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Abstract

:

Modern magnesium-based alloys are broadly used in various industries as well as for biodegradable medical implants due to their exceptional combination of light weight, strength, and plasticity. The studied ZEK100 alloy had a nominal composition of 1 wt.% zinc, 0.1 wt.% zirconium, and 0.1 wt.% rare earth metals (REMs) such as Y, Ce, Nd, and La, with the remainder being Mg. It has been observed that between the solidus (Ts = 529.5 ± 0.5 °C) and liquidus temperature (Tl = 645 ± 5 °C), the Mg/Mg grain boundaries can contain either the droplets of a melt (incomplete or partial wetting) or the continuous liquid layers separating the abutting Mg grains (complete wetting). With the temperature increasing from Ts to Tl, the transformation proceeds from incomplete to complete grain boundary wetting. Below 565 °C, all grain boundaries are partially wetted by the melt. Above 565 °C, the completely wetted Mg/Mg grain boundaries appear. Their portion grows quickly with an increasing temperature until reaching 100% at 622 °C. Above 622 °C, all the solid Mg grains are completely surrounded by the melt. After rapid solidification, the REM-rich melt forms brittle intermetallic compounds. The compression strength as well as the compression yield strength parameter σ02 strongly depend on the morphology of the grain boundary layers. If the hard and brittle intermetallic phase has the shape of separated particles (partial wetting), the overall compression strength is about 341 MPa and σ02 = 101 MPa. If the polycrystal contains the continous intergarnular layers of the brittle intermetallic phase (complete wetting), the overall compression strength drops to 247 Mpa and σ02 to 40 Mpa. We for the first time observed, therefore, that the grain boundary wetting phenomena can strongly influence the mechanical properties of a polycrystal. Therefore, grain boundary wetting can be used for tailoring the behavior of materials.
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1. Introduction


Exploration of Mg-based alloys has garnered increasing interest within contemporary materials science [1,2,3,4]. This keen attention is driven by the extensive application of these alloys in technologically advanced sectors. They are highly regarded for their lightweight nature, relatively commendable strength, and durability. Nevertheless, despite their strong demand, there remains ample room for enhancing their properties.



A significant challenge stems from magnesium’s hexagonal crystal structure, which offers less slip systems for dislocations in comparison to metals with cubic lattices like body-centered cubic (BCC) or face-centered cubic (FCC) ones. This inherent limitation results in decreased formability and heightened brittleness. To combat this challenge, extensive research and projects are underway to enhance the properties of Mg-based alloys. An important strategy for addressing this issue involves alloying with elements such as Zn, Zr, and rare earth metals (REMs). These alloying elements facilitate the formation of nuclei during crystallization. In such a way, they reduce the grain size and promote a more uniform spatial distribution of the basal plane orientation within grains of the Mg matrix [1,2,5,6,7,8].



Magnesium-based alloys, when infused with rare earth metals (REMs), demonstrate a remarkable performance compared to their conventional counterparts, particularly from the point of view of anisotropy and strain-rate sensitivity [9]. In contrast to the typical strong texturing found in traditional magnesium alloys like AZ31 [10], sheets made from the magnesium alloy ZEK100 exhibit a notably weaker texture [10,11,12,13,14]. The composition of the ZEK100 alloy typically comprises 1.3 wt.% zinc, 0.25 wt.% zirconium, 0.2 wt.% neodymium, and about 0.01 wt.% manganese [15].



A lot of efforts have been dedicated to exploring the mechanical properties of the ZEK100 alloy, encompassing a wide array of facets. These investigations have spanned assessments of warm and hot deformation behavior [16,17], damage and fracture analyses [18,19,20], examinations of the heterogeneous nature of plastic deformation [21], investigations into the propagation of plastic instability [22], scrutiny of yield asymmetry under tension and compression [23], and detailed exploration of processes such as extrusion [24,25], warm stamping [26], hot rolling [27], cyclic deformation, fatigue, and inelasticity [28,29,30,31,32,33]. To describe the performance of ZEK100, in-plane bending tests have been conducted, including three-point bending [34] and V-bend [35] tests. Furthermore, simulations have been employed to study twin formation [36], comprehensive forming limit diagrams have been constructed [37,38,39], and sophisticated constitutive plasticity models have been proposed [40,41,42,43,44,45,46] to both predict and elucidate the mechanical properties exhibited by this particular alloy.



The ZEK100 alloy finds extensive application as a biodegradable material in the field of prosthetics and implants [47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62], particularly in scenarios demanding precise corrosion resistance control [63,64,65,66,67,68,69,70,71] and enhanced mechanical properties [47,72]. Furthermore, this alloy serves as a structural component for myocardial stabilization [56,57,73] and functions as a wire reinforcement within phosphate-based composites designed for the substitution of bones [61,74]. In the manufacturing of ZEK100 alloy parts, state-of-the-art processing techniques are employed, including friction stir spot welding [75,76,77], ultrasonic spot welding [78,79,80], electric pulse processing [81], and laser welding/brazing [82,83]. Such approaches allow for the production of excellent components with specified attributes.



The modification of Mg-based alloys has brought forth novel and previously unexplored dimensions in their properties. The incorporation of alloying elements poses specific challenges, primarily stemming from the formation of precipitates, often concentrated at lattice defects, particularly the grain boundaries. Notably, rare earth metals have the capacity to create robust intermetallic compounds when Mg-alloyed. Such precipitates increase, obviously, the material’s strength. At the same time, they also introduce brittleness. This brittleness can be especially pronounced if the brittle intermetallic layers completely substitute the Mg/Mg grain boundaries. Consequently, during deformation, such fragile GB layers make the propagation of cracks easy, even if the Mg matrix is highly ductile. To effectively predict and address these scenarios, a thorough investigation of phase transitions is imperative, as they can profoundly influence the morphology of GB precipitates in multi-phase and polycrystalline Mg-based alloys. Therefore, the studies of mechanisms governing the appearance or degradation of GB layers is important to develop new alloys and to improve the existing ones.



The notion of surface phase transitions was originally introduced by Cahn and Ebner within a theoretical framework [84,85]. Their pioneering idea emphasized that phase transitions take place not only in the bulk but also in surfaces and interfaces. Such phase transformations include faceting [86,87,88,89] and surface wetting [90,91]. Over the years, extensive research has explored these phenomena for individual GBs [92,93] and their assemblies [92,94,95,96]. These surface phase transitions arise from disparities in the surface tension energies between the interphase boundaries (IBs) and grain boundaries (GBs) and can exhibit variability contingent upon pressure or temperature [97,98]. The equilibrium in this case depends on the contact angle θ described by Young’s formula at the contact line between two interphase boundaries (IBs) with energy σIB, and GBs with energy σGB:


σGB = 2 σIB cos θ.



(1)







When the difference between 2σIB, and σGB diminishes, the θ values also decrease. When 2σIB = σGB, θ becomes zero (θ = 0). From this point on, the GB is replaced with a layer of liquid (or second solid) phase, bounded by two interphase boundaries. Such a phenomenon is called the grain boundary wetting transition and the respective temperature, where 2σIB becomes equal to σGB, is denoted as Tw. Each grain boundary can possess a distinct structure, leading to varying σGB values. Consequently, this results in a range of wetting temperatures (Tw) for different grain boundaries. As a consequence, the polycrystal exhibits a spectrum of various Tw. The earlier research has predominantly centered on the EZ33A alloy, where we have observed the occurrence of wetting phase transitions within the grain boundaries, involving a secondary liquid and solid phase, across various temperature ranges [3,4,99]. EZ33A represents a magnesium casting alloy that finds widespread use in industrial applications, particularly for high-volume components like differential housings.



The findings of research studies [3,4,99] have unveiled an intriguing phenomenon in EZ33A alloys: slightly above the solidus line, at approximately 530 °C, already 10% of the grain boundaries are fully wetted by the melt. With the increasing temperature, the proportion of wetted grain boundaries steadily grows, reaching about 85% at 580 °C. At this particular temperature, it appears that the portion of completely wetted GBs reaches a saturation point. This saturation may be attributed to potential experimental inaccuracies stemming from the rapid cooling process at a high temperature or the presence of boundaries with minimal misorientation angles and/or coincident site lattice boundaries within the material. These GBs exhibit a lower energy σGB and may resist complete wetting in the alloy until it approaches its melting point. The goal of this work is to study the GB wetting transformations in another important Mg-based alloy, namely ZEK100 [9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86]. The ZEK100 alloy contains almost the same alloying elements as EZ33A but in lower amounts [3]. The main goal of this work is to find out whether GB wetting by the melt can also take place in the ZEK100 alloy and, if it is the case, what are the differences compared with the behavior of the EZ33A alloy. By delving into these wetting phenomena, our objective is to glean valuable information about the behavior and characteristics of the ZEK100 alloy, thereby advancing our knowledge about its possible new applications.




2. Materials and Methods


The studied ZEK100 alloy possesses a nominal composition comprising 1 wt.% Zn, 0.1 wt.% Zr, and 0.1 wt.% rare earth metals (such as La, Y, Nd, and Ce), with the remainder being magnesium. This particular alloy was manufactured at the Materials Science Institute at Leibniz University in Hannover, Germany. A specialized induction furnace was used. It contained two crucibles and a magnetic stirrer. To generate samples for subsequent analysis, the ZEK100 ingot underwent electrical erosion cutting, resulting in pieces measuring 6 × 6 × 12 mm. Subsequently, the samples underwent a meticulous cleaning process within an ultrasonic bath containing acetone. It was followed by etching in a solution composed of 75% HCl and 25% H2O to eliminate impurities and oxide layers. Following thorough cleaning, the samples were hermetically sealed in quartz ampoules under a residual argon pressure of 200 mbar. This measure served to shield the ZEK 100 alloy from oxidation and possible chemical reactions with impurities during its further processing at a high temperature.



In order to investigate how phase transitions affect the microstructure in the ZEK100 alloy, samples were subjected to annealing inside quartz ampoules at various temperatures between 500 and 640 °C. The goal was to achieve a stable microstructure. The liquid phase was observed in the samples within the temperature range of 500 to 640 °C. Subsequently, after annealing, the ampoules were rapidly cooled using liquid nitrogen. The ampoules were simultaneously fractured. It was performed in order to ensure a high cooling rate. The temperature interval for this study was thoughtfully selected. This process included a specialized examination of the GB wetting by the second liquid phase. Simultaneously, the solidus and liquidus temperatures for the ZEK100 alloy were experimentally determined.



Sample preparation involved embedding the specimens in a metallographic conductive resin, followed by grinding with SiC paper and polishing with diamond paste down to a surface roughness of 0.25 μm. Structural changes after annealing were examined using an FEI Versa 3D dual-beam scanning electron microscope (SEM) (Hillsboro, OR, USA). This SEM was equipped with secondary electron detectors (SE2), backscattered electron detectors (BSE), and an energy-dispersive X-ray spectroscopy (EDX) detector. X-ray diffraction (XRD) patterns were collected using a Siemens D-500 X-ray diffractometer (Munich, Germany) equipped with a copper anode (Cu-Kα radiation) tube to perform structural-phase analysis of the samples. PowderCell 2.4 program (PowderCell for Windows. Version 2.4. 03/08/2000, Werner Kraus & Gert Nolze, BAM, Berlin, Germany) was utilized for phase analysis and calculation of lattice parameters.



In the course of measuring the mechanical properties, experiments were carried out to test the compression samples of the magnesium alloy ZEK100 on a pilot installation UTS 111.2-50 (Testsystems LLC, Ivanovo, Russia). Experiments were carried out with 10 samples: 5 samples with relaxation, 5 samples without relaxation. For compression tests, samples measuring 6 × 6 × 12 mm were used. For testing, a mode with a constant deformation rate was chosen, which was 2 μm/min for all samples, achieving a deformation value of ε = 4%. This loading mode was chosen so that after the tests, it was possible to trace the deformation processes at the initial stages of the plastic flow of the material using microphotographs of the samples. Tests were carried out at room temperature for 6–7 h for samples without relaxation and about 24 h for samples with relaxation.



Microhardness measurements of individual structural components of the alloy were also carried out. The measurements were carried out on a Neophot 32 light microscope with an Aprochromat 32×/0.65–0.30 objective hardness tester manufactured by Carl Zeiss AG (Oberkochen, Germany). The microscope was focused on the place where it was necessary to measure the hardness, after which, the lens was raised until the diamond pyramid glued in the middle of the lens came into contact with the surface of the sample. The applied load was determined by the indicator on the side of the lens. The loading lasted 10 s. After testing various loads, a load of 5 g was selected for all measurements. This load makes it possible to measure the hardness of a sample with a minimum indent size, that is, to localize the measurement as much as possible, but at the same time, with a minimal contribution to the indent size from the elasticity of the material, which can lead to distortions in the shape of the print.




3. Results and Discussion


The SE2 contrast enabled us to examine the surface topography of the samples and achieve an optimal focus for analysis. Conversely, BSE provided a substantial elemental contrast, facilitating the visualization of deposits and the distinct identification of individual Mg grains. Through the utilization of the EDX technique, we could approximate the element concentrations within different phases and quantify the total number of coexisting phases in the samples. These advanced microscopy and spectroscopy methods played a pivotal role in the studies of the microstructural alterations and elemental composition of the ZEK100 alloy following annealing, yielding valuable insights into its phase transitions and overall material behavior. The SEM micrograph of the as-delivered sample and corresponding elemental maps for Mg, La, Ce, Nd, Zn, and Zr are shown in Figure 1.



To evaluate the wetting status of the grain boundaries, we scrutinized the morphology of the wetting phase. The GBs were deemed fully wetted if the melt was present at both triple junctions (TJs) of the GB and formed a continuous layer that extended from one TJ to another. Conversely, if the melt formed a broken layer or existed as individual droplets along the GB, the GB was categorized as partially wetted. These criteria were employed to determine the wetting condition of the GBs in the specimens, shedding light on the extent of the GB wetness and its impact on the microstructure of the ZEK100 alloy.



To determine the optimal annealing time for the samples, four samples were annealed at a temperature of 565 °C with annealing times of 0.5, 1, 2, and 3 h. The temperature of 565 °C was chosen based on the fact that in a similar material, namely the EZ33A alloy [3], at this temperature, the part of the structure was liquid and this temperature was approximately in the middle of the temperature range between the solidus temperature and the melting point. Therefore, we assumed that this temperature in the ZEK100 alloy should have been higher than the solidus temperature. This was confirmed by the results.



Figure 2 shows the microstructures of these samples for comparison. It is clearly seen that these microstructures are completely identical. This means that after 0.5 h, the part of the structure that should have melted was indeed melted and, thanks to diffusion along the grain boundaries, changed its shape according to the equilibrium of the energies of the surface tensions of the contacting phases. Consequently, a state of equilibrium has arrived. It was decided to carry out annealing for 2 h for all series of annealing with liquid wetting phases at the grain boundaries so that even at the lowest annealing temperatures, the structure reaches 100% equilibrium.



To determine the (unknown) expected solidus temperature in the ZEK100 alloy, that is, the temperature above which part of the sample structure is liquid, the first series of experimental anneals were carried out in the temperature range from 100 °C to 600 °C in increments of 50 °C for 2 h for each annealing. A total of 11 anneals were performed. After analyzing and comparing the microstructures of the samples, it was determined that at 500 °C and for 2 h of annealing, the structure was still identical to the original one, but at 550 °C, it had changed. Therefore, it was concluded that the solidus temperature is in the temperature range between 500 °C and 550 °C.



Experimental annealing of the second batch of samples was carried out in a temperature range of 50 °C in steps of 10 °C to narrow the temperature range in which the solidus temperature lies. The solidus temperature was determined to be between 520 °C and 530 °C. Experimental annealing of the third batch of samples was carried out in steps of 1 °C to determine the temperature of the eutectic transformation in the alloy with an error of 0.5 °C. When annealed at 529 °C, the structure was identical to the original one, which means that the solidus temperature is Ts = 529.5 ± 0.5 °C. According to the laws of diffusion, an annealing duration of 2 h is not enough for any significant change in the structure of completely solid samples. Their structure is considered equal to the original one. Experimental annealing of the fourth batch of samples was carried out in the temperature range from the solidus temperature to the melting temperature of the alloy with a temperature step of 10 °C to study the wetting phase transition of the Mg/Mg grain boundaries with the second liquid phase.



Figure 3 shows that after annealing at 640 °C, the structure contains large grains with an average size of about 350 μm and many small grains separated from each other by light layers. Apparently, the zone of small grains with interlayers at the boundaries corresponds to a region in the structure that was completely liquid at high temperatures. Therefore, it can be argued that at 640 °C, 60–70% of the material is completely melted and the remaining grains simply float in the liquid. It is worth noting that from this state of matter, it is impossible to extract any information about the wetting state of the Mg/Mg grain boundaries, since the boundaries were flooded rather than wetted. Figure 3 also contains a picture of the structure after annealing at 650 °C. It is clear that nothing in this structure resembles the original shape of the magnesium grains. Consequently, the entire sample was melted. Thus, the melting point (or liquidus temperature) is between 640 °C and 650 °C.



Figure 4 presents an overview set of micrographs obtained with the BSE detector. The average grain size, prior to heat treatment, was about 200 μm. It can be seen that with the increasing temperature, the structure of the alloy gradually changes. Starting from the solidus temperature of 530 °C, only small equiaxed particles of the REM-enriched phase (appears light) are observed in the Mg/Mg grain boundaries.



A study was carried out on the distribution of chemical elements in the ZEK100 alloy samples after annealings. The results obtained indicate that the composition of the magnesium-based matrix phase remains almost constant over the entire temperature range from the solidus temperature (529 ± 0.5 °C) to the melting temperature (≈650 °C). It means that the solubility of the alloying elements in the Mg-based matrix does not change much in this temperature interval. The composition of the phases located at the grain boundaries does not undergo significant changes up to a temperature of about 630 °C. At approximately this temperature, the amount of liquid becomes so high that during quenching, the cooling rate becomes insufficient to freeze the high-temperature structure. In particular, it is hard to fix the shape of the liquid phase before the small grains of magnesium can begin to crystallize in it and the liquid will disintegrate into several phases. Measuring the chemical composition of the grain boundary region to determine the composition of the liquid at high temperatures after such decomposition using the EPMA method is not in any way reliable, since it is difficult to determine what part of the large grains, in addition to small grains and interlayers between them, should be added to the measurement field.



In the course of studying the phase composition, crystallography, and the ratio of volume fractions of all the phases in the alloy samples after experimental annealing using X-ray diffractometry, it was determined that up to a temperature of 630 °C, no additional phases are observed in the diffraction patterns. Thus, after annealing from the solidus temperature and above, the number of secondary phases did not increase. Only the matrix phase of magnesium was recorded.



Figure 5 shows the temperature dependence of the fraction of the completely wetted Mg/Mg grain boundaries. The first completely wetted Mg/Mg grain boundaries appear only at 590 °C, well above the solidus temperature. Already at 630 °C, all the Mg/Mg grain boundaries are completely wetted by the REM-rich melt. Thus, the transition interval from incomplete to complete GB wetting is quite narrow, only about 40 °C. It is almost two times narrower than in the EZ 33A alloys where it is about 80 °C [3]. In the EZ 33A alloy, theMfg/Mg grain boundaries completely wetted by the REM-rich melt appear immediately above the eutectic temperature. The reason for this behavior can be attributed to the much lower content of REMs in the ZEK100 in comparison with the EZ 33A alloy.



Figure 6 shows the strain–stress curves for the two samples annealed at 535 and 610 °C. The additional plots permit for calculating the yield strength parameter σ02. The compression strength for the sample annealed at 535 °C was 341.26 MPa and that of the sample annealed at 610 °C was only 242.77 MPa. The yield strength parameter σ02 for these two samples was 101 and 40 MPa, respectively.



The microhardness measurements for the Mg-based matrix show that it is almost constant in all samples annealed between 535 and 610 °C (see red line in the Figure 7). It means that the observed difference in the compression strength (Figure 6) is due to the brittle REM-rich phase. The results shown in Figure 4 and Figure 5 demonstrate that in the sample annealed at 535 °C, the brittle phase has a shape of isolated particles. The sample annealed at 610 °C contains continous brittle grain boundary plates. Their presence can explain the decrease in the compression strain.



This behavior of the REM-rich grain bounadry layers can be illustrated by the SEM micrographs of the sample sections examined after the mechanical tests. Figure 8 shows the microstructure of two sections of the deformed sample. In Figure 8a, it is visible that during deformation, the dislocations slide in the bulk of the Mg grains until they reach the grain boundaries. Here, they either cross the grain boundary in a place where there are no solid particles of the intermetallic compound on it, or they stop at the particle of the intermetallic compound, accumulate, and form a pile-up. It is because, due to the higher hardness of the REM-enriched phase [3], the significantly greater forces must be applied to glide dislocations in this phase. To the right of the grain boundary (Figure 8a), the curved lines between the dark-grey and light-grey areas are visible. They can be interpreted as traces of dislocation sliding. To the left of the grain boundary in Figure 8a, there are intersecting areas of alternating contrast due to distortions in the Mg crystal lattice. In Figure 8b, it is clearly seen that in those areas where the intermetallic phase interlayers completely wet the grain boundary, the dislocations accumulate at the interphase boundary Mg/REM phase until at some point, the load on the intermetallic interlayer exceeds a certain critical value. Afterward, the crack forms in the REM-rich intermetallic compound. This fact confirms once again that the different morphology of the location of the intermetallic phase in the wetted and non-wetted grain boundaries significantly affects the mechanical properties of the alloy.



Figure 9 shows a micrograph of a sample annealed at 635 °C, part of which brittlely broke off under the influence of quenching stresses. This is due to the appearance of microcracks in the REM-rich intermetallic phase layers in the grain boundaries after quenching, which also confirms that the influence of the grain boundary wetting phase transition on the mechanical properties of the material can be significant.



Grain boundary wetting phase transformations have attracted the attention of researchers for quite a long time [94]. In particular, it was found that the transition from incomplete to complete wetting occurs at the grain boundaries with different energies [87] at different temperatures and pressures [95,100]. It is important to emphasize that the wetting phase at the grain boundary can not only be liquid, but also solid [101] or even amorphous [102]. Moreover, in the case of the pseudo-incomplete wetting of the grain boundaries or a deficiency in the wetting phase, the few nanometer-thick layers of the second phase, which are often called complexions, can form in the grain boundaries [90,103,104,105,106,107,108].




4. Conclusions


The grain boundary wetting phase transition in the ZEK100 magnesium-based alloy has been observed. The solidus temperature for the ZEK100 magnesium alloy was experimentally determined to be Ts = 529.5 ± 0.5 °C. The liquidus temperature for the ZEK100 magnesium alloy was experimentally determined to be Tl = 645 ± 5 °C. The first Mg/Mg grain boundaries completely wetted by the melt appear at 565 ± 5 °C. The last partially wetted grain boundaries disappear at 622.5 ± 2.5 °C. The influence of the wetting phase transition on the mechanical properties of the ZEK100 magnesium alloy has been observed. The presence of continous hard and brittle intergarnular layers strongly decreases the compression strength of the studied material.
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Figure 1. SEM (SE2) micrograph of the as-delivered sample and corresponding elemental maps for Mg, La, Ce, Nd, Zn, and Zr. 
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Figure 2. SEM micrographs of four ZEK100 samples after annealing at 565 °C for different times of (a) 0.5 h, (b) 1 h, (c) 2 h, and (d) 3 h. 
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Figure 3. SEM micrographs of ZEK100 samples after annealing at 640 °C (a) and 650 °C (b) for 2 h. 
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Figure 4. SEM micrographs of ZEK100 samples in the initial (as-delivered) state and after annealing at 535, 545, 555, 565, 590, 600, and 610 °C for 2 h. 
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Figure 5. Temperature dependence of the fraction of completely wetted Mg/Mg grain boundaries (squares). Red line is the guide for the eye. 
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Figure 6. The compression strain–stress curves for two samples annealed at 535 and 610 °C. The additional plots permit for calculating the yield strength parameter σ02. 
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Figure 7. The microhardness of the Mg-based matrix (black squares) in the samples annealed between 535 and 610 °C. The point at 25 °C corresponds to the ZEK100 alloy in the as-delivered state. The red line shows the mean value of the microhardness. 
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Figure 8. Microstructures of the deformed initial sample ZEK100: (a) traces of sliding dislocations that passed between the particles of REM-enriched phase at the grain boundaries; (b) cracks in REM-enriched phase at the grain boundary. 
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Figure 9. Brittle fracture after annealing at 635 °C. 
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