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Ferropericlase is the second most abundant mineral in the Earth’s lower mantle and its mechanical properties have a strong influence on the rheology of this region. Here, we deform polycrystalline MgO, the magnesium end-member of ferropericlase, at conditions ranging from 1.6 to 8.3 GPa and 875–1,270 K. We analyse the flow laws and microstructures of the recovered samples using electron microscopy and compare our observations with predictions from the literature. We identify a first mechanism for samples deformed at 1,270 K, attributed to a regime controlled by grain boundary sliding accommodated by diffusion, and characterized by a small grain size, an absence of texture, and no intracrystalline deformation. At 1,070 K and below, the deformation regime is controlled by dislocations. The samples show a more homogeneous grain size distribution, significant texture, and intracrystalline strains. In this regime, deformation is controlled by the ⟨110⟩{110} slip system and a combined ⟨110⟩{110} and ⟨110⟩{100} slip, depending on pressure and temperature. Based on these results, we propose an updated deformation map for polycrystalline MgO at mantle conditions. The implications for ferropericlase and seismic observations in the Earth’s lower mantle are discussed.
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1 INTRODUCTION
Periclase is the magnesium end-member of (Mg,Fe)O ferropericlase, the second most abundant mineral in the Earth’s lower mantle (Ringwood, 1991). At mantle conditions, ferropericlase is believed to be substantially weaker than bridgmanite (Girard et al., 2016) and hence accommodate large amount of deformation (Nzogang et al., 2018). As such the mechanical properties of ferropericlase and its MgO end-member are very relevant for our understanding of the Earth deep mantle. MgO is also an ionic ceramic which is mainly used for its refractory properties in furnaces (Pole et al., 1946) and flame retardants (Dong et al., 2012) as well as a compound for some technical ceramics for the construction industry. Finally, MgO is a model material for the investigation of plastic deformation and dislocation mobility in ionic ceramics due to its simple rocksalt crystal structure (Amodeo et al., 2018). As such, MgO has been the topic of advanced studies regarding the effects of pressure, temperature, and strain on its plasticity both using experiment (Paterson and Weaver, 1970; Merkel et al., 2002; Weidner et al., 2004; Lin et al., 2017) and numerical models (Amodeo et al., 2012; Cordier et al., 2012; Amodeo et al., 2016), recently reviewed in Amodeo et al. (2018).
Although the upper mantle is known to be anisotropic, the lower mantle is isotropic for body waves from 1,000 km to 2,700 km depth (Meade et al., 1995). There are two classes of anisotropic structures that could cause seismic anisotropy in the Earth’s mantle (Karato, 1998). One is the lattice preferred orientation (LPO) of anisotropic minerals and the other is the shape preferred orientation (SPO) of secondary phases. Understanding LPO in minerals requires understanding plasticity induced by deformation. Deformation controlled by dislocations or twinning will result in LPO and hence anisotropy. On the contrary, if deformation is controlled by diffusion or other homogeneous processes, it will most often not result in LPO, although there are reports of strong LPO development in the diffusion creep regime in olivine (Miyazaki et al., 2013). Numerous studies have investigated plasticity of periclase and ferropericlase under pressure and temperature (Paterson and Weaver, 1970; Stretton et al., 2001; Merkel et al., 2002; Heidelbach et al., 2003; Weidner et al., 2004; Long et al., 2006; Tommaseo et al., 2006; Mariani et al., 2009; Marquardt et al., 2011; Amodeo et al., 2012; Girard et al., 2012; Amodeo et al., 2016; Lin et al., 2017; Immoor et al., 2018; Lin et al., 2019). Most studies report that the ⟨110⟩{110} and ⟨110⟩{100} slip systems dominate in these minerals with some reports that ⟨110⟩{111} can also be active (Li et al., 2004). Both numerical simulations (Amodeo et al., 2012; Cordier et al., 2012) and single crystal deformation experiments (Girard et al., 2012) suggest a pressure induced inversion in dominant slip system. Experiments on polycrystals at room temperature and pressures up to 47 GPa report the dominance of ⟨110⟩{110} slip system with no evidence for slip system transition (Merkel et al., 2002; Tommaseo et al., 2006; Lin et al., 2017). At high temperature, the deformation of polycrystals results of a combination of two or three slip systems (Stretton et al., 2001; Heidelbach et al., 2003; Mariani et al., 2009). Recrystallization by subgrain rotation is also sometimes observed (Heidelbach et al., 2003). Immoor et al. (2018) deformed polycrystals at both high pressures and high temperatures and see an increased activity of ⟨110⟩{100} above 30 GPa consistent with predictions of Amodeo et al. (2016) of dominant ⟨110⟩{100} slip above 60 GPa. However, the transition between dominant ⟨110⟩{110} slip to a comparable activity of ⟨110⟩{110} and ⟨110⟩{100} slip can be difficult to characterize in polycrystals. Both numerical (Amodeo et al., 2016) and experimental (Immoor et al., 2018) studies show a continuous change in the induced microstructures rather than a sharp transition.
Questions also arise when addressing the relative behavior of single-vs. polycrystals. Grain-to-grain or grain boundary interactions are present in polycrystals but not in single crystals. Moreover, the history of sample deformation can affect microstructures measured in samples deformed over a broad range of conditions. To address these issues, we deform polycrystalline periclase at temperatures and pressures ranging from 875 to 1,270 K and from 1.6 to 8.3 GPa and strain rates between 10–6 and 10–4 s−1. We then characterize flow laws with in-situ X-ray diffraction and the recovered samples with electron microscopy. Based on our observations we quantify the sample’s microstructural features. We then construct a map for dominant deformation regimes and active slip systems in polycrystalline MgO as a function of pressure and temperature and discuss the implications of these results for the Earth’s lower mantle.
2 METHODS
2.1 High pressure/High Temperature Deformation Experiment
The starting material was a commercial MgO powder from Alfa Aesar (part #14684, 99.95% purity, 325 mesh). Scanning electron microscope (SEM) analysis indicates that this material is made of clusters of crystallites with a typical crystallite size below 1 μm (Figure 1).
[image: Figure 1]FIGURE 1 | Electron microscopy imaging of MgO starting material. (A) 325 mesh clusters of the original powder. (B) Zoom on one of these clusters. The clusters are made of several smaller crystallites. (C) EBSD orientation mapping of the sample recovered after sintering and annealing at ≈ 2 GPa of hydrostatic pressure and 1,270 K in the D-DIA. The sample is dominated by grains with areas around 3 μm2. (D) Inverse pole figure of the compression direction for the reference undeformed sample (D2028).
The powder was hand-pressed into a cubic multi-anvil cell assembly for D-DIA experiments (Lin et al., 2017) with a sample dimension of 1 mm × 1 mm, for all experiments. We used the D-DIA deformation apparatus (Wang et al., 2010) available at the 13-BMD beam line of the GSECARS sector at the advanced photon source (APS). At the beginning of each run, the sample was sintered and annealed inside the D-DIA in order to generate a homogeneous microstructure. All samples were annealed at a 20 tons load ([image: image] GPa) and 1,270 K for duration of 1.5 h, except for D2029 and D2034 which were annealed for 2.5 and 0.5 h, respectively. One sample was recovered after annealing to serve as a reference for microstructures. The microstrcutures of this reference sample are presented in Figures 1C,D. Based on EBSD measurements (see below), the maximum map occupancy is for grain areas of [image: image]m2 in the sintered material with grains of up to 1,120 μm2.
We performed six deformation runs at different pressure and temperature conditions between 1.6 and 8.3 GPa and 875 and 1,270 K (Table 1). After the annealing step, the conditions were adjusted to the target pressure and temperature. The sample was then deformed in axial compression at fixed strain rates by advancing the vertical anvils toward the sample while retracting the horizontal anvils. The overall duration of the deformation experiments ranged between 120 and 677 min to total strains ranging between 15 and 35% with varying strain rates (Table 1). Figure 2 shows a typical example of a sample recovered after the experiment.
TABLE 1 | Experimental results: temperature, average hydrostatic pressure, strain rate, stress and final macroscopic strain at each deformation step.
[image: Table 1][image: Figure 2]FIGURE 2 | Recovered samples. (A) Sketch of the D-DIA experimental assembly; (B) Optical image of sample D2032 after recovery and preparation for electron microscopy. The right part of the assembly was cut for sample preparation; (C) SEM image of the same sample.
2.2 In situ X-Ray Measurements
During deformation, sample axial strains were measured using x-ray radiography with a large monochromatic beam (2–3 mm). Radiographs were acquired over 10 s using a YAG scintillator and a charge coupled device (CCD, resolution 1.3 μm/pixel). The sample length was defined by the shadows of the two Au foils at its top and bottom.
After each x-ray radiograph, a 2-dimensional (2D) x-ray diffraction (XRD) pattern was collected over 300–450 s with an X-ray beam tuned to a monochromatic wavelength of 0.2066 Å. The experimental layout and detector geometry were refined according to a calibration with a CeO2 polycrystal standard prior to the experiment. The XRD measurements were then processed to assess hydrostatic pressure, texture and deviatoric stress in the deforming sample using the procedure described in Lin et al. (2017).
Diffraction data was analyzed using the 2D Rietveld method as implemented in the Materials Analysis Using Diffraction (MAUD) software package (Lutterotti et al., 2014; Wenk et al., 2014) and used to extract hydrostatic unit cell parameters, lattice strain parameters for the (111), (200), and (220) diffraction lines, and texture for the MgO sample. Hydrostatic unit cell parameters were then used to calculate the hydrostatic pressure at each measured point using the hydrostatic equation of state for MgO (Speziale et al., 2001). Textures were fit using the Extented-Williams-Imhof-Matthies-Vinel (E-WIMV) method assuming axial compression around the compression axis. Stress was evaluated from the measured lattice strain parameters and elasto-visco-plastic-self-consistent calculations (Lin, 2020). The obtained stress-strain curves for all experiments are shown in Figure 3 and stress values are given in Table 1. Stress exponents have been extracted using these values of stress and strain rate, and are presented in Figure 4.
[image: Figure 3]FIGURE 3 | Stress vs. strain curves for all experiments. Grey data points indicate transient state before reaching steady state. Solid points are identified as “steady state” deformation and used for a computation of a mean stress (solid green line). Error bars in Table 1 were evaluated based on stress changes during steady-state, indicated by the green shading.
[image: Figure 4]FIGURE 4 | Fit of stress exponents for experiments D2029, D2032, D2321, D2324, D2325. For each experiment, the slope of the log10 ([image: image]) vs. log10(σ) curve is the stress exponent n. Units are GPa for σ and s−1 for [image: image]
2.3 Post-Mortem Electron Microscopy
The recovered samples were prepared for electron microscopy investigations, including Scanning Electron Microscopy (SEM), Electron Backscatter Diffraction (EBSD) and Transmission Electron Microscopy (TEM). SEM, EBSD, and TEM analysis were performed in the Lille Electron Microscopy Platform (PMEL).
The sample preparation for SEM and EBSD consisted of conventional mechanical polishing, with diamond paper from 30 to 1 μm grain size completed with diamond paste polishing down to 1/4 μm, and followed by ion polishing using a 1061 SEM Mill from Fischione Instruments. We noticed that carbon coating did not improve and sometimes decreased the quality of the EBSD indexing. Hence, unlike classical electron microscopy sample preparation, we did not coat the samples with carbon in order to avoid a pollution of the EBSD signal.
We did not measure water content of the samples. MgO is a very hydrophyllic material and the samples left in air incorporate water. In addition, we used water as a lubricant for cutting and polishing the samples. Water content measured in the post-mortem samples will then be biased by a highly possible water contamination from the sample preparation.
SEM and EBSD analysis were performed with a FEG JEOL JSM-7800F scanning electron microscope. The SEM was used in a low vacuum of 30 Pa, at a working distance of 15 mm, an acceleration voltage of 15 kV, a current between 10 and 20 nA and a spot size of few nanometers. For EBSD, the sample was tilted at 70°. The step size for EBSD map acquisitions ranged from 1 μm, for maps of the overall samples (up to 0.45 mm wide), to 0.08 μm, for specific sample characterization. EBSD data were acquired via the Aztec software from Oxford Instruments using 6–8 bands to validate an indexing, leading to mean angle deviations of 0.65–0.85.
For the TEM investigation, sample foils were cut using a focused ion beam (FIB) technique (FEI Strata DB 235 FIB-FESEM) at IEMN (Institute of Micro and Nano Electronics, Université de Lille). TEM investigations were performed in the Lille Electron Microscopy Platform with a LaB6 FEI Tecnai G220Twin microscope operating at 200 kV.
Orientation maps in the TEM were acquired with a step size of 10 nm using scanning precession electron diffraction with the ASTARTM tool from NanoMEGAS (Rauch, 2014). The TEM was set in the microbeam mode with a spot size of about 10 nm, exposure time of 40 ms and precession angle of 1°. Camera length was of 62 mm. In the ASTAR configuration, spot patterns are collected with a fast external CCD camera pointing on the TEM phosphorous screen and stored for further indexing and post-processing. As in previous studies (Nzogang et al., 2018), indexing for MgO is achieved by comparing individual patterns via cross-correlation matching techniques with ones precalculated based on an input structural model [space group [image: image], with Mg at (0,0,0) and O at [image: image]].
2.4 Microstructures Reconstruction
Both SEM EBSD and TEM ASTAR data were then post-processed using the open-source MTEX toolbox for MATLAB (Bachmann et al., 2010; Mainprice et al., 2015) to image the sample microstructures and extract information such as lattice preferred orientation (Figure 5), grain size distributions (Figure 6), grain shapes (Figure 7), and the intracrystalline misorientations (Figures 8, 10). The use of EBSD characterization quantities to treat ASTAR maps have already been proposed in the study of Nzogang et al. (2018).
[image: Figure 5]FIGURE 5 | Representative inverse pole figures (IPF) of the compression direction from SEM-EBSD (A–D) and in-situ XRD measurements at the maximum strain (E–H). (A,E): texture for sample deformed at high temperature (1,270 K). (B,C,F,G): texture for samples deformed at moderate temperature (875–1,070 K). (D,H): texture for the sample deformed at 8.3 GPa and 1,070 K. Ng is the number of grains in the EBSD map from which the orientation distribution was computed and Nm is the number of measure points used to compute the IPF. Note that these textures were extracted over a broader area than that shown in Figure 8.
[image: Figure 6]FIGURE 6 | Map occupancy vs. grains area. (A) Non deformed sample annealed at high temperature. (B) Samples deformed at high temperature. (C) Samples deformed at moderate temperature. (D) Sample deformed at high pressure. Note that these distributions were extracted over a broader area than that shown in Figure 8.
[image: Figure 7]FIGURE 7 | Aspect ratio distributions. (A) Non deformed sample annealed at high temperature. (B) Samples deformed at high temperature. (C) Samples deformed under moderate temperature. (D) Sample deformed at high pressure. Note that these distributions were extracted over a broader area than that shown in Figure 8.
[image: Figure 8]FIGURE 8 | EBSD samples features. Representative orientation maps (A,D,G,H), intracrystalline misorientation (B,E,I,J), and local misorientation gradient (C, F,K,L) for samples D2029 (A,B,C), D2324 (D–F), and D2325 (G–L). Orientation maps are colored according to grain orientation relative to the compression direction (inset). Intracrystalline misorientation is represented by GROD maps showing the internal deformation in each grain relative to the mean orientation of the grain. Local misorientation gradient maps are KAM maps showing the internal deformation gradient in each grain. High resolution maps of these figures are available in the Supplementary Materials (Supplementary Figures S2–S10).
Using MTEX, we first reconstruct grains as assigned to regions of similar orientation with a threshold of 5° misorientation at grain boundaries (a 10° misorientation threshold was also tested and led to very similar results). Then, isolated non indexed pixels within grains are replaced by new pixels with an orientation in agreement with the neighboring pixels.
To compare LPO between different samples and conditions, we show inverse pole figures (IPF) of the compression direction (Figure 5). Several IPF calculations are possible, using either one average orientation per grain or one point at each measured pixel. For a proper comparison to results deduced from X-Ray data, which are not spatially resolved and sensitive to grain volumes, the EBSD IPF presented here are based on measurements at all points rather than one average orientation per grain.
Detailed microstructures are documented by 2D maps showing the grains boundaries and orientations (Figures 8, 10). Intracrystalline misorientation results are presented using two quantities: GROD and KAM. The GROD (for Grain Reference Orientation Deviation) represents the internal misorientation in a grain using the mean grain orientation as a reference. The KAM (for Kernel Average misorientation) corresponds to a local gradient of internal grain misorientation and compares the orientation in one pixel with the orientations of its first order nearest neighbours.
Finally, MTEX and custom python scripts are used to evaluate the grain size and grain elongation statistics. From the individual grain sizes estimated in MTEX, we evaluate the distribution of relative map occupancy vs. grain area (in logarithmic scale, Figure 6). From the MTEX results, we also compute histograms of the grain aspect ratios (Figure 7).
3 RESULTS
3.1 Mechanical Data
Rheological laws are typically expressed as
[image: image]
where [image: image] is the strain rate, A is a constant, d is the grain size, m is the grain size exponent, σ is the stress, n is the stress exponent, E* the activation energy, P is the hydrostatic pressure, V* the activation volume, R is the gas constant and T is the temperature. The strain rate sensitivity of flow, which is given by n, is indicative of the mechanism responsible for deformation. Here, we attempt to extract n for each experiment for which P, T, and grains sizes are relatively constant. The rheological law then becomes
[image: image]
where B is a new constant that depends on P, T and grain size. From this relation, n is the slope of the log10[image: image] vs. log10(σ) curve (Figure 4; Table 1).
The D2029 and D2032 runs, performed at 1,270 K, show stress exponents of about 1.5 while runs D2321, D2324 and D2325, performed at lower temperatures, have stress exponents ranging between 5.3 and 5.6. Based on these measurements of stress exponents, we hence anticipate a change of deformation mechanisms between 1,070 and 1,270 K. Details of these mechanisms will be discussed below with the addition of microstructural observations.
3.2 General Features of the Samples
The observation of the recovered samples using optical microscopy reveals two main features: i) macroscopic cracks that run through the overall MgO sample and ii) darker samples than the starting material (Figure 2). Cracks are only observed in the MgO samples and not in the surrounding materials. They are oriented normal to the compression direction, which correspond to disking cracks in the sample due to decompression. These are ambient temperature decompression features that are not related to the high-temperature deformation data reported in this work. The dark color is seen in MgO and not in the BN sleeve. It is probably related to carbon diffusion from the graphite heater (Freund, 1986; Lin et al., 2017), is not localized, and can be seen in all samples, including the undeformed reference specimen.
Chemical analysis using Energy Dispersive X-Ray Spectroscopy (EDS) in the SEM reveals an excess of O relative to Mg in specific locations of the samples, mostly along sample fractures formed during decompression. Sample polishing for electron microscopy involved water as lubricant. We hence assign this excess of oxygen to the polishing procedure and especially so in fractures and sites of porosity. The presence of water in the samples during experiments can then not be estimated. While we were careful during sample preparation, MgO is highly hydrophile and could have absorbed water from atmosphere during loading. Little is known about the exact effect of water on the plasticity of MgO but generally, the presence of fluid is believed to enhance diffusion mechanisms. Water may also play a role in the activity of the slip systems, as it is the case in olivine (e.g., Jung et al., 2006). Hence, if water was present in the cell assembly, the plasticity observed in our samples can be different than for completely dry samples. With our data, we cannot isolate the effect of water, if there is any, on MgO plasticity and further studies will be needed to this end.
The observed textures and microstructures indicate that the samples can be assigned to three distinct families: 1) high temperature experiments, i.e., at 1,270 K, 2) moderate temperature experiments, i.e., between 875 and 1,070 K and 3) high pressure experiment, for run D2325 performed at 1,070 K and 8.3 GPa. High temperature experiments include samples from run D2029 and D2032 at 1.6 and 6.5 GPa, respectively. Moderate temperature experiments include samples D2034, D2324, and D2321 deformed at pressure ranging from 1.8 to 2.7 GPa and temperature in the 875–1,070 K range. The rest of this section will present our observations for these three sample families. Strain vs. stress curves are presented in Figure 3. Grain sizes for the full set of samples are provided in Supplementary Figure S1.
3.3 Microstructures for Samples Deformed at 1,270 K and Pressures of 1.6 and 6.5 GPa
Two experiments were performed at high temperature, i.e. 1,270 K, at 1.6 and 6.5 GPa. The corresponding samples generally show the same features. They are characterized by IPFs that show no crystallographic preferred orientation (Figures 5A,E).
The grain size distribution is bimodal for the two high temperature samples. For the sample deformed at 1.6 GPa (D2029, Figure 6B), the small grain population shows areas ranging from the detection limit (0.03 μm2) to [image: image] 10 μm2 and the large grain population has areas ranging from [image: image] 10–2,130 μm2. For the sample deformed at 6.5 GPa (D2032, Supplementary Figure S1C), the bimodal distribution is less clear, but a small grain population with a normal distribution around ≈10 μm2 can be distinguished, comprising grains with areas ranging from the detection limit (0.03 μm2) to [image: image] 100 μm2 and a population of larger grains is present, with areas ranging from [image: image] 100–2,500 μm2.
The aspect ratio distribution shows a maximum between 1.0 and 1.5 and then decreases as values increase up to 3.0 (e.g., Figure 7B). The EBSD maps also show this bimodal distribution of small and large grains (e.g., Figure 8A). At this resolution, small grains seems to contain no or little internal deformation (e.g., Figures 8B,C). The mean GROD for these grains are less than 1°. Larger grains can have serrated boundaries and sometimes include smaller grains. Most of the large grains have internal deformation with a mean GROD of 3.3°. Some grains show a local gradient of orientation with a KAM of up to 2° while others show a smooth change in grain orientation (Figures 8B,C).
3.4 Microstructures for Samples Deformed Between 875 and 1,070 K and for Pressures Between 1.8 and 2.7 GPa
Exact grain sizes and aspect ratios vary for samples D2321, D2324, and D2034 but the general sample features remain similar.
EBSD maps reveal a fairly homogeneous microstructure (e.g., Figure 8D). Grains boundaries are mostly straight. The IPF of the compression direction show a LPO with maximum at ⟨110⟩, deduced both from EBSD and in-situ XRD (e.g., Figures 5B,C,F,G).
These samples show an almost normal grain size distribution. The sample presented here (D2324) has grain sizes ranging from detection limit to 74 μm2 with a maximum map occupancy by grains with areas of 10–30 μm2 (e.g., Figure 6C). The aspect ratio in these samples ranges from 1.0 to 4.0, with a normal distribution and a maximum between 1.5 and 2.0 (Figure 7C).
The mean intracrystalline misorientation measured using GROD ranges between 1.5 and 7.4° for grains in this sample family. However, locally GROD can reach values of up to 30° (Figure 8E). Local misorientation gradients (KAM) range between 0 and 2.5° (Figure 8F). KAM maps show local concentrations of misorientation gradients concentrated as lines across some grains, indicative of a concentration of deformation and probably defects at these locations.
3.5 Microstructures for the Sample Deformed at 1,070 K and 8.3 GPa
In this sample deformed at high pressure, the IPF of the compression direction shows a strong preferred orientation with a maximum at ⟨100⟩ and a secondary maximum along ⟨110⟩ (Figures 5D,H). The IPF from EBSD shows a stronger maximum at ⟨100⟩ that of in-situ XRD for which the secondary maximum at ⟨110⟩ is more visible.
EBSD maps and grain size distribution plots indicate that grains split into two distinct categories: a population of smaller grains, for which grain size distribution is a near normal distribution with a maximum map occupancy by grains with areas of [image: image] 20 μm2, and a larger grain population ranging from 300 to 1,770 μm2 (Figures 6D, 8G,H). Unlike other samples, larger grains occupy a significant portion of the map (almost 25%). The aspect ratio is significantly larger than that for other samples, with a significant number of grains with values of up to 5.5 (Figure 7D).
The large grains, located mostly in the center of the sample, have a lamellae shape, with straight boundaries. They show an important heterogeneous deformation, with a mean GROD of 7.5° (Figure 8J). The deformation gradient is high, with a KAM of up to 18° (Figure 8L).
Smaller grains, located mostly towards the edge of the sample, show relatively straight boundaries. The mean GROD is of 4° (e.g., Figure 8I) although some of the grains show little evidence for deformation. KAM maps show that there are strong gradients of deformation of up to 12° (e.g., Figure 8K).
3.6 Microstructures at the Grain Scale
To confirm or invalidate the dominating deformation mechanisms as well as the presence or absence of dislocations, some samples were analysed in the TEM. TEM provides access to microstructural features at the grain-scale, below that of EBSD. The TEM images show a clear difference of dislocation density between the moderate temperature and high pressure samples and the high temperature samples.
In the high temperature samples, the large grains and the small grains show the same intragranular microstructure, which consists in short and isolated dislocation segments, generally curved (Figure 9A). Dislocation density, however, is relatively low and no subgrain boundaries or other form of dislocation organization were observed.
[image: Figure 9]FIGURE 9 | TEM images illustrating dislocation microstructures at different conditions. (A) High temperature sample deformed at 1.6 GPa and 1,270 K; (B) moderate temperature sample deformed at 1,070 K and 1.8 GPa showing a forest of dislocations; (C) moderate temperature sample deformed at 875 K and 2.5 GPa showing numerous dislocations arranged in subgrain boundaries; (D) High pressure sample deformed at 1,070 K and 8.3 GPa showing a high dislocation density, image taken in multibeam conditions. The white arrows indicate examples of subgrain boundaries. The black arrows in the bottom-right corner indicate the g-vectors used for the bright field images and their orientation.
Moderate temperature and high pressure samples are characterized by the abundance of dislocations, with a dislocations density well above that of the high temperature sample. Sample D2324 (deformed at 1,070 K and 1.8 GPa) shows forests of dislocations (Figure 9B), i.e., a multitude of small dislocations segments tangled together. Some subgrain boundaries are observed. Sample D2321 (deformed at 875 K and 2.5 GPa) also shows numerous dislocations (Figure 9C). Few are isolated while others are aligned to form well organized subgrain boundaries. The high pressure sample shows a high density of dislocations (Figure 9D). The dislocation segments are small and difficult to observe as individuals. Some align in subgrain boundaries.
3.7 High Resolution Orientation Maps
From TEM imaging it is clear that dislocations density and organization in the high temperature sample are different than in the moderate temperature and high pressure samples. To characterize the microstructures at a better resolution than that achieved in the SEM-EBSD maps, we performed orientation mapping of our samples in the TEM. Results are presented in Figure 10 for two characteristic samples, a high temperature sample (D2029) and a moderate temperature sample (D2321), with the idea to compare their microstructures at the TEM scale. The link between the ASTAR maps and the classical TEM images is illustrated in Figure 11, and support the ability of the KAM lines to detect zones of concentration of dislocations.
[image: Figure 10]FIGURE 10 | Samples features at the TEM scale. ASTAR maps for high (A,B) and moderate (C,D) temperature samples, showing the orientations of the grains (A,C) and the intracrystalline misorientation (B,D). Orientation maps are colored according to grain orientation relative to the compression direction (see inset in Figure 8). Intracrystalline misorientation is represented by GROD maps showing the internal deformation in each grain relative to the mean orientation of the grain. Corresponding local misorientation gradient maps (KAM maps showing the internal deformation gradient in each grain), are shown in Figure 11. In the high temperature sample orientation map, blue-filled arrows indicate examples of triple junctions at equilibrium, red-filled arrows indicate examples of curved grain boundaries and white rings indicate examples of quadruple junctions between grains. Full size ASTAR maps are shown in Supplementary Figures S11–S16.
[image: Figure 11]FIGURE 11 | Comparison of misorientation maps acquired in the TEM (B,D) with classical TEM images (A,C) of the same sample region. Panels (A,B) illustrate the same section of sample D2029 using classical TEM imaging and ASTAR local misorientation gradients (KAM) mapping, respectively. Panels (C,D) illustrate the same area of sample D2321, by classical TEM imaging and ASTAR local misorientation gradients (KAM) mapping, respectively. Red arrows indicate accumulation of dislocations in the classical TEM image and the corresponding KAM lines of the TEM orientation map. Full size ASTAR maps are shown in Supplementary Figures S13, S16.
The high temperature sample shows grains with size between 0.5 and 2 μm and no visible preferred orientation (Figure 10A). These grains have rather equiaxed shapes and smoothly curved boundaries permitting triple junctions at equilibrium. However, some quadruple junctions between grains can be observed in the ASTAR map, as indicated by the white circles in Figure 10. The intracrystalline misorientation map indicates deformation inside the grains of generally less than 2° (Figure 10B). Accordingly, the KAM map rarely show local misorientation gradients (Figure 10C).
The microstructure in the moderate temperature sample is completely different. In this sample the grains vary sizes from less than 1 μm to 4–5 μm (Figure 10D). The preferred orientation is not obvious because of the low number of grains in the map, but an elongation of these grains normal to the compression direction is clear. The grain boundaries are mostly straight and triple junctions are generally not at equilibrium. The high internal deformation of the grains is already observable on the orientation map and is really well shown by the GROD map. Most of the grains appears divided into slightly misoriented domains with GROD up to 10° (Figure 10E). Moreover, the KAM map indicates that these intracrystalline domains are delimited by misorientation gradient lines (Figure 10F). Comparing with the microstructure observed in conventional TEM (Figure 11), we can say with confidence that these misorientation gradient lines are in fact zones of accumulation of dislocations, i.e., subgrain boundaries.
4 DISCUSSION
4.1 Deformation Mechanisms From Mechanical Behavior
The stress exponent extracted from the mechanical data is indicative of the dominant deformation mechanism operating in a sample. Generally, it is assumed that n = 1 for a true diffusion creep, and n ≥ 3 for dislocation creep (Poirier, 1976, 1985).
In experiments at 1,270 K, the stress exponent is 1.5, indicative of a deformation regime controlled by diffusion. At 1,070 and 875 K, the measured stress exponents of 5.3–5.6 indicate dislocation-dominated plasticity. This change in dominant deformation mechanism between 1,070 and 1,270 K is also observed through the samples post-mortem microstructures. Details of these mechanisms will be further discussed below based on microstructural observations.
4.2 Effect of Stress on MgO Plasticity
Stress plays a critical role in the plastic deformation and the development of microstructures (Karato, 2008), as highlighted by the vast literature on olivine plasticity, for instance in Jung et al. (2006) and Hirth and Kohlstedt (2015). Questions hence arise whether our microstructural observations should be interpreted in terms of differences in pressure and temperature or stress.
Experiments D2321 and D2325, for instance, are performed at similar stress conditions, i.e. between 0.43 and 0.75 GPa. The measured microstructures, however, are different with an IPF maximum at ⟨110⟩ for D2321 and at ⟨100⟩ for D2325 (Figure 5). We can hence safely assign this change of microstructures to an effect of pressure and/or temperature and not stress.
Our experiments are performed over a limited range of stress and strain rates and do not allow us to precisely separate the relative effects of stress, pressure, or temperature on MgO plasticity. We hence project our observations in terms of pressure and temperature only. The effect of stress at each pressure and temperature adds an additional parameter that will have to be investigated in further studies. As highlighted by results on runs D2321 and D2325, however, stress can not be the sole explanation for conflicting results between experiments.
4.3 Microstructures of Polycrystalline MgO Deformed at High Pressure and High Temperature
Grain size distribution depends on the deformation conditions. For samples deformed at 1,270 K, the majority of the grains are small with sizes between 0.03 and 10 μm2. Some larger grains are present as in the reference sample.
In samples deformed at 1,070 K and below, the maximum map occupancy shifts to 10–30 μm2, instead of around 3 μm2 for the undeformed sample. This is indicative of some grain growth activity during deformation. An important difference between moderate temperature samples and high pressure sample is the large grain populations. In the moderate temperature samples, grains with areas larger than 74 μm2 are absent, while in the high pressure sample, a population of large grains is present. The presence of these large grains is unexpected and they are specifically located at the center of the sample. Temperature in the D-DIA experiment is provided by a graphite cylinder and we suspect that temperature gradients may have been present in this assembly. Indeed, Raterron et al. (2013) indicate that temperature gradients in D-DIA cell assembly can reach 155 K/mm. In addition, the unimodal shape of the grain size distribution indicates that grain growth is normal, in opposition to the high temperature samples. The difference in annealing time before deformation do not seems to significantly affect the sample deformation, as grains after deformation in samples annealed for the same duration have quite different sizes (e.g., D2028 vs. D2032 vs. D2321 vs. D2325) while samples annealed for different duration can have similar grain sizes after deformation (e.g., D2029 vs. D2032).
Samples deformed at 1,270 K show little change in grain shape with a grain aspect ratio distribution similar to that of the starting material (Figure 7). This feature is highlighted by the ASTAR map that shows equiaxed grains at equilibrium (Figure 10). However, EBSD maps show that large grains have serrated boundaries and include smaller grains (Figure 8). For other samples, the grain aspect ratio evolves with deformation, with grains becoming more elongated perpendicular to the compression direction (Figures 7, 8, 10). Larger aspect ratios reach 5.5 and are observed in the sample deformed at the highest pressure. Grain elongation in MgO deformed at 1,070 and 875 K can be related to results of self-consistent calculations on both MgO and NaCl deformed in dislocation-controlled regimes (Wenk et al., 1989, 2009; Lin et al., 2017). Slip systems in NaCl-structured minerals are highly symmetric and the modeling of the deformation of such material in dislocation creep using self-consistent models induces a change in grain shape. Accounting for this change in grain shape is critical for a successful self-consistent modeling of the experimental textures (Lin et al., 2017).
Deformation conditions also affect intragranular misorientations. Samples deformed at 1,270 K are fairly relaxed whereas samples deformed at lower temperatures show high internal deformations (Figure 8). The TEM analysis confirm this difference. At high temperature, sample imaging shows few isolated dislocations (Figure 9), and ASTAR orientation map show mostly undeformed grains (Figure 10). At moderate temperature the sample grains contain a higher dislocations density and dislocations organize in subgrain boundaries. Orientation map for a moderate temperature sample shows high intragranular misorientation corresponding to these subgrains (Figure 10).
Overall, microstructural observations show a clear difference between samples deformed at 1,270 K and samples deformed at lower temperature, which is consistent with the change in stress exponent discussed in Section 4.1 and indicates a deformation mechanism controlled by dislocations at 875–1,070 K and a deformation mechanism not controlled by dislocations at 1,270 K.
4.4 Deformation Mechanism at 1,270 K
Both mechanical data and microstructures of our samples deformed at 1,270 K show a different behavior than that of the samples deformed at lower temperatures, with a dominant deformation mechanism that is controlled by diffusion rather than by dislocations.
Our high temperature samples are characterized by a microstructure similar to that of the non-deformed annealed sample showing a majority of small equiaxed grains with a few large grains, no LPO, and the absence of intracrystalline deformation. In addition, triple junctions at equilibrium and curved grain boundaries are generally observed. Few grains, however, show quadruple junctions in these samples.
Quadruple junctions associated to equiaxed grains is a characteristic microstructure of GBS as defined by Ashby and Verrall (1973) and is a key in the identification of this deformation mechanism (Maruyama and Hiraga, 2017). In comparison, dislocation creep is typically associated with grain elongation coherent with the macroscopic strain and intragranular deformation, while diffusion creep can produce quadruple junctions, but associated to grains elongated in the tensile axis (Maruyama and Hiraga, 2017).
Hence, the microstructures observed in our post-mortem samples are consistent with a deformation dominated by GBS, and the stress exponent of 1.5 given by the in-situ analysis point toward a diffusion-accommodated boundary sliding. Such mechanism may allow for large deformation and lead to a superplastic behavior. In addition, the few curved dislocations observed by TEM in the grains indicate that dislocations have moved and interacted. This observation supports an activity of the dislocations but the microstructure indicates dislocation creep is not the dominant mechanism.
There are a few larger grains in these samples. They can result from abnormal grain growth during the sintering (Terwilliger et al., 1970) but the small number of such grains in the reference sample tend to invalidate this hypothesis. Abnormal grain growth can also results from the GBS, either due to movement of grain boundaries caused by an excess of vacancies near sliding boundaries created by deformation (Clark and Alden, 1973) or by grain boundary migration to recover the damage created at triple junctions by the grain sliding (Wilkinson and Cáceres, 1984). The stress exponent of 1.5, however, indicates a deformation controlled by diffusion, which is more efficient in the smaller grains. We hence believe that these large grains do not contribute significantly to the deformation of the sample.
GBS was already reported for MgO. In particular, grain boundary sliding have been reported as a dominant deformation mechanism in polycrystalline MgO with grains size below 10 μm at 1,500 K and ambient pressure (Dokko and Pask, 1979), and grain boundary diffusion with occurrences of GBS at large strains (44%) has been observed in fine grained (0.1 μm) polycrystalline MgO at ambient pressure and 1,173–1,423 K (Crampon and Escaig, 1980). Copley and Pask (1965) also observed grain boundaries dominated deformation for polycrystalline MgO samples with grain sizes up to 15 μm in the 1,300–1,700 K range and at room pressure. At larger grain sizes, however, between 18 and 60 μm, Terwilliger et al. (1970) reported non-viscous (dislocations) mechanisms in MgO at temperatures of 1,300–1,700 K, associated with stress exponents of 2.38 and 3.63. Similarly, Langdon and Pask (1970) proposed dislocation-controlled deformation in polycrystalline MgO at 1,500 K, ambient pressure and a grain size between 12 and 25 μm. The study of Stretton et al. (2001) also report dislocation creep as the dominant deformation mechanism in ferropericlase samples deformed at temperatures of 1,200–1,400 K and 300 MPa, in contradiction with our results indicating GBS at 1,270 K. Their grain size, however, are on the order of 40 μm, an order of magnitude larger than reported here. The transition between GBS and power-law creep is known to be grain size dependent and, based on our results and those of Dokko and Pask (1979), Terwilliger et al. (1970) and Stretton et al. (2001), occurs for grain sizes between [image: image]m and 10–50 μm. Moreover, a transition from grain boundary sliding to dislocation creep is observed by Snowden and Pask (1974) in two types of samples, annealed and non-annealed, deformed at similar conditions and grain sizes. They observed GBS in the non-annealed samples, while in the annealed samples they see dislocation-based deformation. This observation has been proposed to be related to presence of impurities as grain boundary defects in the non-annealed samples that restrict the initiation and propagation of dislocations. The effect of pressure, and of iron content, on the transition between GBS and power-law creep is probably important but can not be addressed with current data and should be investigated in future studies.
Using the two deformation runs we performed at 1,270 K, and that results in plastic deformation of MgO by GBS, we can estimate an activation volume for this deformation mechanism. Eq. 1 can be expressed as
[image: image]
where B = Ad−m. Assuming that A, E*, d−m and T remain constant for both runs, the activation volume is then slope of the [image: image] vs. P curve which leads to V* = −0.4 ± 1.1 cm3/mol (Figure 12). This low value of activation volume in a diffusion-controlled regime is consistent with works on other materials, such as olivine (Silber et al., 2022). Few studies from the literature provide values for the activation volume of MgO in the diffusion regime. In a single crystal surrounded by a MgO powder, Van Orman et al. (2003) measured activation volumes of 3.0 ± 0.4 and 3.3 ± 2.4 cm3/mol for Mg and O, respectively, based on experiments at 25 GPa, in agreement with the calculation results of Ita and Cohen (1997). In single crystals, Yamazaki and Karato (2001) used homologous temperature scaling to estimate an activation volume for bulk diffusion of 2.2 cm3/mol. Numerical calculations have also been used to look at grain boundary diffusion (Karki, 1999; Riet et al., 2021), and Karki (1999) have shown that diffusion along grain boundary is highly anisotropic and should be easier than bulk diffusion. More recently, Riet et al. (2021) find activation volumes ranging from 4.9 to 12.7 cm3/mol, depending on the diffusing atom (Mg or O) and temperature. In addition, they argue that the effect of impurities may be significant. In our work, we deduce a near-zero activation volume for polycrystalline MgO in the GBS regime. This estimate is based on two pressure points only and does not account for the effect of grain size differences and evolution between runs, nor the variation of pressure during each run, which may affect the result. Moreover, the sample may have been hydrated which could also influence the deduced activation volume. This value should hence be considered carefully. Nevertheless, such a low activation volume for diffusion processes in MgO is interesting and may indicate that GBS could be a significant deformation mechanism for ferropericlase in the Earth’s lower mantle.
[image: Figure 12]FIGURE 12 | Activation volume of polycrystalline MgO in the diffusion regime at 1,270 K (Runs D2029 and D2032, red circles) and the dislocations-dominated regime at 1,070 K (Runs D2324 and D2325, blue squares). Errors bars are ±1σ uncertainties deduced from the experimental results. Reported errors on the activation volume are 1σ uncertainties deduced from a Monte Carlos method.
4.5 Slip Systems for MgO at High Pressure and High Temperature
The most characteristic feature of dislocation controlled mechanisms is the presence of LPO. High pressure and moderate temperature samples do show significant LPO and stress exponents of about 5.5, and are thus expected to deform with dislocation motion as the dominant deformation mechanism.
The observed LPO can be compared with results of self-consistent calculations (Lin et al., 2017), including the effects of the ⟨110⟩{110}, ⟨110⟩{100}, ⟨110⟩{111} slip systems and changes in grain shape (Wenk et al., 1989). In some cases, the activation of secondary slip systems or changes in grain shape are required to fulfill the Von-Mises compatibility criterion. Nevertheless, we will focus here on reporting the most-active slip system to characterize each measured texture. LPO are then assigned to a combination of most-active slip systems. The moderate temperature samples show a maximum at ⟨110⟩ in the IPF of the compression direction (Figure 5B). This is consistent with a comparable activity of the ⟨110⟩{110} and ⟨110⟩{100} slip systems. The high pressure sample shows a maximum at ⟨110⟩ in the IPF of the compression direction (Figure 5C), consistent with a dominant activity of the ⟨110⟩{110} slip system. At the temperatures investigated here (875 and 1,070 K), we hence observe a pressure-induced transition in the dominant slip system activity from a comparable activity of ⟨110⟩{110} and ⟨110⟩{100} at lower pressure (i.e., below 5 GPa) to a dominant activity of ⟨110⟩{110} slip system above 5 GPa (Figure 13B).
[image: Figure 13]FIGURE 13 | Projection of a deformation map based on microstructural observations for MgO in pressure and temperature space (for strain rates between 10–6 and 10–5 s−1 and μm grain sizes). Red markers indicate deformation conditions with dominant grain boundary sliding. Green markers and blue markers correspond to deformation conditions at which textures are consistent with dislocation glide with a dominant activity of ⟨110⟩{110} and comparable activity of ⟨110⟩{110} and ⟨110⟩{100} slip systems, respectively. The grey marker correspond to the reference undeformed sample. Red, blue, and green area are guides to eye highlighting the different domains for MgO plastic behavior. Circles are data from this study, the square is data from Lin et al. (2017), triangles are data from Immoor et al. (2018). (A) Summary of deformation mechanisms observed in this study and in studies of Lin et al. (2017) and Immoor et al. (2018). (B) Focus on pressures below 15 GPa.
Observations in polycrystals at high pressure and 300 K lead to a dominant activity of ⟨110⟩{110} slip system in MgO up to 50 GPa (Merkel et al., 2002; Lin et al., 2017). The increase activity of the ⟨110⟩{100} slip with increasing temperature was previously inferred based on deformation experiments at 300 MPa on (Mg,Fe)O (Stretton et al., 2001; Long et al., 2006). Recently, a transition between a dominant activity of ⟨110⟩{110} and a comparable activity of ⟨110⟩{110} and ⟨110⟩{100} was also inferred at higher pressure (i.e., above 30 GPa) (Immoor et al., 2018).
Finally, we can use Eq. 3 and data obtained at 1,070 K to extract the apparent activation volume for the dislocation-controlled mechanism. Here, we need to assume that the pressure-induce change in dominant slip systems activity does not strongly affects the activation volume, which will have to be confirmed in future studies. We use the results of experiments D2324 and D2325 performed at 1,070 K and fit an activation volume of 5.7 ± 0.5 cm3/mol (Figure 12). This estimated activation volume can be compared to that of the literature for dislocation creep in MgO. While our value lies in the range of 4–7 cm3/mol given by Weidner et al. (1994), it is significantly larger that the report of 2.4 cm3/mol in Mei et al. (2008). Note, however, that Mei et al. (2008) assumed a stress exponent n of 3, which is inconsistent with n = 5.3–5.6 deduced from the present measurement.
4.6 Plasticity of MgO at High Pressure and High Temperature
Based on experimental evidences, the following behavior can be deduced regarding the plasticity of μm grain size polycrystalline MgO and (Mg,Fe)O at high pressure and high temperature (Figure 13):
• At low temperature and below 70 GPa, the observed compression textures are consistent with a dominant activity of the ⟨110⟩{110} slip system.
• At low pressure (i.e. between 4.7 and 8.3 GPa), a transition to a comparable activity of ⟨110⟩{110} and ⟨110⟩{100} is observed at [image: image] K. The transition temperature between both regimes increases with pressure.
• At high pressure (i.e., above 20 GPa), the transition temperature between a dominant activity of ⟨110⟩{110} slip and a comparable activity of ⟨110⟩{110} and ⟨110⟩{100} slip decreases with pressure, although this remains to be clarified (Immoor et al., 2018; Lin et al., 2019).
• Finally, for temperatures of 1,270 K and pressures up to 6.5 GPa, the deformed samples show no LPO and a stress exponent of 1.5, consistent with a change of deformation mechanism to one controlled by diffusion and identified as grain boundary sliding.
Our result in the dislocation-dominated regime is qualitatively consistent with the most recent modeling of the effects of pressure and temperature on the critical shear stress in single crystal MgO (Amodeo et al., 2012), with a dominant activity of ⟨110⟩{110} slip at low temperature and a transition towards comparable activity of ⟨110⟩{110} and ⟨110⟩{100} slip at both higher temperatures and pressures. There are differences, however.
First, the temperature of transition between ⟨110⟩{110} and combined ⟨110⟩{110} and ⟨110⟩{100} slip at room pressure is at [image: image] K in polycrystal experiments and [image: image] K in numerical models. This could be attributed to an under-estimation of temperature in experiments, an under-estimation of the effect of temperature in numerical models or, most probably, differences between polycrystals and single-crystals. In fact, in polycrystals, grain interactions and texture evolution are important factors controlling the material behavior. The dominant slip system in a polycrystal is not necessarily the one with lowest critical resolved shear stress measured or calculated from single-crystals (Mainprice et al., 2008).
Second, numerical models predict a sharp transition from dominant activity of ⟨110⟩{110} slip and comparable activity of ⟨110⟩{110} and ⟨110⟩{100} slip starting at 40 GPa followed by a dominant activity of ⟨110⟩{100} slip above 60 GPa. In the calculations, this transition is not temperature dependent. In experiments on polycrystals in the diamond anvil cell (DAC), compression textures do indicate an increase activity of ⟨110⟩{100} slip at combined high pressures and temperatures (Immoor et al., 2018) but such transition is not clearly observed at 300 K (Lin et al., 2019). There are issues on interpreting a change of deformation mechanism with pressure based on compression in diamond anvil cells as the sample properties are heavily affected by the sample compression history (Amodeo et al., 2016). There may be also, differences between single-crystal and polycrystal behavior. This issue will have to be resolved in future studies.
Finally, experiments indicate that, at low pressure and at 1,270 K, the plastic deformation mechanism of μm grain size polycrystalline MgO is grain boundary sliding accommodated by diffusion, a mechanism that was overlooked in previous studies. The transition temperature between grain boundary sliding and dislocation creep is dependent on grain sizes and is not observed up to 1,400 K for 10−50 μm grain sizes (Stretton et al., 2001).
4.7 Implications for the Earth’s Mantle
Ferropericlase is the second abundant mineral in the Earth’s lower mantle. The properties of the lower mantle, such as creep rate or seismic anisotropy, will hence be influenced by the deformation mechanism in this mineral. Based on Figure 13, the dominant deformation mechanism at 1,270 K at low pressure and for μm grains is grain boundary sliding accommodated by diffusion. Such mechanism does not significantly affect microstructures and ferropericlase could hence accommodate a large amount of strain, leading to a superplastic behavior. Hence if such mechanism is in fact dominant in the lower mantle, large amount of strain could be accommodated by ferropericlase without any generation of LPO. This result is consistent with the lack of seismic anisotropy in most of the lower mantle (Meade et al., 1995).
The transition from a potential superplastic regime to dislocation-controlled plasticity in ferropericlase, however, depends on pressure, temperature, strain rates and grain size. Temperatures in the Earth’s lower mantle range from 1,900 to 2,600 K in the 24–135 GPa pressure range. Our measurements show that such temperatures could favor superplasticity in (Mg,Fe)O at the micron grain size. Little is known about grain size in the lower mantle, however, with studies reporting [image: image] μm after the 660 km depth discontinuity (Ito and Sato, 1991; Yamazaki et al., 1996; Solomatov et al., 2002) and others arguing that, on geological time scale, they can grow up to 1,000 μm (Solomatov et al., 2002). Note, however, that grain growth in ferropericlase in the lower mantle could be limited by the presence of the more abundant bridgmanite phase (Yamazaki et al., 1996; Solomatov et al., 2002). Studies on the Earth’s mantle mechanical properties should hence account for the fact that diffusion, and potentially superplasticity, could be dominant in fine-grained (Mg,Fe)O in lower mantle but will be overcome by dislocation-based plasticity as grain size increases. The transition between both regimes as a function of pressure and grain size remains to be determined.
For regions where grain sizes are too large for diffusion to be efficient, deformation will be dominated by dislocation-based plasticity. In this case, Figure 13 indicates that dislocation slip on both the ⟨110⟩{110} and ⟨110⟩{100} slip systems will be dominant. Questions remain regarding a dominant pure ⟨110⟩{100} slip above 60 GPa as predicted by numerical models (Amodeo et al., 2012) which has not yet been observed experimentally and could occur in the deepest portions of the Earth’s mantle.
5 CONCLUSION
This paper present experimental results on deformed periclase polycrystals in the Deformation-DIA press at pressures and temperatures ranging from 1.6 to 8.3 GPa and 875–1,270 K and for micrometer grain sizes. For each deformation condition, the samples are recovered and analyzed using electron microscopy. The results indicate that at temperatures of 1,270 K the dominant deformation mechanism is grain boundary sliding accommodated by diffusion (Diff-GBS), which could lead to a superplastic behavior at high strain. At lower temperatures, dislocations-based plasticity is the dominant mechanism, primarily on the ⟨110⟩{110} slip system at low temperature and/or high pressure, with a transition to combined activity of the ⟨110⟩{110} and ⟨110⟩{100} slip systems toward the higher temperatures.
In the Diff-GBS regime, the samples show small equiaxed grains with no preferred orientation, little or no intracrystalline deformation and presence of quadruple junctions between some grains. In the dislocation-based plasticity regime, samples show larger, elongated grains with a significant LPO and an important intracrystalline misorentation. Local misorientation gradients are concentrated as lines across some grains, indicative of localized deformation and high defects density at these locations, as confirmed by TEM.
Our results in the 1.6–8.3 GPa pressure range confirm the predictions of Amodeo et al. (2012) and previous observations of Stretton et al. (2001) for the transition between dominant activity of ⟨110⟩{110} slip and comparable activity of ⟨110⟩{110}-⟨110⟩{100} slip at high temperature albeit with a transition between domains 500–700 K lower in the experiments than in the numerical model. The effect of slip on ⟨110⟩{111} as inferred in previous experiments (Yamazaki and Karato, 2002; Heidelbach et al., 2003) is not observed on the LPO. In addition, the transition to a pure ⟨110⟩{100} slip above 60 GPa predicted by numerical model remains to be observed in experiments. Recent DAC experiments at 300 K find an increasing activity of ⟨110⟩{110} at [image: image] GPa (Lin et al., 2019). This can be related to experimental issues such as sample history, the effect of polycrystal vs. single crystal plasticity, or a different physics than predicted in the model. The pressure and temperatures of transitions suggested by Amodeo et al. (2012) would hence need to be confirmed by further experiments, especially in the highest pressure range.
In addition, apparent activation volume have been estimated for each deformation mechanism using the pressure dependence of the flow law. For the dislocation-based deformation mechanism an activation volume of 5.7 ± 0.5 cm3/mol had been extracted, consistent with values of Weidner et al. (2004) but larger than the activation volume found by Mei et al. (2008). In the GBS deformation regime, the apparent activation volume is of −0.4 ± 1.1 cm3/mol, which is significantly smaller than the activation volumes found by Riet et al. (2021) for diffusion in MgO, but close to the values given by Yamazaki and Karato (2001) and Van Orman et al. (2003) in single crystals. Our computations of the activation volume rely on several assumptions regarding the effect of grain size, change of deformation mechanism with pressure and so should be treated with caution. Nevertheless, they are consistent with values from the literature. A detailed study of the effects of the grain size variation, pressure variation or change in dislocation mechanism on the activation volume would help in that regard.
Our experiments predict Diff-GBS as dominant deformation mechanism at 1,270 K. Such mechanism, however, will not be efficient at larger grain sizes (Terwilliger et al., 1970; Stretton et al., 2001). Grain size variations in the lower mantle, hence, will change the dominant deformation mechanism in (Mg,Fe)O in the Earth’s mantle. The absence of anisotropy in the lower mantle, however, is more consistent with Diff-GBS deformation rather than deformation by dislocation creep.
Finally, the role of time scales on plastic deformation in the Earth’s mantle is difficult to evaluate based on our experimental data. Here, numerical models of the relative efficiency of diffusion vs. that of dislocation creep and the grain growth in (Mg,Fe)O on large time scales would be of great interest.
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D2032

D2034
D2321
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Temperature (K)

1,270 (75)
1,270 (75)

1,270 (75)
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875 (75)
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1,070 (75)

Pressure (GPa)
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25 (10

18(7)
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Strain rate
™

0
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1.6 (1) x 10°
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1.0 (1) x 10°°
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3.4(2) x10°
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73 x107°

13) x 10°
5.7(2) x 10°
28(1) x 10°
7.4 (1) x 107°
37(2) x 10°
1.0(1) x 10°
28(1) x 10°

Stress (GPa)

0
0.12(1)
0153
0.24 (1)
009 (1)
0.15(1)
021@Q)
082 (7)
0.43 (4)
057 (1)
069 (3)
024 (1)
034 (1)
040 2)
052 (1)
062 (1)
075 (1)

Macroscopic strain
(percent)

0
6
10
22
2
5
15
32
6
12
35
4
12
30
6
1
16

1.5

1.5

5.6

5.3

5.5

The table also shows the extracted stress exponent for each pressure and temperature conditions (see text for detais). Numbers in parenthess are uncertainties on the last digi. In D-DIA
experiments, hydrostatic pressure changes during the experiments and we report the mean hydrostatic pressure for each experiment. Reported stresses are mean stresses measured
dluring each steady state step. Fullstress-strain curves for all experiments can be seen in Figure 3. The reported errors in pressure and'stress are based on the variations of these quantities
over time. Uncertainties on strain rates are statistical errors determined from the linear regression of strain vs. time curves. Error on temperatures are based on estimates of temperature.
gradiients in the D-DIA cell assembly (Raterron et al., 2013)
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