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Author Questionnaire 
1. Microscopy: Does your protocol require the use of a dissecting or stereomicroscope for performing a complex dissection, microinjection technique, or something similar?  NO  

2. Software: Does the part of your protocol being filmed include step-by-step descriptions of software usage?  YES, done

3. Interview statements: Considering the COVID-19-imposed mask-wearing and social distancing recommendations, which interview statement filming option is the most appropriate for your group? Please select one.

☒ 	Interviewees wear masks until videographer steps away (≥6 ft/2 m) and begins filming, then the interviewee removes the mask for line delivery only. When take is captured, the interviewee puts the mask back on. Statements can be filmed outside if weather permits. 

4. Filming location: Will the filming need to take place in multiple locations?   YES, different labs (4) in campus.


Current Protocol Length

Number of Steps:  12
Number of Shots:  34 

Introduction

1. Introductory Interview Statements

REQUIRED:

1.1. Gary Prinz: The presented protocol helps to reduce the required time for fabrication and testing of micro-scale material specimens and provides clear guidance for the micro-mechanical testing of metal materials which is applicable to many engineering fields.
1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B-roll: 2.2.3 for ‘fabrication’


1.2. David Gonzalez-Nino: This technique allows high-throughput fabrication and testing of micro-scale material coupons. Additionally, by creating micro-columns via photolithography, material re-deposition is reduced, and micro-tensile grip maneuverability around the specimen is improved.

1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B-roll: 5.3.2 for ‘micro-tensile grip maneuverability’



OPTIONAL:

1.3. Mahyar Afshar-Mohajer: Although this method was applied to steel, similar methodology could be used for other materials such as silicon, to improve the designs of micro-electromechanical systems or MEMS.

1.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera

1.4. David Gonzalez-Nino: Wet-etching and grip-sample alignment are challenging steps. It is recommended to perform the wet etching with the sample warmed. For improved alignment, use the microscope working distance or focus to verify that the sample is engaged.

1.4.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B-roll: 4.1.4 for ‘perform the etching’


































Protocol
2. Sample Preparation for Photolithography
2.1. Begin by cutting a section of 6 millimeters from the area of interest with a slow dicing saw or a band saw [1-TXT].
2.1.1. WIDE: Talent cutting the section from the area of interest. TEXT: AM 17-4 PH fatigue specimen was used

2.2. Using a semi-automatic polisher, start polishing the sample using a 400-grit abrasive paper by maintaining a flat surface [1], then move to 1-micrometer diamond particles, alternating the polishing direction by 90 degrees following each grit level [2]. Then, use a slow-speed saw to align the material and cut it into a thin, 0.5 to 1-millimeter section [3]. 
2.2.1. Talent polishing with abrasive paper by maintaining a flat surface.
2.2.2. Talent polishing with diamond particles, alternating the polishing direction.
2.2.3. Talent cutting the section.

3. Performing the Photo-resist Patterning
3.1. Place the sample on the spin-coater with the polished side up [1] and use compressed air to remove any dust or particle on the surface [2]. Apply photo-resist to the sample [3] and run the spin-coater [4-TXT].
3.1.1. WIDE: Talent placing sample on spin coater.
3.1.2. Talent removing dust from the surface of sample.
3.1.3. Talent applying photo-resist.
3.1.4. Talent turning the spin coater on. TEXT: Refer to Table 1 for spin coating parameters

3.2. After coating, heat the sample on a hot plate at 65 degrees Celsius for 5 minutes [1] and then at 95 degrees Celsius for 10 minutes [2]. 
3.2.1. Talent placing the sample on hot plate.
3.2.2. Talent transferring the sample to 95 °C.

3.3. When the sample has cooled to room temperature, use a photomask with an array of squares measuring 70 micrometers on each side [1] to expose the sample for 10 to 15 seconds at a power density of 75 millijoules per centimeter squared [2]. 
3.3.1. Talent working with photomask.
3.3.2. Sample being exposed.

3.4. Heat the sample on the hot plate as previously demonstrated [1] and cool it to room temperature. Then, submerge the sample in propylene glycol monomethyl ether acetate, or PGMEA, with the pattern facing up [2] and agitate it for 10 minutes [3].
3.4.1. Use multiple shots.
3.4.2. Talent submerging sample in propylene glycol monomethyl ether acetate. 
3.4.3. Talent agitating the sample in container.

4. Wet-etching and FIB Milling
4.1. Inside a fume hood, heat the sample in a beaker on a hotplate at 65 to 70 degrees Celsius for 5 minutes [1]. Add a few drops of the prepared etchant to completely cover the patterned surface [2]. After 5 minutes, remove the sample from the beaker [3] and neutralize the etchant with water [4].
4.1.1. WIDE: Talent placing sample on hot plate in a fume hood.
4.1.2. Talent placing few drops of the prepared etchant. Videographer: This step is important!
4.1.3. Talent removing sample from beaker.
4.1.4. Talent neutralizing etchant.

4.2. Following the wet itching [1], perform initial milling on the sample using maximum power to remove any undesired bulk material from the platform [2]. Then, switch to lower power to make a rectangle with slightly larger dimensions than needed for the final specimen geometry [3].
4.2.1. Talent is working with the system.
4.2.2. SCREEN: 62433_Screenshot_1. Milling being performed at maximum power. Videographer: Please obtain a few shots of talent clicking the mouse and typing on the keyboard to use as b-roll throughout the video.
4.2.3. SCREEN: 62433_Screenshot_2.  Rectangle being made.

4.3. Further, reduce the power and make cross-section cuts that are closer to the final micro-tensile specimen dimensions [1]. Rotate the sample 180 degrees [2] and perform the final milling using low power to create the desired specimen geometry [3].
4.3.1. SCREEN: 62433_Screenshot_3. Rectangle being reduced using lower power
4.3.2. SCREEN: 62433_Screenshot_4. Cross section cuts made
4.3.3. SCREEN: 62433_Screenshot_5. Sample rotated at 180°.
4.3.4. SCREEN: 62433_Screenshot_6. Final milling. Videographer: This step is important!

5. Micro-tensile Test
5.1. Mount the specimen and indenter tip on the nanoindenter device [1]. Install the nanoindentation machine in the SEM following the manufacturer’s recommendations, avoiding significant machine tilt [2-TXT].
5.1.1. WIDE: Talent mounting the specimen and indenter tip on the nanoindenter device. 
5.1.2. Talent performing installation procedure. TEXT: Tilt of 5° was used in test

5.2. Perform the desired displacement-based tensile loading protocol in air, away from the sample, to prevent an unexpected event during the tensile testing [1]. 
5.2.1. SCREEN: 62433_Screenshot_7. 0:00-05:00. Displacement-based tensile loading protocol in air. Video Editor: Speed up the footage.

5.3. Then, slowly move the indenter tip to the sample’s surface [1]. Move and align the tensile grip with the test sample [2] and perform the tensile test [3].
5.3.1. SCREEN: 62433_Screenshot_8. 30:00-32:00. The indenter tip being approached to the sample’s surface. Video Editor: Speed up the footage
5.3.2. SCREEN: 62433_Screenshot_8. 37:40-38:40. The tensile grip being aligned. Video Editor: Speed up the footage.
5.3.3. SCREEN: 62433_Screenshot_9. 0:06-0:29. Tensile test being performed. Video Editor: Speed up the footage.



Results
6. Results: Analysis of the Prepared Steel Surface
6.1. In the representative analysis, X-ray diffraction spectra from the prepared steel surface [1] showed a mostly martensitic grain structure, as would be expected from a previously strained material [2].
6.1.1. LAB MEDIA: Figure 13.
6.1.2. LAB MEDIA: Figure 13. Video Editor: Emphasize the peaks.

6.2. The load-displacement behavior analysis of the micro-tensile AM 17-4PH steel sample [1] had a maximum tensile strength of 3,145 micronewtons [2] at a displacement of 418 nanometers [3]. 
6.2.1. LAB MEDIA: Figure 14. 
6.2.2. LAB MEDIA: Figure 14. Video Editor: Emphasize tensile strength.
6.2.3. LAB MEDIA: Figure 14. Video Editor: Emphasize the corresponding displacement 418 nm.

6.3. Further increase in the displacement showed the single failure slip plane during tension testing of the fabricated micro specimen [1], which corresponds to fracture of the micro-specimen from in situ SEM observations [2].
6.3.1. LAB MEDIA: Figure 14. Video Editor: Emphasize frame 4 to 6.
6.3.2. LAB MEDIA: Figure 14. Video Editor: Emphasize corresponding images and highlight fracture in the specimen.





Conclusion
7. [bookmark: _Hlk27388131]Conclusion Interview Statements

7.1. [bookmark: _Hlk73542418]Gary Prinz: In-situ micromechanical material testing allows visual observations of sample deformation during loading and helps in understanding complex material behavior and subsequent measured material performance. 

7.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera


7.2. David Gonzalez-Nino: The most important factor to remember while attempting this procedure is to pre-warm the sample before wet-etching, perform an air-indentation to verify the loading protocol, and ensure proper sample engagement with the grip prior to the tensile-test.

7.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. Suggested B-roll: 4.1.1 for ‘pre-warm the sample’, 5.2.1 for ‘air-indentation’





 2021, Journal of Visualized Experiments   	 July 16, 2021                                              Page 6 of 11
image1.png




