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Abstract: Making consistent and precise octahedral pressure media is crucial for reproducible
high-pressure experiments in the multi-anvil press. Here we report a new approach of casting
octahedra using 3D-printed molds, and pressure calibrations for octahedra both with and without
pre-existing gaskets (“fins”). The 3D-printed molds for casting octahedra from either Ceramacast
584-OF or 646 cement improve the reproducibility of the octahedra and allow for a pre-existing
central hole (for the high-pressure cell assembly) in the final cast product. Pressure and temperature
calibrations of the octahedra have been performed based on phase transitions in bismuth (Bi) and silica
(510,), respectively, in order to determine the efficiency and reproducibility of pressure generation
and thermal insulation for cast octahedra designed for use with 18/12, 14/8, and 10/5 multi-anvil
assemblies. The pressure-generating efficiency of the 14/8 and 10/5 octahedra with pre-existing gaskets,
cast from the 584-OF cement, is similar to that of the corresponding COMPRES (Consortium for
Materials Properties Research in Earth Sciences) octahedra, and more efficient than pre-cast octahedra
made from the same material but lacking pre-existing gaskets. The efficiency of pre-gasketed 18/12
octahedra made of the 646 cement is markedly lower than those of the 584 cement. However,
the 18/12 large-volume octahedra, cast (with fins) from the ZrO,-based 646 cement, also provides
efficient thermal insulation. Casting octahedral solid pressure media for multi-anvil experiments
using 3D-printed “injection” molds is a low-cost and low failure-rate alternative for conducting
reproducible experiments at high pressure in the multi-anvil apparatus.

Keywords: mold; octahedron; bismuth; pressure calibration cell assembly; large volume press;
3D printer

1. Introduction

In an effort to replicate in experimental laboratories the often-extreme conditions known to
exist within deep interiors of the Earth, other planets, and moons, earth scientists have pioneered
many technical developments in the simultaneous generation of high-pressure and high-temperature
conditions using various high-pressure devices. These efforts have been directed in general towards
studying the behavior and chemical and physical properties of planetary materials under appropriate
conditions. In addition to dynamic compression techniques, static high-pressure equipment such as
the diamond anvil cell (DAC) and the multi-anvil press (MAP) have been used to compress samples to
study variations in material properties and polymorphous phase transitions as a function of pressure
and temperature. The MAP technique is typically employed when a relatively large volume of
sample is desired. Since the first 6-8 multi-anvil large-volume apparatus was introduced by Kawai
and Endo [1], continuous technical modifications and improvements have been made that facilitate
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broader investigation of geological processes taking place not only in the deep Earth [2] but also in
the upper mantle and lithospheric mantle. One of the most important practical developments was
made by Walker [3], who designed and built a removable cylindrical containment ring housing all
six of the first-stage anvils as well as the eight carbide cubes of the second stage that enclose the
octahedron-shaped pressure medium. The cylindrical containment device was small enough that it
could be moved in and out of a hydraulic press between experiments, greatly reducing the cost of
setting up a multi-anvil laboratory for high pressure experiments. In order to accommodate a larger
sample volume, larger carbide cubes (54 and 75 mm) have been used at Bayerisches Geoinstitut [4]
and Ehime University [5]. At the same time, higher tonnage [4], and stiffer materials, such as sintered
diamond (SD) and nano-polycrystalline diamond (NPD) [5], were also employed to make second-stage
cubes capable of achieving much higher pressures. The use of SD cubes has allowed for progressive
increases in the maximum achievable pressure, from 41 GPa [6] in 1989, to 63 GPa [7] in 2005, and
to 74 GPa [8] by 2010. The highest pressures documented thus far in the multi-anvil apparatus have
reached 88 GPa [9] and 125 GPa [10] with the use of NPD cubes.

To consistently and reproducibly achieve well-defined high-pressure conditions in the laboratory,
various cell assemblies have been designed for the 6-8 multi-anvil apparatus. Standardized cell
assemblies have been developed for in situ MAP experiments [11], in which appropriate “windows”
were established through the materials comprising the assembly to improve the passage of X-rays.
Over the past decade, Leinenweber et al. [12], supported by the Consortium for Materials Properties
Research in Earth Sciences (COMPRES), have designed, tested, and calibrated a series of standardized
high-pressure cell assemblies that are available to the high-pressure community for general use and
interlaboratory comparisons. However, many laboratories are still using the method introduced by
Walker in which pre-cast octahedra are used for multi-anvil experiments, which is both cost-effective
and relatively easy to assemble and run [13]. The segmented molds proposed by Walker are composed
of different size frames, PVC cubes, and Teflon sheets, allowing the experimentalist to cast their
octahedron (effectively, the octahedral “pressure-transmitting” medium) with dimensions, usually
expressed in terms of their “octahedral edge-length” (OEL) that is appropriate to the corresponding
“truncated edge length” (TEL) on the second-stage cubes (“OEL/TEL"”) [13]. The Walker approach has
been adopted by many multi-anvil laboratories largely because it allows for MAP experiments that are
cheaper and more time efficient. The octahedra made by this approach, however, often suffer from
pre-formed gaskets or “fins” that are of uneven thickness or that contain cavities on its outer surface
from unfilled air bubbles left over from the casting stage. In addition, after drying and sintering in a
1 atm box furnace at ~1000 °C, the octahedra become not only hardened but also more brittle, which
makes drilling the central hole in the octahedron, utilized for accommodating the various components
of the cell assembly, difficult, time-consuming, and with a high failure-rate.

In this study, we describe a new, low-cost method for casting octahedral pressure-media for
multi-anvil experiments from commercially available ceramic cement that makes use of “semi-injection”
molds that have been printed by a 3-D printer. Commercially-available 3-D printers are now relatively
inexpensive to purchase and easy to operate and are already used in a number of applications in
the Earth Sciences, e.g., in crystallography [14,15], and sedimentology [16]. These 3D-printed molds
have been fabricated in different sizes appropriate for casting octahedron of various standard OEL to
match the standardized TEL of the corresponding cubes. The important difference is that our ceramic
octahedra already have a central hole established in the final cast product prior to sintering at 1000 °C.

The new approach presented here can easily be adopted to any MAP laboratory. Our
“injection-molded” octahedra were tested in our mineral physics laboratory at the University of
Hawaii at Manoa, using both 1000-ton and 2000-ton presses equipped with Walker-design multi-anvil
devices through a series of pressure-calibration experiments based upon the room temperature,
pressure-dependent phase transitions in bismuth (Bi) [17], and the high-temperature phase transition
in SiO, from quartz to coesite [18]. We then compare the pressure-generating efficiency and
thermal-insulating properties of our cast ceramic octahedra to the calibrations for the corresponding
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14/8 and 10/5 COMPRES cell assemblies (where the first number refers to the octahedron’s OEL and
the second number refers to the cube’s TEL).

2. Experimental Methods

2.1. D-Printed Molds for Casting Octahedra

Two types of casting molds were designed and fabricated from PLA filaments using a 3D printer
(3D printer model ANYCUBIC i3 MEGA, ShenZhen ANYCUBIC Technology Co., Ltd., Shenzhen,
China). The first model is the prototype for ceramic octahedra cast with integrated and continuous
gasket fins surrounding all edges of the octahedron and containing a pre-existing, centered, cylindrical
hole to accommodate the cell assembly. The mold consists of a two-part casing that encloses the 8
spacing blocks, which impart the overall octahedral shape to the cavity and will be filled with the
ceramic slurry; grooves aligned along the edges of the inner faces of these blocks are responsible for
creating the pre-formed gaskets. Every two neighboring blocks meet at the % height of the gaskets.
Thus, the height and width of the pre-formed gaskets are controlled by dimension of the grooves, which
were found to be reproducible and consistent when a tight fit of the 8 spacing blocks was achieved by
turning the screws to fit together the 2 main casing blocks (Figure 1a). The top and bottom spacing
blocks have a central hole of a diameter appropriate to the size of the octahedron being cast, and after
the cavity is filled with the ceramic cement (in liquid form), a drill-rod pin is inserted through the top
hole, on through the center of the 8 aligned spacing blocks (before the cement can set), and onto the
center of the bottom spacing block. When fit together, the 2 main (upper and lower) casing blocks are
cylindrical in shape; prior to filling the octahedral cavity with the ceramic slurry, these two blocks can
be tightened together with three set screws to prevent leakage of the cement from the mold (additional
details are provided in Figure 1a). The insertion of the drill-rod pin also introduces some pressure onto
the freshly poured ceramic slurry in the molds, mimicking the “injection”-molding process.

! ’
646-18/12 octahedron 584-14/8 octahedron

(a) (b)

Figure 1. Schematic 3D pictures of the “injection” molds in different sizes with pre-existing hole. (a) 3D
schematic picture of the mold for casting octahedra with gaskets, the inset is a 18/12 octahedron made
by 646 cement; (b) 3D schematic diagram of the mold for casting octahedra without gaskets, the inset is
a 14/8 octahedron made of 584-OF cement with a 5 wt.% of Cr,Oj3 in it to reduce the radiative heat loss.
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The second type of mold is for casting octahedral pressure media without accompanying gasket
fins (“finless” octahedra; Figure 1b). Here, the mold casing consists of only two parts; when fit together,
the intersecting upper and lower blocks create multiple octahedral cavities that can cast up to (for this
mold) 5 octahedra at a time. Four locking brackets are designed to slide into place around the four
corners of the two aligned blocks prior to pouring the cement into the mold. Again, five drill-rod pins
of appropriate diameter are inserted into holes on the top plate that are aligned with the centers of the
five octahedral cavities below.

2.2. Casting Octahedra from Aremco Ceramacast Cement

Castable ceramics from Aremco Ceramacast were first used by Walker [13] for casting
octahedral-shaped pressure media for multi-anvil experiments. Ceramacast 584-OF (Old Formula,
hereafter referred to as “584”) and 646 castable ceramic systems have been used in this study: (1) 584-OF
is made from 66% MgO + 33% Al,Os in mass; (2) Ceramacast 646 (hereafter referred to as “646”)
is comprised predominantly of ZrO,. The cement powder and activator of different weight and
proportions were used in order to completely fill the mold cavity with minimal materials wasted, when
casting octahedra (with or without fins) of different sizes (see detailed information for casting 584
octahedra in Table 1. For the 584-OF cement, it was necessary to stir the powder-activator mixture
quickly (~10 s) in order to blend evenly and minimize the formation of any air bubbles because the
mixture tends to set very quickly. The cement slurry is poured into the mold; the central pin is quickly
inserted and forced to the base of the mold; all the cement is allowed to set for 10 min before the
drill-rod pin is gently removed. The cast octahedron, still wet, is then allowed to cure in the mold for at
least 1 h (preferably overnight) before the two blocks are separated and the octahedron are recovered.
The information on the weight and dimension of cast octahedra is listed in Table 1.

Table 1. Dimensions and weights of octahedra from 584 cement .

OEL Powder  Activator P/A W () L (mm) DH WG (mm) HG (mm)
(mm) (8 (g (mm)
with fins

10 35 15 233 2.25(0.07) 9.88 (0.21) 437 2.4(0.14) 2.47 (0.04)

14 55 25 2.2 4.31(0.16) 14.12 (0.23) 480  2.68(0.06)  2.85(0.05)

18 8.5 3.9 2.2 9.22 (0.10) 17.98 (0.25) 6.75 2.50 (0.04) 2.86 (0.05)

without fins or finless 2
10 7 3.5 2 0.70 (0.02) 9.97 (0.16) 4.40 4.66 2.22
14 15 7.5 2 1.96 (0.03) 13.67 (0.07) 5.60 4.47 2.82
COMPRES octahedra without fins 3
10 - 1.01(0.01)  10.02 (0.04) 440 450 2.36
14 - 2.79(0.01)  13.57(0.08) 5.60 450 2.83

1 OEL denotes octahedral edge length; P/A, Powder/Activator ratio of the 584 cement; W, weight after firing; L is the
average length of the OEL; DH, diameter of the center hole of the octahedra; WG, width of gasket fins; HG, height
of gasket fins. Numbers in parentheses represent the standard deviations. 2 The weight of powder and activator is
for casting 5 finless octahedra at a time. WG and HG denote the width and thickness of the pyrophyllite gaskets,
respectively. 3 Injection molded octahedra developed by COMPRES [12] for comparison.

The 18 mm-OEL octahedra with fins and pre-exiting center hole were also cast as pressure medium
using the ZrO;-based Ceramacast 646 cement, using the same 18/12 mold and procedure. The activator
for the 646 cement is water, with a typical powder/water ratio of 5.61. According to the instructions
from the manufacturer, this cement mixes directly with water; in addition to being simple and easy
to mix, the 646 cement has the added advantage that, once mixed with its activator (i.e., water), it
remains relatively fluid much longer than the 584 cement mixture. After the cement sets, the mold
can be opened and a single octahedron with pre-existing fins and central hole retrieved, ready for
drying and heat treatment. It should be noted that it does not require controlled humidity to dry the
646-octahedra, and they are typically free of cracks.



Minerals 2020, 10, 4 50f 10

2.3. Pressure Calibrations

Room-temperature pressure-load calibrations of 18/12, 14/8 and 10/5 multi-anvil assemblies using
octahedra cast with our newly-designed “injection” molds were conducted based on electrical resistance
measurements of bismuth (Bi) during compression at room temperature [18,19] and were performed
in both the 1000-ton and 2000-ton presses at the University of Hawaii at Manoa, both equipped with
Walker-design, cylindrical multi-anvil devices. For these calibrations, Bi powder was packed into a
MgO cylinder, and aluminum or copper plugs were placed at both ends of the cylinder, serving as
electrical contacts with the exposed corners of two tungsten carbide cubes (Toshiba Tungaloy Grade
F tungsten carbide) on either side of the centrally-located, cylindrically shaped high-pressure cell
assembly (see dimensions in the insets of Figure 2). Resistance was measured by a high-precision
multimeter (model HP 4333a) during the compression of the cell assembly at each run (Figure 2).
The changes in the electrical resistance of Bi phase result from phase transitions from the trigonal to
monoclinic (Bi I-1I) at 2.55 GPa, from monoclinic to tetragonal (Bi II-1II) at 2.69 GPa, and from tetragonal
to body-centered cubic (Bi III-V) at 7.7 GPa (Figure 2). The Bi II-1II and III-V phase transitions are
sluggish in solid pressure media, and thus, the minimum in the electrical resistance labeled as “II-III"
in Figure 2 was typically placed at 3.1 GPa for the pressure calibration of multi-anvil assemblies [19,20].
The Bi III-V phase transition at 7.7 GPa was indicated by the start of electrical resistivity reduction [17].
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Figure 2. Representative electrical resistivity of bismuth (Bi) across the I-II, II-III, and III-V phase
transitions as measured as a function of applied forces in (a) 14/8 and (b) 10/5 multi-anvil assemblies at
room temperature. The insets at the top-right corner are the cross section of the Bi sample assembly
with dimensions.

For pressure calibrations at high temperatures using 18 mm octahedra with gaskets cast from 646
ceramic, quench experiments were performed on amorphous or crystalline SiO, powders [18] near
the pressure-temperature conditions appropriate to the quartz-coesite phase transition (see Figure 3
for the cross section of the high-temperature assembly). After reaching the target pressure/load, the
sample was heated at a rate of 1°/s until the target temperature (1000 °C) was achieved by applying
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AC voltage to the graphite heater; type-C thermocouples were used to monitor temperature. For the
high-temperature pressure calibration, SiO, samples were heated at 1000 °C for 2—4 h.

14.69mm

' o v 546mMmM 2.80mm s
» 6.74mm 4.20mm =,

Figure 3. Cross section of the 18/12 assembly with graphite heater (gray), molly capsule (blue), MgO
plugs (yellow), and pre-gasketed octahedra cast by ZrO,-based 646 cement (green). The thermocouples
are placed axially into the center hole in an Al,O3 4-bore sleeve, with the junction situating on top of
the sample chamber.

3. Results and Discussion

3.1. Reproducible Octahedral Pressure Media for Multi-Anvil Experiments

After removal from the mold, all octahedra cast from 584 were allowed to cure for more than 7
days in a suitably humid environment (typically in sealed plastic bags) in order to minimize cracking
as the ceramic continued to dry, prior to heating in a muffle furnace from room temperature at a rate
of ~100 °C/min up to 1000-1100 °C, where they were held for ~2-10 h. Table 1 provides detailed
information on the weight and dimensions of the octahedra cast from the 584 cement using the
3D-printed molds.

After casting a number of these “semi-injection-molded” octahedra, they were found to have the
following general features: (1) there are few if any cavities or bubbles on the surface of the octahedra
and within the preformed gaskets surrounding the octahedra, which we attribute to the effective
pressurization of the ceramic slurry when the central pin is inserted, mimicking the effect of an injection
mold; (2) the cast gaskets surrounding the octahedron are of equal thickness around all the edges of
the octahedron, which we attribute to the tight seal between the upper and lower blocks that the three
alignment screws permit; (3) the central hole is pre-indented in the octahedra and well centered before
the cement cures, so that there is no need to drill the octahedron after firing.

Following the outlined procedure, octahedra can be readily and reproducibly made from castable
ceramic using our 3D-printed “injection” mold design (see insets in Figure 1 for photos of 584 and 646
octahedra). Pre-gasketed octahedra from 646 cement were cast by following the same procedure for
584 cement. The advantage of the 646 castable cement includes longer pot life (tens of minutes) and
longer shelf life (years). The octahedra cast from 646 cement generally demonstrated better surficial
quality (insets in Figures 1a and 4) relative to those made from the 584 cement (inset in Figure 1b). The
cost of materials for each cast octahedron is estimated to be $1 to $3 US dollars depending on its OEL.
The 3D models for the two types of molds, which are available in the Supplementary Materials, can be
downloaded and ready for fabrication by a 3D printer.
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Figure 4. Pictures of octahedra with gaskets and pre-indented center hole cast from Ceramacast 646
cement by 3D-printed molds for the 18/12, 14/8, and 10/5 multi-anvil assemblies.

3.2. Room-Temperature Pressure-Load Calibration of the Cell Assemblies

Figure 5 shows the results of the pressure calibration based on Bi phase transitions for the 10/5, 14/8,
and 18/12 assemblies using the cast octahedra and a comparison on calibrations with the COMPRES
octahedra [12]. The calibrations of the various assemblies include several experimental runs (six runs
for 14/8 and five runs for 10/5 assembly) for octahedra cast by our 3-D printed molds, with or without
gaskets, and using both the 584 or 646 cement; all these are shown relative to the calibrations for the
corresponding COMPRES assemblies using separately machined and individually glued pyrophyllite
gaskets (Figure 5). Our calibrations, based on the Bi I-II phase transition at 2.55 GPa, II-1Il at 3.1 GPa,
and III-V at 7.7 GPa [19], suggest that the pressure-generating efficiency of our mold-cast, pre-gasketed
14/8 and 10/5 octahedra using the Cr-doped 584 cement is equal to or only slightly more efficient
than the corresponding COMPRES [12] assemblies calibrated with octahedra surrounded by a cage of
pyrophyllite gaskets (Figures 2 and 5). The calibrations in experiments using finless octahedra, cast
using our mold from Cr-doped 584 cement, and paired with pyrophyllite gaskets, however, suggest
that they are much less efficient at generating pressure; that is, they require 25% more load or tonnage
for the 10/5 assembly and 34% or more for the 14/8 assembly in order to reach the I-II and II-III phase
transitions of Bi at room temperature. And for the 14/8 and 10/5 assemblies using mold-cast, finless
octahedra, it appears that 60% to 70% additional load is needed to reach the Bi III-V phase transition at
7.7 GPa (Figure 5). It should be noted that the finless cast octahedra from the 584 cement is 30% less
dense or more porous than those COMPRES octahedra (Table 1), which may be the reason why the
cast 584-octahedra without fins are less efficient at generating pressure. Furthermore, the oil loads
required for the Bi phase transitions (I-1I, II-III, ITII-V) only varies slightly for replicate experimental
runs conducted for the same assemblies (see the data points with error bars in Figure 5).

Room-temperature calibrations based on Bi phase transitions were also carried out on the
18/12 assemblies using pre-gasketed 18 mm octahedra and both the 584 and 646 ceramic cement.
For calibration experiments using “finned” 18 mm OEL octahedra cast from the 584 cement, the
pressure-load relationship is linear, reaching 7.7 GPa at 500 ton (Figure 5). For calibration experiments
using “finned” 18 mm OEL octahedra cast from the 646 ceramic cement, 28% to 32% more load is
needed to reach the same pressures; note, however, that we did not attempt to increase our load up to
and beyond that needed to reach the Bi III-V phase transition at 7.7 GPa (expected to be >600 ton) in
these experiments with the 646 ceramic.
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Figure 5. Load-pressure calibrations of the 18/12, 14/8, and 10/5 assemblies with cast octahedra, in
comparison with those of COMPRES assemblies. The room-temperature calibrations are based on
phase transitions of Bi (I-II at 2.55 GPa, II-1Il at 3.1 GPa, and III-V at 7.7 GPa) [19,20]. The vertical lines
in the 10/5 and 14/8 assembly symbols are the standard deviation ranges of the calibration experiments.
High-temperature calibration based on quartz (qrt) to coesite (coe) transition at 3.1 + 0.1 GPa at
1000 °C [18] was also conducted for the 18/12 assembly with 646 octahedra with gaskets.

3.3. High-Temperature Calibration of the 646-18/12 Assembly

Four high-temperature pressure calibration experiments based on the quartz to coesite phase
transition were carried out at 1000 °C for 2—4 h. After recovery of the quenched samples, the
molybdenum sample capsules were mounted in resin epoxy, sectioned, and polished to expose the
sample, and Raman spectroscopy was used to identify which phase or phases of SiO, were present
(quartz or its high-pressure polymorph coesite) (Table 2). The quartz-coesite phase transition occurs
at 3.1 £ 0.1 GPa at 1000 °C [18]. In run PL136, both coesite and minor quartz coexist in the sample
capsule; the press load in this experiment was set at 268 ton for the 646-18/12 assembly, corresponding
to a sample pressure of 3.1 GPa, which is close to the room-temperature calibration based on Bi phase
transitions (Figure 5).

Table 2. Experimental conditions and results for the 18/12 assembly using 646 octahedra with gaskets.

Run Number Load (ton) Temperature (°C) Resultant Phases *
PL133 241 1000 Quartz
PL134 286 1000 Coesite
PL136 268 1000 Coesite + quartz (minor)
PL137 251 1000 Quartz

* Raman spectroscopy was used to identify the phases.

4. Summary and Conclusions

We have conceived, designed, and tested a cost-effective method for quickly and reproducibly
casting octahedra for use in high-pressure experiments in the multi-anvil apparatus, using a 3D-printed
“injection” mold that produces octahedra with or without preformed gaskets, as well as a pre-existing
central hole, eliminating the need for post-sintering drilling or coring of castable ceramic octahedra. Our
calibration results indicate that both the 10 mm and the 14 mm OEL “injection”-molded octahedra with
gaskets, cast from 584 ceramic cement, have similar pressure-generating efficiency as the corresponding
COMPRES octahedra which require individually glued pyrophyllite gaskets. The 10/5 and 14/8



Minerals 2020, 10, 4 90f 10

assemblies that use molded, gasketless octahedra cast from the 584 ceramic cement and separate
pyrophyllite gaskets require 25% to 30% more load in order to reach the pressures required for the I-1I
and II-III phase transitions of Bi, respectively, and 60% to 70% more load to reach the Bi III-V phase
transition at 7.7 GPa and room temperature. The pressure-load relationship for 18/12 assemblies with
pre-gasketed octahedra cast from the 584 ceramic cement is almost linear but requires 28% to 32% less
load to reach the same pressure when compared with assemblies run using pre-gasketed octahedra
cast from the ZrO;-based 646 cement. High-temperature pressure calibration of the 18/12 assembly,
using ZrO;-based castable octahedra and based on the phase transition from quartz to coesite at 3.1
+ 0.1 GPa and 1000 °C, show consistent results relative to the room-temperature calibrations. We
close by noting that the designs and 3D printer files for the “semi-injection” molds used in casting our
ceramic octahedra are available in the public domain, with the intent that they will be utilized by other
laboratories conducting high-pressure research in the multi-anvil apparatus.

Supplementary Materials: The 3D models for the two types of molds for casting 18 mm, 14 mm, and 10 mm OLE
octahedra are available online at http://www.mdpi.com/2075-163X/10/1/4/s1, and can be downloaded and ready
for fabrication by a 3D printer.
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