

  metals-11-00886




metals-11-00886







Metals 2021, 11(6), 886; doi:10.3390/met11060886




Article



Characteristics of Microstructure Evolution during FAST Joining of the Tungsten Foil Laminate



Xiaoyue Tan 1,2,3,*, Wujie Wang 1, Xiang Chen 4, Yiran Mao 2,3, Andrey Litnovsky 2,5[image: Orcid], Felix Klein 2[image: Orcid], Pawel Bittner 2, Jan Willem Coenen 2,6[image: Orcid], Christian Linsmeier 2[image: Orcid], Jiaqin Liu 4, Laima Luo 1,7[image: Orcid] and Yucheng Wu 1,7,8,*





1



School of Materials Science and Engineering, Hefei University of Technology, Hefei 230009, China






2



Forschungszenturn Jülich GmbH, Institut für Energie- und Klimaforschung—Plasmaphysik, Partner of the Trilateral Euregio Cluster (TEC), 52425 Jülich, Germany






3



School of Mechanical Engineering, Hefei University of Technology, Hefei 230009, China






4



Institute of Industry & Equipment Technology, Hefei University of Technology, Hefei 230009, China






5



Department of Plasma Physics, Institute of Plasma and Laser Technologies, National Nuclear Research University MEPhI, Kashirskoe sh.31, 115409 Moscow, Russia






6



Department of Engineering Physics, University of Wisconsin—Madison, Madison, WI 53706, USA






7



National-Local Joint Engineering Research Centre of Nonferrous Metals and Processing Technology, Hefei 230009, China






8



Key Laboratory of Interface Science and Engineering of New Materials, Ministry of Education, Taiyuan University of Technology, Taiyuan 030024, China









*



Correspondence: xytan@hfut.edu.cn (X.T.); ycwu@hfut.edu.cn (Y.W.)







Academic Editors: Milan Brandt and Andrey Belyakov



Received: 18 March 2021 / Accepted: 26 May 2021 / Published: 28 May 2021



Abstract

:

The tungsten (W) foil laminate is an advanced material concept developed as a solution for the low temperature brittleness of W. However, the deformed W foils inevitably undergo microstructure deterioration (crystallization) during the joining process at a high temperature. In this work, joining of the W foil laminate was carried out in a field-assisted sintering technology (FAST) apparatus. The joining temperature was optimized by varying the temperature from 600 to 1400 °C. The critical current for mitigating the microstructure deterioration of the deformed W foil was evaluated by changing the sample size. It is found that the optimal joining temperature is 1200 °C and the critical current density is below 418 A/cm2. According to an optimized FAST joining process, the W foil laminate with a low microstructure deterioration and good interfacial bonding can be obtained. After analyzing these current profiles, it was evident that the high current density (sharp peak current) is the reason for the significant microstructure deterioration. An effective approach of using an artificial operation mode was proposed to avoid the sharp peak current. This study provides the fundamental knowledge of FAST principal parameters for producing advanced materials.
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1. Introduction


Tungsten (W) possesses several advantages, including high melting-point, high density, high hardness, low thermal coefficient, low vapor pressure, good thermal/electrical conductivity and excellent chemical stability, which is widely applied in the fields of military industry, aerospace, electronics, nuclear energy [1]. However, the low-temperature brittleness of W materials due to the existence of unavoidable impurities is one of the bottleneck issues which strongly limit its application and processing [2]. In the past few decades, several approaches of adding alloying elements (rhenium) [3], adding second phase nanoparticles [4], fiber toughening [5], laminated toughening [6] and plastic processing [7] have been carried out to address W brittleness. Among these toughening approaches, alloying and plastic processing obey the intrinsic toughening mechanism, which aims at improving the dislocation mobility and increasing the amount of mobile dislocation, respectively; the fiber toughening, laminated toughening, and addition of the second phase particles follow the extrinsic toughening mechanism, which can increase the fracture absorbing energy during fracture propagation [8].



Severely deformed W thin foil shows excellent ductility even at room temperature [9]. An advanced material concept of laminated composite using pure W foils has been proposed as an efficient solution for low-temperature brittleness, which combines both the toughening mechanisms of plastic processing and laminated toughening [10]. The laminated toughening can increase the fracture absorption energy due to the crack deflection. According to the different interface characteristics, the laminated toughening mechanisms can be classified into weak/strength (brittle) interface toughening [11] and plasticity interface toughening [12]. The validity of laminated toughening depends mainly on the interface strength [13]. In the past decade, numerous studies have focused on interfacial design by adding the interlayers of Ti [6,14], Ta [15], V [16], Cu [16,17], etc. For the W foil laminate, the component of severely deformed W foil features a poor microstructure stability due to the high density of defects [18]. This implies that recovery and recrystallization, i.e., microstructure deterioration, can occur during the joining process at a high temperature, which results in the brittleness of W foil. Therefore, the interface optimization and microstructure deterioration controlling are the main challenges for the production of the W foil laminate using a joining technique.



Due to the high melting point of W, in previous studies, the W foil laminate was always joined by diffusion bonding. Hot pressing (HP) with assisted pressure is one commonly used technique to join bulk W materials [17]. The pressure could ensure a good contact among W thin foils. Notably, joining of the W foil laminate using HP technique requires a high temperature, which would result in the microstructure deterioration of the W foil. Different from the HP technique, field-assisted sintering technology (FAST) is assisted additionally by an electrical current/field. It is widely used to join a variety of metal matrix materials [19], to consolidate the powder materials [20] and for heat treatment of the work-hardened metals [21]. It was reported that heat treatment for the deformed steel and AZ31 magnesium alloy in FAST apparatus can accelerate microstructure evolution but achieve a more uniform microstructure with a finer grain, compared with conventional heat treatment [21]. In the FAST system, the assisted current features the binary effects of Joule thermal and electro-migration [22]. The Joule thermal effect derives from the intrinsic electrical resistance of the sintering tools (e.g., graphite punches and die) and/or conductive green body. The electro-migration effect can accelerate atom diffusion [23] and defect annihilation [24]. This implies that the FAST joining process enhances diffusion bonding between adjoining W foils but may result in the ductility deterioration of the deformed W foils. Therefore, the profile of the electric current during the FAST joining process should be optimized.



The FAST process in the preparation of materials or components was intensively optimized by changing the temperature [25], heating rate [26], pressure [27], and sintering atmosphere [28]. However, rather little attention has been paid to the impact from the operation of the FAST apparatus. Generally, the operation mode of the FAST apparatus includes the automatic operation mode based on the designed temperature curves and the artificial operation mode according to a certain current profile. In addition, the selection of the temperature measurement methods during the FAST joining process is also different including K-type thermocouple (RT–1000 °C) and optical pyrometer (570–2000 °C). Different selection of the operation mode or temperature measurement method means different profiles of the electric current, which strongly impacts the interface bonding and microstructure evolution of W foil laminates.



In this work, a series of experiments of joining W foil laminate were carried out in a FAST apparatus. To balance the effective interfacial bonding and microstructure deterioration of the W foil laminate, the optimizations of joining temperature and electric current profile were performed. The joining temperature was optimized by changing temperature from 600 to 1400 °C with a temperature interval of 200 °C. The critical current for mitigating the microstructure deterioration of the deformed W foil was evaluated by changing the sample size following the same FAST joining process. Finally, an optimized joining process was used to fabricate the W foil laminate. According to these studies, the impact of the current profile due to the different operation mode or temperature measurement method on microstructure evolution of W foil laminate were evaluated.




2. Materials and Methods


2.1. Sample Preparation


The severely deformed W foils (purity 99.95%) fabricated by powder metallurgy and warm-rolling are supplied by XI’AN REFRA TUNGSTEN & MOLYBDENUM CO., LTD., Xi’An, China. The thickness of the W foils was approximately 100 µm. No heat treatment was performed after a warm-roll smoothing process. Figure 1 shows the production flow chart of the W foil laminate. The W foil wafers were cut from a W foil plate using electrical discharge machining (EDM). To remove the residual dirties during the EDM process, these W wafers were firstly cleaned in a boiling NaOH (8 wt.%) solution for 6–8 min, and then were processed with ultrasonic cleaning for 20 min in acetone and ethanol solution, respectively. Afterwards, these W wafers were dried under vacuum. Each sample of the W foil laminate in this study comprised 21 pieces of W wafer. Notably, the rolling direction (RD) of W wafers are along the same direction during the stacking process. Between the W wafers and the graphite tools, a molybdenum foil (~25 µm in thickness) and a graphite sheet (~0.2 mm) are used to prevent the carbon from graphite die to react with W wafers and for the convenience of demolding, respectively. The joining of the W foil laminate was carried out in a FAST apparatus (Labox-350, NJS Co., Ltd., Yokohama, Japan). During the FAST joining process, a pressure of 30 MPa was loaded on samples to ensure a good contact between adjacent W wafers. It should be pointed out that the temperature measuring position was 5 mm from the edge of the sample in the graphite die, as marked with the red dot in Figure 1. In addition, the temperature measurements using the K-type thermocouple or an optical pyrometer were calibrated before FAST joining.



In order to optimize the joining temperature, the W foil laminates with a diameter of Ø20 mm were FAST joined at a different temperature varied from 600 to 1400 °C in an automatic operation mode. The real-time temperature changes were monitored by an optical pyrometer. Figure 2a shows the real-time temperature change curves of the W foil laminates. The heating rate was 100 °C/min. After the samples were heated up to the designated temperature, they were cooled down in the furnace without holding time. Figure 2b shows the corresponding current density curves, which show a similar change trend. Due to the detection limit of 570 °C for the optical pyrometer, there is a sharp peak current, almost reaching ~1300 A/cm2.



To clarify the critical electric current for microstructure apparent deterioration, the samples of the W foil laminate with different diameters (Ø13, Ø20, and Ø25 mm) were FAST joined at 800 °C in an automatic heating mode. These three samples underwent the same FAST joining process with a heating rate of 100 °C/min, as shown in Figure 3a. Once these samples were heated up to 800 °C, they were cooled down by switching off the power. The temperature changes during the FAST joining process were measured by the K-type thermocouple. Figure 3b shows the current density change curves during the FAST joining process. Due to the different sample dimensions, the current density decreases with the increasing of the sample and presents a wave fluctuation. The maximum current density of Ø13, Ø20, and Ø25 mm samples fabrication are 630, 530, and 418 A/cm2, respectively.



In addition, an optimized FAST joining process in an artificial operation mode was used to fabricate the W foil laminate with a diameter of Ø20 mm. Figure 4 shows the curves of current density and the corresponding temperature curve. The input current increased stepwise with a step rate of 100 A/min. When the current reached 1200 A (the responding current density is ~380 A/cm2), the current value was held for 20 min. The final temperature reached ~1250 °C. During the FAST joining process, the temperature measurement was monitored by an optical pyrometer.




2.2. Characterization


Metallographic microscopy (Axio Lab.A1, Sigma Zeiss, Jena, Germany) and field emission scanning electron microscopy (FESEM, Gemini 300, Sigma Zeiss, Jena, Germany) were used to characterize the microstructure before and after FAST joining process. For the microstructural characterization, the specimens were processed with grinding and mechanical polishing, followed by metallographic etching. During the etching process, the specimens were immersed in a boiling H2O2 solution for 2 min. Due to the defects (grain boundary and dislocation) being sensitive to the etchant [29], the metallographic structure was applied to assess qualitatively the changes in the defect density. Notably, the specimens were mounted with a conductive mosaic powders for the cross-section characterization.



The Vickers hardness measurement was used to evaluate the microstructure evolution of the W foil laminates after FAST joining at different temperature using a hardness detector (MH-3, Shanghai Everone Precision Instruments Co., Ltd., Shanghai, China). A load of 200 g was loaded on the polished cross section (RD-ND surface) for a duration of 10 s for each sample. To obtain reliable data, the Vickers hardness values were statistically calculated from 21 indentations, which measures from three W foil layers with 7 points for each layers. The thermal diffusivity (α) was also measured to indirectly reflect the interfacial bonding performance of the W foil laminates. This test was performed in a laser-flash system (LFA467, Netzsch, Selb, Germany) with an argon atmosphere and a temperature range from room temperature to 450 °C with a temperature interval of 50 °C. The specimen size for thermal diffusivity measurement was Ø12.7 mm in diameter and 2.0 mm in thickness. Notably, the direction of thermal diffusivity is the normal direction (ND) of the warm-rolled W wafer.





3. Results


3.1. Microstructure of the Original W Foil


To expediently evaluate the microstructure evolution, the microstructure of the original W foil was characterized. Figure 5a shows the metallographic structure of the W foil after etching. It shows the rolling surface (RD-TD), in which erosion traces are distributed. The high density of erosion traces means a high density of defects such as grain boundaries and dislocation. Figure 5b and Figure 5c present the SEM images of the RD-TD surface and the RD-ND surface, respectively. The elongated rolling grain structure can be discovered. After measurement from Figure 5c, the size of the grain viewed from the transverse direction (TD) is up to tens of microns in RD and approximately 0.5 µm in ND.




3.2. Joining Temperature Optimization


After FAST joining, the microstructure of the W foil laminates exhibits various degrees of recrystallization as a function of temperature change. Figure 6 shows the metallographic structures of the W foil laminates joined at different temperature, viewed from TD. In cases of FAST joining at 600 and 800 °C, as shown in Figure 6a,b, several large grains exist (as pointed with arrows). These imply that the recrystallization starts at 600 °C under the present FAST heating condition. If the joining temperature reaches 1000 °C (Figure 6c–e), it can be seen that the samples have completely recrystallized. Compared with the deformed W which underwent traditional heat treatment [30], in the FAST process, the recrystallization temperature was decreased, and the recrystallization process was accelerated. The enlarged SEM images focused on the interfaces of the W foil laminates were also presented in Figure 6. Significant gaps exist at the interfaces in cases of FAST joining at 600, 800, and 1000 °C, as shown in Figure 6(a1), Figure 6(b1) and the inserted image of Figure 6c, respectively. When the joining temperature reaches 1200 °C, it is hard to discover the obvious interface gap between W foils from the inserted images in Figure 6d,e. This indicates that the W foil laminates have a good interfacial bonding.



Vickers hardness measurement was used to evaluate indirectly the microstructure evolutions of the deformed W materials during the annealing process [31]. Figure 7a shows the Vickers hardness of the W foil laminates after FAST joining at different temperatures. It shows a typical “S” type trend, which coincides well with the microstructure evolutions in Figure 6. The stepped descent occurs at 1000 °C, which is close to the recrystallization temperature of the W foil in case of FAST joining. Compared to the other cases, the hardness of the sample FAST joined at 1000 °C features a large error bar. This implies non-uniform microstructure due to the different degree of crystallization. Instead of the intrinsic and microscopic features, the thermal diffusivity is more sensitive to the macro-defects of a pore or crack [32]. Therefore, it was used to evaluate the interfacial bonding performance of the W foil laminates after FAST joining at different temperatures. Figure 7b is the corresponding thermal diffusivity of the W foil laminates. Low thermal diffusivity exists in cases of the FAST joining at 600 and 800 °C, owing to the existence of interface gaps among W foils. Notably, the samples have a similarly high thermal diffusivity in the case of the FAST joining at 1200 and 1400 °C. This means that the W foil laminates joined at 1200 and 1400 °C have a similar interfacial bonding performance. Considering that the W foil laminate FAST joined at a high temperature would result in the microstructure deterioration to a different degree, the optimal FAST joining temperature is 1200 °C. When the sample joined at 1000 °C, the medium thermal diffusivity in Figure 7b would be related to the existence of some micro gaps at interface between W foils, as shown in Figure 6c.




3.3. Current Density Optimization


From Figure 6, the microstructure of the W foil laminates shows an apparent deterioration when the FAST joining temperature reaches 1000 °C. For the convenience of clarifying the critical current density on microstructure evolution, the recrystallization due to the possible factor of temperature should be avoided. Therefore, the current density optimization of the W foil laminates was performed at 800 °C by changing sample’s dimensions. Figure 8 shows the metallographic structure of the RD-TD surface of the W foil laminates. In contrast to the initial W foil in Figure 5a, the erosion trace decreases significantly with the decrease in sample size. Notably for the Ø13 mm sample (Figure 8a), the W foil laminate has fully recrystallized. The grain size experiences significant growth compared with the initial W foil in Figure 5b. This is due to the fact that to the Ø13 mm sample underwent the highest density of current. This verifies directly that the current could accelerate the microstructure evolution, which is mainly attributed to the electro-migration effect of the assisted current. In addition, the Ø25 mm sample underwent the lowest current density and exhibits the lightest changes in microstructure, as shown in Figure 8c. This means that the optimal current density for the FAST joining of W foil laminate is below 418 A/cm2.




3.4. FAST Joining Optimization


According to the above optimization of the joining temperature and current density, an optimized FAST joining process was explored. To control the temperature and current, the FAST apparatus was carried out in an artificial operation mode. Under the designed electric current loading mode, the maximum current density was 380 A/cm2 and the corresponding joining temperature was ~1250 °C (Figure 4). Figure 9a is the metallographic structure viewed from TD of the W foil laminate. It still retains a large number of deformed grains, and only a few recrystallized grains exist. Compared with the samples FAST joined at 1000–1400 °C in an automatic operation mode (Figure 6c–e), the microstructure deterioration of the W foil laminates was mitigated. Figure 9b shows a magnified interface structure of the sample characterized by SEM. It has a similar interface structure with the samples in Figure 6d,e, in that no obvious gap exists at the interface. Therefore, carrying out the FAST joining in an artificial operation mode, the microstructures deterioration of the W foil laminate can be inhibited while ensuring good interfacial bonding.





4. Discussion


From the aforementioned results in Figure 6, Figure 8 and Figure 9, two phenomena of microstructure evolution deserve attention. One is that only a few recrystallized grains were discovered for the sample in Figure 6b, but a fully recrystallized microstructure occurred for the sample in Figure 8a, although both of them were joined at the same temperature (800 °C). The other is that a fully recrystallized microstructure existed in the sample after FAST joining at 1000 °C (Figure 6c), but did not present in the sample joined at 1250 °C (Figure 9a). Essentially, the microstructure evolution (recovery, recrystallization and grain growth) of the severely deformed W foils is the process of mass diffusion. The activation energy for mass diffusion normally depends largely on the temperature [33]. However, according to this study, it seems that the decisive factor for the microstructure evolution during the FAST joining process is not the temperature (i.e., thermal effect), but rather the assisted current induced the non-thermal effect. Therefore, the microstructure evolution will be revealed based on the electric current profiles in the following discussion.



4.1. FAST Operation Conditions


Because the automatic operation mode is based on the designed temperature curves, the corresponding current profile is sensitive to the temperature measurement method. In Figure 2 and Figure 3, the two cases were FAST joined in an automatic operation mode, but with different temperature measurement methods. In the cases of the W foil laminate joined at 600–1400 °C, the temperature measurement was monitored by an optical pyrometer. Within the lower limit (570 °C) of the optical pyrometer, the FAST apparatus loses the reference temperature for heating. Therefore, the electric current profile shows a sharp peak with a current density up to ~1300 A/cm2, as presented in Figure 2. If the temperature change was measured by a K-type thermocouple in case of the W foil laminate FAST joined at 800 °C (Figure 3), the electric current profiles show a smooth increase with the temperature rise. It can be concluded that the existence of a sharp peak current during the W foil laminates FAST joined in an automatic operation mode does not depend on the joining temperature, but relies on the temperature measurement method.



In the artificial operation mode, the heating process is performed according to the established current curve. This means that changing the temperature measurement method has no effect on the current curve. The selection of the temperature measurement method merely depends on the temperature scope of FAST joining. In the case of the FAST joining in an artificial operation mode (Figure 4), the current profiles can be precisely controlled avoiding the sharp peak current.




4.2. Critical Electric Current


As similar as the deformed metals or alloys that have a recrystallization temperature are, the severely deformed W foil would have a critical electrical current for the apparent microstructure evolution during the FAST joining process. The experiment in Figure 3 aims at roughly evaluating the critical electric current. Based on the results in Figure 8, when the electric current density is below 418 A/cm2, the microstructure deterioration of W foil can be avoided. The microstructure of the Ø13 mm sample fully recrystallized (Figure 8a) when undergoing a high current density of >600 A/cm2. From the current profiles in Figure 2, the very high current density above 600 A/cm2 could be the reason for the formation of the few recrystallized grains in the case of FAST joining at 600 °C (Figure 6a) and 800 °C (Figure 6b). Due to the applied current with a high density during the FAST joining process, the samples have a full recrystallized microstructure, as shown in Figure 6c–e.



From the current profiles in Figure 2 and Figure 3, the sample in Figure 6b withstands a sharp peak current with a shorter duration time, while the sample in Figure 8a withstands a sustained high-density current for a longer time. Although these two samples were FAST joined at a similar temperature of 800 °C, the sample of Figure 8a exhibits apparent microstructure deterioration. Since the microstructure evolution is a mass diffusion process, the current action time plays a critical role in the significant recrystallization microstructure in additional to the critical electrical current.



On the other hand, from the corresponding current profile in Figure 4, the maximum current density is ~380 A/cm2, which is below the critical current of the apparent microstructure evolution. The microstructure of the W foil laminate only features a few recrystallized grains (Figure 9a), although after FAST joining at a high temperature of 1250 °C, maintained for 20 min. In the case of the sample FAST joined at 1000 °C, the current profile shows that the current density is far larger than ~380 A/cm2, as shown in Figure 2. Although the duration time of the high current density is short, the sample exhibits a fully recrystallized microstructure (Figure 6c). Therefore, this indicates that the current action time has no obvious effect on the microstructure deterioration in cases of the current being below the critical value.





5. Summary and Outlook


When producing the W foil laminate in a FAST apparatus, the main challenge is to balance the influence of assisted current on microstructure deterioration and interfacial bonding. It can be solved to a certain extent by using an artificial operation mode. According to this work, the critical electrical current for avoiding an apparent microstructure deterioration is below 418 A/cm2 and the optimal joining temperature for a good interfacial bonding is 1200 °C. In the case of the W foil laminate loaded with a maximum current density of 380 A/cm2 for 20 min (the corresponding temperature is 1250 °C), a low microstructure deterioration and good interfacial bonding can be obtained.



The possible influence factors (joining temperature, critical electric current and current action time) on microstructure evolution of the W foil laminate were discussed from the perspectives of the FAST operation mode and temperature measurement method. If the temperature measurement is based on the optical pyrometer, the current profile exhibits a sharp peak current, which accelerates the microstructure deterioration. In this case, the current action time plays a critical role in significant recrystallization in additional to the critical electrical current. If the FAST joining is carried out in an artificial operation mode, the current profile can be effective controlled. The current action time has no obvious effect on the microstructure deterioration in case of the input current below the critical current.



In the case of the sample joined at 600 °C (Figure 6a) in an automatic operation mode, the local recrystallization may be related to the sharp peak current. Generally, the preferential recrystallization behavior in traditional heat treatment is due to the locally high density of defects [34]. However, it is hard to establish the relationship between the local recrystallization and the locally high density of defects because the defects are the obstacles to current flow. This suggests the need for an in-depth study to clarify the formation mechanism of the local recrystallization.



In addition, the critical roles of current density and current action time on microstructure evolution has been discussed in this work. Notably, the current density and current action time in fact have both synergistic and competitive effects on microstructure evolution. Therefore, further study is required to investigate whether the microstructure involution depends on current density or current action time.
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Figure 1. The process flow chart of the W foil laminates preparation. 
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Figure 2. (a) The real-time temperature change curves and (b) the profiles of the current density (CD) change of the W foil laminates joined at different temperature. 
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Figure 3. (a) FAST joining process and (b) the current density (CD) change curves of the W foil laminates with different diameters. 
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Figure 4. The change curves of current density (CD) and temperature during the FAST joining process of W foil laminate in an artificial operation mode. 
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Figure 5. The microstructure of the original W foil. (a) Metallographic structure of the etched rolling surface, and SEM microstructure of (b) the rolling surface and (c) the side surface. 
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Figure 6. The metallographic structures viewed from transverse direction of the W foil laminates joined at different temperatures (a) 600 °C, (b) 800 °C, (c) 1000 °C, (d) 1200 °C, and (e) 1400 °C. (a1,b1) and the insert images are the SEM images of the corresponding interfaces. 
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Figure 7. (a) The Vickers hardness and (b) the thermal diffusivity of the W foil laminates as a function of the joining temperature. 
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Figure 8. The metallographic structure of the W foil laminates with different diameter of (a) Ø13 mm; (b) Ø20 mm; (c) Ø25 mm after FAST joining at 800 °C. 
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Figure 9. (a) The metallographic structure and (b) a representative W–W interface of the W foil laminate FAST joined in an artificial operation mode. 
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