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Abstract Sintering of cold die-pressed compacts and

hot pressing have been used in order to produce high

efficiency, thermoelectric e-Zn4Sb3 bulk specimens.

Single-phase Zn4Sb3 was successfully produced by

sintering of cold die-pressed compacts using mixed

elemental powders, and subsequent hot pressing pro-

duced single-phase, bulk specimens without micro-

cracks. Phase transformations in this alloy system

during synthesis were investigated using DSC, XRD

and SEM. Thermoelectric properties as a function of

temperature were investigated from room temperature

to 600 K and compared with results of other studies.

Transport properties at room temperature were eval-

uated. Thermoelectric properties of single phase

Zn4Sb3 materials produced by the sintering of cold

die-pressed compacts and hot pressing are comparable

to the published data for alternate processing routes.

Synthesis by sintering of cold die-pressed compacts and

hot pressing offers a potential processing route to

produce bulk Zn4Sb3.

Introduction

A great deal of attention has been diverted toward

Zn4Sb3 thermoelectric materials owing to their attrac-

tive properties such as a high figure of merit value in an

intermediate temperature range (450–650 K) and rel-

atively low cost [1–3]. They can potentially substitute

for high performance lead tellurides, which contain

environmentally harmful lead [2, 3]. Hexagonal rhom-

bohedric Zn4Sb3 compound shows an intrinsic p-type

semiconducting behavior [4] with high value of the

figure of merit, ZT = 1.3 at 673 K [2]. The figure of

merit is defined as ZT = a2rT/k, where a is the Seebeck

coefficient, r is the electrical conductivity, k is the

thermal conductivity and T is the temperature in

Kelvin.

Several processing methods have been used to

produce Zn4Sb3. They include melting in controlled

atmosphere followed by granulation and hot consoli-

dation [1–3], mechanical alloying for powder synthesis

[5], and bulk mechanical alloying followed by hot

pressing [6]. However, the preparation of polycrystal-

line e-Zn4Sb3 involves rather complicated processes

and frequently results in the formation of undesirable

metallic phases such as orthorhombic b-ZnSb and

orthorhombic d-Zn4Sb3 [1, 3, 5]. In high temperature

preparation processes such as ingot casting or single

crystal growth of Zn4Sb3, it is very common that a large

number of cracks are found due to the volumetric

changes and mismatch in thermal expansion coefficient

during the phase transition between e and d at 765 K

[1]. Compositional changes are also frequently

observed during processing since Zn4Sb3 decomposes

into ZnSb and Zn at high temperature due to the

relatively poor stability of the compound [7, 8]. In
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order to address these problems, an approach is

suggested, which involves solid state synthesis with

prolonged thermal annealing at a temperature some-

what below the polymorphic transition temperature, at

673–723 K [1]. It is well established that intermetallic

phases can be prepared by means of various solid state

syntheses including mechanical alloying (MA) [9],

direct synthesis [10] and repeated cold rolling and

annealing [11].

In order to produce crack free, bulk specimens

having good homogeneity, solid state synthesis con-

sisting of cold compaction of elemental powders,

sintering and hot pressing has been used in this work.

However, when the starting materials are exposed to

high temperature processing, some compositional

changes are expected due to the evaporation of Zn

[6]. Thus, as starting materials, stoichiometric compo-

sitions as well as Zn rich compositions, to compensate

for Zn evaporation, were used. Thermoelectric prop-

erties as a function of temperature from room temper-

ature to 600 K were measured and compared with the

results of previously published studies. Some physical

and electronic transport properties at room tempera-

ture were also evaluated and discussed.

Experimental procedure

Appropriate elemental powder mixtures of –325 mesh

Sb (99.9%) and –325 mesh Zn (99.9%) were prepared

for stoichiometric e-Zn4Sb3 and nominally 3.5–7.0 at.%

Zn rich mixtures as presented in Table 1. Powder

mixtures were cold pressed in a stainless steel die with

an internal diameter of 25.4 mm with a stress of

70 MPa. The cold die-pressed compacts were sintered

in a tube furnace at 673 K under an Ar atmosphere for

24 h. The sintered part was crushed into powder,

sieved to –270 mesh and hot pressed in a cylindrical

high strength graphite die with an internal diameter of

31.75 mm at 673 K using a stress of 70 MPa for 2–24 h

under an Ar atmosphere.

Differential scanning calorimetry (DSC), at a heat-

ing rate of 10 K/min, was used to investigate phase

transformations in the alloys. X-ray diffraction (XRD)

analyses were carried out on the powders as well as

hot pressed specimen to determine the degree of

alloying during each processing step. Scanning elec-

tron microscopy (SEM) and energy dispersive spec-

troscopy (EDS) were employed for microstructural

characterization.

Thermoelectric properties as a function of temper-

ature up to 600 K were evaluated for specimens

synthesized by sintering of cold die-pressed compacts

and hot pressing. Electrical conductivity (r) was

measured by the 4-point probe method. Seebeck

coefficient (a) was determined by the constant tem-

perature gradient method in which one end of the

specimen was kept at a constant low temperature by a

heat sink and the other end was heated by a small

heater. The thermal emf (electromotive force) devel-

oped was measured with respect to the temperature

gradient. Copper-constantan thermocouples were used

to measure the temperatures of the hot and cold ends,

and the thermal emf of the specimen with respect to

copper was recorded. Thermoelectric power factor

(h = a2r) was obtained from the Seebeck coefficient

and electrical conductivity. Electronic transport

parameters at room temperature were evaluated; Hall

coefficient (RH), carrier concentration (p) and mobility

(l) were measured by the Van der Pauw method

(1.64 T, 100 mA) [12].

Results and discussion

DSC for cold die-pressed compacts of premixed

stoichiometric Zn4Sb3 was carried out up to 900 K

as shown in Fig. 1. In the first DSC run, two

exothermic peaks were observed at 411 K and

502 K. Similar exothermic peaks below 600 K were

observed in mechanically alloyed powders [5]. It was

claimed that an exothermic peak at 423 K related to

the release of the energy of cold work in mechanically

alloyed powders, and a peak at 533 K resulted from

the phase transformation from the initially formed

ZnSb phase to Zn4Sb3 phase [5]. However, relative

DSC peak intensities in our study are stronger than

those in the work by Izard et al [5] and shifted to

lower temperatures. In order to investigate phase

transformations regarding these exothermic peaks,

cold die-pressed compacts of stoichiometric composi-

tion were sintered slightly above each of the two peak

temperatures for 1 h, and the resultant phases were

examined by XRD.

Table 1 Sample designations and nominal compositions used in
sintering of cold die-pressed compacts and hot pressing

Sample Zn (at.%) Sb (at.%) Excess Zn (at.%)
over stoichiometry

SC0 57.1429 42.8571 0
SC3 58.6429 41.3571 3.5
SC7 60.1429 39.8571 7.0

Note: SC stands for the sintering of cold compact and numbers
after that are excess Zn percentage.

123

2144 J Mater Sci (2007) 42:2143–2149



Zn, Sb and Zn4Sb3 phases were identified in Fig. 2b

and Zn, Sb, ZnSb and Zn4Sb3 phases were observed in

Fig. 2c, indicating that the first peak in Fig. 1 repre-

sented the alloy formation of Zn4Sb3 and the second

peak was for the ZnSb formation. This may be

contrasted with the results from MA powders [5]. It

is likely that the Zn content of samples in our work was

lowered due to continuous evaporation during sinter-

ing since Zn with a higher vapor pressure will evap-

orate faster than Sb resulting in the formation of ZnSb

rather than Zn4Sb3 above 502 K. Other endothermic

peaks in Fig. 1 were shown to be consistent with the

phase diagram published by Izard et al [5]. The peak at

693 K corresponds to the melting of remnant Zn, that

at 768 K to the peritectoid reaction from e phase to

d-Zn4Sb3 + f-Zn3Sb2 phases, the peak at 803 K corre-

sponds to the transition from d to d¢, and the peak at

837 K to melting of the compound. However, a

compositional shift from stoichiometry to an Sb-rich

composition was found. For example, the peak 798 K

corresponds to the transition from b + d to b + d¢ and

at 819 K to the transition from b + d¢ to L + d¢. This

result confirms that Zn evaporation takes place during

DSC. In the second run of DSC using the same

specimen, two exothermic peaks were no longer

observed, suggesting that alloy formation was com-

pleted during one cycle of the DSC run.

In order to investigate phase transformations on a

larger scale for the cold die-pressed stoichiometric

samples, sintering was carried out at 673 K for 4 and

24 h, and the resultant phases were examined by XRD

as shown in Fig. 2d, e. From Fig. 2c, d, progressive

development of Zn4Sb3 is shown after sintering at

673 K for 4 h but most of the phase formed is ZnSb.

After 24 h of sintering at 673 K, most of the phase

formed is Zn4Sb3, but some portion of ZnSb phase

exists possibly due to Zn evaporation, as shown in

Fig. 2e. It can be considered that Zn4Sb3 might be

developed by either direct reaction of each element or

by the reaction from ZnSb + Zn to Zn4Sb3 during

sintering.

Since Zn evaporation is inevitable in the high

temperature processing of this material, an appropriate

amount of Zn addition to the stoichiometric composi-

tion was considered. In an attempt to produce single-

phase bulk Zn4Sb3, powder mixture containing

3.5 at.% of excess Zn was cold compacted and sintered

at 673 K for 2–24 h. Sintered samples show a volu-

metric expansion with a tendency of losing mechanical

strength as in Fig. 3, due to volumetric changes

accompanied by phase transition. The sintered com-

pact has little bonding strength and tends to easily fall

apart into powder.

Powders produced after sintering were mostly

–270 mesh as shown in Fig. 4. XRD analysis revealed

that powders consist of the single-phase Zn4Sb3, as

shown in Fig. 5a. It is believed that the excess amount

of Zn (3.5 at. %) added compensated for the Zn

evaporation during sintering. Cold compaction of

7.0 at.% Zn excess powder mixtures was also

attempted at the same condition, and resulted in

Zn4Sb3 with a small amount of remnant Zn as shown

in Fig. 6a.
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Fig. 1 DSC result of the cold die-pressed compact of stoichi-
ometric composition of Zn4Sb3

20 25 30 35 40 45 50 55 60 65 70 75 80

(e)

(d)

(c)

(b)

(a)

εε εε εεεε

ββ

εε
ββ

ββ
ββ

εε

ββ

ββ
ββ

ββ
ββ ββββ

ββ

εεεεεε
εε

εε

εε

εε

εε

εε

εε

ββ

εεεεεεεε

εε

ββ

εε

SbSbSbSbSbSb
SbSbSb

Sb
Sb

Sb

Zn
ZnZn

ZnZn

Zn

β : ZnSb

ε : Zn
4
Sb

3

In
te

ns
ity

 (
a.

u)

Angle(2θ)

Fig. 2 XRD patterns of cold die-pressed samples of stoichiom-
etric Zn4Sb3; (a) as-mixed, (b) sintered at 423 K/ 1 h, (c) sintered
at 550 K/ 1 h, (d) sintered at 673 K/ 4 h, (e) sintered at 673 K/
24 h
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Sintered powders were then hot pressed at 673 K

for 2–24 h. Relative densities and other related

properties are presented in Table 2. In general, a

relatively lower density was obtained by shorter time

of hot pressing. Samples with a theoretical density of

94.7% consisting of a single phase were obtained

using nominally 3.5 at.% Zn rich composition after

24 h of hot pressing, as presented in Fig. 7. XRD

analysis revealed that specimens prepared by this

process using nominally 3.5 at.% Zn rich composition

were single-phase Zn4Sb3. EDS analysis also confirm

single-phase Zn4Sb3 throughout the matrix. During

hot pressing of the sintered powders using nominally

7 at.% Zn rich composition, peaks for excess Zn are

not distinguishable in Fig. 6b, indicating continuous

evaporation of excess Zn during the process. 93.3% of

theoretical density samples consisting of mostly

Zn4Sb3 were obtained using 7.0 at.% Zn rich compo-

sition by 2 h of hot pressing, but some remnant Zn

was found.

Thermoelectric properties at room temperature are

presented in Table 2, together with the properties of

single-phase Zn4Sb3 produced by melting in a con-

trolled atmosphere followed by hot pressing [2] which

are provided for reference. Seebeck coefficients, a(lV/

K), all show positive values, representing p-type

Fig. 3 Photographs of cold die-pressed compacts using nomi-
nally 3.5 at.% Zn rich powder mixtures; before sintering (left)
and after sintering (right) at 673 K/24 h

Fig. 4 SEM micrograph of sintered powders processed from the
cold compaction of 3.5 at. % Zn rich powder mixtures
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Fig. 5 XRD patterns of cold die-pressed compacts using
normally 3.5 at. % Zn rich powder mixture; (a) crushed powders
after sintering at 673 K/24 h, (b) hot pressed at 673 K/2 h using
sintered powders, (c) hot pressed at 673 K/24 h using sintered
powders
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Fig. 6 XRD patterns of cold die-pressed compacts using
normally 7.0 at. % Zn rich powder mixture; (a) crushed powders
after sintering at 673 K/24 h, (b) hot pressed at 673 K/2 h using
sintered powders
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conductivity. Seebeck coefficients and electrical con-

ductivities of single-phase Zn4Sb3 are produced in this

work comparable to the published data. In single-phase

Zn4Sb3, higher density provides higher value of See-

beck coefficient. Seebeck coefficients and electrical

conductivities of near single-phase Zn4Sb3 (SC7HP2)

were lower than possibly due to the presence of Zn.

Seebeck coefficients and electrical conductivities in

materials containing e+b phases (SC07HP2) were

lowered possibly due to the presence of metallic ZnSb.

In high-density, single-phase Zn4Sb3, thermoelectric

power factor, h(lW/cmK2), which is a measure of

thermoelectric efficiency parameter, was comparable

with the material in reference [2]. Lower density

resulted in lower thermoelectric power factor, as

expected. The existence of Zn or ZnSb phase resulted

in marked decrease in thermoelectric properties. Sim-

ilar results showed that the addition of Zn up to 3 at.%

exhibited semiconducting behavior, which changed to

metallic for higher Zn contents [2].

Transport properties at room temperature in the

single-phase (SC3HP2 and SC3HP24) and near single-

phase (SC7HP2) materials are presented in Table 3.

Positive values of Hall coefficient represent that the

major carriers are holes in these materials indicating p-

type conductivity. Hall mobility in the high-density,

single-phase Zn4Sb3 (SC3HP24) sample is in good

agreement with that of the reference material [2], and

carrier concentrations are a little higher compared to

that of the reference, indicating lower Seebeck coef-

ficient. It is worth noting that higher carrier concen-

tration for high-density, single-phase Zn4Sb3

(SC3HP24) does not provide higher electrical conduc-

tivity compared to that of the reference materials,

presumably due to these samples still having a

relatively lower density than that of reference material

[2]. Low value of Hall mobility was measured in low-

Table 2 Thermoelectric properties at room temperature for specimens produced by sintering of cold-pressed compacts and hot
pressing

Sample a(lV/K) r(W–1 cm–1) h(lW/cmK2) Relative density(%) Hv phases Remarks

Ref. [2] 113 500 6.4 96–98 – e
SC0 e Powder
SC0HP2 50.2 139.6 0.35 93.6 145.0 e+b HP/2 h
SC3 e Powder
SC3HP2 85.4 498.8 3.6 86.1 135.3 e HP/2 h
SC3HP24 98.2 463.7 4.5 94.7 181.6 e HP/24 h
SC7 e+Zn Powder
SC7HP2 60.6 281.1 0.8 93.3 122 e+Zn HP/2 h

Note: HP stands for hot pressing, and numbers after HP represent are hot pressing time in hour.

Fig. 7 SEM micrograph of hot pressed specimen using sintered
powder with nominally 3.5 at.% Zn rich powders; (a) hot pressed
at 673 K/2 h, (b) hot pressed at 673 K/24 h

Table 3 Transport properties at room temperature for Zn4Sb3

processed by the sintering of cold die-pressed compacts and hot
pressing

Sample Hall coefficient
RH (cm3/C)

Hall mobility
l (cm2/Vsec)

Carrier concentration
p (cm–3)

Ref. [2] – 30 9 · 1019

SC3HP2 0.0223 11.12 2.80 · 1020

SC3HP24 0.0635 29.47 9.83 · 1019

SC7HP2 0.0318 8.93 1.97 · 1020
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density, single-phase Zn4Sb3 (SC3HP2), as well as in

near single-phase Zn4Sb3 (SC7HP2). In single-phase

Zn4Sb3, electrical conductivities did not vary much

with density in single-phase materials, but Seebeck

coefficient in low density sample (SC3HP2) was a little

less than that of the high density sample (SC3HP24)

due to high carrier concentration. Carrier concentra-

tions in SC3HP2 and SC7HP2 samples are on the order

of 1020, which seems to be somewhat higher for the

normal thermoelectric semiconductors, resulting in

lower Seebeck coefficients. From discussions above, it

is suggested that thermoelectric properties can be

improved with higher density and single-phase Zn4Sb3.

Thermoelectric properties as a function of temper-

ature for both single-phase SC3HP2 and SC3HP24

samples were investigated from room temperature to

600 K as shown in Figs. 8 and 9, respectively. Gener-

ally, Seebeck coefficients increased and electrical

conductivities decreased with increasing temperature

similarly to those for single-phase Zn4Sb3, where

bipolar conduction seems to appear [2]. However,

Seebeck coefficient in low-density, single-phase sample

shows some fluctuation in the medium temperature

range, resulting in a corresponding fluctuation in

thermoelectric power factor as shown in Fig. 8a, c.

Such a fluctuation is not generally shown in high-

density, single-phase Zn4Sb3 [2, 3], but a similar result

was found in a low-density MA Zn4Sb3, where the

phase dissociated to ZnSb+Zn and the evaporation of

the dissociated Zn occurred during one cycle of heating

to 600 K, [13]. This is believed due to the relatively

high surface area in the low density sample increasing

the kinetics of phase dissociation. Fluctuation is greatly

suppressed in the high-density sample, as shown in

Fig. 9, suggesting that a higher density state provides

better stability at high temperature.

Thermoelectric power factors up to 600 K were a

little lower than those of the material in reference [2],

possibly leading to a lower figure of merit (ZT). The

thermal conductivity data were not measured in this

study, so that direct estimation of ZT could not be

made, however, assuming that thermal conductivities

of our samples do not differ significantly from that of

single-phase Zn4Sb3 [2], the ZTs in the specimens

processed by the sintering of cold die-pressed compacts

and hot pressing were estimated to be about 0.8 at

600 K, in Table 4. In the table, the properties of single-

phase Zn4Sb3 produced by melting in an evacuated
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Fig. 8 Thermoelectric properties as a function of temperature in
SC3HP2 specimen; (a) Seebeck coefficient, (b) electrical
conductivity, (c) thermoelectric power factor

Table 4 Thermoelectric properties of specimens processed by sintering of cold die-pressed compact and hot pressing (at 600 K)

Sample a
(lV/K)

r
(W–1 cm–1)

h
(lW/cmK2)

k
(mW/cmK)

ZT Remarks

Ref. [2] 185 330 11.3 7 1 Measured
Ref. [3] 205 88 3.7 7* 0.32 Estimated
SC3HP2 222.6 208.4 10.32 7* 0.88 Estimated
SC3HP24 201.9 229.1 9.34 7* 0.80 Estimated

*k was Estimated from the graph of thermal conductivity as a function of temperature in ref. [2].
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quartz ampoule followed by granulation and hot

pressing [2], and those prepared by vacuum melting

[3] are provided for references.

Summary

Single-phase Zn4Sb3 was successfully synthesized by

the sintering of cold die-pressed compacts using a

nominally 3.5 at.% Zn rich composition. Subsequent

hot pressing produced single-phase, bulk Zn4Sb3 spec-

imens without cracks. Electrical conductivity did not

vary much with density in single-phase Zn4Sb3, but the

Seebeck coefficient in the low-density sample was a

little less than that for the high-density sample due to

high carrier concentration. It is suggested that ther-

moelectric properties can be improved when higher

density in single-phase Zn4Sb3 is provided in this

processing. Hall mobilities are somewhat greater but

carrier concentrations are less in single-phase Zn4Sb3

compared to the published data, indicating lower

electrical conductivity and higher Seebeck coefficient.

Thermoelectric power factors up to 600 K in Zn4Sb3

produced in this study are comparable to the published

data for single-phase Zn4Sb3, and an estimated figure

of merit is about 0.8 at 600 K. Synthesis by sintering of

cold die-pressed compact and hot pressing offers a

potential alternative processing route for this material

system.
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SC3HP24 specimen; (a) Seebeck coefficient, (b) electrical
conductivity, (c) thermoelectric power factor
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