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12 Abstract

13 Thermoelectric generators are promising energy sources in remote or harsh environments 

14 such as the core of a nuclear reactor where they can power remote sensors and other in-core 

15 instrumentation. A high-performance n-type lead telluride material Pb0.975Ga0.025Te–0.25%ZnTe 

16 was inserted into the core of a nuclear reactor and thermoelectric material properties were 

17 continuously monitored while it was irradiated for 228 MW-days to a fast neutron (>1.0 MeV) 

18 fluence of 2.01020 n/cm². The electrical conductivity increased within hours of the reactor 

19 starting with a peak increase to 343% of the non-irradiated electrical conductivity at the same 

20 temperatures. The electrical conductivity subsequently decreased but leveled off at 155-161% 

21 of the non-irradiated value near the end of the reactor cycle. The thermoelectric power factor 

22 and device power density peaked at 132% of the non-irradiated values within the first few days 

23 but fell to 90% of the non-irradiated values around day 9 due to a moderate drop in Seebeck 

24 coefficient to 57% of the non-irradiated value. Beyond day 9, the Seebeck coefficient steadily 

25 increased until leveling off at 81-85% of its non-irradiated value near the end of the cycle. After 

26 the initial transient changes in Seebeck coefficient and electrical conductivity, the power factor 

27 of the material in-core was approximately the same as the measured value before irradiation. 
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28 However, due to a sudden increase in Seebeck coefficient and electrical conductivity during the 

29 last few days, the power factor at the end of the reactor cycle was 8-10% greater than the power 

30 factor of the non-irradiated material at the same temperatures. These results indicate that the 

31 PbTe based thermoelectric material studied in this work can serve as a solid-state power source 

32 for operation in the harsh environment of a nuclear reactor core.
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33 1. Introduction

34 Nuclear power plants have abundant heat sources which can be harvested with 

35 thermoelectric materials to power wireless sensor nodes and other instrumentation, enhancing 

36 power plant safety without the need for costly power and data cable installation. The 

37 thermoelectric materials could power sensors and instrumentation that are used during both 

38 normal power plant operations and loss of power conditions. In the event of a station blackout, 

39 the thermoelectric materials can continue to provide power to the sensors and instrumentation, 

40 which can, in turn, provide a live feed of data essential for catastrophe mitigation.1 Radioisotope 

41 thermoelectric generators heated by alpha and gamma radiation have been used for decades in 

42 deep space exploration where there is insufficient solar irradiance for solar power generation.2 

43 However, there are few reports on the performance of thermoelectric materials in a nuclear 

44 reactor core where there is a high flux of thermal and fast neutron radiation. The in-core 

45 irradiation effect on bulk thermoelectric materials like germanium telluride, silicon-germanium, 

46 etc. has been studied,2–6 most under the comparatively low neutron fluences of 1013 to 1019 

47 n/cm2. Neutron irradiation at relatively low temperatures (<200°C) created irradiation-induced 

48 point defects in these materials, reducing carrier mobility and lowering thermoelectric 

49 performance. A thermoelectric generator comprised of bulk nanostructured half-Heusler 

50 thermoelectric materials was tested in a reactor core to a fast neutron fluence of 1.5×10²⁰ n/cm2 

51 (>1.0 MeV).7 Despite a significant decrease in thermoelectric performance due to radiation 

52 damage sustained at relatively low temperatures, it was found that the thermoelectric generator 

53 can provide stable power in the reactor core if operated at a sufficiently high temperature. The 

54 n-type lead telluride material Pb0.975Ga0.025Te–0.25%ZnTe studied in this work was exposed to 

55 the unprecedented fast neutron fluences of 2.01020 n/cm2 (>1.0 MeV) and 4.21020 n/cm2 

56 (>0.1 MeV) with a thermal neutron fluence of 1.31020 n/cm2 (<1.0 eV).
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57 In recent years, the efficiency of thermoelectric materials has undergone tremendous 

58 improvement, especially using the nanostructuring strategy.8–24 However, apart from the study 

59 on the half-Heusler thermoelectric generator mentioned above,7 advanced nanostructured 

60 thermoelectric materials have not been tested in the extreme environment of a nuclear reactor 

61 core. Thermoelectric (TE) generators are solid-state devices that convert heat in the form of a 

62 temperature gradient into electrical power. Thermoelectric material performance can be 

63 increased by increasing the thermoelectric figure of merit, which defined as

64 𝑍𝑇 =
𝑆2𝜎

𝑘 𝑇,

65 where  is the Seebeck coefficient,  is the electrical conductivity,  is the thermal conductivity, 𝑆 𝜎 𝑘

66 and  is the temperature.25𝑇

67 Lead telluride is a promising thermoelectric material system for moderate temperature 

68 applications due to its high  and earth-abundant constituent elements.19,26–32 The lead 𝑍𝑇

69 telluride material Pb0.975Ga0.025Te–0.25%ZnTe was recently shown to have the highest  among 𝑍𝑇

70 n-type lead tellurides; this was attributed to the role of Zn which induces nucleation and growth 

71 of Ga₂Te₃ in the PbTe matrix, increasing carrier concentration and electrical conductivity while 

72 simultaneously lowering thermal conductivity.19 The same material, hereafter referred to as n-

73 PbTe, was inserted into the core of a 6 MW nuclear research reactor with a core power density 

74 of about 70 kW per liter and thermal and fast neutron fluxes of 3.41013 n/cm2/s (<1.0 eV) and 

75 6.11013 n/cm2/s (>1.0 MeV), respectively, while under operation at the nominal 5.7 MW. The 

76 Seebeck coefficient, electrical conductivity, power factor, and thermoelectric power output were 

77 monitored continuously while the material was irradiated at full reactor power for 39 days. 

78 Within the first 5 days, the in-core irradiation caused a surprising increase in electrical 

79 conductivity to more than three times the conductivity of the non-irradiated material at the 

80 same temperatures. Meanwhile, the Seebeck coefficient decreased moderately. Shortly after 
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81 hitting their maximum and minimum on days 4.6 and 8.0, respectively, the electrical 

82 conductivity began to decrease and Seebeck coefficient began to increase until leveling off at 

83 155% and 81% of their non-irradiated properties evaluated at the same temperatures. The 

84 combination of increased electrical conductivity and moderately decreased Seebeck coefficient 

85 resulted in a thermoelectric power factor that was approximately the same as the non-irradiated 

86 value for most of the reactor cycle. However, three days before the end of the experiment, the 

87 nuclear reactor was shut down for routine maintenance. Upon restarting to the same 

88 temperatures, the Seebeck coefficient and thermal conductivity suddenly increased to 161% and 

89 85% of their non-irradiated values, respectively. This resulted in a power factor that was 108-

90 110% of the non-irradiated power factor at the end of the experiment.

91
92 2. Experimental

93 The thermoelectric properties of the n-PbTe bar that was inserted into the reactor were 

94 measured before irradiation (shown in Fig. 1). To investigate the thermal stability of the 

95 material prior to the in-core test, the bar was thermally cycled to 450°C three times. The 

96 thermoelectric properties were measured upon heating and cooling during each thermal cycle. 

97 Electrical conductivity and Seebeck coefficient changed by ~3% (less than the measurement 

98 uncertainty) between the first and second trials, and no changes were observed between the 

99 second and third cycle. To simulate the relatively extreme thermal conditions the bar may 

100 experience in the reactor (such as rapid heating or cooling, as well as the potential of exceeding 

101 the material’s preferred maximum hot side temperature of 450°C) the bar was rapidly thermally 

102 cycled between 150°C and 480°C for 9 hours, followed by three additional thermal cycles with 

103 measurements upon heating and cooling. The rapid thermal cycles to 480°C caused the Seebeck 

104 coefficient to decrease moderately while electrical conductivity increased, but no further 

105 changes were observed after additional thermal cycling. These results indicate that if the bar 
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106 remains below 480°C in the reactor (as was later confirmed), any changes in material properties 

107 must not be due to temperature effects, but to the effects of irradiation. The values plotted in Fig. 

108 1 are the averages of the last two thermal cycles. Additional details about the material synthesis 

109 and measurements can be found in the Methods section.

110
111 Fig. 1  Thermoelectric property measurements of the n-PbTe bar (Pb0.975Ga0.025Te–0.25%ZnTe) before it was 

112 inserted into the nuclear reactor showing (a) Seebeck coefficient, (b) electrical conductivity, (c) thermal 

113 conductivity, and (d) thermoelectric figure of merit ZT.

114 In section 3.1, these temperature-dependent material properties of the bar before irradiation 

115 are plotted alongside the properties of the bar in the reactor core to reveal the irradiation effect 

116 on material properties in-situ.

117 The aluminum test capsule shown in Fig. 2 was designed and constructed to house the n-

118 PbTe TE bar in the center of the nuclear reactor core.
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119
120 Fig. 2  3D model (left) and photograph (right) showing the n-PbTe thermoelectric (TE) bar held inside the test 

121 capsule. In the 3D model, the susceptor is shown in red and the housing of the aluminum test capsule is shown 

122 in blue.

123 While only one TE bar was measured in the reactor, a second TE bar was included in the test 

124 capsule to provide mechanical support and prevent excess strain on the bar that was measured. 

125 The hot side of the TE bar was heated using a tungsten susceptor which interacts with the 

126 abundant gamma rays in the reactor core to generate heat. The test capsule was placed in a 

127 titanium tube (not shown in Fig. 2) inside the reactor core which was surrounded by the reactor 

128 pool water. A controllable flow of cooling gas passed between the inside of the titanium tube and 

129 the outside of the aluminum test capsule, allowing precise control over the TE bar cold side 

130 temperature. To electrically isolate the TE bar from the test capsule, the bar was soldered to 

131 Direct Bond Copper (DBC) pieces. Copper wires, which were previously welded to the DBC 

132 pieces, allow current to be sent through the sample for electrical resistance measurements. Two 

133 small divots ~100 µm deep were carefully drilled into the TE bar, as shown in the photograph in 

134 Fig. 2, and the wires used to measure voltage were inserted into the divots during assembly (the 

135 divots provided mechanical stabilization to ensure the wires remained in contact with the 

136 sample during loading into the reactor). The Seebeck voltage was measured by the same voltage 
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137 probes used for resistivity measurements, while the temperature at those locations was 

138 determined from the measured thermal resistance between the thermocouples and the voltage 

139 probes. Additional details about the in-situ measurements can be found in the Methods section.

140
141 3. Results and discussion

142 3.1 In-core thermoelectric material performance

143 Shown in Fig. 3 are the in-situ measurement results of the n-PbTe bar while it was in the 

144 reactor, including the hot- and cold-side temperatures, electrical conductivity, Seebeck 

145 coefficient, and power factor.

146
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147 Fig. 3  In-core measurement results of the n-PbTe TE bar showing (a) the hot- and cold-side temperatures, (b) 

148 electrical conductivity, (c) Seebeck coefficient, and (d) power factor. Each figure contains an inset showing a 

149 close-up of the data during the first four days. Figures (b)-(d) include the corresponding non-irradiated material 

150 properties of the same bar measured before irradiation, presented at the same temperatures as the bar in the 

151 reactor.

152 The reactor was brought to full power (5.7 MW) during the first 3.5 hours. The subsequent step-

153 like increases in temperature shown in the inset of Fig. 3(a) during the first four days are due to 

154 changes in the cooling gas flowrate. The reactor was shut down on day 17 and upon startup the 

155 cooling gas flow rate was increased, resulting in relatively lower temperatures from days 17-19. 

156 The sudden increase and decrease in temperatures on days 19 and 25.5, respectively, were due 

157 to further changes in the cooling gas flow rate. The transient spike in temperatures on day 36.5 

158 was due to a sudden reactor shutdown and startup for reactor maintenance (some transient 

159 data is omitted from Fig. 3).

160 Within hours of reaching full reactor power, the electrical conductivity of the n-PbTe started 

161 to increase. It continued to increase until day 4.6 when it reached its maximum of 343% of the 

162 electrical conductivity before irradiation. All pre-irradiation values referred to herein, as well as 

163 the non-irradiated data presented in Fig. 3, are the integral average of the measurement data of 

164 the bar before insertion into the reactor core (Fig. 1), evaluated at the actual temperatures of the 

165 bar in the reactor core. In other words, the time- and temperature-dependent non-irradiated 

166 electrical conductivity plotted in Fig. 3(b) was calculated at every discrete moment in time as

167 𝜎𝑛𝑜𝑛 ― 𝑖𝑟𝑟(𝑇,𝑡) = ∫𝑇ℎ(𝑡)
𝑇𝑐(𝑡)𝜎(𝑇)𝑑𝑇 (𝑇ℎ(𝑡) ― 𝑇𝑐(𝑡)),

168 where  is the temperature-dependent electrical conductivity measured before irradiation 𝜎(𝑇)

169 (shown in Fig. 1), and  and  are the hot- and cold-side temperatures, respectively, of 𝑇ℎ(𝑡) 𝑇𝑐(𝑡)

170 the bar inside the reactor at any given moment in time  along the abscissa of Fig. 3. The time- 𝑡

171 and temperature-dependent Seebeck coefficient of the non-irradiated bar plotted in Fig. 3(c) 

172 was calculated analogously. Meanwhile, Seebeck coefficient decreased and hit its low of 57% of 
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173 the non-irradiated value on day 8.0. The initial increase in conductivity more than offset the 

174 decrease in Seebeck coefficient and the net result was an increase in power factor relative to the 

175 non-irradiated property through day 7.6.

176 Soon after hitting its minimum on day 8.0, Seebeck coefficient began to recover despite 

177 constant temperatures and unchanging reactor power and flux; meanwhile, electrical 

178 conductivity steadily decreased. Despite this decrease, electrical conductivity remained well 

179 above the non-irradiated value for the remainder of the reactor cycle. The increasing Seebeck 

180 coefficient and decreasing electrical conductivity resulted in the minimum measured power 

181 factor and power density (Fig. 4) of 90% of the non-irradiated values on day 9.6.

182
183 Fig. 4  (a) In-core power density of the n-PbTe material along with the power density of the bar before 

184 irradiation at the same temperatures and (b) the relative change in power density, which is the ratio of the in-

185 core and non-irradiated power density.

186 The rate of decrease of electrical conductivity began to wane around day 9 while Seebeck 

187 coefficient continued to recover steadily. The resulting power density and power factor were, on 

188 average, 99.3% of the non-irradiated values from day 17 through 36 just before the last reactor 

189 shutdown and subsequent startup due to scheduled maintenance. Despite returning to the same 
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190 temperatures and reactor power, both Seebeck coefficient and electrical conductivity suddenly 

191 increased on day 36 after the reactor started back up, resulting in an in-situ power factor as high 

192 as 110% of the non-irradiated value.

193 3.2 Causes for material property changes

194 Consider the relaxation time model in which the Seebeck coefficient is described by

𝑆 =
𝜋2𝑘2

𝐵𝑇
3𝑒(ξF ― 𝐸𝑐)(3

2 + 𝑟), (1)

195 where  is the Boltzmann constant,  is the temperature, e is carrier charge,  is the Fermi 𝑘𝐵 𝑇 𝜉𝐹

196 level,  is the conduction band edge, and  is the index of relaxation time related to the kinetic 𝐸𝑐 𝑟

197 energy of the charge carrier.33 The index  ranges from  for purely thermal scattering to 𝑟 ― 1 2

198  for electron scattering by ionized impurities. Substituting the Fermi level for metals,343 2

𝜉𝐹 ― 𝐸𝑐 =
ℎ2

8𝑚 ∗ (3𝑛
𝜋 )

2 3

, (2)

199 where  is the Planck constant,  is the charge carrier effective mass, and  is the carrier ℎ 𝑚 ∗ 𝑛

200 concentration, into equation (1) yields

𝑆 =
8𝜋2𝑘2

𝐵𝑚 ∗ 𝑇

3𝑒ℎ2 ( 𝜋
3𝑛)

2
3(3

2 + 𝑟). (3)

201 Equation (3) is often used with the rightmost term omitted (with , assuming energy-𝑟 = ― 1 2

202 independent scattering) to estimate the Seebeck coefficient for semiconductors with high levels 

203 of doping;12,13,35–37 this form makes clear that the Seebeck coefficient is not necessarily 

204 dominated by the carrier concentration in a given material system. The electrical conductivity of 

205 the system is described by

𝜎 = 𝑛𝑒𝜇 =
𝑛𝑒2𝜏
𝑚 ∗ , (4)

206 where  is the charge carrier mobility and  is the charge carrier relaxation time.34𝜇 𝜏
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207 Equations (3) and (4) indicate that a decrease in or an increase in  or  must occur to 𝑚 ∗ 𝜏 𝑛

208 result in the increased  and decreased   observed in the reactor. An increase in  is unlikely 𝜎 𝑆 𝜏

209 because neutron irradiation generates point defects that scatter charge carriers and decrease . 𝜏

210 A change in  substantial enough to cause the significant changes in thermoelectric properties 𝑚 ∗

211 witnessed in the reactor is also unlikely because such a large change in  would require 𝑚 ∗

212 dramatic changes to the electronic band structure of the material, which, in turn requires 

213 considerable changes to the material crystal structure and/or composition. These physical 

214 considerations and the experimental data from the nuclear reactor indicate the changes in 

215 thermoelectric properties are due primarily to changes in carrier concentration. The n-PbTe 

216 material contains nanoscale Ga₂Te₃ precipitates which cause some Te deficiency in the PbTe 

217 matrix of the native, non-irradiated material;19 however, not all the Ga is contained within the 

218 nanoprecipitates – there is a uniform distribution of Ga throughout the material. Meanwhile, 

219 neutrons in the reactor have sufficient energy to split PbTe into elemental Pb and Te, which 

220 would allow the formation of new Ga₂Te₃ precipitates and/or growth of existing Ga₂Te₃ 

221 precipitates. The effect would be a further increase in Te deficiency in the PbTe matrix and thus 

222 increased carrier concentration. Just as was seen during the first several days in the reactor core, 

223 the result is an increase in electrical conductivity  and a decrease in Seebeck coefficient .𝜎 𝑆

224 Now, beginning on day 4.6, electrical conductivity began to drop while Seebeck coefficient 

225 began to increase on day 8.0. Neither a decrease in carrier concentration nor an increase in 

226 electron effective mass alone can justify why these properties reversed trend at distinctly 

227 different times. Instead, these trends are expected to be the result of irradiation-induced defects 

228 such as vacancies and interstitials. These defects cause mass and strain fluctuations in the 

229 crystal lattice, lowering charge carrier mobility  and decreasing electrical conductivity. In the 𝜇

230 case of Seebeck coefficient, these point defects can effectively transition the dominant charge 
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231 carrier scattering mechanism from primarily acoustic phonon scattering ( ) to a mix of 𝑟 = ― 1 2

232 phonon and ionized impurity scattering with . By equation (4), the result is an ― 1 2 < 𝑟 < 3/2

233 increase in Seebeck coefficient. In summary, the changes in material properties during the first 

234 week in the reactor were due primarily to an increase in the material carrier concentration. 

235 Changes in carrier concentration appear to have leveled off between days 5 to 9, and subsequent 

236 material property changes are attributed to irradiation-induced defects.

237
238 4. Conclusions

239 The high-performing n-type lead telluride composition (Pb0.975Ga0.025Te)0.9975-(ZnTe)0.0025 

240 was inserted into the core of a 6 MW nuclear reactor and irradiated at full reactor power for 39 

241 days. The electrical conductivity increased significantly for the entirety of the reactor cycle, with 

242 a peak increase to 343% of the non-irradiated value on day 4.6 followed by a steady decrease to 

243 155-161% of the non-irradiated value during the last two weeks of the reactor cycle. Seebeck 

244 coefficient decreased to a minimum of 57% of the non-irradiated value on day 8 followed by a 

245 partial recovery until it leveled off at 81-85% of the non-irradiated value for the remainder of 

246 the reactor cycle. After the initial transients during the first two weeks, the power factor of the 

247 irradiated material was approximately the same as that of the material before irradiation at the 

248 same temperatures; however, the power factor increased during the last few days to 108-110% 

249 of the power factor of the non-irradiated material. It is expected that the neutron irradiation 

250 triggered an increase in carrier concentration due to an increase in the density of Ga2Te3 

251 nanoprecipitates and resulting Te deficiency in the PbTe matrix. The increased carrier 

252 concentration caused a significant increase in electrical conductivity as well as a decrease in 

253 Seebeck coefficient. Measurement results indicate that changes in carrier concentration were 

254 minimal beyond day 9 and the subsequent decrease in electrical conductivity and increase in 

255 Seebeck coefficient were due primarily to irradiation-induced point defects and associated 
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256 charge carrier scattering. These findings suggest that – despite significant irradiation-induced 

257 changes to the microstructure – the n-type lead telluride material system studied herein can 

258 maintain very similar thermoelectric performance as the non-irradiated material while in the 

259 core of a nuclear reactor. In combination with studies on the effect of irradiation on thermal 

260 conductivity, these findings may guide thermoelectric material property optimization in new 

261 and unexpected ways.

262
263 5. Materials and methods

264 5.1 Thermoelectric material synthesis

265 High-purity Pb wire (99.99%, American Elements, USA), Te shot (99.999%, 5 N Plus, Canada), Zn 

266 shot (99.999%, Sigma-Aldrich, USA), and Ga shots (99.99%, Sigma-Aldrich, USA) were weighed 

267 and mixed in stoichiometric proportions. The total mass of the sample was 15 g. Then, the 

268 stoichiometric mixture of elements was sealed in an evacuated quartz tube (the inner diameter 

269 was 10 mm and the thickness of its walls was 1.5 mm) and heated slowly to 1373 K at a rate of 

270 100 K/h, kept at this temperature for 6 h, then quenched in cold water to room temperature. 

271 The obtained ingot was crushed, hand-ground into a fine powder, and sintered by spark plasma 

272 sintering (SPS) at 773 K under a pressure of 40 MPa in vacuum for 5 min to obtain densified 

273 bulk sample of 12.7 mm diameter and 12 mm height. The SPS’d bulk sample was then heated to 

274 723 K at a rate of 100 K/h, annealed under vacuum at this temperature for 24 h, and 

275 subsequently slowly cooled down to room temperature. 

276 5.2 Thermoelectric material property measurement before irradiation

277 Seebeck coefficient and electrical conductivity were measured simultaneously with a ZEM-3 

278 (Ulvac Riko, Inc.). The thermal conductivity was calculated as , where  is the thermal 𝑘 = 𝛼𝜌𝑐𝑝 𝛼

279 diffusivity measured with the laser flash method (Netzsch LFA 457),  is the density which was 𝜌

280 measured directly, and  is the specific heat, which was calculated by the Dulong-Petit law.𝑐𝑝
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281 5.3 In-situ measurements in the nuclear reactor

282 A current source and nanovoltmeter (Keithley 6221 and 2182A) measured the TEG electrical 

283 resistance. The peak thermoelectric power was calculated as , where  is the 𝑃max = 𝑉2
oc 4𝑅 𝑉oc

284 open-circuit voltage and  is the electrical resistance. The Seebeck voltage was monitored 𝑅

285 continuously with a programmable multimeter (Agilent 34970A).
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