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roperties of n-type ZrNiSn
prepared by rapid non-equilibrium laser
processing†

Yonggao Yan,*a Wuqian Geng,a Junhao Qiu,a Hongquan Ke,a Chuang Luo,a

Jihui Yang, b Ctirad Uherc and Xinfeng Tang *a

The traditional manufacturing of thermoelectric (TE) modules is a complex process that requires a long

processing time and is high cost. In this work, we introduce a novel one-step 3D printing technique for

TE module manufacturing, which integrates the Self-propagation High-temperature Synthesis (SHS) with

the Selective Laser Melting (SLM) method. As a demonstration of this technique, bulk ZrNiSn samples

were successfully fabricated on a Ti substrate. The effect of SLM processing parameters, such as the

laser power and the scanning speed, on the quality of the forming ZrNiSn layers was systematically

studied and analyzed, and the optimal processing window for the SLM process was determined.

Transport property measurements indicate that the SLM-processed ZrNiSn possesses the maximum

thermoelectric figure of merit ZT of 0.39 at 873 K. The interface of the ZrNiSn with the Ti substrate

shows good adherence and low contact resistivity. The work demonstrates the viability of the SHS-SLM

method for rapid fabrication of TE materials, legs and even modules.
1. Introduction

Thermoelectric materials can realize a direct reversible
conversion between thermal and electrical energy via the See-
beck and Peltier effects. Thermoelectric energy conversion
shows many advantages, such as no moving components, high
reliability, and noiseless and pollution-free operation.1–4 ZrNiSn
and other half-Heusler alloys are among the best thermoelectric
materials for the mid-to-high temperature range operation.
Moreover, their superior mechanical properties and thermal
stability are also advantageous for commercial applications in
the eld of thermoelectric power generation.5–8 The traditional
preparation methods of ZrNiSn include arc melting,9,10 induc-
tion melting,11,12 and solid-state reactions,13,14 all of which
require a long time post annealing to obtain the desired
homogenous composition and microstructure. Therefore, these
fabrication methods are time consuming, waste a lot of energy,
and are not well suited for large-scale industrial production. In
addition, traditional manufacturing of thermoelectric modules
includes multi-step processes, such as slicing, surface
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metallization, dicing, and assembling and soldering that results
in a low material utilization rate and high cost of thermoelectric
modules.15–17 Hence, the fabrication technology of thermoelec-
tric modules that relies on simple processes, low energy
consumption, and high material utilization is critically impor-
tant for making ZrNiSn-based thermoelectric devices econom-
ically viable.

Self-propagation High-temperature Synthesis (SHS), also
known as the combustion synthesis (CS), is a convenient
process for rapid preparation of materials using the energy
released during a chemical reaction.18–20 The SHS synthesis can
be completed in a few seconds with minimal energy consumed,
once the reaction is initiated. Moreover, the SHS process is so
fast that evaporation of low-melting-point elements is dramat-
ically suppressed, leading to a precisely controlled composition.
Recently, the SHS synthesis has been successfully applied in
preparation of many thermoelectric compounds, including
Cu2Se,21 Bi2Te3,22,23 CoSb3,24 BiCuSeO,25 SnTe26 and ZrNiSn.27

Selective Laser Melting (SLM), as a new additive
manufacturing technology, uses a laser beam to melt a single
layer powder bed that rapidly solidies once the laser moves
away. A layer upon a layer, a three-dimensional object can be
formed using highly automated processing steps and achieving
high utilization of raw materials as mechanical cutting is avoi-
ded. The SLM processing technology is being widely used in
aviation, automotive and other industrial manufacturing
elds.28,29 If this technology could be applied in the synthesis of
TE materials, fabrication of n- and p-type TE legs, and the
assembly of modules, the entire manufacturing of TE modules
This journal is © The Royal Society of Chemistry 2018
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would be fundamentally transformed, signicant cost savings
achieved, and greatly expanded large-scale applications of
thermoelectricity would materialize. The thermoelectric
conversion technology would then play an increasingly impor-
tant role in relieving energy shortages and mitigating environ-
mental pollution.

Recently, the rst attempts have been made to apply the SLM
technology to the fabrication of thermoelectric materials. For
instance, El-Desouky et al.30 successfully prepared the Bi2Te3-
based material and made initial investigations of the effect of
laser processing parameters on the depth of the molten pool.
However, the chemical composition and thermoelectric prop-
erties of their SLM-processed samples were not investigated.
Our group31,32 systematically studied the inuence of the laser
fusion forming process on the chemical composition, micro-
structure and thermoelectric properties of n-type Bi2Te2.7Se0.3.
The composition and properties of the printed bulk samples
were similar to those prepared by the traditional zone melting
process. Compared with metallic materials, where the SLM
processing is widely used, Bi2Te3 and other conventional ther-
moelectric materials possess low melting points, poor
mechanical properties, and low thermal conductivities. This
leads to excessive evaporation of low melting point elements
and the formation of pores and cracks in the SLM-processed
structures. Except for Bi2Te3 and its alloys, there are no
reports on other SLM-fabricated thermoelectric materials.
ZrNiSn and other half-Heusler alloys have high melting points,
superior mechanical performance, and their thermal conduc-
tivity is relatively close to that of metals, making it worthwhile to
explore their synthesis via the SLM technology.

In this study, ZrNiSn bulk strata were prepared by the
combined use of two rapid processing techniques, SHS and
SLM. The SHS synthesis was used to prepare stoichiometric
ingots of ZrNiSn that were crushed into a ne powder, which
served as a powder bed for the SLM process. The layers of
ZrNiSn (total thickness of 1.7 mm) were processed on a Ti
substrate. The optimal SLM processing parameters were iden-
tied by studying the shape, morphology and grain size of the
SLM-processed ZrNiSn. The adhesion of the ZrNiSn layers on
the Ti substrate and the contact resistivity across their interface
was also determined. The combined SHS-SLM technology
demonstrated a viable route for the one-step processing of
ZrNiSn that may be extended to other thermoelectric materials.

2. Experimental method

Stoichiometric amounts of high purity Zr powder (99.99%, 200
mesh), Ni powder (99.999%, 200 mesh) and Sn powder
(99.999%, 200 mesh) were thoroughly mixed in an agate mortar
and cold-pressed into an ingot under 20 MPa pressure applied
for 8 minutes. The ingot was placed into a chamber lled with
Ar mixed with 10 vol% H2. A 100 W laser was rastered over the
top surface of the ingot to initiate the SHS reaction. The reaction
was completed in a few seconds and fully synthesized ZrNiSn
was realized. The ingot was subsequently crushed into a powder
and sieved to 400 mesh. The powder particle size and distri-
bution were determined by the Malvern particle size analyzer
This journal is © The Royal Society of Chemistry 2018
(Mastersizer 2000, Malvern). A Field Emission Scanning Elec-
tron Microscopy (FESEM) image of the SHS-prepared powder is
shown in Fig. 1(a) and the particle distribution is depicted in
Fig. 1(b); the average size of particles was 4.41 mm. The powder
was mixed with anhydrous alcohol in a mass-to-volume ratio of
3 : 1 g ml�1 to obtain a ZrNiSn slurry. The slurry with the
thickness of about 30 mm was spread evenly on the surface of
a Ti substrate by a spatula spreading machine. The Ti substrate
in a form of a disk of 20 mm diameter and 3 mm thickness was
prepared in the meantime from a sieved Ti powder by SPS (1273
K, 40 MPa, 5 min). Aer the alcohol fully evaporated from the
slurry, the SLM process commenced. We used a commercial
ber laser (MFSC-100W) with the wavelength of 1064 nm and
the focal spot size of about 100 mm. The scanning speed could
be varied up to 300 mm s�1. All SLM experiments were carried
out in 0.5 atm of Ar mixed with 10% of H2. The surface
morphology and microstructure of the SLM samples were
observed by a Hitachi S-4800 eld emission scanning electron
microscope. The phase composition of the ZrNiSn was charac-
terized by X-ray powder diffraction (XRD, PANalytical X'pert Pro
X-ray), and the chemical composition was determined using an
electron probe micro-analysis (EPMA, JXA-8230) equipped with
an energy dispersive spectrometer (EDS). The contact resistance
between ZrNiSn and the Ti substrate, the spatially resolved
Seebeck coefficient and its distribution were measured with
a Potential Seebeck Microprobe (PSM). The electrical conduc-
tivity and the Seebeck coefficients of the SLM-processed ZrNiSn
samples were measured by a commercial thermoelectric
performance analyzer (ZEM-3, UlvacRiko, Inc.). The thermal
conductivity k was calculated using k ¼ DCpd, where D is the
thermal diffusivity of the samples measured by a laser ash
technique with the aid of an LFA-457, Netzsch instrument, Cp is
the heat capacity of measured by a differential scanning calo-
rimeter (DSC Q20, TA Instrument), and d is the sample density
measured by the Archimedes method.
3. Results and discussions
3.1 Processing window

Fig. 2 shows the inuence of the SLM processing parameters on
the quality of a single forming layer. We use the laser volume
energy density EV,33 dened as

EV ¼ P

ndh
(1)

to quantify the effect of laser energy impinging on the powder
bed. Here, P is the laser power (W), n is the scanning speed (mm
s�1), d is the hatch spacing (mm), and h is the thickness (mm) of
the powder bed. Fig. 2(a)–(d) show four typical morphologies of
a single layer (2� 2 mm2) obtained by varying the laser power (P
¼ 12–28 W) and the scanning speed (n ¼ 40–200 mm s�1). They
can be characterized by the words: overheated Fig. 2(a); dis-
torted Fig. 2(b); at Fig. 2(c); and balling Fig. 2(d). The hatch
spacing and the powder bed thickness were set at 0.05 mm and
0.03 mm, respectively. Fig. 2(e) shows how the forming quality
depends on the laser power and the scanning speed. The best
RSC Adv., 2018, 8, 15796–15803 | 15797
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Fig. 1 (a) FESEM image of the powder prepared by the SHS method; (b) particle size distribution for the same powder as (a).
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parameters lie between the red and the brown lines. The scan-
ning strategy is indicated with a red arrow in Fig. 2(c).

The processing parameters corresponding to the above four
typical morphologies are as follows: the overheated forming
area in Fig. 2(a) is a result of using too high laser power (P > 22
W) and low scanning speeds (n# 80 mm s�1). This corresponds
to the laser volume energy density of EV $ 220 J mm�3, in which
case the boundary region between the processed and unpro-
cessed layer of powder develops a distinct concave prole. The
molten pool temperature under such high EV is so high that the
surrounding un-scanned powder is also partially melted.
Moreover, in such hot molten pool, chemical elements readily
evaporate.

Fig. 2(b) depicts the distorted forming area obtained under
high laser power (P > 22 W) but a somewhat increased scanning
speeds (80 # n # 120 mm s�1). The laser energy density is then
within the range 146 J mm�3 < EV < 220 J mm�3, and the concave
prole has disappeared. However, signicant layer thickness
uctuations were observed between the boundaries and the
middle region. They originate from the actual scanning speed at
the start and end points of the scanned track where the laser
motion is much slower than the speed over the central region of
Fig. 2 FESEM images show four typical surface morphologies of SLM-p
balling. (e) The processing window with varying laser powers and scann

15798 | RSC Adv., 2018, 8, 15796–15803
the track. Accordingly, the laser beam interacts with the powder
bed for a longer time at both ends of the track, the temperature
of the molten pool there increases, giving rise to raised edges at
both ends.

In Fig. 2(c), at area is obtained under the laser power within
the range 14W < P# 20W and scanning speeds between 80mm
s�1 and 120 mm s�1. In terms of the laser energy density EV this
is an interval between 88 J mm�3 and 146 J mm�3. Operating
under these conditions results in no ridge-like features on the
surface.

In Fig. 2(d), one observes distinct balling, which reects
a low laser power (P # 14 W) and/or high scanning speed (n >
120 mm s�1), corresponding to the energy density of EV < 88 J
mm�3. The laser energy is not high enough to melt the powder
bed completely. Consequently, the molten pool is shallow, its
temperature is too low and the viscosity of the melt is large.
Such conditions lead to a large wetting angle that readily
produces the balling phenomenon.

According to the above results, provided the laser power and
the scanning speed are controlled between 14 W to 20 W and
80mm s�1 to 120mm s�1, respectively (EV between 88 J mm�3 to
146 J mm�3), at high quality surfaces form. Though the hatch
repared ZrNiSn single layers: (a) overheated; (b) distorted; (c) flat; (d)
ing speeds delineates the above four types of layer finish during SLM.

This journal is © The Royal Society of Chemistry 2018
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spacing (h) and the thickness of the powder bed (d) play an
important role in determining the quality of the forming layer,
the main governing factors are the laser power and the scanning
speed.
3.2 Chemical composition

Chemical composition is the key factor determining material
properties, especially as far as the thermoelectric materials are
concerned. Since the ZrNiSn alloy consists of high and low
melting point elements and themolten pool reaches rather high
temperatures, accelerated evaporation of some elements is
a concern that must be addressed during the SLM processing.

The vapor pressure Pi (Pa) and the vaporization rate Ji (g
cm�2 s�1) of element i, calculated according to the Langmuir
formula, are introduced to analyze variations in the content of
elements constituting ZrNiSn during SLM.

The vapor pressure Pi can be expressed as:34

log P0
i ¼ �A

T
þ Bþ C log T (2)

where A, B and C are constants. The vaporization rate, Ji, can be
expressed as:35

Ji ¼ 4:375� 10�4giXiP
0
i

�
Mi

T

�1=2

(3)

where gi is the activation coefficient of element i, Xi is its molar
fraction; P0i is the vapor pressure of pure element i (Pa),Mi is its
atomic weight (g mol�1) and T is the temperature (K) of the
molten pool.

Aer calculating the vapor pressure Pi, we substitute eqn (2)
into eqn (3) to obtain the vaporization rate Ji of the elements Zr,
Ni, Sn, respectively. Fig. 3(a) shows the temperature dependence
of the evaporation rates of Zr, Ni, Sn from 1200 K to 3000 K. The
vaporization rates of Zr and Ni are low during in the whole
temperature range, while Sn evaporates at an increasing rate as
Fig. 3 (a) Calculated vaporization rates of Zr, Ni, Sn as a function of them
layers with flat surface under varying laser powers and scanning speeds.
for comparison.

This journal is © The Royal Society of Chemistry 2018
the temperature increases and its loss is greater than that of Ni
and particularly so compared to Zr.

Fig. 3(b) shows the XRD patterns of four well-formed
surfaces prepared using the following laser parameters: 16 W
and 120 mm s�1; 18 W and 120 mm s�1; 18 W and 100 mm s�1;
and 18 W and 80 mm s�1, respectively. All patterns indicate the
same main phase of ZrNiSn and a secondary phase of Sn. The
observation of Sn as a second phase could be correlated to the
possible phase segregation from half-heusler ZrNiSn to full
Heusler ZrNi2Sn, Sn and Zr. However, Zr exist in the form of
ZrO2, which could be seen from the SEM photo given in Fig. S1.†
On the other hand, the loss of Sn in ZrNiSn will result in Sn
vacancy and Zr/Sn antisite defects. As the laser power increases
and the scanning speed decreases, the depth of the molten pool
increases and the bonding between the layers becomes
stronger. Consequently, we have chosen to operate with the
laser parameters of P ¼ 18 W, n ¼ 80 mm s�1, h ¼ 50 mm, and
d ¼ 30 mm.

Fig. 4 depicts the shape, morphology, and the phase
composition of the 1.7 mm thick SLM-processed ZrNiSn. The
actual composition of SLM-processed ZrNiSn (ZrNi1.009Sn1.018)
before annealing is close to that of the SPS-processed ZrNiSn
(ZrNi1.003Sn1.016). Aer annealing, the actual composition of the
SHS-SLM sample kept almost unchanged (ZrNi1.010Sn1.020).
Fig. 4(a) shows that the surface of the processed structure is
relatively at. The side view of the structure is shown in
Fig. 4(b). The images document that ZrNiSn can be successfully
printed on the Ti substrate. Fig. 4(c) is the surface FESEM image
of ZrNiSn. A few cracks are visible under high magnication.
Fig. 4(d) is the FESEM image of the cross section of the SLM-
processed ZrNiSn. The white arrow denotes the direction of
the building layers and the red dotted line indicates the
boundary between the bulk and the Ti substrate. There are a few
cracks paralleled to the building direction observed on the cross
section in Fig. 4(d). These cracks arise from a very rapid rate of
cooling that can reach values on the order of 106 K s�1. Fig. 4(e)–
olten pool temperature; (b) X-ray diffraction patterns of SLM-processed
The reference pattern (JCPDS#03-065-5987) for ZrNiSn is also shown

RSC Adv., 2018, 8, 15796–15803 | 15799
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Fig. 4 (a) Images of the SLM-processed ZrNiSn on the Ti substrate (top view); (b) side view of the structure; (c) SEM image of the surface of SLM-
processed ZrNiSn; (d) SEM image showing the interface between ZrNiSn and Ti highlighted by the red dashed line; (e)–(h) EDS elemental maps of
the green rectangular area in (d).
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(h) present cross-section images of the element maps at the
interface between ZrNiSn and the Ti substrate. The interface is
smooth and sharp and no inter-diffusion is observed. It follows
that ZrNiSn can be printed on the Ti substrate without a tran-
sition layer due to comparable melting points and thermal
expansion coefficients. Therefore, ZrNiSn legs can be prepared
in one step by SLM.
3.3 Thermoelectric transport properties

The bulk ZrNiSn sample with the thickness of 1.7 mm, repre-
senting 80 individual processed layers on top of each other, was
prepared with the relative density of 97.2%. Fig. 5 shows ther-
moelectric transport properties of the structure. Temperature
dependence of the electrical conductivity is shown in Fig. 5(a)
and includes, for comparison, the conductivity of the SHS-SLM-
processed sample annealed at 500 �C for 24 hours and the SHS-
SPS-processed sample. As the temperature increases, the elec-
trical conductivity of the as-prepared SHS-SLM sample initially
slowly increases. Above about 475 K, the rate of increase accel-
erates until near 750 K, at which point the conductivity attens.
Up to 650 K, the conductivity of the SHS-SLM sample is signif-
icantly inferior to the conductivity of the SHS-SPS sample, in
spite of its carrier concentration (7.54 � 1020 cm�3 at room
temperature) being more than an order of magnitude larger
than the carrier concentration (5.87 � 1019 cm�3 at room
temperature) in the SHS-SPS sample. Therefore, SLM-processed
samples must have much lower carrier mobility compared with
the SPS'ed samples. This is mainly due to the microcrack
formed in the SLM-process sample. We have attempted to
improve the electrical conductivity by annealing the SHS-SLM
sample and, indeed, this led to a marked improvement.
Apparently, upon annealing, some of the cracks have been
15800 | RSC Adv., 2018, 8, 15796–15803
eliminated. It is noted that the conductivity of SHS-SLM
prepared sample actually increase with the elevated tempera-
ture. This could be explained by the band gap shrinkage36 due to
the existence of the Zr/Sn antisite defect. Due to the band gap
shrinkage, the SLM sample experiences the minor carrier exci-
tation even at a much higher carrier concentration as compared
with the SPS prepared sample. Fig. 5(b) shows the Seebeck
coefficient of all three specimens. Obviously, the Seebeck coef-
cient of the SHS-SLM sample is lower than that of the SHS-SPS
sample, which can be ascribed to its much higher carrier
concentration. Due to the much lower Seebeck coefficient and
comparable electrical conductivities, the power factor of the
SHS-SLM-processed ZrNiSn (1.45 mW m�1 K�2 at 873 K) is
signicantly smaller than the power factor of the SHS-SPS-
prepared sample (3.4 mW m�1 K�2 at 873 K). Fig. 5(c) shows
the thermal conductivity of the three samples. The thermal
conductivity of the SHS-SLM-processed ZrNiSn is signicantly
lower than the thermal conductivity of the SHS-SPS-prepared
ZrNiSn. For example, at 873 K, the respective thermal conduc-
tivities are 3.83 W m�1 K�1 and 4.96 W m�1 K�1. Beside the
presence of micro-cracks, the signicantly decreased thermal
conductivity of the SHS-SLM-processed ZrNiSn is chiey due to
the extremely fast heating and cooling rates during SLM, which
result in ne submicron-size grain structure. Annealing has no
effect on the magnitude of the thermal conductivity of SHS-SLM
sample. Fig. 5(d) shows the temperature dependence of ZT
values of all three samples. Compared to the SHS-SPS sample,
the SHS-SLM structure attains only about 59% the value of ZT,
and at 873 K it reaches 0.39 versus 0.66. The difference in ZT
values is attributed to an order of magnitude larger carrier
concentration in SHS-SLM-processed ZrNiSn that primarily
affects the magnitude of the Seebeck coefficient.
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Temperature dependence of thermoelectric properties of SLM-processed ZrNiSn (before and after annealing) compared to ZrNiSn
prepared by SHS-SPS: (a) electrical conductivity; (b) Seebeck coefficient; (c) thermal conductivity; and (d) thermoelectric figure of merit ZT. The
SHS-SLM sample was annealed at 500 �C for 24 hours.
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Fig. 6 presents cross-section FESEM images of SHS-SPS and
SHS-SLM prepared ZrNiSn. Fig. 6(a) shows the grain size of
a few mm, typical of the SHS-SPS-processed structure. In Fig. 6(b)
is shown a submicron grain structure formed during the SHS-
SLM processing of ZrNiSn, where the cooling rate is so fast
(more than 106 K s�1) that the grain growth is seriously
Fig. 6 FESEM images of the cross-section of ZrNiSn samples: (a) SHS-SPS
difference.

This journal is © The Royal Society of Chemistry 2018
impeded. This nemicrostructure should enhance scattering of
phonons and result in signicantly reduced thermal conduc-
tivity, as is indeed, observed.

The joining of ZrNiSn and metal substrate can be considered
as laser welding. Only when the two materials have similar
melting points and coefficients of thermal expansion, can they
-prepared sample; (b) SHS-SLM-processed sample. Note the grain size
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Fig. 7 Backscattering electron image of the interface of the SLM-processed ZrNiSn on Ti substrate: (a) before and (b) after annealing; (c) contact
resistance between the Ti substrate and the annealed SHS-SLM-processed ZrNiSn.
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form a suitable bonding. By a survey on common metals, Ti
shows a close melting point and a similar thermal expansion
coefficient to ZrNiSn. Therefore, we select Ti as the proper
electrode for ZrNiSn to ensure good bonding. Fig. 7(a) and (b)
shows backscattering electron image of the interface of SLM-
processed ZrNiSn on Ti substrate before and aer annealing,
respectively. Aer annealing, the interphase layer thickness
does not change and are around 5 mm, this region possesses
a Ti-rich composition, formed due to the inter-diffusion
between Ti and ZrNiSn during the SLM process. Aer anneal-
ing, a slight diffusion of Ti into ZrNiSn can be observed. Fig. 7(c)
shows the contact resistance between the Ti substrate and the
SHS-SLM-processed ZrNiSn aer annealing which is measured
as 0.436 mU. This corresponds to the contact resistivity of 27.25
mU cm2, which is a comparable value with those observed on the
interfaces of the commercial TE modules.37 The interfacial
region attributes to the contact resistivity and also assures
a good bonding strength between ZrNiSn and Ti.
4. Conclusions

We have explored a rapid, non-equilibrium SLM-based fabri-
cation process of ZrNiSn, one of the promising novel thermo-
electric materials. Results show that the laser energy density has
the dominant inuence on the material's forming quality,
stoichiometry, phase composition and thermoelectric proper-
ties. The optimal laser energy density for obtaining excellent
surface quality and a near theoretical density is in the range of
88 J mm�3 to 146 J mm�3. Deviating from this range results in
porous, distorted and even balling surface. During the SLM
processing of ZrNiSn, a small amount of Sn has appeared as
a secondary phase. The presence of the Sn secondary phase has
resulted in a large charge carrier concentration, an order of
magnitude exceeding the carrier density of ZrNiSn prepared by
SHS-SPS. Due to such greatly enhanced carrier concentration,
the Seebeck coefficient of the SHS-SLM-processed ZrNiSn is
signicantly inferior to that of the SHS-SPS-processed material,
and this is reected in only about 59% the value of ZT (0.39 at
873 K) obtained for this SLM-based structure.

It is the rst time that ZrNiSn was printed on the Ti
substrate, realizing a one-step preparation of ZrNiSn thermo-
electric legs. This lays an important foundation for subsequent
15802 | RSC Adv., 2018, 8, 15796–15803
efforts to manufacture ZrNiSn-based modules by SLM and
extending the technology to other thermoelectric materials.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

We wish to acknowledge support from the Natural Science
Foundation of China (Grant No. 51521001, 51401153,
517772232) and the 111 Project of China (Grant No. B07040).
References

1 T. M. Tritt and M. A. Subramanian,MRS Bull., 2006, 31, 188–
195.

2 Y. Zhang, M. Cleary, X. Wang, N. Kempf, L. Schoensee,
J. Yang, G. Joshi and L. Meda, Energy Convers. Manage.,
2015, 105, 946–950.

3 Q. H. Zhang, X. Y. Huang, S. Q. Bai, X. Shi, C. Uher and
L. D. Chen, Adv. Eng. Mater., 2016, 18, 194–213.

4 J. H. Yang and T. Caillat, MRS Bull., 2006, 31, 224–229.
5 J. Schmitt, Z. M. Gibbs, G. J. Snyder and C. Felser, Mater.
Horiz., 2015, 2, 68–75.

6 H. Xie, H. Wang, C. Fu, Y. Liu, G. J. Snyder, X. Zhao and
T. Zhu, Sci. Rep., 2014, 4, 6888.

7 G. Rogl, A. Grytsiv, M. Gürth, A. Tavassoli, C. Ebner,
A. Wünschek, S. Puchegger, V. Soprunyuk, W. Schranz,
H. EuMuller, M. Zehetbauer and P. Rogl, Acta Mater., 2016,
107, 178–195.

8 S. Populoh, O. Brunko, K. Gałązka, W. Xie and
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