
Scripta Materialia 134 (2017) 71–74

Contents lists available at ScienceDirect

Scripta Materialia

j ourna l homepage: www.e lsev ie r .com/ locate /scr ip tamat
Regular Article
Compressive creep behaviour of hot-pressed PbTe
C.C. Li 1, G.J. Snyder, D.C. Dunand ⁎
Department of Materials Science & Engineering, Northwestern University, Evanston, IL 60208, USA
⁎ Corresponding author.
E-mail address: dunand@northwestern.edu (D.C. Dun

1 Currently at Industrial Technology Research Institute

http://dx.doi.org/10.1016/j.scriptamat.2017.02.044
1359-6462/© 2017 Acta Materialia Inc. Published by Elsev
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 16 November 2016
Received in revised form 19 February 2017
Accepted 24 February 2017
Available online 19 March 2017
Creep deformation is of concern in PbTe thermoelectricmodules operating for years at high homologous temper-
atures while being subjected to internal or external stresses. The creep strain rates of hot-pressed PbTe are mea-
sured at 400 °C; a power-law is found, with a stress exponent n= 1.7 at low stresses (2–7 MPa) and n= 4.4 at
high stresses (7–35 MPa). Creep rates measured at low stresses (4–6 MPa) between 350 and 500 °C provide a
creep activation energy Q= 181± 18 kJ/mol. The creep parameters and the good hot ductility of PbTe are com-
pared to those for cast Bi2Te3 reported in the literature.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Thermoelectric materials, which convert heat into electrical energy,
have been used for decades in radioisotope thermoelectric generator in
space exploration [1–3] and more recently, to use waste heat from in-
dustrial processes [4] and internal combustion engines [5,6]. The main
reliability concerns for thermoelectric modules are thermo-mechanical
stresses fromhigh thermal gradient [7,8], intermetallic growth at the in-
terface with contacts [9–11], and sublimation of the thermoelectric ma-
terial [12]. Design of devices must also take into account the
temperature dependence of the Young's modulus with temperature,
e.g., as measured between 20–300 °C for hot-extruded PbTe by
Vasilevskiy et al. [13]. Furthermore, creep deformation is an issue for
long-term dimensional stability, and can be expected to create sizeable
deformation even at low stresses, given the very long times and high
homologous temperatures atwhichmodules are operated. Understand-
ing the creep behaviour is also necessary to predict and optimize form-
ability of thermoelectric materials at high temperature (e.g., by
extrusion and forging) [14], and the kinetics of powder densification
(e.g., during hot-isostatic pressing) [15].

Lead telluride (PbTe) is a high-efficiency thermoelectricmaterial de-
veloped over the past decade [16] with optimized service temperature
in the range 200–600 °C; PbTe displays a dimensionless thermoelectric
figure of merit as high as zT=~2, which could translate to an efficiency
value of ~20%when incorporated into a device [17,18]. For a device hot-
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side temperature of 600 °C, PbTe is well within the creep regime [19], as
the homologous temperature is T/Tm = 0.73, where Tm = 1197 K (924
°C) is the absolute melting temperature of PbTe. The material can be
subjected to internal stresses (from thermal mismatch during isother-
mal or thermal cycling conditions) and external stresses (fromclamping
pressure or vibrations). In particular, the clamping pressure for thermo-
electric modules embedded in power generation systems can be as high
as 1.4 MPa [20].

To date, very few studies have addressed creep of thermoelectric
materials. The compressive creep of cast, coarse-grained Bi2Te3 was
measured between 400 and 500 °C for stresses between 2 and 16 MPa
[21]. The parameters of the creep power-law (stress exponent and acti-
vation energies) were determined and a high creep anisotropy was
found, implying that some crystallographic orientations are stronger
than others. Creep activation energy was measured via internal friction
between 27 and 377 °C on extruded bismuth telluride with nanometric
grain size [22]. Furthermore, creep activation energy of Bi2Te28Se02 sin-
gle crystals was also characterized by microhardness between 30 and
100 °C [23]. The effect of the rate of plastic deformation in extrusion
for n-Bi2(Te,Se)3 and p-(Bi,Sb)2Te3 at 400–500 °C has been studied
[24]. Nb-doped (GeTe)x(Mn0.6Sn0.4Te)1−x was found to be quite creep
resistant, showing a strain of b0.4% after 100 h under a stress of
2.6 MPa at 600 °C [25]. Also studied were n- and p-PbTe specimens
which showed a transition from logarithmic to exponential creep at T/
Tm = 0.5 and 0.4, respectively [26].

The present paper reports on the compressive creep behaviour of
hot-pressed PbTe, during creep experiments performed for various
stresses at 350–500 °C for times up to 170 h.The creep power-law pa-
rameters are determined and discussed in the light of likely creep defor-
mation mechanisms.Compressive ductility is also assessed.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scriptamat.2017.02.044&domain=pdf
http://dx.doi.org/10.1016/j.scriptamat.2017.02.044
mailto:dunand@northwestern.edu
http://dx.doi.org/10.1016/j.scriptamat.2017.02.044
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scriptamat


Fig. 1. Secondary ion micrograph of polished cross-section of hot-pressed PbTe (a) before
annealing (unetched) and (b) after annealing at 400 °C for 336 h (pores created by 68wt%
HNO3 etchant).
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2. Experimental procedures

Equiatomic PbTe ingots were prepared by melting powders of Pb
and Te (both 99.999%, from Alfa Aesar) in an evacuated quartz tube at
1000 °C for 6 h, followed by solidification and annealing at 700 °C for
48 h to ensure homogeneity. The PbTe ingots were ball-milled dry in a
SPEX mill into micron-scale powders in an Ar atmosphere for 1 h,
using 316 stainless steel. Powder X-ray diffraction patterns showed
that the PbTe powders were single phase with the NaCl crystal struc-
ture. A quantity of 10 g of PbTe powders was poured into a graphite
die and then subjected to spark plasma sintering (using a SPS-511S,
SPS SYNTEX INC.) and isothermally sintered for 15 min under vacuum
at pressure and temperature of 60 MPa and 550 °C, respectively. The
pressure was then released and the samples were allowed to cool to
60 °C in ~1 h. For grain size determination, the samples were mounted
in epoxy resin, ground using a series of SiC papers from 400 to 2000 grit,
and then polishedwith Al2O3 powder suspensions (1 and 0.05 μm). The
metallographic observations (secondary ion images) were obtained
using a Focused Ion BeamMicroscope (FEI helios 600i). The thermoelec-
tric properties of these hot-pressed PbTewere characterized in our pre-
vious study [27].

Creep specimens were cut from the pressed ingot with a diamond
saw into 4x4x10 mm3 tetragonal prisms.Constant-load creep tests,
with compressive stresses in the range of 2.2–35 MPa, were performed
in air at 350, 400, 450 and 500 °C, corresponding to a range of homolo-
gous temperatures of 0.52–0.65.A nickel-base superalloy creep cage
translated tensile loads in the pull-rods to compressive stresses on the
specimen. Frictional effects on the end-loaded specimens were mini-
mized using alumina platens coated with boron nitride. Specimen tem-
perature was measured in the three-zone furnace with a temperature
stability of ±1 °C after a 1 h soak at the test temperature. Specimen
strain was calculated from displacements of cage platens measured
with a resolution of 2.5 μm in the cold zone via an extensometer outfit-
ted with a linear variable differential transducer (LVDT). Two types of
measurements were carried out.First, isothermal creep experiments
were performed at 400 °C on four specimens (labelled A-D): starting
from a low stress, a steady-state strain rate is achieved and measured,
and then the procedure is repeated at a higher stress, resulting in 2–5
data points suitable for determining the stress exponent from a single
specimen. Second, constant load experiments were carried out on two
specimens (E, F) at 4.5 and 5.6MPa respectively. Once reaching the des-
ignated temperature and soaked for 1 h for stability of±1 °C, the load is
applied and the steady-state strain rate, once achieved, ismeasured; the
procedure is repeated at two higher temperatures, resulting in three
data points used to determine the activation energy.

3. Results and discussion

Fig. 1 (a) and (b) show secondary ion images of the PbTe specimens
in the as-pressed and aged (336 h at 400 °C) conditions, respectively.
The grain size distribution appears bimodal, with about half the cross-
section occupied with fine grains, ~10–25 μm in size, and the other
half with larger grains, ~50–150 μm in size. There is no evidence of
grain growth after thermal treatment, so that grain size can be assumed
to be constant during the creep experiments, whose longest duration
was 170 h at 400 °C.

Fig. 2(a) and (b) shows the creep curves at 400 °C for specimensA-D.
A primary creep period, where the strain rate decreases continuously
with time, always precedes steady-state creep (secondary creep). The
strain accumulated during primary creep is substantial (~0.5–1%) and
stretches over long times (up to 73 h for sample B tested at 3.3 MPa);
this regime is associated with the establishment of a steady-state dislo-
cation structures within grains and at grain boundaries, and the
balancing between strain hardening and softening. Theminimum strain
rate associated with the secondary creep regime is plotted as a function
of applied stress in Fig. 2 (b) for the four tests performed at 400 °C. The
data can be described by a power-law creep eq.[19]:

_ε ¼ Aσn exp −
Q
RgT

� �
ð1Þ

where _ε is the minimum, secondary strain rate, A is a constant, σ is the
applied stress, n is the stress exponent, Q is the activation energy for
creep, Rg is the gas constant, and T is the absolute temperature. Fig. 2
(c) shows stress exponents n = 1.7–2.2 at low stresses (samples A-C)
and n = 4.4 at higher stresses (sample D). The higher stress exponent
(n = 4.4) is in the same range as those measured for ionic compounds
(n = 3.3 for MgO, 3.6 for NaCl and 4.2 for FeO) [19]. More generally,
in all crystallinematerials, diffusional creep at low stresses is character-
ized by n=1–2, and dislocation creep at higher stress is associatedwith
n = 3–8 [19].

As shown in Fig. 2 (d),where the 400 °C creep data from Fig. 2 (a) for
different specimens are aggregated, there is a clear transition from dif-
fusional creep (n = 1.6) to dislocation creep (n = 4.9) at 7.3 MPa. As
the transition occur rather sharply, the bimodal grain distribution does
not appear to stretch the stress range where both mechanisms are con-
tributing to the strain rate with similar magnitude in the two regimes.
For comparison, creep data are also plotted for cast Bi2Te3 with large,
elongated grains (~2–4 mm in length and ~0.1–0.3 mm in width)
with basket-weave structure [21]. At a given stress, the strain rates are
lower by a factor ~ 3–25, despite the lower melting point of Bi2Te3 as
compared to PbTe, while the stress exponents are 4.2–6.2; the consider-
able sample-to-sample variation for Bi2Te3 was assigned to creep an-
isotropy in the large-grain samples [21]. The different crystal
structure, aswell as the different grain size, shape and solidification tex-
ture as compared to PbTe may contribute to the higher creep resistance
of Bi2Te3.



Fig. 2. Creep curves of PbTe at 400 °C for samples A-D subjected to increasing stresses. (a)
Full experimental time span (b) Shorter time view of the grey region of (a). (c) Double
logarithmic plot of minimum creep rate vs. applied stress for PbTe at 400 °C, with best-
fit lines showing average stress exponent. (d) Double logarithmic plot of minimum
creep rate vs. applied stress for creep of PbTe, showing average best-fit stress exponent
at low and high stresses. Creep data for cast, coarse-grained Bi2Te3 at 400 °C are shown
for comparison [21].
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PbTe creep data at constant stress, collected on samples E and F at
various temperatures, are plotted in Arrhenius form in Fig. 3, from
which the activation energy for steady-state creep can be calculated
based on Eq. (1): Q = Rg[d(ln _ε)/d(1/T)] [28]. For an applied stress of
4.5MPa (sample E) and 5.6MPa (sample F), best-fit procedures provide
activation energies of 199 and 163 kJ/mol, respectively, with an average
Q = 181 ± 18 kJ/mol between 350 and 500 °C (T/Tm = 0.52–0.65). By
comparison, the activation energy for cast Bi2Te3 is Q = 145 kJ/mol
(with estimated error of ~25 kJ/mol) for an applied stress of 8.5MPa be-
tween 400 and 500 °C (T/Tm = 0.78–0.90) [21]. Two data points for
Bi2Te3 are plotted in Fig. 3 at 450 and 500 °C for a comparable stress of
5MPa, again showing the higher creep resistance of Bi2Te3 as compared
to PbTe. Direct comparison between the two materials is not possible,
since the activation energy for PbTe corresponds to the low-stress re-
gions associated with diffusional creep, while that for Bi2Te3 is in the
high-stress dislocation creep regime. Furthermore, the homologous
temperatures ranges do not overlap.

Fig. 4 shows the PbTe specimens A-D after creep at 400 °C, demon-
strating a high level of plasticity, unlike Bi2Te3 which failed catastroph-
ically in compression at 400 and 450 °C and showed a mixture of
cracking and plastic deformation at 500 °C [21]. Samples E and F are
not shown but deformed in a similar manner, with total strains of 21
and 12%, respectively. The barreling in specimen D (Fig. 4) is indicative
of friction against the platens, and is expected given the high total strain
of 23%. The good high-temperature compressive ductility observed here
is consistent with experiments at ambient temperature on powder-
metallurgy-prepared PbTe (undoped and doped),where strains atmax-
imal compression stresswere reported in the range 6–25% [29]. It can be
concluded that powder-metallurgy PbTe ismore ductile than cast Bi2Te3
up to 500 °C, which is relevant not only to resistance tomechanical frac-
ture or fatigue during operation of thermoelectric devices, but also to
formability (by extrusion or forging) and kinetics of powder densifica-
tion (by hot isostatic pressing) during device processing.
4. Conclusions

The present study investigated the compressive creep behaviour of
hot-pressed PbTe with bimodal grain size, which is relevant to the
long-term reliability of thermoelectric power generation system sub-
jected to internal or external stresses at high homologous temperatures.
For uniaxial compressive stresses between 2.2 and 35MPa at 400 °C, the
stress dependence of theminimum strain rate can be characterized by a
power-lawwith stress exponents n=1.6 (below 7.3 MPa) and n=4.9
(above 7.3 MPa), which are interpreted to correspond to the diffusional
Fig. 3.Arrhenius plot ofminimumcreep rate vs. reciprocal temperature for PbTe, sample E
(4.5 MPa) and F (5.6 MPa), showing best-fit creep activation energies. Data for coarse-
grained Bi2Te3 at 400 °C are shown for comparison [21].



Fig. 4. Photographs of PbTe specimen before deformation and specimens A–D after creep
deformation at 400 °C.
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and dislocation creep regimes, respectively. An activation energy of 181
± 18 kJ/mol is measured between 350 °C and 500 °C in the low-stress
regime. In compression at 400 °C, PbTe shows a high level of plasticity
without fracture, unlike cast coarse-grained Bi2Te3 which is brittle at
400 and 450 °C.
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