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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Thermoelectric materials were opti
mized by Taguchi orthogonal method. 

• The best figure of merit for P/N ther
moelectric materials reached 0.92 and 
1.03. 

• Two small–scale 3D radioisotope ther
moelectric generators were prepared. 

• The devices supplied stable and real- 
time power for the electronic clock.  
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A B S T R A C T   

Small–scale radioisotope thermoelectric generators (RTGs) offer a flexible and scalable power supply for space 
missions. However, high-performance small-sized RTGs remain challenging. The performance of thermoelectric 
materials was optimized by Taguchi orthogonal method in this work. Three preparation parameters, including 
the slurry ratio, cold pressing pressure, and the sintering temperature, along with 4 levels were taken into ac
count. The orthogonal array quickly determined the sensitivity of the performance to the variations of 3 factors. 
The influences of 3 factors on the ZT value were ranked as: cold pressing pressure > slurry ratio > sintering 
temperature. The optimum operation was 10% paint proportion, 35 MPa pressure, and 598.15 K sintering 
temperature. Based on this, the optimal ZT values of the P/N–type thermoelectric materials reached 0.92 and 
1.03 at room temperature, respectively. The principle prototype of the fan–shaped and annular RTGs were well 
prepared by the cold sintering and molding methods. Those RTGs obtained open–circuit voltages of 1.17 and 
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1.56 V, and maximum output powers of 1.9 and 3.39 mW at 398.15 K. These stable and adequate energy is able 
to directly power for meteorological monitoring equipment, seismometer, and microsatellites.   

1. Introduction 

Space exploration is an emerging and important frontier for hu
manity. The long–term preparation for space environment monitoring, 
resource exploration, and space positioning guidance should be inves
tigated thoroughly and strengthened before the formal exploitation. The 
key challenge is to provide a long–term and continuous power supply for 
various instruments, including a weather station, accelerometer, and 
seismometer, in certain regions, such as a planetary surface and deep 
space [1,2]. At present, solar cells, which are widely used in near–earth 
orbits and sunlight areas, are still the main power supply in space. 
However, if a planetary motion or insufficient light in deep space occurs, 
then solar cells will be unable to provide sufficient power; consequently, 
the space components will be in a dormant state [3,4]. Storage batteries 
have a limited amount of service time and exhibit difficulty supplying 
power to space devices in the long term [5,6]. Radioisotope thermo
electric generators (RTGs), which convert the decay heat of radioiso
topes into electrical energy based on the Seebeck effect, have 
multitudinous merits, namely static energy conversion, compact struc
ture, and long-lifetime, and occupy an irreplaceable position in the space 
power system [7,8]. Therefore, the RTGs are considered to be ideal 
power supply devices for deep space exploration, and are developed for 
miniaturization in response to the requirements of small spacecraft with 
low–power consumption [9,10]. 

Compared with the large–scale RTGs owning mature technology, the 
difficulties in the small–scale RTGs are reflected on not only the 
small–size preparation of thermoelectric devices, but also the appro
priate matching between the thermoelectric devices and the heat sour
ces on the curve surface. Firstly, the preparation of small–size 
thermoelectric devices should be rightfully considered. The general 
preparation route of the thermoelectric devices for RTGs is to realize 
ingot by regional melting and hot pressing synthesis and then assemble 
small cuboid particles of flat–panel devices through cutting, electro
plating, cleaning, and welding steps [11,12]. A large amount of mate
rials and steps are required in the entire process, thereby resulting in 
expensive cost, time–consuming, and poor matching for the flat–type 
devices. The production difficulty increases geometrically when the size 
of the thermoelectric device is as small as several centimeters. Jet Pro
pulsion Laboratory applied fine cutting and welding methods to over
come the production difficulty, and developed a series of small 
thermoelectric devices of 40–100 mW for RTGs to power Mars science 

stations for long–term star weather monitoring [13,14]. Secondly, the 
concern lies in the matching between thermoelectric devices and heat 
sources. When the RTGs are miniaturized, the thermoelectric device is 
difficult to match well with the small and curved heat sources. Chen 
et al. [15,16] prepared segmented flat–panel devices with an efficiency 
of up to 12% under a temperature difference of 541 K. Obviously, the 
solid surface of the thermoelectric devices fail to be applied to the curve 
surface. Some flexible thermoelectric devices are made up of bulk par
ticles and flexible electrodes, and it is a pity that the low–temperature 
difference and electrical output are still constraints [17,18]. Although 
thermoelectric devices have many preparation methods, such as chem
ical vapor deposition [19,20], screen printing [21,22], and 3D printing 
[23,24], few methods are really suitable for small–scale RTGs with high 
performance. 

Based on the above–mentioned problems, this work optimized the 
performance of thermoelectric materials for RTGs by Taguchi orthog
onal method and prepared small–scale structure–adjustable RTGs by the 
cold sintering and molding methods. Three preparation parameters 
along with 4 levels were considered to determine the sensitivity of the 
performance. The prepared fan–shaped and annular RTGs with volt- 
level voltage and milliwatt-level power is able to directly power for 
space components. 

2. Small–sized fabrication and optimization scheme 

2.1. Small–scale fabrication 

The RTGs with diverse structures were manufactured by cold sin
tering and molding methods [25]. First, the optimal preparation scheme 
of the thermoelectric materials was determined. The P/N–type 
Bi2Te3–based powder was evenly mixed with binder DER736 in the 
proportion of 8%–11%, and then the P/N–type painting was filled into 
the designated position in the mold. Next, the filled mold was pressed 
within the range of 5–50 MPa pressure. The molded thermoelectric 
sample was subsequently sintered for 3 h at the temperature range of 
548.15–623.15 K. Third, the device was sealed with the poly
dimethylsiloxane glue to enhance its resistance to vibration and shock. 
Both ends of electrodes were electroplated with the Ni–Sn layer for the 
subsequent series connection. Finally, a cylindrical electric heating rod 
located at the center of the RTG was equivalent to a 238Pu radioisotope 
heat source to provide the surface temperature range of 323.15–398.15 
K [26]. Several arrayed or annular thermoelectric devices were 

Nomenclature 

Cd heat capacity at constant volume 
d mean free path of the phonon 
L Lorentz constant 
h Planck constant 
KB Boltzmann constant 
m* effective mass 
n carrier concentration, /cm3 

N number of thermoelectric legs 
Pmax maximum output power of the RTG, W 
Pout output power of the RTG, W 
q carrier charge, C 
R external load resistance in the RTG, Ω 
r internal resistance in the RTG, Ω 

S cross-sectional area of a single P-type or N-type leg, mm2 

V output voltage of the RTG, V 
Voc open–circuit voltage of the RTG, V 
ZT figure of merit of thermoelectric materials 
ΔT temperature difference of both sides of thermoelectric 

devices, K 
σ electrical conductivity, S/m 
α Seebeck coefficient, V/K 
κ thermal conductivity, W/(m⋅K) 
κL lattice thermal conductivity, W/(m⋅K) 
κe carrier thermal conductivity, W/(m⋅K) 
ν diffusion rate of the phonon 
μ carrier mobility, cm3/(V⋅s) 
ρ density of thermoelectric materials, g/cm3  
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vertically arranged or stacked around the heat source and connected in 
series according to the structural characteristics of the devices. These 
devices were placed together in the metal box for encapsulation pro
tection. The gap part was filled with an Al2O3 insulation cotton to reduce 
heat loss (Fig. 1). In this work, the one-time forming of devices with 
low–aspect ratio, high integration, and variable structure is realized, 
which is difficult to be realized in the existing preparation methods of 
thermoelectric devices. It overcomes several difficulties, such as 
complicated processing problems, high breakage rate, and small tem
perature difference. The fan–shaped and annular structures are used to 
realize the fast transmission of heat from the curved surface to the 
thermoelectric devices, thereby greatly enhancing the engaged prepa
ration effects. 

2.2. Optimization scheme based on Taguchi orthogonal method 

The preparation process of the small–scale RTGs involves many 
factors, such as the paint proportion, pressing pressure, and sintering 
temperature. These preparation processes affect the electrical conduc
tivity, thermal conductivity, and others by intrinsically changing the 
carrier and phonon transport, and finally boost the electrical perfor
mance of the RTGs. Therefore, optimization research on these factors is 
important and necessary to be effectively conducted [27,28]. (See 
Table 1.). 

α =
8πK2

B

3eh2 m*(
π
3n

)
2
3T (1)  

σ = neμ (2)  

κ = κL + κe =
Cννd

3
+ LσT (3)  

ZT =
α2σ

κ
T (4) 

The paint proportion of the thermoelectric materials, pressing pres
sure and sintering temperature was regarded as the research objects. A 
three–factor four–level orthogonal table (Table 2) was designed by using 
the Taguchi orthogonal method. Then, 16 groups of experimental 
schemes were performed. The S/N ratio was introduced as a criterion for 
judging the performance of the thermoelectric materials [29]. The three 
parameters, namely, power factor (α2σ), thermal conductivity (κ), and 
ZT value, were comprehensively considered to optimize the preparation 
scheme. 

S/N = 10log
1
n
∑

y2
i (5) 

Fig. 1. Preparation process of fan–shaped and annular RTGs.  

Table 1 
Gradient design of the preparation process parameters.  

Interfering factor Gradient level 

Paint proportion (%) 8 9 10 11 
Pressure (MPa) 5 20 35 50 
Sintering temperature (K) 548.15 573.15 598.15 623.15  

Table 2 
Three–factor four–level orthogonal table based on Taguchi orthogonal method.  

Number Interfering factor 

Paint proportion (%) Pressure (MPa) Sintering temperature (K) 

1 8 5 548.15 
2 8 20 573.15 
3 8 35 598.15 
4 8 50 623.15 
5 9 5 573.15 
6 9 20 548.15 
7 9 35 623.15 
8 9 50 598.15 
9 10 5 598.15 
10 10 20 623.15 
11 10 35 548.15 
12 10 50 573.15 
13 11 5 623.15 
14 11 20 598.15 
15 11 35 573.15 
16 11 50 548.15  
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S/N = − 10log
1
n

∑
y2

i (6)  

2.3. Performance testing 

With regard to 16 groups of experimental schemes, the Seebeck co
efficient/electrical conductivity and thermal conductivity of thermo
electric materials at 348.15 K, simply representing the average value in 
the range of 298.15–398.15 K, were tested by using thermoelectric effect 
system (CTA–3) and thermal conductivity tester (DRL–3). When the 
power or temperature of the heat sources was stable, the internal rela
tion between the electrical outputs of the thermoelectric devices, such as 
Voc and the output power (Pout), and the parameters of the materials 
were established. The specific calculation equations are as follows 
[10,11]. 

Voc = (αp − αn) × ΔT × N (7)  

Pout =
V2

(R + r)2 × R =
((αp − αn)⋅ΔT⋅N)

2

(R +
ρl
S)

2 × R (8)  

where N indicates the number of thermocouples; αp and αn are the 
Seebeck coefficients of the P– and N–type thermoelectric materials, 
respectively; and R is the external resistance of the RTGs. The internal 
resistance of RTGs (r) is intrinsically related to the size of the thermo
electric legs. The maximum output power (Pmax) is obtained as R = r. 

After the optimal preparation scheme was determined, the P/N–type 
thermoelectric materials and the RTGs were prepared and then tested 
with a parameter analyzer (Keithley 4200 SCS) at 293.15 K ambient 
temperature. The electrical heating source provided a constant heat in 
the range of 323.15–398.15 K. The real–time temperatures of the hot 
and cold sides of the RTGs were measured with a temperature sensor 
(R7100). The tests of RTGs at each temperature were conducted after 
heating them for half an hour to minimize the error in measurement. 

3. Scheme determination and material properties 

The performance evaluation of thermoelectric devices can be re
flected by the thermoelectric parameters of materials. The power factor, 
thermal conductivity, and ZT value reflect the performance of 

thermoelectric materials in electricity, thermodynamics, and coupled 
physics fields, respectively. Taking these three parameters as the eval
uation criterion will help to understand the influence of preparation 
parameters on the thermoelectric performance from many aspects, and 
then select the optimal scheme. 

3.1. Power factor as the evaluation criterion 

The power factor reflects the performance of the carrier transport in 
the material interior. Taking the power factor as the main goal of the 
thermoelectric performance, the materials prepared by 16 schemes were 
analyzed by Eq. (5). The result analysis is shown in Fig. 2. Fig. 2(a, c) 
show the main effect diagram of S/N ratio of the power factor of the P/N 
thermoelectric materials, including the paint proportion, pressure, and 
sintering temperature at four levels. Fig. 2(b, d) demonstrate the dif
ference between the maximum and minimum S/N ratios of the three 
factors at four levels. The comparative analysis shows that the sequence 
of factors affecting the power factor of the P–type thermoelectric ma
terials is pressure > sintering temperature > paint sintering, thereby 
reflecting the influencing level of each factor on the power factor of the 
material, and guiding for the preparation of the actual materials. The 
combination of the optimal factor level for P–type materials is 10% paint 
proportion, 35 MPa pressure, and 598.15 K sintering temperature. The 
sequence of the factors affecting the power factor of the N–type ther
moelectric materials is pressure > paint proportion > sintering tem
perature, where the optimal combination of factor level of N–type 
materials is 11% paint proportion, 35 MPa pressure, and 623.15 K sin
tering temperature. 

The different sequence between the P–type and N–type factors are 
attributed to the Seebeck coefficient or electrical conductivity that 
dominates the differentiated share to power factor in the P/N–type 
materials. Indeed, the Seebeck coefficient’s contribution to the power 
factor occupies a dominant position, thereby leading to the consistent 
sequence of factors of power factor. However, the contribution of the 
electrical conductivity to the power factor is large in the N–type mate
rials, which result in the sequence of power factors consistent with it. 
The corresponding analysis of Seebeck coefficient and electrical con
ductivity are shown in Supplementary material. The cold pressure 
greatly affects the power factor of the P/N–type thermoelectric mate
rials. This situation is because of the role of the pressure that is reflected 

Fig. 2. (a,c) S/N main effect and (b,d) factor effect of P–type Bi0.5Sb1.5Te3,and N–type Bi2Se0.3Te2.7 under different schemes, respectively.  
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Fig. 3. (a,c) S/N main effect and (b,d) factor effect of P–type Bi0.5Sb1.5Te3 and N–type Bi2Se0.3Te2.7 under different schemes, respectively.  

Fig. 4. (a,c, and e) S/N main effect and (b,d, and f) factor effect of P–type Bi0.5Sb1.5Te3, N–type Bi2Se0.3Te2.7, and thermoelectric devices under different schemes, 
respectively. 
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on two aspects. First, the materials are crushed from the loose state to 
the destruction of the arch bridge effect, resulting in a decrease in the 
pore volume between the powders. Subsequently, the materials tightly 
contact each other. Then, a part of the binder is squeezed out by the 
pressure, indirectly changing the actual paint proportion between the 
thermoelectric powder and the binder. 

3.2. Thermal conductivity as the evaluation criterion 

A low thermal conductivity of the material largely helps the ther
moelectric device to acquire a great temperature difference between the 
two ends, thereby macroscopically increasing the Voc of the RTGs. 
Taking thermal conductivity as the evaluation standard of thermoelec
tric performance, the materials prepared by 16 schemes were analyzed 
by Eq. (6). The results are shown in Fig. 3. Fig. 3(a, c) show the main 
effect diagram of S/N ratios about the thermal conductivity of the P/ 
N–type thermoelectric materials. Fig. 3(b, d) are the differences between 

the maximum and minimum S/N ratio of three factors at different levels. 
The sequences of factors determining the thermal conductivity of the P 
and N–type thermoelectric materials, paint proportion > sintering 
temperature > cold pressing pressure, are completely consistent. The 
optimal combination of the factor level for P–type materials is 9% paint 
proportion, 20 MPa pressure, and 573.15 K sintering temperature, while 
that for the N–type materials is 10% paint proportion, 20 MPa pressure, 
and 548.15 K sintering temperature. 

The paint proportion, as the most important influencing factor of 
thermal conductivity, directly reflects the density of the binder mole
cules around the powder grains. The thermal conductivity of the Der736 
binder is low owing to the properties of its epoxy resin, and its ratio with 
powder directly further affects the thermal conductivity of the final 
composite thermoelectric material. As much binder content as possible 
will reduce the thermal conductivity of the material. However, the 
molecular ratio of the thermoelectric paint changes after cold pressing 
(the second influencing factor) due to the wettability difference between 

Fig. 5. Thermoelectric properties of the P/N–type thermoelectric materials optimized by the Taguchi orthogonal method. (a) Seebeck coefficient, (b) electrical 
conductivity, (c) thermal conductivity, (d) power factor, (e) ZT of the P–type in comparison with the previously reported Bi2Te3–based paints, and (f) ZT of the 
N–type in comparison with previously reported Bi2Te3–based paints. 
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the powder and the binder for P/N–type materials. Consequently, the 
two optimal paint proportion of the P/N–type becomes inconsistent. 
Part of Der736 in the composite thermoelectric material is volatilized 
after sintering, and the remaining position forms a cavity inside the 
material, thereby decreasing the thermal conductivity of the material to 
a certain extent. 

3.3. ZT value as the evaluation criterion 

The performance of thermoelectric materials should be comprehen
sively evaluated via the ZT value. The materials prepared by 16 schemes 
were analyzed by Eq. (5) when the ZT value was considered to be the 
judging criterion of the material performance. Fig. 4(a, c) show the main 
effect diagram of the S/N ratios of the ZT value of P/N thermoelectric 

Fig. 6. Electrical performance of the fan–shaped RTGs. (a) Structural design and power supply display, (b,c) V–I/P–I curve, (d,e) fluctuation curve between Voc and 
Pmax with time. 
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materials. Fig. 4(b, d) are the differences between the maximum and 
minimum S/N ratios of the three factors at different levels. The factor 
sequence affecting the ZT value of the P–type thermoelectric materials is 
pressure > sintering temperature > paint proportion. The optimal factor 
level combination is 10% paint proportion, 50 MPa pressure, and 
598.15 K sintering temperature. Meanwhile, the factor sequence of the 
N–type thermoelectric materials is pressure > paint proportioning >
sintering temperature, where its optimal factor level combination is 11% 
paint proportion, 35 MPa pressure, and 548.15 K sintering temperature. 
The factor sequence of the P/N–type thermoelectric materials is 
consistent with that of their power factors. This finding indicates that 
this optimization helps improve the ZT value of the material by adjusting 
the power factor from the Seebeck coefficient or electrical conductivity. 

The P/N–type thermoelectric legs should have the same 
manufacturing process, considering the one–time forming process of the 
thermoelectric device based on the cold sintering and molding methods. 
Given that the P/N–type thermoelectric legs have the identical size and 
temperature conditions, ZTtotal (=ZTP + ZTN) is introduced to charac
terize the ZT value of the thermoelectric device. This study analyzed the 
S/N ratio of ZTtotal with Eq. (5), and the obtained factor sequence of the 
optimal device is pressure > paint proportion > sintering temperature, 
in which the optimal factor combination is 10% paint proportion, 35 
MPa pressure, and 598.15 K sintering temperature. This result is highly 
rigorous and reasonable to develop high–performance thermoelectric 
materials and devices. 

3.4. Thermoelectric performance of the P/N–type materials 

The P/N–type thermoelectric paint was prepared with an optimal 
combination of 10% paint proportion, 35 MPa pressure, and 598.15 K 
sintering temperature for 210 min. Thereafter, the thermoelectric 
properties of the prepared materials were characterized (Fig. 5). The 
prepared P–type thermoelectric material exhibited good Seebeck co
efficients in the low temperature range of 298.15–398.18 K, and 
changed in the range of 210–242 μV/K. In contrast with the P–type 
material, the N–type one demonstrated better electrical conductivity in 
the corresponding temperature, thereby reaching 3.22 × 104–3.95 × 104 

S⋅m. The thermal conductivity of the P/N–type thermoelectric material 
tested in the low temperature range did not exceed 0.46 and 0.67 W/ 
(m•K) at 398.15 K. After the optimization of the preparation process, the 
ZT value of the P– and N–type thermoelectric material were obtained at 
room temperature, reaching 0.92 and 1.03, respectively. More signifi
cantly, the two P and N–type thermoelectric materials with excellent 
performance were simultaneously obtained under the one–time opera
tion, and each one was competitive in the work of existing Bi2Te3–based 
inorganic thermoelectric paints [30,31]. The Taguchi orthogonal 
method was used to design the process of cold sintering and molding 
methods, and excellent thermoelectric materials were rapidly and 
effectively obtained in this part, which guides on the preparation and 
optimization of thermoelectric paint, and provides a material basis with 
excellent performance for the next step of device preparation. 

4. Proof–of–concept small–scale RTGs 

4.1. Fan–shaped RTGs 

Aiming at the application characteristics of the arrayed thermo
electric devices, the fan–shaped small–scale RTG was systematically 
prepared to achieve a nice match between the thermoelectric device and 
the heat source (Fig. 6(a)). Eight thermoelectric devices were in contact 
with the heat source through a plurality of narrow cross–section of 
thermoelectric legs, thereby achieving a centralized and rapid heat 
transfer. The specific dimensions are shown in Table 3. The electrical 
performances of the fan–shaped small–scale RTGs were measured by 
controlling the surface temperature of the heat source in the range of 
323.15–398.15 K. 

The internal resistance of the RTG was 146.63 Ω at room tempera
ture. When the temperature of the heat source was 398.15 K, the tem
perature difference between the two ends of the device increased to 
74.9 K. Accordingly, a good heat transfer of the contact surfaces and low 
thermal conductivity of the material were obtained. The Voc of the RTG 
reached 1.17 V, and the Pmax reached 1.9 mW. The electrical output of 
the RTG was always stable under the temperature range of the heat 
source. During the 398.15 K interval, the maximum fluctuation of the 
Voc did not exceed 0.12%, while that of Pmax never exceeded 0.8%. In 
order to verify the feasibility of actual power supplies for small devices, 
the prepared RTG was directly connected to the electronic clock to 
demonstrate the capabilities of this practical application. The associa
tion of the 1.17 V Voc and the 1.9 mW Pmax provided by the RTG suc
cessfully achieved the normal timing of the electronic clock, and the 
electronic clock has been constantly working. It was commendable that 
there is no other circuit of voltage regulation or energy storage involved, 
which shows the feasibility of providing sufficient power for space 
electronic components. 

4.2. Annular RTGs 

For the sake of enhancing the space utilization and increase the heat 
transfer between the heat source and the thermoelectric devices, an 
annular radial RTGs were designed and prepared. As shown in Fig. 7(a), 
the annular thermoelectric devices possess a hollow ring to match well 
with the curve surface of the heat source. The small–scale RTG is made 
up of stacked eight–layer devices in series. The specific dimensions are 
shown in Table 4. The electrical performance output of the RTG was 
tested for the 323.15–398.15 K temperature of the heat source. 

The internal resistance of the RTG was 156.3 Ω at room temperature 
when the heat source was unloaded. As the temperature of the heat 
source increased to 398.15 K, the temperature difference across the 
device increased, reaching a maximum of 64.3 K. The high performance 
of Voc (1.56 V) of and Pmax (3.93 mW) was simultaneously achieved. The 
electrical output of RTGs keeps little fluctuation during each of the heat 
source temperatures in Fig. 7(d, e). The maximum fluctuations of Voc 
and Pmax within the 398.15 K interval did not exceed 0.67% and 0.35%, 
respectively. The application ability of the annular RTGs was more 
powerful than that of the fan–shaped one mainly due to the reasonable 
matching of the annular design and multiple P/N–type thermoelectric 
legs. The RTG was directly connected to the electronic clock in Fig. 7(a). 
The concurrency of high Voc and Pmax at 398.15 K easily achieved the 
normal timing of the electronic clock without any other electronic 
conversion circuit, efficiently balancing the relationship between power 
and voltage in the RTGs. (video in the Supplementary material). Such 
electrical output at this voltage and milliwatt level could be capable of 
satisfying most power demand of small space components. Thereupon, 
the application potential is predictably huge for the long–term space 
tasks, such as scientific equipment and microsatellite. Further increase 
of the power output of the RTGs for electronic components in diverse 
occasions is possible through the numerous thermoelectric devices 
connected in series or a large–scale design. 

Table 3 
Related dimensions of the fan–shaped RTGs.  

Type Size (mm) Description 

Heat source Φ8 × 70 Equivalent surface temperature of 
323.15–398.15 K 

Thermoelectric leg 20 × 1 × 1.6 8 pairs (16 legs) 
Thermoelectric 

module 
31 × 21 ×
1.6 

8 modules 

Whole RTG Φ50 × 78 ——  
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5. Conclusions 

The thermoelectric performance of 3D small-scale structure-adjust
able radioisotope thermoelectric generators has been investigated by 
means of the Taguchi orthogonal method. Three preparation parameters 

(i.e., the slurry ratio and cold pressing pressure as well as the sintering 
temperature) along with 4 levels were considered. A L16(34) orthogonal 
array was built to figure out the sensitivity of the performance to the 
variations of 3 factors. The ZT value was used as the final indicators. The 
analysis suggested that the influences of the 3 factors on the ZT value are 

Fig. 7. Electrical performance of the annular RTGs. (a) Structural design and power supply display, (b, c) V–I/P–I curve, (d, e) fluctuation curve between Voc and Pmax 
with time. 
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ranked as: cold pressing pressure > slurry ratio > sintering temperature, 
and their values for optimum operation are 10% paint proportion, 35 
MPa pressure, and 598.15 K sintering temperature. This reflects that the 
cold pressing pressure is the most important factor in determining the 
performance of the thermoelectric materials for RTGs. Therefore, the 
optimal ZT values of the P/N–type thermoelectric materials reached 
0.92 and 1.03 at room temperature, respectively. Thus, the thermo
electric materials with excellent performance for RTG were obtained by 
Taguchi orthogonal method. Based on above optimized thermoelectric 
materials, two small–scale RTGs for aerospace application were syn
thesized by the cold sintering and molding methods. The fan–shaped and 
annular small–scale RTGs obtained Voc of 1.17 V and 1.56 V, and Pmax of 
1.9 mW and 3.93 mW at 398.15 K, respectively. The energy curve about 
time showed that it can provide stable and real–time volt–level voltage 
and milliwatt–level power for the electronic clock. In the case of solving 
the existing preparation problems, the prepared RTGs are capable of 
powering for the meteorological monitoring equipment, seismometers, 
and microsatellites in space. In the future, high-quality electrode series 
and large-size design will further harvest energy. 
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