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d Se on the tetrahedrite formation

António Pereira Gonçalves,*a Elsa Branco Lopes,a Benjamin Villeroy,b

Judith Monnier,b Claude Godartb and Bertrand Lenoirc

Materials based on Cu12Sb4S13 tetrahedrites have been seen in recent years as promising materials for

thermoelectric applications. However, the effect of small amounts of additional elements (used to tune

the electrical transport properties) on the formation of the phases was not investigated. In this work we

present such study, by means of powder X-ray diffraction, scanning electron microscopy complemented

with energy-dispersive spectroscopy, and differential scanning calorimetry, using the Taguchi method to

design the experiments. The effect of Ni, Bi and Se (i) in the volume percentage of tetrahedrite, (ii) in the

temperature at which the Class III (tetrahedrite + chalcostibite + antimony / skinnerite) reaction occurs

and (iii) in the final melting temperature of Cu12�xNixSb4�yBiyS13�zSez materials rapidly cooled from

950 �C was investigated. Se was observed to have a strong positive influence on the formation of

tetrahedrite, while Ni and Bi were seen to promote the decrease of its volume percentage. A decrease of

the Class III reaction and final melting temperatures was also observed after the introduction of Se, with

Ni inducing the increase of the reaction and the decrease of the melting temperatures and Bi having

only minor effects. The analysis of the microstructures indicate that high Ni concentrations lead to the

first solidification of the NiS phase, while in the other compositions the (tetrahedrite/skinnerite) phase or

mixtures of phases is first formed.
1. Introduction

Thermoelectric systems are devices that directly convert heat
into electricity (via the Seebeck effect) and, vice versa, heat or
cool through the passage of an electrical current (via the Peltier
effect). They have a huge potential to recover part of the waste
heat released by human activity, being seen as promising
components for a more sustainable world. However, the present
commercial thermoelectric devices have small efficiencies,
which are directly related to the low performance of the ther-
moelectric materials that depends only on their basic electrical
and thermal transport properties.1 Moreover, actual commer-
cial thermoelectric materials contain expensive and/or toxic
elements and, consequently, the discovery of new ones is crit-
ical for a more general use of thermoelectricity.

Recently, tetrahedrite-based materials were considered
promising for thermoelectric applications.2–12 Tetrahedrites are
wide-spread copper sulfosalt minerals, with Cu10M2Sb4S13 (M¼
Cu, Mn, Fe, Co, Ni, Zn) general formula, that crystallize in the
cubic Cu12Sb4S13-type structure.13,14 They are rather environ-
ment friendly materials since are mainly formed by the non-
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expensive copper and sulfur elements.15 Though, tetrahedrite
does not melt congruently, participating in several reactions,
mostly to give Cu3SbS3 (skinnerite),16,17 which is stable until its
congruent melting point (�605 �C). The lower temperature
reaction is the Class III (tetrahedrite + CuSbS2 (chalcostibite) +
antimony / skinnerite), at 359 �C, which consumes tetrahe-
drite and forms skinnerite, with comparable elemental formula.
Furthermore, other reactions involving tetrahedrite take place
between 436 �C and 543 �C (ref. 16 and 17) and complex
decompositions can occur when extra elements are present.18,19

As a result, for the preparation of single phase tetrahedrite
materials solid state reactions are normally used aer casting,
with long-term annealing procedures. A large starting volume
percentage of tetrahedrite in the as-cast substance is expected to
favor the preparation of the single phase material. However,
only limited information on the tetrahedrite formation from the
undoped liquid phase exists.16–19

During the last years, alternative, cheap, rapid and scalable
methods for tetrahedrite preparation have been developed, in
particular using solvothermal synthesis, mechanical alloying
and glass crystallization.20–22 In these preparations extra
elements were added, either to tune the electrical properties of
the materials or to act as vitrifying and nucleating agents.
Nevertheless, information on the effect of extra elements in the
formation and stabilization of tetrahedrite-based thermoelec-
tric materials is scarce: up to the authors best knowledge, only
one article deals with this subject (a study on the effect of small
amounts of iron in the stability region of tetrahedrite and phase
RSC Adv., 2016, 6, 102359–102367 | 102359
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Table 1 Selected input factors and their respective levels in the actual
experimental design

Input factor Level 1 Level 2 Level 3

x 0 0.5 1
y 0 0.2 0.4
z 0 1 3

Table 2 Taguchi L-9 orthogonal array used for the present experi-
mental layout, after assigning the input factor values (the last column
indicates the desired/target composition)

Experiment no. x y z Composition

1 0 0 0 Cu12Sb4S13
2 0 0.2 1 Cu12Sb3.8Bi0.2S12Se
3 0 0.4 3 Cu12Sb3.6Bi0.4S10Se3
4 0.5 0 1 Cu11.5Ni0.5Sb4S12Se
5 0.5 0.2 3 Cu11.5Ni0.5Sb3.8Bi0.2S10Se3
6 0.5 0.4 0 Cu11.5Ni0.5Sb3.6Bi0.4S13
7 1 0 3 Cu11NiSb4S10Se3
8 1 0.2 0 Cu11NiSb3.8Bi0.2S13
9 1 0.4 1 Cu11NiSb3.6Bi0.4S12Se
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relations).23 Some results were also recently reported, but for
samples prepared by solid state reaction24 and mechanical
milling.25 No other information on the evolution of the reac-
tions and melting temperatures with doping exists.

In order to partially ll such gaps, here we present a study of
the effect of nickel, bismuth and selenium in the volume
percentage of tetrahedrite phases, in the temperature at which
the Class III reaction occurs and in the nal melting tempera-
ture of the Cu12�xNixSb4�yBiyS13�zSez materials rapidly cooled
from 950 �C. Nickel, bismuth and selenium were chosen due to
their use in previously reported materials with good thermo-
electric characteristics.4,12,22,24 To carry out these studies effi-
ciently the Taguchi method was applied, using data obtained
from powder X-ray diffraction (PXRD), differential scanning
calorimetry (DSC) and scanning electron microscopy (SEM),
complemented with energy-dispersive spectroscopy (EDS). The
analysis of the solidication microstructures of selected
samples, together with the corresponding DSC data, were also
used to obtain information on the formation of the
(tetrahedrite/skinnerite) phase or mixtures of phases, CuSbS2,
NiS and Cu3SbS4.

2. Methods and materials
2.1. Application of the Taguchi method

The Taguchi method is an easy-to-use statistical technique to
make robust design of experiments.26 It employs a limited
number of specic orthogonal arrays, each of which is utilized in
a number of particular experimental situations in order to orga-
nize the parameters affecting a certain process and the levels at
which they should be varied. The arrays stipulate the minimal
number of experiments necessary to determine which factors
most affect the process, allowing an independent evaluation of
each factor. In the evaluation of results, three different types of
quality characteristics, “bigger is better”, “smaller is better” and
“nominal is best” are classied in the Taguchi method.

The Taguchi method has been recently implemented with
success in severalMaterials Science studies.27–31 Studies as distinct
as the optimization of the fabrication of TiO2–Nb2O5–Al2O3 mixed
oxide nanotube arrays on Ti–6Al–7Nb,27 the design of multicom-
ponent ferrospinels for high-temperature purposes,28 the densi-
cation of ZrB2-based composites by reactive hot pressing with
changes in ZrO2/SiC ratio and sintering conditions,29 the bond
strength optimization of Ti/Cu/Ti clad composites produced by
roll-bonding,30 or the synthesis ofminimal-size ZnO nanoparticles
through sol–gel method31 were recently made using the Taguchi
method. In these works, L-9 and L-32 orthogonal arrays26 were
used, allowing a strong decrease in the number of experiences
needed to determine the optimal conditions.

2.1.1. Design of experiments. The identied general factors
that can affect the tetrahedrite concentration are the initial
composition, the thermal treatment, the ampoule (sample
container), the nature of the atmosphere and the quantity of
material. This study is focused on the effect of the initial
composition, in particular of the Ni, Bi and Se elements in the
tetrahedrite formation. Therefore, the effect of parameters like
the quantity of material, type of atmosphere, quartz ampoule
102360 | RSC Adv., 2016, 6, 102359–102367
diameter, quartz wall thickness, thermal treatment conditions
(heating speed(s), maximum heating temperature(s), time at the
plateau(s) and cooling procedure(s)) was not studied and,
consequently, they were kept constant in all experiments. The
selected input factors were three, the substitution of (i) Ni for
Cu, (ii) Bi for Sb and (iii) Se for S. Considering the general
formula Cu12�xNixSb4�yBiyS13�zSez, the (i), (ii) and (iii) input
factors are represented by x, y and z, respectively. The number of
levels for each one was also three, as nonlinear effects can be
present. The input factors and their selected levers are
summarized in Table 1. For three three-level input factors
a standard Taguchi L-9 orthogonal array to design experiments
was chosen.26

The Taguchi L-9 orthogonal array used in the experimental
layout, aer assigning the input factor values, is presented in
Table 2. In the last column are shown the desired compositions
aer considering the substitutions. According to the L-9
orthogonal array, a total of nine independent experiments are
needed to perform this study. It must be noted that in the L-9
orthogonal array all factors are considered independent. In
fact, this design is not suitable to investigate the interactions
between the different factors in three three-level input factors. It
would be possible only if much larger orthogonal arrays were
used, which would lead to a great increase in the number of
experiments, decreasing the advantage of the Taguchi method.
Therefore, and to simplify, all factors were considered inde-
pendent and the L-9 array was used.

Since zero cannot be used in the signal-to-noise ratios
calculation, a content of 0.1 volume percentage was considered
for the phases not detected. A maximum amount of tetrahedrite
phase is wanted. For this reason, in the evaluation of results, we
used “bigger is better” for this phase and “smaller is better” for
the others.
This journal is © The Royal Society of Chemistry 2016
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2.2. Experimental procedure

The polycrystalline samples, with �1 g mass each, were
prepared by reacting the elements (Cu, $99.999%, Sigma-
Aldrich; Ni, 99.97%, Johnson Matthey; Sb, 99.999%, Ventron;
Bi, 99.997%, Alfa Aesar; S, 99.9%, Alfa Aesar; Se, 99.99+%,
Sigma-Aldrich) inside a quartz ampoule of 10 mm outer diam-
eter and 1 mm wall thickness sealed under vacuum. An excess,
up to 4 mol%, of the chalcogenide elements (S, Se) was
considered to compensate eventual evaporation losses. The
temperature of the elemental mixture was raised from room
temperature to 950 �C (when only one liquid phase is present)
with an average heating speed of 3 �C min�1, kept at that
temperature for 60 minutes and quenched into cold water.

The thermodynamic behavior of the samples was studied
from room temperature up to 600 �C, under argon atmosphere,
with a ux of 50 cm3 min�1, and using a TA Instruments Q100
differential scanning calorimeter. The DSC measurements were
made with a heating rate of 10 �C min�1 in a �5 to 35 mg
weighed sample.

A representative part of each sample was manually powdered
and characterized by PXRD. Low-noise Si single crystal X-ray
diffraction sample holders were used in a PANalytical X'Pert Pro
powder diffractometer (Cu Ka-radiation) with Bragg-Brentano
geometry. Step-scanning mode X-ray diffraction patterns were
taken in the 15–60� 2q region with the q/2q conguration, a step
scan of 0.01� and a counting time per step of 15 s. The theoretical
powder patterns were calculated with the help of the Powder-Cell
package.32 The lattice parameters and unit cell volumes were ob-
tained by least-squares tting using the UnitCell program.33 Riet-
veld renements were made using the FullProf soware,34 with
Pseudo-Voigt prole shape function and manually introduced
background. As the number of electrons are similar in copper and
nickel, the copper positions were always considered totally lled,
whereas no constrains were made for the antimony and sulfur
occupations. All thermal displacement parameters were xed.

Scanning electron microscopy (SEM) was used to charac-
terize the microstructure of the samples. The SEM observations
were made on pieces of samples embedded in resin, polished
using SiC paper and diamond paste down to 1 mm, and with
a thin layer of gold deposited on the surface. A JEOL JSM-7001F
eld emission gun scattering electron microscope, equipped for
energy-dispersive spectroscopy (EDS) with a light element
detector was used in the microstructural characterizations. At
least three EDS point analysis were obtained for each phase. The
image analysis of the electron micrographs was made with the
help of ImageJ 1.46r soware.35

For each independent experiment the volume percentage of
the different phases existing in the samples was determined by
three separated times using Rietveld renements, while for the
melting temperatures determination only one DSC measure-
ment was made for each sample.
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3. Results and discussions

The average values of the volume percentage of the different
phases that exist in the samples, the corresponding signal-to-
This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 102359–102367 | 102361
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noise ratios and the Class III reaction and nal melting
temperatures are summarized in Table 3. Due to the similarity
between the compositions of some tetrahedrite and skinnerite
phases it was not possible to use image analysis for the calcu-
lation of volume percentages in three of the samples, being only
possible to determine the volume percentage of their sum.
Therefore, just the results of volume percentages obtained from
Rietveld renements were used in the Taguchi calculations.
However, as can be seen in Table 3, the results obtained from
both methods (Rietveld renement and image analysis) are
roughly in agreement. All these data allowed the application of
the Taguchi method to study the inuence of nickel, bismuth
and selenium in the volume percentage of the phases and in the
Class III reaction and nal melting temperatures of the
Cu12�xNixSb4�yBiyS13�zSez materials, which are presented
below.

Additional information was also obtained by the analysis of
the solidication microstructures. However, as noted before,
the lack of contrast between tetrahedrite and skinnerite did not
permit the proper separation of these two phases in the
microstructures of three samples. For that reason, the analysis
was made for the (tetrahedrite/skinnerite) phase or mixture of
phases, CuSbS2, NiS and Cu3SbS4, which provided relevant
information on their formation during solidication.

3.1. Effect of composition on the volume of the phases

Fig. 1 presents the X-ray diffraction patterns of the
Cu12�xNixSb4�yBiyS13�zSez samples, together with simulations
for the tetrahedrite (T) and skinnerite (S) phases. The repre-
sentative microstructures of the Cu12�xNixSb4�yBiyS13�zSez
materials, namely, of the A1, A3, A4, A6 and A7 samples, are
shown in Fig. 2. A simple observation of the diffractograms
indicates that all samples are mainly formed by these two
phases, which was conrmed by the Rietveld renements
Fig. 1 X-ray diffraction patterns of Cu12�xNixSb4�yBiyS13�zSez
samples. The simulations of X-ray diffraction patterns for the tetra-
hedrite (T-line) and skinnerite (S-line) type structures are included for
reference.

102362 | RSC Adv., 2016, 6, 102359–102367
(Table 3). EDS composition analyses (Table 4) are in agreement
with the X-ray diffraction data, with the image analysis pointing
to a total volume percentage of these two phases higher than
80% in all samples (Fig. 2 and Table 3). The Grand Average of
Performance (the average of all trial results) for tetrahedrite,
skinnerite, chalcostibite (CuSbS2), millerite (NiS) and famatin-
ite (Cu3SbS4) weight percentage is 57.7, 32.7, 4.3, 3.8 and 1.2,
respectively. These results clearly conrm the preponderance of
tetrahedrite and skinnerite in the samples. However, depending
on the initial composition there is a predominance of one of the
phases, when compared with the volume of the other.

It is possible to have an idea on the factor-level contribution
for the formation of the different phases from average values.
The average factor-level effects (average values for each level) on
the volume percentage of the different phases are presented in
Table 5 and those for tetrahedrite and skinnerite are plotted in
Fig. 3. It can be seen that the increase of nickel content has
a detrimental inuence on the tetrahedrite formation. However,
its effect seems to be small for low nickel contents, strongly
increasing with the increase of this element in the material. On
the contrary, nickel linearly promotes the formation of skin-
nerite and leads to the development of a millerite-based phase,
while only a slight effect on the remaining phases is observed.
Similarly to nickel, bismuth has also a negative effect on the
tetrahedrite formation, but on a linear way. It also favors the
development of skinnerite and millerite, having a small effect
on the other phases. The effect of selenium strongly contrasts
with those of the other two elements: small amounts of it greatly
increase the quantity of tetrahedrite and decreases the volume
percentage of skinnerite. A slight increase of the chalcostibite-
based phase and a negligible effect on the remaining ones is
also observed.

Albeit the analysis of the average values alone can give
important information on the inuence of different factors,
those based on signal-to-noise (S/N) ratios can be used to
analyze the results in a better way, as they give information not
only on the average values, but also on the variation around
those values. When the maximum is the ideal value it is desired
to use the “bigger is better” model, with S/N being given by

S

N
¼ �10 log10

"
1

n

X�
1

Yi

�2
#

(1)

where n represents the number of obtained results for each set
of input factor values and Yi represents each individual result at
those conditions. If the minimum is wanted should be used the
“smaller is better” model and in this case S/N is given by

S

N
¼ �10 log10

�
1

n

X
Yi

2

�
(2)

In the present analysis “bigger is better” was used for the
tetrahedrite-based phases, while “smaller is better”was used for
the others as mentioned previously.

The factor average effects on the volume percentage of
the different phases, based on the S/N ratios, are presented in
Table 6 and shown in Fig. 4. The factor that has a positive
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Representative microstructures of the Cu12�xNixSb4�yBiyS13�zSez samples. A1: grey-(tetrahedrite/skinnerite) phase or mixture of phases,
light grey-chalcostibite (CuSbS2), dark grey-famatinite (Cu3SbS4); A3 and A4: grey-(tetrahedrite/skinnerite) phase or mixture of phases, light
grey-chalcostibite (CuSbS2); A6: grey-tetrahedrite, light grey-skinnerite; A7: dark grey-NiS, grey-tetrahedrite, light grey-chalcostibite (CuSbS2).
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impact on the tetrahedrite formation is the selenium content in
the sample, being desirable to have the z value close to 3. The
nickel substitution for copper can go up to x ¼ 0.5 with negli-
gible effects on the tetrahedrite concentration, but higher
values induce the formation of other phases, in particular of the
chalcostibite. The results also indicate that bismuth has
a negative effect on the tetrahedrite formation, which agrees
with the EDS data and previous studies that showed that this
element does not enter into the tetrahedrite structure,22 and
promotes the development of the skinnerite and chalcostibite
phases. The contribution of bismuth for the tetrahedrite
formation is always negative, increasing with the concentration
increase, and therefore only minor amounts of bismuth can be
inside the sample before the appearance of visible effects.

3.2. Effect of composition on the Class III reaction and nal
melting temperatures

DSC curves obtained for the different samples are shown in
Fig. 5. The temperature at which the Class III reaction (tetra-
hedrite + chalcostibite + antimony/ skinnerite) occurs and the
This journal is © The Royal Society of Chemistry 2016
nal melting temperature of the Cu12�xNixSb4�yBiyS13�zSez
materials, that should mostly correspond to the skinnerite
congruent melting, are summarized in Table 3. Since only one
DSC measurement was performed for each sample, only the
analysis of average values was made in the Taguchi calculations.

3.2.1. Class III reaction temperatures. The (tetrahedrite +
chalcostibite + antimony / skinnerite) Class III reaction was
reported to occur at 359 �C in materials with the �Cu12Sb4S13
composition.16 In the present study, the DSC measurement of
an unsubstituted sample with the same type of composition
(A1) shows an anomaly at �360 �C, which was ascribed to this
reaction and conrms the previous published results.

The average effects of the different parameters and levels
on the reaction temperatures for all samples are presented in
Table 7. The addition of each one of the three elements
produces a very different effect: nickel causes a large increase of
the reaction temperature; bismuth makes no signicant
change; and selenium induces a great temperature decrease.
These results are in agreement with the (scarce) previous re-
ported data, where tetrahedrite was observed to be the major
RSC Adv., 2016, 6, 102359–102367 | 102363
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Table 4 Results from average EDS analysis for the phases in the Cu12�xNixSb4�yBiyS13�zSez samples

Sample Nominal composition Phase

Composition EDS/at%

Cu Ni Sb Bi S Se

A1 Cu12Sb4.007S13.1 Cu12Sb4S13/Cu3SbS3 40(1) — 15(1) — 45(1) —
CuSbS2 29(2) — 22(2) — 49(1) —
Cu3SbS4 36.9(1) — 12.6(3) — 50.5(3) —

A2 Cu12Sb3.789Bi0.192S11.986Se1.071 Cu12Sb4S13 41.2(2) — 13.5(2) 0 43.3(2) 2.1(1)
CuSbS2 35(6) — 10(4) 8(3) 32(3) 15(4)

A3 Cu12Sb3.621Bi0.41S10.026Se3.212 Cu12Sb4S13/Cu3SbS3 41.8(3) — 13.3(3) 0 38.5(2) 6.4(1)
CuSbS2 30(4) — 10(2) 13(3) 16(2) 30(4)

A4 Cu11.5Ni0.532Sb3.988S12.272Se1.238 Cu12Sb4S13 39.1(4) 2.3(2) 14.0(4) — 42.9(1) 1.8(2)
CuSbS2 32(4) 0 20(2) — 26(2) 22(2)

A5 Cu11.5Ni0.507Sb3.784Bi0.208S10.012Se3.077 Cu12Sb4S13 41(2) 2(1) 13(1) 0 36(3) 7(2)
Cu3SbS3 41(1) 1(1) 14(1) 0 31(1) 12(1)
CuSbS2 38(8) 0 9(2) 9(3) 12(2) 32(4)

A6 Cu11.5Ni0.504Sb3.581Bi0.401S13.317 Cu12Sb4S13 39.1(2) 3.1(2) 13.6(2) 0 44.2(3) —
Cu3SbS3 43(1) 0 11(1) 3(1) 43(1) —

A7 Cu11Ni1.003Sb3.994S9.994Se3.129 Cu12Sb4S13 43(1) 1(1) 14(1) — 36(1) 6(1)
CuSbS2 32(3) 0 22(2) — 23(2) 23(2)
NiS 8(2) 38(3) 2(1) — 43(3) 9(1)

A8 Cu11Ni1.01Sb3.78Bi0.206S13.16 Cu12Sb4S13 38(3) 4(2) 13(1) 0 45(1) —
Cu3SbS3 42(1) 1(1) 14(1) 1(1) 43(1) —
CuSbS2 33(3) 1(1) 17(2) 2(1) 47(2) —
NiS 12(2) 32(2) 5(1) 0 51(1) —

A9 Cu11Ni0.975Sb3.593Bi0.399S11.996Se1.013 Cu12Sb4S13/Cu3SbS3 40(3) 2(2) 14(1) 2(1) 44(2) 2(1)
CuSbS2 34(5) 0 14(3) 8(3) 30(4) 17(3)
NiS 10(2) 35(3) 3(2) 0 42(3) 9(2)

Fig. 3 Average effects of the studied factor-levels (x, y, z) on the
volume percentage of tetrahedrite and skinnerite.
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phase in selenium containing 12Cu:3.6Sb:0.4Bi:10S:3Se glassy
samples treated below 250 �C, while those treated above this
temperature were mainly constituted by skinnerite.22

3.2.2. Melting temperatures. The nal melting tempera-
tures of the Cu12�xNixSb4�yBiyS13�zSez materials are presented
in Table 3. These temperatures should correspond to the skin-
nerite congruent melting, as tetrahedrite transforms into this
phase at high temperatures. For the sample A1 (with the
Cu12Sb4S13 composition) that has its nal melting above 600 �C,
a temperature of 605 �C was considered. This temperature
corresponds to the congruent, unsubstituted, skinnerite
congruent melting temperature (�605 �C (ref. 16)), as tetrahe-
drite participates in several reactions, between 359 �C and
543 �C that result in this phase.16,17
Table 5 Average effects of factor levels on the volume percentage of th

Process parameter Levels

Properties

Cu12Sb4S13

(Ni)x 0 73
0.5 64
1 36

(Bi)y 0 70
0.2 55
0.4 48

(Se)z 0 33
1 67
3 73

a Grand average of performance for: tetrah. – 57.7; skin. – 32.7; chal. – 4.3

102364 | RSC Adv., 2016, 6, 102359–102367
Table 8 presents the average effects of the different param-
eters and levels on the melting temperatures of the samples.
The introduction of nickel, bismuth and selenium always
e different phasesa

Cu3SbS3 CuSbS2 NiS Cu3SbS4

21 2 0 4
31 5 0 0
46 6 11 0
18 5 2 4
34 6 5 0
46 2 5 0
56 2 5 4
25 3 5 0
16 8 2 0

; mill. – 3.8 fam. – 1.2.

This journal is © The Royal Society of Chemistry 2016
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Table 6 Factor average effects on the volume percentage of the different phases, based on the S/N ratios

Process parameter Levels

Properties

Cu12Sb4S13 Cu3SbS3 CuSbS2 NiS Cu3SbS4

(Ni)x 0 36 �11 �6 20 8
0.5 36 �16 �3 20 20
1 27 �18 �16 �20 20

(Bi)y 0 36 2 �13 9 8
0.2 33 �16 �12 6 20
0.4 29 �30 1 6 20

(Se)z 0 30 �35 1 6 8
1 32 1 �9 6 20
3 37 �10 �16 9 20

Fig. 4 Factor average effects for the mean S/N ratios of the volume
percentage of tetrahedrite (“bigger is better”) and skinnerite (“smaller is
better”), as a function of the studied factor-levels (x, y, z).
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decrease the melting temperature. However, the effect of the
rst two elements is small when compared with selenium. A
decrease of �10 �C when changing from the rst to the third
level is observed for nickel and bismuth, while in the case of
selenium a change of �40 �C is seen, pointing this factor as the
most inuent on the melting temperature. Previous DSC
studies on Cu12Sb4S13 and Cu10.4Ni1.6Sb4S13 are consistent with
the present results, conrming the decrease of the nal
Fig. 5 DSC curves obtained for the Cu12�xNixSb4�yBiyS13�zSez
samples.

This journal is © The Royal Society of Chemistry 2016
melting temperature when nickel exists,24 but our study
emphasize the predominant action of Se on the melting
temperature.

3.3. Microstructures

The cooling rates associated to quenching into cold water
(estimated to be close to 102 �C s�1) do not allow the proper
solid state diffusion necessary to reach equilibrium, which
promotes the presence of liquid below de equilibrium solidi-
cation temperatures. Therefore, the microstructures can
evidence extended solidication paths that give signicant
information on the monovariant lines and type of ternary
reactions. However, precautions must be taken, as these cooling
rates can also induce the formation of metastable phases and/or
suppress the nucleation of equilibrium phases. Slower cooling
rates are expected to promote equilibrium and, consequently,
the phases more stable at lower temperatures, which in the
present case are the tetrahedrite ones.

The representative microstructures of the Cu12�xNixSb4�y-
BiyS13�zSez materials, namely, of the A1, A3, A4, A6 and A7
samples, are shown in Fig. 2. EDS results of all alloys are
summarized in Table 4 and DSC curves are presented in Fig. 5.

The A1 sample has three clear regions, a (tetrahedrite/
skinnerite) phase or mixture of phases, in grey, chalcostibite
(CuSbS2), in light grey and famatinite (Cu3SbS4), in dark grey.
The (tetrahedrite/skinnerite) seems to be the rst to solidify, as
famatinite is generally surrounded by chalcostibite, the phase
that is produced from the last liquid. The introduction of
bismuth, selenium and small amounts of nickel leads to the
disappearance of famatinite, with the last liquid always solidi-
fying into a region rich in the chalcostibite phase. In samples A3
and A5 the liquid composition reaches a monovariant line with
eutectic nature: l1: L/ (tetrahedrite/skinnerite) + chalcostibite.
The solidication of the chalcostibite phase and/or
{(tetrahedrite/skinnerite) + chalcostibite} eutectic occurs
between 400 �C and 500 �C, as indicated by the peaks seen in the
DSC measurements. The endothermic broad peak that is
observed between 555 �C and 570 �C in the DSC curve of sample
A1 can be attributed to the decomposition reaction of Class I
(tetrahedrite / skinnerite + Cu2�xS + famatinite), albeit it is
slightly above the reported values.16,24 This difference is most
probably due to kinetic reasons, as in the DSC measurement
RSC Adv., 2016, 6, 102359–102367 | 102365
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Table 7 Average effects of factor levels on the (tetrahedrite + chal-
costibite + antimony / skinnerite) reaction temperature

Process
parameter Levels

Reaction temperature,
Tr (�C), average

(Ni)x 0 303.3
0.5 333.3
1 350.0

(Bi)y 0 330.0
0.2 326.7
0.4 330.0

(Se)z 0 366.7
1 330.0
3 290.0

Table 8 Average effects of factor levels on the final melting temper-
atures of the samples

Process
parameter Levels

Melting temperature,
Tm (�C), average

(Ni)x 0 580.3
0.5 573.0
1 574.3

(Bi)y 0 583.3
0.2 573.3
0.4 571.0

(Se)z 0 592.3
1 580.7
3 554.7
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there is a continuous heating and the tetrahedrite decomposi-
tion rate is limited by solid state diffusion.36

A4 has minor amounts of chalcostibite and only a small
anomaly that can be related with its melting in the 400–500 �C
range exists. This sample contains a large quantity of pores, which
most probably are connected with the sulfur release due to the
high temperatures involved. Another possibility is their relation
with the (tetrahedrite/ skinnerite + Cu2�xS + famatinite) Class I
reaction that occurs at 500–520 �C, temperatures lower than in the
unsubstituted material, as is evidenced by an irregularity in the
DSC curve. In a similar way, samples A2 and A3 also have an
anomaly at these temperatures, but unfortunately it was not
possible to systematically study the effect of composition on this
Class I reaction, as the other samples do not show a clear anomaly
that could be related with it. However, these results seem to
indicate that the substitutions decrease this reaction temperature.

In contrast with the previous samples, in A6 there is an
unambiguous distinction between the tetrahedrite and
skinnerite phases. This is related with their specic compo-
sitions, in particular to their content of nickel and bismuth
(Table 4). Interestingly, tetrahedrite is the rst phase to
crystallize, showing grains with at surfaces and a well
dened morphology.

Samples A7, A8 and A9 have black NiS dendrites solidifying
rst, followed by the grey (tetrahedrite/skinnerite) phase or
mixture of phases and, nally, chalcostibite, in light grey,
102366 | RSC Adv., 2016, 6, 102359–102367
crystallizing from the last liquid. From these three samples,
a broad peak between 515 �C and 550 �C is only observed in the
DSC curve of A7 that should be related with the melting of
chalcostibite. It should be noted that, from these three samples,
A7 is the only that has a higher concentration of this phase.

4. Conclusions

The Tagushi method was applied to study the effect of nickel,
bismuth and selenium in the tetrahedrite volume percentage on
Cu12�xNixSb4�yBiyS13�zSez, in the Class III reaction and in the
melting temperatures of those samples and on their micro-
structure. Selenium was found to have the higher impact on the
tetrahedrite formation, as well as on the reaction and melting
temperature decrease. On the contrary, bismuth and nickel do
not promote the tetrahedrite formation, but they have different
effects on the transformation reactions, as nickel increase the
Class III reaction temperature without signicant effect on
melting temperature, whereas bismuth does not have major
effect on none of these two temperatures. The microstructure
derived from these effects were also investigated.

These studies are part of a broader project that has as main
objective to predict the amount of tetrahedrite phases on
samples prepared under different conditions.

Acknowledgements

This work was partially supported by the Portuguese Founda-
tion for Science and Technology (FCT), Portugal, through the
contracts UID/Multi/04349/2013 and POCI-01-0145-FEDER-
016674. We would also like to acknowledge the support given
by the ANR project “PROGELEC”, Verres Thermo-Générateurs
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