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Abstract:



Composites obtained by bonding materials with the same crystal structure and different chemical compositions can create new functions that do not exist in conventional concepts. We have succeeded in bonding polycrystalline YAG and Nd:YAG ceramics without any interstices at the bonding interface, and the bonding state of this composite was at the atomic level, similar to the grain boundary structure in ceramics. The mechanical strength of the bonded composite reached 278 MPa, which was not less than the strength of each host material (269 and 255 MPa). Thermal conductivity of the composite was 12.3 W/mK (theoretical value) which is intermediate between the thermal conductivities of YAG and Nd:YAG (14.1 and 10.2 W/mK, respectively). Light scattering cannot be detected at the bonding interface of the ceramic composite by laser tomography. Since the scattering coefficients of the monolithic material and the composite material formed by bonding up to 15 layers of the same materials were both 0.10%/cm, there was no occurrence of light scattering due to the bonding. In addition, it was not detected that the optical distortion and non-uniformity of the refractive index variation were caused by the bonding. An excitation light source (LD = 808 nm) was collimated to 200 μm and irradiated into a commercial 1% Nd:YAG single crystal, but fracture damage occurred at a low damage threshold of 80 kW/cm2. On the other hand, the same test was conducted on the bonded interface of 1% Nd:YAG-YAG composite ceramics fabricated in this study, but it was not damaged until the excitation density reached 127 kW/cm2. 0.6% Nd:YAG-YAG composite ceramics showed high damage resistance (up to 223 kW/cm2). It was concluded that composites formed by bonding polycrystalline ceramics are ideal in terms of thermo-mechanical and optical properties.
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1. Introduction


Since the development of the ruby laser by Maiman in 1960 [1,2], other crystals—such as YAG, YVO4 and so on [3,4,5]—were developed as laser materials and their laser performances have been investigated. Additionally, the Nd:YAG ceramic laser gain material was successfully developed in 1995 [6,7] and, although it includes grain boundaries, efficient laser generation using this ceramic was reported. Since then, ceramic laser gain materials such as sesquioxide [8,9,10] that were difficult to grow with the conventional melt-growth method, and composite laser elements of complex design [11,12] for the creation of new laser functions, were regarded as very important materials in the field of laser engineering, especially in power scaling by large-size gain media [13].



In recent years, composite crystals formed by bonding dissimilar crystals with different chemical compositions has been suggested in order to create new laser functions [14], and excellent performance has been confirmed. Generally, precisely-polished crystals are contacted with (or without) adhesives and then heat-treated at a high temperature to produce diffusion-bonded composite crystals. It has been already confirmed that composite laser gain media give superior laser performance than their monolithic counterparts. However, there are fewer studies on the characteristics of the composite materials as well as the bonding technology and it is necessary to verify whether the composite has sufficient performance to be able to function as optics.



We have succeeded in the development of ceramic composite materials having an ideal bonding interface, which has equivalent properties to the host materials in terms of thermal conductive properties, mechanical strength properties, and scattering characteristics. This ceramic composite technology will not only be effective for future laser technology, but will also spread to the development of optics and composite manufacturing technology in other fields.




2. Current Status of Single Crystal Composites and Their Technical Issues


The basic concept of composite technology is to create multiple, innovative functions of lasers by combining two or more crystals with different compositions. In the conventional method for producing composite laser elements, precisely polished surfaces of crystals make contact with each other with or without adhesives and are heat-treated at a high temperature for diffusion bonding [13]. However, there are some major technical issues that must be solved to allow the development of a high-power laser system.



The first issue is in polishing technology. Generally, the surface flatness of crystal for diffusion bonding is set between λ/10 and λ/20 (λ = 633 nm). This implies that the surface has waviness (irregularity) of approximately several tens of nanometers. When crystal surfaces having this waviness are in contact with each other, interstices generate at the bonded interface, and only a partially bonded composite can be achieved. In some cases, index matching adhesives are filled into those interstices which leads to lower bonding strength.



The second issue is in the alignment of crystal orientation during the bonding process. It is impractical to completely match the crystal orientation of each crystal to be bonded. Even if it was possible to actualize the perfect surface flatness of the crystal with very precise polishing, it is impossible to align the YAG lattice of one crystal exactly onto the YAG lattice of another crystal, as it generates some kind of lattice defect at the bonding interface. Accordingly, the above two issues are still unsolved by the currently existing technology.



In the case of crystal composites formed by currently existing technology, the bonding interface appears to be very good quality (no scattering line) to the naked eye but as shown in Figure 1a, principally several tens of nanometer interstices exist at the bonding interface. Use of crystal composites in laser operation, as shown in Figure 1b, is suitable for laser generation, but the amount of heat accumulated at the interstices becomes larger and larger with an increase of pumping energy due to poor heat dissipation efficiency at the interface, until it finally induces poor beam quality and thermal saturation of laser output power. When it is excited with further increased pumping density, as shown in Figure 1c, the heat accumulation reaches to extremely poor conditions due to insufficient heat dissipation, and the crystal composite may break down during operation. Figure 1d shows fracture surfaces of crystal composite samples composed of Ti:Sapphire crystals after impact test [15], and Figure 1e shows the scattering condition of the bonding interface (center line) detected by He-Ne laser. In the photograph of the sample after the impact test, we can confirm a part that was bonded in good condition (which appears in an irregular shape after breakage) but other parts had only a flat surfaces after breakage, which suggests that the mechanically polished surfaces were not yet bonded to each other. As we can observe a scattering line along the bonding interface, the bonding condition of such crystal composites is not sufficient in terms of mechanical strength property and optical quality. Figure 1f shows the fracture surface of a commercial crystal composite (end cap type: YAG/Yb:YAG/YAG, 6 × 6 × 80 mm) that was broken after a high-power laser operation test using an LD of 940 nm as the pumping source (500 W max output). Breakage of the crystal composite occurred at the bonding interface of YAG/Yb:YAG, which was in accordance with our anticipated issue as mentioned above. Accordingly, it is clear that the currently existing crystal composite has the above-mentioned technical issues and a breakthrough technology that can cover this problem is indispensable for the development of high power with a high beam quality laser system.


Figure 1. (a–c) Problem of current composite used by single crystals; (d,e) typical results from bonding between Ti:Sapphire; (f) fracture surface of single crystal composite after bending experiment.
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3. Fabrication and Inspection of Advanced Ceramic Composite


There are two different approaches to forming a ceramic composite with ideal bonding conditions. One of them is similar to the conventional crystal composite forming technology. First, surfaces of ceramic specimens to be bonded are precisely polished and then these polished surfaces are placed in contact with each other (without adhesives), and heat-treated at a high temperature for diffusion bonding [16] (hereafter, this method is called DB: Diffusion bonding). Similarly, in polishing of ceramic surfaces, the flatness is set to a level of λ/10–λ/20 (λ = 633 nm) but the significant difference from single crystal is that ceramic has numerous grain boundaries. Due to the existence of grain boundaries, a certain amount of creep (high-temperature deformation) occurs in ceramics at high temperatures, and it is possible to make the size of the interstices smaller (at a several tens of nanometers level), which exists at the interface of the composite, by applying high pressure. At the beginning of bonding, the size of interstices existing at the bonding interface is just a level of flattened interstice (waviness around several tens of nanometers) that depends upon the surface finishing quality at a precise polishing step. When it is heat-treated at higher temperatures, the flattened interstices tend to minimize its surface area due to the lowering of surface free energy at high temperatures, and the shape of the interstice transforms into an almost spherical void from a flattened and elongated gap. The diffusion coefficient (volume diffusion) of the ceramic grain (bulk) is similar to that of a single crystal, and it is not possible to remove those voids through the inside of ceramic grains. However, ceramic materials have numerous grain boundaries, and it is well known that grain boundary diffusion is about 2–4 orders of magnitude faster than the volume diffusion [17,18,19]. If the above-mentioned spherical voids are composed of vacuum or oxygen or hydrogen gas, it can be released through the grain boundaries of ceramics with fast G.B. diffusion, and finally the interstices and voids existing at the interface disappears. Therefore, it is possible to form an ideal bonding interface without any interstices. However, even if was possible to produce a composite with the DB method, interstices tend to remain at the bonding interface. Therefore, in this method, precision polishing of bonding surfaces and optimization of post heat treatments, such as HIP (hot isostatic pressing) treatment to reduce and eliminate voids completely via grain boundary diffusion, are indispensable.



Figure 2a shows a ceramic composite that was formed by precision polishing and diffusion bonding of YAG and Nd:YAG ceramics, which is similar to the fabrication of crystal composites. At the first step of bonding (initial), the polished surfaces were brought into contact with each other and heated at 1600 °C under 1 MPa, and then heat-treated again by HIP at over 49 MPa and at a higher temperature (final). Figure 2b shows a transmission microscopic image of the composite (initial stage) formed by the DB method observed near the bonding interface. Partially-formed long and narrow interstices can be confirmed along the bonding interface. Figure 2c shows a transmission microscopic image (final stage) of the composite which was heat-treated at 1750 °C for 10 h after HIP treatment at 98 MPa. The long and narrow interstices transformed into spherical shapes and these voids have been removed through the grain boundaries. The mechanism for void removal through grain boundaries and its useful effect are illustrated in Figure 2d. As a result, the scattering at the interface becomes almost zero, and the thermo-mechanical property of the composite is significantly improved. Another approach is bonding two or more powder compacts under high pressure before the sintering step as shown in Figure 2e. In this way, it is easier to produce ceramic composite laser elements as seen in the lower part of Figure 2e. Hereafter, this method is referred to as PB: Powder bonding [16]. Some of the advantages of the PB method are that precision polishing and post heat-treatments are not necessary and it also allows forming composites with curved (or irregular) shapes. Transmission optical microscopic images of the bonding interface of this composite (YAG/Nd:YAG) formed by the PB method are shown in Figure 2f. Optical stresses (double refraction) were not observed due to the difference in their chemical composition, nor were interstices. This suggests that the microstructure of the ceramic composite is not a problem for use as optics.


Figure 2. (a) Ceramic composite formed by DB method; (b) Transmission microscopic image of the composite (initial stage) after diffusion bonding with short soaking time; (c) final stage of the composite after HIP treatment; (d) Illustration of microstructure of interface from initial to final stage of bonding; (e) Forming YAG-Nd:YAG composite by bonding powder compacts; (f) bonding interface of the formed YAG/Nd:YAG composite observed under a polarized optical microscope.
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Figure 3a shows an appearance of ceramic composites (YAG/Nd:YAG/YAG) formed by the DB method and the PB method. In any of the composite samples, the bonding interface cannot be seen by the naked eye. SEM/EDX (scanning electron microscopy/energy dispersive X-ray, /Model SU8000, HITACHI Co., Ibaraki, Japan) analysis system was used to study the bonding interface. A result for the ceramic composite formed by the DB method is shown in Figure 3b. Interstices were not observed at the bonding interface. The grains of Nd:YAG and YAG are joint with each other and no boundary line was observed. Only a small difference in their grain sizes was observed. In the line analysis result by EDX, a sudden change of Nd ion concentration was detected at the bonding interface area but no segregation was observed at the interface. In addition, HR-TEM (high resolution transmission electron microscopy, Model 2010DM, Nippon Denshi Co., Tokyo, Japan) was used to analyze the lattice structure of the bonding interface. The result is shown in Figure 3c. Interstices were not observed at the bonding interface, and we can confirm that the bonding interface is interstice-free and the bonding is also complete at the atomic level (very similar to the typical grain boundary structure of laser ceramics). Figure 3d shows the wavefront image of an end-capped composite, which was formed by the DB method in a cross-sectional view. Straight fringes were observed, suggesting that the optical homogeneity (refractive index distribution) is very good along the direction of laser beam generation.


Figure 3. (a) Appearance of YAG/Nd:YAG/YAG ceramic composite formed by DB method (upper) and PB method (lower); (b) microstructure of bonding interface of YAG/Nd:YAG ceramic composite observed by SEM/EDX, and line analysis result for Nd ion distribution near the bonding interface by EDX; (c) lattice structure of bonding interface of YAG/Nd:YAG grains by HR-TEM; (d) wavefront image of end-capped composite by interferometer.
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In Figure 4a–d, an appearance of monolithic YAG and Nd:YAG, two-layered composite and seven-layered composite formed by the PB method are shown respectively together with their polarized images, transmission wavefront images (Model F601, Fuji Film Co., Tokyo, Japan) and scattering images by He-Ne laser (λ = 633 nm) beam. In the case of monolithic YAG and Nd:YAG ceramics, double refractions were not observed, and the index distribution results by interferometry were similar to each other. Especially in the center area (an approximately 3 mm squared area) where the surface flatness is >λ/10, PV value for the YAG and Nd:YAG monolithic ceramic was λ/10 level, which was also the same in the case of two-layered and seven-layered composite ceramics. These results revealed that the optical quality of composite ceramics is as excellent as their monolithic ceramic counterparts even though the ceramic composites included many bonding interfaces. As a reference, the author prepared a single crystal composite (YAG/Nd:YAG) by a conventional precision polishing and diffusion bonding method. In this reference material (crystal composite), scattering of He-Ne laser beam can be observed at the bonding interface, suggesting that interstices remained at the bonding interface.


Figure 4. Optical properties of ceramic composites in comparison with their monolithic ceramic counterparts evaluated by polarizing plate (birefringence image), interferometry (optical homogeneity), and laser irradiation (scattering image). Measuring wavelength = 633 nm.
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To evaluate the bonding condition of ceramic composites (YAG/Nd:YAG) formed by the DB method, their thermal and mechanical properties were compared with those of monolithic YAG and Nd:YAG ceramics and single crystals as well. For mechanical strength evaluation, test pieces with size of 3 × 4 × 25 mm were prepared and the four-points bending method (JIS R1601, Universal testing Machine, Model 5582, Instron Co., Massachusetts, USA) was applied. Thermal conductivity was measured by laser flash method (JIS R1611, Laser Flash Thermal Constants Analyzer, Model TC-7000, Ulvac Riko Co., Yokohama, Japan). The results from the bending test and laser flesh method are summarized in Figure 5a,b, respectively. Appearance of the ceramic composite sample after the bending test is shown in Figure 5c. (As a reference, fracture surface of the commercial crystal composite is also shown in Figure 5d.) A magnified image of the fracture surface of the ceramic composite is shown in Figure 5(e1). Fracture surface of the ceramic composite was also observed by SEM and shown in Figure 5(e2,e3). In all cases, fracture strength of ceramic composites was equal to or greater than that of their monolithic counterparts. The fracture starting point was not from the bonding interface. However, the fracture strength of the crystal composite was only about 1/10 of the host material. The fracture point was at the bonding interface, and the fracture surface was a flat surface with a mirror reflection. In the case of the ceramic composite, the fracture surface was an irregular shape and as seen in the SEM images, intergranular fracture (i.e., grain boundary fracture) was typically confirmed in any of the cases of fracture at the YAG side or Nd:YAG side. This also suggested that the fracture strength of ceramic composite is very high. Thermal conductivity of ceramic composite was just between that of the monolithic YAG and Nd:YAG. It is shown that there are no obstacles (i.e., interstices) which disturb the lattice vibration at the bonding interface, and formation of an ideal bonding condition is anticipated at the bonding interface. There are some reports on fabrication of composite elements from ceramic components [20,21]. However, due to the insufficient bonding condition, scattering at the bonding interface was significantly observed and the ceramic composite has weak points that need to be overcome.


Figure 5. (a) Three point bending strength of monolithic YAG and Nd:YAG ceramics and single crystal, and YAG/Nd:YAG composite composed of polycrystalline ceramics and single crystal, appearance of YAG-Nd:YAG composite; (b) Thermal conductivity of YAG, Nd:YAG, and composite by laser flash method; (c) polycrystalline ceramics; and (d) commercial single crystal, after bending test; (e1–e3) magnified image of fracture surfaces of ceramic composite by stereoscope and SEM.
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4. Optical Quality of Ceramic Composite


Laser tomography was used to measure the scattering characteristics of ceramic composites. YAG/YAG, Nd:YAG/Nd:YAG, and YAG/Nd:YAG ceramic composite samples were prepared by the PB method, and scattering measurement results on these samples are summarized in Figure 6a–c. For comparison, a result on the YAG/Nd:YAG crystal composite (DB method), which was prepared by the author, is also described in Figure 6(d1). A setup for the measurement of laser tomography is shown in Figure 6e. An Nd:YAG laser (1064 nm) was used as an optical source, and an infrared CCD camera was used to capture the scattering images. The dimension for all samples was 6 × 6 × 20 mm and a laser beam was irradiated at a 6 × 6 mm face (mirror-polished surface), and the scattering condition was observed from a 6 × 20 mm face (mirror-polished surface). In the case of ceramic composite samples formed with the same refractive index (i.e., YAG/YAG and Nd:YAG/Nd:YAG), scattering was not observed at the bonding interface as well as in the host materials. This suggests that the scattering loss of the bonding interface is extremely low (beyond the measurable level). Even when the light source was changed to visible wavelength (He-Ne laser @ 633 nm), it was difficult to observe the scattering at any position of the bonding interface. In the case of dissimilar materials (i.e., the YAG/Nd:YAG composite sample), it seems a faint scattering occurs around the bonding interface. However, in the case of the YAG/Nd:YAG crystal composite (refer to Figure 6(d1)), in addition to the faint scattering at the bonding interface, localized scattering spots can be observed along the bonding interface. Since the refractive indices of YAG and Nd:YAG are 1.80 and 1.81–1.82, respectively, scattering is theoretically due to the mismatch of refractive index occurs at the bonding interface. By laser tomography, scattering due to the index mismatch was only detected in the ceramic composite, and scattering due to other causes was beyond the measurable level. However, in the case of the single crystal composite, as shown in Figure 6(d1), when the bonding condition is very good, it was very hard to detect the scattering spots. In most of the cases, however, interstices tended to remain partially at the bonding interface and this could be easily detected by visible laser beam (He-Ne laser @ 633 nm) as shown in Figure 6(d2).


Figure 6. (a–c) Observation of scattering for bonding interfaces of YAG/YAG, Nd:YAG/Nd:YAG, YAG/Nd:YAG ceramic composites and (d1) YAG/Nd:YAG single crystal composite by laser tomography; (d2) scattering from heterogeneous bonding part by He-Ne laser irradiation; (e) schematic diagram of laser tomography using Nd:YAG laser of 1064 nm as optical source; (f) schematic configuration of the samples used in the measurement of optical loss; (g) scattering loss for (1) YAG; (2) Nd:YAG without bonding; (3) YAG; (4) Nd:YAG with joint each 2 mm; (5) YAG/Nd:YAG with one joint; (6) YAG/Nd:YAG with joint each 2 mm; (7) YAG; and (8) Nd:YAG single crystals as reference.
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Schematic configuration of the samples used in the measurement of optical loss is shown in Figure 6f. Samples 1 (YAG) and 2 (Nd:YAG) are monolithic structures formed without bonding. Samples 3 (YAG) and 4 (Nd:YAG) are composite structures having 15 layers of the same composition (YAG or Nd:YAG) throughout the whole position of the sample formed by the PB method. Each layer was formed with a 2 mm step. Hence, they include 14 bonding interfaces in each sample. Samples 5 and 6 are also composite structures (YAG/Nd:YAG) formed by the PB method but Sample 5 has only one bonding interface of YAG and Nd:YAG, while Sample 6 has 14 bonding interfaces, in which layers of YAG and Nd:YAG composition are arranged in alternate positions. Additionally, in this composite, each layer was formed with a 2 mm step. The optical source was Nd:YAG laser (1064 nm). Surface of test samples was AR (anti-reflection) coated. The transmittance light was measured by a power meter. Optical losses measured at the 1064 nm wavelength were summarized in Figure 6g. Optical losses of Samples 1 and 2 (monolithic YAG and Nd:YAG host materials without bonding) were 0.10 and 0.11%/cm, respectively. In the case of Samples 3 and 4 (composite YAG and Nd:YAG formed by bonding 15 layers), their optical losses were 0.11 and 0.11%/cm, respectively. In this method, it was confirmed that their optical losses do not depend upon the number of bonding layers in the case of using the same refractive index materials. However, in the case of Sample 5 (YAG/Nd:YAG composite with single bonding interface), the optical loss was 0.15%/cm, which was a little bit larger than that of the host materials. In addition, in the case of Sample 6 (YAG/Nd:YAG composite formed with 15 layers), the optical loss was also 0.15%/cm, regardless of the number of bonding interfaces compared to Sample 5. The increase of optical loss in the YAG/Nd:YAG composite is attributable to the difference in refractive index (⊿n) of YAG (1.80) and Nd:YAG (1.81–1.82) at the bonding interface. In calculation, the difference in refractive index (⊿n) of about 0.01–0.02 level generates Fresnel loss of 0.1–0.2% per single bonding interface. In the case of Sample 6, there are 4 bonding interfaces of YAG/Nd:YAG at a 1 cm length. Hence, the Fresnel loss can be estimated to be 0.4–0.8%/cm (4 times 0.1–0.2%/cm) due to refractive index mismatch. Additionally, the optical loss of the host material itself was about 0.1%/cm. Therefore, the total optical loss of Sample 6 by calculation is estimated to be between 0.5–0.9%/cm. However, the measured values were very close to each other. It can be considered that the diffusion layer in the composite sample formed by the PB method is very thick (approximately 1 mm). Hence, the concentration gradient of the Nd ion (i.e., refractive index gradient) is very smooth at the bonding interface, and the scatter angle at the bonding area is so narrow that the difference in the measured values of their optical losses is apparently very small.



Although the scattering at the bonding interface is very small or negligible, it is necessary to evaluate their laser damaging properties. For this measurement, the general method for LIDT (laser induced damage threshold) was applied [22]. A Nd:YAG laser was operated in a single-shot mode (at 1064 nm, 8 ns pulse duration, 7.6 GW/cm2 peak power) to measure the bulk LIDT. A lens with a focal length f = 100 mm was used to focus the laser radiation into the sample. The energy of the pulses was varied with an attenuator consisting of a polarizer and a half-wave plate. The experiments were carried out according to the ‘1-on-1’ procedure, that is, the damage threshold was measured every time on a new site of the sample. The formation of the cracks was identified by using a Nomarski microscope at a magnification of 50. Both the commercial 1% Nd:YAG single crystal and our prepared Nd:YAG ceramics were broken at around 28–31 J/cm2. Figure 7a showed the transmitted optical micrographs of cracks occurred inside the single crystal and ceramics observed under an optical microscope. It was confirmed that the crack size in the single crystal was larger than that in the ceramics, and the LIDT value of ceramics was larger than that of a single crystal. Fracture toughness for single crystal and polycrystalline Nd:YAG ceramics was 1.43 and 2.02 MPa·m1/2, respectively evaluated by JIS1607, Universal Testing Machine/Model 5582, Instron Co., MA, USA. Laser damaging is a kind of impact fracture and it is considered that the optical defects induced thermal stress and finally cracks occurred in the samples. Therefore, it is considered that the relationship of the parameters of KIC·κ/E·α (KIC: Fracture toughness, κ: Thermal conductivity, E: Elastic constant, α: Thermal expansion coefficient) is strongly correlated [23]. Apart from KIC, parameters are similar to each other even in single crystal or ceramics. Hence, the magnitude of KIC strongly influences the laser damaging properties of ceramics.


Figure 7. (a) Textures of crack for Nd:YAG single crystal and polycrystalline ceramics after irradiation of giant pulse laser with 100 J of 8 ns pulse width; (b) Schematic diagram for laser oscillation and damage test with insufficient cooling system; (c) Laser performance and cracking position of each sample.



[image: Materials 11 00271 g007]






The monolithic 1% Nd:YAG crystal (Sample 1), end-cap type YAG/1% Nd:YAG/YAG ceramic composite (Sample 2), and YAG/0.6%Nd:YAG/YAG ceramic composite (Sample 3) were prepared. The laser oscillation experiment and laser damage test were carried out on these samples at the same time in the laser oscillator shown in the Figure 7b. Sample size was 7 × 7 × 20 mm3, and 808 nm LD source was focused into φ200 μm. The focused beam point was irradiated at a point about 2 mm apart from the Nd:YAG/YAG bonding interface. In the case of the monolithic Nd:YAG, the focused beam was pointed to pump at a place about 2–3 mm inwards from the edge. However, in order to evaluate the damaging property during lasing action, the cooling condition was set to be insufficient. Cooling chillers (50 W) were attached on both sides (top and bottom, 30 × 80 mm) but the volume (7 × 7 × 20 mm3) was so large that it sufficiently released the heat from the gain medium. Figure 7c shows the points where cracks occurred and their laser performances. All of the samples showed slope efficiency of 50%. However, Sample 1, the monolithic Nd:YAG crystal, was broken at IPP (incident pumping power) 66 W(PPD/pumping power density = 80 kW/cm2). Sample 2 was broken at IPP = 91 W (PPD = 127 kW/cm2) but Sample 3 was broken at IPP = 149 W (PPD = 223 kW/cm2) because of lower Nd doping concentration. Noticeably, the commercial single crystal composite was broken from the bonding interface, and the very flat surface can be confirmed. The main cause of cracking was due to the insufficient cooling of the area where the pumping intensity was very high although the total cooling capacity was about 100 W by chillers. The above results suggested that the thermal mechanical properties of the ceramic composites are very similar or superior to that of the host materials. In addition, the optical loss of the bonding interface of the advanced ceramic composite is fairly small or negligible. These facts are evidence of formation of an ideal and innovative ceramic composite with ideal bonding interfaces.




5. Conclusions


With the advantages of ceramic bonding technology, composite laser ceramics with various designs have been demonstrated; for example, end-cap designed YAG-Er:YAG-YAG, Er:YAG with gradient doping profile, clad-core designed Yb:YAG-Cr4+:YAG, and so on. Optical quality and thermo-mechanical properties were found to be excellent in these structured ceramics.



Laser output with 266 W was achieved from a small scaled ceramic waveguide laser element (10 × 32 mm, YAG-Nd:YAG (400 μm core)-YAG). In addition, in the case of 0.6% Nd:YAG ceramic laser rod (Φ6 × L180 mm, bonded at every 30 mm length interval) and slab (40 × 2.5 × 120 mm, bonded at every 20 mm length interval) fabricated by this ceramic bonding technology, stable laser output power with over 4 and 7 kW levels, respectively, have been achieved in both types by end-pumping and side-pumping with 808 nm LD [24]. Details of these results will be reported in the near future. It is expected that composite ceramic laser gain media will create innovations that meet the requirements for the development of high performance and high power lasers in the future. An advanced ceramic technology that can produce ceramic laser composites with ideal bonding interfaces has drastically changed the thermo-mechanical and optical characteristics of laser gain materials. We can apply this technology not only in the fields of garnet system laser optics but also in other general optics for getting improved functionality and reliability, and also for making large-scale optics.







Author Contributions


Akio Ikesue and Yan Lin Aung of World Lab Co. conceived the whole of this research and especially prepared all material samples for the experiments and evaluated the basic properties of the produced materials, and additionally performed discussion on the results and analytical data of thermo-mechanical properties and optical properties of these materials, and wrote the whole paper. Yuji Iwamoto and Sawao Honda of Nagoya Institute of Technology designed and performed the experiments for the thermo-mechanical properties of these materials and analyzed the obtained experimental data. Tomosumi Kamimura of Osaka Institute of Technology designed and performed the experiments for optical damage properties of these materials and analyzed the obtained experimental data.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Maiman, T.H. Simulated Optical Radiation in Ruby. Nature 1960, 187, 493–494. [Google Scholar] [CrossRef]

	2. 
Maiman, T.H. Optical and Microwave-Optical Experiments in Ruby. Phys. Rev. Lett. 1960, 4, 546–566. [Google Scholar] [CrossRef]

	3. 
Geusic, E.; Marcos, H.M.; Van Uitert, L.G. Laser Oscillation in Nd doped Yttrium Aluminum, Yttrium Gallium and Gadolinium Garnets. Appl. Phys. Lett. 1964, 4, 182–184. [Google Scholar] [CrossRef]

	4. 
Molton, P.F. Spectroscopic and Laser Characteristics of Ti:Al2O3. J. Opt. Soc. Am. B 1986, 3, 125–132. [Google Scholar] [CrossRef]

	5. 
Huber, G.; Duczynski, E.W.; Petermann, K. Laser Pumping of Ho-, Tm-, Er-Doped Garnet Lasers at Room Temperature. IEEE J. Quantum Electron. 1988, 24, 920–923. [Google Scholar] [CrossRef]

	6. 
Ikesue, A. Polycrystalline Transparent Ceramics for Laser Applications. JP Patent No. 3463941, 27 April 1992. [Google Scholar]

	7. 
Ikesue, A.; Kinoshita, T.; Kamata, K.; Yoshida, K. Fabrication and Optical Properties of High-Performance Polycrystalline Nd:YAG Ceramics for Solid-State Lasers. J. Am. Ceram. Soc. 1995, 78, 1033–1040. [Google Scholar] [CrossRef]

	8. 
Tokurakawa, M.; Takaichi, T.; Shirakawa, A.; Ueda, K.; Yagi, H.; Hosokawa, S.; Yanagitani, T.; Kaminskii, A. Diode-Pumped Mod-Locked Yb3+:Lu2O3 Ceramic Laser. Opt. Express 2006, 14, 12832–12838. [Google Scholar] [CrossRef] [PubMed]

	9. 
Zhang, J.; An, L.Q.; Liu, M.; Wang, S.W.; Chen, L.D. The Fabrication and Optical Spectroscopic Properties of Rare Earth doped Y2O3 Transparent Ceramics. In Proceedings of the 3rd Laser Ceramics Symposium, Paris, France, 8–10 October 2007. [Google Scholar]

	10. 
Dou, C.G.; Yang, O.H.; Xu, J. A Novel Yb3+-doped Yttrium Lanthanum Oxide Laser Ceramics. In Proceedings of the 3rd Laser Ceramics Symposium, Paris, France, 8–10 October 2007. [Google Scholar]

	11. 
Ikesue, A.; Aung, Y.L. Synthesis and Performance of Advanced Ceramic Lasers. J. Am. Ceram. Soc. 2006, 89, 1936–1944. [Google Scholar] [CrossRef]

	12. 
Yagi, H.; Takaichi, K.; Ueda, K.; Yamasaki, Y.; Yanagitani, T.; Kaminskii, A.A. The Physical Propertieies of Composite YAG Ceramics. Laser Phys. 2005, 15, 1338–1344. [Google Scholar]

	13. 
Ikesue, A.; Aung, Y.L. Ceramic Laser Materials. Nat. Photonics 2008, 21, 721–727. [Google Scholar] [CrossRef]

	14. 
Meissner, H.E. Composites Made from Single Crystal Substances. US Patent 5,441,803, 15 August 1995. [Google Scholar]

	15. 
Sugiyama, A.; Fukuyama, H.; Sasuga, T.; Arisawa, T.; Takuma, H. Direct Bonding of Ti: Sapphire Laser Crystal. Appl. Opt. 1998, 37, 2407–2410. [Google Scholar] [CrossRef] [PubMed]

	16. 
Ikesue, A. Composite Laser Element and Laser Oscillator Employing It. U.S. Patent No. 7,960,191,B2, 14 June 2011. [Google Scholar]

	17. 
Coble, R.L. Sintering Crystalline Solids. II. Experimental Test of Diffusion Models in Powder Compacts. J. Appl. Phys. 1961, 33, 793–799. [Google Scholar] [CrossRef]

	18. 
Oishi, Y.; Kigery, W.D. Oxygen Diffusion in Periclase Crystal. J. Chem. Phys. 1960, 33, 905–906. [Google Scholar] [CrossRef]

	19. 
Shirasaki, S.; Matsuda, S.; Ikegami, T.; Haneda, H.; Ikesue, A. Variables Controlling Sinterability of Oxide Ceramics. In Proceedings of the International Institute for Science of Sintering (IISS) Symposium, Tokyo, Japan, 4–6 November 1987; Volume 1, pp. 273–278. [Google Scholar]

	20. 
Taira, T. Ceramic YAG Lasers. Comptes Rendus Phys. 2007, 8, 138–152. [Google Scholar] [CrossRef]

	21. 
Ge, L.; Li, J.; Zhou, Z.; Qu, H.; Dong, M.; Zhu, Y.; Xie, T.; Li, W.; Chen, M.; Kou, H.; et al. Fabrication of composite YAG/Nd:YAG/YAG transparent ceramics for planar waveguide laser. Opt. Mater. Express. 2014, 4, 1042–1049. [Google Scholar] [CrossRef]

	22. 
Kuzuu, N.; Yoshida, K.; Yoshida, H.; Kamimura, T.; Kamisugi, N. Laser-Induced Bulk Damage in Various Types of Vitreous Silica at 1064, 532, 355, and 266 nm: Evidence of Different Damage Mechanisms between 266-nm and Longer Wavelengths. Appl. Opt. 1999, 38, 2510–2515. [Google Scholar] [CrossRef] [PubMed]

	23. 
Kingery, W.D. Factors Affecting Thermal Stress Resistance of Ceramic Materials. J. Am. Ceram. Soc. 1955, 38, 3–15. [Google Scholar] [CrossRef]

	24. 
Ikesue, A. High Power Laser Generation by Monolithic Nd:YAG Slab and Composite End-cap Slab. Unpublished work.























© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
[@vacias ] [®navacHavAG [evaomavas ] [ vacmavas oyl |

Boncingintrtace Borcinginterface Bordinginterface Borcinginterface

[e2 vaGmavas crstal ] [(eSetptortaser tomography

1064nm

Scatering t Bonding nteace du o incomplel bonding condton L %

o ©

imoctbonang moutbonang

Wihou Bonding
(YRGB o0
(BNevAG 3o o

oste A coramicin WiiGandh

e bondna by PEmenos e bondngby P mens e o
(aNavAG iponts) o

Wihgonding
e ey 78 e ki 1510y 7 813
o010
fitiere=m o





media/file4.png
(a) Composite by DB method

(b) Initial ¢ 32 (c) Final l (e) Composite by PB method (f) Transmission Optical Microscopic image
e
’-~‘ g
I’ \ %- g Open Nicole
1
: S d P % 3 ( Bonding
interstice  "ZZ_ § YAG @ Nd:YAG « Interface
[/ \ 3 -
(1] o N T w ¥
N ) 2 RS
B YAG - Nd:YAG 3 S :
W . L T b Nd:YAG YAG
m m
Precision Polished Samples " —_— L= ‘
g \,‘.nis«\\\\\‘ 100pm
Diffusion Bond / High Temperature (d) Mechanism of voids removal g‘ I B
- vhG 0

Sintering only (No Precision Crossed Nicole
Polishing & Diffusion Bond)

@, . 15 Interstice G
3 a.'! p . ‘ —( pEe 4 L

Disappear
e Rz

No scattering

Nd:YAG






nav.xhtml


  materials-11-00271


  
    		
      materials-11-00271
    


  




  





media/file11.png
| Mechanical Strength (MPa) | Thermal Conductivity (W/mK)

YAG ceramics
Nd:YAG Ceramics

Composite
(YAG-Nd:YAG)

YAG Crystal
Nd:YAG Crystal

269
255

278

226
217

YAG (1mm thick) 141
YAG (0.5mm)-Nd:YAG 12.3
(0.5mm) Composite

Nd:YAG (1mm thick) 10.2






media/file16.png
b
(b) Reflection Mirror (R=99.9%) Output Coupler T=80%
6 layer stacked LD \\ " Heat 's'i'n'liz

(a)
—

-------------------

Lens units I Power meter
(Pumping Source) Composite samplq
¢t Wavelength:808nm E —
Maximum power:400W E ,
(c)

(3) YAG-0.6%Nd:YAG-YAG

L SRS AL
[: g Nl s:::m:z:J Cracked at IPP 149W *
® Monolithic 1.0 at.%Nd:YAG Crystal = ¢
o Crack occurred from here
; 60 s®
[e]
~ o® (2) YAG-1%Nd:YAG-YAG
[ ]
g ie Side view Top view
S Crackedat IPP91W e
= 40 ; 5 2
= [ ]
(=1 : o) 8 -
= Cracked atIPP66W _ @ Crack e
) . e \ rack occurred from here
20 - - (1) Ref. : 1%Nd:YAG
o8 \ Side view  Top view
. 3. =
*Q
0 .t Eﬂ
0 30 100 150 \Crack occurred from here

Input Power (W)





media/file2.png
(@) (b) (©)

YAG

Partial Bonding Low power High power
laser Operation / laser Operation

Interstices

Thermal Diffusion

Nd:YAG

Thermal Diffusion
Thermal Diffusion

He-Ne Laser

N

Bonding Interface






media/file10.jpg





media/file5.jpg
|

i

i mwmwnu\m\\w

3
E

b)

©

Fine Grain (YAG

@
VAG-10%NYAGYAG

Viave-fontimage
{ross-section)





media/file3.jpg
3 :






media/file1.jpg
@ ® ©

YAG

Partil Bonding

it vion

bl | Fracuure!

m..“mm%'
]

Nd:YAG

intnse LaserBeam






media/file7.jpg
@

I Monolithic yac I

)
Monolithic Ne:YAG

- I

A

©

24ayered Composite |
——

—
L AI -

—

@

7-ayered Composite






media/file12.png
Fracture surface






media/file9.jpg
CH ©

YAG ceramics YA (1mm thick) 141
BT = YAG (05mm) Ne YAG 123
Composte o (©5mm) Composita

(VAGHEYAG) NAYAG (1mm i) 102
YAG Crystal 28

N&YAG Crysal 217





media/file0.png





media/file14.png
(@) YAG/YAG (b) Nd:YAG/Nd:YAG (c) YAG/Nd:YAG (d 1) YAG/Nd:YAG Crystal

Bonding interface Bonding interface Bonding interface Bonding interface
(d-2) YAG/Nd:YAG Crystal | | (e) Setup for laser tomography
1064nm
Sample
Laser source \i ------------ > -i‘
Lens unit
Scattering at Bonding Interface due to incomplete bonding condition CcCD Camera
(f) (9)
1. Monolithic YAG ceramic 2. Monolithic Nd:YAG ceramic
without bonding without bonding
Without Bonding
(1) YAG /30 mm 0.10
(2) Nd:YAG / 30mm 0.11
3. Composite YAG ceramic with 4. Composite Nd:YAG ceramic with With Bonding
| mqltrlp!erbqrjdling t?yi P’Brmre_thod multiple bonding by PB method (3) YAG (14points) 0.11
’ (4)Nd:YAG (14points) 011
With Bonding
(5)YAG-Nd:YAG (1 points) 0.15
5. Composite YAG/Nd:YAG ceramic 6. Composite YAG/Nd:YAG ceramic with (6) YAG-Nd:YAG (14points) 015
ith single bonding by PB method multi bonding (15 layers) by PB method
Wit singie bonding by = metho 9 yers)oy Reference (monolithic)
' ' (7)YAG Crystal 0.10
(8) Nd:YAG Crystal 0.12

-
1cm





media/file8.png
| Appearance (a)

I Monolithic YA W

Under Polarizer

Interferometry image |

K

W mm High

Wave

[ JILOW

PV 0.08 wave

| Inspection by He-Ne laser |

(b)

Monolithic Nd:YAG

r ™ Hioh

Wave

N o I

PV 0.12 wave

2-layered Composite
P——

M

' ‘ mm High

Wave

‘ A |Low

PV 0.11 wave

(d)

7-layered Composite

- B*
H&_

[ ‘ mm High
Wave

[ A ILow

PV 0.10 wave






media/file6.png
(a)

S ————————
f!!l[l'1l,llll||lll]l||||||II|III|||||I||I|I|III

DBMethod | 7

|
A RRRIRY

.ia

||||||I||I‘|||||||||\l|l\\l\\\\\\\\\\\\\\\\\\\\g

| PBMethod | ' MM

Intensity (arb. unit)

Nd

Distance / um

Fine Grain (Nd:YAG Ceramics)

Fine Grain (YAG Ceramics)
onm

(d)
YAG-1.0%Nd:YAG-YAG
(6 X 5x 29 mm)

Wave-front image
(cross-section)





media/file15.jpg
L ‘Reflection Mirtor (R=09.9%) Output Coupler T=80%
R—rry -

Lons unis

(Punping Scurce)
Wavslengthe080m

Mimum poner 400N

o)

e ]

(2) AG1UNGYAGVAG.
& S ope

I ED 00

Input Power (W)





