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ABSTRACT
The structural integrity of nuclear fission and fusion power plant components is the focus of this research. The state of the art is using micro scale specimens milled with a focussed ion beam (FIB). Because of their very low volume such specimens can be lab tested, even when irradiated to low or medium level of activity. This offers a possibility of testing multiple specimens to investigate stochastic effects, e.g. effects of irradiation on the shift of the ductile to brittle transition. However, FIB milled specimens suffer from Ga contamination, to the degree that the validity of fracture data obtained on such specimens is questionable. We propose to use nano-additive manufacturing as an alternative to FIB for making micro scale fracture specimens. A combination of two-photon polymerization and electrodeposition and sputtering was used to manufacture micro-scale Brazilian disk fracture specimens (CBD), which are free from Ga and thus better suited for the study of irradiation effects on structural integrity. In this study Ni CBD specimens were made with 30 µm diameter and up to 13 µm thickness. The slot width varied between 1 µm to 2.9 µm width the corresponding slot length of between 7.5 µm and 8 µm. Consecutive FIB characterization shows that the specimens have polycrystalline microstructure with sub-µm grains. The work is ongoing making W CBD specimens and on reducing the slot width and using chemical vapor deposition fabrication.
Introduction
Recently, considerable efforts have been dedicated to micromechanical testing of small scale specimens whose microstructure can be characterized by various advanced techniques such as scanning electron microscopy [1], high resolution transmission electron microscopy [2], atom probe tomography [3], and X-ray nano-tomography [4]. This is because such small-scale tests can be ion implanted or neutron irradiated but still handled in laboratory conditions due to their small volume even if the samples show low to medium levels of activity. The currently accepted method for fabricating micro-specimens is micro-milling micro-pillars or micro-cantilever beams, which undergo compression or bend loading by using a nano-indenter. The milling is carried out by focused ion beams (FIB). The process, although extremely versatile, is known to induce damage and material alterations to the specimens; these include: Ga contamination [5], Ga segregation to grain boundaries [6], change in the stoichiometry [7], and in extreme cases amorphization [8]. Helium FIB suffers from similar issues (e.g. helium bubbles implantation). In addition to inducing damage, FIB milling limits the geometry of fabricated specimens. For example, the notched micro cantilever beams used in measuring fracture toughness do not allow for accurate measurement of the crack morphology, length, and interaction with the microstructure [9]. FIB cannot be used to mill very deep narrow slits, because material atoms displaced by impacts with Ga ions cannot escape from deep narrow slits. This results in the fracture toughness extracted from micro-samples to be unreliable. 
In this work we explore the feasibility of using additive manufacturing techniques as alternatives to FIB milling. We show that direct laser writing by two-photon polymerization (2PP-DLW) is a highly accurate and flexible technique, that can be used for creating complex 3D geometries (templates). We then show how such templates can be used to make micro-specimens via different materials deposition methods [10]. 
[bookmark: _Hlk501140566]Geometric design
[bookmark: _Hlk501147925][bookmark: _Hlk501148443]The specimen geometry is a cracked Brazilian disk (CBD), as illustrated in Fig. 1a. It is a disk, with a thin slot along one axis. Blocks are added on the top and bottom of the disk so that pressure can be applied more easily along the length of the slot for fracture testing. The design parameters are detailed in Fig. 1b. The original design was D = 15 µm, W = 1 µm, L = 5 µm and B = 2 µm. However, due to initial fabrication issues, such as size variation after material 
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Figure 1. (a) Cracked Brazilian Disk (CBD) – the crack opens in x direction due to Poisson effect when compressive force is exerted on the sample in y direction. The crack is expected to grow in the y direction. (b) CBD design parameters.
deposition, all dimensions were doubled in order to first establish the feasibility of backfilling via electrodeposition. Hence, the parameters used in this paper are: D = 30 µm, W = 2 µm, L = 10 µm and B = 4 µm. Additionally, the nominal slot width W was varied from 2 to 8 µm in 2 µm steps (2, 4, 6, 8 µm).
Specimen preparation and fabrication
In this paper, a micro-scale fracture specimen was fabricated by 2PP-DLW [11-12], followed by Ni electrodeposition. Fig. 2 illustrates the manufacturing processes for producing specimens. There are four steps for creating a CBD specimen. First, a positive resist (AZ9260) was spun onto an ITO-coated coverslip glass substrate yielding a thickness of approximately 13 µm. Then, a two-photon lithography system (consisting of a laser wavelength 780 nm, power 120 mW laser with pulse width 120 fs and rep rate 80 MHz) was used to write structures within the resist. Following this, polymeric templates (an inverse CBD, as shown in Fig. 3) were made, where the laser power was varied between 4-10 mW and development time was about 8.5 minutes (40 s/µm). The next step was electrodeposition. In this process, Ni was used to backfill the templates. A standard Watts bath (700 ml) was used consisting of Ni sulphate (168 g), Ni chloride (22 g), and boric acid (21 g). A simple two-electrode implementation was used with a Ni anode and operating at constant current of 2 mA. After electrodeposition, the resist was lifted off for 10 minutes in acetone. Fig. 3 shows step 2 of the process: the polymer template (or mold) obtained after developing the positive photoresist after writing the CBDs into it. The exposed areas are removed, leaving a hollow disk shape, with a wall for the disk slot.
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Figure 2. Schematic illustrating the CBD fabrication process with direct laser writing and electrodeposition. The four steps of fabrication: (1) Direct laser writing, (2) development, (3) Electroplating, (4) Polymer removal in acetone.
[bookmark: _Hlk501200442]Results and discussion
FIB images of the Ni CBD specimens are shown in Fig. 4. The nominal slot size was 2×10 µm2 and the specimen had a maximum height of 8.7 μm. The specimen shows clearly visible layers, which are about 3 μm thick. This is due to the slicing distance between layers being too large in the input file used during the DLW process. This problem can be eliminated by reducing the layer thickiness and increasing the number of layers. Fig. 4(b-e) shows cross-sections of the specimen, made with a FIB, along the X direction (b-c) and along the Y direction (d-e). The inside of the disk looks heterogeneous. This could be due to impurities in the electrodeposition solution or other electrodeposition related issues (irregular or too high/low currents for example).
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Figure 3. SEM images (a) an array of polymeric CBD templates fabricated by two-photon polymerization lithography. (b) zoom in of top view and (c) 45° view of a single CBD.
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Figure 4. FIB images of Ni CBD specimens, after the electrodeposition and polymer removal. (a) top view; (b) –(e) FIB sections revealing complex Ni microstructures
[bookmark: _Hlk501200486]Fig. 5 shows a different sample with a 9x10 array of fabricated specimens. The 9 rows (from top to bottom) correspond to the nominal slot widths of 2, 3, 4, 2, 3, 4, 2, 3 and 4μm. The specimens in this case are 13 μm high, much thicker than the ones in Fig. 4. Some of the specimens have moved around, after the polymer was removed, suggesting a low adhesion, which should make their removal for fracture testing easier.
Alternatively, tungsten, W, was also deposited using an AJA Orion sputter system. A 4.7 μm layer of W was DC sputtered (direct current) from a 3 inch target at 150 W using argon plasma. An uniform FIB cross-section of the layer is shown in Fig. 6. In order to reduce stress, the pressure was set to 15 mTorr during deposition. To prevent temperature from rising, the deposition was run in 9 intervals with cooling steps in-between.
[image: ]
Figure 5. (a) SEM images of an array of CBD specimens. (b) Zoom in of a single CBD. (c) Zoom in of 45° view of (a). (d) Zoom in of 45° view of a single CBD.
Conclusions
This paper for the first time reports how a micro-scale cracked Brazilian disk (CBD) fracture specimens can be fabricated by 2PP-DLW, followed by electrodeposition. Nickel was used in this feasibility study. SEM and FIB imaging shows that the additively manufactured CBD specimens have sub-µm microstructure with no obvious defects (see Figs. 4and 6). The immediate future tasks are to further characterize the quality of the obtained samples via atomic probe tomography and nano-indentation, and measure fracture behavior on as received and neutron irradiated specimens. We are also actively working on fabricating W specimens (see Fig. 6), which may require the use of other backfilling techniques, such as sputtering, and vapor phase deposition such as chemical vapor deposition and atomic layer deposition to perform conformal coating on the high-temperature resistant templates made of silica with the double-inverse laser writing processes.
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Figure 6. An FIB cross-section of the tungsten (W) deposition on silica substrate using DC sputtering process. (a) Top view and (b) cross-sections are cut using a focus ion beam.
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