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Abstract

In this study, a novel space holder is used for the fabrication of Si foams. The space holder is a graphite composite (GC) with regular spheroidal
cells. Conventional space holder materials are not suitable for casting Si foams. The main issue in this context is the differences between the
melting point of the foam’s base material and the one of common space holders. GC offers many advantages as e.g. low cost, good dissolution
by oxidation, high melting point and non-toxicity. This type of space holder is chemically stable when being in contact with liquid and solid Si,
and it is, hence, suitable for a melt metallurgical processing route. Si foams are manufactured by applying replication casting. The resulting foam
geometry and its surface are analyzed using LM and SEM. XRD measurements are performed to investigate the quality of the Si foam in terms of

contamination by graphite or oxygen.
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1. Introduction

Metal foams are a special type of engineering materials. The
combination of base metal and cellular structure shows great
potential for a wide range of applications in energy absorption
[1], thermal engineering [2] and lightweight constructions [3].
Common manufacturing techniques for metal foams are: sinter-
ing, using a blowing agent, investment casting and replication
casting [4-6]. A melt metallurgical processing route is usually
used for fabrication of open-pore metal foams. Primarily the
porosity and morphology of the open-pore foam is defined by a
perform. In the case of investment casting, typically a reticulated
polymer foam is used as precursor. It is embedded in a ceramic
slurry, burned out and infiltrated with molten metal [7—10]. How-
ever, this method requires a high effort in time and material.
Another melt metallurgical processing route is the replication
casting technique. A space holder material is placed in a mold
that gets infiltrated with the molten metal. In a next step, the
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space holder is removed leaving an open-pore metal foam. The
space holder has to be insoluble and unreactive with the molten
and solid metal while showing good solubility in a solvent or
acid that does not react with the metal [10-12].
Energy-efficiency and energy-storage are mayor research
fields in science, engineering, and technology in the future [13].
Sihas been the most promising candidate for the next-generation
anode materials, expressing a theoretical specific capacity of
4200mAhg~!, which is much higher than the commercial
graphite anode. Hence, there are currently many developments
using Si foams for energy applications [14—16]. Another very
promising application for Sifoams is the thermoelectricity. Ther-
moelectric materials show outstanding properties due to their
ability to convert waste heat into electricity [17-19]. Of many
different alloys and compounds belonging to this class of mate-
rials, MgSi is a promising candidate. A new manufacturing
approach requires Si foam as a precursor that is infiltrated by
molten Mg followed by a thermal treatment to form the ther-
moelectric material Mg, Si [20]. These examples in application
show the need of the porous Si structures. The aim of the present
study is to investigate the manufacturing process of open-pore
Si foams by the melt metallurgical route. For this purpose, we

2603-6363/© 2018 Sociedade Portuguesa de Materiais (SPM). Published by Elsevier Espaiia, S.L.U. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.stmat.2018.02.002&domain=pdf
http://www.sciencedirect.com/science/journal/26036363
http://www.sciencedirect.com/science/journal/01519638
http://ees.elsevier.com/stmat
https://doi.org/10.1016/j.stmat.2018.02.002
mailto:johann.heimann@hs-pforzheim.de
https://doi.org/10.1016/j.stmat.2018.02.002

24 J. Heimann et al. / Science and Technology of Materials 30 (2018) 23-26

=

|

Fig. 1. Space holder spheres made of (a) graphite particles, (b) graphite composite.

20 mm

Fig. 2. Digital image of open-pore Si foams (a) using graphite particles and (b) graphit composite as space holder. Cross section of the produced foams showing the

cell geometrie in (c) and (d).

investigate graphite as a space holder to produce replicated open-
pore Si foams.

2. Material and methods

In this study, pure graphite (99.8%) spheres (Fig. 1(a)) and
graphite based composite (GC) were used as space holder mate-
rials. Both types of space holder have a spheroidal shape and
a size of 4mm in diameter. The fabrication of GC was per-
formed using graphite particles (purity of 99.8%) in a range of
0.2 mm < d < 0.5 mm (supplied by Thielmann Graphite GmbH &
Co. KG, Germany) that were blended with an inorganic binder.
This mixture was put in silicone spheroidal and 4 mm diametric
molds to achieve the desired shape of the space holders. Subse-
quently, the mixture of graphite and inorganic binder was dried
out. Fig. 1(b) shows the final GC after the removal of the mold
in comparison to pure graphite spheres.

Open-pore Si foams were produced by centrifugal cast-
ing (Vacutherm-3,3-Titan from Linn High Therm GmbH,
Germany). This is carried out in five steps: (1) melting of Si, (2)

infiltration of the mold filled by the space holder, (3) cooling, (4)
removal of the space holder and (5) a chemical aftertreatment.
The material used for the infiltration procedure was Si with a
purity of >99.99% (supplied by ALD Vacuum Technologies
GmbH, Germany). Melting of Si was carried out inductively in
argon inert gas atmosphere under 0.5 bar gauge pressure, after
previous evacuation of the melting chamber to 0.1 mbar. Inert
gas was used to avoid any reaction of graphite with ambient air.
Si was placed in a preheated crucible and heated to a tempera-
ture of ¥ = 1600 °C. Centrifugal casting velocity was 500 rpm,
achieving a flow pressure of the melt of approx. 33.7 bar. Pre-
vious to infiltration, the space holder particles are placed into a
two-piece mold made of graphite. This was pre-coated by boron
nitride on the inner walls and preheated to » =200 °C for r=1 h.
After infiltration, cooling was carried out in 20 °C ambient tem-
perature. In order to remove the space holder material, a heat
treatment of ©¥=800°C for r=4h in normal atmosphere was
applied. In a following step, the open-pore foam is treated by
aqueous Hydrogen Fluoride (7%) at a temperature of ¢ =35°C
for t =240 min, this is to ensure the removal of SiO; layer on the
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Fig. 4. X-ray diffraction profile of the produced Si foams by GC space holder, the samples show no trace of SiC or SiO,.

surface of the Si foam. The geometry is examined using a digi-
tal microscope VHX500 (from Keyence, Japan) and a scanning
electron microscope (SEM) of the type JEOL 840A. By X-ray
diffractometry (XRD), the crystal structure was identified using
a XRD 3000 TT (from Richard Seifert & Co., Germany). The
samples for XRD were prepared by grinding the upper part of
the Si foam into a fine powder.

3. Results and discussion

By the infiltration process, the voids between the spheroidal
GC and graphite structures were filled with molten Si. The space
holder was removed as mentioned in Sec. 2. Cellular foams
of pure Si are shown in Fig. 2(a) and (b). Using both space
holders open-pore foams can be created possessing an entirely
high open-porosity. Furthermore, pore structures are homoge-
neous to a very high extend in combination with a high degree

of interconnection between them, forming interconnected pores
(Fig. 2(c) and (d)). The Si foam fabricated by GC space holder
(Fig. 3(a) and (b)) show, a pore geometry of, circular to oval
character corresponding to the shape of the space holder. In the
replication-casting process, the space holder is essential for the
final properties of the metallic foam. The porosities of the fabri-
cated samples are approx. 70-74% for the GC and 64-71% for
graphite space holder. The structural and mechanical properties
strongly depend on the geometric properties of the space holder.
It determinates the sizes and shape of pores and cells. Further-
more, the surface topology of the foam itself is prepossessed
by the space holder smoothness surface. The smooth graphite
spheroids lead to a smooth surface of the Si foam compared to
the rough GC. The removal of the space holder by oxidation cre-
ates a filigree cellular open-pore structure. Hence, the Si struts
are dense and have a triangle cross section combined with a high
surface area. The surface has the typical casting structure. The
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remnant graphite on the surface implies an uncompleted oxi-
dation (Fig. 3(c) and (d)). The X-ray diffraction profile of the
sample is shown in Fig. 4. The crystal structure of the powder
was identified as pure silicon and graphite. The Bragg angles
of SiC or SiO; are additionally indicated in the upper part of
the diagram, demonstrating that only Si and graphite could be
detected. This implies that the aftertreatment with hydrofluoric
acid removed successfully SiC and SiO; on the Si foam surface.

4. Conclusions and outlook

Open-pore Si foam with a cell size of 4 mm was successfully
produced by centrifugal casting. Graphite and graphite compos-
ite particles have proven as an alternative space holder material
for the fabrication of Si foams. Removal of the space holder by
oxidation creates a filigree cellular open-pore structure. The rea-
son is the point contact between the graphite composites during
the infiltration. Hence, the Si struts are dense and have a triangle
cross section combined with a high surface area. The cell diam-
eter is almost equivalent to the space holders. The process was
set to reduce complexity and cost of Si foams. Pore diameter
is a main parameter for variation of pores and cell size. A new
approach of mixed use of space holders with different diameters
and shape can modify porosity and lead to desirable foams for
unique applications. Also a directed electrochemically treatment
with high concentrated HF on the Si surface [21] could lead to
a foam with a porous surface strut structure.

Acknowledgements

The authors acknowledge funding by the Ministerium fiir
Wirtschaft, Arbeit und Wohnungsbau of the federal state Baden-
Wiirttemberg in the frame of the program “Technologischer
Ressourcenschutz” (project number 7-4332.62-HSPF/3) and the
financial support through the program “Mittelbau’ at HAW. The
authors would also like to express their gratitude to G. Erofeeva,
A. Hausmann, M. Brodbeck B. Miiller and G. Hildebrandt for
assistance concerning experimental tasks.

References

[1] S.F. Fischer, Energy absorption efficiency of open-cell pure aluminum
foams, Mater. Lett. 184 (2016) 208-210.

[2] A.M. Matz, B.S. Mocker, N. Jost, P. Krug, Effective thermal conductivity
of open-pore metal foams as a function of the base material, Mater. Test.
57 (2015) 825-836.

[3] B.H. Smith, S. Szyniszewski, J.F. Hajjar, B.W. Schafer, S.R. Arwade, Steel
foam for structures: a review of applications, manufacturing and material
properties, J. Constr. Steel Res. 71 (2012) 1-10.

[4] G.J. Davies, S. Zhen, Metallic foams: their production, properties and
applications, J. Mater. Sci. 18 (1983) 1899-1911.

[5] H.N. Wadley, Cellular metals manufacturing, Adv. Eng. Mater. 4 (2002)
726-733.

[6] D.Lehmhus, M. Vesenjak, S.D. Schampheleire, T. Fiedler, From Stochastic
Foam to Designed Structure: Balancing Cost and Performance of Cellular
Metals, 2017.

[7] D.W. Miiller, A.M. Matz, N. Jost, Casting open porous Ti foam suitable
for medical applications, Bioinspired Biomim. Nanobiomaterials 2 (2013)
76-83.

[8] A.M. Matz, B.S. Mocker, D.W. Miiller, N. Jost, G. Eggeler, Mesostructural
design and manufacturing of open-pore metal foams by investment casting,
Adyv. Mater. Sci. Eng. 2014 (2014).

[9] L.C. Wang, F. Wang, Preparation of the open pore aluminum foams using
investment casting process, Acta Metall. Sinica (Engl. Lett.) 14 (2009)
27-32.

[10] F. Quadrini, A. Boschetto, L. Rovatti, L. Santo, Mater. Lett. 65 (2011) 2558.

[11] D.R. Tian, Y.H. Pang, L. Yu, L. Sun, Production and characterization of
high porosity porous Fe-Cr-C alloys by the space holder leaching technique,
Int. J. Miner. Metall. Mater. 23 (2016) 793-798.

[12] J.D. DeFouw, D.C. Dunand, Processing and compressive creep of cast
replicated IN792 Ni-base superalloy foams, Mater. Sci. Eng.: A 558 (2012)
129-133.

[13] H. Yu, J. Duan, W. Du, S. Xue, J. Sun, China’s energy storage industry:
develop status, existing problems and countermeasures, Renew. Sustain.
Energy Rev. 71 (2017) 767-784.

[14] C. Zhang, T.H. Kang, J.S. Yu, Three-dimensional spongy nanographene-
functionalized silicon anodes for lithium ion batteries with superior cycling
stability, Nano Res. 11 (2018) 233-245.

[15] Y. Yang, X. Yang, S. Chen, M. Zou, Z. Li, A. Cao, Q. Yuan, Rational
design of hierarchical carbon/mesoporous silicon composite sponges as
high-performance flexible energy storage electrodes, ACS Appl. Mater.
Interfaces 9 (2017) 22819-22825.

[16] W. Luo, X. Chen, Y. Xia, M. Chen, L. Wang, Q. Wang, Li L W., J. Yang,
Surface and interface engineering of silicon-based anode materials for
lithium-ion batteries, Adv. Energy Mater. (2017).

[17] L.E. Bell, Cooling, heating, generating power, and recovering waste heat
with thermoelectric systems, Science 321 (2008) 1457-1461.

[18] V.K. Zaitsev, M.I. Fedorov, E.A. Gurieva, 1.S. Eremin, P.P. Konstantinov,
A.Y. Samunin, M.V. Vedernikov, Highly effective Mg>Si;_,Sn, thermo-
electrics, Phys. Rev. B 74 (2006) 045207.

[19] Q.H. Zhang, X.Y. Huang, S.Q. Bai, X. Shi, C. Uher, L.D. Chen, Thermo-
electric devices for power generation: recent progress and future challenges,
Adv. Eng. Mater. 18 (2016) 194-213.

[20] A.M. Matz, B.S. Mocker, J. Heimann, N. Jost, Infiltration of cellular silicon
by molten magnesium alloys, Adv. Eng. Mater. 19 (2017).

[21] F. Marty, L. Rousseau, B. Saadany, B. Mercier, O. Francais, Y. Mita,
T. Bourouina, Advanced etching of silicon based on deep reactive
ion etching for silicon high aspect ratio microstructures and three-
dimensional micro- and nanostructures, Microelectron. J. 36 (2005)
673-677.


http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0110
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0115
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0120
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0125
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0125
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0125
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0125
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0125
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0125
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0125
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0125
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0125
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0125
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0125
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0125
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0125
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0125
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0125
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0125
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0125
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0125
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0125
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0125
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0125
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0130
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0130
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0130
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0130
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0130
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0130
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0130
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0130
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0130
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0130
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0130
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0130
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0130
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0130
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0130
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0130
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0130
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0130
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0130
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0135
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0140
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0145
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0150
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0155
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0155
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0155
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0155
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0155
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0155
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0155
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0155
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0155
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0155
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0155
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0155
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0155
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0155
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0155
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0155
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0155
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0160
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0165
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0170
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0175
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0180
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0185
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0190
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0195
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0200
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0205
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210
http://refhub.elsevier.com/S2603-6363(18)30009-5/sbref0210

	Processing of open-pore silicon foams using graphite composite as space holder
	1 Introduction
	2 Material and methods
	3 Results and discussion
	4 Conclusions and outlook
	Acknowledgements
	References


