing of crystal phase
content in metallic glass led to an increase in the strain
rate sensitivity of metallic glass!'*l. In addition, the fracture
strength of metallic glass also demonstrate decreasing trend
as the compression strain rate of metallic glass increases!®.

Metallic glass is a novel type of metal material with long-
range disorder, short-range or medium-range ordered
structure!l. Metallic glasses are produced by the rapid
solidification from liquid metals, which inhibit the
crystallization process. Compared to traditional crystalline
materials, metallic glasses hold a variety of unique
advantages because of their special atomic structure, such
as higher strength, higher hardness, higher elastic strain,
and elastic limit, lower elastic modulus®®, and good
magnetism!. However, metallic glass, a thermodynamic
metastable atomic structure, can cause crystallization when
the temperature and pressure reach a certain condition™”.
At the same time, since there are no microstructure
defects such as grain boundary and dislocation, the plastic
deformation at room temperature is concentrated in
the highly localized shear band, which can easily lead to
adiabatic shear and non-uniform flow of materials. The
non-uniform flow of materials further gives rise to brittle
fracture metallic glasses, which is also one of the bottlenecks
restricting the application of metallic glasses as engineering
structural materials®. The second phase plastic particles
were first applied to metallic glasses by researchers, thus
improving the plastic deformation of bulk metallic glasses
at room temperature to a certain extent”. Zhang S G et
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Zr-based Metallic glasses characterized by high
strength, high elasticity, superplastic, high hardness, high
wear resistance and high corrosion resistance, generates a
broad application prospect!!®. Moreover, Zr-based Metallic
glasses has good dynamic compression properties, positive
strain rate effect, good extensibility, excellent inherent low
frequency vibration damping performance!’”, excellent
electrocatalytic activity™®, and good magnetic properties
after adding iron". High hardness and fairly low elastic
modulus make Zr-based Metallic glasses a candidate
material for bioimplants?’.. Based on the understanding
of the mechanism of nanocrystalline reinforced Zr-based
Metallic glasses, Zr-based metallic glasses have been widely
used in structural materials®!l.

In this paper, the effects of different compression
strain rate and aspect ratio on the mechanical properties
of Zr-based metallic glasses at room temperature were
explored. The compression deformation behavior of
metallic glasses was investigated by analyzing the stress-
strain curve, fracture microstructure and shear band
evolution characteristics.

2 Experimental materials and methods

Master  alloy with nominal composition of
Zr, Cu Ni Al ~was chosen for this experiment, the
experimental materials were high-purity zirconium (Zr
99.95%), copper (Cu 99.98%), aluminum (Al 99.98%) and
nickel (Ni99.98%). The master alloy ingots were prepared by
magnetic suspension smelting process in highly pure argon
atmosphere. The melting process of the master alloy needs
to be repeated four times to ensure the uniform distribution
of the chemical elements in the parent alloy. The alloy bars
with diameters of 3 mm were fabricated by copper model
suction casting method under argon atmosphere. The metal
bars were cut by a diamond slicer to obtain the compression
specimen with different aspect ratio of 1:1, 1.5:1, 2:1, 2.5:1
and 3:1. In order to eliminate the interference of other
factors other than deformation conditions, compression
specimens with the same amorphous rod were used for
three repeated experiments. The specimen structure of was

Zrg1.88Cu1gNiI10.12A10
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Figure 1 XRD pattern of specimen

identified by X-ray diffraction (XRD, Cu Ka radiation). The
diffraction angle range 2-theta is between 20° and 80°, and
the step length of scanning is 0.02°. The glass transition and
crystallization behavior of the specimens were evaluated by
an STA449 thermal differential calorimeter (DSC) under
the protection of argon with a heating rate of 20 K min™.
The heating temperature range was from room temperature
to 1200°C, and the weight of the specimen was 5 mg.
Uniaxial compression tests of the specimens were carried
outby WDW-100D universal testing machine with different
strain rate of 1x107, 5x107%, 1x10%, 5x10*and 1x10” s,
and different aspect ratio of 1:1, 1.5:1, 2:1, 2.5:1 and 3:1. The
fracture surface and shear band were observed by Quanta
Feg450 field emission scanning electron microscope(SEM).

3 Result and discussion

3.1 Analysis of X-ray diffraction

Figure 1 illustrates the XRD diffraction pattern of Zr, .
Cu,Ni Al alloy. It can be seen that the XRD pattern
consists of one broad diffuse peak between diffraction
angles 30° and 45° and no significant diffraction peaks
corresponding to a crystalline phase showing that the
specimen has complete amorphous structure.

3.2 Analysis of DSC

In order to characterize the thermodynamic stability
of the metallic glass, the specimens were analyzed by
DSC, displayed in figure 2. The specific thermodynamic
characteristic parameters are reflected in Tab.1, where T
is glass transition temperature, T, is crystallization start
temperature, T_ is melting temperature and T, is liquidus
temperature. It can be found that the supercooled liquid
region AT (AT =T-T) of the specimen is 85 K, the
reduced glass transition temperature T, (T, =T/T, and the
parameter y describing thermodynamic stability (y=T/
(T+T) are 0.568 and 0.409 respectively. The results exhibit
that the specimen holds a wide supercooled liquid region,
larger T, and parameter y, which state that specimen
possesses good thermodynamic stability.
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Figure 2 The DSC result of specimen

Table 1 The thermodynamic characteristic parameter of specimen

T/K T/K TJK

T/K

AT/K T v

659 744 899

1159 85

0.568 0.409




3.3 Effect of strain rate on mechanical properties of Zr-
based metallic glasses

3.3.1 Analysis of engineering stress-strain curve
The compression tests of specimens with the aspect ratio
of 2:1 was carried out by using a universal mechanical
testing machine with different strain rate of 1x107, 5107,
1x10*, 5x10*and 1x10° s'. The engineering stress-strain
curves of the specimens are shown in figure 3 and other
mechanical properties are summarized in Tab.2. Combined
with Table 2 and figure 3, it reveals that the yield strength
of the specimen has slight changes with the change of
compression strain rate, which indicates that the yield
strength of the specimen is scarcely affected by the strain
rate. However, the compressive strength and plastic strain
of the specimen display the correlation of strain rate, which
embodies that the compressive strength and plastic strain
of the specimen decreases with the strain rate increasing.
With the raise of strain rate, the plastic strain of specimens
manifests a falling trend. The plastic strain decreases from
10.25 % to 4.18 %. In addition, the compressive strength of
the specimen reduces from 2002 MPa to 1767 MPa with
the increase of strain rate. It can also be concluded that the
elastic modulus of specimen fluctuates irregularly along
with the change in strain rate while its variation range is
small. Atlow strain rates, the plastic deformation of metallic
glass can be more evenly distributed in each tiny volume
unit of the glass, which is beneficial to the formation of
multiple shear bands inside the metallic glass, and thus its
plasticity is improved®.

From the local enlarged diagram of stress-strain
curve(shown in figure3), it can be seen that each curve
has a certain sawtooth rheological behavior in the plastic

deformation stage, and the sawtooth rheological behavior
is very similar at the same order of strain rate, indicating
that the strain rate is related to the sawtooth rheological
behavior. Studies have shown that the sawtooth rheological
behavior is generally obvious at low temperature and
low strain rate, and with the increase of temperature and
strain rate, the serration will gradually disappear or even
completely disappear®!. As shown in figure 3, at low strain
rate, the sawtooth rheological behavior of sawtooth is mainly
small sawtooth, and the stress change range of sawtooth
is relatively uniform. With the increase of strain rate, the
distribution of large and small sawtooth is mixed and the
change range of stress is uneven. The smaller sawtooth is,
the more interaction of shear bands in the plastic process
is, that is, the stronger the plastic deformation ability is,
and vice versa®!. This is consistent with the results of
this paper.

4000
B/0L
s
— 3000}
S :
% 2500 F
@ 2000t St 1
3
L 1s00f Pl
»n S1:1x10°
1000 | S2:541 o-j
S3:1x10 0,
s00[ S4540% _ 5
S5:1x1 0-3
%
Strain(%)

Figure 3 The compressive stress-strain curve of
specimen with different strain rates at room temperature

Table 2 The mechanical performance parameter of specimen with different strain rates at room temperature

strain rate elastic modulus E/ plastic strain yield strength compressive strength fracture strength
elst MPa sp/ % o /MPa 0, /MPa 0/MPa
1x10° 29884 10.25 1457 2002 1999
5%x10° 32003 8.41 1470 1900 1888
1x10* 29762 8.12 1306 1888 1869
5x10* 30344 7.28 1538 1827 1557
1x10° 31552 4.18 1597 1767 1727

3.3.2 Analysis of fracture morphology

The fracture morphology of the specimens under different
strain rates were shown in figure 4. From figure 4(a-e), it can
be found that the fracture morphology of the specimens is
composed of continuous vein patterns, which is a typical
fracture morphology after fracture of metallic glasses.
With the increase of strain rate, the size of vein patterns in
the fracture morphology of specimens enlarges gradually,
showing the characteristics of uneven distribution. The
regularity of vein patterns size from small to large in the
fracture morphology of specimen in figure 4(a-e) also
confirms the change of plastic strain from large to small
in figure 3. Therefore, the rule can be summarized that the
fine and uniform distribution of vein patterns correspond

to larger plastic strain and higher strength, and the thick
and uneven distribution of vein patterns reflects the smaller
plastic deformation and lower strength of specimens!?*..
3.3.3 Analysis of surface shear band morphology

The formation and expansion of shear band is the main
way of plastic deformation of bulk metallic glass at room
temperature, so that the movement of shear band and the
number of shear band in metallic glass will directly affect
the plastic deformation mode and plastic strain of metallic
glass. Based on the fact that the limited plastic strain of
metallic glasses at room temperature is prone to be brittle
fracture, it has become a challenge of how to improve the
plasticity of metallic glasses at room temperature. Some
researchers were keen to improve the plasticity of metallic



glasses by adjusting the composition or by controlling
the evolution of shear bands of metallic glasses during
deformation*%”],

A variety of shear bands observed on the side surface
of the specimen after fracture are exhibited in figure 5. It is
well known that the limited plastic strain of metallic glasses
benefits from the generation and proliferation of shear bands
and the interaction between shear bands during fracture?®,
such as figure 5(a) , the lateral surface of the specimen is
similar to the mountain shape and the morphology of the
laminated shear band is extremely similar to that of the

surface formed after the mountain fracture. It is a precise
result because of the existence of multiple shear bands
that the energy generated by stress in the fracture process
of specimens can be released, thus enhancing the plastic
strain of metallic glasses and inhibiting the occurrence of
brittle fracture. On the other hand, the interaction between
shear bands can promote the proliferation of shear bands,
so that the energy generated by stress can be dispersed into
multiple shear bands for release, thus effectively avoiding
brittle fracture of specimens.

Figure 4 The compression fracture morphology of specimen with different strain rates at room temperature

(2)1x10° s, (b)5%107° s, (c)1x10* s, (d)5x10* s, (e)1x107 s

Figure 5 The shear band morphology of specimen under different strain rate.

(a) 1x10° s, (b) 5x10° s}, (¢)1x10* st and (d) 5x10*s!



The morphology of the shear band under different
strain rate were illustrated in figure 5. Obviously, there are
three main forms of interaction between shear bands of
metallic glasses, such as branch, prevent and intersect. It
can be seen from figure 5(d) that the morphology of the
shear band is mainly distributed in the direction parallel
to the section. In addition, the horizontal shear band®®
perpendicular to the direction of applied load is also
observed from figure 5, which is bound to interact with
the main shear band with the loading direction of 45°.
These interactions will inevitably promote the proliferation
of shear bands and the expansion of shear bands in other
directions, thus improving the plastic strain of metallic
glasses®. Therefore, the appearance of horizontal shear
band can promote the proliferation of shear band and
further inhibit the brittle fracture of metallic glass to a
certain extent. Furthermore, it can also be found that the
shear bands, containing large number and more interaction
between the shear bands, are observed on the surface of the
specimens with the lower strain rate, that consistent with the
specimen of it is presented as well plasticity. The sawtooth
rheological behavior is caused by the extension of shear
band, that is, the extension of shear band is discontinuous,
and the reactivation of shear band will lead to serrated
rheological phenomenon®!. At low strain rate, sawtooth
with smaller size and uniform stress corresponds to the
more shear band of the compressed specimens. This can
also be explained that the shear band of metallic glass can
be uniformly expanded and proliferated at low strain rate,
thus improving the strength and plasticity of metallic glass.
At high strain rate, the shear of the specimen is not enough
to propagate and proliferate, and the crack propagates along
a single shear band, which leads to fracture. In summary,
the compressive strain rate at room temperature and shear
bands on the surface of the specimen (the number, the
distribution intensity and the extent of the interaction
between them) are negatively correlated.

3.4 Effect of aspect ratio on mechanical properties of Zr-
based metallic glass

3.4.1 Analysis of stress-strain curve in engineering

In addition to strain rate, aspect ratio is also one of the
main factors affecting compression deformation of metallic
glasses. In this experiment, the specimens with various
aspect ratios of 1:1, 1.5:1, 2:1, 2.5:1 and 3:1 were subjected
to Uniaxial compression tests at room temperature.
The engineering stress-engineering strain curves of the
specimens are illustrated in figure 6. The specific mechanical
properties parameters are obtained, as displayed in Tab.3.
Combined with figure 6 and table 3, it can be clearly seen
that the sawtooth flow occurs in the specimens during
compression, and the plastic strain decreases with the
increase of aspect ratio. The yield strength of the specimen
changes as aspect ratio increases, which tends to decrease
at first and then increase, but the range of variation is very
slight. The specimen has a maximum plastic strain of up
to 25.42 % when the aspect ratio is 1:1. In addition to
large plasticity, the specimen also manifest obvious work-
hardening phenomenon, and its strength is also obviously
higher than that of the specimens with other aspect ratio.
The smallest plastic strain occurs when the aspect ratio is
3:1, and the plastic strain is only 1.97 %.
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Figure 6 The compressive stress-strain curve of
specimen with different aspect ratio at room temperature

Table 3 The mechanical performance parameter of specimen with different aspect ratio at room temperature

aspect elastic modulus E/ plastic strain yield strength compressive strength  fracture strength
ratios MPa sp/ % o /MPa o, /MPa 6 /MPa
1:1 19280 25.42 1436 2381 2375
1.5:1 19852 15.19 1394 1832 1593
2:1 31001 7.73 1371 1900 1853
2.5:1 43503 4.78 1380 1866 1842
3:1 41440 1.97 1582 1741 1707

According to the influence of sample size and aspect
ratio on the plasticity of amorphous alloy, Han 2 proposed
a parameter called shear band instability index. According
to Han's analysis, the specimens with small aspect ratio
have larger critical shear band instability parameter Scr,
therefore, the specimens have better plasticity. From the
local enlarged diagram (shown in figure 6) of local stress-

strain curve, it can be seen that some curves show different
sawtooth rheological behavior in the plastic deformation
stage. Especially when the ratio of height to diameter is 1:1,
the plasticity of the specimen with uniform stress range
and small serration is significantly greater than that of the
specimen with large aspect ratio.

The relationship among elastic modulus, strength,



plastic strain and aspect ratio of specimens is drawn
by analyzing the compression mechanical properties
parameters in Tab.3. The results are displayed in in figure 7
(P represents the aspect ratio of specimens). From figure 7
(a), when P varies from 1 to 2.5, the elastic modulus of the
specimen raises with the increase of aspect ratio. Especially,
the elastic modulus rockets sharply with the increase of
aspect ratio from 1.5 to 2.5, and decreases when P changes
from 2.5 to 3. In addition, the plastic strain of the specimen
decreases with the increase of aspect ratio. Figure 7(b)

30

reveals the relationship between the compressive strength,
fracture strength and aspect ratio of the specimen. It can
be easily found that the compressive strength and fracture
strength of the specimen reach the maximum when P is 1.
Increasing P to 1.5, the strength of the specimen plummets
sharply to a minimum. When P increases from 1.5 to 2, the
strength of the specimen grows. Persistently increasing P
to greater than 2, the strength of the specimen decreases
gradually.
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Figure 7 The relationship between elastic modulus, strength, plastic strain and aspect ratio of specimen.

3.4.2 Analysis of fracture morphology

It can be found from figure 8 that the fracture morphology
of the specimens after compression fracture is composed of
typical vein patterns. Figure 8(a, b, ¢, d) in turn represents
the fracture morphology with an aspect ratio of 1.5:1,
2:1, 2.5:1 and 3:1. The specimen with the aspect ratio of
1:1 didn’t break after compression, therefore, the fracture
morphology of specimens was not observed. From figure
8(a), the fracture morphology of specimens is composed
of fine vein patterns, and the size is relatively small, which
conforms to the rule that the finer vein patterns of metallic
glass correspond to the higher strength and plasticity™®. In

addition, the size of the specimen vein patterns increases
with the increase of aspect ratio, and indicates the
characteristics of uneven distribution of the grain. When
the aspect ratio is 3:1, the fracture morphology of the
specimen appears with the vein patterns of large size and
discontinuity distribution, which may be one of the causes
for the poor plasticity at room temperature. Compared
with figure 8(a-d) and figure 4(a-e), we can find that there
is a negative correlation between the size of vein patterns in
the fracture morphology of specimens and the plastic strain of
specimens. As a result, the size of vein patterns is also one of
the gist for explaining the plastic strain of metallic glasses™!.

Figure 8 The compression fracture morphology of specimen with different aspect ratio at room temperature.

(a)1.5:1; (b)2:1; (¢)2.5:1; (d)3:1



4. Conclusions

(1) The plastic deformation at room temperature of the
specimen is sensitive to the strain rate. When the strain
rate is 1x10° s, the specimen holds excellent mechanical
properties, due to the shear bands with large number and
dense distribution produced at lower strain rate can be
uniformly extended and diffused. An increase in strain
rate decreases the fracture strength, plastic strain and
compressive strength of specimen.

(2) The compression plasticity of specimens at
room temperature is closely related to the aspect ratio of
compression specimens, which is mainly manifested by
the deterioration of the compressive mechanical properties
at room temperature with the increase of aspect ratio.
Furthermore, specimen containing the aspect ratio of 1:1
possesses well excellent mechanical properties, among
which the plastic strain is 25.42%, the compressive strength
is 2381 MPa, and the fracture strength is 2375 MPa.
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Abstract:

New poly(azomethine-ether)s PAMEs containing 1-phenethyl-4-piperidone moiety have been synthesized through a solution
polymerization of various diformyl-a,w-diphenoxyalkanes, I-IV with 3,5-bis(p-aminobenzylidene)-1-Phenethyl-4-piperidone VI. The
structures of these polymers were confirmed using spectroscopic techniques. The inherent viscosities of the resulting polymers were
found to range from 0.65 to 0.95 dl/g. The solubility of the PAMEs was estimated, showing good solubility in aprotic solvents. The
thermal properties of the PAMEs were also evaluated by DSC technique. Liquid crystalline state of the polymers was observed on
polarizing microscope exhibiting nematic phase for most of the synthesized polymers.

Keywords: PAMESs; Piperidone; Thermotropic; Texture observation

1 Introduction

Recently, liquid crystal polymers had become a well-known
technology due to their wide range of applications such as
electronic devices and super-strong materials .. There has
been a great interest in liquid crystalline polymers that
consist of a solid linear mesogeneic group and flexible
methylene groups. In general, the mesogeneic groups and
elastic modules were bound by the ether, ketone, ester or
amide group “®. There has been a significant progress
in the development of thermotropic liquid crystalline
polymers which have flexible units with linked azomethine-
ether in order to lead to lower melting temperatures, more
flexibility , improved solubility and enhanced specific
properties such as misomorphism®*, As mentioned in
many scientific papers, transitional temperatures decrease
with the presence of methylene groups where the elasticity
of polymer depends on the number of methylene groups,
but the solubility is still not satisfactory. An improvement
in the solubility of the urinary PAMEs containing
substituted groups such as alkyl and alkoxy groups has
been reported!*'¢. The presence of a heterogeneous
atom in the hydrocarbon rings of the polymer main chain
such as a nitrogen and sulfur atom has a direct effect on
the physical properties of polymer. Moreover it increases
thermal stability and improves the solubility of the polymer
as a mesogenic group 7%, The introduction of piperidone

moiety as heterocyclic ring in the polymer back bone has an
effect on the properties of the polymer. However, there are
few reports related to the preparation of PAMEs containing
heterocyclic rings 2?2, The aim of this paper is to report on
the preparation of a new PAMEs containing a heterocyclic
ring of piperidone moiety and study of some properties
such as solubility, thermal stability and thermotropic liquid
crystal.

2 Materials and Methods

2.1 Reagents and solvents
4-Hydroxy-3-methoxybenzaldehyde, 1-phenethyl-4-piperidone
and dihaloalkanes were purchased from (Aldrich) whereas
4-nitrobenzaldehyde was purchased from (Fluka) they
were used without purification. Ethanol (95%), and all
other solvents were of a high purity however they were
purified by standard methods .

2.2 Measurements

Melting points of the synthesized samples were determined
on an Electro thermal IA9100 melting point apparatus
and are reported as such. The elemental composition was
determined by Elementary Vario EL III instrument. The
infrared spectra in the range 4000-650 cm™ of solid samples
of the synthesized monomers and polymers were obtained
using a Cary 630 FTIR spectrophotometer. The "H-NMR

Copyright © 2020 by author(s) and Viser Technology Pte. Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http:/creativecommons.orgllicenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any
medium, provided the original work is properly cited.



spectra were recorded on Varian a Gemini 200 MHz NMR
spectrophotometer at room temperature in DMSO solvent
using TMS as the internal reference. Mass spectra were
recorded on a Shimadzu Qp-2010 mass spectrometer. The
inherent viscosities were measured using an Ubbelohde
viscometer using a suspension in DMF at 25°C (0.5dIg-1).
The thermal properties of the samples were investigated
using Differential Scanning Calorimetry (DSC). The
DSC recordings were carried out in inert nitrogen using
a Shimadzu DSC-50 thermal analyzer. Liquid crystalline
behavior was investigated by POM using an Optika B-1000
Polarizing Optical Microscope (POM) attached to a hot
stage.

2.3 Monomer synthesis

4,4'-diformyl-2,2"-dimethoxy-a,w-diphenoxyalkanes I-IV
were synthesized by reported method %),

2.1.1 3,5-Bis(p-nitrobenzylidene)-1-phenethyl-4-piperidone
V)

In a 150 ml around-bottomed flask was disolved a

mixture of 4-nitrobenzaldehyde 6.04g(40mmol) and of
1-phenethyl-4-piperidone 4.06g(20mmol) in 25 ml ethanol
while stirring at 50 °C. A few drops of alcoholic potassium
hydroxide were then added to the reaction mixture with
a continuous stirring for a period of two hours where the
yellow precipitate was formed. The desired product V was
collected by filtration and recrystallized from ethanol, yield
80%, mp 163 °C . Anal Calcd for C,H, N.O_: C, 69.01;
H, 4.93; N,8,95%. Found: C, 69.35; H, 4.61; N,8,34%. IR
(ecm™); 2990 ( C-H aliphatic stretching); 1660 (C=0);
1600 (C=C); 1340, 1530 (NO,) and 1435 (piperidone C-H
deformation). The mass spectrum showed molecular ion
peak at m/z = 469 (13.4%) in agreement with its molecular
formula (C, H,,N,O,), and other peaks appeared at , m/z

=423 (M*—IZ\7102; 7.3%) and m/z =364 (M*-CH,CH,C H,,
9.8%)."H-NMR (DMSO-d, ppm): 8.2 (s, 2H of 2CH=C),
7.9-7.7 (m, 8H of benzylidene), 7.1-7.0 (m, 5H of Ar-H
) 3.9 (s, 4H of methylene group of piperidone), 2.8(t 2H
of CH2 attached with phenyl group) and 2.6(t 2H of CH,

attached with —-N= of piperidone) (figure 1).

3.318
3.253

2.486

Figure 1 "HNMR spectrum of monomer V

2.1.2.

piperidone (VI)
A 3,5-Bis(p-nitrobenzylidene)-1-phenethyl-4-piperidone
3.99 g (8.52 mmol) was placed in a 100ml flask with
30ml of absolute ethanol and then the solid mixture was
dissolved by warming it under stirred. A catalytic amount
of 10% palladium on activated carbon was added to the
mixture and hydrazine hydrate (3 ml) diluted with absolute
alcohol (9 ml) was then in a drop wise to the mixture.
The reaction mixture was kept at 50°C for two hours.
The desired product VI was collected by filtration and
recrystallized from ethanol, yield 80%, mp 110°C. Anal
Caled for C_H N.O: C, 79.10; H, 6; 65; N, 10.26%. Found:

2777273

3,5-Bis(p-aminobenzylidene)-1-phenethyl-4-

C, 79.50; H, 6.80; N, 10.19%. IR (cm-1): 3390-3195 (NH
stretching); 2850-2940 (C-H of piperidone); 1685 (C=0
of piperidone); 1600 (C=C) and 680 (NH deformation).
The mass spectrum showed molecular ion peak at m/z
= 409(10%) in agreement with its molecular formula
(C,,H,)N.O), and other peaks appeared at m/z = 304 (M-
ph-CH,-CH,, 54%) and at m/z = 303 (M*-NH,-ph-CH,,
52%). '"H-NMR (DMSO-d,, ppm): (s, 2H of 2CH=C), 7.9-
7.7 (m, 8H of benzylidene),5.2(b, 2H of -NH,), 7.1-7.0 (m,
5H of Ar-H ), 3.9 (s, 4H of methylene group of piperidone),
2.8(t 2H of CH, attached with phenyl group) and 2.8(t 2H
of CH, attached with N of piperidone) (figure 2).
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Figure 2 '"H-NMR spectrum of monomer VI

2.4 Polymerization

One polymer was used as a model for solution
polymerization. The polymerization steps were carried
out as follows: Bis-(p-aminobenzylidene)-1-phenithyl-4-
piperidone VI (0.409 g, 1 mmol) was dissolved in absolute
ethanol (20 ml) and to this solution, the diformyl T was
added (0.358g, 1 mmol) at 25°C.The mixture was stirred at
the same temperature for 20 minutes under nitrogen gas,
then the stirring continued at 80 ° C for 3 hours. During
this time, the viscosity of the polymer solution increased
rapidly and samples were taken from the polymer solution
during different time periods to confirm the polymerization
by analyzing the infrared spectrum. The polymer began
to appear as precipitate, the polymer was separated by
filtration, washed with various organic solvents and then
dried. The yield was 90%.

0
2 OZN—Q—CHO + ﬁ‘j
N

NaOH

3 Results and Discussion

The aim of this work is the preparation of new PAMEs
VII_, through solution polymerization of the 3,5-Bis(p-
aminobenzylidene)-1-phenethyl-4-piperidone with
various diformyl-a,w-diphenoxyalkanes I-IV. (Schemel)
formulates the methods used for the preparation of the
dibenzylidene-1-phenethyl-4-piperidone. ~ As  shown,
this compound was prepared by the base-catalyzed
condensation of two moles of p-nitrobenzaldehyde
with one mole of 1-phenethyl-4-piperidone followed by
hydrogenation using palladium on activated carbon in
ethanol at 50°C. This method was used for the synthesis
of PAMEs 19 The expected structures of the resulting
PAMEs VII_, were confirmed by elemental analyses and IR
spectroscopy . The monomers used and the polymers are
depicted in (Schemes 1 and 2).

o
XN
EtOH 25 °C
ON N NO,

/‘/\f‘j/\‘\j Reduction
HoN NH,

\

Scheme 1. Synthesis of Monomers V, V1.
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Scheme 2 Synthesis of PAMEs VII_ .

In this work, the polymerization reaction between a
diamine monomer and a formyl monomer is usually done
in ethanol to form relatively medium molecular weight. The
reason for choosing ethanol is that the monomers dissolve

easily and have a low boiling point. The polymers obtained
have an inherent viscosity from 0.65 to 0.90 dl / g and can
be easily obtained in high yields after a few minutes. The
physical properties of these polymers are listed in (Table 1).

Table 1 Elemental analysis, yields and inherent viscosities of PAMEs VII .

Polymer Yield n,,° Molecular formula Percentage of
number (%) dlg! (mol. wt) C H N
- % 083 C,H,N.O, Calc. 77.15 6.15 574
@ (731) Found 77.65 5.98 5.21
- - 095 C,H,N,0, Calc. 77.47 6.45 5.53
b (759) Found 77.87 6.10 5.70
VI - 076 C,H,N,0, Calc. 77.76 6.73 5.33
c (787) Found 77.12 6.11 5.42
VL, e 065 C,H_N.O, Calc. 78.03 6.99 5.15
(815) Found 77.89 6.50 491

* Measured for solutions in DMFE, with C= 0.5 dIg* at 25°C

The infrared spectrum was used to confirm the
structure of these polymers which containing the
azomethine-ether unit. The infrared spectra of all prepared
polymers indicate the disappearance of the absorption
band of the amino group at 3300 cm™ , new absorption
bands have also appeared at 1660 cm™ for the azomethine

groups in addition to the appearance of the distinctive
absorption band due to CH stretching of methylene groups
at 2940-2860 cm™. The absorption band of carbonyl group
of piperidone ring occurred at 1670-1685 cm’; C=C at
1620-1625 cm™ and C-O-C bonds (ether linkages), at 1230-
1275 cm’!(figure 3).
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Figure 3 IR spectrum of polymer VII,



3.1 Polymer characterization

The solubility properties of the prepared PAME:s in various
solvents at room temperature are shown in (Table 2). It
was noted that all PAMEs dissolve easily in concentrated
sulfuric acid that can be attributed to the decomposition
of the polymer core. These polymers were completely
dissolved in aprotic solvents such as dimethylsulfoxide
and N-dimethylformamide. The good solubility of these
PAMEs may be due to the loose packing of the polymer
construction with the 1-phenethyl-4-piperidone ring as a
pendent group "8l Among halogenated solvents such as
methylene chloride and chloroform, all PAMEs were found
to be partially soluble in methylene chloride and insoluble
with the rest of the halogenated solvents. Moreover, as

for the common organic solvents such as methanol and
benzene, these PAMEs were insoluble. Comparing the
solubility of PAMEs containing cycloalkanone moiety!*®!
with those containing piperidone ring, it was found that the
former possessed less solubility than the latter. This may
be due to the effect of the phenethyl moiety as a pendent
group in which the polymer chains are far from each other,
allowing the solvent to penetrate between the polymer
chains. Therefore, the presence of the piperidone ring with
the phenethyl group increases the solubility of the polymer
compared to the previously prepared polymers. 1819,
Furthermore, the introducingl-phenethyl-4-piperidone
ring as a polar group into the polymers chain gives rise to a
slightly increased in the solubility process.

Table 2 Solubility characteristics of PAMEs VII_,

iloulymrgz DMF ~ DMSO ~NMP THF CHCl  CHC, CH,  CHOH HgSO,
vII, ++ ++ + + + - N +
VII, ++ + + ¥ . i ) -
VIL ++ ++ ++ ++ + ++ + ¥ i
VIL ++ ++ ++ ++ + ++ + ¥ i

d

(++) Soluble at room temperature (RT); (+) Partially soluble at (RT); (-) Insoluble at (RT).

3.1.1 Thermotropic behavior of PAMEs

The thermotropic behavior of PAMEs VII  was determined
using the DSC and OPM devices at the heating period.
Having the DSC device several thermal transformations
were applied, some of which were endothermic peaks and
some exothermic peaks. The polymers VII_, display melt
birefringence and stirred glimmering through OPM. Table
3 shows the phase transfer temperatures for the PAMEs
and the isotropic phase of these polymers was observed in

123.00C

204.91c 252.87C

a temperature range of 233-357°C for the PAMEs VII .
In DSC studies, most of the polymers revealed multiple
endothermic peaks by the heating traces of the PAMEs
and that gave a glass-transition (Tg) that was weak in
the case of the polymer VII. The DSC profiles of the
melting process of polymer VII, which revealed multiple
endotherms at 123.00 (Tg), 204.91 melting point (Tm),
252.07 isotopic temperature (T7) and 399°C, also probably
with decomposition.

389

365.21C
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Figure 4 The DSC thermo gram of polymer VII,.

When the polymer sample was cooled after preheating
up to 450°C, there were no exothermic or endothermic
peaks. On a second heating cycle there was an endothermic
at 334°C. This phenomenon could be due to the presence of

different transition temperatures 2%, The effect of spacer
length on the thermal properties of the PAMEs VII_, is
shown in Table 3. It can also be clarified from (Table 3)
that the Phase transition temperatures decrease when the



methoxy groups are inserted with the elastic aliphatic spacer in the polymer core chain. 1],

Table 3 Phase transition temperatures of PAMEs VII_ .

Polymer Tm and Ti Tm and Ti
. oh
number N Gavebrightness by (POM) by( DSC)
Tm Ti AT Tm Ti AT
VIL Non 213 - - 215 - -
VII, Yes 202 248 46 204 252 48
VII 8 Yes 208 241 33 210 245 35
VII, 10 Yes 190 233 43 190 230 40
" Number of methylene units.
Thus, the unsubstituted para-linked PAMEs are temperatures.

infusible below its decomposition temperature. However it
was found that the inclusion of the methoxy substituent in
the solid aromatic ring as a mesogenic group reduces the
glass transition temperature (7g), melting point (Tm), and
isotopic temperature (T7). Moreover, the methoxy group
controls the direction of the reactions that occur in the
polymer structure during thermal transformations®. In
the DSC measurements, the peaks are broad and sometimes
sharp, due to the nature of the polymer construction,
which creates interference in the various transformation

3.1.2 Texture observation

The behavior of polymer tissue at a certain
temperature has been studied by quenching it in liquid
nitrogen It appears that all PAMEs have a highly melt
viscosity (with the exception of Polymer VII ) indicating
that the appearance of the nematic stage. Observation of
the polymer VII, in the anisotropic melt displays nematic
thread-like texture as shown in (figure 5) at 202°C (A) and
(figure 5) at 248°C (Ti) (B). Similar nematic textures were
observed for polymers VII_,.

Figure 5 Photomicrographs of polymer VII, (A) at 202°C (before Tm); (B) 248°C (Ti).

4 Conclusions

New chains of PAMEs which contain the piperidone moiety
were prepared using the solution polymerization. Most of
the polymers are found to be soluble in aprotic solvents
and exhibit birefringence and glittering under polarized
microscope. The Trm and Ti values increases as the length of
the flexible methylene spacers are decreased and decrease
with the introduction of the methoxy group as a substituent
in the polymer core.
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Abstract:

Owing to the strong neutron absorption of *'Eu, **'Eu free **EuMnO, ; has been synthesized to collect the neutron diffraction data
for analyzing the magnetic structure of EuMnO, ;. The obtained neutron diffraction data of *EuMnO, ; indicates that the magnetic
diffraction peaks corresponding to cAAFM (canted A-type antiferromagnetic) phase can be observed, but the magnetic diffraction

peaks corresponding to expected ICAFM (incommensurate antiferromagnetic) phase may be too weak to be observed.

Keywords: Magnetic structure; Neutron diffraction; "*EuMnQO ; Perovskite

1 Introduction

The multiferroicity in LnMnO, ; (Ln=Y, Tb, Ho)"* and
the colossal magnetoresistance or charge-ordering in La
A MnO, (A= alkaline earth)!", have induced a lots of
studies on the series LnMnO, , (Ln=Y, La, Pr, Nd, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu). During a systematical
study of the magnetic and orbital structures in the series
of LnMnO, ; as a function of Mn-O-Mn bond angle ¢, T.
Kimura et al.l*! established a magnetic phase diagram for
orthorhombic LnMnO, , (Ln=La, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho) using the neutron diffraction data of LnMnO, ;
(Ln=La, Pr, Nd, Tb, Dy, Ho)"'!l and X-ray diffraction data
of LnMnO, ; (Ln= Sm, Eu, Gd, the corresponding neutron
diffraction data contain less information given the high
neutron absorption cross section of the corresponding rare
earths) to obtain the value of Mn-O-Mn bond angle ¢ for
each compound by Reitveld refinement.'” This magnetic
phase diagram'® indicates that EuMnO, , is paramagnetic
(PM) above 51K, incommensurate antiferromagnetic
(ICAFM) between 51K and 46K, and canted A-type
antiferromagnetic (cAAFM) below 46K. The phase
transition temperatures are different from the values of
47K and 35K reported by Y. M. Mukovskii et al.'* This
difference may be due to the composition of the so-called

EuMnO, ; sample obtained in different research group is
different as indicated by L.O. Troyanchuk et al. ' and J.
M. Deng et al.l'”l. Similar phenomena can also be found
in other LnMnO, ; system."**! As well known, magnetic
phase transitions usually relate to the changes of magnetic
structure, which may induce the change of magnetic
reflections in the neutron diffraction data collected
around the phase transition temperature.?"*! However,
the neutron diffraction data of EuMnO,  is not easy to
be analyzed because *'Eu (50% of natural Eu is "*'Eu, the
other ~50% is "**Eu) can strongly absorb neutrons to let the
obtained data showing very weak useful information. This
is why there is no data found in literature. Until 2005, B.
Dabrowski et al. presented the room temperature neutron
diffraction data of "*EuMnO, ; in their published work
24 to obtain a precise value of Mn-O-Mn bond angle
by Rietveld refinement. Soon after, the neutron diffraction
data of *EuMnO, ; at 3 K have been obtained,"” which
shows the magnetic reflections related to the cAAFM phase
of EuMnO, ;. The corresponding magnetic space group
for the cCAAFM phase of EuMnO, ; is Pnmal, with a =
5.8183(2), b = 7.2082(3), ¢ = 5.3269(2) A at 3 K. However,
the expected ICAFM phase of EuMnO, ; around 50 K is still
waiting for confirmation. Therefore, it is very important to
obtain the neutron diffraction data of "*EuMnO, ; around

Copyright © 2020 by author(s) and Viser Technology Pte. Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http:/creativecommons.orgllicenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any
medium, provided the original work is properly cited.



50 K. The corresponding neutron diffraction data obtained
by us could not confirm the existence of the expected
ICAFM phase of EuMnO, ;.

2 Experimental

EuMnO, ; and EuMnO,; are synthesized using a
traditional ~solid-state reaction from stoichiometric
¥Eu,0, (99.995%), Eu,0, (99.995%) and MnCO, (A.R.)
for the comparing studies. The oven-dried reagents were
homogenized for about 30 min of grinding with an agate
mortar and a pestle. The mixture was subjected to 6 h of
calcination at 800 “C. They were then pressed into pellets to
undergo four 12 h heat treatments at 1200 C, followed by a
furnace cooling every time with intermediate grinding. All
the treatments were carried out under air. The weights of the
samples were monitored before and after heat treatment.
The maximum difference was about 4 mg for the 6 g
samples. Therefore, the final compositions of the samples
were considered the same as the initial ones. Powder X-ray
diffraction (PXRD) data were collected on a PANalytical
X'Pert3 Powder diffractometer with Cu K (A1=1.5405 A
and A\2=1.5443 A) radiation (26 range: 5-120° ; step size:
0.0131; scan speed: 1°/min) at 40 kV and 40 mA at room
temperature. Neutron powder diffraction (NPD) data for
EuMnO, , were collected on the instrument Echidna
at the OPAL reactor (Lucas Heights, Australia) at the
Australian Nuclear Science and Technology Organization
(ANSTO) at A= 2.43950 A. The X-ray diffraction data and
the neutron diffraction data were analyzed using GSAS
software.l'’> 2! The magnetic properties were investigated
using a Cryogenic physical property measurement
system (PPMS, supplied by East Changing, China) from

(a) "*EuMnoO,

2 to 300 K.

3 Results and discussions

Usually, one may believe that the structure and magnetic
properties of 'EuMnO, ; and EuMnO, ; are almost the
same. However, it is still better to have a careful check if
one keeps in mind the isotope effect in superconductor.
26281 Therefore, "EuMnO, ; and EuMnO,, have been
synthesized under the same condition as described above.
Their X-ray diffraction data and magnetic properties have
been compared carefully. No significant differences are
found between '*EuMnO, ; and EuMnO, ;. Therefore, the
magnetic structure obtained from the neutron diffraction
data of *EuMnO, ; should be applicable to EnMnO,. The

details are presented below.
3.1 X-ray diffraction data

The X-ray diffraction data of the synthesized '*EuMnO, ;
and EuMnO, can be refined well using the same
crystallographic parameters. The corresponding Reitveld
plots are shown in figure 1. The space group Pnma is
used in the refinement with '*Eu or Eu at (0.0781(3),
0.2500, 0.9831(2)), Mn at (0.0000, 0.0000, 0.5000), and
O1 at (0.4800(2), 0.2500, 0.1009(3)), O2 at (0.3126(3),
0.0441(2), 0.7131(3)). The obtained lattice parameters are
a=5.8401(3), b=7.4601(3), and ¢=5.3347(3) A. These data
agree well with the reported ones, *'*! which indicates the
samples studied in this work are similar to that reported
by other researchers and the replacement of Eu (a natural
mixture of 50% **Eu and 50% *'Eu) by pure **Eu isotope
does not change the structure significantly.

20 40 60

(b) EuMnO,

80 100 120

Ay, ‘11 o - ™
il 8

20 40 60

80 100 120

Figure 1 Rietveld plot of X-ray diffraction data of ’EuMnO, ; (a) and EuMnO, ; (b).




3.2 Magnetic properties

The temperature dependence of magnetization of the
sample '*EuMnO, ; and EuMnO, ; in ZFC (Zero Field
Cooling) and FC (Field Cooling) modes is shown in figure
2. As mentioned in the previous studies, ?2? it is not easy
to perform a zero-field cooling. The so called zero-field is
usually a very small field, which is randomly positive or
negative. Therefore, the “ZFC” is used instead of simple
ZFC in figure 2. The “ZFC” curves for EuMnO, ; and
EuMnO, , are similar. They seem to be obtained by first
cooling the sample under a very small negative field because
a negative magnetization is found at low temperature. This
can be understood from the field dependent magnetization
(M-H) curves obtained at selected temperature shown in
figure3 for EuMnO, ; and figure 4 for "*EuMnO, ;. The
details are described below.

1.0 ' . FC-"*EuMnO, ,
~ 0.8+ FC-"EuMn0,, \.\ "ZFC-"SEuMnO,
E 0.6 0.2+ FC-EuMnO, ,
é 0.4 - and
E 1 FC-EuhnD, "ZFC"-EuMnO,
E: 0.2 - / 3B M 45 S0 55 80
E -
= 0.0 ~
| TTTZFCTEuMnO,
0.2 - == "ZFC=-"EuMnO,
-7t - 151 - 1°rn 11
0 50 100 150 200 250 300
Temperature (K)

Figure 2 Temperature dependent magnetization of
EuMnO, ; and EuMnO, ; measured at 500 Oe.
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Figure 3 Field dependent magnetization of EuMnO, at 6 K(a), 10 K(b), 20 K(c), 30 K(d), 40 K(e), 50 K(f), and 60 K (h),
enlargement of the data at 50 K (g) and 60 K(i).

Above 60 K, the M-H curve is a straight line for
EuMnO, , with a positive slope. The magnetization is
positive when the field is positive, or is negative when the
field is negative. This is a typical case for a paramagnetic
compound. For simplicity, only the data at 60 K is shown
in figure 3h and figure 3i. The data shown in figure 3i is the
enlarged part of the data shown in figure 3h at the weak
magnetic field between -0.10 and 0.10 T to show a clear
linear relationship. Let’s set the random “zero field” to be a
small negative field about -0.003 T, the magnetization for

the present sample EuMnO, , at 60 K may be -0.0002 y,/
mol as indicated in figure 3i. If a positive magnetic field is
applied at this temperature, positive magnetization should
be obtained immediately. When the temperature decreases
to about 50 K, the relationship between magnetization and
magnetic field becomes complex. A loop is found when
the magnetic field is between -0.10 and 0.10 T as shown in
figure 3g. This means a magnetic phase transition occurs
above 50K. As shown in figure 3g, if the magnetic field is
still about -0.003 T, the corresponding magnetization at 50



K'may be -0.0021 u,/mol. At this case, if a positive magnetic
field less than 0.025 T is applied, a negative magnetization
can be obtained as shown also in figure 3g. The magnetic
loop became larger and larger when the temperature
decreases. As indicated at figure 3a, the observed
magnetization of EuMnO, ; at 6 K may be -0.0662 y,/mol
for the small negative field of -0.003 T. If a positive field
about 0.05 T is applied at 6 K for measurement, the observed
magnetization should be negative. This is an explanation
for the observation of “ZFC” curve of EuMnO, ; shown in

figure 2. If one wants to obtain a positive magnetization,
the applied field should be larger than 0.55 T as indicated
in figure 3a. This agrees well with the previous studies.?’!

The “ZFC” curve for *’EuMnO, ; presented in figure
2 also shows negative magnetization, which indicates the
data is obtained by first cooling the sample under a very
small negative field. The understanding of this observation
for *EuMnO, ;is similar to that for the sample EuMnO, ,
which is shown in figure 4.
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Figure 4 Field dependent magnetization of "*EuMnO, at 6 K(a), 10 K(b), 20 K(c), 30 K(d), 40 K(e), 50 K(f), and 60 K
(h), enlargement of the data at 50 K (g) and 60 K(i).

The FC curves of ’EuMnO, ; and EuMnO, ; are very
similar but not the same (see figure 2). This may mean that
the difference between the value of 6 of '*EuMnO, ; and
EuMnO,, is very small because I. O. Troyanchuk et al. ¥
reported that the magnetic properties of EuMnO, ; may
be different when the value of § is different. The second
possibility may be that the obtained sample is 'Eu,
JMn O, or Eu Mn O, with x1~x2 because the
magnetic properties of Eu; Mn, O, . are different when x
is different. 1>2?

The departure of the FC and “ZFC” curves of EuMnO, ;
is around 52 K, which can be clearly found from the inset
of figure 2. This value agrees well with the reported data.
6331 The departure of the FC curve and “ZFC” curve of
EuMnO, , seems to be around 51 K. An M-H loop can
be observed at 50 K for '*EuMnO, ; as shown in figure 4.
The M-H curves for EuMnO, ; (figure 3) and '*EuMnO, ;
(figure 4) are very similar, which also agree well with the

data for EuMnO, reported previously. ** Therefore, the
present data indicates that the replace of Eu by '*’Eu does
not change the magnetic properties significantly.

3.3 Neutron diffraction data for "*EuMnO, ;

As mentioned in section 3.2, negative magnetization
can be observed for EuMnO, if it cooled down to low
temperature under a negative field. In order to know what
happens in this negative magnetization, neutron diffraction
data of ""EuMnO, , between 10 K and 60 K at a magnetic
field of 1 T after field cooling under a magnetic field of -0.05
T are obtained. For comparison, neutron diffraction data of
EuMnO, , between 10 K and 60 K at a magnetic field of 1
T after zero field cooling, and between 42 and 48 K at a zero
field, are also obtained. The corresponding data are shown
in figure5.

The neutron diftraction dataafter negative field cooling
and zero field cooling are very similar to each other, which
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Figure 5 Neutron diffraction data of '"’"EuMnO, , at selected temperature under a magnetic field of 1 T after zero field
cooling (a), field cooling (the magnetic field is about -0.05 T) (b), and under a zero magnetic field (c).
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Figure 6 Rietveld plots of the neutron diffraction data of *EuMnO, at selected temperature under a magnetic field of 1
T after zero field cooling (a), field cooling (the magnetic field is about -0.05 T) (b), and under a zero magnetic field (c).



means that the structure of '"EuMnO,, (both nuclear
structure and magnetic structure) are almost the same
at two different situations. The diffraction peak marked
by star in figure5 is a magnetic diffraction peak from the
cAAFM phase of EuMnO, ;, which had been described in
a previous paper.!'”! This magnetic diffraction peak can be
observed at the temperature of 50K or lower and disappear
at the temperature of 60K.

The temperature dependent magnetization of
EuMnO, ,; (see figure 2) indicates a magnetic phase
transition around 51K. Therefore, it is easy to accept that the
magnetic diffraction peak can be observed in the neutron
diffraction data at 50K and disappears in the neutron
diffraction data at 60K. The field dependent magnetization
of "*EuMnO, (see figure 4) also indicates that a loop can
be observed around 50K and no loop is found at 60K. It
is very surprising that only one set of magnetic peaks for
the cCAAFM phase of EuMnO, ; are found in the obtained
data (see figure 5a and 5b). This may mean the ICAFM
phase of EuMnO, ; does not exist. One may argue that
the ICAFM phase of EuMnO, is restrained by a magnetic
field of 1T. Therefore, the neutron diffraction data of
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'"EuMnO, ; was obtained between 42K and 48K without
an applied magnetic field (called as the normal state). The
corresponding data are shown in figure 5c. It is found that
the diffraction data are similar to that shown in figure 5a
and 5b. The magnetic diffraction peaks shown in the data
belong to the cAAFM phase of EuMnO, ;. The ICAFM
phase of EuMnO,, expected around this temperature
was not be observed. Really some diffraction peaks are
not belonging to the nuclear phase of EuMnO, ; and the
ICAFM phase of EuMnO, ;. These diffraction peaks come
from the sample holder as shown in figure 5c.

The data at 60 K are refined with only the nuclear phase
in the space group Pnma. The data at 10 to 50K are refined
with both the nuclear phase in the space group Pnma and
the magnetic phase in magnetic space group Pnmal’. The
corresponding Rietveld plots of the obtained neutron
diffraction data are shown in figure 6. All the data can be
refined well. The obtained lattice parameters are shown in
figure 7. Lattice parameters g, b, and volume of unit cell
of '"EuMnO, increases with the increase of temperature,
while lattice parameters ¢ decreases with the increase of
temperature.
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Figure 7 Lattice parameters a (a), b (b), ¢ (c) and volume of unit cell (d) of "*EuMnO, at selected temperature under
a magnetic field of 1 T after zero field cooling (ZFC), field cooling (the magnetic field is about -0.05 T) (FC), and under a
zero magnetic field (Normal). The dash line in the figure is for the guide of eye.

4 Conclusion

"EuMnO, , and EuMnO,, have similar structural
and magnetic properties. Neutron diffraction data of
EuMnO, , between 10 K and 60 K has been analyzed
carefully. The magnetic diffraction peak can be observed
at the temperature of 50K or lower and disappear at the
temperature of 60K. It is very surprising that only one set

of magnetic peaks for the cAAFM phase of *EuMnO, ; are
found in the obtained data. No other magnetic peaks are
found even after applying ZFC, FC (the magnetic field is
about-0.05T) and under normal condition (a zero magnetic
field). The present results indicate that the ICAFM phase of
EuMnO, could not be confirmed by neutron diffraction data.
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