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Abstract

:

Two kinds of Al2O3 ceramic samples with and without Al film deposited were designed respectively. The influences of temperature and high kinetic energy sputtering particles on the wettability and interface strength of Al/Al2O3 were studied by comparing the wetting behavior of molten aluminum on two samples. The results show that molten aluminum does not wet the Al2O3 sample without Al film deposited at 700 °C, the contact angle is 165°, and the interfacial shear strength is 28 MPa. With the increase of temperature, the contact angle decreases continuously, and the interface shear strength gradually increases. The fracture of the brazed joint is transferred from the interface to the brazing seam. In comparison, the sample deposited with Al film is wetted by molten aluminum at 700 °C, and the contact angle is only 12°. The interface shear strength is about 120 MPa and is less affected by temperature. The shear fracture of the joint occurs in the brazed seam of Al metal. Therefore, the high energy generated by either the temperature increase or the particle sputtering enable the Al atoms to overcome the energy barrier to form Al–O bonds with the O atoms on the Al2O3 ceramic surface, thereby improving the wettability of Al/Al2O3.
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1. Introduction


The wettability of the metal melt to the ceramic plays an important role in the preparation of composite materials and ceramic connection. As a typical non-reactive wetting system, there have been many research reports on the wettability of Al/Al2O3. However, due to the interference of the oxide film on the Al liquid surface, which is extremely difficult to remove, the wetting behavior is still insufficient. For example, there is a lot of controversy in the report on the change of wetting angle with temperature [1,2,3,4,5,6,7,8,9]. Some studies [5,6,7] believe that the freshly melted Al liquid cannot directly wet Al2O3, and the wetting angle is 110°–150°. As the temperature increases, the wetting angle gradually decreases, and reduces to below 90° to achieve wetting after 850 °C. There are also reports [8,9] that this wetting temperature needs to be as high as 1000–1050 °C, or even 1200 °C.



Although the above studies are controversial on the wetting transition temperature of Al/Al2O3, most of them believe that the contact angle of Al to Al2O3 ceramics will gradually decrease with the increase of the Al liquid temperature. Some studies have shown that the wettability of the Al/Al2O3 is related to the bonding state of the atoms at the interface. Zhang et al. [10] studied the interfacial structure and wetting behavior of Al and Al2O3 ceramics using molecular dynamic simulation methods. The results showed that during the heating process, as the thermal kinetic energy of atoms in Al melt increases, Al atoms gradually form Al–O chemical bonds with O atoms on the ceramic surface. The Al/Al2O3 interface also changed from the physical adsorption state to the chemical bonding state, thereby improving the wettability of Al to Al2O3 ceramics. The research of Shen et al. supports this theory experimentally [11]. They studied the wettability of Al2O3 ceramics R-type (0112), A-type (1120), C-type (0001) crystal planes and polycrystalline Al2O3 ceramics (PC) by Al melt. The results show that the order of wettability with molten Al is R ≈ A > PC > C according to the strength of the atomic bond formed with Al atoms.



However, limited by the reduction of the evaporation temperature of molten Al in a high vacuum environment, most studies on the wettability of Al/Al2O3 systems are below 1300 °C, and the lowest wetting angles obtained are also different. Some have just reached the wet state of about 90° [12,13,14], some have a better wet state of about 75° [15,16,17,18], and some may even reach about 55° [19]. The effect of higher kinetic energy of Al atoms on the wettability of Al/Al2O3 remains to be further studied. The kinetic energy of sputtered Al particles is as high as 100 eV [20], which is 1–2 orders of magnitude higher than that of thermally evaporated Al. Therefore, it is expected to study the effect of higher Al atomic kinetic energy on the wettability of Al/Al2O3 using a sputtering method.



In order to reveal the effect of Al atom kinetic energy on the wettability of Al/Al2O3, two kinds of Al2O3 ceramic samples with and without Al film deposited were designed in this paper, respectively. The wetting behaviors of Al on these two Al2O3 are studied using a sealed chamber that can obtain extremely low oxygen and nitrogen partial pressure. The effect of temperature and high kinetic energy of sputtered Al particles on the wettability of Al/Al2O3 is revealed.




2. Materials and Methods


2.1. Sample Design


In order to reveal the wetting behavior of Al on Al2O3, two kinds of Al2O3 ceramic samples with and without Al film deposited on the surface were designed, respectively. The schematic diagram of the structure is shown in Figure 1. In Figure 1a, there is no film deposited on the surface of the Al2O3 ceramic sample, and a pure Al film with 1 μm thickness is deposited on the surface of the Al2O3 ceramic in Figure 1b.




2.2. Thin Film Deposition


The 1 mm thick polished high-purity Al2O3 ceramic substrate is ultrasonically cleaned in alcohol and placed on the substrate holder in the vacuum chamber of the multi-target magnetron sputtering system (SPC-350, Anelva, Tokyo, Japan). When the background vacuum of the vacuum chamber reaches 5.0 × 10−4 Pa, the ceramic substrate is baked at 400 °C × 10 min to remove the gas and impurities adsorbed on the surface. After the ceramic substrate is cooled to room temperature, Ar gas with a purity of 99.999% is filled into the vacuum chamber and the pressure is maintained at 0.6 Pa. The Ø 76 mm Al target (purity 99.99%) is controlled by a DC cathode. During the film deposition, the power of the DC cathode is maintained at 400 V × 0.5 A, and the substrate is neither heated nor applied with a negative bias. By controlling the deposition time, 1 μm thickness Al film is deposited on the Al2O3 ceramic substrate.




2.3. Wetting Experiment


In order to eliminate the influence of O2 and N2 on the wetting behavior of Al after melting, the experiment adopted a sealed chamber that can cut off the oxygen and nitrogen sources. The structure of the sealed chamber is shown in Figure 2. A flat-mouthed quartz cup is buckled upside down on a quartz plate, and an aluminum-based solder plate is placed between them. The top of the quartz cup is pressed by a stainless steel weight block. When heated in a vacuum stove, the Al-Cu solder melted first and thus made the sealed chamber airtight, isolated from the outside vacuum environment. The residual O2 and N2 in the sealed chamber (including desorbed from the inner surface) would be gradually consumed due to the oxidation of the Al-Cu solder and aluminum powder. As a result, a very high vacuum was achieved.



During the wetting experiment, the Al2O3 ceramic sample with and without Al film deposited is placed in this sealed chamber. A cleaned pure aluminum block with a size of 2 × 2 × 2 mm3 is placed on the sample. The sealed chamber is placed in a vacuum furnace and evacuated to 10−1 Pa. It is heated to 700, 800, 900, 1000, and 1100 °C respectively for 30 min and then cooled with the furnace. By comparing the wetting behavior of molten aluminum on the two samples, the effect of the kinetic energy of Al atoms on the wetting of Al/Al2O3 is revealed.




2.4. Interface Strength Test


In our previous research, a kind of aluminum foil solder-coated bi-layer film was proposed to achieve direct brazing of ceramic without interfacial reaction layers [21]. For this paper, a 2 μm Al layer followed by a 0.1 µm Cu layer was deposited on both side of a 100 μm pure aluminum foil. When melted, the coated foil would form an Al alloy liquid with 0.1 at.% Cu. Due to the low Cu content, it can be regarded as a pure Al melt. Holding the coated Al foil between two Al2O3 substrates, a stainless steel weight was placed on top of the sample to fix and exert pressure. This brazing sample is placed flat in a vacuum furnace. When the furnace vacuum reaches 10−4 Pa, the Al2O3 ceramic samples are brazed at 700–950 °C for 30 min and then cooled with the furnace. The two kinds of Al2O3 ceramic samples are brazed respectively with the coated aluminum foil solder to obtain a brazed joint containing an Al/Al2O3 interface. Through the measurement of the joint shear strength and the observation of the fracture mode, the interface strength of Al/Al2O3 was studied.



The structure and composition of the brazed joint are analyzed by scanning electron microscope (SEM, Hitachis-3400n, Hitachi, Tokyo, Japan) and the attached X-ray energy dispersive spectroscopy (EDS). The shear strength of the brazed joint is tested by an electronic tensile machine, and the size of the shear surface of the test sample is 3 × 2 mm2, where it was fixed in a special mold, as shown in Figure 3. The obtained shear strength is the average of the effective values of more than 10 samples. The morphology of the shear fracture is observed by SEM and optical microscope (OM, VHX-1000, Keyence, Osaka, Japan), whereas the composition is analyzed by EDS.





3. Results


3.1. Wetting Behavior


Figure 4 compares the wetting behavior of molten aluminum on two samples. All the aluminum blocks were eventually clustered into a spherical shape or spread on the Al2O3 ceramic substrate. This result shows that the sealed chamber designed in this paper successfully cut off the channels for O2 and N2 to enter, and obtained a vacuum environment with extremely low oxygen and nitrogen partial pressure, preventing further thickening of the oxide film on the surface of the molten aluminum, and breaking the constraints of the surface oxide film. Therefore, the molten aluminum can flow and change shape under the action of surface tension. Figure 4a–e shows the wetting behavior of molten aluminum on samples of undeposited Al film Al2O3 at different temperatures. The molten aluminum cannot wet Al2O3 ceramics at 700 °C. This contact angle gradually decreases with the increase in temperature, and the wettability of molten aluminum to Al2O3 ceramics is improved. The contact angle decreases to a critical value of about 90° when the temperature increases to 1000 °C. With a further increase in the temperature value of 1100 °C, the wettability of molten aluminum to Al2O3 ceramics changes from non-wetting to wetting. However, the molten aluminum exhibits completely different wetting behavior on Al2O3 ceramics with Al film deposited. As shown in Figure 4f, the molten aluminum is almost completely spread on this sample at 700 °C, indicating very good wettability.



Figure 5 shows the contact angle change of molten aluminum on the two kinds of samples. For Al2O3 ceramic samples without Al film deposited, the contact angle gradually decreases with the increase in temperature, from 165° at 700 °C to 90.8° at 1000 °C. With a further increase in the temperature to 1100 °C, the contact angle decreases to 80.3°. The contact angle of molten aluminum on Al2O3 ceramics deposited with Al film is as low as 12°, at 700 °C.




3.2. Interface Strength


Brazing experiments show that two Al2O3 ceramic samples can be successfully brazed by Al foil solder at various temperatures. Through SEM observation, it is found that the brazed joints of the two kinds of sample obtained at different brazing temperatures have similar structures. Figure 6a shows the joint SEM morphology of the Al2O3 ceramic sample without an Al film, which is brazed at 700 °C. The Al brazing seam in this picture is dense and full, and there are no brazing defects such as incomplete penetration and pores. In addition, it can be seen from the area-scanning of Al, O, and Cu (Figure 6b–d) that the interface between the brazing seam and the Al2O3 ceramic is clear, and no element enrichment is found. This result indicates that there is not any reaction transition layer at the interface.



Figure 7 shows the relationship between the brazed joints shear strength of the two kinds of sample and temperature. For Al2O3 ceramic samples without Al film deposited, the shear strength of the joint brazed at 700 °C is 28 MPa. The contact angle gradually decreases with the increase in temperature. The shear strength of the joint increases with the increase in brazing temperature, and the increase rate slows down after reaching 115 MPa at 900 °C. It is worth noting that the shear strength of the brazed joint of the Al2O3 ceramic sample with the Al film deposited shows a significantly different trend. It has reached a high value of about 120 MPa at 700 °C, and does not change significantly with the increase in brazing temperature.



The optical microscope observation of the shear fracture of each brazed joint (Figure 8) found that the fracture morphology of the Al2O3 ceramic sample without Al film deposited greatly changes with the increase in the brazing temperature. The fracture of joints brazed at 700 °C is basically on the surface of Al2O3 ceramics, and there are only a few small and scattered light-colored Al regions (Figure 8a). This shows that the fracture of this brazed joint occurs at the interface between the brazing seam and the ceramic. When the brazing temperature rises to 750 °C, the area of the light-colored Al increases (Figure 8b), indicating that partial fracture has occurred at the Al metal in the brazing seam. The area of the light-colored Al region in the 800 °C joint fracture continues to increase, and the furrow-like morphology along the direction of the shear force formed after the ductile Al shear fracture is observed (Figure 8c). When the brazing temperature is increased to 900 °C, the fracture of the joint is entirely composed of the furrow-like morphology of Al metal (Figure 8e). This series of changes shows that the shear fracture of the joint gradually shifts from the interface to the brazing seam as the temperature increases. Combining the wettability results in Figure 4 and the shear strength of the joint in Figure 7, the increase in the shear strength with the brazing temperature comes from the improvement of the wettability of Al2O3 ceramics by molten aluminum, which increases the interfacial strength of Al/Al2O3.



Figure 8f shows the shear fracture morphology of the Al2O3 joint with Al film at 700 °C. Different from the Al2O3 joint without Al film, this fracture morphology is composed of furrow-like morphology and does not change significantly with the increase in temperature. This result is also consistent with the joint shear strength in Figure 7. The joint shear strength has reached a high value of about 120 MPa at 700 °C, and does not change significantly with the increase in brazing temperature. Further combining the wettability results in Figure 4, it can be concluded that the Al film directly sputtered and deposited on the Al2O3 ceramic has the effect of improving the wettability and interface strength.



Figure 9 shows the area-scanning results of the Al, O, and Cu elements of the brazing fractures of the two kinds of sample. A large amount of O elements and very few Al-rich regions are distributed in the fracture of the undeposited Al film samples at 700 °C (Figure 9a). This result indicates that the fracture mainly occurs at the interface between the brazing seam and the ceramic. As the brazing temperature increases, the area of the Al-rich area on the fracture gradually increases, and the corresponding O element decreases. When the temperature increased to 900 °C, the fracture was mainly covered by Al element (Figure 9c), indicating that the fracture mainly occurred in the Al brazing seam. For the sample deposited with the Al film, the fracture at 700 °C is basically covered by Al (Figure 9d), which indicates that the fracture of the joint at this temperature has occurred in the Al weld.





4. Discussion


The study of undeposited Al film samples in this article shows the effect of temperature on the wettability of Al/Al2O3. With the increase in the system temperature, the contact angle of molten aluminum to Al2O3 decreases continuously, the Al/Al2O3 interface strength gradually increases, and the shear fracture of the joint shifts from the interface to the brazing seam. The improvement of the wetting state mainly comes from the decrease in the liquid/solid interfacial tension of the system, which is essentially the Al–O chemical bond gradually formed between the Al atom in the molten aluminum and the O atom on the surface of Al2O3. According to the molecular dynamics study of Zhang et al. [10] and the first-principles study of Sun et al. [22], there are two binding states between the molten Al atom and the O atom on the ceramic surface. When the temperature of the system is low, physical adsorption with “gap” is formed between them, and as the temperature increases, a chemical bond with an Al–O chemical bond is formed. The formation of the Al–O chemical bond significantly reduces the interfacial tension between molten aluminum and Al2O3, which makes molten aluminum wetting Al2O3. The increase in temperature provides kinetic energy for Al atoms to overcome the barrier that forms the Al–O bond. It should be noted that wetting is a progressive process, because the formation of Al–O bonds is not only related to the kinetic energy of Al atoms, but is also related to the existence state of Al2O3 terminal atoms. Pilania’s research [23] shows that the contact angle of molten Al on different crystal planes of Al2O3 is different at the same temperature.



The study of deposited Al film samples shows that the sputtering deposition of Al film can improve the wettability of Al/Al2O3. During magnetron sputtering, the kinetic energy of gas phase particles (atoms or ions) sputtered from the cathode target surface is as high as 100 eV [20]. This energy is not only much higher than the thermal kinetic energy of molten aluminum atoms, but even an order of magnitude higher than the energy of Al atoms when they are thermally evaporated above 1000 °C. The impact of these high-energy sputtered Al particles during deposition is sufficient to overcome the energy barrier and form Al–O chemical bonds with O atoms on the Al2O3 surface. Moreover, once these Al–O chemical bonds are formed, they can still be maintained after the Al film is melted. In this case, the molten aluminum can wet the ceramic at the just melting temperature. Therefore, although the sputtered Al film is solid, from the point of view of forming Al–O bonds, these Al films have “wetted” Al2O3. Therefore, despite the solid state, these Al films have “wetted” Al2O3 from the perspective of forming Al–O bonds. According to the above analysis, as long as the energy is high enough, Al atoms can form Al–O chemical bonds with the O atoms on Al2O3 regardless of whether the interface is liquid/solid or solid/solid.




5. Conclusions


In this paper, two kinds of Al2O3 ceramic samples with and without Al film deposited were designed respectively. The influences of temperature and high kinetic energy sputtering particles on the wettability and interface strength of Al/Al2O3 were studied by comparing the wetting behavior of molten aluminum on the surface of two samples. The effect of the kinetic energy of Al atoms on the wettability of Al/Al2O3 was revealed.



1. For the sample without Al film deposited, molten aluminum does not wet Al2O3 at 700 °C, the contact angle is 165°, and the interfacial shear strength is 25 MPa. With the increase in temperature, the contact angle decreases continuously, and the interface shear strength gradually increases. The contact angle decreases to a critical value of about 90° when the temperature increases to 1000 °C. With further increases in the temperature value of 1100 °C, the contact angle decreases to 80.3°. The wettability of molten aluminum to Al2O3 ceramics changes from non-wetting to wetting. The shear strength of the joint gradually increases to 115 MPa at 900 °C, and then the increase slowed down.



2. The sample deposited with Al film is wetted by molten aluminum at 700 °C, and the contact angle is only 12°. The interface shear strength is as high as about 120 MPa and is less affected by temperature. The shear fracture of the brazed joint occurs in the brazed seam of Al metal.



3. The high energy generated by either the temperature increase or the particle sputtering enables the Al atoms to overcome the energy barrier to form Al–O bonds with the O atoms on the Al2O3 ceramic surface. The formation of Al–O chemical bonds is the fundamental reason for the improvement of Al/Al2O3 wettability.
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Figure 1. The schematic of two kinds of Al2O3 ceramic samples. (a) without Al film deposited; (b) with Al film deposited. 
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Figure 2. The schematic of the sealed chamber. 
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Figure 3. The fixture schematic diagram for measuring shear strength of brazed joints. 
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Figure 4. The wettability of molten aluminum on the two kinds of sample at different temperatures. Without Al film deposited sample: (a) 700 °C; (b) 800 °C; (c) 900 °C; (d) 1000 °C; (e) 1100 °C; with Al film deposited: (f) 700 °C. 






Figure 4. The wettability of molten aluminum on the two kinds of sample at different temperatures. Without Al film deposited sample: (a) 700 °C; (b) 800 °C; (c) 900 °C; (d) 1000 °C; (e) 1100 °C; with Al film deposited: (f) 700 °C.



[image: Materials 14 02110 g004]







[image: Materials 14 02110 g005 550] 





Figure 5. The contact angle change of molten aluminum on the two kinds of sample. 
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Figure 6. The joint SEM images of the Al2O3 ceramic sample without Al film brazed at 700 °C (a) and corresponding area-scan images of Al (b), O (c) and Cu (d) elements. 
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Figure 7. The relationship between the brazed joints shear strength of the two kinds of sample and temperature. 
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Figure 8. Optical microscope images of the joints fracture morphologies of the two kinds of sample brazed at different temperatures. Without Al film deposited sample: (a) 700 °C; (b) 750 °C; (c) 800 °C; (d) 850 °C; (e) 900 °C; with Al film deposited: (f) 700 °C. 
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Figure 9. The area-scanning results of the Al, O, and Cu elements of the brazing fractures of the two kinds of sample. Without the Al film deposited sample: (a) 700 °C; (b) 800 °C; (c) 900 °C; with Al film deposited: (d) 700 °C. 






Figure 9. The area-scanning results of the Al, O, and Cu elements of the brazing fractures of the two kinds of sample. Without the Al film deposited sample: (a) 700 °C; (b) 800 °C; (c) 900 °C; with Al film deposited: (d) 700 °C.
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