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In this study, methods for the pressure calibration of 6–8 static high-pressure apparatus were investigated. The relationship between the pressure of DS 6 × 1,400 t pressing oil and the chamber pressure was calibrated using water, ZnTe, ZnS, and GaAs at room temperature. Also, the relationship between the pressure of the DS 6 × 1,400 t pressing oil and the chamber pressure was calibrated by the phase transition experiments using KCl, LiCl, KCl + LiCl, and quartz-coesite at high temperatures. We found a linear relationship between the chamber pressure and the oil pressure at room temperature. However, when the temperature and pressure increased to certain values, the chamber pressure and the oil pressure deviated from the linear relationship.
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INTRODUCTION
High-pressure geoscience is the study area on the physicochemical properties of matters at high pressure including the mechanical, thermal, optical, electrical, and magnetic properties of matters as well as the microstructure, equation of state, and phase transition of matters. It also provides theoretical and experimental bases for the discovery of new phenomena, new laws, and the synthesis of new materials at high pressure. The production of static high temperature and high pressure depends on various high-pressure apparatus such as anvil devices including the piston cylinder and diamond anvil cell. Multi-anvil instruments are comprised of the quaternary-plane anvil and senary-plane anvil assemblies. Nevertheless, among various large-volume, multi-anvil static high-pressure assemblies, due to the wide range of temperatures and pressures that can be obtained and the ease of the combination with various in-situ measurement techniques, 6–8 high-pressure assemblies are becoming increasingly important in the fields of Earth and planetary physics, mineralogy, and petrology. The pressure and temperature of 6–8 large-volume high-pressure assemblies can reach up to several tens GPa and 2,500°C, respectively. However, they use solid as a pressure-transfer medium whose internal friction is large. As a result, the pressure calibration of their chamber is required (Baumann, et al., 2015; Klier, et al., 2015; Richter, et al., 2016).
Currently, methods for large-volume pressure calibration can be divided into pressure calibrations at room temperature and high temperatures. The main methods of the pressure calibration at room temperature are the phase transition, the X-ray cell parameter measurement, and the fluorescence manometry. The principle of the phase transition method is to establish the relationship between the chamber pressure and the load by determining the resistance mutation or the metallization pressure transition point of known metals or semiconductors such as Bi, Tl, Cs, Ba, Sn, ZnSe, ZnS, and GaAs. The X-ray cell parameter measurements are used to determine the variation of cell parameters of matters with a known equation of state at high pressure to calibrate the cavity pressure. The fluorescence manometry uses the fluorescence spectral lines of R1 = 694.2 nm and R2 = 692.9 nm of ruby at room temperature and ambient pressure. As the pressure increases, the spectral lines move in the direction of longer wavelengths. The linear relationship between the R1 spectral wavelength and the pressure is dp/dλ = 2.740 ± 0.016 GPa/nm for the chamber pressure calibration (Hülsmans, et al., 2015; Morales, et al., 2015; Wang, et al., 2015; Klemm, et al., 2020; Kosari, et al., 2020).
Pressure measurement at high temperatures is more complex than that at room temperature. The physical properties and the state changes of matters are not only controlled by the pressure but also affected by the temperature. So it is necessary to obtain the relationship between the temperature and the pressure when the phase transition, fusion, or decomposition reaction of the calibrated matter occurs. This relationship can be used as the basis for the pressure calibration. In the measurement process, the temperature at which the material or physical state of the calibrated matter changes is measured at several pressures of the force load. The corresponding chamber pressure is calculated by the relational equation to obtain the relationship between the force load pressure and the chamber pressure. Thermocouples are generally used for temperature measurement in large-volume press. In the case of happening of phase transition, fusion, or other reactions in the matter, the thermoelectric potential changes abruptly. So thermocouples can be used to determine the temperature at which the phase transition, fusion, or decomposition occurs, and the products can be analyzed to verify that this reaction has occurred. Commonly used pressure calibration methods at high temperatures include the phase transition method and the high-pressure fusion curve method (Kawazoe, et al., 2008; Farla, et al., 2015; Farla, et al., 2017). When the phase transition of the matter occurs, the relationship between the temperature and the pressure is called the phase transition equation. The phase transition reactions used for the pressure calibration at high temperatures include quartz-coesite, coesite-stishovite, [image: image] fayalite -γ fayalite, α forsterite-β forsterite, β forsterite-γ forsterite, and zinc pyroxene-zinc pyroxene in the Perovskite structure (Lebron, et al., 2009; Wang et al., 2010; Chen, et al., 2016; Wang, et al., 2019). The relationship between the temperature and the pressure when a metal, alloy, or chlorinated salt is fused at high pressure is called the fusion equation. The fused materials used for the pressure calibration at high temperatures include Au, Ag, Cu, KCl, and NaCl (Wong and Xiong, 2018).
In this study, the pressure calibration methods commonly used in existing large-volume multi-anvil static high-pressure assemblies were employed to conduct systematic pressure calibration experiments for the hinged 6 × 1,400 t 6-8 high-pressure assembly using various methods. The relationship between the chamber pressure and the oil pressure of this large-volume assembly was established for a specific sample size at different temperatures (Room-T∼1,500°C).
EXPERIMENTAL
Instrument
The DS 6 × 1,400 t large-volume assembly was comprised of the pressing body, the oil tank system, and the control system. The pressing body extruded the sample assembly through the pressing anvil. The oil tank system provided the force source to push the pressing anvil. The control system set the temperature and pressure program for the experiment. The six hydraulic cylinders were interconnected by a hinge and all pistons were controlled by the same oil pump. The first-stage anvil was made of tungsten carbide with a Co content of 8 wt% and the edge length was 43.5 mm. The multimeter model used to measure the variation of the resistance of the sample was Agilen-34401A.
Method
The pressure calibration of the first-stage anvil at room temperature was conducted based on the water-ice phase transition where water was sealed in a copper tube as the starting material. The pressure calibration of the first-stage anvil at high temperatures was conducted using KCl, LiCl, and KCl + LiCl (molar mass ratio = 1: 1). The high-purity starting material was purchased from Aladdin, and the starting material with a particle size of 200 μm was pressed into a cylinder with a diameter of 4 mm and a height of 8 mm by a powder press. The second-stage anvil was made of the WC alloy with a single cubic side length of 25.4 mm and a truncated triangular side length of 5 mm. The octahedral pressure transfer medium was made of MgO +5% Cr2O3 with a side length of 10 mm. The pressure calibration of the second-stage anvil at room temperature was performed by using ZnTe with the I-II conversion pressure of 5 GPa, the II-III conversion pressure of 8.9–9.5 GPa, the ZnTe semiconductor/metal conversion pressure of 11.5–13 GPa, the ZnS semiconductor/metal conversion pressure of 15.6 GPa, and the GaAs semiconductor/metal conversion pressure of 18.8 GPa for the chamber pressure.
The phase transition material used for the pressure calibration at high temperatures was a quartz-coesite with a quartz particle size of 150 um. This was pressed into a sample with a diameter of 2 mm and a height of 2 mm by a press. The samples were assembled as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Sample assembly drawing; (A) drawing of the large-volume pressing assembly, (B) drawing of the first-stage anvil pressure calibration assembly, and (C) drawing of the second-stage anvil pressure calibration assembly.
The pressure calibration method for the first-stage and second-stage anvils at room temperature was to increase the oil pressure of the large-volume assembly at a rate of 10 [image: image] while observing the resistance change of the sample in-situ to find the sudden change point in the resistance as the phase transition point. Then the relationship between the oil pressure and the cavity pressure at the phase transition point was established. Figures 2A,B show the resistance change of water in the first-stage anvil and the resistance change of ZnS in the second-stage anvil. The calibration method for the pressure in the first-stage anvil was as follows. Firstly, the oil pressure of the large-volume assembly was raised to a designated pressure at a rate of 10 MPa/h. Then the resistance change of the sample was observed in situ when the cavity temperature was raised at a rate of 10 [image: image] at the designated pressure. The sudden change point in the resistance of the sample was considered as its melting point at this pressure, and the corresponding pressure at this melting point can be found according to the phase diagram. Finally, the relationship between the assembly pressure and the oil pressure in the first-stage anvil at a high temperature was established.
[image: Figure 2]FIGURE 2 | (A) Time trend of water resistance, (B) Time trend of ZnS resistance, (C) Time trend of KCl resistance at an oil pressure of 10 MPa, (D) Raman spectrum of the experimental product of the phase transition of quartz at 1,000°C, (E) Raman spectrum of the experimental product of the phase transition of quartz at 1,500°C, and (F) Raman spectrum of quartz before the phase transition.
For instance, the KCl fusion at an oil pressure of 10 MPa in the first-stage anvil is shown in Figure 2C. The pressure calibration for the second-stage anvil at high temperatures was achieved using the phase transition of the quartz-coesite. At 1,000°C, the coesite was found in the product when the oil pressure reached 3 MPa. At 1,500°C, the coesite was found in the product when the oil pressure reached 5 MPa. The Raman spectra of the product after the quartz phase transition are shown in Figures 2D,E, and that of the starting material is shown in Figure 2F.
RESULTS AND DISCUSSION
Figures 3, 4 illustrate the experimental results of the pressure calibration for the first-stage and second-stage anvils at different temperatures. The experimental error was small and the goodness of fit of the fitted curves was larger than 0.95. As shown in these figures, the chamber pressure and the oil pressure showed an ideal linear relationship at room temperature for both first-stage and second-stage anvils. In the pressure calibration at high temperatures, when the oil pressure and temperature were higher than certain values, the chamber pressure deviated from the linear relationship with the oil pressure. The higher the temperature was, the greater the deviation from the linear relationship was. The main reasons were as follows. Firstly, with an increase in the temperature, the inner pressure transfer medium was sintered and hardened so that its pressure transfer performance decreased. Secondly, with an increase in the oil pressure and temperature, the mobility of the outer pressure transfer medium was enhanced. This resulted in a large amount of extrusion of the outer pressure transfer medium which lost the anvil surface pressure in the process of transferring to the sample chamber. In addition, the temperature and pressure were too high and the WC anvil approached the yield strength.
[image: Figure 3]FIGURE 3 | Pressure calibration for the first-stage anvil of the DS 6 × 1400 t 6–8 large volume press assembly.
[image: Figure 4]FIGURE 4 | Pressure calibration for the second-stage anvil of the DS 6 × 1400 t 6–8 large volume press assembly.
CONCLUSIONS AND LIMITATIONS
In this study, the pressure calibration methods for a 6–8 type large-volume pressing assembly at room temperature and high temperatures were investigated. The relationship between the pressure of the pressing oil and the chamber pressure of the DS 6 × 1,400 t assembly was calibrated by conducting the phase transition experiments using water, ZnTe, ZnS, and GaAs at room temperature and using KCl, LiCl, KCl + LiCl, and quartz-coesite at high temperatures. These pressure calibration results provided the basis for future experiments and the feasibility of these calibration methods has been verified through these experiments. However, no other methods such as the coesite-stishovite phase transition method have been applied to obtain more extensive and reliable pressure calibration results for the second-stage anvil at high temperatures (Wang et al., 2015).
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