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ABSTRACT

Thermoelectric energy converters offer a promising solution to generate electrical power using heat in the nuclear reactor core. Despite significant improvements in
thermoelectric efficiency of nanostructured materials, the performance of these advanced materials has yet to be demonstrated in the harsh radiation environment of
a reactor core. Herein, we demonstrate a thermoelectric generator (TEG) made from nanostructured bulk half-Heusler (HH) materials generating stable electrical
power density > 1140 W/m? after 30 days in the MIT Nuclear Research Reactor under an unprecedented fast-neutron (>1 MeV) fluence of 1.5 x 10%° n/cm? Despite
an initial degradation due to irradiation damage when operating under relatively low temperatures, our TEG showed a 20-fold increase in power output when
operating under high temperature due to in-situ annealing and resulting thermoelectric property recovery. First-principles modeling indicates that a chemically
disordered metallic phase was formed under irradiation at lower temperatures, resulting in a drastic degradation in thermoelectric properties, while at sufficiently
high temperatures the system returned to the initial chemically ordered HH phase and the thermoelectric properties recovered. Transmission electron microscopy and
electron diffraction demonstrated that the chemically disordered phase was formed upon ion irradiation, confirming the prediction from first-principles simulations.
The results suggest that with proper control over the TEG operating temperatures, the nanostructured bulk TEGs could produce stable electrical power and operate

indefinitely in the core of a nuclear reactor.

1. Introduction

Nuclear reactors are among the energy sources that will continue to
be implemented as the world tends toward carbon-neutral electricity
production [1,2]. The safety of nuclear power plants can be increased by
monitoring critical nuclear fuel parameters like fuel thermal conduc-
tivity and temperature. However, such monitoring requires sensors,
which in turn require electrical power. Herein we demonstrate the
application of a state-of-the-art thermoelectric generator (TEG) as an
energy scavenging device that may be used to power sensors and
instrumentation in the core of a nuclear reactor, thereby increasing
power plant safety without the need for costly data and power cables.
Solid-state TEGs are highly scalable energy converters of heat into
electrical power through the Seebeck effect [3,4]. While most current
thermoelectric research focuses on increasing material performance
[5-13], there are relatively few studies on applications of thermoelectric
materials and devices in extreme environments. Nuclear fission reactors
provide heat flux rich conditions that can be harvested to power primary
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loop sensors, instrumentation, and other critical equipment during both
normal operations as well as during an extended loss of power condition,
such as a station blackout event [14]. Radioisotope heated TEGs are
already used in deep space exploration where there is insufficient solar
irradiance [15], and could also be used in nuclear waste monitoring
using the heat generated during long-term decay. While there have been
some studies of the irradiation effect on thermoelectric performance of
bulk thermoelectric materials like germanium telluride, silicon-germa-
nium, etc. [16-18], they were typically exposed to neutron fluences
between 102 to 108 n/cm? [1 5,19]. The combination of thermal and
fast neutron irradiation at relatively low temperature (<200 °C) created
point defects in these materials, reducing carrier mobility and lowering
thermoelectric performance. There are no reports on the in-situ power
generation and performance of thermoelectric materials in the core of a
nuclear reactor while under extreme radiation exposure.
Thermoelectric material performance is determined by the thermo-
electric figure of merit ZT = a?6T/(k. +x;), where a is the Seebeck co-
efficient, o is the electrical conductivity, T is the absolute temperature,
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Nomenclature

Abbreviations

TEG thermoelectric generator

HH half-Heusler

dpa displacements per atom

SThM scanning thermal microscopy

TEM transmission electron microscopy

SAED selected area electron diffraction

Greek letters

a Seebeck coefficient (V/K)

c electrical conductivity (S/m)

K thermal conductivity (W/meK)

Symbols

T absolute temperature (K)

ZT thermoelectric figure of merit (dimensionless)
Subscripts

e electronic component (of thermal conductivity)
l lattice component (of thermal conductivity)

h hot side

c cold side

and «, and «; are the electronic and lattice components of thermal con-
ductivity, respectively. Nanostructured bulk half-Heusler (HH) alloys
are promising thermoelectric materials for nuclear energy applications
due to their thermal stability, mechanical strength, and significantly
increased ZT compared to their bulk counterparts [12,13,20-23]. The
structure of HH alloys consists of 4 face-centered cubic sublattices with
the formula A;B;C;Dg, where A=(0,0,0), B=(1/4, 1/4, 1/4) are occu-
pied by transition metals, C=(%, %, ') is occupied by main group
element, and D=(%, %, %) ideally should remain vacant. Nanostructured
materials may have improved radiation tolerance due to a high density
of nanostructures and grain boundaries that can act as sinks for irradi-
ation induced defects [20,21,24-32]. Using current state-of-the-art
nanostructured thermoelectric materials, our TEG produced electrical
power within a 6 MW nuclear research reactor with a core power density
of about 70 kW per liter and fast neutron flux of 1.3 x 10'* n/cm?/s
(>0.1 MeV) and 6.1 x 10'3 n/cm?/s (>1 MeV). It was found that the
TEG performance can be significantly compromised in the core of a

Nuclear Reactor
Core
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reactor due to irradiation-induced damage if the TEG operates at suffi-
ciently low temperatures; however, the TEG power output increased by
a factor of 20 within a matter of hours after the TEG average operating
temperature was increased by just 30%, from 226 °C to 373 °C. Mean-
while, TEG power output steadily increased for the remainder of the 30-
day in-core test while the reactor operated at full power. These results
suggest that thermally activated in-situ healing of irradiation damage
has occurred, allowing the TEG to provide a stable source of electrical
power even in the extreme environment of a reactor core.

The TEG is comprised of 28 pairs of nanostructured bulk n-type
Hf0425Zr0_75NiSn0_998b0_01 and p-type Nb0475Ti0425FeSb half-Heusler ma-
terials referred to as HHN and HHP, respectively, each with peak ZT near
1.0 at 600 °C [21,22]. The performance of similar nanostructured bulk
HH materials has been demonstrated in an automotive TEG that pro-
duced over 1 kW of electrical power from the exhaust waste heat of an
internal combustion engine [33,34] as well as in a residential micro
combined heat and power system [35]. Our HH TEG was inserted into
the core of a research reactor at the Massachusetts Institute of Tech-
nology (MIT) nuclear reactor laboratory. The core of the MIT reactor is
shown in Fig. 1, along with a photograph of the TEG that was inserted
into the reactor.

As shown in Fig. 1, the abundant radiation and coolant flow available
in the nuclear reactor makes the TEG an ideal power harvesting tech-
nology for in-core applications. A test capsule (Supplementary Fig. S1
and Fig. S2) was designed and constructed to house the TEGs, a tungsten
susceptor, measurement wire connections, and thermocouples. The
tungsten susceptor provides heating to the TEG hot side using thermal
excitation by gamma rays while the cooling water running in the reactor
provides the heat sink for the TEG cold side. The TEG electrical resis-
tance, open circuit voltage, and power output as a function of electrical
current were measured continuously during the in-core test using a
custom in-house-constructed testing system. Additional details about
the in-core measurement can be found in the Methods Section and in
Supplementary Information.

2. Results and discussion
2.1. In-core thermoelectric generator performance

In-situ performance of the TEG in the reactor core was continuously
measured for 30 days. Fig. 2a shows the TEG peak power and the TEG
hot- and cold-side temperatures for the duration of the in-core test, while
Fig. 2b shows the TEG electrical resistance and the effective Seebeck
coefficient, which is defined as the TEG open circuit voltage upon the
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Fig. 1. Photograph of the core of the nuclear reactor at the MIT nuclear reactor laboratory (left) with inset showing a photograph of the nanostructured half-Heusler
TEG, and schematic showing a TEG producing electrical power from heat supplied by a gamma susceptor on the TEG hot side and cooling fluid cooling the TEG cold

side (right).
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Fig. 2. TEG in-core performance and measurement results: (a) TEG peak power (black) along with TEG hot-side temperature Ty, (red) and cold-side temperature
Teola (blue); (b) TEG resistance (violet) and TEG effective Seebeck coefficient (orange).

temperature difference across the TEG.

The reactor initially ramped to full power (5.7 MW) and the TEG
power output quickly reached a maximum value of 1.5 W while the TEG
hot-side and cold-side temperatures were 378 °C and 110 °C, respec-
tively (to clearly show the change in power for the duration of the
experiment, some transient data during the first 2 days, including the
peak to 1.5 W, is omitted from Fig. 2a). Over the following 6 days of in-
core testing, the reactor power was intermittently lowered to 3.2 MW,
resulting in the 5 drops in TEG hot-side temperature shown in Fig. 2a.
During this period, the TEG was operating at relatively low temperatures
and the TEG output power experienced a severe drop to 6 mW due to a
significant decrease in Seebeck coefficient while electrical resistance
sharply increased. This increase in TEG electrical resistance is attributed
to the accumulation of irradiation-induced defects that act as scattering
centers for charge carriers, lowering carrier mobility and thus electrical
conductivity. It is expected that these defects also act to scatter phonons,
reducing thermal conductivity. This is supported by Scanning Thermal
Microscopy [36] (SThM) which will be discussed in a later section. The
reactor was brought back to full power on day 7 and remained at 5.7 MW
for the remainder of the test with the exception of two temporary
shutdowns for maintenance on days 10 and 15 (some of the transient
data from these shutdowns and startups are omitted from Fig. 2). The
increase in reactor power on day 7 resulted in a rapid yet slight increase
in the TEG hot- and cold-side temperatures from 333 °C and 120 °C to
approximately 555 °C and 192 °C, respectively. Within a matter of
hours, the TEG open-circuit voltage increased by over 400% despite
relatively modest increases of 30% and 70% in mean TEG temperature
and the temperature difference across the TEG, respectively (in these
temperature ranges, the open-circuit voltage is approximately propor-
tional to the temperature difference for a TEG operating in normal
conditions outside of a nuclear reactor core). Even though TEG resis-
tance increased 28% during this transient period, the TEG peak power
output showed a 1,926% increase compared to the power output on day
6.5 just before the reactor went to high power. Such a dramatic revival
of TEG performance indicates in-situ healing of irradiation induced
damage, and the detailed mechanisms will be presented in the following
sections which discuss post irradiation examinations and theoretical
modeling to explain the changes in thermoelectric material properties.

3. Ion irradiation and post-irradiation examination
To simulate neutron irradiation damage without rendering the

thermoelectric materials radioactive, the n- and p-type half-Heusler
materials were irradiated with 4.5 MeV alpha particles from an ion

beam accelerator. In preparation for irradiation, the bars were polished
and copper shields were used to block alpha particles in selected regions
of the bar (Supplementary Fig. S3). Each bar had sections separated by
shields and each region was irradiated to a dose of 0.005, 0.05, or 0.5
displacements per atom (dpa). After irradiation, the copper shields were
removed and SThM [36] was used to simultaneously measure the See-
beck coefficient and thermal conductivity of irradiated and non-
irradiated regions at the same time, eliminating uncertainties intro-
duced by measuring the samples at different times, such as oxidation and
contamination. The SThM results of the selectively irradiated sample,
shown in Fig. 3, indicate an exponential decay in Seebeck coefficient
with increasing irradiation dose beyond 0.005 dpa in both the n- and p-
type materials. Upon ion irradiation to a dose of 0.05 dpa, the Seebeck
coefficients of the n- and p-type materials decreased by 46% and 59%,
respectively. At 0.5 dpa, Seebeck coefficient fell by 91% and 99%,
respectively. On the other hand, at 0.05 dpa there was a sharp reduction
of 61% and 48% in thermal conductivity, respectively, but a partial
recovery corresponding to reductions of only 48% and 40% at 0.5 dpa.
The reductions in thermal conductivity at the low and intermediate
doses are attributed to irradiation-induced defects (Fig. 4 and Supple-
mentary Fig. S4 for HHN and HHP, respectively) that act as phonon
scattering centers, while the increase in conductivity at the highest dose
is expected to be due to an increase in the electronic component of
thermal conduction that outweighs the reduction in conductivity due to
defect scattering, as would be expected after the phase change to the
disordered metallic phase (see the Phase Change Mechanism section).
Additional details about the SThM measurement can be found in the
Supplementary Materials.

To uncover the irradiation-induced compositional and microstruc-
tural changes, Transmission Electron Microscopy (TEM) and Selected
Area Electron Diffraction (SAED) were performed on the irradiated and
non-irradiated HHN and HHP samples. The TEM images in Fig. 4a-c and
Supplementary Fig. S4a-c show a significant difference in grain sizes
between the non-irradiated and irradiated regions of HHN and HHP,
respectively. These indicate that ion irradiation provided the kinetic
facilitation for grain coarsening to occur in both materials. The original
HHN and HHP were synthesized and sintered from solid powders, with a
wide distribution of initial grain sizes. After radiation to 0.5 dpa, many
of the smallest grains have disappeared while the larger grains grew
somewhat. Furthermore, in HHN sub-10 nm radiation defects (disloca-
tion loops and voids) appeared between 0.05 and 0.5 dpa, decreasing the
crystallinity of the sample.

Also shown in Fig. 4a-c and Supplementary Fig. S4a-c is a difference
in the apparent crystallinity and/or defect density among the regions,



N. Kempf et al.

—_
Q
—

6 ;—_II:—”; T T _: _140
—_ HHN | 1
2 o ]
50 \ — 1-120
2 :
< 1-100
sS4t ]
b3 +— o ] -80
3 n 1
c ]
83r o 1-60
© ]
£ 1-40
52} . :
c ]
= 3-20

1 1 /I// 1 1 1 ]

0 0.005 0.05 0.5

Irradiation Damage (dpa)

Seebeck Coefficient (uV/K)

Energy Conversion and Management 268 (2022) 115949

c

7 ;\Illl\l T T _:90
—~ .\ " HHP | ]
X 3180 ~
E6f NG - 1=
= ® 370 >
= 3 =2
3-5 360 &
SOor ] 0
= 3 [&]
S “«— 550 £
© 3
G4l - . 1408
£ * 120 §
o3 1,8
|'E -:10
2 1 //// 1 1 1 —:0
0 0.005 0.05 0.5

Irradiation Damage (dpa)

Fig. 3. SThM results showing thermal conductivity and Seebeck coefficient of the ion-irradiated (a) HHN and (b) HHP materials.

which is highlighted further at increased magnification (Fig. 4d-f,i and
Supplementary Fig. S4d-f). In the case of the n-type material, the non-
irradiated specimen in Fig. 4a,d shows a relatively high density of
nanoscale precipitates within a matrix of highly crystalline grains when
compared to the specimen irradiated to 0.05 dpa shown in Fig. 4b,e. The
precipitates are attributed to the presence of Zirconium and Hafnium-
rich secondary phases. As shown in Fig. 4c,f,i the density of these pre-
cipitates is lower in the 0.5 dpa sample, which indicates irradiation
induced dissolution of these pre-existing Zirconium and Hafnium-rich
secondary phases. However, the specimen irradiated to 0.5 dpa also
has a very high density of other nanoscale defects, which are a uniform
distribution of nanoscale cluster defects such as dislocation loops, which
are also seen in the p-type material (Supplementary Fig. S4c,f). Some
voids can also be seen in e.g. Fig. 4c and Fig. S4c. Additionally, the insets
in Fig. 4d-f show that with increasing irradiation dose, the family of
planes of the form (2n—1,2n-1,2m —1), where n,m = 1,2, -, has
diminishing spot intensity compared to all other planes. This result
confirms that the irradiation induced a phase change in the n-type ma-
terial from the native semiconducting half-Heusler phase A;B;C1Dg to a
metallic phase of the form A;B;,CiDy, as described in the following
section and in Supplementary Fig. S5. The same change is observed in
the SAED patterns of the p-type material (Supplementary Fig. S4d,e), but
to a lesser extent. Note that SAED patterns could not be obtained for the
HHP sample irradiated to 0.5 dpa because the sample became amor-
phous upon thinning in preparation for TEM.

4. Phase change mechanism

As described above, the TEG electrical power output dropped
significantly during the first week while the reactor was kept at low
power and TEG temperatures were relatively low. The TEG power
recovered rapidly when the reactor was brought to full power and the
temperature increased on day 7. The drastic recovery of the TEG per-
formance indicates atomic level phase change. The forthcoming dis-
cussion considers n-type Hfg25Zrg75NiSn only; however, the same
phenomema are predicted for the p-type material Nbyg 75Tig 25FeSb and
the analogous calculations and figures can be found in the Supplemen-
tary Information (Supplementary Fig. S6). The dopant Sbgg; is not
included in the simulations due to the limited computational power. The
atomic structure of Hfy 25Zr( 75NiSn is shown in the inset of Fig. 5a.

The sites occupied by Zr (Hf), Ni, and Sn are labeled as A, B, and C,
respectively. There are also vacancy sites between A and C sites, which
are called D sites. When all Ni atoms occupy B sites, one has the pristine

half-Heusler structure. Ab initio calculations reveal the system is semi-
conducting (Fig. 5b) and the Seebeck coefficient is on the order of
100pV/K, which agrees with experimental results (135 ~ 142pV/K at
the measured carrier concentration of 2.65 x 102°cm™3 in the case of the
n-type material). Under irradiation, the atoms are knocked around and
some of the sites which are normally vacant (D sites) become occupied.
One may expect that Zr (Hf)/Ni/Sn atoms would randomly occupy A/B/
C/D sites. On the other hand, calculations indicate that such an entirely
random structure is highly energetically unstable, and the resulting
material would spontaneously become structurally disordered (amor-
phous). This contrasts with the SAED patterns which indicate a crys-
talline structure that is only partially chemically disordered. After
careful examination, we found that if some Ni atoms move from B to D
sites while Zr (Hf)/Sn atoms stay on the A/C sites, the structure is stable
at sufficiently low temperature and will remain crystalline. Remarkably,
the thermoelectric properties of the system change dramatically when
some Ni atoms move from B to D sites (A;B;.,C;D, occupation). A 12-
atom Hf;Zr3NisSny supercell was used with one Ni atom on the D site
(x = 0.25). In this case, the system becomes metallic (Fig. 5b). The
Seebeck coefficient is reduced to the order of 10pV/K, smaller by a
factor of 10 compared to the native structure when all Ni atoms are on
the B sites. This explains the sharp drop in Seebeck coefficient and
thermoelectric voltage of the TEG when the reactor is first operating at
relatively low power during the first week. As the temperature rose on
day 7, the system quickly annealed and the increased temperature
provided the activation energy necessary for Ni atoms to jump back to
their original B sites, which is energetically favorable (Fig. 5a). Nudged
Elastic Band (NEB) calculations [37] indicate that the energy barrier for
Ni atoms to jump back from D to B sites is about 1.75 eV (Fig. 5a). From
transition state theory, the transition rate for each nickel atom from D to
B is about 0.01 s! at 600 K, which is sufficiently fast considering the
experimental timescale is on the order of hours/days.

Based on the mechanism proposed above, Ni atoms jumped from B to
D sites during the first week and the system became increasingly
metallic; however, the TEG electrical resistance initially increased,
which is contrary to this prediction. This can be explained as follows:
During the first week, irradiation-induced defects such as interstitial
loops and vacancy clusters were generated in addition to the order-to-
disorder phase change. These defects act as charge carrier scattering
centers, increasing electrical resistance. Additionally, after some Ni
atoms jump from B to D sites, those Ni atoms may be considered defects
that can scatter charge carriers. This suppresses electron lifetime and in
turn increases the electrical resistance. However, the Seebeck coefficient
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Fig. 4. Transmission Electron Microscopy of the n-type material: (a-i) Bright-field TEM of HHN (Hfy 55Zr¢ 75NiSng.99Sbg 1) from the (a, d, g) non-irradiated region,
(b, e) the region irradiated to 0.05 dpa, and (c, f, h, i) the region irradiated to 0.5 dpa with insets in (d-f) showing SAED patterns along the [11 0] zone axis. The center
of each image corresponds to a depth of approximately 3 um from the sample surface.

is less sensitive to electron lifetime so the Seebeck coefficient would be
expected to decrease during the entirety of the first week at low tem-
perature, which is indeed the case (Fig. 2b). In the case of electrical
resistance, the scattering effect introduced by irradiation-induced de-
fects outweighs the effect of the phase transition during the first half of
the first week at low temperature when the electrical resistance is
increasing; however, the phase transition effect becomes dominant as
the change in electrical resistance levels off and subsequently begins to
decrease on day 4 (Fig. 2b). The recovery from the chemically disor-
dered phase to the original ordered phase after day 7 explains the initial
sharp increase in TEG electrical resistance after the switch to high power
on day 7. This is consistent with our model: When the temperature rises,
the annealing effect drives Ni atoms back to B sites and the system be-
comes semiconducting again. The higher temperature also provides the

activation energy necessary for the ongoing annealing of irradiation
induced defects, leading to the steadily decreasing TEG electrical resis-
tance for the remainder of the time in the reactor.

This phase change mechanism is also consistent with the SAED
patterns shown in Fig. 4. The electron diffraction pattern was simulated
for A;B1.xCiDy, and the intensities of (2n—1, 2n—1, 2m—1) spots
diminish as x increases (Supplementary Fig. S5). Comparing experi-
mental and simulated SAED patterns, we obtain rough estimations of
x ~ 0.1 under 0.05 dpa, and x ~ 0.3 under 0.5 dpa. The fact that x and
dpa are close to each other supports the mechanism we proposed above.
For example, if there are 0.5 displacmements per atom, then (approxi-
mately) half of the Ni atoms have the chance to displace to the D sites,
which would lead to x ~ 0.5.
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Fig. 5. Atomic phase change of Hfj 25Zro 75sNiSn: (a) the transition path for Ni to jump from B site to D site; (b) density of states when all Ni atoms are on B sites (red
curve) and one of four Ni atoms is on D site (blue curve); (c, d) Seebeck coefficient with different carrier concentrations when all Ni atoms are on B sites (¢) and one of
four Ni atoms is on D site (d). For calculations in (b-d), a 12-atom Hf;Zr3NisSn, supercell is used.

5. Conclusions

A state-of-the-art nanostructured bulk TEG module was inserted into
the core of the nuclear power reactor at MIT and the in-situ thermo-
electric performance was monitored for 30 days. The reactor was
brought to full power (5.7 MW) on the first day and the TEG quickly
reached a peak power output of 1.5 W. The TEG temperatures were then
decreased and held relatively low for the remainder of the first week,
during which time the thermoelectric power output fell severely due to
significantly diminished Seebeck voltage and increased electrical resis-
tance. Immediately upon bringing the TEG to moderately high temper-
ature on day 7, the power output increased by a factor of 20 due to a
significant recovery in the Seebeck coefficients of the thermoelectric
materials comprising the TEG. The TEG power output continued to in-
crease for the remainder of the time in the reactor due to steadily
increasing Seebeck voltage (continued recovery to the native chemically
ordered phase) and decreasing electrical resistance (continued anneal-
ing of irradiation-induced defects that were introduced during the first
week at low temperature).

The same materials comprising the TEG were selectively irradiated
with alpha particles to uncover the effect of irradiation dose on material
properties. Post irradiation examination revealed that defects (disloca-
tion loops, vacancy clusters) were generated under irradiation. Such
defects act as scattering sources for charge carriers, lowering mobility
and increasing electrical resistance. A chemical order-to-disorder phase
transition was also induced under irradiation. Specifically, the Ni (Fe)
atoms jump to vacancy sites, rendering the HHN (HHP) system metallic.
Simulations show that such a chemically disordered phase has

significantly lower Seebeck coefficient than the native phase, consistent
with experimental results. When the TEG was brought to high temper-
ature, thermal energy provided the kinetic facilitations necessary for the
Ni (Fe) atoms to jump back to their original sites, restoring the semi-
conducting nature of the thermoelectric materials comprising the TEG.
The proposed phase transition mechanism and respective calculations
are supported by SAED and SThM measurements.

This work provides new knowledge and understanding on the
atomic/nanoscale origin of irradiation induced structure and property
changes in nanostructured thermoelectric materials and is expected to
expedite innovations and applications of nanostructured materials with
enhanced radiation tolerance for nuclear energy applications. In
particular, current high-ZT thermoelectric materials are clearly not
optimized for in-radiation service, and there is a need for further ma-
terials explorations that would enable more advanced radiation-to-
electrical energy conversions.

6. Methods

Thermoelectric generator fabrication. To construct the TEG de-
vice, n-type and p-type nanostructured bulk half-Heusler elements of
sizes 1.8 x 1.8 x 2 mm were brazed to copper electrodes at 825 °C in
vacuum using a silver and copper-based brazing alloy (Incusil-ABA). The
TEG module consists of 28n-type and p-type HH elements.

In-situ measurements. A current source and nanovoltmeter were
used to measure the TEG electrical resistance, while a DC load and
programmable multimeter were used to periodically perform current
sweeps to measure the TEG power as a function of load resistance. Since
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the hot- and cold-side temperatures of the TEG begin to change imme-
diately upon pulling current, the peak power measured with the DC load
was typically < 4% of the peak power predicted by theory Py, =
Vgc /4R, where V, is the open-circuit voltage of the TEG and R is the TEG
electrical resistance. The TEG Seebeck voltage was monitored continu-
ously with the programmable multimeter.

Scanning thermal microscopy. Microscale Seebeck coefficient and
thermal conductivity were measured using a custom in-house fabricated
SThM probe [36].

Modeling. The first-principles calculations are based on density
functional theory (DFT) [38,39] as implemented in the Vienna ab initio
simulation package (VASP) [40,41]. The exchange-correlation in-
teractions are treated by a generalized gradient approximation (GGA) in
the form of Perdew-Burke-Ernzerhof (PBE) [42]. Core and valence
electrons are treated by projector augmented wave (PAW) method [43]
and plane-wave basis functions, respectively. Then a tight-binding (TB)
Hamiltonian is constructed from DFT results with the help of the Wan-
nier90 package [44]. The TB Hamiltonian is utilized to calculate the
Seebeck coefficients on a finer k-mesh. The k-mesh convergence for BZ
integration is well tested.
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Test capsule

A model of the test capsule that contained the TEG and tungsten susceptor inside the nuclear

reactor is shown in Fig. S1.

Fig. S1. Solidworks half-model of the test capsule showing the graphite shell (black), titanium support beams
(silver/gray and light green), susceptor (red), and spring (yellow). The TEG is mostly hidden by the heater, shown

in dark green.
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The test capsule shown in Fig. S1 contains a primary graphite shell that houses the TEG,
susceptors, thermocouples, and a spring. Graphite was chosen due to its low neutron-activation
cross-section as well as its low thermal excitation by gamma rays. The graphite shell is held
together partially by the titanium rods shown in Fig. S1 and partially by a metal tube through
which the entire test capsule is fed (not shown in Fig. S1).

The partially assembled test capsule shown in Fig. S2 serves several purposes. First, it
applies pressure between the susceptor and the hot side of the TEG as well as between the cold
side of the TEG and the graphite shell of the test capsule. The grooves seen running along the
length of the test capsule are where a cooling gas (a mixture of Helium and Neon) flows to
provide the cold side and thus the temperature difference across the TEG. Finally, the metal
fixtures seen on the top of the capsule provide an anchor point to eliminate any mechanical

stress on the electrical wires that connect to the TEG.

Fig. S2. Photograph of the partially assembled graphite and titanium test capsule. The plastic zip-ties are

temporary and are cut off before the test capsule is fed into the tube that is placed in the reactor core.

Not completely visible in Fig. S2 is a tungsten susceptor which provides 75 W of heating power,

generating the temperature gradient across the TEG.
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Thermoelectric generator in-core performance measurement

The voltage of the TEG was continuously monitored with an Agilent 34970A data
acquisition/switch unit. The TEG electrical resistance Ryz; was measured approximately every
2 to 4 minutes with a Keithley 6221 current source and a Keithley 2182A nanovoltmeter. Delta
resistance measurements were performed to eliminate the influence of thermoelectric voltages
on the resistance measurement. The TEG power output as a function of load resistance was
measured approximately every 2 to 4 minutes by varying the load resistance with a B&K
Precision 8500 DC load while the voltage was measured using the Agilent 34970A during the
current sweep. Each current sweep consisted of approximately 10 current steps and the time at
each current was minimized. The TEG hot- and cold-side temperatures were allowed to

restabilize before the subsequent electrical resistance and power measurement.

Ion irradiation and scanning thermal microscopy

Shown in Fig. S3 are the n- and p-type bars prepared for ion irradiation with copper shields

suspended over selected regions of the bars.

& ';*-wim. S ““"L 1._. w3
Fig. S3. Thermoelectric bars prepared for ion irradiation. Photograph of the two polished half-Heusler bars

prepared for irradiation with copper bridges suspended above selected regions of the bars.

After irradiation, the copper shields were removed and microscale Seebeck coefficient and
thermal conductivity were measured using a novel surface-sensitive scanning thermal
microprobe described elsewhere [1]. The SThM probe was scanned back and forth along the

length of the bar with 200 pm spacing between measurement locations.
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Transmission electron microscopy and electron diffraction of the p-type

material

The TEM with SAED of the ion irradiated HHP material is shown in Fig. S4.

Fig. S4. TransmlssmnElectron Mlcroscopy of the p type material: (a f) Brlght 1eld TEM of HHP (Nbo 75T10 steSb)
from the (a, d) non-irradiated region, (b, e) the region irradiated to 0.05 dpa, and (c, f) the region irradiated to 0.5
dpa with insets in (d-f) showing SAED patterns along the [110] zone axis. The center of each image corresponds to a

depth of approximately 3 pm from the sample surface.

Atomic-level modeling

The simulated SAED patterns of HHN in Fig. S5 show that with increasing level of chemical
disorder, there is decreasing spot intensity for the family of planes of the form (2n — 1, 2n —

1,2m — 1), wheren,m =1, 2, ...
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Fig. S5. Simulated SAED patterns of the n-type half-Heusler material for various irradiation doses. a-c, Simulated

SEAD pattern of Hfo.25Zro.7sNiSn with AB1.«CDx occupations: x=0 (a), x=0.25 (b), and x=0.5 (c).

The results of the ab initio calculations for the p-type material (HHP) are shown in Fig. S6.
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Fig. S6. Atomic phase change of Nbo.75Tio.2sFeSb: (a) The transition path for Fe to jump from B site to D site; (b)
Density of states when all Fe atoms are on B sites (red curve) and one of four Ni atoms is on D site (blue curve); (c,
d) Seebeck coefficient with different carrier concentrations when all Fe atoms are on B sites (c) and one of four Fe

atoms is on D site (d). For calculations in b-d, a 12-atom NbsTii1FesSb4 supercell is used.
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