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p-type Bi0.3Sb1.7Te3.0 thermoelectric materials were fabricated at various ball-milling

speeds with yttria-stabilized zirconia (YSZ) ceramic balls in an YSZ vessel, and then 

hot-pressed. The powders milled at speeds of or higher than 150 rpm were completely 

alloyed and single-phase Bi0.3Sb1.7Te3.0 was obtained. The grain size of a disk sintered at 

350 ℃ was approximately 1 µm at a fracture surface. The Seebeck coefficients of 

sintered disks fabricated by YSZ milling were higher while their electrical 

conductivities were lower than those of disks fabricated by using a stainless-steel vessel 

and Si3N4 balls, as the YSZ milling suppressed the contamination by materials acting as 

carrier dopants in the Bi0.3Sb1.7Te3.0 bulk. The contamination from the YSZ vessel and 

milling balls did not affect the phonon thermal conductivities of the Bi0.3Sb1.7Te3.0 bulk 

materials. The dimensionless figure of merit ZT of the sample milled at 150 rpm with 

© 2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/
The published version is available via https://doi.org/10.1016/j.ceramint.2020.02.180.



2 

 

the YSZ vessel and balls and sintered at 350 ℃ was approximately 1.7 times that of the 

sample milled with the stainless-steel vessel and Si3N4 balls. ZT remained above 1.0 and 

reached the peak of 1.16 (α: 295 μV/K, σ: 4.16 ×104 S/m, κ: 0.94 W/(m K)) at room 

temperature for the sample milled at 130 rpm and hot-pressed at 350 ℃. Thus, the 

thermoelectric properties can be improved by selecting appropriate milling vessels and 

balls. 
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1. Introduction 

Thermoelectric materials through which heat is directly converted to electricity can 

enable the use of unutilized energy, which can reduce the CO2 emission [1]. In addition, 

the thermoelectricity can be used in energy-harvesting power generation and wearable 

devices [2,3]. In recent years, various thermoelectric materials have been investigated 

including skutterudite [4–7], antimonides [8–11], and cuprous chalcogenide [12–14]. 

The efficiency of a thermoelectric material is defined by its dimensionless figure of 

merit ZT: 

ZT = α2σT/ κ = α2σT/(κphonon + κcarrier) = α2σT/(κphonon + LσT),  (1) 

where α, σ, κ, T, κphonon, κcarrier, and L are the Seebeck coefficient (V/K), electrical 

conductivity (S/m), thermal conductivity (W/(m K)), absolute temperature (K), phonon 

thermal conductivity (W/(m K)), carrier thermal conductivity (W/(m K)), and Lorenz 

number, respectively. The thermal conductivity κ of a thermoelectric material is 

generally the sum of the phonon and carrier components [15]. The Lorenz number of a 

metal, 2.45 × 10−8 W/(S K2), is obtained by using the Wiedemann–Franz law [16].  

Bi2Te3-based materials exhibit high ZT values, approximately 1.0 near room 

temperature, and are promising for use in energy-harvesting power generation and 

wearable thermoelectric devices [17,18]. Bi2Te3-based materials belong to the R3m 

space group and exhibit rhombohedral crystal structures as well as anisotropic physical 

and thermoelectric properties [19]. Extensive studies have focused on the development 

of fabrication methods to improve the ZT values of Bi2Te3-based materials [20–22]. Two 

main strategies are used. One of them involves hot extrusion [23,24] and high-pressure 

torsion [25] because anisotropic thermoelectric properties can be obtained by plastic 

deformation under anisotropic fabrication conditions. The other strategy involves 

dopant addition [26–29], nanomaterial dispersion [30–34], and mechanical alloying 
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(MA) [35,36] by powder metallurgy [37,38] under isotropic fabrication conditions.  

When powder metallurgy methods are used for the fabrication of Bi2Te3-based 

materials, the properties of the end product powder depend on the milling energy and 

composition, size, and size distribution of the milling balls [39]. Higher temperatures 

and milling energy tend to yield large powder grains [40]. However, the relationships 

between the milling energy, sintering conditions, and thermoelectric properties of bulk 

materials have not been clearly understood. The milling energy depends on the 

rotational speed and ball-milling apparatus. A p-type Bi0.3Sb1.7Te3.0 thermoelectric 

semiconductor with a dimensionless figure of merit ZT = 1.01 was fabricated by milling 

with Si3N4 balls in a stainless-steel vessel at various high rotational speeds and hot 

pressing (HP). However, the thermoelectric properties were weakened by the planetary-

ball-milling rotational speed because of metal contamination with iron and chromium 

from the milling vessels [41]. If vessels and milling balls consisting of 

appropriate materials are selected to avoid reactions with the milled powder, 

high ZT values can be obtained. Yttria-stabilized zirconia (YSZ) ceramics are 

suitable materials for the milling vessel and balls with high fracture toughnesses [42]. 

In this study, p-type Bi0.3Sb1.7Te3.0 thermoelectric materials were fabricated by a MA–

HP process with YSZ milling vessel and balls, which did not react with the milled 

powder. The relationships between the milling energy, sintering conditions, and 

thermoelectric properties of the resulting samples were investigated. 

 

2. Materials and Methods  

The milled powder was stoichiometric (Bi0.3Sb1.7Te3.0); no dopants were added [43]. 

The constituent elements, high-purity Bi (99.999%), Sb (99.9999%), and Te 

(99.9999%), with grain sizes of several millimeters (Kojundo Chemical Laboratory Co., 
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Ltd., Saitama, Japan) weighed according to Bi0.3Sb1.7Te3.0. The raw grains were placed 

in the YSZ vessel with milling balls in an argon-filled glove box. The YSZ vessel 

(capacity: 0.25 L) was sealed inside the box to reduce exposure to air. The YSZ milling 

balls were 25 mm in diameter. The YSZ vessel and milling balls were used to avoid 

reactions with the milled powder. The milling provides partial-to-complete alloying, 

depending on the milling rotational speed and milling vessel and ball materials. The 

effects of the milling rotational speed on the degree of alloying in the milling with the 

YSZ vessel and balls were investigated. The weight ratio of milling balls to raw 

materials, apparatus, and handling procedures were the same as those used previously 

with a stainless-steel vessel and Si3N4 balls [41]. The weight ratio of YSZ milling balls 

to raw materials was 20:1. The milling was performed in a Fritsch P-5 planetary ball 

mill for 30 h. The rotational speed of the main disk mounted on the milling vessel was 

110–180 rpm. The milling vessel was rotated around its axis. The ratio of the rotational 

speed of the planetary disk to that of the milling vessel was fixed at 1:-2.18. The 

resulting milled powder was completely passed through a polymer mesh sieve 

(diameter: 150 µm); no elemental grains or other components remained on the sieve 

mesh surface in each fabrication. The sieved milled powders were analyzed by X-ray 

diffraction (XRD; Rigaku Multiflex diffractometer) to confirm the alloying of the milled 

powder and to determine whether contamination by the attrition of the milling balls and 

vessel occurred. The XRD patterns were recorded with Cu Kα radiation at a step size of 

0.1° and step speed of 1.0 s/step in the Bragg angle range 2θ of 20–90°. The completely 

alloyed milled powder obtained at the minimum rotational speed was used to investigate 

the effects of the HP temperature and milling vessel and ball materials. The 

thermoelectric properties were expected to depend on the sintering temperature and 

milling vessel and ball materials. 
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 The sieved milled powder was set in a HP mold in an argon-filled glove box. The HP 

mold filled with the milled powder was exposed only to air during the transportation 

between the argon-filled glove box and HP chamber. After the powder-filled HP mold 

was placed in the HP chamber, the HP chamber was evacuated to below 0.4 Pa. The 

milled powder was sintered under an axial pressure of 147 MPa in an argon atmosphere. 

 The sintered and YSZ-milled Bi0.3Sb1.7Te3.0 bulk materials were investigated to 

determine the relationships between the structure, metallography, and thermoelectric 

properties and sintering temperature at the minimum rotational speed needed to achieve 

the complete alloying of the milled powder. The sintering temperature providing the 

best thermoelectric properties was determined. The powder milled at the minimum 

rotational speed providing the complete alloying was sintered at 100–400 ℃ under an 

axial compressive pressure of 147 MPa by HP in an argon atmosphere. The sintered 

compact was a cylinder having a height of 9 mm and diameter of 10 mm. The sintered 

compact was cut into disks having thicknesses of 1.0 mm and diameters of 10 mm. The 

disks obtained from the cylinder ends were not used in the experiments because they 

were affected by the plastic deformation and exhibited anisotropic thermoelectric 

properties owing to the HP [44,45]. Only disks obtained from the center of the cylinder 

were used in to investigate microstructures, densities, and thermoelectric properties. 

These disks were investigated by XRD and metallographic observations; their relative 

densities, Seebeck coefficients, and electrical and thermal conductivities were 

determined. 

The XRD patterns in all out-of-plane directions of the disks were recorded with Cu 

Kα radiation at a step size of 0.1° and step speed of 5.0 s/step in the Bragg angle range 

2θ of 10–110° (Rigaku SmartLab). 

The microstructures and elemental distribution profiles in the out-of-plane directions 
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of the disks sintered at 100 ℃ and 350 ℃ were analyzed by scanning electron 

microscopy (SEM; JEOL, JSM-6510A) and energy-dispersive X-ray spectroscopy 

(EDS) in the same areas. The densities of the disks sintered at 100 ℃ and 350 ℃ were 

measured by using the Archimedes’ method at room temperature.  

The Seebeck coefficients α were determined at room temperature by using the 

thermal contact method [46]. The results were confirmed by using a standard Seebeck-

coefficient material (SRM 3451) [47]. The accuracy of the Seebeck coefficients was 

within ±2%. The electrical conductivities σ were measured at room temperature by 

using the four-point probe method and constructed 2182A/6220 (Keithley Instruments, 

Inc.) delta-mode electrical resistance system. The probe material and spacing were 

tungsten carbide and 1.00 mm, respectively. The electrical conductivity measurements 

were confirmed by the ohmic contact [48]. The accuracy of the electrical conductivity 

was within ±1%. The thermal conductivities κ were measured at room temperature 

under a 1 Pa vacuum by using the static comparison method [49,50]. A quartz disk with 

a thickness of 1.0 mm and diameter of 10 mm was used as a reference material ( = 

1.411 W/(m K)). The accuracy of the thermal conductivity measurements was 

confirmed to be within ±1% by using the same quartz disk for both measurement and 

reference positions [48]. The phonon and carrier thermal conductivities were calculated 

by using Equation (1). 

The dimensionless figures of merit ZT of the thermoelectric materials at room 

temperature were estimated by using Equation (1).  

The thermoelectric properties were expected to change with the milling rotational 

speed and milling vessel and ball materials. The effects on the thermoelectric properties 

of the sintered Bi0.3Sb1.7Te3.0 bulk materials fabricated by YSZ milling and sintered at 

the optimal temperature were investigated to obtain the maximum ZT. The powders 
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milled at 110–180 rpm, sintered at the optimal temperature, and subjected to HP under 

an axial compressive pressure of 147 MPa in an argon atmosphere exhibited the 

maximum ZT. The effects of the rotational speed on the thermoelectric properties of the 

sintered Bi0.3Sb1.7Te3.0 fabricated by milling with the YSZ vessel and balls were 

investigated at the optimal sintering temperature to obtain the maximum ZT. 

 

3. Results and Discussion 

3.1 Dependence of the complete alloying of the Bi0.3Sb1.7Te3.0 powder by YSZ milling 

on the milling rotational speed 

All milled Bi0.3Sb1.7Te3.0 powders were passed through a sieve with a diameter of 150 

m; no materials remained on the polymer sieve mesh surface. Fig. 1 shows the XRD 

patterns of the milled Bi0.3Sb1.7Te3.0 powders, with diffraction peaks originating from 

only Bi, Sb, Te, and Bi0.3Sb1.7Te3.0 [29]. The standard peaks of Bi0.3Sb1.7Te3.0 

(Inorganic Crystal Structure Database (ICSD) #184248) are indicated by 

vertical lines for comparison. Notably, no peaks originated from the milling 

vessel and balls or other materials were observed. The powders milled at rotational 

speeds of or higher than 150 rpm were completely alloyed; a single phase of 

Bi0.3Sb1.7Te3.0 was obtained. The threshold milling speed for the complete alloying with 

the YSZ vessel and balls is equal to that for a stainless-steel vessel and Si3N4 balls [41]. 

The threshold milling speed for MA depends on the milling energy, not on the milling 

vessel and ball materials and particle size, because the milling kinetic energy is 

proportional to the milling mass ratio and velocity. The milling mass ratio and velocity 

for the YSZ vessel and balls were the same as those for a stainless-steel vessel and 

Si3N4 balls [40].  

The milling at 150 rpm provided a single-phase Bi0.3Sb1.7Te3.0 powder, which was used 
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to clarify the effects of the HP temperature and milling vessel and ball materials on the 

homogeneously synthesized materials. 

 

3.2 Bi0.3Sb1.7Te3.0 powder sintered at the optimal temperature and milled at the 

minimum rotational speed needed for complete alloying  

All sintered samples were p-type semiconductors. Fig. 2 shows the XRD patterns of 

the Bi0.3Sb1.7Te3.0 disks sintered at 100–400 ℃ and milled at 150 rpm; main hkl indices 

of Bi0.3Sb1.7Te3.0 are also shown [29]. The standard peaks of Bi0.3Sb1.7Te3.0 (ICSD 

#184248) are indicated by vertical lines for comparison. Notably, no peaks 

originated from materials other than Bi0.3Sb1.7Te3.0, e.g., from the YSZ milling vessel 

and balls, were observed. The patterns show that all sintered disks were single-phase 

Bi0.3Sb1.7Te3.0.  

Fig. 3(a) shows an SEM image of the Bi0.3Sb1.7Te3.0 disk sintered at 100 ℃ and milled 

at 150 rpm. Fig. 3(b), (c), and (d) show the elemental distributions of Bi, Sb, and Te, 

respectively, determined by EDS. Large numbers of pores and voids are observed in 

Fig. 3(a). Fig. 3(b)–(d) show that Bi, Sb, and Te were homogeneously dispersed in the 

Bi0.3Sb1.7Te3.0 disk.  

Fig. 4(a) and (b) show SEM images of a cross section and fracture surface, 

respectively, of a Bi0.3Sb1.7Te3.0 disk sintered at 350 ℃ and milled at 150 rpm. The 

Bi0.3Sb1.7Te3.0 disk had dense and fine grains. The grain size was approximately 1 µm at 

the fracture surface, similar to that for ball milling with a stainless-steel vessel and 

Si3N4 balls [27]. These results show that the contamination by the attrition of the milling 

vessel and balls and rotational speed did not affect the matrix grain growth [41]. 

Fig. 5(a) shows an SEM image of the Bi0.3Sb1.7Te3.0 disk sintered at 350 ℃ and milled 

at 150 rpm. Fig. 5(b)–(f) show the elemental distributions of Bi, Sb, Te, Zr, and Y, 



10 

 

respectively, determined by EDS. Fig. 5(a) shows that the degree of sintering was higher 

than that in Fig. 3(a). A structured dense material similar to that in Fig. 4 was obtained. 

Particles with sizes of several micrometers were observed in the matrix. Fig. 5(e) and (f) 

indicate that these particles correspond to YSZ. YSZ did not react with Bi0.3Sb1.7Te3.0 

because a reaction layer between YSZ and Bi0.3Sb1.7Te3.0 matrix was not observed.  

The relative densities of the Bi0.3Sb1.7Te3.0 disks sintered at 100 ℃ and 350 ℃ and 

milled at 150 rpm were 95.5% and 99.2%, respectively, calculated based on an absolute 

density of 6.73 g/cm3 [29]. The relative density increased with the sintering temperature. 

The increase in relative density with the sintering temperature is in agreement with the 

SEM images in Figs. 3(a) and 4(a). 

Fig. 6 shows the relationship between the electrical conductivity and sintering 

temperature for the Bi0.3Sb1.7Te3.0 disks milled at 150 rpm at room temperature. The 

open circle corresponds to a Bi0.3Sb1.7Te3.0 disk sintered at 350 ℃ and milled at 150 rpm 

with a stainless-steel vessel and Si3N4 balls [41]. The electrical conductivity of the 

Bi0.3Sb1.7Te3.0 disk milled at 150 rpm with the YSZ milling vessel and balls increased 

with the sintering temperature and reached the maximum at 350 ℃ because the 

sintering of Bi0.3Sb1.7Te3.0 was complete, as shown in Figs. 3(a) and 4(a). The electrical 

conductivities of the disks obtained by milling with the YSZ vessel and balls were 

considerably lower than those obtained by milling with the stainless-steel vessel and 

Si3N4 balls. The metal contaminants form the stainless-steel vessel acted as carrier 

dopants, which affected the electrical conductivity. However, Fig. 5(a) shows YSZ 

particles with sizes of several micrometers in the matrix; the contamination by the YSZ 

vessel and balls was not detrimental to the electrical conductivity. 

Fig. 7 shows the relationship between the Seebeck coefficient and sintering 

temperature for the Bi0.3Sb1.7Te3.0 disks milled at 150 rpm at room temperature. The 
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open circle corresponds to the Bi0.3Sb1.7Te3.0 disk sintered at 350 ℃ and milled at 150 

rpm with the stainless-steel vessel and Si3N4 balls [41]. The Seebeck coefficient of the 

sintered Bi0.3Sb1.7Te3.0 disk milled at 150 rpm with the YSZ vessel and balls increased 

with the sintering temperature and reached the maximum at 250 ℃ because the 

sintering of Bi0.3Sb1.7Te3.0 was complete, as shown in Figs. 3(a) and 4(a). The Seebeck 

coefficients of the samples obtained by milling with the YSZ vessel and balls were 

considerably higher than that of the sample milled with the stainless-steel vessel and 

Si3N4 balls. The milling in the stainless-steel vessel decreased the Seebeck coefficient, 

which could be explained through the same considerations as those for the effect on the 

electrical conductivity, i.e., the contaminants from the stainless-steel vessel acted as 

carrier dopants. In contrast, in the case of milling with the YSZ vessel and balls, the 

Seebeck coefficients remained high and were not detrimentally affected by 

contaminants. The inverse relationship between the Seebeck coefficient and electrical 

conductivity is consistent with the dependences of the Seebeck coefficient and electrical 

conductivity on the concentration of free carriers [1,15]. High Seebeck coefficients and 

low electrical conductivities were achieved by the YSZ milling, which shows that the 

contamination was suppressed. Therefore, no contaminants acted as carrier 

dopants in the Bi0.3Sb1.7Te3.0 thermoelectric materials. 

Fig. 8 shows the relationships between the total, phonon, and carrier thermal 

conductivities and sintering temperature for the Bi0.3Sb1.7Te3.0 disks milled at 150 rpm. 

The open symbols correspond to the Bi0.3Sb1.7Te3.0 disk sintered at 350 ℃ and milled at 

150 rpm with the stainless-steel vessel and Si3N4 balls [41]. The phonon and carrier 

thermal conductivities were estimated by using equation (1). The thermal conductivity 

of the sintered Bi0.3Sb1.7Te3.0 disk milled at 150 rpm with the YSZ vessel and balls 

increased with the sintering temperature and reached the maximum at 350 ℃ because 
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the sintering of Bi0.3Sb1.7Te3.0 was complete. The total thermal conductivity of the disk 

sintered at 350 ℃ and milled with the YSZ vessel and balls was lower than that of the 

sample obtained by milling with the stainless-steel vessel and Si3N4 balls, because of 

the difference between the carrier thermal conductivities. The carrier thermal 

conductivities of the samples milled with the YSZ vessel and balls were lower than that 

of the sample milled with the stainless-steel vessel and Si3N4 balls. The contaminants 

from the stainless-steel vessel acted as carrier dopants, which affected the carrier 

thermal conductivity. In contrast, the phonon thermal conductivities were similar to 

each other and were not affected by the milling vessel and ball materials; no 

contaminants from the milling vessel and balls affected the phonon thermal 

conductivity. This is consistent with the matrix grain growth unaffected by the milling 

media, as shown in Fig. 4. 

 Fig. 9 shows the relationship between the dimensionless figure of merit ZT and 

sintering temperature for the Bi0.3Sb1.7Te3.0 disks milled at 150 rpm at room 

temperature. The open circle corresponds to the Bi0.3Sb1.7Te3.0 disk sintered at 350 ℃ 

and milled at 150 rpm with the stainless-steel vessel and Si3N4 balls [41]. The maximum 

ZT, 1.14 (α = 292 V/K, σ = 4.41 × 104 S/m,  = 0.99 W/(m K)) at room temperature, 

was achieved for the disk sintered at 350 ℃. ZT of the sample fabricated by milling at 

150 rpm with the YSZ vessel and balls and sintered at 350 ℃ was approximately 1.7 

times that of the sample fabricated by milling with the stainless-steel vessel and Si3N4 

balls. However, Fig. 5 shows YSZ particles with sizes of several micrometers in the 

matrix. This indicates that the contaminants from the YSZ vessel and balls improved the 

dimensionless figure of merit ZT, as the YSZ milling did not produce contaminants 

acting as carrier dopants for the Bi0.3Sb1.7Te3.0 thermoelectric material.  

These results show that the milling with YSZ improved the dimensionless figure of 
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merit of Bi0.3Sb1.7Tae3.0. The investigation of the thermoelectric properties of the 

sintered Bi0.3Sb1.7Te3.0 bulk materials fabricated by YSZ milling showed that the milling 

at a fixed rotational speed and sintering at 350 ℃ provided the maximum ZT.  

 

3.3 Optimal milling speed to achieve the maximum ZT of the Bi0.3Sb1.7Te3.0 disk 

sintered at the optimal temperature 

 All sintered samples were p-type semiconductors. Fig. 10 shows the XRD patterns 

of the disks fabricated by milling at 110–180 rpm and sintered at 350 ℃; main hkl 

indices of Bi0.3Sb1.7Te3.0 are shown [29]. Only peaks originated from Bi0.3Sb1.7Te3.0 

were observed; no peaks originated from the YSZ vessel and balls were observed. All 

sintered disks were identified as single-phase Bi0.3Sb1.7Te3.0. The remaining unalloyed 

materials when the milling was performed at or below 130 rpm (Fig. 1) disappeared 

and Bi0.3Sb1.7Te3.0 was formed during the subsequent sintering. All milled powders 

were completely alloyed by the HP [41]. The XRD patterns show that the 

contaminants from the milling vessel and balls did not affect the alloying during the 

subsequent sintering.  

Fig. 11 shows the relationship between the electrical conductivity and milling speed 

for the Bi0.3Sb1.7Te3.0 disks sintered at 350 ℃ and milled with the YSZ vessel and balls 

at room temperature. The solid line shows the data for the Bi0.3Sb1.7Te3.0 disks sintered 

at 350 ℃ and milled with the stainless-steel vessel and Si3N4 balls [41]. The electrical 

conductivity of the Bi0.3Sb1.7Te3.0 disk sintered at 350 ℃ and milled with the YSZ 

vessel and balls was constant up to 150 rpm and increased at 180 rpm. The differences 

between the electrical conductivities of the samples fabricated by milling with the YSZ 

vessel and balls and those of the samples milled with the stainless-steel vessel and 

Si3N4 balls increased with the milling speed. The amounts of contaminants from the 
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milling vessel and balls increased with the milling speed because of the 

increased milling energy. The effect of the stainless-steel vessel on the 

electrical conductivity was larger than the effect of the YSZ vessel because the 

contaminants from the stainless-vessel acted as carrier dopants. In contrast, the YSZ 

milling suppressed the contamination by materials acting as carrier dopants for 

the Bi0.3Sb1.7Te3.0 thermoelectric material. The electrical conductivity of the 

Bi0.3Sb1.7Te3.0 disk milled with the YSZ vessel and balls was constant up to 150 rpm, 

but was slightly increased at 180 rpm. The input milling energy was converted to 

thermal energy. The milling vessel interior was heated by the high-energy milling. The 

heat inside the vessel was released to the outside through conduction by the vessel 

material. The thermal conductivities of YSZ and stainless steel are approximately 3 

and 16 W/(m K), respectively [51,52]. Therefore, the heat in the YSZ vessel might be 

more insulated than that in the stainless-steel vessel. The process temperature in the 

YSZ milling was higher than that in the milling with the stainless-steel vessel and 

Si3N4 balls. Furthermore, the equilibrium vapor pressures of Bi, Sb, and Te are 

approximately 1 × 10−5, 1 × 10−4, and 0.3 Pa, respectively, at 350 ℃ [53,54]. 

Therefore, evacuation of Te would occur, which would lead to Te deficiency in 

Bi0.3Sb1.7Te3.0 during the milling at 180 rpm. The Te deficiency created during the 

high-energy YSZ milling leads to an increase in electrical conductivity and decrease in 

Seebeck coefficient of Bi0.3Sb1.7Te3.0+x [27]. 

Fig. 12 shows the relationship between the Seebeck coefficient and milling speed for 

the Bi0.3Sb1.7Te3.0 disks sintered at 350 ℃ and milled with the YSZ vessel and balls at 

room temperature. The solid line shows the data for the Bi0.3Sb1.7Te3.0 disks sintered at 

350 ℃ and milled with the stainless-steel vessel and Si3N4 balls [41]. The Seebeck 

coefficient of the Bi0.3Sb1.7Te3.0 disk sintered at 350 ℃ and milled with the YSZ vessel 
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and balls was constant up to 150 rpm and slightly decreased at 180 rpm. The 

differences between the Seebeck coefficients of the samples milled with the YSZ 

vessel and balls and those of the samples milled with the stainless-steel vessel and 

Si3N4 balls increased up to 150 rpm. The contamination by the milling vessel increased 

with the milling speed because of the increased milling energy. However, the 

YSZ milling suppressed the contamination by materials acting as carrier 

dopants for Bi0.3Sb1.7Te3.0. The Seebeck coefficient of the Bi0.3Sb1.7Te3.0 disk milled 

with the YSZ vessel and balls was slightly decreased at 180 rpm, which could be 

explained through the same considerations as those for the effect on the electrical 

conductivity, i.e., the Te evacuation during the milling led to the Te deficiency in 

Bi0.3Sb1.7Te3.0 milled at 180 rpm. The Te deficiency created during the high-energy 

YSZ milling led to a decrease in Seebeck coefficient of Bi0.3Sb1.7Te3.0+x, which is 

consistent with the dependences of the Seebeck coefficient and electrical conductivity 

on the concentration of free carriers [1,15,27].  

These results show that the YSZ milling suppressed the introduction of contaminants 

acting as carrier dopants for Bi0.3Sb1.7Te3.0. Furthermore, the Te evacuation during the 

high-energy YSZ milling, e.g., at 180 rpm, led to the Te deficiency in Bi0.3Sb1.7Te3.0. 

Fig. 13 shows the relationships between the total, phonon, and carrier thermal 

conductivities and milling speed for the Bi0.3Sb1.7Te3.0 disks sintered at 350 ℃ and 

milled with the YSZ vessel and balls at room temperature. The total, phonon, and 

carrier thermal conductivities of the Bi0.3Sb1.7Te3.0 disks sintered at 350 ℃ and milled 

with the stainless-steel vessel and Si3N4 balls are also shown [41]. The phonon and 

carrier thermal conductivities were estimated by using equation (1). The differences 

between the total thermal conductivities of the samples sintered and milled with the 

YSZ vessel and balls and those of the samples milled with the stainless-steel vessel 
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and Si3N4 balls increased because of the differences between their carrier thermal 

conductivities. The carrier thermal conductivity of the Bi0.3Sb1.7Te3.0 disk sintered at 

350 ℃ and milled with the YSZ vessel and balls was constant up to 150 rpm and 

slightly increased at 180 rpm. This is consistent with the effects of the milling on the 

Seebeck coefficients and electrical conductivities by the suppression of contaminants 

acting as carrier dopants and creation of Te deficiency [27]. The phonon thermal 

conductivities of the sintered Bi0.3Sb1.7Te3.0 disks milled with the YSZ vessel and balls 

were constant and similar to those of the samples milled with the stainless-steel vessel 

and Si3N4 balls. The contaminants from the YSZ vessel and balls did not affect the 

phonon thermal conductivity. This is consistent with the results in Fig. 4, which show 

that the milling vessel and balls did not affect the matrix grain growth. 

Fig. 14 shows the relationship between the dimensionless figure of merit ZT and 

milling speed for the Bi0.3Sb1.7Te3.0 disks sintered at 350 ℃. The solid line shows the 

data for the Bi0.3Sb1.7Te3.0 disks sintered at 350 ℃ and milled with the stainless-steel 

vessel and Si3N4 balls [41]. The ZT values of the samples milled with the YSZ vessel 

and balls were constant, unlike those of the samples milled with the stainless-steel 

vessel and Si3N4 balls. The contaminants from the YSZ vessel and milling balls 

improved ZT. ZT remained above 1.0 and reached the peak of 1.16 (α = 295 V/K, σ = 

4.16 × 104 S/m,  = 0.94 W/(m K)) at room temperature at 130 rpm. 

These results indicate that the milling with the YSZ vessel and balls improved the 

dimensionless figure of merit because it suppressed the contamination by materials 

acting as carrier dopants for the Bi0.3Sb1.7Te3.0 thermoelectric material. These results 

show that the improvements in thermoelectric properties were largely affected by the 

milling vessel and ball materials. 
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4. Conclusions 

 In this study, p-type Bi0.3Sb1.7Te3.0 thermoelectric materials were fabricated by the 

MA–HP process at various milling speeds with the YSZ vessel and balls. The 

thermoelectric properties of the resulting samples were investigated. The results can be 

summarized as follows. 

(1) The powders milled at rotational speeds of or higher than 150 rpm were 

completely alloyed and single-phase Bi0.3Sb1.7Te3.0 was obtained. The 

threshold milling speed for complete alloying by milling with the YSZ vessel 

and balls was equal to that for the milling with the stainless-steel vessel and 

Si3N4 balls.  

(2) The grain size of the disk sintered at 350 ℃ was approximately 1 µm at the 

fracture surface. The attrition of the milling vessel and balls was not 

detrimental to the matrix grain growth at given milling ball-to-material 

weight ratio and milling speed. 

(3) The disks milled with the YSZ vessel and balls exhibited higher Seebeck 

coefficients α and lower electrical conductivities σ than those of the disks 

milled with the stainless-steel vessel and Si3N4 balls. The YSZ milling 

suppressed the contamination by materials acting as carrier dopants for 

Bi0.3Sb1.7Te3.0. The contaminants from the YSZ vessel and balls did not 

affect the phonon thermal conductivity. 

(4) ZT of the sample milled at 150 rpm with the YSZ vessel and balls and sintered 

at 350 ℃ was approximately 1.7 times that of the sample milled with the 

stainless-steel vessel and Si3N4 balls.  

(5) ZT remained above 1.0 and reached the peak of 1.16 (α = 295 V/K, σ = 4.16 × 

104 S/m,  = 0.94 W/(m K)) at room temperature for the sample milled at 
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130 rpm and hot-pressed at 350 ℃. 

These results indicate that the milling with the YSZ vessel and balls improved the 

dimensionless figure of merit by suppressing the contamination with materials acting as 

carrier dopants. The improvements in thermoelectric properties were largely affected by 

the milling vessel and ball materials.  
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Figure Captions  

Fig. 1 XRD pattern of the milled Bi0.3Sb1.7Te3.0 powder. The circles, squares, triangles, 

and solid circles represent Bi, Sb, and Te elements and Bi0.3Sb1.7Te3.0 compound, 

respectively [29]. The standard peaks correspond to Bi0.3Sb1.7Te3.0 (ICSD #184248). 

Fig. 2 XRD patterns of the Bi0.3Sb1.7Te3.0 disks sintered at 100–400 ℃ and milled at 150 
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rpm; main hkl indices of Bi0.3Sb1.7Te3.0 are shown [29]. The standard peaks correspond 

to Bi0.3Sb1.7Te3.0 (ICSD #184248). 

Fig. 3 (a) SEM images and (b) Bi, (c) Sb, and (d) Te EDS-derived elemental 

distributions of the Bi0.3Sb1.7Te3.0 disk sintered at 100 ℃ and milled at 150 rpm.  

Fig. 4 SEM images of (a) a cross section and (b) fracture surface of the Bi0.3Sb1.7Te3.0 

disk sintered at 350 ℃ and milled at 150 rpm.  

Fig. 5 (a) SEM image and (b) Bi, (c) Sb, (d) Te, (e) Zr, and (f) Y EDS-derived elemental 

distributions of the Bi0.3Sb1.7Te3.0 disk sintered at 350 ℃ and milled at 150 rpm.  

Fig. 6 Relationship between the electrical conductivity and sintering temperature for the 

Bi0.3Sb1.7Te3.0 disks milled at 150 rpm at room temperature. The open circle corresponds 

to the Bi0.3Sb1.7Te3.0 disk sintered at 350 ℃ and milled at 150 rpm with the stainless-

steel vessel and Si3N4 balls [41]. 

Fig. 7 Relationship between the Seebeck coefficient and sintering temperature for the 

Bi0.3Sb1.7Te3.0 disks milled at 150 rpm at room temperature. The open circle corresponds 

to the Bi0.3Sb1.7Te3.0 disk sintered at 350 ℃ and milled at 150 rpm with the stainless-

steel vessel and Si3N4 balls [41]. 

Fig. 8 Relationships between the total (solid circles), phonon (solid triangles), and 

carrier (solid squares) thermal conductivities and sintering temperature for the 

Bi0.3Sb1.7Te3.0 disk milled at 150 rpm at room temperature. The open symbols 

correspond to the Bi0.3Sb1.7Te3.0 disk sintered at 350 ℃ and milled at 150 rpm with the 

stainless-steel vessel and Si3N4 balls [41]. 

Fig. 9 Relationship between ZT and sintering temperature for the Bi0.3Sb1.7Te3.0 disks 

milled at 150 rpm at room temperature. The open circle corresponds to the 

Bi0.3Sb1.7Te3.0 disk sintered at 350 ℃ and milled at 150 rpm with the stainless-steel 

vessel and Si3N4 balls [41].  
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Fig. 10 XRD patterns of the disks sintered at 350 ℃ and milled at 110–180 rpm; main 

hkl indices of Bi0.3Sb1.7Te3.0 are shown [29]. 

Fig. 11 Relationship between the electrical conductivity and milling speed for the 

Bi0.3Sb1.7Te3.0 disks sintered at 350 ℃ with the YSZ milling vessel and balls at room 

temperature. The solid line corresponds to the Bi0.3Sb1.7Te3.0 disks sintered at 350 ℃ 

and milled with the stainless-steel vessel and Si3N4 balls [41].  

Fig. 12 Relationship between the Seebeck coefficient and milling speed for the 

Bi0.3Sb1.7Te3.0 disks sintered at 350 ℃ and milled with the YSZ vessel and balls at room 

temperature. The solid line corresponds to the Bi0.3Sb1.7Te3.0 disks sintered at 350 ℃ 

and milled with the stainless-steel vessel and Si3N4 balls [41].  

Fig. 13 Relationships between the total, phonon, and carrier thermal conductivities and 

milling speed for the Bi0.3Sb1.7Te3.0 disks sintered at 350 ℃ and milled with the YSZ 

vessel and balls at room temperature. The total, phonon, and carrier thermal 

conductivities are shown by the circles, triangles, and squares, respectively. The total, 

phonon, and carrier thermal conductivities of the Bi0.3Sb1.7Te3.0 disk sintered at 350 ℃ 

and milled at 150 rpm with the stainless-steel vessel and Si3N4 balls are shown by the 

solid, dashed, and alternating-long–short dashed lines, respectively [41]. 

Fig. 14 Relationship between ZT and milling speed for the Bi0.3Sb1.7Te3.0 disks sintered 

at 350 ℃. The solid line corresponds to the Bi0.3Sb1.7Te3.0 disks sintered at 350 ℃ and 

milled with the stainless-steel vessel and Si3N4 balls [41]. 
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