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Abstract

:

Polycrystalline graphite contains multi-scale defects, which are difficult to anneal thermally because of the extremely high temperatures involved in the manufacturing process. In this study, we demonstrate annealing of nuclear graphite NBG-18 at temperatures below 28 °C, exploiting the electron wind force, a non-thermal stimulus. High current density pulses were passed through the specimens with a very low-duty cycle so that the electron momentum could mobilize the defects without heating the specimen. The effectiveness of this technique is presented with a significant decrease in electrical resistivity, defect counts from X-ray computed tomography, Raman spectroscopy, and nanoindentation-based mechanical characterization. Such multi-modal evidence highlights the feasibility of nanoscale defect control at temperatures about two orders of magnitude below the graphitization temperature.
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1. Introduction


Graphite is one of the highest-impact technology materials with structural (neutron moderator in nuclear reactors) and electrode (batteries, sensors, catalysis) applications [1]. Polycrystalline graphite is a hierarchical material consisting of grains, which in turn consist of crystallite units of parallel stacking of carbon hexagonal layers [2]. Their exceptional stability under high temperatures, radiation, and chemically aggressive conditions makes them attractive for harsh environment technologies. One major example is the nuclear sector; polycrystalline graphite is widely used as the moderator, reflector, and core support structures in nuclear reactors because of their excellent resistance to radiation and high operating temperatures [3,4]. Harsh manufacturing processes lead to defects spanning atomic [5] to sub-millimeter scales [6,7], contributing to up to 20% of the overall volume of the material [8,9]. Further proliferation of defects can take place inside a nuclear reactor due to the high temperature, radiation, and structural loads. For example, neutron irradiation generates a large number of interstitial and vacancy point defects [10] that agglomerate and collapse into dislocation loops [11]. Dimensional changes take place with initial shrinkage of the nanoscale Mrozowski cracks followed by the formation of additional planes in the c-axis [12]. Chemical degradation also takes place via thermal oxidation [13,14]. All these microstructural changes may lead to dramatic deterioration of mechanical and thermal properties [15].



Since graphite is processed at temperatures up to 2300–2800 °C, the pre-existing defects are difficult to mitigate by conventional thermal post-manufacturing annealing [16,17,18]. The extent of annealing may depend on the grain size, irradiation temperature, and accumulated neutron dose [19]. The interstitials can move freely in any direction perpendicular or parallel to the base planes. Their annealing activation energy and temperature are lower compared to vacancies, which can move only along the planes at higher temperatures. Large loops of interstitial atoms and vacancies would require a higher temperature range. The basic physics of thermal annealing involves random diffusional motion of the defect due to atomic vibration. Therefore, the process is also time-consuming. In addition, too high a temperature may introduce fullerene-like defects due to the migration of basal-plane defects, leading to non-recoverable dimensional changes due to swelling [20].



In this study, we investigate the electron wind force (EWF) as a non-thermal stimulus for graphite annealing. The EWF is an atomic scale mechanical force developed by defect–electron interaction due to the passage of electrical current through conducting or semiconducting materials. Whenever the electrons collide with a defect, they lose their momentum. This momentum transfer applies a mechanical force on the defect. Typically, Joule heating overshadows the EWF to cause thermal runaway, known as the electromigration damage [21]. We argue that if we are able to suppress the Joule heating, the EWF may have benign effects on the defect mobility. The literature suggests that it can overcome the activation barrier to influence defect density, grain size, and phases in metallic materials [22]. In this study, we eliminate Joule heating by passing high-density electrical current pulses with a very low-duty cycle through the specimen. The low-duty cycle suppresses any rise in the average specimen temperature. A similar approach, albeit allowing high temperature, has resulted in transformations in intermetallic compound formation, growth in diffusion couples, precipitation, crystallization of amorphous alloys, and recrystallization and grain growth of cold-worked metals [23]. However, there is no evidence of low-temperature annealing of graphite in the literature, which motivates this study.




2. Materials and Methods


We performed low-temperature annealing of as-received polycrystalline graphite using the EWF arising from microsecond pulses of electrical current. The effectiveness of the proposed technique is presented through multiple modalities such as (i) a decrease in electrical resistivity, (ii) X-ray computed tomography, (iii) nanopore size distribution from scanning electron microscopy, (iv) Raman spectroscopy, and (v) static and dynamic mechanical testing. The annealing experimental setup is shown in Figure 1a. Electrical resistance measurement, nano X-ray computed tomography (nano-XCT), scanning electron microscopy (SEM), Raman spectroscopy, and Nanoindentation were also conducted. Details of these methods are provided below.



Specimen material and preparation: This study involves NBG-18 (SGL Carbon Group, Wiesbaden, Germany) nuclear graphite. This choice is motivated by the unique heterogeneity of the defects and microstructure of the material, which makes it a favorable specimen for any basic research on annealing. Defects in nuclear graphite strongly influence mechanical and thermal properties, highlighting the technological significance of reactor operation and safety. NBG-18 is pitch-coke-based, vibrationally molded graphite as specimen material. Ten specimens were sectioned into rectangular bars (1 × 1 × 25 mm3) and polished with diamond paste with particles ranging from 14 to 0.25 microns. The polished specimens had cross-sections of approximately 0.75 × 0.75 mm2.



Low-temperature EWF annealing: Current pulses at ambient pressure were applied to the specimens by integrating a DC Power supply (DCS 100-12E, Sorensen, San Diego, CA, USA) with a pulse generator (eDrive, Northrop Grumman, Falls Church, VA, USA). An infrared camera (PI-640, Optris, Berlin, Germany) was utilized to monitor the sample temperature during electropulsing. The specimens were annealed for 2 min (240 pulses) each, with simultaneous measurement of electrical resistivity. Out of 240 pulses, most of the resistivity decrease took place in the first few pulses. During the annealing, we monitored the specimen temperature with an infrared microscope. Current density was varied from 25 to 45 A/mm2, with 40 micro-second current pulses at 2 Hz frequency. This is shown in Figure 1b. The very short pulse duration and the long time between pulses (498 micro-seconds) dissipated the Joule heat. The resulting temperature profile was triangular in nature, ranging from 21 °C at the base to 42 °C at the peak. The average temperature during the annealing process ranged between 28 and 30 °C, as shown in Figure 1c.



Monitoring of Electrical Resistance: The resistance of the samples was monitored using a 2-channel source measure unit (2636B, Keithley, Cleveland, OH, USA). The pre-annealing resistance was measured before the electropulsing treatment. Kelvin clips were used to perform 4-point probing to avoid the influence of any contact resistance. The current density was calculated by dividing a passed current by the cross-sectional area of the samples. The resistivity at each stage of current density was compared with the initial value, and the percentage changes were calculated.



Nano X-ray CT and Raman Spectroscopy: Micro-CT imaging of the samples was performed at the laboratory-based micro-CT (Xradia 620 Versa, ZEISS, Oberkochen, Germany). A cylindrical volume of 0.73 mm × 0.75 mm (d × H) was selected as the region of interest. Micro-CT scan was then carried out using a voltage of 80 kV and an X-ray source of 10 W. An isometric voxel size of 0.38 μm was achieved. The tomographic images were imported into Avizo 2022.1 software (FEI Visualization Sciences Group, Burlington, MA, USA) for image processing and analysis. The micro-CT image stacks were segmented into graphite material and defects using Avizo. The image intensity threshold method was applied to distinguish the two phases mentioned above. The specimens’ porosity was determined, and the sizes of defects were assessed by calculating their equivalent diameters. Subsequently, the histograms of the pulsed and pristine samples were compared. The Raman spectra of the samples were obtained using a Raman microscope (LabRAM Soleil, HORIBA, Osaka, Japan) equipped with a 50× microscopic objective lens. A typical setting of a 532 nm green laser with an incident power of 4 mW and an 1800 gr/mm grating was used.



Nanoindentation Testing: To understand the changes in mechanical properties of the samples after the electron wind force annealing, both as-received and annealed samples were subjected to static (0.2 s hold time) and dynamic (1000 s) nanoindentation. The nanomechanical test system (Hysitron TI 980, Bruker, Billerica, MA, USA) allowed indentation with Berkovich tip, loading up to 12.5 mN on graphite. For the accuracy of the data, the indentation process was conducted in different peak loads ranging from 5 mN to 12.5 mN to find the load that allows the minimum standard deviation. According to the experiment, 12.5 mN allowed a standard deviation lower than 0.15 GPa in average hardness, which was selected as the testing load. The examinations were conducted with nine points of indentations, formatting a 3 × 3 array. The load time for each indentation was 0.5 s and the hold time was 0.2 s. This is useful to mitigate the nature of localized probing during nanoindentation tests. The loads and displacement data were achieved from the native software to the nanoindenter equipment. Creep tests were performed by applying a 12.5 mN load in 0.5 s and then holding the load constant for 1000 s.




3. Results


The electrical resistivity of the specimens was monitored as an indirect measure of the effectiveness of the annealing process. Figure 2 shows a representative set of results for one specimen. The initial resistivity of 9.77 μΩ-m remained almost constant as the current density was increased incrementally. At the current density of 25.2 A/mm2, the resistance dropped dramatically to 31.7% of the initial resistivity in less than 5 pulses. Continued pulsing did not decrease the resistivity further, indicating non-thermal annealing behavior. This is because the sluggish dynamics of thermal diffusion make time duration important only for thermal annealing. It became increasingly difficult to mobilize the remaining defects because the resistance decreased by only 2.2% when the current density was increased up to 44.5 A/mm2. This is because of the difference in mobilization or activation energies for the types of pre-existing or irradiation-induced defects. For example, the estimated activation energy for irradiated graphite increases from 1.1 eV to 8.9 eV as the defect morphology changes from mono to di vacancy [24]. For this study, the current density probably needed to be significantly increased to achieve the next level of defect annealing. We note that current density is the limitation of the present equipment; however, with a more sophisticated pulse generator, the resistance may further be reduced at higher current density. Interestingly similar magnitude of resistivity reduction was observed in the literature but at about 700 °C temperature [25].



For more direct evidence of annealing, we measured the pore size distribution in the specimens before and after annealing. The first set of measurements was conducted using a Zeiss Xradia 620 Versa nano Xray computed tomography scanner with 490 nm spatial resolution. Since the electron wind force is not expected to influence micro-scale and larger pores, the distributions of the defects with equivalent diameters > 5 μm are excluded in Figure 2b. Interestingly, the results indicate a small decrease in the number count of these defects, which could be due to the collapsing of the pores due to the collective motion of the nanoscale defects. Since nanoscale pores could not be detected by the X-ray CT, we obtained 6 scanning electron microscope (SEM) images for each specimen before and after annealing and these were processed for pattern recognition (with the ImageJ 1.54c software) to detect submicron scale changes. Details of the surface pore analysis are provided as Supplementary Information. The pore size ranges from 0.1 to 3 microns in these specimens. However, it is important to note that this is not the pore range for the bulk NBG-18, since the images were taken to avoid very large voids. Table 1 shows that the post-annealing average defect size appreciably decreased in the submicron range. It is important to note that the image numbers in Table 1 do not correspond to the exact same location in the specimens before and after annealing. The surface pores did not follow any specific pattern over the large area. Therefore, we took six images on six different locations on each of the specimens to improve the data reliability. In this sample population, we see a general trend of a decrease in the total pore area after annealing. Also, the average pore area decreases from 0.0795 μm2 to 0.0145 μm2. To further improve the quality of this analysis, we could either increase the sample population or fix the analysis on a specific location in the sample and analyze the pores before and after annealing. The latter is very challenging because of the random feature surfaces of the graphite. We therefore adopted the former approach and took six image numbers after noticing the consistency of the decreasing pore area tendency in the data. Unfortunately, even after the most accurate analysis, the caveat remains that SEM-based analysis contains surface information only. However, it offers a critical insight into the very small defects that are elusive to the highest resolution of X-ray CT currently available.



Raman spectroscopy is widely regarded as a reliable tool for assessing crystallinity and defect density in carbon materials. Figure 3 shows the average Raman spectra for specimens before and after annealing at 28 °C temperature and 44.5 A/mm2. The only time we observed appreciable change in Raman spectra was at 25.2 A/mm2, which corresponds well to the electrical resistivity data presented in Figure 2a. Since the material is not uniformly solid, for each specimen, nine spots were carefully chosen to avoid micro cracks or voids under the microscope to acquire the spectra. For graphite, the peaks around 1350 cm−1, 1580 cm−1, and 2720 cm−1 are known as D, G, and 2D bands, respectively [11]. The presence of disorder in sp2-hybridized carbon systems results in resonance Raman spectra; therefore, the intensity of the D band is directly proportional to the level of planar defects in the sample [11]. The as-received NBG-18 contains a D-band peak intensity of 127 at 1350 cm−1, whereas the pulsed sample contains an intensity of 116 at 1347 cm−1. In other words, the intensity of the defect-proportional peak decreased by 8.66%. The G peak comes from the bond stretching of all pairs of sp2-hybridized atoms and hence reflects the order in the crystal. The G peak intensity increased from 144.5 to 244.8 (69.4% increase) after the electron wind force annealing. The average Raman intensity ratio (ID/IG) is 0.88 for the as-received specimens, which decreases to 0.47 after the electron wind force annealing. The ratio is proportional to the square root of the defect quantity [26] and is commonly used as an indicator of the defect density in carbon materials [27]. According to Tunistra and Koenig [28], the intensity ratio is inversely proportional to the in-plane crystallite size. Our results therefore indicate about 2-times growth in the characteristic crystallite size after annealing. Another evidence of the annealing effect is due to the 45% increase in the intensity of the 2D peak. This peak reflects a second order Raman mode generated by graphene layers without any kind of disorder or defects [29].



The final modality for the annealing effectiveness in this study is through the assessment of mechanical properties. It is expected that reduced defect density in post-anneal specimens will increase their elastic modulus and hardness. We therefore measured these properties by performing nanoindentation on nine spots on each of the fine-polished specimens. Figure 4a shows the average load-displacement curves for nine indentations spaced 10 μm equally to each other on each type of specimen. The average hardness of the pre-annealing graphite was 380 ± 24 MPa, whereas that of post-annealing graphite was 580 ± 18 MPa. The proposed electron wind force annealing therefore introduced a 52.63% increase in average hardness. The average reduced modulus of as-received and annealed specimens was 11.26 ± 0.54 GPa and 11.79 ± 0.45 GPa, respectively, which was a 4.7% difference in the average reduced modulus. Figure 4b shows the displacement–time curves for 10 mN indentation load. The remarkably smaller displacement in the annealed specimen agrees with the data with 0.2 s holding time. Since creep is known to increase with defects and porosity [30], the annealed specimen is expected to show better primary creep resistance compared to the as-received ones. The mechanical properties at different current densities closely followed the electrical resistivity (Figure 2a) and Raman spectra (Figure 3) data. The only time we observed appreciable change in average force-displacement data was at 25.2 A/mm2, which corresponds well to the electrical resistivity data presented in Figure 2a.




4. Discussion


Annealing of defects is a very common activity in basic and applied materials’ research and development. Thermal annealing is the only known way to anneal defects, where the origin of the heat can be from the laser, microwave, electrical current, or a furnace. The process parameters include temperature and time depending on the material type but in general, very high temperatures and longer times are needed. For example, the homologous temperature could be 0.5 or more. As a result, materials that undergo high-temperature processing are difficult to anneal. This is the biggest challenge for graphitic materials, which by default require graphitization temperature for effective annealing. This study shifts from that paradigm by mobilizing and annihilating defects using a non-thermal stimulus. This unique approach, in principle, does not need high temperatures, which is demonstrated in this study. The benefit is the energy efficiency of the approach originating from low power requirements. For example, a 100 A current pulse with 40 μs width takes 0.6 J energy for a graphite specimen with 1.5 Ω resistance. For a cycle time of 0.5 s, the average power is only 1.2 W. It is important to note that even though we applied the pulsed current for 2 min, most of the defects are annealed in the first few seconds. This is a major contrast between EWF and thermal annealing. Time duration is important for thermal annealing because the process is random, and defects take a long time to reach global energy minima.



A notable aspect of the EWF annealing is that it cannot modify or annihilate large defects, such as a 10-micron diameter pore. This is because the magnitude of the EWF is a small quantity. It is most effective on 2-dimensional defects, such as grain boundaries, and moderately efficient on 1- or 0-dimensions such as dislocations and vacancies/interstitial clusters. Figure 5 shows X-CT scans for the as-received and EWF-annealed specimens. Even at the highest resolution, the technique cannot show 0, 1, or 2 dimensional defects. At the same time, EWF does not have the activation energy to discernably influence pores and voids. For this reason, the conventional X-CT technique is not the best way to characterize the electrical wind force-based annealing effectiveness. Because the highest resolution is close to 1 micron in this study, our X-CT results needed to be analyzed only in the smaller defect sizes. SEM measurements may provide better resolution to highlight the annealing effects, but the outcome is from the surface only. Similarly, Raman spectroscopy is probably the most accurate and sensitive technique to study defects, but it too is a surface probing tool. It is therefore very important to prepare the specimen surface and probe only in the flat solid regions. A large number of data points were taken to balance these sources of error. We followed the same strategy for nanoindentation. Extra caution was taken because of the heterogeneity of the defect size and materials’ crystallinity. In future, we plan to measure bulk properties, which can capture the annealing effectiveness. This is already reflected in our electrical resistance characterization.



Future work could involve the annealing of irradiated graphite specimens. Relatively accessible specimens could come from ion irradiation, which is a proven surrogate of neutron irradiation. Ion irradiation can provide very high damage (displacement per atom) in a very short amount of specimen preparation time with the added benefit of no radioactivity. A better procedure to mimic the reactor environment could be to perform ion irradiation at higher (500–600 °C) temperatures. Similarly, the EWF annealing conditions could be changed for better optimization as well. In this study, we highlighted the evidence that high temperature is not essential for graphite annealing. However, efficient annealing protocols could take advantage of the potential EWF-temperature synergy [31]. It could be possible to perform optimal annealing with the combination of moderate temperature and moderate current density to outperform the present study where we used low temperature and high current density. It is also important to note that a too high current density at microsecond pulse width may adversely affect the crystallinity (or conversely defects) of graphite. This is because the EWF is a non-thermal stimulus, which is derived from the mechanical momentum of the electrons. Thus, it has a resemblance to mechanical impact loading. Impact loading at defect sites may lead to mobilization for energy levels higher than the activation energy of the type of defects. However, if very high energy loading is used, it may create new defects from the crystalline lattice, overshadowing the pre-existing defect mobilization. Another reason is the undesired thermal shock loading effect. If very high current density is used in very short (microsecond) pulses, the thermal loading rate can rise exponentially, catastrophically failing the specimens because of the thermal runaway. Therefore, optimization of current density and temperature could be essential before any applied research on EWF annealing.




5. Conclusions


This study presents multiple modes of experimental evidence of ultrafast low-temperature annealing of graphite using the electron wind force. The proposed process required a current density as small as 25 A/mm2 to initiate the defect-annealing process. The effectiveness of the novel annealing process is presented with four distinct types of evidence:




	i.

	
Electrical resistivity decreased dramatically (about 4×) within a few seconds of annealing, reflecting a decrease in nanoscale defects in the specimens;




	ii.

	
Electron wind force is more effective on grain/phase boundaries, dislocations, vacancies, dislocations, and interstitials compared to pores and voids;




	iii.

	
A decrease in the Raman D-band peak (8.666%) and an increase in the G (69.4%) and 2D peak intensity (45%) reflect the effectiveness of the annealing process. The characteristic crystallite size was doubled after annealing;




	iv.

	
Hardness and primary creep resistance improved significantly after the annealing process, which agrees with the first three observations.









The limited literature available on low-temperature treatment on nuclear graphite implies that the findings of this study can offer potentially new insights into the microstructure–property relationship in the high-temperature material. Future studies on comprehensive characterization including higher current density and annealing temperature would generate useful information for materials scientists.
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Figure 1. (a) Schematic diagram of the experimental setup. (b) Time vs. current graph of the electrical pulses. (c) Infrared image of a specimen during electron wind force annealing. 
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Figure 2. (a) Electrical resistivity of polycrystalline graphite NBG-18 as a function of electrical current density. (b) Equivalent diameter (<5 μm range) of defects before and after the electron wind force annealing. 
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Figure 3. Average Raman spectra of NBG-18 as-received and electron wind force annealed at 28 °C temperature and 44.5 A/mm2. 
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Figure 4. Nanoindentation tests on as-received NBG-18 nuclear graphite and annealed graphite at 28 °C temperature and 44.5 A/mm2. (a) Average force–displacement curves with 0.2 s hold time. (b) Collective displacement–time data for all the specimens with 1000 s hold time. 
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Figure 5. X-ray computed tomography scans of (a) as-received NBG-18 nuclear graphite and (b) annealed graphite at 28 °C temperature and 44.5 A/mm2. 
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Table 1. Average pore area for the graphite specimens before and after the electron wind force annealing (44.5 A/mm2).
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Pore Area before Annealing




	
Image

	
# of Pores

	
Total Pore Area (μm2)

	
Average Pore Area (μm2)




	
1

	
690

	
28.101

	
0.041




	
2

	
1919

	
58.079

	
0.03




	
3

	
1982

	
210.01

	
0.106




	
4

	
1236

	
183.445

	
0.148




	
5

	
1262

	
127.346

	
0.101




	
6

	
2229

	
114.705

	
0.051




	
Pore Area after annealing




	
Image

	
# of Pores

	
Total Por