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15 Due to their novel electromagnetic and thermal properties, molybdenum (Mo)
16 and niobium (Nb) become optimal temperature sensor materials for nuclear
17 energy applications. We leveraged voltage recorded during a heat ramp to
18 tune a computational method to predict the Seebeck electromotive force (EMF)
19 of Mo and Nb. Using a combined Density Functional Theory (DFT) and
20 Boltzmann Transport Equations (BTE) method the voltage was predicted but
21 did not include the effects of temperature on atomic structure. Combining
22 Ab Initio Molecular Dynamics (AIMD) and BTE included temperature effects
23 on structure optimization and yielded voltages in a good agreement with
24 experiment. Lanthanum (La) and Phosphorus (P) additives in Mo and Nb,
25 respectively, could increase the EMF compared to those of the pure metals.
26 The presence of oxygen (O) in Mo increases the EMF while O in Nb slightly
27 reduces the EMF. Our studies suggested that heat treatment-induced struc-
28 tural changes that lead to a reduction in voltage occur not only at the me-
29 soscale as previously understood but also at the atomic scale.

30 INTRODUCTION

31 Molybdenum (Mo) and Niobium (Nb) have long
32 been optimal superconducting materials due to
33 their high critical temperature and magnetic field
34 strength either alone1,2 or when combined with
35 chalcogenides.3 Their coupling of electromagnetic
36 behavior with temperature in the form of the
37 Seebeck effect also makes them ideal materials for
38 temperature sensors. In the nuclear energy sector,
39 Mo and Nb can be paired to make thermocouples
40 (TCs) that outperform traditional temperature sen-
41 sors in research reactors.4,5 Research reactors allow
42 for testing of accident-tolerant fuel (ATF) materials,
43 towards nuclear energy with even higher safety
44 margins and improved fuel economy.6,7 Testing ATF
45 materials requires driving them to the tempera-
46 tures experienced during an accident, allowing for
47 characterization and better understanding of their
48 performance during their namesake scenarios.

49However, obtaining this characterizing data
50requires in-pile sensors that can likewise survive
51under extreme environments.
52The temperature sensors composed of Mo and Nb
53are named high-temperature Irradiation Resistant
54thermocouples (HTIR-TCs)4,8–11 and can endure
551000+ h (i.e., 1.2 9 1021 neutrons/cm2) at 1247�C
56with no more than 0.6% drift in the temperature
57reading.11 At > 1400�C, HTIR-TCs have endured
582000+ h with an estimated drift of 2–3%.12 Contin-
59uing to push the lifetime and performance of the
60HTIR-TC, we seek to better understand possible
61causes of reduced TC performance.
62TC performance is controlled by the Seebeck
63coefficient of each of the TC thermoelements, as
64shown in Fig. 1. Utilizing the Seebeck effect, TCs
65consist of two dissimilar metals connected at a
66junction. The temperature difference between the
67hot junction, where temperature is measured in a
68reactor, and the cold junction, the reference tem-
69perature measured outside of the reactor, will
70produce a proportional voltage difference between
71the two metals. Once the respective voltage changes
72are fitted to the desired temperature range, the TC
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73 can be used to monitor temperature. Mathemati-
74 cally, this Seebeck electromotive force (EMF), E, can
75 be determined by taking the integral of the differ-
76 ence of the Seebeck coefficients for each
77 thermoelement:

E ¼
ZTsense

Tref

Sþ � S�ð ÞdT; ð1Þ

7979 where Tsense is the sensing temperature and Tref is
80 the reference temperature. In a HTIR-TC, the
81 positive Seebeck coefficient, S+, corresponds to
82 HTIR-Mo and the negative Seebeck coefficient, S-,
83 corresponds to the HTIR-Nb. The Seebeck coeffi-
84 cient is intrinsically controlled by the atomic struc-
85 ture-electronic property relationships of the
86 materials. Given the extreme environment the
87 HTIR-TC is designed for, it is susceptible to struc-
88 tural changes due to temperature, radiation-in-
89 duced defects, and/or transmutation. These
90 structural changes will affect the Seebeck coeffi-
91 cients of the HTIR thermoelements, resulting in
92 changes in the HTIR-TC performance. By better
93 understanding the structure-property relationships
94 of the thermoelements, we can identify the material
95 factors that enhance and detract from in-pile HTIR-
96 TC performance.
97 Mo and Nb were selected as the two HTIR
98 thermoelements because of their balance of high
99 temperature and irradiation resistance compared

100 with traditional TC thermoelement materials, such
101 as platinum (Pt), rhodium (Rh), and nickel (Ni)
102 alloys.5 Mo and Nb have thermal nuclear cross
103 sections of 2.65 and 1.15 barns and melting tem-
104 peratures of 2610�C and 2470�C, respectively.4 In
105 contrast, Type B (Pt-30%Rh/Pt-6%Rh) TCs, which
106 are rated for temperatures up to 1820�C, consist of
107 Pt and Rh with thermal cross sections of 10 and 150
108 barns, respectively. With a large thermal cross
109 section, 6 wt.% of Rh is expected to transmute
110 during an 800-day irradiation in a pressurized

111water reactor.13 TCs composed of Ni alloys, Type
112K (Chromel/Alumel) and Type N (Nicrosil/Nisil),
113though less susceptible to irradiation, degrade at
114temperatures > 1000�C.4,5,14 In addition, doping
115and alloying can further tune Mo for optimal in-pile
116TC performance. Mo wire doped with Lanthanum
117Oxide (La2O3) has yielded the highest temperature
118resolution, or V/�C, allowing for smaller changes in
119temperature to be reflected in the TC reading.9

120Since the HTIR-TC performance depends on both
121the atomic and electronic structures of the ther-
122moelements, we leveraged atomistic modeling meth-
123ods to better understand the controlling factors. In
124this work, we combined experimental and compu-
125tational methods to study the effects of heat treat-
126ment and thermoelement composition on the HTIR-
127TC voltage. We investigated the HTIR-Mo and
128HTIR-Nb thermoelements individually using real-
129time voltage measurements during heat treatment
130in a tube furnace, Density Functional Theory (DFT),
131Boltzmann Transport Equations (BTE), and Ab
132initio Molecular Dynamics (AIMD). First, we exam-
133ined the effect of heat treatment experimentally on
134the voltage of each HTIR-thermoelement. Second,
135through comparing the experimental voltage with
136the voltage predicted from DFT and BTE, we could
137determine the atomic structure-performance rela-
138tionships of HTIR thermoelements. Third, we
139applied AIMD and BTE to determine the tempera-
140ture effect on the atomic structures and perfor-
141mance of the HTIR thermoelements.

142METHODS

143Experimental Methods

144Two TCs were fabricated by coupling (1) HTIR-Mo
145with Pt and (2) HTIR-Nb with Pt. Heat treatment
146and voltage recording details have been described
147previously.10,11 In summary, each thermocouple
148was placed in a tube furnace opposite a Type B
149TC, suitable for high temperatures but not irradi-
150ation, for temperature measurement. The TCs were
151heated to 1600�C at a rate of 5�C/min. The furnace
152was held at 1600�C for 72+ h. The furnace was
153cooled to room temperature at 5�C/min. The HTIR-
154Mo thermoelement contains 0.5 – 1 wt.% La2O3, and
155the HTIR-Nb thermoelement contains 496 and
156424 lg/g of Phosphorus (P) and Oxygen (O),
157respectively.

158Computational Methods

159DFT calculations were performed using the
160Vienna Ab initio Simulation Package (VASP).15

161Spin-polarized generalized gradient (GGA)
162exchange-correlation functions were used following
163the Perdew Burke Ernzerhoff (PBE) formulation.16

164Plane-wave basis sets were implemented utilizing
165projector-augmented wave (PAW) pseudopotentials.
166Simulations were performed with a cutoff energy of
167550 eV and a minimum of 5 � 5 � 5 gamma-

(S  )+

HTIR-Mo

(S  )-
ref

sense

HTIR-Nb
T

T

E

Fig. 1. Schematic of a HTIR-TC consisting of two thermoelements:
HTIR-Mo and HTIR-Nb which act as the positive and negative
thermoelement, respectively. Each thermoelement has its own
respective Seebeck coefficient, S. One end of the TC is placed
into a reactor to measure temperature, Tsense, while the other end is
held at a constant temperature, Tref, outside of the reactor. Due to
the Seebeck effect, the TC produces a voltage, E, proportional to the
temperature difference, Tsense–Tref.
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168 centered k-points. The Hubbard +U term17 was
169 applied to Mo and Nb atoms during electronic
170 structure calculations to improve the DFT descrip-
171 tion of d electrons. Effective U-terms of 8.6 and
172 4.0 eV were applied to Mo18 and Nb,19 respectively.
173 The Boltzmann transport equations were solved
174 using BoltzTraP2.20 Atomic structures were visual-
175 ized using Visualization for Electronic and Struc-
176 tural Analysis (VESTA).21

177 In this article, we will use ‘‘DFT’’ and ‘‘AIMD’’ to
178 distinguish between VASP calculations performed
179 without and with temperature, respectively. For
180 DFT calculations, the pure Mo and Nb metals were
181 modeled using their body center cubic (BCC) unit
182 cell (Fig. 2a and d) with experimental lattice
183 constants of 3.146 and 3.311 Å, respectively.22,23

184 The Mo unit cell was then supersized to the 49494
185 supercell with one atom replaced by La to approx-
186 imate a concentration of 1.13 wt.% La (Fig. 2b).
187 Similarly, the Nb unit cell was then supersized to
188 the 49494 supercell with one atom replaced by P to
189 approximate a concentration of 0.26 wt.% P
190 (Fig. 2e).
191 For AIMD calculations, simulations were per-
192 formed using an NVT ensemble with a 220 eV cutoff
193 energy and sampled at the gamma point with 0.25-
194 fs timesteps. Temperature was controlled with the
195 Nosé-Hoover thermostat, and the Nosé mass was set
196 to correspond to 40 time steps.24 To balance between
197 computational cost and accuracy, the cutoff energy
198 of 220 eV, higher than default the minimum cutoff

199energies for both Mo and Nb elements, was selected.
200Our test calculations with 0.25 fs timesteps and
201220 eV cutoff energy agreed well with the experi-
202mental voltage measurement. Convergence tests
203showed that the 220 eV-cutoff structure was con-
204verged compared with the equivalent equilibration
205AIMD run at 550 eV as shown in Fig. 3. In each
206system an additional metal atom was replaced with
207O, resulting in Mo 1.13 wt.% La 0.13 wt.% O
208(Fig. 2c) and Nb 0.26 wt.% P 0.14 wt.% O (Fig. 2f).
209Electronic structures used for the Seebeck coeffi-
210cient calculations were obtained for the AIMD-
211relaxed structures using a 320 eV cutoff energy, 5
212� 5 � 5 gamma-centered k-points, and Hubbard +U
213terms of 8.6 and 4.0 eV for Mo and Nb, respectively.

214RESULTS AND DISCUSSION

215Experimental Voltage Measurement

216For in-pile use, the HTIR-TCs are constructed in
217their now standard HTIR-Mo coupled with HTIR-
218Nb build. However, the combined voltage of a HTIR-
219TC is difficult to compare with the absolute, ther-
220moelement-specific voltages obtained through mod-
221eling. For this reason, we fabricated two special
222HTIR-TCs where each individual HTIR-thermoele-
223ment was coupled with a Pt thermoelement. As the
224absolute Seebeck voltage of Pt is known experimen-
225tally,25 its contribution can be removed to yield the
226absolute EMF of both HTIR-Mo and HTIR-Nb
227thermoelements.11 The results of the experimental

Fig. 2. Starting atomic structures for (a) pure Mo, (b) the HTIR-Mo supercell used in DFT, (c) the HTIR-Mo supercell used in AIMD, (d) pure Nb,
(e) the HTIR-Nb supercell used in DFT, and (f) the HTIR-Nb supercell used in AIMD. Purple, blue, light blue, orange, and red atoms represent
Mo, Nb, La, P, and O, respectively.
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228 heat treatment and voltage measurements are
229 shown in Fig. 4. The two Type B TCs (B1 and B2)
230 were placed opposite the special HTIR-Mo/Pt and
231 HTIR-Nb/Pt TCs in the tube furnace. During the
232 heat ramp, the Type B TCs were used to read the
233 temperature while the voltages of the special HTIR-
234 TCs were recorded. Combining these readings
235 allowed the voltage to be plotted vs. temperature
236 to compare to modeling. The HTIR-Mo and HTIR-
237 Nb curves in Fig. 4 show the absolute EMF of the
238 respective thermoelements obtained by subtracting
239 the Pt contribution from the special HTIR-TC
240 voltage readings.
241 Both the HTIR-Mo and HTIR-Nb show variations
242 in the EMF as the temperature approaches 1600�C
243 and begins the annealing process. These EMF
244 fluctuations have previously been attributed to
245 grain growth.9 HTIR-TCs destined for use in

246research reactors undergo standardized heat treat-
247ments to stabilize the grain growth before they are
248calibrated.10,11 Following the fifth order polynomial
249fitting of EMF reported previously for calibrated
250HTIR-TCs,11 the polynomial coefficients of the
251HTIR-Mo and HTIR-Nb thermoelements are pro-
252vided in Table I. The fit is taken from the beginning
253of the heat treatment (200�C) up to approximately
2541200�C before the EMF variations begin. To better
255understand the compositional and atomic structure
256effects on the experimental measurements, we
257applied a combination of DFT, BTE, and AIMD
258methods to provide insights into the Seebeck coef-
259ficient of each thermoelement.

260DFT Calculations

261To verify the accuracy of DFT and BTE to predict
262Seebeck coefficients, we started with pure Mo and
263pure Nb materials (Fig. 2a and d). Figure 5 shows
264the calculated Seebeck coefficients as a function of
265temperature, which generally agrees with the
266experimental values for both pure Mo26 and pure
267Nb.27 We then extended the models to the supercells
268containing La and P, as shown in Fig. 2b and e,
269representing HTIR-Mo and HTIR-Nb, respectively.
270The resultant Seebeck coefficients were integrated
271with respect to temperature as in Eq. 1 to obtain the
272voltage for each thermoelement. Figure 6 shows the
273calculated voltages for the HTIR and pure metals
274compared with the experimental values from Exper-
275imental Voltage Measurement Experimental Volt-
276age Measurement.
277With the addition of La in Mo, the voltage
278predicted by DFT-BTE is increased for most of the
279temperature range compared to pure Mo (Fig. 6a).
280This voltage increase is in agreement with experi-
281mental results demonstrating the high temperature
282resolution of Mo with a La2O3 dopant.9 The effect of
283P on Nb temperature resolution has not previously
284been reported but is likewise shown here to greatly
285increase the voltage compared to pure Nb (Fig. 6b).
286These results demonstrate a close relationship
287between atomic structure and Seebeck EMF.
288In Fig. 6a, there is a reasonable agreement
289between the DFT calculated and experimental
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Table I. Polynomial coefficients of EMF as a
function of temperature for HTIR-Mo and HTIR-
Nb thermoelements from 200 to 1200�C following
E(T) = AT5+BT4+CT3+DT2+ET+F

Coefficient HTIR-Mo HTIR-Nb

A �4.687 E�14 1.416 E�14
B 1.713 E�10 �4.484 E�11
C �2.389 E�07 5.584 E�08
D 1.605 E�04 �3.240 E�05
E �3.300 E�02 8.118 E�03
F 4.120 E+00 �6.085 E�01
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290 HTIR-Mo voltages from 200 to about 600�C. How-
291 ever, the more parabolic nature of the calculated
292 HTIR-Mo voltage becomes apparent above 600�C as
293 it diverges from that of experiment. For HTIR-Nb,
294 the calculated voltage starts off close to the exper-
295 imental voltage at 200�C but diverges as the
296 temperature increases (Fig. 6b). To understand the
297 implications of these results, we need to examine
298 the assumptions utilized in the DFT-BTE method
299 along with the supercells. First, the atomic struc-
300 ture obtained from DFT was used for the full
301 temperature integration range in the BTE. This
302 assumed that the atomic structure remained the
303 same and no structural distortion would occur at all
304 temperatures, which might be an inaccurate repre-
305 sentation, especially at higher temperatures. Sec-
306 ond, O was not included in the DFT supercells and
307 as such the DFT voltages in Fig. 6 do not include
308 any contribution from O.
309 According to Fig. 6 and DFT assumptions, we can
310 propose four predictions about the HTIR thermoele-
311 ments. The variation between the calculated and
312 experimental HTIR-Mo voltage suggests (1) HTIR-
313 Mo undergoes structural changes at or above 600�C

314and/or (2) O affects the trend of the voltage pro-
315duced by the HTIR-Mo thermoelement. In HTIR-
316Nb, the addition of P increases the magnitude of the
317pure Nb voltage to greater than the experimental
318voltage. This suggests a competing factor(s), which
319counteracts the voltage increase from P, ultimately
320reducing the HTIR-Nb voltage to nearly zero. The
321competing factor(s) could be (3) structural changes
322with respect to temperature and/or (4) O content. To
323further validate these predictions, we studied both
324the HTIR-Mo and the HTIR-Nb systems with
325consideration of the temperature effect using AIMD.
326To determine the initial position of O for AIMD
327calculations, we performed DFT calculations of O at
328various metal substitutional positions with respect
329to the La or P additive in the HTIR supercells.
330Substitutional sites were considered because of
331strong favorable interaction energy between O and
332vacancies in BCC metals.28 The incorporation
333energy, Einc, for O at each site was calculated using
334the following equation:

Einc ¼ EnMþAþO � E nþ1ð ÞMþA � EM

� �
� 1

2
EO2

; ð2Þ

336336where EnM+A+O is the energy of the supercell with n
337metal atoms containing either the P or La additive
338and O at substitutional metal sites, E(n+1)M+A is the
339energy of the metal supercell with only a P or La
340additive at a substitutional metal site, EM is the
341energy of a single metal atom in the pure metal unit
342cell, and EO2

is the energy of a single O2 molecule.
343Greater magnitude in a positive incorporation
344energy value indicates more energy required for O
345to enter the site. Conversely, greater magnitude in a
346negative incorporation energy value indicates a
347more favorable exothermic process to place O at
348the substitutional site. We considered the first
349nearest neighbor site, the second nearest neighbor
350site, and a site located far from the P or La additive
351as substitutional locations for O. As shown in
352Table II, O can exothermically enter any of the
353substitutional Nb sites. However, energy is required
354to place O in Mo at the far or second nearest
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355 neighbor position. Only the first nearest neighbor
356 position is exothermically favorable for O in Mo. The
357 most favorable site for O in Nb is the second nearest
358 neighbor with respect to the P atom while the most
359 favorable site in Mo is the first nearest neighbor
360 with respect to the La atom. We then started with
361 these most favorable sites for the O atom in the
362 AIMD calculations, as shown in Fig. 2c and f.

363 Ab-Initio Molecular Dynamic Simulations

364 Using AIMD allowed us to not only include the
365 effect of temperature on atomic structure but also
366 follow specific heating and cooling profiles. By also
367 including O in the AIMD simulations, we could
368 evaluate the four predictions outlined in DFT
369 Calculations section. Experimentally, heat treat-
370 ment is performed on HTIR-TCs before calibration
371 to reduce drift upon a subsequent insertion into a
372 high-temperature experiment.10 Mirroring experi-
373 mental heat treatment, the AIMD simulations
374 followed the process including the ramp to 1600�C,
375 the hold at 1600�C, and the cool down to room
376 temperature. A subsequent ramp was performed to
377 investigate how the treatment stabilized the struc-
378 ture such that subsequent insertion into a reactor
379 would yield less drift than it would without heat
380 treatment. The full temperature profile performed
381 using AIMD is shown in Fig. 7.
382 Using the DFT-BTE method temperature was
383 incorporated only once during the integration of the
384 Seebeck coefficients. Using the AIMD-BTE method
385 temperature was incorporated twice: first during
386 the simulation of the atomic structure and second
387 during the integration of the Seebeck coefficients.
388 While DFT was performed at 0K, AIMD ran with
389 given temperature. By using the structures
390 obtained from AIMD as input for BTE, the effect
391 of temperature on atomic structure was included in
392 the calculation of voltage. As shown in Fig. 8, we can
393 extrapolate each AIMD atomic structure over the
394 full temperature range, like the DFT-BTE method
395 shown in Fig. 6. Computational results are shown

396against the voltage measured during the experi-
397mental heat ramp.
398With the inclusion of O and temperature effects
399on the structure, the HTIR-Mo AIMD 20�C voltage
400increases to 25 mV at 1200�C (Fig. 8a), compared to
401the HTIR-Mo DFT voltage which plateaus at almost
40214 mV. As the AIMD temperature increases, the
403HTIR-Mo EMF at 1200�C is calculated as 28.1, 21.0,
40418.43, and 27.5 mV for the 300, 600, 900, and
4051200�C atomic structures, respectively. Experimen-
406tally, the HTIR-Mo voltage is 21.37 mV at 1200�C.
407The 600�C atomic structure gives the closest overall
408voltage to that measured by experiment.
409Like HTIR-Mo, the HTIR-Nb AIMD 20�C voltage
410is the first look at the effects of adding both
411temperature and O to the AIMD model (Fig 8b).
412The AIMD 20�C voltage is slightly lower than the
413DFT-BTE curve, yielding voltages of 6.29 and
4147.21 mV, respectively, at 1200�C. As the AIMD
415temperature increases, the HTIR-Nb EMF at
4161200�C is calculated as 3.65, 0.93, �1.59, and
4170.39 mV for the 300, 600, 900, and 1200�C atomic
418structures, respectively. Experimentally, the HTIR-
419Nb voltage is 1.17 mV at 1200�C. Like HTIR-Mo,
420the 600�C atomic structure gives the closest overall
421voltage to that measured by experiment. As the
422atomic composition remains constant throughout
423the heat ramp, the AIMD voltages provide insight
424into the structural changes with respect to temper-
425ature. While DFT overestimates the HTIR-Nb volt-
426age, AIMD demonstrates that structural changes
427lead to a reduction in the voltage, agreeing better
428with experiment.
429To quantify the structural changes, radial distri-
430bution functions (RDFs) (Fig. 9) were obtained for
431the HTIR thermoelements from DFT and from the
432AIMD heat-up/cool-down cycles in Fig. 7. The first
433peak in an RDF indicates the average distance
434between each particle and its first nearest neighbor,
435and so on. The higher and narrower the peak is, the
436more particles that have a neighbor at the given

Table II. Incorporation energies of O in Nb and Mo
when substituting a metal atom far from, at the 1st
nearest neighbor, or at the 2nd nearest neighbor
site relative to the HTIR additive P or La,
respectively

O position Incorporation energy (eV)

Nb system
Far �0.50
1st nearest neighbor �0.96
2nd nearest Neighbor �1.34
Mo system
Far 0.65
1st nearest neighbor �0.14
2nd nearest neighbor 0.26

Fig. 7. Temperature profile of the AIMD heat treatment performed on
the HTIR-Mo and HTIR-Nb structures
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437 distance. The broader the peak is, the more this
438 distance varies from atom to atom. In Fig. 9a and b,
439 the AIMD 20�C RDFs are identical to the DFT RDFs
440 for both HTIR-Mo and -Nb. This informs that while
441 both temperature treatment and O are added
442 during the transition from DFT to AIMD method-
443 ology, the only factor contributing to the differences
444 between the DFT voltages and the AIMD 20̊C
445 voltages (Fig. 8) is the O content.
446 Heating the HTIR thermoelement systems
447 induces disorder in the structures. In Fig. 9c–f, the
448 RDFs at 20�C consist of clearly defined peaks,
449 indicating the crystalline structure expected in the
450 metals. However, starting at 300�C the peaks
451 broaden as the temperature increases, indicating a
452 decrease in order. In both the HTIR-Mo and -Nb
453 structures during the heat ramp, peak 5 becomes a
454 shoulder of peak 4, peak 6 and 11 nearly disappear,
455 peaks 7 and 8 merge, and peaks 15 and 16 merge. At
456 1600�C in HTIR-Nb, there are nonzero values
457 between each of the original peaks. This noise is
458 not present to the same extent in the HTIR-Mo
459 system. In HTIR-Nb the noise is so great that
460 original peaks 6 and 11 could easily be mistaken for
461 noise. HTIR-Nb exhibits further disorder as original
462 peaks 9 and 10 as well as peaks 14 through 16
463 merge at 1600�C. Conversely, in HTIR-Mo peaks 9,
464 10, and 14 retain definition even though the counts
465 are greatly reduced.
466 During the cool down shown in Fig. 9g–h, nearest
467 neighbor counts begin to return to each of the peaks.
468 The original peaks 4 and 5, peaks 7 and 8, peaks 12
469 and 13, and peaks 15 and 16 remain merged in both
470 structures even after they return to room temper-
471 ature. The intensity of the peaks at 20�C after the
472 cool down is significantly reduced compared to the
473 20�C peaks before the heat ramp. As can be seen
474 during the subsequent ramp in Fig. 9i and j, this
475 reduces the variation in the peaks between temper-
476 atures. Consequently, we can interpret this as less
477 structural change occurring during the subsequent
478 ramp correlating to less drift in the TC

479measurement. Experimentally, the heat treatment
480stabilizes the HTIR thermoelement structures by
481preemptively causing structural changes. In this
482way, temperature-induced structural changes are
483included in the TC calibration instead of causing
484drift in in-pile performance.

485DISCUSSION

486In DFT Calculations section, we outline four
487predictions about the structural and compositional
488effects on the voltage produced by each thermoele-
489ment. According to the AIMD RDF (Fig. 9c and e),
490the HTIR-Mo structure becomes more disordered as
491the temperature increases. The 600�C step exhibits
492the first complete merge of peaks 7 and 8. The
493number of peaks and peak intensities remain
494relatively constant after 600�C in agreement with
495prediction (1). In prediction (2), we hypothesize that
496O changes the trend of the HTIR-Mo voltage. As
497shown by the RDFs in Fig. 9a, the DFT and AIMD
49820�C structures are identical. This indicates that
499while temperature treatment and O are added
500during the transition from DFT to AIMD method-
501ology, the only factor contributing to the difference
502between the HTIR-Mo DFT voltages and AIMD
50320�C voltages is the O content. As such, Fig. 8a
504shows that O reduces the parabolic curvature of the
505voltage. The effect of O on the HTIR-Mo EMF
506becomes more pronounced with increasing temper-
507ature, i.e., the DFT and AIMD 20�C EMFs are
508< 0.3 mV apart at 200�C, but this gap increases to
5098.3 mV by 1200�C. It confirms that O changes the
510HTIR-Mo voltage trend in agreement with predic-
511tion (2).
512In prediction (3) we hypothesize that tempera-
513ture-dependent structural changes cancel out the
514voltage increase due to P. The HTIR-Nb RDFs
515(Fig. 9d and f) show significant structural changes
516as temperature increases, with nonzero values
517between peaks and the merging of even more peaks
518than in HTIR-Mo. In prediction (4), we hypothesize

Fig. 8. Voltage produced by (a) HTIR-Mo and (b) HTIR-Nb as measured in experiment, calculated in DFT, and calculated in AIMD. For the AIMD
voltages, Seebeck coefficients obtained from an atomic structure at the given temperature were integrated over the full temperature range. For
HTIR-Mo, the DFT structure contains 1.13 wt.% La and the AIMD structures contain 1.13 wt.% La 0.13 wt.% O. For HTIR-Nb, the DFT structure
contains 0.26 wt.% P and the AIMD structures contain 0.26 wt.% P 0.14 wt.% O.
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519 that O can also counteract the voltage increase due
520 to P. Like HTIR-Mo, the HTIR-Nb DFT and AIMD
521 20�C structures are identical (Fig. 9b). Comparing
522 the DFT and AIMD 20�C voltages in Fig. 8b demon-
523 strates that O does decrease the HTIR-Nb voltage
524 slightly. However, greater voltage reductions are
525 observed as the AIMD temperature increases to
526 1200�C. The better agreement of AIMD-BTE than
527 DFT-BTE with experiment for HTIR-Nb suggests
528 that the DFT-BTE overprediction in voltage is due
529 to the lack of both temperature effect on the
530 structure and O content. Both predictions (3) and
531 (4) are confirmed, though the temperature effect on
532 structure is the larger contributing factor.
533 The AIMD-BTE voltage predictions are a consid-
534 erable improvement over the DFT-BTE predictions,
535 with some AIMD structures, notably 600�C, in good
536 agreement with experiment over the full tempera-
537 ture range. It suggests that the atomic structures
538 obtained at 600�C for HTIR-Mo and for HTIR-Nb
539 represent the closest to the average structures of
540 the experimental samples over the full temperature
541 range. This is further supported by the RDFs
542 (Fig. 9). With the exception of HTIR-Nb at 1600�C,
543 the number of peaks and peak intensities is largely
544 converged after 600�C.
545 Previously, the reduction in voltage of HTIR-TCs
546 during heat treatment was attributed to grain
547 growth.9 While experiment might have additional
548 structural variations, the RDFs from the AIMD
549 model (Fig. 9) show the extent to which the heat
550 treatment induces change at length scales as small
551 as atom-atom distances.

552 CONCLUSION

553 Through a combination of experiment, DFT, BTE,
554 and AIMD, we demonstrated that HTIR-TC perfor-
555 mance can be predicted computationally based on
556 composition. The combined AIMD and BTE method
557 is the most effective to predict the HTIR-Mo and
558 HTIR-Nb structures and Seebeck EMFs for the full
559 temperature range. The AIMD structures are con-
560 verged after 600�C, resulting in the best voltage
561 match to experiment. The La and P additives
562 increase the temperature resolution compared to
563 the pure metals, as seen in the DFT-BTE model. In
564 HTIR-Mo, O increases the voltage with tempera-
565 ture. In HTIR-Nb, O causes a slight reduction in the
566 voltage. Temperature significantly affects the
567 atomic structure, leading to changes in the EMF.

568In both HTIR-Mo and -Nb, the AIMD voltages
569change over the duration of the heat ramp despite
570the additive concentrations remaining constant.
571The decrease in the output voltage during the
572experimental heat treatment is correlated with the
573previous study of grain growth. Our further study
574also shows that structural changes occur at the
575atomic scale. Our work can support the investiga-
576tion of different HTIR-TC materials built towards
577longer lifetimes. The AIMD-BTE method can be
578used to study the effects of transmutation of the
579constituent materials, oxidation, or the onset of
580other radiation-induced point defects on HTIR-TC
581performance. Additionally, the performance of TCs
582consisting of alloyed thermoelements or containing
583different additives can be predicted. With accurate,
584durable in-pile temperature sensors, research reac-
585tor studies and ATF materials can be better
586characterized.
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