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Lead chalcogenides such as (PbggsSng.05T€)g.92(PbS)g.05-0.055%Pbl, have
received attention due to their encouraging thermoelectric properties. For the
hot pressing (HP) and pulsed electric current sintering (PECS) techniques
used in this study, decomposition reactions can generate porosity (bloating).
Porosity in turn can degrade electrical, thermal, and mechanical properties. In
this study, microstructural observations (scanning electron microscopy) and
room-temperature elasticity measurements (resonant ultrasound spectros-
copy) were used to characterize bloating generated during post-densification
anneals. Although every HP specimen bloated during post-densification
annealing, no bloating was observed for the PECS specimens processed from
dry milled only powders. The lack of bloating for the annealed PECS speci-
mens may be related to the electrical discharge intrinsic in the PECS process,
which reportedly cleans the powder particle surfaces during densification.

Key words: Thermoelectrics, porosity, Young’s modulus, resonant

ultrasound spectroscopy

INTRODUCTION

Powder processing of thermoelectric materials
can yield spemmens Wlth much smaller gram sizes
than cast specimens. Reduction in grain size can in
turn greatly enhance the fracture strength of brittle
materials.’? During powder processing, Eorosﬂsy, ,
can result from (1) 1ncomplete sintering” or (2) gas
evolution within the spemmen durlng processing.
Internal gas evolution in specimens durmg pro-

cessing can occur via either liquid-phase®* or solid-
phase decomposition reactions.’™®
Solid-phase decomp0s1t10n reactions®™ may occur

when the specimen is densified using high exter-
nally applied pressures. High-temperature anneals
in the absence of externally applied pressure can
result in increases in P with increasing tempera-
ture due to local deformation caused by pressure

(Received July 11, 2011; accepted December 1, 2011;
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generated by gases evolved by decomposition reac-
tions. Thus in this study, the volume fraction
porosity P is given by P = Pgr + Pg, where Pg is the
porosity contribution due to residual pores and Py is
the porosity generated by bloating.

The dependence of thermal, electrical, and
mechanical properties on porosity, P, can be written
as

A(P) :AD exp(—prP) (1)
where A can be thermal conduct1v1ty, 10" electrical
conductivity,'® dielectric constant,'' or elastic

modulus.'®? Ap is the value of the material prop-
erty, A, at P = 0. Also, bpyp is a material-dependent
constant 1012 and P =Pgr+Pg. This study
focuses on microstructural observations of bloating-
generated porosity and measurements of P versus
Young’s modulus, E, especially where P is generated
by bloatlng for Ag() 86Pb198b1 0T€20 (LAST) and
(Pho 95510,05T€)o.92(PbS)o 08-0.055%Pbl; (PbTe-PbS)*?
specimens.
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For both hot pressing (HP) and pulsed electric
current sintering (PECS), the powder charge is
placed between two movable plungers within a
cylindrical die. Also, for both HP and PECS, the
powder charge is heated while pressure is simulta-
neously applied via the plungers. However, HP and
PECS are distinct powder processing techniques in
that for HP the powders and die are heated by an
external furnace while for PECS the powders are
heated by high-current electrical pulses that pass
through both the die assembly (plungers plus die)
and the enclosed powder charge. Regardless of the
powder processing technique used, our HP speci-
mens bloated after annealing while specimens that
were PECS processed from dry milled only powders
did not bloat upon annealing (“Results and Discus-
sion” section). During densification, gas-phase
generation from decomposition reactions can be
inhibited by applying elevated pressures due to hot
pressing (HP) and pulsed electric current sintering
(PECS). However, during post-densification thermal
annealing (in the absence of externally applied
confining pressure), decomposition reactions can
generate porosity (bloating), which in turn can
degrade electrical, thermal, and mechanical prop-
erties.!®'*!* Changes in thermal and electrical
conductivity are extremely important, since the
efficiency of a thermoelectric device is a function of
the dimensionless figure of merit, ZT, which is
written as

2
zr =% )
K
where ¢ is the electrical conductivity, S is the See-
beck coefficient, x is the thermal conductivity, and T
is temperature.

Since « decreases with increasing porosity,'%'* low
thermal conductivity is required for high ZT for
thermoelectric materials (Eq. 2). However, the elec-
trical conductivity, o, also decreases with increasing
porosity.'® Thus, one must consider the overall effect
of porosity on ZT to determine whether increasing
porosity enhances or degrades the thermoelectric
properties of a material.

Calculations of the effect of nanopores on the
thermal conductivity of Ge'® and Si'® indicate dra-
matic decreases in xk with nanoporosity. For nano-
porous Ge with pore diameter of 1.0 nm and pore
spacing of 0.7 nm, the calculated x was 180 times
smaller than the bulk value.'® Similar decreases in
x were calculated for Si,'® but as was the case for
Ge,' the decreases in x become large only for
extremely high values of volume fraction porosity, P
(P~ 0.64 to 0.89).'® However, ZT may decrease
with increasing nanoporosity, as noted by Lee
et al.,'* who state that “Porous nanograined mate-
rials have enhanced Seebeck coefficient due to
energy filtering effect and low thermal conductivity,
which are favorable for thermoelectric applications.
However, the benefit is not large enough to over-
come the deficit in the electrical conductivity, so
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that a high sample density is necessary for nano-
grained SiGe.”'* Thus, bloating-generated porosity
may degrade both ZT and mechanical properties.

EXPERIMENTAL PROCEDURES

Specimens were densified by HP or PECS of
Ago 36Pb19Sb1 oTego and (Pbg 955109 o5Te€)g.92(PbS)g os-
0.055%PDbl, powders that were (i) crushed, ground,
sieved, and reground (CGSR), (ii) dry milled (DM),
(ii1) wet milled (WM) with hexane, or (iv) dry and then
wet milled with hexane (D/WM) (Table I). A 53-um
sieve (Retsch, Newtown, PA) was used for each pow-
der processing technique in this study (Table I). The
hot pressed and PECS specimens were pressed using
the temperature—pressure—time profiles presented in
Table I with a 22-mm-diameter graphite die. In this
study, two separate sets of specimens were used to
(i) directly examine the microstructure of fracture
surfaces using scanning electron microscopy (SEM),
and (i) nondestructively measure the porosity-
dependent Young’s modulus using resonant ultra-
sound spectroscopy (RUS) analysis (Table I). Four
SEM specimens were annealed at temperatures
ranging from 693 K to 973 K (Table I), and one SEM
specimen was annealed successively at 663 K, 823 K,
and 936 K (Table I). The nine RUS specimens were
successively annealed at temperatures ranging from
543 K to 773 K (Table I). Details of the RUS experi-
mental procedure are given elsewhere.?

RESULTS AND DISCUSSION

Using planetary milled powders, the mean grain
sizes of the as-densified Pbg 95Sng ¢5T€)g 92(PbS)g 0s-
0.055%Pbl; specimens were 1 ym to 10 um for both
HP and PECS processing.'*'” The mean grain size
for the HP as-densified specimen was 20 ym when
starting from CGSR powders. Both HP and PECS
produced specimens that ranged in density from
about 0.92 to 0.97 with spherical or quasispherical
pores at grain boundaries and triple points, with
submicron to 3-um-diameter pore sizes (Figs. 1-3).

However, upon annealing, bloating occurred
(Figs. 1, 2) for the as-densified HP specimens pro-
cessed from powder subjected to (i) CGSR (Fig. 1d),
(ii) DM (Fig. 1b), and (iii) D/WM (Fig. 2b). The as-
densified PECS specimens processed from WM
powders bloated (Fig. 2d). Bloating in both the HP
and PECS specimens generated spherical or quasi-
spherical pores along grain boundaries with pore
diameters ranging from 1 ym to 20 ym (Figs. 1, 2).
Also, the PECS PbTe-PbS WM (Fig. 2d) and HP
LAST CGSR (Fig. 1d), specimens had lenticular
pores from 10 ym in length and 1 ym wide to about
30 yum in length and 5um wide.

After annealing from 2 h to 6 h at temperatures
from 693 K to 973 K (Table I), the areal number
density of pores increased by 10- to 30-fold com-
pared with the pore areal density on fracture
surfaces of as-densified HP specimens made from
powder processed by CGSR (Fig. 1d), DM (Fig. 1b),
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Fig. 1. As-densified fracture surfaces of (a) HP-DM-01 and (c) HP-CGSR-01 do not show bloating. Annealing (b) HP-DM-01 at 723 K for 4 h and
(d) HP-CGSR-01 at 973 K for 6 h resulted in bloating, as evidenced by increased porosity of internal fracture surfaces. All annealing was
performed in flowing Ar.
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Fig. 2. As-densified fracture surfaces of (a) HP-D/WM-01 and (c) PECS-WM-01 do not show bloating. Annealing (b) HP-D/WM-01 at 693 K for
2 hand (d) PECS-WM-01 at 823 K for 2 h resulted in bloating, as evidenced by increased porosity of internal fracture surfaces. All annealing was
performed in flowing Ar or Ar (96%)-H, (4%).
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Fig. 3. In contrast to the annealing behavior depicted in Figs. 1 and 2, the (a) as-densified PECS DM-02 did not bloat after annealing at (b) 663 K
for 2 h, (c) 823 K for 2 h, or (d) 936 K for 2 h. All annealing was performed in flowing Ar (96%)—H, (4%).

and D/WM (Fig. 2b), and PECS specimens made
from powder processed by WM (Fig. 2d). The series
of anneals from 543 K to 693 K on hot pressed
specimen HP-D/WM-02b (Table I) induced surface
blistering that ranged from 0.5 mm to 1 mm in
diameter and internal porosity that consisted of six
lenticular pores per 12,000 um? that were about
20 ym long and 5 ym W1de In contrast, the PECS
densified specimens fabricated using DM powders
did not bloat (Fig. 3) or blister when annealed for
2 h at 663 K, 823 K, and 936 K (Table I).

For the nine as-densified RUS specimens, the mass
and volume were measured before and after each
post-densification anneal to monitor the change in
density. Before post-densification annealing, P = Pg,
where Py ranged from 0.03 to 0.08. Following post-
densification anneals, Py increased as temperature
increased; for example, after the 603 K post-densifi-
cation anneal, P ranged from 0.04 to 0.11, whereas
after the 693 K anneal, P ranged from 0.05 to 0.22
(Fig. 4). On RUS analysis, the exception was the
PECS-DM-02 specimen, which did not bloat after a
series of anneals, including a 773 K post-densifica-
tion anneal (Fig. 4; Table I). The decrease in Young’s
modulus, E, with increasing porosity is consistent
with Eq. 1 (Flg 4), where the least-squares fit of E
versus P (Eq. 1) yielded r? = 0.990, bpg = 1.33 +
0.02, and Ep = 56.17 & 0.13 GPa for the 9 as-densi-
fied and 32 post-densification annealed elastic moduli
measurements.

To compare the value of the Young’s modulus, Ep,
found from Eq. 1 with literature, we can use values

N O HP-D/WM-02a
—~ 544 %7 O HP-D/WM-02b
& \V4 A HP-DIWM-02¢
52 | PNS Vv HP-D/WM-01a
Q ‘L%%’ & HP-DWM-01b
9N n | ) <] HP-WM-01a
% 50 2 . > HP-WM-01b
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Fig. 4. The bloating (Figs. 1, 2) or lack of bloating (Fig. 3) observed
on SEM study is also evident in RUS measurements of Young's
modulus, E, versus volume fraction porosity, P. For the 9 as-densified
HP and PECS specimens along with the 32 annealing measurements
on the same 9 specimens (Table 1), as P increased, E decreased.
Filled and open symbols represent E values for as-densified and
annealed specimens, respectively. Equation 1, widely used to
describe the E versus P behavior for brittle materials,'®'" also fits the
E versus P behavior well ( = 0.990) for the 41 RUS measurements
included in this study. The dashed line represents the least-squares fit
to Eq. 1.

of the aggregate Young’s modulus calculated from
single-crystal PbTe data, where E was 58.08 GPa'®
or 56.95 GPa.!® Thus, the Ep value of 56.17 +
0.13 GPa calculated from the least- -squares fit of
Eq. 1 to this study’s modulus-porosity data for
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is within approximately 2% of the mean of the two
literature values for PbTe'®!? listed above.

Groza et al. found that the electrical discharge
that is intrinsic to the PECS process cleaned the
oxide surface layers from the AIN particles during
sintering.?° In this study, the PECS densification
process may have removed contaminating surface
layers from the powder processed (Pbg g55ng g5T€)g.92
(PbS)g.05-0.055%Pbl, particles. This surface cleaning
may have in turn removed the source of a solid-phase
decomposition reaction, thus allowing the densified
PECS specimens to be annealed up to 936 K without
bloating (Table I; Fig. 3). Although the dry milled
PECS specimens did not bloat (Fig. 3), in contrast
the wet milled PECS specimens did bloat during
post-densification anneals (Fig. 2d). Perhaps the
hexane or ethanol used during the wet milling
(Table I footnotes) left a carbonaceous residue which
was not entirely removed by the PECS process. Such
a residue could decompose during post-densification
annealing, causing bloating (Fig. 2d).

CONCLUSIONS

As-densified specimens fabricated by both PECS
and HP for each of four powder processing modes
(CGSR, DM, WM, and D/WM) gave dense specimens
with spherical porosity confined to grain bound-
aries. Post-densification anneals resulted in bloat-
ing (P increased) for all HP specimens. For PECS
fabrication, bloating occurred for the specimens
processed with WM and D/WM powders. Only the
PECS DM specimens did not bloat upon annealing,
perhaps due to intrinsic cleaning of powder particle
surfaces during sintering.?°
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