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 Slip casting process under the imposition of a magnetic field is an excellent way for crystal aligned material 

formation. To investigate the alignment behavior of crystals suspended in a solvent under the imposition of a magnetic 

field, X-ray was irradiated on the slurry composed of bismuth particles with polydimethlsiloxane under the different 

intensity of a static magnetic field. Here, bismuth was chosen as a sample material to examine the alignment behavior 

because it had relatively large anisotropy in magnetic susceptibility among metals and ceramics. The XRD intensity of 

bismuth (110) plane peak was intensified by imposing the magnetic field. This well agreed with the theoretical 

prediction. And both the attained time to the saturation of the XRD intensity of the bismuth (110) plane peak and the 

saturated value were a function of the magnetic field intensity. Therefore, the alignment behavior of the bismuth 

particles under the imposition of a magnetic field could be detected using this method. The effective magnetic 

susceptibility difference of the bismuth particles estimated by the time dependence of the XRD intensity of the bismuth 

(110) plane peak was small compared to that of the single crystal. This suggested that the bismuth particles might 

aggregate each other. 
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1. Introduction  

Crystal alignment is a powerful method for producing 
functional materials with crystallographically anisotropic nature, 
because anisotropy of physical properties, such as the electric, 
magnetic, thermal, and mechanical properties, can be controlled. 
For example, crystal alignment is essential to improve a 
magnetic property of a ferrite magnet because its residual 
magnetic flux density is in proportion to degree of the crystal 
alignment .Graphite is suitable for a heat extraction material 
since its averaged thermal conductivity is about three or four 
times larger than that of aluminum and copper 1). Because its 
thermal conductivity in a,b-axis is about two hundreds times 
larger than that in c-axis caused by hexagonal crystallographic 
structure, its crystal alignment strongly intensifies the ability as 
the heat extraction material. However, conventional methods for 
the crystal alignment have some problems to be solved. A 
mechanical method for the alignment of crystals such as a 
rolling has been industrially used 2), though the crystal 
alignment in this process is limited to a specific direction. 
Crystals can be aligned using epitaxial growth 3) though 
formation of a bulk material is difficult. 

On the other hand, a magnetic field has been an attractive 
tool to align crystals of nonmagnetic materials with 
magnetically anisotropic nature such as metals 4), 5), ceramics 6), 

7), and polymers 8) under the development of the 
superconducting magnet technology. Especially, slip casting 

process under the imposition of a magnetic field is an excellent 
way 9) because it is easy to form a green body with a complex 
shape 10). To form unidirectionally aligned crystals for a 
material with a magnetic anisotropy of c < a, a combined 
process of the slip casting under the magnetic field imposition 
and the sample rotation has been proposed 8), 11). These 
processes are promising methods for producing a crystal aligned 
material. Therefore, for optimization of these processes, the 
alignment behavior of crystals suspended in a solvent under the 
imposition of the magnetic field should be clarified. A 
theoretical analysis for the optimization of this process has been 
performed12). Hirota et.al. observed the magnetic alignment of 
feeble magnetic fibers using a scanning laser microscope13). 
However, the crystal alignment behavior has not been fully 
understood yet until now.  

In this study, we have investigated crystal-alignment 
behavior of bismuth particles using in-situ X-ray diffraction 
analysis under the imposition of a static magnetic field. 

2. Particle motion 
2.1 Particle size distribution 

Bismuth was chosen as a sample material to examine the 
alignment behavior because it has relatively large anisotropy in 
magnetic susceptibility among metals and ceramics. Its 
magnetic susceptibility in the c-axis is -1.24×10-4 and that in 
the a-axis is -1.77×10-4, respectively.  

Particle size distribution of bismuth particles used in this 
experiment was measured using a LASER diffraction/scattering 
method(HORIBA LA-920), and the result is shown in Fig.1. 
The mean diameter of the bismuth particles was 6.89m, and 
the corresponding diameters to the 10% and 90% of cumulative 
ratio were 4.14m and 9.74m, respectively.  
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For a crystal alignment by the magnetic field imposition, 

magnetic energy difference caused by the magnetic 
susceptibility anisotropy must be larger than thermal 
disturbance. This condition is expressed as 

          CkT
dH


62

32
0                    (1) 

where C is constant, d is diameter, H is intensity of magnetic 
field, k is Boltzmann constant, T is absolute temperature,  is 
magnetic susceptibility anisotropy of particle and 0 is magnetic 
permeability in vacuum, respectively. 

The minimum intensity for the crystal alignment of a 
bismuth single crystal with a spherical shape was calculated 
under the temperature of 300K. The constant, C was set at 100 
because the magnetic energy of about 100 times larger than 
thermal disturbance might be required 14). The calculated 
magnetic field was 0.011T for a bismuth crystal with a diameter 
of 6.89m. Thus, a strong magnetic field is not required for the 
crystal alignment in theory. 

2.2 Particle motion  

Sedimentation velocity of a bismuth spherical particle 
caused by the density difference between the particle and the 
surrounding liquid is governed by the Stokes’s law.  

  fp

gd
u 


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2           
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where g is acceleration of gravity, u is velocity,  is viscosity, f 
is density of surrounding liquid, and p is density of particle, 
respectively. 

On the other hand, travelling distance by Brownian motion 
is expressed as  
 

AdN

RTt
x

3

2


                (3) 

where NA is Avogadro's number, R is gas constant, t is time 
and x is travelling distance, respectively. 

The Brownian motion is dominant in the initial stage of the 
particle motion, because the travelling distance by the Brownian 
motion is in proportion to square root of time while that by the 
sedimentation has linear relation with time. The time in which 
the travelling distance by the Brownian motion and that by the 
sedimentation were equivalent, and its corresponding travelling 
distance were calculated using equations (2) and (3) as shown in 
Fig.2. Physical properties of a polydimethylsiloxane with 
viscosity of 50Pa.s and density of 1000kg/m3 were adopted in 
the calculation, which was used as the surrounding liquid in the 
XRD experiment mentioned below. The bismuth particle 
diameter of 4.14m corresponding to the 10% cumulative ratio 

was adopted in the calculation. The equivalent time is 
1.6seconds and the travelling distance is 2.6 × 10-9m, 
respectively. On the other hand, the experimental time in the 
XRD intensity measurement mentioned below was about a few 
hundred seconds. Thus, the sedimentation is dominant in this 
experimental condition.  

The sedimentation velocity of a bismuth particle was 
calculated using equation (2). It is 9.1×10-9m/s for the particle 
with a diameter of 9.74m. Thus, the travelling distance is less 

than 10m during the XRD intensity measurement of a few 
hundred seconds for more than 90% of the bismuth particles. 
This is smaller than the edge length of the irradiation area of the 
X-ray of about 10mm × 10mm. Therefore, both the 
sedimentation and the Brownian motion can be neglected in this 
experiment. 

Magnetization force acting on a bismuth spherical particle 
was calculated using the following equation. 
    3

0 6

1
dfp   HHF

    (4) 

Where H is magnetic field intensity, p and f are magnetic 
susceptibility of particle and surrounding fluid, respectively. 

Though the magnetic susceptibility of the 
polydimethylsiloxane was unknown, it must be an order of 10-6 
because it was a typical value as the magnetic susceptibility of a 
polymer. This was extremely small in comparison with the 
magnetic susceptibility of a bismuth crystal. Thus, absolute 
value of the bismuth a-axis magnetic susceptibility, 1.77×10-4 
was adopted as the magnetic susceptibility in the calculation. 
The calculated magnetization force under the 1.5T magnetic 
field in this experimental system is less than 1% of the gravity 
force caused by the density difference. Therefore, we can 
neglect the magnetization force in this experiment. 

3. Experimental 
3.1 Experimental procedure 

A slurry composed of the 2.67g bismuth particle with the 
4.00g polydimethlsiloxane was poured into an acrylic vessel of 
40mm height, 20mm width and 15mm depth. The front surface 
of the vessel was made of a thin polymer film with a thickness 
of 0.1mm (SUMITOMO-3M, OHP-S10) to prevent the 
attenuation of incident X-ray into the slurry and reflected one 
from the slurry as shown in Fig.3. A Cu KX-ray was used as 
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Fig.1 Size distribution of bismuth particles used in this 
investigation 
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Fig.2 Time in which travelling distance by Brownian 

motion and that by sedimentation are equivalent 
and its corresponding travelling distance 
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(a) XRD result with 1.5T magnetic field

(b) Powder diffraction data
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Fig.4 XRD result with 1.5T magnetic field and powder 

diffraction data provided by 

the X-ray source for the evaluation of the bismuth particles 
alignment behavior in the slurry. Vertical crystal planes of the 
particles in the slurry were detected by the X-ray because it was 
irradiated in a horizontal plane. A static magnetic field up to 
1.5T in vertical direction was imposed during the X-ray 
irradiation. 

3.2. Decision of bismuth crystal plane as index of crystal 
alignment  

To confirm whether the bismuth particles alignment under 
the imposition of a magnetic field can be detected or not, the 
XRD pattern of the slurry was measured. The XRD result with 
1.5T magnetic field is shown in Fig.4 with X-ray powder 
diffraction data of bismuth provided by ICDD(PDF#85-1329). 
The peak intensity of the (110) plane was intensified by 
imposing the magnetic field on the slurry. That is, the bismuth 
particles rotated to be their (110) plane perpendicular to the 

horizontal plane. On the other hand, a stable condition from the 
viewpoint of the magnetic energy caused by the magnetic 
susceptibility anisotropy is that a crystal axis with the largest 
magnetic susceptibility is parallel to the magnetic field direction. 
Then, the stable condition in this experiment is that c-axis of the 
bismuth crystal is parallel to the magnetic field direction 
because its magnetic susceptibility in the c-axis of -1.24×10-4 
is larger than that in the a-axis of -1.77×10-4. Thus, this 
experimental result well agrees with the theoretically predicted 

phenomena. That is, alignment of the bismuth particles under 
the imposition of a magnetic field can be observed using the 
X-ray irradiation to the sample. And, XRD intensity of the 
bismuth (110) plane is suitable as an index to investigate the 
alignment behavior of the bismuth particles.  

3.3 Effect of magnetic field intensity on alignment behavior 
of bismuth particles 

 
Time dependence of XRD intensity of the bismuth (110) 

plane was measured under different intensity of the magnetic 
field to examine the alignment behavior of the bismuth particles. 
The slurry used here was the same composition with the slurry 
used in the previous section. The results are shown in Fig.5. In 
the case without the magnetic field, the XRD intensity of the 
(110) plane was almost independent of time though it showed 
small fluctuation. On the other hand, not only the saturated 
XRD intensity but also the alignment time were affected by the 
intensity of the imposed magnetic field. In the case of the 0.5T 
magnetic field, the final XRD intensity was considerably small 
in comparison with that measured under the imposition of the 
1T or 1.5T magnetic field. This means that the magnetic energy 
due to the magnetic susceptibility anisotropy caused by the 
crystal structure did not overcome the thermal fluctuation for 
many bismuth particles under the imposition of the 0.5T 
magnetic field. On the other hand, most of the bismuth particles 
aligned over or equal to the 1T magnetic field because the 
saturated XRD intensity only slightly depended on the magnetic 
field intensity in this magnetic field range. Thus, the critical 
magnetic field intensity to align most of the bismuth particles in 
this experiment must exist between 0.5T and 1T. We can say 
from these results that the effective magnetic susceptibility 
difference of the bismuth particles must be smaller than that of a 
single crystal because the critical magnetic field intensity for a 
bismuth spherical particle with a diameter of 4.14m was 
calculated at 0.022T using equation(1). This suggests that the 
effective magnetic susceptibility difference decreased by the 
coagulation of the bismuth particles.  

Concerning the alignment behavior of the bismuth particles, 
the XRD intensity gradually increased with time in the case of 
the 0.5T magnetic field and its alignment time was about a few 
hundred seconds. The alignment time was less than 200 seconds 
in the case that the magnetic field intensity was 1.5T. However, 
it was difficult to evaluate the accurate alignment time under 
these experimental conditions because of relatively long time 
interval of the XRD intensity measurement. In the case that the 
magnetic field intensity was 1T, the XRD intensity increased 
slowly with time in comparison with that measured with the 
magnetic field of the 1.5T and the alignment time was roughly 
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Fig.3 Experimental apparatus 
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450 seconds. On the other hand, the alignment time,  for a 
bismuth single crystal with a spherical shape under the 
imposition of the 1T magnetic field was theoretically calculated 
at 7.1secods using the following equation. 

2
0

6

H
 

                  (5) 

The calculated alignment time was too short in comparison with 
the experimental alignment time. This indicates decrease of the 
magnetic susceptibility difference of the particles and/or 
increase in the relative interfacial area between the particle and 
the surrounding fluid, because the equation (5) was derived 
from the magnetic torque and the viscous resistance acting on 
an ideal single crystal with spherical shape. The effective 
magnetic susceptibility difference was calculated at 5.7×10-6 
using equation (5) for a spherical shape particle if the alignment 
time was 450 seconds. This was about 11% of the single 
crystal’s value. Furthermore, the effective magnetic 
susceptibility difference in this study under the assumption of 
spherical particle shape was smaller than that of 7.8×10-6 in the 
previous study15). One of the reasons must be aggregation 
among similar size particles. Because the bismuth size 
distribution of 2-17m in this study was narrower than that of 
0.3-34m in the previous study, degree of the decrease of the 
effective magnetic susceptibility difference in this study was 
larger than that in the previous study. However, clarification of 
aggregating condition of the particles is difficult because direct 
observation with high resolution is essentially required for small 
size particles. Furthermore, evaluation of the effect of the 
aggregation on the viscous resistance is difficult. Therefore, 
estimation of both the effective magnetic susceptibility 
difference and the resistance should be required to clarify the 
alignment behavior of particles suspended in a solvent through 
the quantitative comparison between the theory and the 
experimental results in future.  

4. Conclusions 
X-ray was irradiated on the slurry including bismuth 

particles to investigate their alignment behavior under the 
imposition of a static magnetic field, in which Brownian motion, 
gravitational force and magnetization force acting on the 
particles can be neglected. The saturated XRD intensity of 
bismuth (110) plane peak was intensified by imposing the static 
magnetic field on the slurry. This result agrees with the 
theoretical prediction. And, this method is useful to investigate 
the alignment behavior of the crystals under the imposition of a 
magnetic field, because temporal variation of the XRD intensity 
of the bismuth (110) plane was also dependent on the intensity 
of the magnetic field. In the case of the 0.5T magnetic field, the 
final XRD intensity was considerably small in comparison with 
those measured under the imposition of the 1T or 1.5T magnetic 
field. And the alignment time was less than 200 seconds in the 
case that the magnetic field intensity was 1.5T, while that was 
roughly 450 seconds under the 1T magnetic field imposition. 
The effective magnetic susceptibility difference of the bismuth 
particles was estimated from these results and it was smaller 
than that of the single crystal. One of its reasons must be 
aggregation of the bismuth particles. And decrease of the 

magnetic susceptibility was intensified when the particle size 
range was narrow.  
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