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Abstract

The shape and size of particles may have a great impact on the microstructure
as well as the physico-properties of particulate composites. However, it is
challenging to configure a parking system of particles to a geometrical shape
that is close to realistic grains in particulate composites. In this work, with the
assistance of x-ray tomography and a spherical harmonic series, we present a
star-shaped particle that is close to realistic arbitrary-shaped grains. To realize
such a hard particle parking structure, an inter-particle overlapping detection
algorithm is introduced. A serial sectioning approach is employed to visualize
the particle parking structure for the purpose of justifying the reliability of
the overlapping detection algorithm. Furthermore, the validity of the area
and perimeter of solids in any arbitrary section of a plane calculated using
a numerical method is verified by comparison with those obtained using an
image analysis approach. This contribution is helpful to further understand
the dependence of the micro-structure and physico-properties of star-shaped
particles on the realistic geometrical shape.

Keywords: star-shaped particle, inter-particle overlapping algorithm, parking,
sectional plane analysis, microstructure
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1. Introduction

On meso-/microscopic scales, particulate composites, such as ceramic, glasses, polymer and
cementitious composites, can be considered the packing system of particles with irregular
shape [1]. The evolution of the interior structure of particulate composites is, to a certain
extent, relevant to the initial packing state of particles. Since the physico-properties
of particulate composites are directly related to their meso-/micro-structure, the packing
structure of particles can give us insights about the effects of various geometric characteristic
parameters on the structures of interfacial transition zones (ITZs) and the matrix, as well as on
the physical/mechanical/thermal/hygral properties [2—4]. Over the past decades, scientific
attention has broadened the study of the meso-/micro-structure of particulate composites
through computer simulation of the packing of particles with regular geometrical shapes,
such as spherical [5], ellipsoidal [6], cylindrical [7, 8], polyhedral [9, 10], hyperspherical and
hypercubic [11], etc. It is helpful to understand the effect of the regular geometrical shape of
particles on the meso-/micro-structure as demonstrated by these prominent works. However,
since the grain shape of most particulate composites in nature is irregular, simulating the
influence of an arbitrary-shaped particle packing structure on the meso-/micro-structure is still
a challenge.

To establish the packing model of an arbitrary-shaped particle, the geometrical shape of
the particle, which is close to the realistic shape in particulate composites, should first be
constructed. Currently, there have been several attempts to quantify the realistic geometrical
shape of grains. For instance, employing a digital image-based method, an arbitrary-shaped
particle can be characterized by a coherent collection of pixels for the two-dimensional
(2D) case or voxels for the three-dimensional (3D) case using professional image equipment
techniques [12], such as scanning electron microscopy (in back-scattered electron mode), x-ray
computer tomography (x-ray CT) and magnetic resonance tomography (MRT) [13] etc. Hall
et al [14] have developed a so called original grain-scale volumetric digital image correlation
method that permits the characterization of real sand grains in a specimen. Unfortunately, this
requires a huge memory to store the pixels/voxels of all of the particles in a specimen.

Either a Fourier series (2D case) [15,16] or a spherical harmonic series (3D case)
[13,17, 18] is employed in the literature to characterize the particle shape. In this situation, a
particle must be star-shaped (or star-like). For a shape to be star-like, any line segment whose
one endpoint is in the kernel of the star-shaped particle and the other endpoint is on the surface
must be totally contained in the shape itself, that is, each ray from the kernel of the star-shaped
particle must have one and only one intersection with the surface [17, 19,20]. The kernel of
the star-shaped particle is usually a convex set of points that contains all of the points that can
be used as the one fixed point in the star-shaped particle.

The key issue for hard particle packing in a given cell is detection of inter-particle
overlapping. Approximate collision detection schemes always use a series of bounding boxes,
spheres or voxels to solve the collision detection problem [21]. In many applications of
computer graphics [22,23] and game development [24], a fast and robust collision detection
algorithm is required to decompose a complex object into simpler pieces [25,26]. Since
polygonal meshes are extensively used in computer graphics, one method for intersection
detection is based on ‘ray shooting’ using polygon meshes (triangulations) [27]. For a regular-
shaped particle system, there are many well-known algorithms for detecting inter-particle
overlap. Forinstance, Perram and Wertheim [28] presented a contact potential function to check
inter-ellipsoid overlapping based on the work of Vieillard-Baron [29]. The contact potential
function has also been applied extensively to simulate ellipsoid packing structure [30,31].
Additionally, to precisely judge inter-ellipsoid overlapping, Xu et al [32, 33] developed a novel
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Figure 1. Two particles are defined by the spheres assembly method.

golden section searching algorithm. Recently, Jiao et al [9] and Xu et al [34] used the classical
separation axis algorithm to check overlapping between regular convex particles. Garboczi
and Bullard [35] made an additional outstanding contribution by detecting overlap between
two star-shaped particles using an efficient numerical search process. Qian [36] has proposed a
method to determine whether two particles overlap by solving contact equations. Nevertheless,
these algorithms only apply to star-shaped particles. It is still unclear whether or not these
algorithms can extend to arbitrary-shaped particles. It is worth noting that a spheres assembly
method has been used to determine overlapping between two arbitrary-shaped particles [8, 37].
In the spheres assembly method, the profile of a particle is supposed to be composed of a series
of mono-/multi-sized spheres, and the overlapping detection of two arbitrary-shaped particles
is shifted to judge inter-sphere overlap (see figure 1). However, the accuracy of this method is
restricted by the number of spheres imposed on the profile of an arbitrary-shaped particle. The
main idea of this paper is to develop an algorithm to quickly and effectively detect overlapping
of star-shaped particles.

As amore suitable approximation for real grains, the star-shaped particle will be described
in this paper by the spherical harmonic series. Subsequently, an overlapping detection
algorithm for arbitrary-shaped particles is introduced. Afterwards, based on the classical
random sequential parking algorithm, star-shaped particle parking structures are presented. In
addition, a serial sectional plane of such a parking system is visualized in order to verify the
reliability of the developed overlapping criterion.

2. Description of a 3D star-shaped particle

The profile of a star-shaped particle has commonly been described by spherical harmonic
analysis in the literature [13, 17-19,38,39]. In this section, we will briefly explain how the
spherical harmonic analysis is used to describe the profile of a star-shaped particle.

2.1. Spherical harmonic analysis

A star-shaped particle surface can be composed of a set of controlling points, lines and triangles.
The points are described as a series of spherical coordinates (r (9, ¢), 6, ¢) in a spherical
coordinate system (see figure 2(a)), or Cartesian coordinates (x, y, z), which can be retrieved
from the spherical coordinates using equation (1)

x =10, ¢)sinb cos g r € [0, 00)
y =r(0,¢)sinf sing 0 € [0, ] (1)
z=r(,¢)cosb ¢ €10,2r],

where (6, ¢) is the radial distance from the particle centre to the point with spatial angle
(8, @) on the surface of the particle, the polar angle 6 is measured from the zenith direction
and the azimuthal angle ¢ is measured from the azimuth reference direction to the orthogonal
projection of the line segment on the reference plane xoy, as shown in figure 2(a).

Apoint P (rjk (6, @) » 6}, ¢x) on the particle surface in the spherical coordinate system
is equivalent to a point P; ; (x ik Yiks 2 j,k) in the Cartesian coordinate system, as shown in
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(a) A point in spherical coordinate system (b) The line is composed by adjacent points

Figure 2. Point and line of the particle surface.

figure 2(a). The location of surface point P;,’: can be determined based on the polar angle 6;,
the azimuthal angle ¢, and the radial distance r j;, which is adistance from the particle centre
to the surface point P}y .

gjzﬁn(jzl,...,m)

m—1

<pk=%n(k=1,---,n), @
where m and n are the number of points evenly spaced in [0, 7] and [0, 277 ], respectively. Note
that 6; and ¢y, are angle periodic functions with periods m and , i.e. 0, = 6; and @y, = ¢;.
By considering three additional points, Pj_1, Pj_is—1, Pj—1k, in figure 2(b), it can
be seen that a line is composed by connecting two adjacent points on the particle surface,
ie., the line Pj_j;_(Pj_1x or Pj_j;_1Pjx_1, and the diagonal line is connected by
default from P;_;;_; to P;;. Three adjacent lines may construct a triangle (for instance,
APj—l,k—le,k—]Pj,k’ or APj—],k—le—l,kPj,k)‘ The particle surface can be approximately
reconstructed by seamless tessellation of all adjacent non-overlapped triangles. The accuracy
of the reconstructed surface depends on the number of points imposed on the particle surface.
The radial distance 7 is the key component in the spherical harmonic series and can be

described as

r@.9) =YY an¥!©.9), 3)

s=0 h=—s

where ag, and Y/ (9, ) are the coefficient and the spherical harmonic series with degree s and
order h (—s < h < ), respectively.

The coefficient ay;, in equation (3) is calculated from the surface points by choosing each
angle according to the Gaussian quadrature procedure as shown in equation (4). The radial
function R(6, ¢) in equation (4) is the distance from a particle centre of mass to the surface
voxel with angular coordinate (6, ¢), and the surface voxel is obtained from x-ray CT data of
the particle. The details on how to obtain R (0, ¢) can be found in [40]. The coordinates of the
points are the coordinates of the voxels of a particle surface relative to the centre of mass of
the particle (see figure 3). In this article, ay, is provided by Garboczi at the National Institute
of Standards and Technology (NIST) [17]. Table 1 shows an example of a coefficient ay;, from
the particle shape database.

2 b4
ash = f f sin(0)R(0. )Y/ d6 dg, @
0 0

where the asterisk (*) denotes the complex conjugates.

4



Modelling Simul. Mater. Sci. Eng. 22 (2014) 035008 ZZhu et al

3

£his
23t ressaterss
gttt
(epng] e
ey reeq bysoguignt
BRI AL o o e st
R et o aP R et
b «..,«;-,‘;::m\a‘.
A
PO L S0
oINS

X o
RRBEL .’::o:::s:,g:d 3
NS

Figure 3. Comparing the digital image generated by the open-source software ParaView
(51486 voxels) of a particle with the particle obtained by spherical harmonic series.

Substituting ay, and Ysh (6, @) into equation (3), we can reconstruct the particle surface as
shown in figure 3. Table 1 shows an example of the spherical harmonics series Y/ (0, ¢) from
s=0tos =3.

2.2. Data structure of a single particle

Before developing the inter-particle overlap algorithm, a suitable data structure should be
constructed to store the information for each particle. In this study, a mesh data structure
is presented in equation (5) and in figure 4(a). In this mesh data structure, three matrices,
i.e. Xuxns Ymxn> Zmxn (m rows and n columns, the subscripts are in (row, column) order),
will be defined and used to store separately the x-, y- and z-coordinates of all of the points
P; i (xjk, ¥j.ks 2j) on the particle surface:

Xan:{xj,k’j:1127"'am;k21729"'9n}
Yanz{yj,k9j=1729"'9m;k=1925""n} (5)
ZmXVl:{Zj,k’jz]127"'am;k=1723"'3n}'

To guarantee that a particle surface is seamlessly covered by the triangles without any overlaps
or gaps, the three matrices described in equation (5) should satisfy the following requirements.

(1) All elements in the first and last rows of the three matrices should have the following
features: X117 = X1t V1,1 = Yk 211 = 20k a0d X1 = Xks Y1 = Ymoks Tm,1 =
Zmk (k=1,2,...,n),whicharetwopoints Py 1 (x1 1, Y1.1, 21.1) and Py, 1 (X 15 Ym.1> Zm.1)
on the particle surface, as shown in figure 4(b).

(2) The first columns of the three matrices are equal to those in the last columns, i.e.,
Xkl = Xkns k1 = Yikn> 21 = Zkn (k=1,2,...,m). All of the elements in these
columns are shown as a red curve on the particle in figure 4(b).

In order to determine whether or not inter-particle overlap exists, the particle surface will be
tessellated up with small triangle meshes in figure 2(b); this process is called particle surface
triangulation. Figure 4(b) shows a tetrahedron that is composed of one triangle with the particle
centroid.

After the particle surface is tessellated into many triangles with seamless
connection, the data structure of the triangle is presented and the three point
coordinates A ; (axj, ay;, azj) , B; (bxj, by;, sz) ,Cj (cxj, Cyj, czj) of each triangle AA;B;C;
(j=1,2,...,NT) are stored in the 3x3 matrix, as shown in figure 5. Herein, NT =
2 (m — 2) (n — 1) is the total number of triangles tessellating the whole surface of a particle,

5



Modelling Simul. Mater. Sci. Eng. 22 (2014) 035008 ZZhu et al
Table 1. List of spherical harmonic series from s = Oto s = 3; ay, is the coefficient of
a particle.

Liss.,ip 8 h Ash Ysh (CRD)
. 1 /1
1 0 0 20.523 994 + 0i = —
2V
. -1 /3 .
2 1 1 0.079 608—0.041999i —,/ — sinfe"
2 V2m
. 1 /3
3 1 0 0.189 590 + 01 —,/ —cos6
2V
. /3 .
4 1 -1 —0.079 608—0.041999i —,/ — sinfe™"
2V 2n
. /15 5, .
5 2 2 —0.368 958—0.0007941 —,/ — sin” fe”¥
4V 2
. -1 /15 . .
6 2 1 0.030 733 + 0.345538i —,/ —sin @ cosHe'’
2 V2m
1 /5
7 2 0 —2.499 989 + 0i Z‘/—(SCOSZG —1)
T
. 1 /15 . .
8 2 —1 —0.030733 +0.345538i —./ — sinf cosfe™*
2V 2w
. /15 5,
9 2 =2 0.368 958 +0.0007941 —,/ — sin“ fe™7
4V 2m
. -1 /35 5
10 3 3 —0.950 525—0.344 838i 3V sin” fe™'?
T
. 1 /105 ., 2
11 3 2 0.727 578—0.004 4101 —,/ — sin” 0 cos fe*
4V 2m
. -1 /21 . ) )
12 3 1 0.199 042 + 0.320 0901 3V sin@(5cos” 6 — 1)e'¥
T
1 /7
13 3 0 1.085 789 + 0i 1 —(5c08*0 — 3cos0)
T
o1 /21 . ) .
14 3 —1 —0.199 042 + 0.320 0901 Vo sinf(5cos 6 — 1)e™
T
. 1 /105 ., Zai
15 3 =2 0.727 578 + 0.004 419i R sin” 0 cos fe '
T
. 1 /35 5 _5
16 3 =3 0.950525-0.344 838i 3V sin” fe "
T

and the value of m x n is defined as the ‘grid density’, with a higher grid density meaning a
greater value of m and n.

The numerical surface area of the particles can be calculated by summing the area of all
of the triangles via Heron’s formula. Furthermore, there are totally NT tetrahedrons that are
composed of each triangle and the particle centroid, see figure 4(b). The numerical volume of
the particle is summed up by the entire volume of the tetrahedrons as shown in equation (6).
|04 - (0B, x 0C))| ©

6 .

The accuracy of the particle shape obviously depends on how many points (or triangles) are
set on the particle surface, i.e. the value of the parameters m and » in equation (2) should be
considered. For example, the exact value of the surface area and volume of a sphere with radius
r = 1is 4w and 47 /3, respectively. The numerical results for the surface area and volume

VTetrahedron( j) =

6
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Figure 4. Data structure of a particle surface and the particle surface triangulation.
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Figure 5. Data structure of triangles.

of the sphere with different values of m and n can be calculated using the above methods and
are given in table 2. Apparently, the numerical accuracy will increase with the increasing grid
density, i.e. the value of m and n. When the values of m and n reach 50, both of the relative
errors are less than 0.5%.

Table 2 shows that the deviation from the exact value at m = n = 500 is very small,
and therefore the numerical value at m = n = 500 will be assumed in this article to be the
‘exact’ value for a particle from the particle shape database. This particle is represented by
its spherical harmonic series with degree s = 12. Table 3 shows the difference between the
numerical values of the particle (as shown in figure 3) at different grid densities and the value
atm = n = 500. It can be seen that the relative error for both the surface area and volume are
less than 0.5% when m = n = 60. So, m = n = 50 or 60 is advisable for a particle.

3. Inter-particle overlapping detection algorithm

Two-particle overlap detection is the key algorithm in the parking procedures. Garboczi and
Bullard [35] proposed comparing d with the distance d; from the centre of particle 2 to the
particle 2 surface point in the direction given by spherical polar angles. Here, d is the distance
from a point on the surface of particle 1 (inside the extent overlap box) to the centre of particle 2.

7
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Table 2. The relative error of the numerical surface area and volume of a sphere with
unit radius are computed at different grid densities.

The numerical The relative error of The numerical The relative error

m(=n) surface area the surface area (%) volume of volume (%)
10 12.0096 4.430 64 3.8227 8.739 76
20 12.4250 1.124 99 4.0949 2.241 46
30 12.5034 0.501 10 4.1468 1.002 44
40 12.5309 0.282 27 4.1652 0.563 18
50 12.5437 0.180 41 4.1737 0.360 25
60 12.5506 0.125 50 4.1783 0.250 44
100 12.5607 0.045 13 4.1850 0.090 48
200 12.5649 0.011 70 4.1878 0.023 64
300 12.5657 0.005 34 4.1884 0.009 32
500 12.5661 0.002 15 4.1886 0.004 54

Table 3. The difference between the numerical value of a particle from the value m = 500
with degree s = 12 at different grid densities.

The numerical ~ The relative error of the =~ The numerical  The relative error

m(=n) surface area surface area (%) volume of volume (%)
10 12.5143 12.155 36 3.4879 16.732 48
20 13.7962 3.156 97 4.0156 4.135 66
30 14.0470 1.396 75 4.1110 1.857 48
40 14.1342 0.784 05 4.1451 1.041 89
50 14.1749 0.49847 4.1611 0.662 19
60 14.1971 0.342 70 4.1696 0.457 16
100 14.2289 0.119 42 4.1821 0.159 47
200 14.2422 0.025 96 4.1874 0.033 41
300 14.2445 0.010 38 4.1883 0.010 63
500 14.2459 0 4.1888 0

If d < d,, then the point on the surface of particle 1 is also contained inside particle 2, so
overlap exists. If d > dj, then overlap does not exist at this point, so we go on to the next
point of particle 1 that is in the angular range. If all the points on particle 1 do not fall inside
particle 2, then the particles do not overlap. Qian [36] assumes that there is a contact point
C (x¢, e, z¢) at their local coordinates (6.1, ¢.1) and (6.2, ¢.2) by solving contact equations
to determine whether two star-shaped particles overlap. However, the equations have four
unknowns 6.1, ¢.1, 6.2, @2, but only three equations, which makes them unsolvable. They fix
one of the four unknowns at preselected values in the range [0, 277) and then try to solve the
three equations with the three unknowns. If a solution is found, then the contact point exists
and the two particles overlap, otherwise there is no overlap between the two particles.

These spherical harmonic particle contact algorithms only apply to star-shaped particles,
rather than arbitrary-shaped particle. In this paper, the purpose of using the surface triangulation
approach is to expand the capacity of the previous contact detection methods to the arbitrary-
shaped particle systems by decomposing the surface of a particle into a set of non-overlapping
seamless triangles. Then, a tetrahedron can be formed by linking each triangle with the
particle centroid (as shown in figure 4(b)). We can then further use the separation axis theorem
to quickly detect inter-particle overlap.



Modelling Simul. Mater. Sci. Eng. 22 (2014) 035008 ZZhu et al

3.1. Separation axis theorem

The separation axis theorem is often used to check for collisions between two convex hulls.
Geometrically, two convex hulls (an object is convex if for every pair of points within the object,
every point on the line segment connecting them is also within the object) do not overlap in a
3D space if and only if there exists an axis onto which the projected line segments of these two
convex hulls do not overlap. If we find an axis along which the particles do not overlap, then
we do not have to continue testing the rest of the axes. Otherwise, if the particles overlap along
all of the possible separating axes, then they definitely overlap with each other. This method
is named the separation axis theorem [10,23,34]. For two convex polyhedrons in 3D space,
the set of vectors normal to the faces of the two polyhedrons and the set of vectors generated
by cross-products between the two edges which form each polyhedron have to be checked
for a separation axis [41]. The separation axis theorem can be used to determine whether or
not two stationary convex polyhedrons overlap. For example, figure 6 shows their projected
line segments (MN, PQ, respectively) between a pair of tetrahedrons. It can be seen from
figure 6(a) that there is a separation axis on which the two projected line segments (MN, PQ)
do not intersect when the normal vector of the tetrahedral face is taken as the separation axis.
Therefore, we can conclude that these two tetrahedrons do not overlap. However, it is not clear
whether the two tetrahedrons overlap, even though figure 6(b) shows that all of the projected
segments are overlapped along the vectors normal to the faces of the two tetrahedrons. The set
of vectors generated by cross-products between the two edges from each tetrahedron should
be checked for a separation axis, as shown in figures 6(c) and (d). Figure 6(d) shows that two
tetrahedrons definitely overlap because no single separation axis is available for their projected
line segments of the two tetrahedrons.

For a 3D particle, the projected segment of the particle is the particle projecting its shape
onto an arbitrary vector, as shown in figure 7. The projected segment is parallel to the vector
n. For example, we select an arbitrary point P; ; on the star-shaped particle surface that lies
on the projected segment of the particle MN, where M and N are the minimum and maximum
values of all of the projected points along the direction of the vector n, respectively. The length

/ — -
of the line segment MP; is |[MP; | =|MPj|cos6.

3.2. Overlap detecting of two star-shaped particles

In our implementation, a star-shaped particle is characterized by all of the vertices relative
to its centroid, representing the position of the particle. Although the star-shaped particle is
never a convex polyhedron, many independent triangles are obtained after the surface of the
star-shaped particle is triangulated in 3D space, and a tetrahedron can be formed by linking
each triangle with the particle centroid (see figure 4(b)). Suppose that P;(m; rows and n)
columns) and P, (m, rows and n, columns) are a set of vertices of two star-shaped particles
with centroids O; and O, respectively, i.e.

Pl :{(X» Y» Z)m]xnl}v PZZ{(X7 Y’ Z)mzxnz}- (7)
Then the sets of corresponding triangles of particles surface (see figure 5) are

Prni ={AA;B;iCy, j=1,2,---,2(m —2)(ny — 1)}

, . 8
Paz = {82A;B;Cyrj = 1,2, -, 2(mz — 2)(n2 — D)} ®

The sets of corresponding tetrahedrons are
Pri ={01 — AA;B;Cj, j=1,2,---,2(m —2)(n; — 1)} )

PT2 = {02 - AZAJBJC]’] = ]127 "',2(”12 —2)(112 - 1)} ’

9
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(b) The projected segments are overlapped along
the vectors normal to the faces of the two
tetrahedrons

(c) The projected segments are separated along the
vector generated by cross-products between two (d) Two tetrahedrons are overlapped
edges from each tetrahedron

Figure 6. Positional relationships of two tetrahedrons are determined using the
separation axis method.

Figure 7. Projected segment of a star-shaped particle.

Consequently, the overlapping problem between particle P; and particle P, can be
transformed into checking the overlap between two sets of tetrahedrons, Pr; and Pr;. As
is known, the greater the number of tetrahedrons in each set, the more time-consuming it is to
perform simulations.



11

Modelling Simul. Mater. Sci. Eng. 22 (2014) 035008 ZZhu et al

(a) Extremal box of the particle (b) Extremal overlapping box

Figure 8. Extremal box and extremal overlapping box.

For the purpose of reducing how much time is consumed, an extremal box (EB) [35] is
introduced in figure 8(a) to surround each particle for a preliminary check of inter-particle
overlap. The extremal box is defined as a rectangular parallelepiped (or cuboid), of which
three orthogonal edges are the projected segments of the particle (as shown in figure 7) onto
the x, y and z axes, respectively. The potential overlapping portion of two extremal boxes
in the global coordinate system is called the extremal overlapping box (EOB) [35]. Notably,
EOB is essentially an EB. If an EOB exists, then an EOB is contained in the EB. If an EOB
does not exist, then we may demonstrate that these two particles do not overlap.

Two EBs (AIBICIDI E1 F1G1H1 andA2B2C2D2E2F2G2H2, see ﬁgure S(b)) and an EOB
(abcdefgh) can be composed of a point e and three lengths eh, ef, ea of the EOB, which can
be derived using the following strategies.

Point e of the EOB is determined by e = (max (E1x, E>y) , max (Ely, Ezy) ,max (Ey;, Ezz)),
and the three lengths of the EOB can be accessed by paralleling the x-axis with eh =
min (Hyy, Hox) — max (Ey,, Eyy), the y-axis with  ef = min (Fyy, F»,) — max (Eyy, Eay)
and the z-axis with ea = min (A, A;;) — max (E;, Ey;), respectively.

Actually, the overlapping portions of the two particles occur only in a partial region of
the particles; it is not necessary to assess all the surface points on the particles. For two
star-shaped particles, the overlapping portion inevitably occurs in a 3D region (EOB) located
between planes 1 and 2; the two planes are perpendicular to the line passing through the
centroids of the two particles, see figure 9. Therefore, locating these key points on the particle
surface can greatly reduce the computational complexity. In this section, a selection procedure
will be presented that can efficiently discard most of the triangle (or tetrahedron) elements but
which will not interfere with the target element, so that only a fraction of the total number
of elements have to be evaluated for their relationship with the target element. Now we will
present how to efficiently detect overlap between two star-shaped particles.

Consequently, the operating details of the overlapping algorithm for the star-shaped
particles can be developed using the following procedure [35].

(1) If an EOB does not exist, as shown in figure 10(a), then the two particles do not overlap.
(2) If an EOB exists, then the following cases should be considered.

(2a) One of the particles is not inside the EOB, as shown in figure 10(), and therefore
the two particles are non-overlapping.

(2b) When two particles are in the EOB, then we should consider the two projected
line segments that the portions of the two particles inside the EOB project onto the line

11
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Plane 2 Plane 2

Plane 1 Plane 1

EOB

.......

(a) Two particles no overlap (b) Two particles overlap between the centroid of
the two particles

Figure 9. Test overlapping of two particles between their centroids.

connected with two centroids. If these two projected line segments do not overlap, then
the two particles must not overlap; see figure 10(c). Otherwise, the two projected line
segments will intersect (we labelled this as a projected intersected line segment). We can
map these points to their own particle surface while projecting them onto this projected
intersected line segment, as shown in figure 10(d). In this figure, the tetrahedrons can be
tracked by these points between the two particles and need to be evaluated further by the
tetrahedron overlap criterion introduced above.

(3) If overlap exists between any two tetrahedrons coming, respectively, from the two
star-shaped particles, then the two star-shaped particles definitely overlap, as shown in
figure 10(e). Otherwise, the two particles are separated; see figure 10(d).

Obviously, the computational time is associated with the grid density. For two particles
with grid density m x n, the number of tetrahedrons for a particle is NT =2 (m — 2) (n — 1).
In the algorithm, the overlap region occurs in the EOB. Meanwhile, we only need to consider
those tetrahedrons which project onto the projected intersected line segment. In other words, it
is not necessary to compare (NT)? times tetrahedron overlap criterion before one can conclude
that there is no overlap between the particles [35]. Thus, the algorithm will greatly reduce
computation time.

3.3. Verification

Now the various regularly shaped particles (here a sphere, ellipsoid and octahedron are used
as examples) will be used to verify the reliability of the above inter-particle overlapping
algorithms. Figure 11(a) shows three spheres where the radius is 1 and the surface of the spheres
has been tessellated (undoubtedly, the detecting accuracy is determined by the grid density).
Three spheres can be described by the equations S1: x2+y2+z2 = 1,82 : (x — 2)2+y2+z2 =1
and S3: (x — 3.5)2 + y2 +72 = 1. Obviously, the centres of spheres S1, S2 and S3 are
0, 0, 0), (2, 0, 0) and (3.5, O, 0), respectively. Meanwhile, we take three ellipsoids as
an example, as shown in figure 11(b). The standard equations of three ellipsoids are El:
X244y 422 =1,B2: (x = 3)? +y*+z%/4=1and E3: (x —5)% J4+y2 + 72 = 1.
According to the overlapping detection algorithm, spheres S1 and S2 (externally tangent),
and S1 and S3 (separation) are non-overlapping because there are no EOBs between them,
however, sphere S2 overlaps with S3 due to the overlap that exists in the EOB between the two
tetrahedrons belonging to spheres S2 and S3, respectively. These conclusions are consistent
with the geometric theory. Similar to the spheres, ellipsoids E1 and E2 (externally tangent),
and E1 and E3 (separation) are non-overlapping, while ellipsoid E2 is overlapping with E3.
For a pair of octahedrons O1 and O2, figure 12 shows eight possible overlapping detection
configurations: (a) vertex—vertex contact, (b) vertex—edge contact, (c) vertex—face contact,
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y

(d) The tetrahedrons correspond to the portion of two
projected intersected line segments

de the EOB

is not insi

(b) One of the'_p_articles

(c) The two projected line segments are not
overlap

Figure 10. Overlap detecting for two star-shaped particles.

(a) Three unit spheres (b) Three ellipsoids

Figure 11. Schematic view of the overlapping detection between three spheres.

(d) edge—edge contact, (e) edge—face contact, (f) face—face contact, (g) overlap and (h)
separation. Since there are no EOBs for octahedrons O1 and O2 in cases (a), (b), (d) and
(h), non-overlaps are the conclusions of the overlapping detection algorithm. In particular,
octahedron O1 is touching O2 in cases (a), (b) and (d); these cases will occur with a probability
of measure zero and so do not need to be considered. For cases (c) and (e), O1 is touching 02,
even though an EOB exists, however, the two projected line segments obtained by the separation
axis theorem are non-intersecting. When the two projected line segments are intersecting in
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.(a) Vertex-Vertex (b) Vertex-Edge (c) Vertex-Face
contact contact contact

(d) Edge-Edge contact

(e) Edge-Face contact (f) Face-Face contact (g) Overlap (h) Separation

Figure 12. Schematic view of the overlapping detection of two octahedrons.

case (f), then O1 is non-overlapping with O2, because if any two tetrahedrons belong to the
octahedrons, then O1 and O2 are not overlapped. However, when Ol is overlapping with O2,
it means that two tetrahedrons are overlapped, as shown in figure 12(g).

It can be seen from figures 11 and 12 that the overlapping detection algorithm is accurate
and effective.

3.4. Random parking of particles

A large collection of non-overlapping solid objects (particles) in d-dimensional Euclidean
space R? is called packing [10,42]. Packing problems are a class of optimization problems
in mathematics that involve attempting to pack particles together (often inside a container)
as densely as possible. The packing makes sure that there are no overlaps between any two
hard particles or any particles and the container wall. In this paper, parking is different from
packing. Particle packing is at least locally jammed, that is, each particle cannot be translated
or rotated while fixing the positions and orientations of all the other particles [10]. Particle
parking [36,43] presents a container that would be occupied by particles, with particle size
distribution and inter-particle non-overlap that are placed or created randomly in the space
until no more can be placed under certain conditions. The essential difference is that particles
that are parking are suspended in the container with no overlap. However, particle packing
has contact between particles and particles or the container but no overlap. The main aim of
this study is to detect inter-particle overlap.

After the inter-particle overlapping detection algorithm is finished, we can park a number
of particles in a container with a given particle shape and size. Here, a given random
sequential parking algorithm from [34,44,45] is applied. The particle shapes are from the
shape database and the particle size can be controlled by multiplying each coefficient by a
scale factor s = W,/ W,, where W, is the particle width after scaling and W, is the width
before scaling [17,36]. All the particles are randomly placed by uniformly distributing their
positions and directions in the container. If a newly generated particle does not overlap with
the others, then the particle is valid. Otherwise, the position and direction of the particle are
rearranged. After a predefined number of trials, if the particle has not found a place to stay
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Initialization: Read the particle shape from the shape database. Given particles
size distribution, container shape and size, the volume fraction of the particles
and particle rendering colors. Randomly generate a set of positions, denoted as
RandPos, and initial global position GlobePosID=1

> andPos=NULL Y
Y

Particle: randomly select,
rotation, scale factor

Particle ID P=1

Particle information are stored
into Prtc3D, and then delete the

Compare the EBs between the
current particle and the particles in
Pric3D

L—{ random positions in the interior
of the particle, meanwhile,
P=P+1: GlobePosID=1

3

Find the particle ID whose EB is overlap with EB
of the current particle.

The segmm of the two particlesm+he EOB
projected on the line connecting the centroids o
he-fwo particles are o g

Reverse search the sets of tetrahedrons of two particles which are
corresponding to two projection segments overlapping portion

Test next position randomly
GlobePosID=GlobePosID+1

Figure 13. Flowchart of parking procedures.

yet, then this particle is discarded and another particle will be selected and tried by following
the same procedure. The flow chart of the particles random parking algorithm [36] is shown

in figure 13.

Parking structure is generated by the above random sequential parking algorithm in a cube
(container) with its width equal to eight times of the unit size of particles, as shown in figure 14.
In this case, the volume fraction of the solid is 0.5006.

4. Sectional plane analysis

4.1. Methodology

When the particle parking structure is generated, we need to check whether or not the neighbour
particles overlap. In this section, because the inter-particle overlap in 3D space may be reflected
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Figure 14. 3D illustration of parking structure.

I=(,.1,.L)

A(xy, 30,2y) Bzl
12712 %)

Figure 15. Intersection point of a line and a plane.

in the sectional plane, a sectional plane analysis (or sectioning analysis) method is employed to
verify the reliability of the inter-particle overlapping algorithm developed above. In addition,
the interior details of the parking system can be visualized through any cross section. Also,
we may further calculate the area and perimeter of the intersecting area of each particle with
the given sectional plane. In order to develop a sectional plane algorithm for such star-shaped
particle parking systems, a case of the intersection between a plane and a line in a 3D space
(see figure 15) is first introduced.

For the intersection of a line with a plane, there are three potential possibilities, i.e. an
empty set, a point, or a line. For instance, in the 3D space, a plane with a nonzero normal
vector @ = (ny, ny, n;) through the point A (xo, Yo, zo) is

e (x = x0) + 1y (y = yo) +1:(z = 20) = 0. (10)

The parametric equation for a line passing through a given point P (x;, y;, z;) and parallel to
the nonzero vector 7 = (Iy, 1}, I;) can be expressed as

x=x1+lu
y=y1+hLu (11)
z=2z1+Lu.
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Figure 16. Four possible cases of triangle-plane intersections.

Combining equation (10) with equation (11), we can get

_ nx(xo — x1) +ny(yo — y1) +n:(20 — 21)
nyly +nyl, +n.l; '

(12)

If the denominator in equation (12) is zero, then the line will be parallel to the plane.

Substituting the value # in equation (12) into equation (11) yields the intersecting point
O (x, y, 7) of the line with the plane.

Similarly, the above approach may also be used to determine the intersection of a line
segment with a plane. First of all, the intersecting point of the plane with the line where the
line segment is located can be obtained, then determine whether the intersecting point is within
this line segment. If the intersecting point belongs to the segment, the line segment passes
through the plane. Otherwise, the line segment and the plane do not intersect.

Furthermore, for three line segments composed of a triangle, figure 16 shows the
intersecting relationship of a triangle with a given plane. Apparently, the number of intersecting
point may be 0, 1, 2, 3, which corresponds to figures 16(a)—(d), respectively. There are no line
segments in figures 16(a) and (b), and figure 16(c) shows only one line segment composed
by two intersecting points D and E. When the triangle is contained in the plane as shown in
figure 16(d), there will be three line segments formed by the three edges of the triangle. Thus,
when a sectional plane passes through a star-shaped particle, a series of intersecting points or
line segments can be generated from the sectional plane with the triangles composed of the
particle surface, as shown in figure 17. The sectional morphology of the sectional plane with
the particle surface triangulation can be determined as follows.

(1) We tessellated a particle surface into many triangles; the data structure is shown in
figure 17.

(2) We calculated intersecting points between all of the triangles in step (1) with a given plane
defined by equation (10).

(3) We ensured that the intersecting points were unique without repetitions and were labelled
according to the order of natural number. Then, these indexes were mapped to line
segments, as shown in figure 18.

(4) We connected these line segments in turns to create a closed region, which is defined as
the sectional morphology.

Figure 18 shows that one endpoint may appear twice. In terms of graph theory terminology
[46,47], this is similar to a degree of vertex, which is defined as the number of edges associated
with a vertex. Therefore, the degrees of the endpoints may be 0, 1, 2, 3, 4, etc; see figure 19(a).
We have to search for every endpoint and connect them in turn. In order to improve the searching
efficiency for endpoints, a bidirectional searching strategy is proposed. In this method, an entry
point is randomly selected at first, and then two paths are formed from this point to both sides,
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Figure 17. The data structure of sectional plane.
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Figure 19. The degrees of the vertices and bidirectional searching are defined.

as shown in figure 19(b). Finally, a closed path can be formed by joining these two paths

together.

The sectional morphology will be very complicated when a sectional plane cross through
an undulating particle surface, as shown in figure 20. This situation contains many closed
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Figure 20. A complicated morphology.
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Figure 21. Sectional plane across a cube and the line segments in the cube surface.

regions. We should pay attention to embedded regions when seeking the area of the sectional
morphology.

4.2. Benchmark test

In order to verify the validity of the above sectional plane analysis, we consider a cube with
eight vertices A, B, C, D, E, F, G, H and we suppose that the local origin is vertex E, with
edges parallel to the axes and with an edge length of 1. This unit cube and a sectional plane
equation (x — 0.5) + (y — 0) + (z — 1) = 0 with a normal vector (1, 1, 1) through a point (0.5,
0, 1) can be taken as an example (shown in figure 21(a)). In terms of the data structure of a
particle described in section 2.2, the expression in the form of particle surface meshes is

p P P P P
A B C D A
E F G H E|’

0 0 0 0 0

where P and Q are the midpoints of the line segments AC and EG, respectively.

This sectional plane crosses the cube through each of the triangles on the cube surface, a
lot of intersecting coordinates and line segments can be obtained as shown in figure 21(b) and
table 4.

(13)
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Table 4. The intersection coordinates and line segment of the sectional plane with the
cube surface.

Intersection coordinates

No Numerical result  Theoretical result ~ Triangle Line segment
1 (025,025, 1) (1/4,1/4,0) AABP 1—2
2 (0,05,1) 0,172, 1) AABF 2—4
3 (05,0,1) (1/2,0, 1) ABFG 4—S5
4 (0,1,0.5) 0,1, 172) AFGQ 5—10
5 (05,1,0) (172, 1, 0) AGHQ  10—7
6 (1,0.25,0.25) (1, 1/4, 1/4) ACGH 7—6
7  (1,05,0) (1,172, 0) ACDH 6—38
8 (1,0,0.5) (1,0, 1/2) ADEH 89
9 (0.75,0,0.75) (3/4, 0, 3/4) AADE  9—3

10 (0.75,0.75, 0) (3/4, 3/4, 0) AADP 3—1

Figure 22. Serial sectional planes of a single particle are shown from different
viewpoints.

It can be seen from table 4 that the numerical results of the sectional plane analysis are
consistent with the theoretical values. Meanwhile, the sectional plane can be obtained after
connecting the endpoints of the line segments in turn: 1—2—4—5—10—7—6—8—9—
3—1. This example demonstrates the validity of the sectional plane algorithm developed in
section 4.1.

4.3. Sectional plane analysis in a star-shaped particles parking system

For a single particle, the results of equidistant parallel sectional planes are visualized in
figure 22.

The sectional pane analysis of the parking system given in figure 14 is visualized in
figure 23. The overlap between any particles in different directions can be observed in the
series of sectional planes.

5. Microstructural analysis

In order to verify the reliability of the sectional plane algorithm in 2D space, the entire area and
perimeter of star-shaped particles on an arbitrary sectional plane are derived and compared with
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Figure 23. Sectional plane on the particle parking system.

those from the commercial image analysis software. However, the whole area and perimeter of
sectional polygons (it is that supposed all sectional polygons are simple polygons) need to be
first solved by an ear clipping algorithm [48], for which the details are introduced as follows.

We can see that the perimeter is easily determined from the above line segment. In addition,
the area of a sectional polygon can be calculated by decomposing the simple polygon into a
set of non-overlapping seamless triangles [49] and by summing up the area of these triangles
in terms of Heron’s formula.

In geometry, a simple polygon is defined as a shape consisting of non-intersecting line
segments or ‘edges’ that are joined pair-wise to form a closed path. If the edges intersect,
then the polygon is not simple. Obviously, all intersecting polygons of particles with a
given sectional plane are simple. In this article, we establish that the polygon is ordered
counterclockwise so that as we traverse the edges, the interior is to our left.

An ear of a simple polygon is a triangle formed by three consecutive vertices, V;_;, V; and
Vi1 (e.g. vertex 2, 3 and 4 in step 1 of figure 24), for which no other vertices of the polygon
are inside the triangle. The line segment between V;_; and V. is a virtual diagonal of the
polygon, and the vertex V; is called the ear tip, see figure 24. In order to find the ear of a
polygon, we need to distinguish the vertex into two categories. The reflex vertex (or concave
vertex) is one for which the interior angle formed by the edges sharing it is larger than 180°
(figure 25(b)). The convex vertex is one for which the interior angle is smaller than 180°, as
shown in step 1 of figure 24 and figure 25.

Equation (14) and figure 25 show the procedure to assess whether a vertex is the convex
vertex or the reflex vertex by using a method that is similar to the cross product in mathematics.

Axj=xj=Xj-1, Ay} = ¥j = Yj-1

AXxjy1 = Xjy1 — Xj, Ayjs1 = Vi1 — V), (14)

ﬂag = AXjij+] - AXj+1ij.
If flag > 0, then the interior angle is smaller than 180°; (x;, y;) is a convex vertex. If flag < 0,
the interior angle is greater than 180° ; (x;, y;) is a reflex vertex. Otherwise (i.e., flag = 0),
the interior angle is equal to 180°.

The following example shows how the algorithm is described, and is demonstrated in
figure 24. In step 1, the set of convex vertices is C = {0, 1, 3,4, 5,7, 9, 11}, the set of reflex
vertices is R = {2, 6, 8, 10} and the set of earsis £ = {3,4,5,7,9, 11}. The ear at vertex 3 is

21



22

Modelling Simul. Mater. Sci. Eng. 22 (2014) 035008 ZZhu et al

Convex
vertex

Step 1. Vertex 3 is removed Step 2. Vertex 4 is removed

.
19 %

Step 4. Vertex 7 is Step 5. Vertex 9 is Step 6. Vertex 11 is Step 7. Vertex 0 is

removed removed removed removed

8 2 8
6
10 6 10\
1 1

Step 8. Vertex 2 is Step 9. Vertex 6 is Step 10. Vertex 8 is Step 11. Polygon

removed removed removed triangulation

Figure 24. The polygon shows an ear and the triangulation of the polygon.

removed, so the first triangle in the triangulation is Tri = {{2, 3, 4}}. The adjacent vertex 2 was
reflex, but now is convex, and it is tested to be an ear. Therefore, we update the sets in step 2:
Cc=1{0,1,2,4,5,7,9,11},R = {6,8, 10}, E = {4,5,7,9, 11, 2}. Vertex 4 is an ear in step
2, so vertex 4 is removed. The triangle in the triangulation is Tri = {{2, 3, 4}, {2, 4, 5}}, and
the sets are updated in step 3: C = {0, 1,2,5,7,9,11}, R=1{6,8,10} , E = {5,7,9, 11, 2}.
We follow the same procedure until there are only three vertices remaining (step 10). The full
triangulation is shown in step 11.

In the ear clipping algorithm, since one triangle consists of a single ear, we need to iterate
over the vertices and find the ears. A triangle is decomposed after we find one ear, then the ear
is removed and the edge configuration can be changed. Finally, we get the full triangulation
of the original polygon. Also, the area of the polygon can be calculated by summing the area
of all the triangles, as shown in figure 26(a).

The area and perimeter of a sectional plane (see figures 26(b) and (c)) obtained with image
analysis can be calculated by the following formulas:

b\? _ Areaof pixel B? x Pixel area fraction (15)
a) ~ Areaof particle A2 x numerical area fraction

b Length of pixel

9 _ g pIx (16)

a  Perimeter of particle’

where the area of the pixels is the number of pixels. To solve the perimeter from image analysis,
the commercial, open-source code software lmageJ can be used. The perimeter is calculated
using the total length of the ROI (region of interest) boundary and subtracting 2 — V2 for each
non-adjacent corner. The algorithm counts edge pixels as 1 and corner pixels as +/2 from the
source file. For example, a 1 x 1 pixel ROI has a boundary length of 4 and 2 non-adjacent
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Figure 25. Convex vertex and reflex vertex.
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Figure 26. Calculation of the area and perimeter of a solid by numerical analysis and
image analysis.
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Figure 27. Comparison of numerical analysis with image analysis.

edges so that the perimeter is 4 — 2 x (2 — V2) ~ 283 A2x2 pixel ROI has a boundary
length of 8 and 4 non-adjacent edges so the perimeter is 8 — 4 x (2 — +/2) ~ 5.66.

For the sake of simplicity, we assume a series of sectional planes perpendicular to the
z-axis. Figure 27 presents the comparison of the areas and perimeters obtained by the above
algorithms with those from traditional image analysis technology.

From figure 27, it can be seen that the numerical results are in good agreement with
those from the image analysis. Therefore, these findings indicates the validity of the present
algorithms.
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6. Conclusions

In this study, a star-shaped particle has been reconstructed based on the spherical harmonic
analysis. With the assistance of a triangle mesh algorithm, a separation axis theorem and an
Extremal Box, an overlapping detection algorithm for star-shaped particles has been developed.
In the algorithm, to reduce the amount of time consumed, we have proposed that the overlapping
parts of any two particles that occurred in a 3D region (EOB) located between two planes that are
perpendicular to the line pass through the centroids of two particles. Additionally, a sectional
plane analysis algorithm for such a star-shaped particle parking system has been presented
to validate the reliability of the developed overlapping detection algorithm. Furthermore, the
areas and perimeters of the star-shaped particles on the sectional planes have been derived and
compared with those from image analysis. The verification procedure indicated the reliability
of the algorithms in the present work.
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Mechanical Properties and Microstructure Analysis of metakaolin Ultra High Performance
Steel Fibre Reinforced Cementitious Composite
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Abstract: The effects of metakaolin on the mechanical performance of ultra-high performance steel fiber
reinforced cementitious composite were studied in this paper. The microstructure evolution of the material was also
investigated via XRD, Nanoindentation, SEM and other different analysis testing methods in this paper. The results
indicate that the mechanical performance increases due to the addition of metakaolin at the same curing age and
volume fraction of steel fiber. The hydration degree of the composites is only 65% at the curing age of 90 days
because of the very low water-binder ratio. There is large amount of unhydrated cement in the hardened composite
and UHD C-S-H is the most hydrated product. As the active components (SiO, and Al,05) in metakaolin can promote
the hydration process and can also fill in the micro pores inside the cementitious composite further, the structure
gets denser and the interface is strengthened. So the composite has excellent mechanical performance.

Key words: metakaolin; ultra-high performance cementitious composite(UHPCC); steel fiber; microstructure;
Nanoindentation
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R A E AR, EERE 22000m7 kg, SiO, B 94.48%, HJE 2.2g/em’, AL,
£ 1R,

Tkt “FRAE 10.9um, AR NZE 2 FiR;
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N R U 6 UHPCC #4872 1 e B O 5 A T B IR 52 A, AR SCi 46 T 8 5 R B w1
KPEEEE AR, HEL &R 3 k.

R KV MR BAEIR A 22 RR (%)

SR A AL Sio, AlLO;  Fe,04 CaO MgO SO; K,0 N,O L.OI
KV 20.4 470 3.38 64.7 0.87 1.89 0.49 0.33 3.24
W IR 5398  28.84 6.49 4.77 1.31 1.16 1.61 1.03 0.72
e 94.48 0.27 0.83 0.54 0.97 0.8 1.04

F2  RE L RZEA R (%)
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el £ 1.13 2.42 43.72 49.96 1.12
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Be KR Tk TR i U2 R . 4 nml WL YRR
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MKO00 55 35 10 0 1:1 0.17 2.5 0
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MKO02 55 35 10 0 1:1 0.17 2.5 2
MKO03 55 35 10 0 1:1 0.17 2.5 3
MK10 49 35 10 10 1:1 0.17 2.5 0
MK11 49 35 10 10 1:1 0.17 2.5 1
MK12 49 35 10 10 1:1 0.17 2.5 2
MK13 49 35 10 10 1:1 0.17 2.5 3

1.2 I 5%
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Rd AFRFH R K355 KB i mig Ll R XRDE B 45 R

. W 34 Y
eS|
(d) C;S C,S C;A C,AF Ca(OH), amorphous phase
7 5.94 8.36 1.89 3.28 4.81 47.22
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90 4.44 7.71 1.14 1.92 4.03 50.52
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MK10 28 5.43 6.00 1.42 1.41 1.76 55.25
90 4.39 6.85 1.01 1.33 1.17 57.98
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C3A. C,AF) AW, KAFMIRITEE A (C-S-H BEREE) AWris %, {HiiT UHPCC MR AR H Ak
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e S5 5mA .

2.3 MRERERK
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« PCM leakage during fabrication of thermal energy storage composite was prevented.
« The prevention mechanisms of different modifiers were analyzed.
« Influences of modifiers on thermal energy storage composite were investigated.
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Thermal energy storage composites were developed by incorporating granular phase change materials
(PX25 from Rubitherm®) into cement paste. Without prevention, however, a significant amount of phase
change material (paraffin) leaked from the PX25 during the fabrication process. To prevent paraffin
leakage during fabrication, three types of nano-SiO, powder (hydrophilic fumed silica (fs1), hydrophobic
fumed silica (fs2), and precipitated silica (ps2)) were chosen to modify PX25. The influence of dosage of
these modifiers was investigated with reference to PCM leakage during fabrication. Paraffin leakage was

Keywords: . eliminated when hydrophobic fs2 or ps2 was used in a 2.3% and 9.0% mass fraction (relative to PX25),
Phase change material . .. . .
Cement respectively. However, hydrophilic fs1 did not prevent leakage of paraffin. Microstructural and mechan-

ical analyses of the thermal energy storage composites were used to analyze the prevention mechanism

Paraffin leakage
of hydrophobic nano-powder against paraffin leakage.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Phase change materials (PCMs) are widely used in latent-heat
thermal storage systems for saving energy. Many PCMs (organic,
inorganic, and eutectic) are available for any required transition
temperature range [1]. Paraffin, alkane, and fatty acids are
commonly used latent-heat storage materials [2-4]. Perlite, diato-
mite, expanded graphite, and silica fume [5-9] are commonly used
supporting materials that provide structural strength and prevent
the leakage of liquid PCMs. Leakage of PCM occurs not only during
the solid-liquid change process but also during the mixing process
with cement mortar or other binder materials when water is
added.

PCMs may be incorporated into cement paste, mortar, or
gypsum as thermal energy storage materials [3,10,11]. They have
been used in solar domestic hot water (SDHW) systems, heat sinks,
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E-mail addresses: chenhs@seu.edu.cn (H. Chen), xiangyu23@gmail.com (X. Li).

http://dx.doi.org/10.1016/j.apenergy.2014.08.091
0306-2619/© 2014 Elsevier Ltd. All rights reserved.

and building structures to increase practicality and energy effi-
ciency [12-15]. Incorporating suitable PCMs into the walls or floor
of a building can reduce indoor temperature swings, thus reducing
the building’s energy consumption. Cement paste that is produced
by mixing Portland cement and water has wide applications in
buildings, such as for creating smooth wall surfaces. The incorpo-
ration of PCMs in cement paste can improve the thermal mass
and thermal energy storage ability of the paste. Xu and Li [5] pre-
pared form-stable PCM composites by incorporating paraffin into
diatomite particles, then mixing it with cement paste to form a
PCM-based cement composite. When mechanical and heat storage
properties were tested, the results showed that compressive
strength decreased with the increase of PCM replacement level.
Félix and Aguiar [16] also studied the mechanical properties of
cement mortar with incorporated PCM microcapsules. They found
that compressive strength and flexural strength decreased
significantly with the increase of PCM dosage. Li and Wu [7] stud-
ied heat transfer and heat storage properties of cement-mortar
board with PCM composite. Cheng et al. [17] studied the
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by incorporating PCM into porous particles without any protective
layer on the surface of form-stable PCM. These ‘unprotected’ form-
stable PCMs are used to prepare thermal energy storage compos-
ites [3,5,18]. If the ambient temperature is higher than the PCM
melting temperature of, PCM will leak from porous materials and
the heat storage property will decrease. Previous research has
mainly focused on the preparation of form-stable PCM or on the
thermal and mechanical properties of PCM and cement composite.
For these ‘unprotected’ form-stable PCMs, leakage of PCM during
the fabrication of thermal energy storage composites has not been
discussed in the literature. However, it should be noted that any
possible leakage of PCM reduces the heat storage property of the
composite and decreases the workability of the PCM particles
and cement mixture.

PX25 is a commercial ‘unprotected’ form-stable PCM from Rubi-
therm, containing paraffin in a secondary supporting structure
(hydrophilic fumed silica). It has similar characteristics to those
of other ‘unprotected’ form-stable PCMs. For that reason, PX25
was selected as an example in this paper. It was incorporated into
cement paste to fabricate thermal energy storage composites. The
problem of PCM leakage during fabrication of thermal energy stor-
age composites was investigated. The support material of PX25 is
hydrophilic fumed silica, which is far smaller than support
materials commonly used in other literature [5-9], such as perlite,
diatomite, expanded graphite, and silica fume. To reduce the risk of
leakage, three types of nano-silica powder (hydrophilic fumed sil-
ica, hydrophobic fumed silica, and precipitated silica) were utilized
as potential modifiers to investigate the possibility of preventing
leakage of PCM during the fabrication process. Hydrophilic fumed
silica was chosen to investigate whether an extra amount of sup-
porting material was helpful for leakage. Hydrophobic materials
are commonly used for absorbing oil. The particle size of hydro-
phobic fumed silica is the same as that of the supporting material
hydrophilic fumed silica, so hydrophobic fumed silica was selected
to study the influence of the surface property of modifiers. Hydro-
phobic precipitated silica was selected to study the influence of a
modifier with a larger particle size. The modifier prevention mech-
anism and the mechanical properties of thermal energy storage
composites were also investigated.

2. Experiments
2.1. Materials

The basic properties of form-stable PX25 from Rubitherm
Technologies GmbH are shown in Table 1. The microstructure and
particle size distribution of PX25 were analyzed using scanning elec-
tron microscopy (SEM) and laser particle size analyzer (LPSA),
respectively. The results are given in Figs. 1 and 2. Particle size ran-
ged mainly between 200 and 400 pm. However, some broken PX25
particles were observed from the SEM image. The 0-50 pum section
of the particle size distribution curve can also explain this phenom-

Size (micron)

Fig. 1. Particle size distribution of PX25.
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Fig. 2. SEM image of PX25.
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Fig. 3. XRD spectral of PX25.

enon. Fig. 3 shows the X-ray diffraction (XRD) spectrum of PX25. No
characteristic peaks appear in the XRD spectrum revealing that the
supporting material is amorphous silica. Three different types of
nano-SiO, were used as modifiers to investigate their efficiency in
preventing leakage of paraffin from the PX25. Hydrophilic fumed
silica (fs1) was supplied by Chenggqixin (Shenzhen) Co., Ltd. Hydro-
phobic fumed silica (fs2) and precipitated silica (ps2) were pur-
chased from Evonik Degussa (China) Co., Ltd. The details of these
three modifiers are shown in Table 2. Their SEM images (see Fig. 4)
show that the particle sizes of the two fumed silicas and the precip-
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Table 2
Details of three modifiers.

Modifiers Type Specific pH Loss Losson  SiO, Bulk
surface value on ignition  content  density
area drying  1000°C (%) (kg/m?)
(m*/g) 105°C (%)

(%)
fs1 CYA- 20025 36- <15 <25 <99.8 50 +20
200 4.5
fs2 R972 11020 3.6- <05 <2.0 >99.8 50 +20
55
ps2 D10 90 103 <3 <7 >98 100

itated silica were approximately 80-100 nm and around 3-10 pm,
respectively. Portland composite cement (PC 32.5) was used for fab-
rication of the thermal energy storage composite.

2.2. Preparation of thermal energy storage composite and mechanical
property test

Thermal energy storage composites were fabricated by mixing
PX25 particles with cement and water. The water/cement ratio
and PX25/cement (P/C) ratio were chosen to be 1.0 and 0.43,
respectively. The P/C ratio was determined by considering the
paraffin content in fabricated products. In this case, the paraffin
content was about 3 kg/m? when the composites were used to
produce a panel 20 mm in thickness, which is optimal for real
applications [18]. The water/cement ratio was determined by the
workability of the composites. PCM melts when the operational
temperature is higher than its melting point. The mass fraction
of melted PCM increases with an increase of operational tempera-
ture. The temperature of construction site environments is gener-
ally below 35°C, even in summer. Therefore, to obtain the
highest leakage ratio, all experiments in this study were carried
out in a room where the temperature varied between 30 °C and
35 °C (which is above the melting point of PX25). If the modifier
could improve the paraffin leakage under this condition, it would
also be effective when used at other temperatures.

To prevent paraffin leakage, PX25 was surface-modified by mix-
ing it with the three different nano-silicas separately. Because of
the very high surface energy of the nano-silicas, they can easily
deposit on the surfaces of PX25 particles. The dosages of fs1 (mass
of fs1/mass of PX25) were designed as 3%, 6%, 7.5%, 9%, and 10.5%,
respectively. The dosages of fs2 (mass of fs/mass of PX25) were
designed as 0.7%, 1.4%, 2.0%, 2.3%, and 2.6%, respectively. The mass
fraction of ps2 was the same as that of fs1.

The fabrication process was as follows. PX25 and modifier were
first dry mixed at the low speed of 60 r/min for 1 min in a mixer,
after which the cement was added. After the substances were uni-
formly mixed, water was finally added and the mixture obtained
was mixed for another 2 min at 60 r/min. The mixer was then
stopped and material on the surface of the mixer was scraped
down. Finally, a 3 min mixing phase at 60 r/min rotation speed
ended the mixing procedure. The fresh PX25-cement mixture
was cast in 40 * 40 * 40 mm?> steel molds for compressive strength
testing. After 24 h curing, samples were demolded and cured in
water until the day of testing (7 and 28 days). The mechanical
properties were tested and the influence of the three modifiers
on paraffin leakage was also investigated.

3. Results and discussion
3.1. Leakage of PCM

The nonmodified PX25-cement mixture after mixing is shown
in Fig. 5. The exuded liquid from the nonmodified PX25 was found

to segregate on top of the mixture. After initial hardening of the
mixture, the paraffin was poured out and placed in a room at
20 °C (which was lower than the melting point of PX25) for 24 h.
The liquid mixture solidified completely and no extra liquid was
found in the mixture after 24 h cooling. Thus we concluded that
the exuded liquid mixture was 100% paraffin. The leakage ratios
(defined as the mass fraction of the exuded paraffin to the total
paraffin contained in the PX25) were calculated and are given in
Table 3.
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Fig. 4. SEM images of three modifiers (a) fs1, (b) fs2 and (c) ps2.
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Fig. 5. Leakage of paraffin in the thermal energy storage composite.

Table 3
Leakage details of thermal energy storage composites during fabrication.

Cement (%)
70

PX25 (%)
30 1

Water/cement ratio Leakage ratio (%)

573

As shown in Table 3 the leakage ratio was 57.3%, which could
significantly decrease the heat storage capacity of thermal energy
storage composites. PX25 is a composite of paraffin and hydro-
philic fumed silica. When water comes into contact with PX25,
water molecules quickly combine with fumed silica particles. This
causes the paraffin to separate from the supporting material, and
then leakage of paraffin occurs. The leakage ratios of paraffin given
in Table 3 indicate that phase change material composites based on
hydrophilic supporting material must not be directly applied in
cementitious mixtures because of serious loss of paraffin.

3.2. Minimization of paraffin leakage

3.2.1. Methodology and thermal properties of thermal energy storage
composites

To prevent paraffin leakage during the mixing process, hydro-
philic fumed silica, hydrophobic fumed silica, and hydrophobic
precipitated silica were used to modify PX25 before mixing it with
cement and water. The SEM images of these modifiers are
displayed in Fig. 4. Different dosages of these three modifiers were
mixed with the PX25 as a surface-coating material. The incorpo-
rated dosage of modifier candidates was defined as the mass frac-
tion of modifier to PX25. The leakage-preventing efficiency of these
modifiers was evaluated in terms of the method used in Section
3.1, and the results are displayed in Table 4. It can be seen from
Table 4 that the mass of paraffin leakage decreased with the
increase of the mass fraction of ps2 and fs2. When the dosages of
fs2 and ps2 increased to 2.3% and 9.0%, respectively, no visible
leakage could be found. Thus 2.3% for fs2 and 9.0% for ps2, respec-

Table 4
Optimizing test of paraffin leakage with three modifiers.
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tively, are regarded as the optimum dosage for preventing leakage
of paraffin during the fabrication of thermal energy storage com-
posites. However, the morphology of fresh mixtures with these
two modifiers in Fig. 6 revealed that lump-like pieces formed in
the fresh mixture system with the ps2 modifier, whereas no such
heterogeneity occurred in the PX25-cement mixture with the fs2
modifier. This inhomogeneity phenomenon may be caused by the
surface property or the larger particle size of ps2. The fs2 was mod-
ified by dimethyldichlorosilane and methyl radicals condensed on
the particle surface. However, ps2 was modified by dimethicone
and ring structures formed on its surface. The difference of surface
modification may result in the difference in paraffin adsorption
capacity of these particles. Moreover, the number of hydroxyl
groups of ps2 is greater than that of fs2, but the particle size of
fs2 is much smaller than that of ps2. Torré-Palau et al. [19] also
studied the rheological characterization of polyurethanes by the
addition of these two hydrophobic silica powders. Their results
showed that the addition of silica to the polyurethane produced
an increase in viscosity that was more important for the fumed
than for the precipitated silica due to the differences in particle
size. As shown in the first row of Table 4, even when the incorpo-
rated dosage of hydrophilic fumed silica was as high as 10.5%,
liquid paraffin still appeared on the surface of the mixture during
the mixing process, as shown in Fig. 7(a). Fig. 7(b) shows the
PX25-cement mixture after the addition of fs2, and no visible leak-
age can be found. It can be concluded that hydrophilic fumed silica
is not a suitable leakage-modifier, whereas fs2 is the most suitable
modifier.

To determine the influence of fs2 on the latent heat of prepared
thermal energy storage composites, differential scanning calorim-
etry (DSC) experiments were performed. The DSC measurement
was performed in the temperature range —20-40 °C at 5 °C/min
constant heating/cooling rate and under a nitrogen gas atmosphere
environment. Fig. 8 presents the DSC curves of the exuded paraffin,
PX25, PX25-cement composites (PC), and PX25-cement-fs2 com-
posites (PCF). The details of onset melting temperature (Tonset),
peak melting temperature (Tpeq), and latent heat of samples,
obtained from the DSC curves in Fig. 8, are presented in Table 5.
It can be seen that in comparison with the exuded paraffin, the
phase change temperatures of PX25 were shifted slightly. This is
probably attributable to the physical interactions between paraffin
and supporting materials [5]. The Topser and Tpeqr Of the PCF were
close to those of PX25. However, the phase change temperatures
of PC were largely shifted to lower temperatures compared with
the pure PX25. The possible reason is that some paraffin may
remain in the smaller pores of PX25 particles, resulting in a freez-
ing point depression of paraffin according to the Gibbs-Thompson
equation (Eq. (1)) [20]. The melting temperature decreases with
the decrease of pore size, as shown in Eq. (1). Li et al. [18] also stud-
ied the phase change behavior of paraffin absorbed by diatomite
with different pore sizes. Their results revealed a decrease in the
melting point with the decrease of the pore size. Further research
is needed to validate these findings.

2y
AT = Asfy -r

(1)

Modifier Ratio of modifiers to PX25 (%)

0.7 1.4 20

3.0 6.0 7.5 9.0 10.5

fs1 - - -
fs2 41.3 17.7 Little
ps2 - - -

Leakage ratio (%)

- 56.3 57.4 56.7 53.2 554

- 454 218 Little 0 0
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(b)

Fig. 6. PX25-cement mixture with fs2 and ps2 (a) PX25-cement mixture with 2.3%
fs2 and (b) PX25-cement mixture with 9.0% ps2.

where AT is the undercooling with respect to the normal melting
point, °C; 7 the crystal/liquid interracial energy, J/m?; ASj, the
entropy of fusion of the crystal per unit volume, J/m> °C ; r the pore
radius, m.

From Fig. 8 and Table 5 it can be seen that the latent heats of PC
and PCF were much lower than that of pure PX25, and the latent
heat of PCF was higher than that of PC. The latent heats of the
exuded paraffin in the melting (Hy) and freezing (Hy) processes
were 142.3 kJ/kg and 154.1 kJ/kg, respectively. For PX25, H,,, and
Hy are 78.11 KJ/kg and 79.61 k]/kg, respectively, which is close to
the theoretical values (Hp: 142.3 x 60%=285.38k]/kg, Hg
154.1 x 60% = 92.46 kJ/kg). For PCF and PC, the latent heats of
melting and freezing were measured to be 13.44 kJ/kg, 14.20 kJ/kg,
4.48 kJ/kg, and 5.24 kJ/kg, respectively. Taking into account the
measured leakage ratio of L, = 57.3%, the theoretical value of the
latent heat can be described by the following relation:

Hineory = Hexas - Ppxas - (1 = L) (2)

where Hheory is the theoretical value of the latent heat of compos-
ites with PCM, KkJ/kg; it can be the latent heat in the melting (H,,)
or freezing (Hy) process; Hpxos the measured value of the latent heat
of PX25, KJ/kg; @px2s the mass fraction of PX25 in the mixture, %; L,
the measured leakage ratio, %.

Since the mass fraction of PX25 in PC was 30%, the theoretical
values of Hp, and Hy should be 10.01 kJ/kg and 10.20 kJ/kg respec-
tively, based on Eq. (2). However, their measured values were
4.48 KJ/kg and 5.24 K] /kg respectively. This difference is attributed
to the inevitable loss of paraffin during fabrication, such as residue
left on the surface of the container and evaporation of paraffin.

(b)

Fig. 7. Comparison of PX25-cement mixture after the addition of fs1 and fs2 (a)
after the addition of 9.0% fs1 and (b) after the addition of 2.3% fs2.
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Fig. 8. DSC curves of PX25 and different PX25-cement composites.
Such paraffin loss cannot be measured accurately. In this paper,

the inevitable loss ratio of paraffin is defined as follows:

Hmeasure
Li=1—-——" 3
' cheory ( )

where L; is the inevitable loss ratio of paraffin, %; Hpeqsure the
measured value of latent heat, k]/kg.
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Table 5
Thermal parameters of PX25 and different PX25-cement composites.

Samples Melting process Freezing process

TOnset (OC) TPeak (DC) Hm (k.]/kg) TOnset (DC) TPeak (oc) Hf (k,]/kg)
Leaked paraffin 19.58 25.05 1423 23.07 19.83 154.1
PX25 17.42 2413 78.11 21.32 17.66 79.61
PX25-cement (PC) 11.45 19.40 4.48 15.58 12.37 524
PX25-cement-fs2 (PCF) 17.16 22.77 13.44 20.62 17.80 14.20
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Fig. 9. Comparisons of SEM images of PX25 particle and PX25-fs2 mixture surface
(a) SEM images of PX25 surface and (b) SEM images of PX25 surface after being
mixed with fs2.

According to Eq. (3) and latent heat values of PC, the inevitable
loss ratios of Hy, and Hy are 55.24% and 48.63%, respectively.

Although no liquid paraffin separated from the mixture after
the addition of fs2, the inevitable loss of paraffin certainly occurred
in the PCF system because of the identical fabrication conditions in

Spot Magn
2.0 5000x SE 72

Det WD ——— 10pm

PCF and PC systems. Supposing that the value of the inevitable loss
ratio in the PCF system is exactly the same as that in PC system, i.e.
L;=55.24% for Hy,, and 48.63% for H;, then the expected latent heat
of PCF can be expressed as:

He_pcr = Hpxas - Qpyys - (1 — L) 4)

where Hg_pcr is the expected latent heat of PCF, kJ/kg.

According to Eq. (4), the expected values of H,, and Hy for PCF
should be 10.42 kJ/kg and 12.27 kJ/kg, respectively. The measured
values of H, and Hy for PCF were in fact 13.44 kJ/kg, 14.20 k]J/kg,
which is little higher than the expected values. In other words,
the exuded paraffin was partially absorbed by the fs2. It can be
concluded, therefore, that the addition of fs2 effectively reduced
the paraffin loss during fabrication and increased the latent heat
of the composites.

3.2.2. Investigation of mechanism

PX25 modified with hydrophobic fumed silica powders showed
no leakage of paraffin during mixing with cement and water to
produce thermal energy storage composites. Two possible reasons
may contribute to the minimization of paraffin leakage. One is that
the hydrophobic powder distributed uniformly on the surface of
PX25 particles and then prevented the leakage of paraffin. The
other is that the hydrophobic powder could not prevent the paraf-
fin leakage and just absorbed the exuded paraffin. To verify these
two assumptions and determine the mechanism for prevention
of hydrophobic nano-silica powders, three experiments were per-
formed. Firstly, PX25 particles and fs2 were uniformly mixed.
SEM images showing the differences before and after the mixing
are shown in Fig. 9. From comparison of Figs. 9(a) and (b), and
4(b), it can be observed that the fs2 was uniformly distributed on
the surface of PX25 particles. Secondly, modifications after harden-
ing of the PX25-cement-fs2 mixture were evaluated by means of
SEM and energy-dispersive spectroscopy (EDS), as shown in
Fig. 10. It can be seen from Fig. 10 that quantities of small particles
were distributed on the substrate. The results show that these par-
ticles were rich in silica from EDS. It is difficult, however, to verify
whether these particles are small PX25 or fs2-coated paraffin com-
posite, because the PX25 is a type of silica-encapsulated composite

457

366
Si

2744

1.00 2.00 3.00 4.00 500 600 7.00 800 9.00 10.00
Encrgy-KeV

Fig. 10. SEM images and EDS analysis of hardening samples.
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(b)

(c)

Fig. 11. Mixtures of water and PX25, PX25-fs2 and fs2 (a) mixture of water and
PX25, (b) mixture of water and PX25-fs2 and (c) mixture of water and fs2.

PCM. Further work is needed to investigate the modification
mechanism.

Finally, water was added into the PX25 and PX25-fs2 mixtures.
Fig. 11 shows the mixtures after mixing uniformly. Fig. 11(a)
shows the mixture of water and PX25. It is obvious that transpar-
ent paraffin has separated from the PX25 and floats on top of the
mixture. The leakage ratio was 76%. However, transparent mucus
as shown in Fig. 11(b) appears on top of the PX25-fs2 mixture dur-
ing the mixing process. This mucus is mixture of paraffin and fs2.
The amount of exuded paraffin was calculated from the amount
difference between mucus and fs2. The calculated leakage ratio
was 65%. It can be observed in Fig. 11(c) that the fs2 floated on
the surface of the water when it was mixed with water. If fs2
can definitely change the surface state of PX25, PX25-fs2 powders
could float on the water surface and no paraffin would separate to
the top of the mixture. Obviously, paraffin leakage still occurred in

Cement+PX25+{s2 SEE

5 ement+PX25s2

Fig. 12. Cross section of four samples.

Table 6
Mix proportion of different powders for compressive strength test.

Groups Modifier (%) PX25 (%) Cement (%) w/C P/C
Non-modifier 0 30.0 70.0 1 0.43
fs1 3.0 29.0 68.0 1 0.43
fs2 0.7 29.8 69.5 1 0.43
ps2 3.0 29.0 68.0 1 0.43
10
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Fig. 13. Compressive strength of thermal energy storage composites at 7 and
28 days.

the PX25-fs2 mixture. As discussed above, it can be concluded that
the addition of hydrophobic fumed silica could prevent the leakage
of paraffin to a certain extent, but the major role of hydrophobic
powder such as fumed silica was to absorb the paraffin after it
had separated from PX25 particles.

3.3. Mechanical property testing of thermal energy storage composite

After the prevention testing of paraffin leakage, we broke the
hardened samples shown in Figs. 5 and 7. The color difference on
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(b)

Fig. 14. SEM images of hydrophilic fumed silica immerged in different solutions for 7 days at 20 °C (a) SEM images of fs1 submerged in saturated Ca(OH), solution for 7 days

and (b) SEM images of fs1 submerged in distilled water for 7 days.

the cross-section of different samples can be observed easily, as
shown in Fig. 12. The color of the samples was darkened by the
addition of fs2 and ps2. This darkening could be attributed to a
decrease in the degree of hydration of the cement caused by the
addition of these two modifiers. To verify the above hypothesis,
compressive strength testing was performed. The mix proportions
of different powders are given in Table 6. As shown in Table 6, fs1,
fs2, and ps2 were used as modifiers, and the replacement levels
were 9.0%, 2.3%, 9.0%, respectively, by weight of PX25-cement mix-
ture. The water/cement (W/C) ratio and PX25/cement (P/C) ratios
were 1 and 0.43, respectively. Fig. 13 presents the compressive
strength of four groups at 7 and 28 days. As shown in Fig. 13, com-
pressive strength reduced with the addition of fs2 or ps2, whereas
it increased with the addition of fs1. When fs2 or ps2 were added,
the strength reduction percentages at 7 days were 17.4% and 20.1%,
respectively. The corresponding strength reduction percentages at
28 days were 33.6% and 32%, respectively. However, with the addi-
tion of fs1, the compressive strength increases were 53.2% at 7 days
and 11% at 28 days.

The typical particle size of the modifier used in this experiment
was much smaller than that of cement particles. The decreased
compressive strength can be explained by the observation that
the hydrophobic powders (fs2, ps2) and the absorbed paraffin were
distributed on the surface of cement particles and slowed down
the hydration process of the cement. In contrast, the hydration pro-
cess of the cement could not be decelerated by the addition of
hydrophilic particles. Meanwhile, these nano-silica particles might
act as a potential reactive supplementary binder uniformly dis-
persed in the thermal energy storage composite. To verify the
potential alkali-reactivity of these nano-particles, hydrophilic
fumed silica was submerged in a saturated Ca(OH), solution and
distilled water for 7 days at 20°C. Then its SEM images were
analyzed as shown in Fig. 14. It can be seen in Fig. 14(a) that an
amorphous substance formed on some regions of the nano-silica
clusters in the sample submerged in saturated Ca(OH), solution.

However, no change occurred in the fs1 after being submerged in
distilled water, as shown in Fig. 13(b). As Ca(OH), would be formed
during the hydration process of cement, CSH gel might be formed
by the chemical reaction of these nano-silica clusters with Ca(OH),.
As a consequence, the compressive strength would be increased by
the addition of hydrophilic fumed silica.

4. Conclusions

Leakage of paraffin was prevented by mixing hydrophobic
nano-powder modified PX25, cement, and water to produce ther-
mal energy storage composites. The hydrophobic fumed silica
functioned perfectly in preventing leakage of paraffin compared
with precipitated silica. The mechanism of preventing PCM leakage
is that hydrophobic nano-powders absorb most exuded paraffin
rather than preventing PX25 contact with water during mixing.
Because of the hydrophobization of hydrophobic materials, the
compressive strength of thermal energy storage composites
decreases with their addition. However, the addition of hydrophilic
fumed silica could increase the compressive strength of thermal
energy storage composites due to its potential chemical reaction
activity when met calcium hydroxide released by hydration of
Portland cement.
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Flexural Properties of Fiber Reinforced Concrete with Low Fiber Content
Zhao sujing Sun wei
(College of Materials Science and Engineering, Southeast University; Jiangsu Key Laboratory of
Construction Materials, Nanjing 211189)

Abstract: Conducting four point bending test on fiber reinforced concrete (FRC) beams
with low fiber content has been observed to be unstable at the softening branch, so it is
necessary to find other methods to solve this problem. This study investigated the
flexural properties of two different FRCs with low fiber contents through three point
bending test on notched beams. The results show that steel fiber reinforced concrete had
higher flexural properties than polyolefin fiber reinforced concrete while the former
exhibited much larger divergence in flexural properties over the latter. In addition, the
relation between mid-span deflection and crack mouth opening displacement was
discussed and a trilinear relationship was established.

Key Words: Fiber reinforced concrete, toughness, three point bending, deflection,
crack mouth opening displacement
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Table 1 Properties of fibers

thdE KR MR T Kigbt  Pihig: SRR A4EE

/mm B/ MPa #/GPa  (Hi/kg)

e BV A2 7.8 50 B, d=1.3 mm 38 1000 180 1,600
Rinkerde 092 40 JHIE, 1.4x0.105mm 90 620 9.5 185,000

AARIRIERL T HAELA AT AL, 0N HERC L, A 4ERRIR (V) T 0.35% 014N
AYeiREet, LI Vi 0.2%, 0.35%LLJ% 0.5%K = HEB R4k, VEARC s 2
Fin.  ECELA SRR IEAE 0.3 247, % SP B &3 H R B L PRE /R 150mm A&
fi, BNIERE ABA R MEH &S ELE 6% 4.

*2 WAL
Table 2 Mix proportions
M ;‘([ 5 N
‘ IR fJC%ZHJDMJ 57K ,
K KR H JRE (%) YRR

(kg/m’) (%)

U hwE W SP AEA ’

R 415 2.52 1.68 0.3 0.7 0.02 --
SF035 415 2.52 1.68 0.31 0.7 0.02 0.35
PF02 415 2.52 1.68 0.31 0.7 0.02 0.2
PF035 415 2.52 1.68 0.31 0.7 0.02 0.35
PFO05 415 2.52 1.68 0.31 0.7 0.02 0.5

1 —Z Tt R EE
Figurel Test setup for the three point bending test

22 R RS
PHEHE AL K 544 08 ASTM C192P3E47 . ANED LL R = AN E 4R 100 mm, 7554 200
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Table 3 Compressive strength results at 28 days

28 Ryt (MPa)
R 62.8+0.68
SF035 52+1.10
PFO02 58.4+1.63
PFO035 53.4+1.16
PFO05 48.3+1.35
3. 2P AR
20 20 -
R PF02
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Figure2 Load—deflection diagrams for all the mixes
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FRMGIRL AR EH m N eI N B S, BB RPN R 257, MIE Ve Rk
YERIB AR R RN BRI H 1+ 245 RIATCVE 1, WA 4E % H 2 (RAE T 4R 7R 4K
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3 WHEAH ST a)SFO35 (SMLFLERLIEARE), b) PFO35
Figure3 Fiber distributions on fracture surfaces of SFO35 (a) and PF035 (b)
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Table 4 Results of Flexural properties

R SF035 PF02 PF035 PF05
Prnax, KN 16.85 (2.07) 1691 (1.19) 17.14(0.12) 15.67 (0.33)  14.17 (0.56)
PR 3mms KN - 371(1.84)  0.75(0.22)  1.93(0.16)  4.78(0.14)

Gramm N/m 1116 (11.93)  902.1 (313.95) 367 (45.96) 540.4 (23.88) 1036.6 (58.48)
Ve 155 BTSSR
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Abstract: In this paper, pearlitic steel wire with/without reserved texture were investigated with the
help of mechanical test system, scanning electron microscope (SEM) and XRD. Experimental result
shows that: Tensile strength of two wire are almost same. After cold drawn tensile strength of wire
with reserved texture are higher than tensile strength of the without one. Before cold drawn, two
wires have same microstructure of isometric pearlite and after drawing the wire with reserved
texture has less shear deformed pearlitic colony. Intensity of <110> fiber texture in the wire with
reserved texture are stronger than the without one at all strains. The stronger <110> texture mean
the orientation of o-ferrite lamella were more closely and improve working hardening rate of
pearlitic wire.

1.Introduction

High strength steel wire was widely used in many fields, such as wire rope, tire cord, springs
and suspension bridge cable[1]. Relative research[2-5] on deformation pearlitic wire focused on
controlling microstructure to improve the tensile strength of steel wire have achieved a great deal of
success that it have reported the tensile strength of cold drawn pearlitic steel wire have achieved
6.3GPa. Evolution of texture during drawing was also widely investigated[6,7] but there were no
research on how the texture affect mechanical properties of steel wire. Recent studies[8,9], texture
of a-ferrite in cold drawn steel should be reserved after austenite heat treatment. How is the effect
of reserved texture on the cold drawing process should be focus on.

In this paper, deformed pearlitic steel wires with/without reserved texture was investigated.
Effect of reserved texture on mechanical properties of cold drawn wire was discussed.
2.Experimental procedure

Pearlitic steel wires used were produced by Sha-steel Group Company, PR China. The chemical
composition of the wires were shown in Tablel.

Table 1 Composition analysis of experimental steels (wt%)
C Si Mn (Cr \V4 S Fe

0.83 03 0.71 0.19 0.07 0.003 Bal

After pickling and phosphating[10], hot-rolled wire rods (12mm and 5.5mm diameter) were
successively drawn to a diameter of 5.1 mm with a total reduction of 82% and 14% (ie., e=1.7 and
0.15).

Heat treatment of deformed wires were carried out in salt bath of 950°C for 5 min, Wires were
put into salt bath of 550°C for 5 min at once. After in salt bath wires were cold in air to room
temperature. After treatment, the wire drawn from 12mm have reserved texture and wire from
5.5mm have no reserved texture.
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Tensile strength of this wires were tested by using a universal testing machine. This test were
operating at a constant speed of 2 mm/min. Evolution of microstructure of cold drawn wires was
examined using a FEI Siron-400 scanning electron microscope (SEM). Texture tested were used
D-Max 2000 to test three pole figures calculated to integral pole figure. Using integral pole figure to
calculate the intensity of <110> fiber texture.
3.Results and discussion
3.1Mechanical properties The tensile strength of wires as a function of true strain was presented
in figure 1.

Tensile strength of wires increase with the increase of true strain from 0 to 3. Before drawing,
this two steel wires with/without different reserved texture have almost same tensile strength. After
cold drawing , tensile strength of steel wire with reserved texture are higher than the without one.
Reserved texture improve working hardening rate of pearlitic wire.

2400

T

—a— With reserved texture 74
4 With no resereved texture A

2000

1600

Tensile Strength cb/MPa

1200

True strain /e
Fig.1. Relationship between tensile strength and true strain of two wires
3.2 Microstructure evolution Wires were observed from the longitudinal section as figure 2.
Figure 2a,2b show before drawing, both of the two pearlitic wires’ microstructure are same
isometric pearlite. Lamellae of ferrite and cementite is complete and parallel to each other in one
colony.

After drawing pearlitic lamella of wires thinned and rotated to be parallel to drawing direction.
Pearlite have turned into fibrous microstructure after heavily drawing. Comparing microstructure of
wires with and without reserved texture, as figure 2¢ and 2d show there were no visible different
when at €=0.5. There were more cementite lamella bent or fractured in wire without reserved
texture than with one as figure 2e, 2f, 2g and 2h.
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Fig.2 Microstructure of steel wires after cold drawing 1% column: with reserved texture 2™
column: without reserved texture

3.3 Texture analysis Change of intensity of <110> texture in two wires were shown in figure 3.
Figure 3 shows that intensity of <110> texture of wires increase with the increase of true strain from
0 to 1.69. Intensity of <110> texture of wire with reserved texture is higher than the without one.
The evolution of a-ferrite’s texture in the two wires drawn to different strains was measured by
using inverse pole figure measured in the drawn direction corresponding to the true strain of
0,0.49,0.93,1.69 as shown in figure 4. Comparing inverse pole figure of two wires, the o-ferrite’s
orientation in wire with reserved texture turn into <110> pole more quickly.
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Fig.3. Relationship between textural intensity and true strain of two wires
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Fig.4 Inverse pole figure of two wires in different strains. The first line is the wire with reserved
texture and second line is the wire with no reserved texture
3.4 Discussion Reserved texture improve working hardening rate of pearlitic wire. Intensity of
<110> texture in wire with reserved texture are stronger than the without one at all strain.
Studies[3,6,11-12] have demonstrated that closely orientation of pearlite improve the mechanical
properties. Microstructure of pearlite is composite structures of two phase: a-fe and cementite.
Deformation of this two phase are more closely to composite materials of laminate structure.
a-fe(soft phase) deform more than cementite(hard phase) when deformation was not heavily. If
a-fe’s <110> orientation were not in or near to the drawing direction the pearlitic colony must rotate
to the direction. When a-fe’s <110> orientation were nearly perpendicular to the drawing direction
rotation will be difficulty, pearlitic colony were subjected high shear stresses. Cementite lamellae
may bent or fracture. Fractured cementite cause stress concentration and become micro-crack
resource when wire was subjected stresses.

Reserved texture make intensity of <110> fiber texture higher during drawing. Higher <110>
textural intensity means there are more pearlitic a-fe’s <110> orientation are closely to drawing
direction. Less pearlite need rotate to deform, less cementite lamellae may bent or fracture and more
pearlite may get thinning. It reduce shear deformation and improve the hard working rate of
pearlitic wire.
4.Conclusion

1) Reserved <110> texture improve working hardening rate of pearlitic wire. After drawing,
tensile strength of wire with reserved texture are higher than the without one at all strains.
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2) Intensity of <110> texture of wire with reserved texture is higher than wire without reserved
texture at all strains. It indicated orientation of pearlite near to drawing direction and reduce shear
deformation of pearlite.
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Effect of austenitizing on texture redistribution of cold drawn

pearlitic steel wire
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Abstract: To investigate the effect of austenitizing on texture redistribution of cold drawn pearlitic steel wire. SEM( scanning
electron microscopy) and EBSD( electron backscatter diffraction) were used to research the microstructure and texture of as-drawn
and annealed steel wires. The result showed that the lamellar of as-drawn pearlite steel wire steered to the drawing axis, forming
<110> fiber texture, and the intensity of texture rose with the strain. After heat treatment, the wire had a microstructure of
equiaxed pearlite which contains <110> fiber texture in the ferrite. And the intensity of the texture rose with the rising of the
original strain.

Key words: pearlitic steel wire; texture; EBSD; austenitizing heat treatment
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WA 05 2 AR AN, A SR e B K ROTOR, TR, A )
5o NIOIAT SR S W A A A A G B L o KOS A 3 M o 4 1) 1) 6 7 ZERLIR
T B E e AR S A S AR A A I 1]

REE: Aa)EaE AERKHLEE RS AEDTRRE
Study of preparation and growth mechanism of graphene

domains at atmospheric chemical vapor deposition method

-1,2 co1:1,2
Hao Wei *, Guo Xinli"

(1.School of Material Science and Engineering, Southeast University, Nan Jing, 211189; 2. Advanced
Metallic Materials Research Laboratory, Southeast University, Nan Jing, Jiangsu Province, 211189)

Abstract: High-quality hexagonal graphene domains with the lateral size around 10 um
were successfully prepared by an atmospheric pressure chemical vapor deposition. The effects
of hydrogen flux rate, growth time and quality of copper foil on the morphology, size and
quality of graphene domains were systematically investigated. We found that the formation
and growth of hexagonal graphene domains was very sensitive to the hydrogen flux rate, and
hexagonal domains were obtained when the ratio of methane to hydrogen changed from 1:75
to 1:100. With the increase of growth time, the lateral size and thickness of hexagonal
graphene domains are increased. In terms of the purity and crystallinity of the graphene, the
high surface smoothness of the copper foil showed an appreciable improvement in the quality
of the graphene domains. The growth mechanism of single layer hexagonal graphene domains
could be attributed to the edge diffusion mechanism. Preparation of large scale graphene
domains needs low methane concentration, high temperature and long growth time.

Key words: graphene domains; growth mechanism; atmospheric chemical vapor deposition
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JRZRIE. W1, SR Il U B % ok, RGF R LRk, &
AN HEEHTEARWT . 1 SEIUA S0 A KRR b A A7, B Rh 2% R il 267 ik
B R, H A AR TR A e AT Ay B S DA SR T M A A 7 B TV
2009 4F, Lil" V4558 b S S YURRIE 38 — IRAEA T AR L 4% 1 802 KA s
s, ER T 9 2 SRR AR PR BV A RS B A A, AR T RO 1 RS2 R AL 2
Jl. BUCLUE, A sl o sk il . A SR R o R S s, 3
PEAZ G SR RN B g RV, SR, A SR T U B
FUEE, DR e A RO AT DA e R, BT B R SRR )

ARG BRI R TR AR R RIS AR AR E ., AKE
REESZIRER, IRABIE FEIX T URH P 2R B R 1 46 v o SR A v B AT B B
Mo RILRAHEFE 7 H S THEREIEH . R A [ 520 fb B T30
FGFIRET . BBl 1NN A ek b, W70 7 AR RIOPLEL. AEIR N
PAERRERZ G, A 1 RSHE R A RO GO R R 220 b, R kAT 1
TRELFIRALE -

2 K

2.1 A mBEHHE &

B ) 4 SR 2 0 R AL 2 S AR YE (APCVD) « AR N 25um JE4E
(alfa, 99.8%) , S AEZ CHy (99.99%) , sl Hy (99.999%) F#ES &4l Ar
(99.999%) , W& NA Mt &I ST RS .

TFUEBY BB S S BT R 1.5em® 1905 B, BONTRER. 8. £8 TKb &
10min, #RJ5 Ny KT BB B A SR b, AR E T A RS e, bs
A 300scemAr 20min FH THEBR A EE R N TR SHR TS, HETSE
BATHIEZR Spa 24, #EM Ar BIE. SR MAGEE, £ 1000°C, Ar S5 FIBK
0.5h. HNEKMEGE, f£4F Ar300sccm, CH, 0.8scem, H, &SI SHINE, &
KA 6min. AK5EHJE R A Hyy CHy SR, 7F Ar SR FRERER, EHEMN.
ey liilE- PuN ER4

2.2 BRMEEBHER

SR VR R AL R R R AT I0. Be, BREAREGNREE TAXK
ML, & 3000rpm, 60s 251+ F, k7 —)Z PMMA. A E TI#H#MR L 130°CHt 45
Smin, BHTEML. EEEAERET IM K RBREER P SHTE h, f0E e 4 8
P S, KHEE graphene/PMMA VAL #2 22 19 1) 25 B8 7oK HiEEdk 2h, HEDE
=, BHEZRETHNIE. B EEEFRE S HRER L, HETHRE 60C T,
B AE 150°C Fhn# 30min, {HfAs)d5E BB EHE NS . 2Bk PMMA 27 55CHY
R EER TR, RN 2h, EE =i, BHZE PMMA B4 %K.
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2.3 FERMEEBEHIRIE

A BB B A g T AOAX 2 > Bl Novel MV-6100 Y622 2445 : FEI Serion
Field Emission 4 T 28, MN# LN 15KV; LabRAM HR UV-Visible $7 2 i,
WK 2 514nm;  Vecco Nanoscope Jii ¥ 1w iitis, HI5HE,

3 &Rk

3.1  HEERN A B BRI

] 1 0 PR R T REL S PSS A sk ot B ) T 30 5 RS S i 2 o 3K B AT Tl i e B R
LoD AE TR 5 L i Y ' Ak B AR 7 1) 6 1) A SR et 2 1A] ) 22 St Ik AR i J JER R T AL
FEX A SIS AR, B 1 () RAREWMCHII TG B, o U 21 5%
THAFAE R B A SR, X2 SHEmm LA K. B 1 (b)) 2Lt d
WEAPOC AR e BB K, AT LA B R IR AR T, R BRI R ER e

(a) (b)

K1 (@) REIDCAEHERITE A RMEE:  (b) LNl 5 A=A A B R AR 0 ' 22 .
p&AL

S A AE e R AR S R T AR Ko SR S, AE K S0 Ar: Hy: CH4=300sccm:  100scem:
1.5scem, AEKHSA] 6min. AEKTEEE)E, B4R TERCE XA K FRIRIE 30 #0, ARG TG
ZRMBENE. KB 2 (a) R A S SN B, T ERIRENIL
FEAT S0 W, XS RS 2R R HES . BT NI B2 A, I RN R A
BIRA R, XL SR A A K R B AR AR SR b, i BLAE AR S A A S X e
BIHEEDHAENEA, HHXEAEGEEFELRE. B 2 (b)) 2R T RasE,
AT DAE D&M R B, AR IR A A SR A SR AR AN, SRIEESIEAL 5. 1E
P 25 AN T S8 0 s 04 v TR 58 0 U R S IR A SR s m B U B, W 2 (b)
W, BUE A SEG SR SUEAES I, MEZN 1200 K 2 (o) 2R ubred
B3] 300nm SiOy/Si FEJE DG . WFIE EE, AN A B E G IR
R, MNIAE ARG SO RE, S DU AR LKA RBIGRE. o
BN ST A SR IE  (aaBE R SAMNASES (CBaHF30R) M TH
SR, SGRILTHE 2 ()« ANUEAEESBR 2D &5 G WKL
Lp/lg=3.5, FE4m (FWHM) 21N 32.4cm™, RUINIDIEA BIG AW E A ZE5H), D
U RO S 150 B S b e W I A, BRFRECD . ARG SEIER) 2D 1§ G g
Ee Lp/lgr0.48, (&4 (FWHM) £ 63cm™, ViHIA B L2 2450, Bk 4h
D VR, UHERGERZ, A S ERZE . 8 ABOX R O R R 2 I 2E IR 75 b
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K3 (a) JCARTERE A S0 e BRI (b) GH 78 3R TH A1 887 S50 SEM
(¢) ¥ % 300nm SiO2/Si FAR LA SBE M RMER: (D) NUEAEE RS S ER
58 e R 2 O

Kl 3 Rl P A EE B 95 A K A SR e B L B 3 (a) WA,
A TE I J5 ] A 1A SR 0 SR s AR LU 5], AR E R AK. B 3 (b) 24
NI AR . B BB W 2 3] 300nm SiO/Si FEE F, W& 3 (o) Fiw, H]
DLRA S 1 s S s 2 T e 22 5, R T A E s 2 [0 B AN . hr 2 itk it —
WSCHE VIR, XT3 (o) H R T HE 20 (R B ) /N 1Y Wb AT R 2Ok i R
1E, S59RTE3 (d) , HrpBagma g REREEE DM S BT, a0 E
FITHERI 7SI TE AR XS B $ 2 25 AR, BRI 7S 108 M Y Lp/16=2.63, 2D
48 (FWHMD A 3d4em™, HIBESE S N ZE, D IERELICEE— 5 % W i
SERISERE, BEEER D . PUEEEIRT B Lp/lc=0.55, 2D R E 4% (FWHM)
9 58em™, FHHUILE W NZ BN, £E 1350 cm™ ALHEL TR A D W, EDERIGIE,
KRR, R ZE.

HH DA g JnT LRI, 28 ack A 33 )40 9 1) 45 R0 580 A W I L, [RI A b 2
TE il 86 A7 B 2 R A SE HEA T AL EE

3.2 WEEKESHR)ENABEHHEEIER

AFRTHMEEREE, W Ni 5%, WiE 70 LLEKIE R . &R Cu IR
fREEAEH /N, X5 Cu MHTFEMARS. Cu RANZHR TN 3d"%s', H d ZHT
Lo 1, AT 4 PUEA T, XPE T2 5086 TN o 87
S, AEAF Cu 547 BN 1A= AR 5 A AE AR FA U 3Rk 55 AE ELAR A AT LAk B AL 1
L, BT EERASRENES, RF. B4 () RNIUEA RS SEM K, B
AL AN R, R TR (1 O SRR AR B, W R TSR . RS SRR
b, SR NG AT S ) DAES G5 AR (LD Sk BT dR 2 i
O, AR GREF TGS RN, IXUEY] T A S0 5 ik R 2 1Al R 55 A BAR H
B 4 (b) JEo 1AL R AN it e L T B R AN [R] ) N T A SR 0 el ) A 1], 206k
55 R E LR TR A S0 A B0 R AN TR] o A (R — S R A B A B AR [ B A SR 0
W, SCAHUAANF A S s, IR TS S 0 SRR e RS9 EAE M . 14E Ru
(0001) b el T47 80 15 H 2 IR A AE B MAH AR s A — R 2

SR IRAT S0 5 A T IR A AE 59 AR S (B A SR (R A7 £ 2 i SR 5 i
TR e R Sy, B AR EEM . B4 @) . (o) EIRRH TR
TR . AT bR I A7 RERARS, T 4 () R tgEk, %8020
IR EE RN, T HAHRFEBCA AT . #E 1000°C BA B il ~, 498 E T i) 518 3l g
FIZL, REUERLR 2 AL AW R TS 3 . 21X 8 2% S0 B A S804 iR i T4
SIGIRIHASIER], SRSCaE R, SEORSUEN RIG RO G A K AT, A 4
(a) « (o) WOTHEXIH. FEE Ml WA, SEEUSAMKL, Bfixk
SU5E AR A AR SR SRR T o H T SR R B AR S0 AR BRI AR, k802
B NGRS, DAL P B AR SURBE AT By K, I KT R A 0 Ak F) A SR B
4 (o) BEOFEL S RO s, A7 S50 A A R XL A N R 2
ARAE, RN SR RSz s fE o A 2L RATEEFILI, WK 4
(¢) BOFCKPTR. T UL EpHr, BTNy S0 5 5 2 i 2 18] A LA Y2 T
BRI, BN EAR ks, EREWMAEAEERZ], AR IH & E RN
HIBIE T o
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AT SR SEM I (o) NI4T B i SEM

3.3 AEES XA s e B IR
N TR FEANFENR LS A sk S s, X BLRAT T 1 N AN H] ) CH4, H2
BT . BRI AERS LR 1 is:
% 3.1 AF Hy W E N A S0 S 4% L 224

AERIERE Ar i E CH iR H,RE A£KESN EKEE P I R
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K 5 RAKSEUE A s dnbe e R . B 5 (a) 2 CHo/Hp=1:25 MK
Firo ATLAE R, A7 sl MR AHOERRAE 7, fASmEm R U 90%, 1mH
AAREP R Z )24 I, = CHy/H, tWIEAZR 1:50 J&, Wl 5 (b) frs, Ak
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M8 &R R, AR E0 S, (2GS SR A T —i, &
WE PR STZ) 15um g, TR, DA B 7 AMN SEESL, &I T35
INIUTE W, BT HERTR, NI R R RSN AU S, T R S 1R
R IERE T . 3t PREERSESE CHY/H, tWEN 1275, WK 5 (o , H
BT KREANIDEABIGEREE, FHRSZH 7.5um, BE 5 (a) BHE/N, EHARE
B G 2 E R 5R, X SR S AR KR B BEASE A . CHy/H, LR{EAE N 1:100
Ja /NI A s i s R 2, ASHUN st — DR, R ST AR ) R
SRZATE N, AR EEREZE 120scem J5, WK 5 (e) , 7EA S0 f M RN
[, NIATEAT S0 s i ok A Blith, BB LA TREFE. YEARE
H—BHEE 160sccm B, W 5 () , ABERER YRS ERIEE 2.1um, 4%
FESRE IRV o JE L sext RIS RATIS B 4he, SR EIIN, 84 N R T IE
VTR, A BRI it I 1) T 350 DA TG R D0 A8 A 28 0 00 75 3 T o e 28 2B IR I, AU
ZVAVE AW 3 Ry N T & RN I 7S U fm b, CHo/H, LREYERIZE 1:75 & 1:100
FLAiE .
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K 5 ARIEAAEE N EESSER A EMER A () - (D 258 CHyYH=1:25; 1:50; 1:75;
1:100; 1:150; 1:200

3.4 KBS S84 fBE HIF

EAKIRE N 1030°C, CHy 0.8scem, Hy 80scem T, FATT/APEE A K (8] 15 & A
3min, 8min A 11min, WFFEAKNS BN A S BN AKTEEE, ASREH
Wk 6 (a) (). KW 6(a)E K 3min 47 5807 5h 85 SEM B, WBE <258 2um,
AN, SANIDE. B 6 (b) R2AKERIEK A Smin 147 S &
SEM K, K75 dsE RS K RELN Sum, f il dnBE RS K 6 () HAT
Pemr, ANURABRERERERZ, BRI IMEANTER A 58505 S W 4G .
M HL 7S T T8 & W 1) RST A KA 7N, 300 W W5 1) SO N TB) AN (] o AR I T S K 22
1lmin, fAsEESRWE 6 (o) Fiw, NUEA R SRR KL 10um, HAAR
WK, JFeaH —Sh S0 A LR . BRI Ah, ASHUIN TS0 A Fr S50 o I 20 A
AWrE sy, FEREEE XL 2 ML T LT S AER 1A S 4 A
RIUL S E 3] BEER A REK, 880 A K FE b B 30 1 PR B ik il 22, 7R RE e X
TR TRELZ, 27 T RENKRET, UETRERSY BN RE
TE—i2, TR T AN 30 0 A B0 W o 1T F FR S8 Xk, W ndR R eig, Bhiaie
DX, Bl FREME ARG, SWIERNIREF RS 8, WIS A 50
v K AL T — PP A (FPIRES R, NIRRT TSR RE () 7S 30 T8 A 28 0 it s

K 6 AN KR T A S50 am b5 ) SEM &l:  (a) ZEKI[A] 3min B 5847 S5 SEM B; (b)
A KN TE] 8min BT B35 EBE 1 SEM I&]; (o) AEKINHE] 1 1min A 8293 daB% 1 SEM &

3.5 M EBEERKYIE

e, AERIEBUR 9 58 28 = 0 DX I R 1 v FLIRIE A, A PR R BT 3
BRIGECRR D, RIEMAERAC; RN, XEXIEL AR EEROyET, SRR T
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MNIAFRET HBERNEHEG Y, BTEREEBEERE . 2 FHEANBZO B,
Gaol "M I o —ME B SR 0, RO B SR 1 2 AV AR BB A BB IR T, R
WEA T 575 UM A B 485G W R S0 i, X AR B A OIS B A s R AR
KB . iz G KRR, T8 ER s a8 PR, Rtk R
REAUK, MR H e T E R, R TEREE R R T E WD, AR B
A, BRI A R R IE R AR ik b R E R AR A B, RS R
PARER:, WE 7 () frs, AR FEENED Ry Bl (edge diffusion mechanism)
HIAL 5 (1) wulff £5 4 5h J1 2 BT el g, SR TS0 ph A Kok P e 1 ) 2 30 ke 5 1
YRR O RAESE, BRI zigzag WA K RIS, BRI R AL BT S
Wit B zigzag IS &L, BION7SIAIE & W .

(@) 4 (b) o 4
o ey ‘

K7 (a) BRNIIA Sd s E KR BB (b)) HRAAS RN s A os = 1A

FEARIDCHIH AR, W 7 (b) Fiw, HTAAEERZNEERE, EERELL
WA 2, RMMBEEKR, FN BT EERTR S, SRUREHEERE, &
e I A R IR B EcE stk 2, dt— DR AR S 7k 2, k)5 1ot
TR T T, PRt S8 I AR KA IG5 Bl (edge diffusion mechanism)
M &S G i fii2 (mass transport) FIERIHIY ML (surface diffusion mechanism) ,
e — MR AR RKALE], RIS A AN, BARIES S kR 1 R BE A O T
TEP R IR IR Z [RIPPP I X8, A s i@ dm A KA S 7 () F—8, FikAK
1) & 22 N 7N T T i

3.6 KRR S0 o B 1l % 5 RAL

3.6.1 R A S8 0 dm W5 1 1) 4%

R TR R S 0 dn s, FRATRTIAML 7 ORE M SEE:, 2 4R T AR CHo/H,
PeAE . AT, AKEE, KBRS A SESHBEm. EEEHFRANTHRT
oA SRR R G, BATIF a2 KRS A S0 s . A& 10 B br 2
28 B TR 2 ) A S 0 A o FE BT A SEI0 A 1, FRATUGIR A,  F2mnf 580 i b4
TR & CHy/Hy, CHy BIKEEER/N, A F] T Hl & KRS A S m%E. HT
SIS EWAATR, M4 CHy GO, FRATH & & EEIE R CHy/H, HFRE A
0.8sccm: 200sccm, B 1:250, 7EXANEEAE R, AT SL2E0 A BT SE I 48 B ek
G K B H bR. DRI, FATEHS 7R, B CHL Ry 500ppm H CHy-Ar &S
VERBRIE . FEH 25 KR A 580 il i, AT e 1 AR A K S48 3.3 Fios:
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% 3.3 KR BIR BEEI 4 T 2%
ARKEE ArfiE CHJR HEE SKED E£KBE  [EEER

(C) ('scem ) = (sccm) (torr) (min) ( C.min™)
(sccm)
1030 300 40 20 EE 60 20

3.6.2 RF A s J fm W ) SR AE

1. 627 B RALL

AERGERUE, BIRAER KA A S0 JE AR TE, TBCE UK IR 30s, IRJEFEILEE
WRBEIWE . B 8 (a) Sl 58 MU A Sk s WL 2 BB B R, NI S 1
FEFZ905 140um, 1y HOK S W n] DLES =S A R R 08 SRR, B 7 sl S
W S5 EAEH. B 8 (b) & SEM K, EfhrR2 3mm, W LLE B4 S8 b
W (R RS BEBOR, i, B o sk et (0 RS e R 1 BB, Xl K
IR A AT TR B AR 9 AR D5 1A BT IREN A, DR TR D5 R 9 e o 3 fih 1
Feor 5, BB Ry TEERE, WERK, BImERKRHRK.

). for. . e

B8 () Al KEBEe 2 BBiE; (b)) £ 84 Kl SEM &
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K 9 #HF| 300nm SiOy/Si FEAR A S84 st BB E () - (D a5 E. WE.
WE. HEf =k

W A K 5 U TR A SR 0 e W 5 # 31) 300nm (1) Si0,/Si AR F, WLEE S B, K
9 JEIN T A S ERDEF R . B9 (a) - (D SRR T R A B, X
JEAT SR i, DU JE A SR e B 5 TR A SR R DG BB B R o A SR il 1
BAZE R O e, 22080 ER 2N THERN. &b Ei ik
AHGERTE, XARER T2 LR S B I, R SR e B 2 sl 17 IRE .
M8 — & N HEE R ARSI T TR, B9 (o FE=R, K9 (b F
F. WEREHREBINGE, Kafet S EMNa I REARA R, BIKZEN 4
SIS B R P, SR, AR R AR SR, BT R TN
b AL

2. RRST A 52 i W (0 12 52 6 T R ALE

P 2 e ] LALPGE HIC IR A I A S0 i) =28 JF HLBEiEd D R Bt —25
FIWr o BRI R, RIS ik, RAA SN HEOR . X TANE Z £
A SRR 2O R LI 58 L SRR, STk, BRATRT BUR A S 2 0 1% DU )
XA S A I B R AT FIWT . A SR A OB 2O IR IE I = D U, BREEIE, TTRLA]
RAWABIBHRE: G W, TN sp” IR FHIIRSIE: 2D W, I T A1 546 NI
XU PRI R, A S M 2 R ik 0 HEL v e EE AU, R P A SR S LA A
RO . 0 T B R ST 5, ER 2D W] U —MRE X FREIB G 22U &
M BEE 1 SR 2 B3R i, 2D WA se, HREZ MR RIEirils, X2mT
WA A SR R RO N, R R A A T BSR . B T 2D WK A SR I IR AL
G WA AR PR 0 S m 2, BT G WERIE TR T sp2 KAk, A
BIGEHRZ, MBS sp” FOT I N IRBDEESE, G USRS . Ni Z HUAGESE G 1%
SRS LF2 A A SEAR J2 B 3 2 L R
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FEIX BIRATR 45 1) 2 2 KRS S8 0 dn Wb AT T 8ol = 4E, B 10 () - (D
MR PIA R EE A S5 DG BB A, 10 () & 14 EA RGN 261
K, 10 () RZAHMN 2D W LL AR A8 1e 2506 . anl& 10 (a) o, FRATIRH
KRS W2 E450, s EENREASEESHEIRTE, £ ZRUFER, 5
“ERISNILIE, FBIEAM TR0, RFBUN, A2 RRE N BiEEE LN
AT Rl R PL 2 WA, e THE— = =, WELk. 2
W10 Ce) Fw, ATLOWERR], D WERSREERN, U S50 M i A, A RIEh
fa 2ok g TR ARITET; MEEHMIEIM, A 8E0 2D SR EEETAR /N, 55 EAR
KmHRAE T —ERE LER, K2R TERIGM, A8 E 7S50 KERN,
M SH T XMIARE, Btz sh, BEE A SRR, A8 H S 2D IR LA
REAN BB 2 A o WBYE Graf™ SR 7e, B2 A 8 T DU — AN R 8 HLGHAR
[RIIEAL ZE L&, WU A 20 ] DU/ A [FE ISR 2200, =2, WEA S H
P NASFIRVSAS 250 G, FRATA LIS &5 AEsE T XM, Wi 10 () Fis. BT
X RTINS R RN, Ni Z Y se 45 R BET G SR B A8 1kt a) LA
POk A WA s dm 8L TR, BEE A SE RIS (-4 2, G EEEJLF
FERERPEARA I, FRATTA LIRSS RABIESL X — %, WK 11 (a) Fw, G UERERAR
TBEE A BIGZE R E I BB, Rk sh, 2D R Eas (FHWM) i
EA R BB N B ETE S, 11 (o) BT E A T AL

P2 UG SRR T RS RRS A G e R A RENRE, mMHZE
s i b 2T s FAUESE T SCHER A A RS 1 .
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PMMA B B AT G B B I 2 0t & 12 (b) R AHRLIARIG B, A 5800 i B AE IR 1
B R B SNSRI L s . B 12 (o) Roni (a) FHEBLEN
DXk R AR B, A AN R - B (R L ZE 2 0.848nm,  H A SR 5L IR
AR AR, BTb—ERRE, BIEnT DA Sl SR IL G A N )R

3.0
2.5
2.04 Height= 0.848nm
1.54 ! :
1.0
0.5
0.0
-0.54
-1.0 4
-1.54
-2.0

~
(]
p——a

Height (nm)

T T T
0 5 10 15 20
Distance (um)

K12 () KRGO R0 AFM K (o) MNEHRIEE: (o) KRG S0 Sl 10 2 2

4

A SOE I H A AT DIRNEA S 1A S0 s, SRR IT 1 AN RIS IR RO
AR BRI o S50 A AR T 22 OO A S A e W AR 3 A SR B AR R, ead it
Kb 2 T R 9 ) 6 ) A SR 0 e 0 AT LI 20 TEBUN BN . 1 9E S 4 SR
IR RS AR, O HoA SR W (7 2 3 AR VT A 4 . CHL/H, FUAEYE
FRIFE 1:75 & 1:100 I, AJ A5 SR B0/ 8 T84 SR b . AR I TRl
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A s M W A RS ROR, TT0 HLA S 0 8 B X T AZ I [ AT S SR U o R NI A 52
Wi BT SR 1) A& 3L 3 B, i AN RO Ay S804 £ 22 BN SEEAI R T 9 B A . KR
A S A I R 1 A T AR R T . B EAE R R XUE . =R
JEA S A2 R 2D IR LRI — A DO S AT AN AR 2RI AT LA

2753k

[1] Kim K S, Zhao Y, Jang H, et al. Large-scale pattern growth of graphene films for
stretchable transparent electrodes [J].Nature, 2009,457(7230):706-710.

[2] Partoens B, Peeters F M. From graphene to graphite: Electronic structure around the K
point [J]. Phys. Rev. B 2006, 74: 075404.

[3] Castro A H, Guinea F, Peres N M, et al. The electronic properties of graphene [J].
Reviews of Modern Physics, 2009, 81(1):109-162.

[4] Ponomarenko L A, Yang R, Mohiuddin T M, et al. Effect of a high-kenvironment on
charge carrier mobility in graphene[J]. Physical Review Letters, 2009, 102(20):
206603(4).

[5] Xu D, Ivan S, Anthony B, et al. Approaching ballistic transport in suspended graphene [J].
Nature nanotechnology, 2008, 3: 491-495.

[6] Frank Schwierz. Graphene transistors [J]. Nature nanotechnology, 2010, 5: 487-496.

[7] Bae S, Kim H K, Lee Y B, et al. Roll-to-roll production of 30-inch graphene films for
transparent electrodes [J]. Nature nanotechnology, 2010, 5: 574-578.

[8] Jie W J, Hui Y Y, Chan N Y, et al. Ferroelectric polarization effects on the transport
properties of graphene/PMN-PT field effect [J]. The Journal of Physical Chemistry C,
2013, doi: 10.1021/jp404350r.

[9] Novoselov K S, Geim A K, Morozov S V, etal. Electric field effect in atomically thin
carbon films [J]. Science, 2004, 306:666-669.

[10]Li X S, Cai W W, An J A, et al. Large-area synthesis of high-quality and uniform
graphene films on copper foils [J]. Science, 2009, 324: 1312-1314.

[11]Losurdo M, Giangregorio M M, Capezzuro P, et al. Graphene CVD growthe on copper
and nickel: role of hydrogen in kinetics and structure[J]. Phys Chem Chem Phys, 2011,
13: 20836-43.

[12]Preobrajenski A B, Ng M L, Vinogradov A S, et al. Controlling graphene corrugation on
lattice-mismatched substrates[J]. Physical Review B, 2008, 78: 073401.

[13]Rasool H I, Song E B, Mechlenburg M, et al. Atomic-scale characterization of graphene
grown on copper (100) single crystals[J]. J.,Am.Chem.Soc, 2011, 133: 12536-12543.

[14]Gao J F, Yuan Q H, Hu H, et al. Formation of carbon clusters in the initial stage of
chemical vapor deposition graphene growth on Ni(111) surface[J]. J.Phys.Chem.C, 2011,
115: 17695-17703.

[15]Burton W K, Cabrera N, Frank F C, et al. The growth of crystals and the equilibrium
structure of their surfaces. Philos Trans R Soc Lond A, 1951, 243:299-358.



72

[16]Shu H B, Chen X S, Tao X M, et al. Edge structural stability and kinetics of graphene
chemical vapor deposition growth[J]. ACS NANO, 2012, 6(4): 3243-3250.

[17]Ni Z H, Wang Y Y, Yu T, et al. Raman spectroscopy and imaging of graphene [J]. Nano
Research, 2008, 1: 273-291.

[18]Graf. D, Molitor F, Ensslin K, et al. Spatially resolved raman spectroscopy of single- and
few-layer graphene[J]. Nano Letters, 2007, 2(7): 238-242.



73

RIS BT B S E 5 S (B R IR B - R AT IRIR T

£k 121649
(FEAFMHHBZFEIRFR, FEAFEZCEMBAFRH, EHE, 211189)

WE: ACEF —KBERFRAE, LM~ WRRE T (R CO. 7T A SR, #Eiti
WIEE, ERERR Ca"WAHT, REEABERELRENESN. KRB FEIGEME
PRENAE KRR, # % g EiE et A 4 24-28h, &1 pH 4 8, W& pH 775, HEKETEE
WA KA A fBEILIE /1 T, EpH X 12-13 M FEEH, HHE%ERF—ZmBALE ),
HAP R LA — R . ERONE T, BB T SRR B B B BR Ak AR
RENARAES, #—FPERBIREEBERD T, BIETREAR G FHT, KRE
B AEE ST W R R L RAE R ATH,

0 5l%

TREE AR S E @R HER KRR 2 — AR IR EE LA Rt R,
GFE, AR R TR R 5 2 AN A B, SO VR e A R P RE AT PRI TR
TREB BRI BRI ZKE, SR T —RIIFFRR

TR, B IRF T A YrmT MK EE B 5~ B 5 SN Bk TR, 3855 07
B T7fEAVE N R A M BRI A I, He 5 KV A R R I (A 2 P A B8 A
P, ML FAE GRS IE EHoR I R IHALFRT:, WERE, PREM IR B SR s 78 kY,
BA AT R

3% [ Ramachandran'%§ \ i FL7E 2001 45K R SCEAGA 1 MAEDR 16 a T iRge + 5444
B —IRIEH A GRS HRPTIR &E T S m s e A B, RS LR AR S, B KRS
HEN, MEEE RS0 H e as, JUHXRE TR PR EBEEERRE . w2 AUR
REFHE TR Jonkers 25 NPV B BEK — OB SEAUAT B NN IRIRE 1=, REMEAE T 2421 X 37T
FARRIRAY . Van Tittelboom 25 A\ WVRI FH Tl e [ 5 R 01, 70 R 68 - ven B0 55 1 P ORI B il
AEHT S caCos DIRMB E 2RSS, XBMNFHHMEE B HORIARER: K% Wang 1 De Belie
5 NCUNHE g B AR TR L R RIS R AR, SR RE R SR R B 3 70 [ kA s 5 2
%%, R BUERHEEIFPAT B MR, Wang 25 VIR 7E RG] A 2 i 26
MEVENBER, KRR ARG T HETBBE, HRIEERAETE X 970
Hm.

2R R FUBCR I, FHEAE MY, ERHA AN R R Sikae 1, IF Bk
WS I FFEAN S VR e 1 1 SR RE,  BONTUAEI TS 0 118 IR it 1 2R A B T I O

RSB E F —JRrEiaE ,  HBERe A P A BRI i (Carbonic Anhydrase, CA), BRIRIT
Bl fe o 2 P2 CO, ARG OB, It HCOsZE /G, JeMian (1), (2) R [7]. FET IR,
AT B R T BT T A ) 0 18 IR Bt 2R A AT AT AT AR 7T

CO, + H,0 & HCO3 + H* (D
Ca?* + HCO3 + OH™ - CaCO; + H,0 ()
1, £%
1.1 B EHESR

S0 FH — P BE S 7 A BRI I ) R R o IRTARR R RS R 2k LR L, T R IR IR ik pH=7,
BT =T, F120°Cmii K25 mine BUH KRG =MME TRAHT, . %k
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BRI AR AU AL BRI R T B R, FE30CHR G IR h B 9%, R HIF 9170 r/min.

R1 BRI TR
g/L

Sucrose Na,HPO,°* 12H,0 MgSO; CaCO; KCl (NHy,SO; Yeast Extract

10.0 2.507 0.2561 1.0 0.1 0.5 0.2

N EYRA S ] B AR KAR DL, 8 R IR ], T AR S R AR K A, T
FRIENTIG pH O 7, WIZFDEEAA ST FRHEITURSHOES, B 2 Dh R RS ACRERR 2h TIN5 IR
e # . (optical density, OD) PASRBRAE R, BAKIEH] 400nm, ARG &S5 R 2]
il NS

1.2 TRIERETES IR AE M) STR G - R EA B A & 1

1.2.1 AN[FEVIGE pH T BRER I B ik A A K e

IR AR TR AL, 2Rl R TR 146 pH AT 6. 8. 10, 12, 13, SAJEHEMIERIR
IR AEAL PR, 7E 37°C, 170r/min $RG5F240 5%, WMl FRIE A2t oD fEBERT (A 32 1k
L

1.2.2 AN[A] pH N E BRI BEGCAE VI B TS 1 e

TR0 R A 1 5 B AR5 2 AT 1, #E 37°C, 170r/min 3R 55 FRAH TH 557 24h 15
FF LR R BT B, Hoh & 8 MIRRR TR . B 5 BT pH 4 6. 8.
10, 12, FEF/DNEERKECE pH E N R, & oD fHFIAKER I BV .

B I e 7752 Pocker Y HIStone JT [8]f /5%, BEA Ml FREO0. 0018 g L RN
FOREEPNPA, S0, 5 mL Jo/KIEASERE, 53440. 0156 ¢ — 2N 10 mL BEER&z
R, MERSEMENTAER. 2B E mL B9800, ks %5, WU mL FB 51
mL TAEMIRA, 35°C 30 min, A E TUKBEHARE . 400 nm AWEROLE, XTHFR
TR T 23K tH AR Rt SR Iy I &, TF B bR R 2 AT B CE P RIS [R5 2 P (P CA. Bl v 1%

PrUER R 8], A E T mmol /L X ASIEZREY ( FREO0. 0139 g XHASFEAR A T 100
mL, 0.2mol/L, pH 6.8 MIBERRZZMKH) AREEM1. 5. 1.35, 1.2, 1.05. 0.9, 0.75.
0.6+ 0.45. 0.3. 0.15 MOmL, 72HIIM/KZE15mL, fEH K400 nm AW EWCRE, ZHlkr
HEMZE, IR HELTRELEL.

0.8
]
0.7
06
05
s
= 04
=
e
=
= 03 F
Equation 'y =a+b*x
02 Adj. R-Squ| 09863
’ Walue Standard E
B Intercep 0.058 001617
0.1 B Slope | 0490 001822
D,D 1 1 1 1 1 1 1
0.0 0.2 0.4 06 08 1.0 1.2 14 1.6

p—Nitrophenol/ nmol

BT W EEIR By o B 5 RO RE 5% &
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1.3 BRERETBSHLAE IR 7% SRS VTR

WK IR 24 h J5, 1E 4°C. 8000r/min Tl &0 10min, Ze4s FEIER. INZEETK
Vel 1 R EE OIS, BREREERIEAM, KN 2.3X10° cells/mL, A .

K BB TR A Ve N R SR A W 2 B, BERGEE T4 50ml BEMGEAR, $ @ik fE B
5 Ca(NOs), 4% — & i = Ie LU e B S BT, MR WIURES B8 ik B Ja o B T YRR . R
JEHEA R BT R NHHCOs UKL, A AR R4t co, Fl& &1 IR ST . 15 B AH
ELTG Ca® IR A BRAT v WO IR A, A [R] IS 18] J5 BSOS AR 0, K EDTA 33 5 J7 vk
1h. 3h. 6h. 12h. 24h. 48h # 72h V&Mt Ca® W . EEVEW T UTIER W, X HiEATY R
53 FAROWL 3 43 47 o

NH4HCOs3

P 2 AT T I BT 0 T 75 S B IR A5 DA 16 2 L

1.4 BETREHBEMR LRI

1.4.1 RAF R 5 R SR 1

MRIEAF TR EL, B B AT A AR A R o RO AR A Pve BERMELE,
RS d110mm X HA5mm, B AR AR A =B, 44 S 40mm X 40mm X 160mm.

455 TR P A ) eI FE B RS TSRS VR o BB 2RI 5), R R T, de AR 4H 51
BCEE SR BN, BAARRCEL AR 1. A S E iR A NI 1d, ZJEMNRETR P E 77
1 28d, FEH.

R 2 KEEMRAARE /g

Hoy
K K KB b HAZ 557
453
A 1300 520 0.4 xT
B 1300 520 0.4 H RS
C 1300 520 0.4 i)
D 1300 520 0.4 Y BRI ER S

HUFRY 28d ARVl N /2 4%, SR4% 90 FEFEHIFE 2007300 1 m Z [A] KI5
JERAFRN ESRK R, FFIBAEFRER .
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1.4.2 BiE ZBFRALIR B R 48 B 2 EHCR

R AT i 248 B B R BCR IS /KRB0 ZRALE , R 48>k K W T A 9 FLIE 20 A 24 50 46
£, AROK S T R B AR AT S ik va e i, AR R IT R Al T 2 R A w40 dR
BERY, BEERI RS R iSRRI ACKEE, BIHACKIEZIE R4

L
k="{ /a-an

o

KNBERE, m/s

Qy‘jﬂ(?}zﬁ%’ m3/S

LRI, m

AR, m?

Ah 7KL ZE, m

BRI R (1) S50 2% B = AN S LA 3.

) ‘Water

3 1Kk T 2

1.4.3 LTRSS S RAEIRBE-LAL5E B 1557 AUR

TR BAE K TP BT, TR I JE X R KA, 2T Image ) BCMXH I
FHET AL AR X RS RS O, IR B A B B 1R
PR, SEEUR RS 1) T 244K 5 RO B, T3 R A 1) A 5 A X 5 %
FMEREH ELLD), B RATRETE, RS R AR,

BRI PR R
IR X R 2 1

BEXYK = (1 ) X 100%

2. R 5tk

2.1 BREREF BRI 28

P HR PR IR IR I e B AR IR AL, AT RS IR ARG pH v 7, W A FREFRI (AR
WV OD A pH i, 255 2 A i 26 K il 28 LI 3.

HFE 4 1 ODygo fE I 2R AR AL U, BRI I B I AE 4 A K il 2 2 300 1 L R ) D A i
. 7F0-8h PN, JR R ZEAT B AR KA TR, E T R FT i R I o 380 5 9 3 I,



7

HAW R A FEEN I, ] ODy AR KZEA; #EN 10h 5, ODyg PRIE MK If
LB ARRE, (E 10-22h N, TR AT B AR AL TR0, M SR IR o 2R A B AR K
P, ACEIERE: 7E 24-28h A, BCEHAH TE FREAE, ERWLHIRR, HHEAE YR
MUEERZR, RIS A E SRR AR e, ARt NFRoE 11, LAy B 448 B 808 31 e s 7K
o A AR RIA B el 28h UG, ODago JTAAZENE T I, JRF R AT B A Kk
ANFIRI, TR R T AT, R H S K.

0.7

o
—=—0D /
—o—pH n 7.1
0.6 nP i y /' N
/- Ng—"—m -
—m
a

0.5

- \/\ /\j N /j/ \

T
o 6.9 o

0.3 4 " /
-/ -
0.2 //I/ . 6.8

e S A

T T T T T T T T T
0 5 10 15 20 25 30 35 40
Time/h

B 4 B A AT B AR K 2k

OD40

6.7

pH B R 2 &S, ATRREAKR, ®IKpH (EH 6.71. T H R, FIrkk
pH B EEZ W HIFEM: (1) CO, MMRIIEME, (2) FiaR#EH CaCO; A, 7EFT 16h,
P T 20 B AR R TR R AR BT, RS A CA BRI KRN, pH TR
RS BEE BRI AT Al B AR K N O AR 1, TR R R B A R
B, CA MEWAR R Z A BRI, CABREERME, X REFRIEFHEH CaCO, ™
AR, B CaCO; G5 AV H LR CaHCO;, SEUS I pH B HY
Fi R CaCO; iP5, CO, IR ARIERIL CaCOs BT I, B IR BRI AL, pH FEAIC,

DA R ARIG R W . 55 I R 2R AT 1 S AR I (BB 24-28h, BT I 02 28 A AT 18 A
AT RaE W], AU BB A Bk Bl K.

2.2 R AEIRSE T s BRI B M A 4 A KRR PR AR AL 5 7

2.2.1 AFIRIIG oH X BRI B i A= 0 AR PR R R i

WIS 2 KRR FRIEAIAG pH TR 6. 8. 104 120 13, SRJSHEMIRF AT, 1E
37°C, 170r/min Ry HIRAETEE TR, W IR AR R OD {HBEIN (8] AL BL L 5.
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— T T T T T T T T T T T T T T T T T 1T
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

Time/h

K 5 ANFEAIAE pH T B OD {EBERE 7RI 8] 13810

ME s HZeHal B, BRI pH=6 T, FR OD fH LT AR, UM VERT R AT ANE
BRI R I P I SRS AQU T A R I i ) PR BRCE AT T, N 4 R eTE
HAE RGO 2 2 BRI IR, 24 pH N 8 I, SIE S BkIRITEF U EYI A K, BEE R,
FRIEWTUG pH E AR, RO B [0 AN R EEREIR , i A KBTI F#MIR. pH {EN
12 1, e I4H B HH W2, 24 pH ik 13 I, 8O0 H I TR ] R AE IR, FEREAII
16h A, AGE 2R LA TR, T IR e I R R VA W 28 P A1

2.2.2 AN[RIBRPEIREE T BB I B 1 A AL 7

3 pH=6. 8. 10, 12 T 1 mL, Wk 5 %, W 1 mL FBESE 1 mL TAEMIR
4, 35°C JJ3i 30 min, HGEE TUKIBFAEL. 400 nm AEIEWOGREE, X BEARE #h 28R H
A BSORHRA BE 2R Iy () &, TH B LU B EF fAT B AE AN [R] pH 5558 ) CA BRSP4 L& 3.

£ 3 AR pH FTARNHEEREHFE K CA BEEHE

pH Ao p-nitrophenol / pmol Enzyme activity/U
6 0.571 0.72 0.024
8 0.597 1.10 0.037
10 0.469 0.84 0.028
12 0.337 0.45 0.015

Kl 6 NTE pH=6. 8. 10. 12 W HKFRETHERGIEPEISOL, FFUL pH=8 I F KEgVEYER 1, 1F
HHAD oH N RIAHXBEE M. T H AR AT . E pH=8 I CA BEE M A s, ERRTESME T CA
BT VEREAR, FIEIREE N 35%, pH K] 10, CA BT YENEIR 24%, 419K %) 12 1, CA B
T T PRI P IA 2 60% o
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 FETE
—— HHXHIE

0.04 +

0.03 =
IS 703
I :
w o so%
=1 0.02 o =<
juung
-~
L 50
0.014
L 40
0.00 . L 30

Kl 6 AN[E pH Titﬁ.ﬁ P R A X g v 12

/U

ERE ARG oH X R R P Gl 1 0 A AR P ARIAN R B E 2R S50 e R I i ol ZE P B AL
TSR ] R B, BRVESA BT AR TR IR BB Gl B M A AR, 7 pH Dy 8 I B34 58
N BROE ERR IR B G M A AAR, AL (8] A BE 2R B 2 (BRI T, LBV, Bl
O MR R TR B Gl E P E KRR RIS 80 A IR A, R KA T
7, 240 B AR A RO HOYIRE IR HH L, e I T ODago VAL 1% FEBEALAS /105 T, A 30
BRIR TR TEVE A, 7EVRBE L ALIRIAEEH, pH (BAE 12-13 28], BRI B A KA B AL
TR 2 BB IR, ENGRIRERNKTE, VIFAEimm, JFRE4ERr— € BRI /7
RGN, TKEENREEAEAG R4S KIAET pH %3] 9-10 22 (8], FEULBRIER B,
B I T g ] RES I A A IRt AT B AL B L

2.3 ﬁ@ﬁ?ﬁﬁ%ﬂ%ﬂuﬁﬁ%ﬁ%@%ﬁﬁ

2.3.1 HWOAEL P SN ca® it

X AL AR IR, SR EDTA zr%xzﬁfz”*i)ﬂu 1h. 3h. 6h. 12h. 24h. 48h Fl 72h ¥
b Ca® R BE . Ca® e FERIT AR 4k h 28 LI

WEG R, WAMEMERE A aIiEy e, HE 7 TREH, Ca iRBEFEKH
RV PR EE T I 1D 2 R At s, PRI EE — R Ca™ ¥k R febR, BERIAIIEET ca® Ik E
NREEEE RS, FE CaT IR T RaE . PIERERAHELE, B Ca™IE FREE PR, 72h
BV Ca” IR FE A, ERH T A0 i FH A0 RO PR I I 1 L A el 45 3 o AR L

©
S
1

—u— X
—o— Y B +AHERES

133 o ~
=] S =]
1 1 1

[Ca®}/mmol/L
8

(
/

Time/h

Bl 7 A2 Ca® i FE I e B2 Ta A8 Ak
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2.3.2 YIB“) XRD Z3

WAL TIE =1, RS e e T SR T B A . X2 A e TR XRD 43
1, RF MDIJADE 5.0 %I XRD Kl #HAT WK 28, RKILP#E A v 5 fA im e, WL 8, MK
ATE W, PR BIDURUT ffA B R A B — B, (HUERIEE — & 2 . WER Sk
TE BRI 7 AT s E AR AR VAR U 5 P AT, TS R AL BT 457 AR AT AR Ve D R v o X DR Ry
Ji AT RARTERUE I AR AR o PR T, A 2 FE KR RS, HimigRE KR
TCAEK B RTE, A RA K 5T T 52 21K 437 J5 B 1 s HE R R0 25 () A6 B 25— R B IAE
H, 0 T BARIER s 1%, B O1AK, SEEEARIERRE. Hik, MEMIESYT
T B T AT e AR 45 R R P B 22 (9]

— & +Ca(NO3)2
7k+Ca(NO3)2

1. .

T T T T T T T T T
10 20 30 40 50 60 70 80 90
2thed (° )

] 8 Xof AL AN R I I i 0 15 3 ORI IR £ XRD (11

2.3.3 JifiA SEM K&

H i #4% (Scanning electron microscope, SEM) &L 2H Sy AR 7 e A 3R an o, =
SRV A RAT BIUTIE R [N 7 A 2R AL, (HPN & R SR TSR AN 52 AN R o 6 R ZH T Bl
B 77 AT AR AR ST eA& SR T dniR RS RN A AN H AR, LR IREGRL 77 /S T
PREL AR 2R AL EREEAR, LK (a)s FAEALTE B T A SR TS KN —BITE AR
B, RPE10umZE A, RIEEHE, K9 (b) B RTEDTE MR AT W1 um A A7 K /NMAETIR,
7S S AE IR A B BUZ A

B 9 AL SR AU MU R IR 5 T 30
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2.3 RRETES A IR VIR B R IR T R4EM R

53 IR S E 250534 R AUE 5 23R 1R R AE B R I B A A P 75 S ik IR S DT BUZ R
e BUR .

KHBIE RZEGE, HERAFRA K EEE, BRLEACKHENE R EBE
5d. 10d. 20d. 30d JGiB/KE, HIATHEMEIESE R, ARAMNAMSE RBEEE
I [ 48 £k, 1 28 DL 1] 10.

1E-4

—&— A(Conctrol)
—@—B(Only Ca(NO,),)

B-5 g\ —&— C(Only bacteria)
—v— D(Bacteria and Ca(NO,),)

»
B = N
£
@
=
©
i T o g T
B8 - -V
1E-9 T T T T T T T
0 5 10 15 20 25 30

Time(days)
K 10 B2 IE R EEEE R I E 321

AT 10, R =i HEE REUTLESS, AL B C. D WU HIBIE REIIMEIE LI H

B RREES, BERTNRRE (1od §D, BEEH (10d J5) NREEBEREZ, wE5E
FEETRE. Hrh A4 OKRHEKITABERD BE RGBS TRt B 4
AN BB R — A —HERES ) 1218 R BBERT () N PR A ARSI, (RSN Pk B
TERARIKSEs € A5 GRIMANEE) 2E KB R B AR, VLB 4w F7ERT, nlhnis
CO, KA T B, Al EEVREE L A Ca(OH), f2fit ca™, MIMEEIHEE MR, D HHFH
IS AN B AR ES , MRS RS NI LIRS HIANY ca®, BB BRE MR RE, HBE
5d FBIE RS AL B A 30d 2% 2HUHIE, 12K 30d TiB/KME KA.

KRB 29, IR E TKRE, HRg@EAN TR, WEAN
()& 2T 1) i A TR 2EL ) 448 2R T X e BRI iR, B 11 5 A 1125 10d #1 30d 5%
HER T X SRR H AR, B 12 O D A B 10d F1 30d J5 4L 4% 3 T X ik R 15 4 70 IR
o FIFH Image J BPEXT 2448 I8 F AT (AL, T 13 JB/R T FIH Image J BT HRZE A
F8E —HAL AR UG . ARYE R SO RS B AT BE SR, KA QI8 R RpEB RN
[ (AR 4K 28 LT 14
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@ ® (o
K 11 A ZH AN [EAE 5 I TR] T 24 4% 38 T X SRR BR A5 Y 7o pR b, e
(a) NHLVIRIRG, (b) NBE 10d 5 ZL5%3% 1 X ik BE 5 E 7R L
(¢) AMEHE 30d J&Z44% 2% M [X I R 55 3H 7o R I

(a) (b) (e)
Kl 12 D A AN RS ) ) 2483 i DX IR BR 5 S etk i, Hedp
(a) NHEEVIHIRE, (b) NEE 10d J5 4% X 80 R E 7R,
() AMEKE 30d 5253 M X Ik ERES JH 78R Ot

b
3 4 {
\ \ \
= <L
] ] H
{ { { {

K13 A AR AR R I IE) —AE B A2 1

& 14 741, WINEBER D AA1EHE 5d R4 EBERIES 90%ll -, BX 30d &
SFEIAE R RN 99.2%, MHELTRIBHBEF A AR H T 150%, BEIRNE, &5 30d
JEIIN BB B A AR Y B AL HE R 308 43.7%, Ui INIRES eI M ReE B 18
A, (IBEAERAHEC T AL, 2387 FC R B 58 22 10 128 05 1 -1 s 77 B 5 72
PAEX IR T C A A INAN R T A RN ca® T R, KSR EE L B & A
Ca(OH), /3 AT sl BB, HAURE I 2, 5d B8R %15 5] 70.9%,30d H B K n] ik % 81.3%.
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100 T

80

e

°\\°/ o
2
)
=
(]
o
: !
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(1 REREMERZES TR, Mat, 211189)

OB DR, PR FERAE AR ORI WA e ) IE0RL,  FITT 2 53 R K TR A AR T
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FAHE L BE(FE-SEM). 8573 % 5 LB (HR-TEM) R 8 6 S0t B kA7 7 RAE. 1 XRD il HR-TEM FI%5 5 R A 3
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HADANL P RHIEARSE T, thAh, BIRTEERER . HENAE. TR EEESSIRAE
T2 00 L FE RIS R s AU . e b FUR A R R S E IR RO L, T A R
R EEER TNV : BRI B BA . B A R & RFIERFRE M. 5 a5
A F I ZE R 2 ) R A AR BRI AR 7= AR LA B 22 T G IR S AU % . H R 52 F T3
FREMELF, TAER R, MORRIER, AR /= AR BRI 2 F OBl & 7 i it AR, B ik Aib .
B, A7 SR b 2 R A R (<375 mAb/g), X BPRE] TR bR b R . ik, fnf
i1l 2t P e B ) SRR R T U SR - F T A ) A
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Bt S SRR, MoS, 55 Li R AE RN A T MEF I LinSs LipS AL T BRI I /il T A T )R 1
REMZESH T Rl R B, Xt AR R e M 22 1 R AP R st T 32 75 Mo, IR Fa i
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B8 R E BN (Na;Mo0,42H,0) il (NH,CSNH,) & T8 1K %, i EB I —
SE R TC KA S PR Bl S, KL FE 2] 100 ml 2R DU 580 £ 0 FIAS BB AN i B 1) R 8L 56 Hh 2%
H, AT 200 CRIN#A 24 he BRA BN ZEE, @IddaE 57 258 T KRR 550 e Bk
3779, 1680 CTFEZMT 12 ho HAWKMFAHFIME LT, B Jo/K 8 &5 SO ERE R ia e (R
TEBR ST (1 B /R B 5 oK B AT A TRD, A BRI K MoSy/a-C EAMEL. T iEWiHA, &
FRiEH MoSy/a-C-1. MoSy/a-C-2+ MoSy/a-C-3, 3 5ll%f BT JoK i & 0E . RERE . nIVEPEvERm 7 Bl )
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An Investigation of the Nanomechanical Properties of 0.5Ba(Tig gZr.2)O3-0.5

(Bag.>Cag 3)TiO3 Thin Films
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For practical application, the functional piezoelectric film in
microelectromechanical systems should meet the requirement of
physical properties, as well as the mechanical properties. In
this article, 0.5Ba(Ti gZry)O03-0.5(Bay,Cay3)TiO5; (0.5BZT-
0.5BCT) thin films with varied properties were prepared on
(100) Si substrates via a sol-gel technique at different anneal-
ing temperatures. The effects of the annealing temperature on
the morphology, piezoelectricity, hardness, and elastic modulus
were studied. Particular attention was paid to the surface fric-
tional behavior of films, and the changes in the friction force
can be radically explained in terms of differences in the hard-
ness/elastic modulus ratio and the residual stress of films. And,
it reveals that the higher ratio of hardness to elastic modulus
and tensile residual stress can contribute to a lower friction
force for 0.5SBZT—0.5BCT film during sling friction.

I. Introduction

IEZOELECTRIC thin films are an essential component in
MEMS (microelectromechanical systems) actuators,
which can convert mechanical energy into electrical energy,
and vice versa, have been extensively used in aviation, opto-
electronics, biotechnology, and other fields."> With the
increasing interest in this area, many problems in MEMS
actuators have been encountered in the past decades. One of
the troubling questions is the failures induced by mechanical
weakness and friction of the rubbing surfaces. Compared
with the macroscopic engineering world, the size of piezoelec-
tric film in MEMS actuators is always down to micro/na-
nometers, resulting in very different mechanical properties
and high surface forces such as frictional and adhesive forces,
which seriously undermine the lifetime, reliability, and per-
formance of MEMS devices.? Nowadays, the nanoindenta-
tion tester, atomic force microscopy (AFM) have been
proved to be useful techniques to study mechanical and fric-
tional behavior on the nanoscopic scale.*> Many research
institutions such as UC Berkeley, Sandia National Labora-
tory have carried out investigations on this field.®
So far the best investigated piezoelectric films for MEMS
applications are based on lead zirconate titanate (PZT),
with piezoelectric constant of ds; = 100-120 pm/V.” As a

C. M. Landis—contributing editor

Manuscript No. 35279. Received July 9, 2014; revised August 11, 2014;
approved August 22, 2014.

fAuthor to whom correspondence should be addressed. e-mails: zmwangster@
gmail.com and cheng@uow.edu.au

114

New South Wales 2500, Australia

INational Institute for Materials Science, Tsukuba 305-0047, Japan

commercial piezoelectric thin film in MEMS, the mechanical
properties of PZT thin films including interfacial adhesion,
elastic modulus and hardness, tribological characteristic have
been deeply studied.®? However, the usage of PZT will be
seriously restricted due to Pb toxicity. Thus, there exists an
urgent need for researchers to develop lead-free piezoelectric
materials with high performance to replace PZT. As many
non-Pb piezoelectric systems have been developed such as
BaTiOs-based, (Bi,Na)TiOs-based, (Na,K)NbOs-based, how-
ever, all of which show piezoelectric property lower than
PZT.'"" Recently, (1 — x)Ba(TiggZro»)Os—x(Bag;Cag3)TiO;
Pb-free solid solution [abbreviated as (I — x)BZT-xBCT]
has attracted great attention for its high Piezoelectric coeffi-
cient about 560-620 pC/N when x = 50.'" This is because
the 0.5BZT-0.5BCT is located around the morphotropic
phase boundary area that the energy barrier for polarization
rotation is lower than other compositions,'® which is the
same case for PZT. As then, immense investigations have
been conducted on the (I — x)BZT-xBCT system and
among them, many achievements have been made on (1 — x)
BZT-xBCT thin films. Piorra'? reported the piezoelectric
response of approximately 80 pm/V and a dielectric coeffi-
cient of about ¢, = 1010 for 0.5BZT-0.5BCT thin film depos-
ited by pulsed laser deposition, these obtained values are
close to PZT thin film.” Very recently, Jalalian'® showed that
large piezoelectric coefficient in 0.5BZT-0.5BCT thin films
can reach up to 140 pm/V, which is higher than that of PZT
thin films. Therefore, 0.5BZT-0.5BCT thin film is found to
be a potential candidate to replace PZT in MEMS devices.
There has been little research, however, on the nanomechani-
cal properties of 0.5BZT-0.5BCT films, including their hard-
ness (H), elastic modulus (E), and tribological behavior, and
an understanding of the underlying factors affecting tribolog-
ical properties is still lacking.

In this article, sol-gel method was adopted to fabricate
0.5BZT-0.5BCT thin films for its advantages in terms of
compositional homogeneity, the possibility of covering a lar-
ger substrate area, cost-effectiveness, and compatibility with
integrated circuit when compared with other methodologies.
Considering the annealing temperature largely affect the
microstructure and properties of samples during the sol-gel
process, four different annealing temperatures were adopted
and its effect on the microstructure as well as their piezoelec-
tric and nanomechanical properties was investigated. Particu-
lar attention was paid to the evolution of the tribological
properties with sintering temperature in the 0.5BZT-0.5BCT
films. The goal of this work was to fabricate the high piezo-
electric 0.5BZT-0.5BCT thin film and make the first move to
study its nanomechanical and tribological properties for
potential MEMS applications.
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Fig. 1. XRD patterns of 0.5BZT-0.5BCT films annealed at

different temperatures. (Inset: 650°C-annealed film with strong
impurity phase peak).
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II. Experimental Procedure

Analytical graded barium acetate [Ba(CH3COO),], calcium
acetate monohydrate [Ca(CH;COO),-H,0], tetrabutyl titanate
[Ti(OC4Hy)4], and zirconium oxynitrate [ZrO-(NO3),-2H,0]
were used as starting materials. Glacial acetic acid and 2-meth-
oxyethanol (2-MOE) were used as the chelating agent and sol-
vent, respectively. The details of solution preparation
procedure is almost same as in Ref. [14], and the only differ-
ence is the substitute of absolute alcohol (CH;CH,OH) by
2-MOE for the 2-MOE was found to be an effective solvent to
improve the electric properties of films in the sol-gel technique
according to our work and Ref. [15]. The 0.5SBZT-0.5BCT
solution was finally deposited on (100)-oriented single crystal-
line Si substrate by multiple cycles of spin-coating, drying, and
pyrolysis, and then followed by annealing under four different
temperatures: 650°C, 700°C, 750°C, and 800°C. The thickness
of these studied films is ~800 nm, as measured by field-emis-
sion scanning electron microscopy (not shown).

The phase structure of all the samples was determined by
X-ray diffraction (XRD) using a Rigaku Rint 2200 V powder
diffractometer (Rigaku, Tokyo, Japan) with graphite mono-
chromatized Cuk, radiation (A = 0.15405 nm), at a scanning
rate of 1°/min. The surface morphology of the crystallized
microstructure of the 0.5 BZT-0.5BCT films was observed
by AFM (SII Nano Technology Inc., Tokyo, Japan). The
measurements of local piezoelectric displacement were carried
out by keeping the scanning probe microscope tip fixed on
the grain of interest with a DC voltage from —40 to 40 V to
record the piezoresponse signal. The nanomechanical proper-
ties, including elastic modulus (E) and hardness (H), were
measured via a Micro Materials NanoTest instrument with a
Berkovich diamond indenter. To avoid surface and substrate
effects, the maximum penetration depths were controlled

22.09 0.00 - 45.32

[nm]

Fig. 2. Atomic force microscopy images for 0.5BZT-0.5BCT piezoelectric thin films annealed under different temperatures. (a): 650°C, (b):

700°C, (c): 750°C, (d): 800°C.
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within 100 nm in the nanoindentation tests, and every sample
was measured in a 5 x 5 matrix to minimize the error. As
for tribological characteristics, the frictional behavior of
0.5BZT-0.5BCT thin films were measured through force—dis-
tance curves in the backward and forward directions using
the friction mode of the AFM in contact mode. The vertical
and lateral resolutions of the AFM are about 0.01 and
0.2 nm, respectively. In this measurement, the aluminum-
coated silicon cantilever with curvature radius of 10 nm was
used so that the superficial nanometric corrugation of films
would be detected. The sliding speed was 2 um/s and the
applied force was in the range of 0-20 nN.

III. Results and Discussions

(1) Microstructure and Morphology of 0.5BZT-0.5BCT
Thin Films
The XRD patterns for 0.5BZT-0.5BCT films annealed at dif-
ferent temperatures are shown in Fig. 1. Compared with the
films annealed at temperatures of 650°C and 800°C, the
0.5BZT-0.5BCT films annealed at 700°C and 750°C consist
of single perovskite phase and have better crystallinity than
the other samples, as evidenced by a sharpening of the dif-
fraction peaks. At 650°C, crystallization is not complete,
with pyrochlore phase and perovskite phase coexisting in the
film. When the postannealing temperature was raised to
800°C, very small amounts of impurities appeared in the film.
This is mainly because the higher annealing temperature
(800°C) could provide enough energy for Ca and Zr to dif-
fuse from the pervoskite structure to react with oxygen.
Figure 2 shows the AFM morphology images for films
annealed under different temperatures and as can be seen,
with the increased annealing temperature the film surface
becomes more homogeneous and denser. It is obvious that
the film annealed under 650°C has various grain shapes and
sizes comparing with others, which is caused by coexisting
intermediate phase and pervoskite phase according to XRD
results and the larger grains may be core-shell structured
BaCO; (CaCO;) @ TiO, (ZrO,) depending on our previous
work.'* As the annealing temperature improved, the grain
became larger and more homogeneous. The root mean
square (RMS) surface roughness value and averaged grain
size were obtained by Nano Navi II Analysis Software (SII
Nano Technology Inc.), and their dependency of annealing
temperature was summarized in Fig. 3(a). It is observed
from Fig. 3(a) that with the postannealing temperature
increases from 700°C to 800°C, the average grain size
increases from 38 to 59 nm, whereas the RMS value
decreases from 7.10 to 3.31 nm. Usually, the grain size
obtained from AFM image is statistical average value,'®
here, the measurement error is about 6-11 nm. In the
0.5BZT-0.5BCT film sintering process, diffusion is the main
means of mass transfer and is controlled by the vacancy
concentration gradient. Kuczynski!” proposed the neck
stress model, as shown in Fig. 3(b). When two spherical
particles come into contact with each other, the stress in
the neck surface, o, is tensile, whereas the stress in the
center of contact for the particles, o5, is compressive. It has
been calculated that'® the formation energy for a vacancy
in the tensile stress areas is lower than in the compressive
ones, resulting in a higher vacancy density in the neck sur-
face than at the contact center. Therefore, the vacancy dif-
fusion would run from the neck surface to the contact
center, whereas the atoms diffuse along the opposite direc-
tion. The main sources for the atoms include the surface,
and intracell and grain boundaries, and the corresponding
diffusion paths are shown in Fig. 3(b). With the filling in of
the neck and migration of structural units in contact areas,
the pore shrinks, and the particles approach each other. As
a result, the porosity decreases, and grains are developed at
elevated temperatures. The higher the temperature is, the
higher the self-diffusion coefficient will be. Hence, the grain
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Fig. 3. (a) Roughness and average grain size dependence of
annealing temperature. (b) The neck stress model and different
diffusion paths for atoms during the annealing process. I: from
surface to neck, Il: from grain interior to neck, II: from grain
boundary to neck.

size increases, and the film becomes smoother and denser
with increasing annealing temperature, which is consistent
with the AFM results.

(2) Piezoelectric Properties of 0.5BZT-0.5BCT Thin

Films

Figure 4(a) presents the typical piezoelectric response depen-
dence of the applied voltage for the 0.5BZT-0.5BCT film
annealed at 800°C. As can be seen, a well-shaped displace-
ment—voltage (D-V) “butterfly” loop is obtained and the pie-
zoelectric hysteresis loop (ds3-V) is determined from the D—V
curve by Eq. (1):

dyz = (D — Do)/ (V — V) (1)

where Dy and V) are the piezoelectric deformation and volt-
age at the intersection, respectively. Because the piezoelectric
response obtained from AFM is a local signal, to achieve a
relatively representative piezoelectric coefficient for different
films, at least 20 “butterfly loops” like in Fig. 4(a) were
obtained for all samples. The ¢33 dependence on the anneal-
ing temperature is given in Fig. 4(b), and it can be seen that
the ds3 increases as the postannealing temperature increases.
The piezoelectricity for the 650°C film is poor because of the
presence of a nonferroelectric pyrochlore phase, whereas for
nanocrystalline films, the trend in ds3 with annealing temper-
ature can be ascribe to the grain-boundary (GB) effect and
film densification. It is well-known that'® GBs are nonferro-
electric and could provide possible sites for space-charge
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Fig. 4. (a) Typical local piezoelectric response versus applied
voltage for the 0.5BZT-0.5BCT film annealed at 800°C. (b) ¢33 value
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“pinning”, the thus-formed space-charge layer would hinder
polarization in the film by its space-charge field, in other
words, reduce the piezoelectricity of the film. Meantime, den-
ser microstructure with less porosity would reduce the possi-
bility of domain “pinning” at pore areas, thus, be helpful for
domain reversal and good piezoelectricity.’’ Combine with
AFM images, it is reasonable to observe a larger piezoelec-
tric coefficient in the film annealed at high temperature even
though there is a bit of secondary phase existing in 800°C
0.5BZT-0.5BCT thin film, whose effective piezoelectric coeffi-
cient ds3 is estimated to be ~85 pm/V, which is close to val-
ues obtained for PZT films.”

(3) Mechanical Characterization of 0.5BZT-0.5BCT Thin
Films
The variations of E and H with annealing temperature are
summarized in Fig. 5(a). It is clear that £ and H improve
with higher annealing temperature, but then drop a little in
the film annealed at 800°C. For the ionic 0.5BZT-0.5BCT
material, the bonding is delocalized, and the mechanical
properties are greatly influenced by extrinsic factors such as
impurities, precipitates, grain boundaries, etc.?' And the stiff-
ness will be reduced because stress becomes concentrated at
the intersection between two boundaries.”> Belova et al.”
have derived that the effective diffusivity for atoms increases
with increased volume fraction of grain boundaries for nano-
crystalline materials. Therefore, less grain boundaries in films
annealed at higher temperature will lead to fewer stress con-
centrations and less plastic deformation, which will result in
improvement of the elastic modulus and hardness. Also, the
slight drop in both H and E for the film annealed at 800°C
can be attributed to the formation of small amounts of
impurities, as indicated by XRD (shown in Fig. 1), which
can accelerate the plastic deformation process because of the
high-energy around impurities.

The frictional behavior of the 0.5BZT-0.5BCT films
annealed at different temperatures is summarized in
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Fig. 5(b). In general, the relationship between the friction
force and the normal load for nanocrystalline films can be
expressed as follows:

F=F,+/F, )

F is the measured friction force between the film and probe;
F, is the applied normal load; Fj is the friction force when
the applied load is zero; f is the friction coefficient; and f is
a fitting exponent. When the fitting exponent B is set to 1,
the degree of fitting is optimal. That is, F presents a linear
relationship with £}, as can be seen in Fig. 4(b). Obviously,
although the 700°C film has highest RMS value as seen in
Fig. 3(a), its friction force is the lowest. Tribological inter-
actions are known to be extremely complex, depending on
roughness, tribochemical reactions, and structural rearrange-
ment, all of which have great effects on the tribological

Table I. Residual Stress in Films Annealed at Different
Temperatures

Annealing 650 700 750 800
Temperature (°C)
Residual Stress (GPa) —0.313 0.515 1.459 2.275

The negative sign “—" indicates that the residual stress is compressive.
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properties.** In this experiment, all of the samples were
measured under constant surrounding temperature and
humidity, using a certain AFM tip; therefore, no structural
rearrangement was expected to occur, and the tribochemical
reactions were supposed to be similar for all the films, as
the amounts of atoms which compose the films are very
much the same. Friction is a typical non-equilibrium pro-
cess, which is energy-dissipative by converting the mechani-
cal energy into thermal energy. That is, the mechanical
properties of a sample have a great effect on its frictional
behavior. Researchers™>° have discovered that nanostruc-
tured materials with a high ratio of hardness to elastic mod-
ulus (H/E) can exhibit improved wear properties. Therefore,
it is acceptable to take the ratio of H/E to evaluate the fric-
tion behavior of the 0.5BZT-0.5BCT thin films. The H/E
values for the different films are summarized in Fig. 5(c). It
is clearly observed that the 650°C film has the lowest ratio,
whereas the 700°C film has the highest ratio, corresponding
to the highest and lowest friction force, respectively, as seen
in Fig. 5(b). The results suggest that a low ratio of H/E can
lead to a high friction force and, to some extent, poor wear
properties, which is in accordance with Ref. [25]. Detailed
observations showed that the 800°C film is abnormal com-
pared with others, because its ratio of H/E is smaller than
for the 750°C film, but it is accompanied by a lower friction
force than 750°C film. Another mechanical factor that can
influence the tribological behavior of films certainly exists.
Reports have shown that the residual tensile stress retained
in the film can reduce the adhesion force.’” To have a bet-
ter understanding of the influence of the residual stress on
the tribological behavior, small-angle XRD, as described
elsewhere,”® was used to measure the residual stress in the
films, and the results are summarized in Table I. These
results show that the residual stress is tensile and increases
with annealing temperature for the 700°C, 750°C, and
800°C films, but for the film annealed at 650°C, the stress is
compressive and about 313 MPa. This may be attributed to
the interaction between the thermal stress and the lattice
stress, resulting in the conversion from tensile to compres-
sive stress.?” Comparing the different residual stresses in the
films, it is easy to identify that the tensile stress could
reduce the friction force and that higher tensile stress
reduces it more, which may be related to the stress
relaxation, however, the underlying mechanism is still under
investigation.

IV. Conclusions

In this work, 0.5SBZT-0.5BCT thin films were prepared via
the sol-gel process and annealed under different tempera-
tures. For nanocrystalline films, the piezoelectricity and
nanomechanical properties are mainly related to the micro-
structure such as grain size, density, and second phase, and
the tribological behavior is largely affected by the residual
stress and the ratio of the hardness to the elastic modulus,
that is, greater tensile stress and a higher H/E ratio can result
in a lower friction force. Among the investigated 0.5BZT—
0.5BCT thin films, the 800°C-annealed film showed potential
application in MEMS devices with a high piezoelectric con-
stant up to 85 pm/V, elastic modulus and hardness about
140.09 and 4.35 GPa, respectively, and relatively low friction
force during sliding friction. However, there is still many
investigations to be done in this field to make the 0.5SBZT—
0.5BCT thin film real practice.
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A two-dimensional cellular automaton (CA) model is adopted to simulate ferrite (o)-austenite (y)
transformation in a low-carbon steel. The kinetics of phase transformation is determined by interface mobility
and carbon diffusion. The model simulates the evolution of microstructure and carbon distribution during o-y
transformation. The heat treatment processes, including isothermal heating at 760°C, subsequent cooling to
room temperature and then tempering at different temperatures for different times, are simulated. The results
show that after isothermal heating at 760°C for 5 min and cooling down to room temperature at 5°C/s, the
carbon concentration field is non-uniform. The uniformity of carbon distribution increases gradually during
tempering at 400°C for 20 min, while the carbon distribution becomes uniform within 5 min when tempered
at 500°C or 600°C.

Key words: modeling, cellular automaton, ferrite-austenite transformation, low-carbon steel

1. Introduction

With the development of numerical models, such as the phase field (PF), Monte Carlo (MC), and cellular
automaton (CA) models, a number of simulations have been carried out to study the microstructure evolution
during ferrite-austenite transformation [1-4]. Nevertheless, limited work associates the microstructure
simulation with the processing and properties in practice. The present authors proposed a two-dimensional
(2D) CA model for the simulation of the ferrite (a)-austenite (y) transformation to understand the
processing-microstructure-property relationships of low-carbon enameling steels [5]. In this paper, the
previously developed CA model is applied to simulate a-y transformation and the carbon distribution during
a series of heat treatment processes. The simulation results are applied to understand the mechanisms of some

experimental phenomena of a low-carbon enameling steel.

2. Experimental phenomena and cellular automaton model

A cold-rolled enameling steel, containing 0.07 wt.% C, 0.51 wt.% Si, 1.23 wt.% Mn, 0.05 wt.% P and
0.004 wt.% S, exhibits a short yield platform and a low yield strength (322 MPa) after isothermal heating at
760°C for 5 min and subsequent air cooling (~5°C/s), which is lower than the as-rolled yield strength (354
MPa). After tempering at 400°C for 5 min, 10 min, and 20 min, the yield strength increases to 387 MPa, 394
MPa and 401 MPa, respectively. When tempered at 500°C or 600°C for 5-20 min, the yield strength remains
nearly unchanged at about 393 MPa. The CA simulations are performed to understand the mechanism of the

experimental phenomena.
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In the present CA model, the computational domain is divided into a lattice of 236 x 348 square cells with
cell size of 0.3 um, corresponding to a real domain of 72 pm x 105 um. Each cell is characterized by the
variables of grain orientation, o phase fraction, interface indicator symbol, and mean carbon concentration. A
pseudo-binary Fe-C alloy with initial concentration uy = 0.2962 mol.% C (corresponding to 0.116 equilibrium
v phase fraction at 760°C) is adopted for simplicity. The phase transformations of both a—y and y—a are
simulated, while the coarsening of ferrite grains is not considered. The heat treatment processes used in the
simulations are identical with those used in the experiment that consists of isothermal heating at 760°C for 5
min, subsequent cooling to room temperature at 5°C/s, and tempering at 400°C-600°C for different times.

The migration velocity of the a/y interface, v, is calculated by [6]

v, =M, {=RT, (k1) [u (T)~uZ (T)]1V,| (1)

where M, is the interface mobility, R is the gas constant, T, is the allotropic transformation temperature, V,,
is the molar volume. u“(7) is the actual carbon concentration in ferrite at 7, and k, is the equilibrium
partition coefficient, defined as k.~u/(T)/u’(T), where u’(T) and u?(T) are the equilibrium
concentrations in ferrite and austenite at 7, respectively. The values of u’ (T) and u? (T) are obtained

from the phase diagram calculated by Pandat software [7]. Eq. (1) indicates that the interface velocity v, is

determined by M, taken as 4.2x10”exp(-14700/RT) m*/J-s [8], and the local concentration difference
u” (T)—ue“ (T), while u*(T) is controlled by carbon diffusion. Defining the mean carbon concentration as

u= pu’+(1-p)u’, where ¢ is the a phase fraction, carbon diffusion in 2D is calculated by

ou 0 ou” 0 ou”

— = D((o)— . D((p)—

ot Ox ox oy oy @)
where D(¢) is the diffusion coefficient associated with the o phase fraction ¢, determined by D(¢)

=pD"+k,(1-p)D’. The carbon diffusivities in the o and y phases, D“ and D’, are taken as
2.2x10%exp(-122500/RT) and 1.5x10”exp(-142100/RT) m*s, respectively [1].

3. Results and discussion

During the isothermal heating process, o—7 phase transformation accompanied with carbon redistribution
takes place. According to the experimental observations, the nucleation sites of austenite are preferentially
distributed at the ferrite grain boundaries. The number of ferrite grains and austenite nuclei are also obtained
from metallography.

The simulated evolution of the carbon concentration field of an Fe-0.2962 mol.% C alloy during isothermal
heating at 760°C is shown in Figure 1. The lower 8 levels and the upper 6 levels of the color legends in Figure
1 show the carbon distributions in the o phase and y phase, respectively. As a—y phase transformation
proceeds, austenite grains grow until the y phase fraction reaches the equilibrium value (about 0.116), and the
carbon distribution becomes uniform gradually. The carbon concentrations in both phases reach the
equilibrium values after isothermal heating at 760°C for around 150 s.
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heating at 760°C for: (a) 0.5 s; (b) 1 s; (c) 300 s.

Figure 2 shows a comparison of the simulated and experimental microstructures after isothermal holding at
760°C for 300 s. The black and white colors in Figure 2 (a) indicate the ferrite and austenite phases,
respectively, while the grain boundaries are represented by the gray color. It is noted that the simulated

microstructure agrees well with the experimental observation.
- ,
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Figure 2 Comparison of microstructures after heating at 760°C for 300 s: (a) simulation; (b) SEM image.

Figure 3 shows the simulated carbon distribution after isothermal heating at 760°C for 5 min, cooling
down to room temperature at 5°C/s and then tempering at 400°C-600°C for different times. During cooling,
y—o transformation and carbon diffusion take place. When the temperature is below 600°C, y—a
transformation ends and the retained austenite transforms to supersaturated ferrite, while carbon diffusion
continues according to the model assumptions. It is evident that the carbon distribution is quite non-uniform
when cooling down to room temperature (Figure 3 (a)). This is due to the fact that the high cooling rate leads
to insufficient diffusion of carbon atoms from the retained austenite to the ferrite phase. For the tempering
process, only carbon diffusion takes place. During tempering at 400°C for 20 min, the uniformity of carbon
distribution increases gradually (Figure 3 (b) and (c)). When tempered at 500°C or 600°C for 5 min, the
carbon distribution becomes uniform (Figure 3 (d)) due to the relatively high carbon diffusivity. It is obvious
that sufficient carbon diffusion is beneficial to forming high concentration Cottrell atmospheres, which
contributes to a high yield strength. Accordingly, based on the simulation results shown in Figure 3, it is
understandable that when tempering at 400°C, the yield strength increases with tempering time, while
tempering at 500°C or 600°C, the tempering time has less effect on the yield strength.
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Figure 3 Simulated carbon distribution of an Fe-0.2962 mol.% C alloy after heating at 760°C for 5 min and
cooling down to room temperature at 5°C/s (a) without tempering; and tempering at: (b) 400°C for 5 min; (¢)
400°C for 20 min; (d) 500°C or 600°C for 5 min.

4. Conclusions

A two-dimensional cellular automaton model is applied to simulate the ferrite (o)-austenite (y)
transformation in a low-carbon steel. The heat treatment processes consisted of isothermal heating at 760°C
for 5 min, subsequent cooling to room temperature at 5°C/s, and tempering at 400°C-600°C for 5-20 min are
simulated. During the isothermal heating, a—y phase transformation accompanied with carbon redistribution
takes place. The carbon distribution becomes uniform gradually with holding time in both the o and y phases.
The simulated microstructure agrees well with that obtained experimentally. When cooling to room
temperature at a rate of 5°C/s, the carbon concentration field is non-uniform. It becomes gradually uniform
during 400°C tempering for 20 min. While tempering at 500°C or 600°C, the carbon distribution becomes
uniform within 5 min. The simulation results are used to understand the experimental phenomena that the
yield strength increases gradually with increasing tempering time when tempering at 400°C, and the yield
strength remains a nearly unchanged during tempering at 500°C or 600°C for 5-20 min.
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