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This study focused on investigating the influence of processing undoped, dense lead telluride 

(PbTe) either via mechanical grinding (MG) or mechanical alloying (MA), based on the milling 

rotation speed (1.5–3.0 Hz), followed by hot pressing (HP) on the grain size and phonon 

thermal conductivity (κphonon). The samples prepared via MG-HP were single-phased, had high 

relative densities (> 99%), and exhibited uniform morphologies. For a milling rate of 2.5 Hz, 

the minimum κphonon of MG-HP was 0.90 W m−1 K−1 and the average grain size was 0.47 µm. 

Furthermore, the grains produced by MG-HP and milled at 2.5 Hz comprised subgrains with a 

size of approximately 50 nm. The samples prepared using MA-HP showed higher theoretical 

relative densities. For a milling rate of 2.0 Hz, the minimum κphonon of MA-HP was 1.36 W m−1 

K−1 and the average grain size was 0.52 µm. The electrical conductivity and Seebeck 

coefficient of MG-HP and MA-HP were similar to those of the p-type doped materials. Thus, 

the MG-HP process is an appropriate method for producing undoped PbTe with a high Seebeck 

coefficient and a low κphonon. 
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The published version is available via https://doi.org/10.1016/j.jpcs.2022.110829.
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1. Introduction 

Thermoelectric materials can transform thermal energy into electrical energy, and vice versa, 

thereby allowing waste heat to be harvested as useful electrical energy [1]. Several 

thermoelectric materials have been considered for power generation applications, such as GeTe 

[2], PbTe [3], half-Heuslers [4], Bi2Te3 [5], and silicides [6]. With no moving parts [7], 

thermoelectric generators provide long-duration operational reliability [8, 9]. The energy 

conversion in such materials can be determined using the dimensionless thermoelectric figure 

of merit (ZT), which is defined as 

𝑍𝑍𝑍𝑍 =  𝛼𝛼2𝜎𝜎𝜅𝜅−1𝑍𝑍     (1) 

where α, σ, κ, and T denote the Seebeck coefficient (V K−1), electrical conductivity (S m−1), 

thermal conductivity (W m−1 K−1), and absolute temperature (K), respectively. 

The thermal conductivity mainly contributes to the phonon transport, 𝜅𝜅phonon, the carrier 

contribution from electron/hole transport, 𝜅𝜅carrier, and the bipolar transport, 𝜅𝜅bipolar. 

𝜅𝜅 = 𝜅𝜅phonon + 𝜅𝜅carrier + 𝜅𝜅bipolar = 𝜅𝜅phonon + 𝐿𝐿𝜎𝜎𝑍𝑍 + 𝜎𝜎ℎ𝜎𝜎𝑒𝑒
𝜎𝜎ℎ+𝜎𝜎𝑒𝑒

(𝛼𝛼𝑒𝑒 − 𝛼𝛼ℎ)2𝑍𝑍 (2) 

The carrier thermal conductivity, 𝜅𝜅carrier, is given by the Wiedemann–Franz law, where L 

denotes the Lorentz number [10, 11]: 

𝐿𝐿 =  (𝜋𝜋𝑘𝑘𝐵𝐵)2(3𝑒𝑒2)−1 = 2.45 × 10−8 W S−1K−2 (3) 

The bipolar thermal conductivity, 𝜅𝜅bipolar, is given by the electrical conductivities, σe and σh, 

and Seebeck coefficients, αe and αh of electron/hole transport [12, 13]. Increasing 

thermoelectric efficiency requires materials with high ZT values at operating temperatures [14]. 

Most optimizing strategies involve band structure engineering of the power factor (𝛼𝛼2𝜎𝜎) or 

minimizing phonon-mediated heat transport. The reduction of thermal conductivity has 

attracted significant attention to improving ZT in thermoelectric materials. However, there have 

been studies indicating the importance of improving power factors in nanostructured 

thermoelectric materials [15, 16]. Recent attempts to improve thermoelectric materials focus 

on reducing the thermal conductivity [17, 18]. Finding the proper processing technique to 

reduce 𝜅𝜅 without reducing the electrical properties is still a challenge and requires further 

studies [19]. The main processes used to obtain fine grain thermoelectric materials for reducing 

the thermal conductivity are elements milling, mechanical alloying (MA), and alloyed ingot 

milling termed mechanical milling or grinding (MG). Repeated mechanical impact during 

planetary ball milling followed by hot pressing (HP) is a powerful method for preparing 
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homogeneous compounds that enables the formation of alloys in solid-state and has been 

previously used for preparing thermoelectric materials [20]. 

Doped PbTe is a promising thermoelectric material for applications in the intermediate 

temperature range of 500–900 K owing to its low 𝜅𝜅phonon and high α and σ [21]. PbTe (melting 

point 1197 K, theoretical density 8.26 × 10−3 kg m−3) [22, 23] is a prime single-crystal 

thermoelectric material with low 𝜅𝜅 (~2 W m−1 K−1 at 300 K [24]) despite high symmetry. The 

material crystallizes within the NaCl structure (halite, cF8, space group Fm3m, No. 225), with 

Pb atoms occupying cationic sites and Te forming an anionic lattice. They are narrow bandgap 

semiconductors (Eg ≈ 0.25 eV at 0 K, and 0.32 eV at 300 K) and exhibit either n-type or p-type 

conduction [25], depending on deviations from stoichiometry.  

PbTe-based alloys are promising thermoelectric materials because of their high dependence on 

carrier concentration, low 𝜅𝜅, and high-power factors. However, because of mechanical 

problems and particularly their subject to fracture, PbTe materials are difficult to process and 

have limited applications [26, 27]. To overcome mechanical and thermal stresses, reducing 

grain size is an effective hardening mechanism in PbTe [28]. In this study, the powder defines 

as an aggregate of particles. The particle consists of conjunctive grains, which consists of 

conjunctive subgrains. After sintering, the materials consist of conjunctive grains. Theoretical 

calculations of 𝜅𝜅phonon are related to grain size based on the Boltzmann equation and a 

heterostructure grain boundary model. The 𝜅𝜅phonon of undoped bulk PbTe at 400 K is constant 

from coarse grains to an average size of 1 µm and then sharply decreases for a grain size of 

0.01 µm [29, 30]. Based on these theoretical calculations, the origin of the notable difference 

can be understood if one examines the grain size dependence of 𝜅𝜅phonon. The effects of grain 

boundaries for thermal conductivity are accounted for by a simple relaxation time formula, T 

= L/ vs, where vs and L denote the velocity of phonons and the grain size, respectively [29–31]. 

An improved theoretical analysis shows that the 𝜅𝜅 of PbTe with a grain size of 1 µm is 

approximately 5% lower than in similar materials with larger grain size, when compared with 

the single-crystal data [32]. 

High-energy ball milling is an efficient method to reduce the grain size [33, 34]. Subsequent 

sintering can produce grain growth but may partially repair the defects caused by milling. 

However, some of the studies show that obtained materials did not achieve a reduced 𝜅𝜅phonon 

less than 2 W m−1 K−1 at room temperature for large grain sizes [35, 36]. An earlier study 

reported on undoped PbTe prepared by mechanical alloying (MA) [37]. Differential scanning 
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calorimetry (DSC) indicated that MA was associated with an exothermic reaction heat between 

Pb and Te that promotes the rapid formation of PbTe and requires a milling time of 3 h for 

obtaining PbTe stoichiometric samples [38]. The sintered materials had a relative density of 

76–79%. These studies indicated that strain should increase with milling time [39] because the 

material is placed under increasing stress, and that the crystallite size should decrease. Strain 

is representative of any defects (local disorder, dislocations, stacking faults). However, the 

crystallite size is significantly smaller than the grain size. A recent study established that lattice 

softening induced the internal strain by ball milling [40]. An increase in internal strain 

corresponds with a linear decrease in the speed of sound. In a previous study, the undoped 

PbTe prepared by alloyed ingot milling (MG) obtained a minimum 𝜅𝜅phonon of 1.29 W m−1 K−1 

at room temperature [41].  

Polycrystalline PbTe materials are generally synthesized in an evacuated and sealed quartz tube 

heated to the melting temperature of the material. This conventional synthesis is restricted for 

industrial applications because the process is long and requires high temperatures to prevent 

segregation. Mechanical alloy processing and hot pressing (MA-HP) produce thermoelectric 

materials without melting [42]. High-energy milling activates local reactions among elements 

when the raw materials are sufficiently refined and in close proximity. MA produces high 

exothermic heat as Pb and Te react, and the grain boundary scattering produces a refining effect. 

To maintain a low 𝜅𝜅phonon, fine-grained material is normally prepared using mill processes such 

as MG and MA. MG and MA followed by HP can synthesize materials with uniform element 

distribution. 

A direct comparison between undoped PbTe prepared by MG and MA could provide additional 

information regarding the precise impact of the MG and MA processes on the microstructures 

and electrical properties, which are not directly accessible, as compared to conventional melt-

growth alloys [43]. The reduction of 𝜅𝜅phonon is related to the grain size. The FIB-SEM images 

for the sintered grain size were investigated.   
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2. Material and Methods 

The MG-HP samples of PbTe were prepared by melting and dry-ball milling, followed by HP. 

The initial PbTe ingots produced for further MG were synthesized from high-purity Pb 

(99.998%, 3–5 mm grain size) and high-purity Te (99.9999%, 2 mm grain size) from the 

Koujundo Chemical Laboratory Co., Ltd. Stoichiometric amounts of these elements for the 

targeted PbTe compositions were placed in clean carbon-coated ampoules with a columnar-

cone-shaped bottom (10 mm inner diameter, 120 mm length). The ampoules were sealed under 

0.1 Pa and heated to 1123 K in a furnace for 5 h. The material enclosed in the ampoule was 

quenched in a room temperature water bath. The ampoules were then broken, the alloyed PbTe 

ingot was removed, and the ingot was transferred to the milling vessel. The directly milled 

ingot was approximately 10 mm in diameter and 20 mm long. MG of the ingots and MA from 

the raw Pb and Te were performed in yttria-stabilized zirconia (YSZ) ceramic vessels (2.5 × 

10−4 m−3 capacity) and balls (25 mm diameter). The weight ratio of the milling balls to the 

ingots or raw materials was 20:1. The milling was performed using a Fritsch P-5 planetary ball 

mill. The vessels and balls were sealed in a glove box under Ar atmosphere to prevent oxidation 

of the powder during milling. Milling was performed at 1.5–3.0 Hz for 30 h. In an Ar-filled 

glove box, the milled or alloyed powder was passed through a polymer mesh sieve (150 µm 

diameter). The sieved powder was placed in an HP mold and compacted under an Ar 

atmosphere at 650 K under a uniaxial pressure of 196 MPa. The samples were prepared under 

an Ar atmosphere, except when the HP mold was exposed to air during the transfer between 

the glove box and HP chamber. The sintered ingots (8–10 mm thick, 10 mm diameter) were cut 

into disks (1 mm thick, 10 mm diameter) to determine the Seebeck coefficient and the electrical 

and thermal conductivities. The density was determined using the Archimedes method at room 

temperature, with absolute and relative density accuracies better than ±0.2%. 

The PbTe phase homogeneity and microstructures were investigated by X-ray diffraction 

(XRD; Rigaku SmartLab, Cu Kα radiation), scanning electron microscopy (SEM; JEOL, JSM-

6510A), and focused ion beam (FIB; JEOL, JEM-9320). XRD patterns in the out-of-plane 

directions of the PbTe sintered disks on the glass plate were recorded in the Bragg angle range 

of 2θ = 20–90º. General scans with a step size of 0.1º and step time of 0.5 s were conducted for 

phase identification.  

The microstructures and grain sizes of the cross sections were examined using FIB-SEM and 

energy-dispersive X-ray spectroscopy (EDS). The surfaces of the sintered PbTe disks were then 

polished and chemically etched. Agglomerate-free alumina powder and alumina suspensions 
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were used as the polishing grits. The average grain sizes were observed using FIB-SEM and 

measured via the linear intercept technique for two-phase polycrystalline, as follows [44]:  

𝐷𝐷� = 1.56 𝐶𝐶
𝑀𝑀𝑀𝑀

       (4) 

where 𝐷𝐷� denotes the average grain size, C the total length of the test line used, N the number 

of intercepts, and M the photomicrograph magnification. The proportionality constant (1.56), 

is a correction factor derived by Mendelson for random slices using a model system consisting 

of space-filling tetrahedrally shaped gains with a long normal size distribution. The elemental 

dispersion profiles of the PbTe cross sections were determined using EDS. 

Electrical conductivity was measured using a four-point probe (1.0 mm probe, tungsten 

carbide) with a delta-mode electrical resistance system, based on a 2182A/6220 instrument 

(Keithley Instruments, Inc.). The electrical conductivity was confirmed based on ohmic contact 

to have an accuracy better than ±1%. The Seebeck coefficient was determined using the 

constructed thermal contact method [45]. A standard BiTe thermoelectric material (SRM 3451) 

was used as the reference sample to confirm that the accuracy was better than ±2% at room 

temperature. The thermal conductivity was measured at room temperature under 1 Pa vacuum 

using a static comparison method [46]. Quartz (κ = 1.411 W m−1 K−1) was used as a reference 

sample, and the accuracy was better than ±1% when using the same quartz disk for both the 

measurement and reference positions. The PbTe sample and quartz were inserted between 

copper blocks 10 mm in diameter for a static comparison of the thermal conductivity. 
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3. Results and discussion 

XRD analysis of the processed MG powder showed that only the PbTe phase was obtained, 

with the absence of any secondary phase. After HP, all PbTe samples prepared by either MG-

HP or MA-HP were dense and p-type semiconductors. Table 1 shows that the absolute and 

relative densities of the MG-HP and MA-HP samples depended on the milling rotation speed. 

Samples prepared by the MG-HP process had relative densities close to 99%, which is higher 

than the results reported by Bouad et al. [37]. The MA-HP samples exhibited densities 

significantly higher than the theoretical bulk density. This may be because of the increased 

interior temperature in the milling vessels during the process owing to the high exothermic 

reaction heat between Pb and Te [38]. The vapor pressures of PbTe, Pb, and Te are less than 

10−6, 10−5, and 1 Pa at 650 K, respectively [47, 48]. Because Te has a higher vapor pressure 

than PbTe and Pb, Te evaporates during the milling process [23], leading to excess Pb and 

higher densities.  

 
Figure 1(a) shows a SEM image of a cross section of the MG-HP sample milled at 2.5 Hz. This 

sample exhibited a dense and uniform morphology. These results indicate that contamination 

by the erosion of the milling vessel and balls and the rotation speed did not affect the texture. 

Figure 1(b) shows a SEM image obtained at high magnification. The dark particle with a 

diameter of approximately 2 µm is a contaminated particle from the milling vessel and balls. 

These particles correspond to YSZ, and they did not react with PbTe because a reaction layer 



8 
 

between the YSZ and PbTe matrix was not observed (see Supplementary data A). 

 
Figures 2(a)–(c) and 2(d)–(f) show FIB-SEM images of MG-HP and MA-HP PbTe milled at 

1.5, 2.5, and 3.0 Hz, respectively. The PbTe samples consisted of dense and fine grains. The 

linear intercept technique [44] was applied to calculate the average grain size of the PbTe 

samples prepared using MG-HP and MA-HP (Figure 3). At 1.5–2.0 Hz the average grain size 

decreases, and at 2.0–3.0 Hz it tends to stabilize when the rotation speed is increased. The 

smallest average grain size, 0.47 µm, was obtained for the PbTe sample produced by MG-HP 

and milled at 2.5 Hz. The grains consisted of subgrains approximately 50 nm in size, based on 

the TEM observations (see Supplementary data B). For the PbTe samples produced by MA-

HP, the smallest average grain size is 0.52 µm, alloyed at 2.0 Hz. The average grain size is 

slightly higher for MA-HP than for MG-HP samples processed at 2.33–3.0 Hz owing to the 

exothermic reactions during the MA process [38]. The MG process induces kinetic energy, 

whereas the MA process induces kinetic energy and a high exothermic reaction heat [38]. 

 



9 
 

 

 
Figure 4 shows a sequence of XRD patterns obtained at 2θ = 20–90º for PbTe MG-HP and 

MA-HP samples milled at rotation speeds of 1.5–3.0 Hz. All the peaks from MG-HP could be 

indexed to the PbTe structure, and no other peaks were observed. Additionally, Figure 5 shows 

the enhanced intensity scale shown in Figure 4. In the absence of YSZ, Pb peaks occur at 31.327 

and 36.332° for the MA-HP sample processed at 3.0 Hz. This analysis explains the density 

enhancement in the MA-HP cases, which is consistent with the differential thermal analysis 

(DTA) results (see Supplementary data C). 
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Figure 6 shows the variations of the Seebeck coefficient, α, at room temperature based on the 

milling rotation speed for the PbTe samples prepared by MG-HP or MA-HP. For the MG-HP 

samples, the Seebeck coefficient decreased as the rotational speed increased. The maximum 

value, 494 μV K−1, was obtained for the MG-HP sample milled at 1.5 Hz. The Seebeck 

coefficient of the MG-HP samples slightly decreased at high rotation speeds and was higher 

than that of samples prepared by MA-HP. The Te vacancies act as dopants and reduce the 

Seebeck coefficient. The MG-HP process prevents Te evaporation so that the MG-HP samples 

exhibit near PbTe stoichiometry and thus a higher Seebeck coefficient. The Seebeck coefficient 

of the MG-HP samples decreased with increasing rotation milling speed, particularly at 2.5–

3.0 Hz. For MA-HP samples, because Te deficiency acts as a dopant, the Seebeck coefficient 

behaves like p-type doped materials. 

 

Figure 7 shows the electrical conductivity, σ, at room temperature as a function of the milling 

rotation speed for the PbTe samples prepared by MG-HP and MA-HP. The electrical 

conductivity of the MG-HP and MA-HP samples increased with milling rotation speed. The 

electrical conductivity of MG-HP is lower than that of MA-HP. The loss of Te induced by the 

process, as described previously, led to a Te deficiency in PbTe at high rotation speeds, and 

thus it is vital that the process is energetic. Thus, the electrical conductivities of the PbTe 

samples produced by MA-HP were higher than those of the MG-HP processed samples. The 

large number of Te deficiencies created during milling led to an increase in electrical 

conductivity. However, Te deficiency may be at the limit of the PbTe solid solution, as shown 

in Figure 5. The effect of Te deficiency is consistent with the results showing that the MA-HP 

samples have a relative density above the theoretical density, as shown in Table 1. For MA-HP 
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samples, because Te deficiency acts as a dopant, the electrical conductivity and Seebeck 

coefficient behave like p-type doped materials. The inverse relationship between the electrical 

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

conductivity and Seebeck coefficient on the concentration of free carriers [20]. 

 

Figure 8 shows the total thermal conductivity, κtotal, and phonon thermal conductivity, κphonon, 
at room temperature as a function of the milling rotation speed for the PbTe samples prepared 

by MG-HP or MA-HP. The 𝜅𝜅phonon values were estimated from Equations (2) and (3) and show 

that 𝜅𝜅phonon behavior depends on the preparation process. The minimum κphonon of the MG-HP 

sample was 0.90 W m−1 K−1 obtained after milling at 2.5 Hz with an average grain size of 0.47 

µm. The minimum κphonon of the MA-HP samples was 1.36 W m−1 K−1 for the sample milled at 

2.0 Hz, exhibiting an average grain size of 0.52 µm. 
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The 𝜅𝜅phonon for the PbTe samples prepared by MG-HP and MA-HP at a rotation speed of 1.5 

Hz are near identical. Grains with an average size of over 1 µm (1.47–1.93 µm) can be clarified 

using theoretical calculations [29, 30] based on the grain boundary scattering caused by coarse 

grain sizes and lead to high 𝜅𝜅phonon values. The 𝜅𝜅phonon of MG-HP samples tends to decrease 

with an increase in the rotation speed because of the decreased grain sizes (including fine 

grains). However, the samples produced by MA-HP also exhibited decreased 𝜅𝜅phonon values 

with increasing milling rotation speeds up to 2.0 Hz, which then increased and stabilized from 

2.0–3.0 Hz because of the high milling energy and exothermic reaction heat. Furthermore, 

𝜅𝜅phonon slightly increases with the grain growth. 

In addition, theoretical calculations by Yoshino [29, 30] based on the grain boundary scattering 

mechanism indicates that at 400 K, the κphonon of undoped PbTe with an average grain size 

above 1 µm is constant, but sharply decreases at a grain size of approximately 0.01 µm. The 

grain size is critical for κphonon transition. Figure 9 shows that the trend of 𝜅𝜅phonon at room 

temperature depends on grain size for samples prepared by MG-HP and MA-HP. This trend is 

similar to what was obtained from theoretical calculations. However, κphonon changes 

significantly at approximately 1 µm. The value is different from theoretical calculations based 

on the grain boundary scattering mechanism [29, 30]. The grains consisted of subgrains 

approximately 50 nm in size produced by MG-HP milled at 2.5 Hz from the TEM observations 

(see Supplementary data B). Considering the size of the subgrain, the relationship of the 

phonon thermal conductivity and grain size including the subgrain corresponds with the 

theoretical calculation. 
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Figure 10 shows the dimensionless figure of merit, ZT, at room temperature as a function of 

the milling rotation speed for the PbTe samples prepared using MG-HP and MA-HP. The MA-

HP sample milled at 2.0 Hz had a maximum ZT of 0.41 (α: 234 μV K−1; σ: 4.12 × 104 S m−1; 

κ: 1.66 W m−1 K−1) at room temperature. 

It should be noted that MG-HP produces near stoichiometric finer grains, and lower κphonon 

values than MA-HP. Undoped PbTe samples produced by MG-HP had fine grains and high 

microstrains, with high Seebeck coefficients and a low κphonon. The samples prepared by MA-

HP behaved like p-type doped materials owing to the Te deficiency. These results further 

demonstrate that the melting process in MG-HP is necessary for the preparation of these 

specific experimental conditions. 
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4. Conclusions 

In this study, the thermoelectric properties of undoped PbTe prepared by MG and MA 

processes at various rotation speeds, followed by HP, were investigated. The results are 

summarized as follows: 

1. The samples prepared using MG-HP were obtained as a single phase. The samples prepared 

using MG-HP had a high relative density of approximately 99%. The density of the samples 

prepared using MA-HP was above the theoretical value because of the remaining Pb. During 

the MA process, the high exothermic reaction heat between Pb and Te caused Te evaporation 

because Te has a higher vapor pressure than Pb. 

2. For the samples prepared by MG-HP, at 2.5 Hz, the minimum κphonon was 0.90 W m−1 K−1 

and the average grain size was 0.47 µm. The grains consisted of subgrains with a size of 

approximately 50 nm produced by MG-HP and milled at 2.5 Hz. For the samples prepared by 

MA-HP, at 2.0 Hz, the minimum κphonon is 1.36 W m−1 K−1 and the average grain size is 0.52 

µm. MG-HP produced finer grains and a lower κphonon than MA-HP. The MG process produces 

kinetic energy, whereas the MA process produces kinetic energy and highly exothermic 

reaction heat. This led to the differences in the grain size. 

3. The κphonon of grain sizes over 1 µm agreed with theoretical calculations of the grain boundary 

scattering mechanism. 

4. Because Te deficiency acts as a dopant, the electrical conductivity and Seebeck coefficient 

in the MG-HP and MA-HP samples behave in a similar manner to p-type doped materials. 

The MG-HP process is an appropriate method for producing undoped PbTe with high Seebeck 

coefficient, low κphonon, and high-density thermoelectric materials. It is applicable not only to 

PbTe, but also to other thermoelectric materials. 
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Supplementary data A. 

 

Supplementary fig. A(a) shows an SEM image of the MG-HP sample milled at 2.5 Hz. Except 

for dark particle, the matrix is dense, without pores or voids, confirming the observed relative 

densities. Supplementary fig. A (b)–(f) show the elemental distributions of Pb, Te, Zr, Y, and 

O determined by EDS, respectively. The matrix exhibits a uniform elemental distribution 

except for the presence of some particles with a diameter of around 2 µm resulting from the 

erosion of the YSZ vessel and balls. The MA-HP sample milled at 2.5 Hz exhibits similar 

features, i.e., uniform elemental distribution and presence of some YSZ particles. 

Contamination from milling vessels and balls increases when increased rotation speed, 

however, it does not affect the electrical properties. 



Supplementary data B. 

 

Supplementary fig. B (a) shows the STEM micrograph of the sintered disk PbTe sample 

milled at 2.5 Hz prepared by MG-HP were investigated by transmission electron microscopy 

(TEM; JEOL, JEM-2100F). The grain size was approximately 0.5 µm, which corresponds to 

the observation by FIB-SEM in Fig. 2. The grains consisted of subgrain with approximately 50 

nm in size. 

Supplementary fig. B (b)−(d) show the elemental distributions of Pb, Te, and Zr. Each 

element was distributed homogeneously, and the second phase was not observed. 



Supplementary data C. 

 

Supplementary fig. C (a) shows differential thermal analysis DTA curves for the PbTe 

endothermic reaction at the melting point and confirming Pb appears for MA-HP processed at 

3.0 Hz by Supplementary fig. C (b). 
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Supplementary fig. C DTA curves for PbTe MG-HP and MA-HP milled at 3.0 Hz. 
a) 300–1200 K, b) 500–750 K. 
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