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1. Overview

1.1. Steel is a general term for iron alloyed with carbon and other elements like chromium, manganese and nickel. 
1.1.1. Title Slide
 
1.2. Variations in the composition and processing method can tailor its properties for construction of cars, bridges and skyscrapers, to name only a few of the nearly infinite possible uses (1.2.1).
1.2.1. See storyboard.

1.3. Understanding steel’s response to load is important when designing safe buildings and structures.  One fundamental tool for modeling material characteristics is the stress-strain curve (1.3.1).
1.3.1. See storyboard

1.4. We will use the uniaxial tensile test to study the elastic behavior of a mild hot-rolled steel and a hard cold-rolled steel, which represent low and high limits, respectively, of tensile strengths in civil engineering applications (1.4.1).
1.4.1. Use shot 4.10.1 of Talent starting tensile test.

2. Principles of Uniaxial Tensile Test  

2.1. Stress is defined as the force divided by the area over which it is applied.  Strain is the change in length divided by the initial length. (2.1.1.) Stress-strain curves describe the elastic properties of materials by showing how a material like steel responds to applied force. (2.1.2.) 
2.1.1. See storyboard

2.2. The uniaxial tensile test is typically used for studying stress and strain (2.2.1.).  In this test a machine slowly pulls the ends of a sample with greater and greater force and measures the resulting elongation. The metal tension test is described by ASTM E8 (read: A-S-T-M-E-8), which defines the type and size of the specimen, the type of equipment and the data to be reported (2.2.2.).
2.2.1. See storyboard

2.3. The stress-strain curve reveals many properties of the material under test, among them: 
· Elastic modulus, the slope of the initial linear region, where deformation is proportional to load.
· Modulus of resilience, the area beneath the linear region, which measures a material’s capacity to absorb energy without permanent deformation.
· Proportional limit, the stress at the point the curve deviates from linearity. 
· Yield points, where stress versus strain suddenly decreases or changes and
· Yield plateau, where deformation increases rapidly without increasing stress (2.3.1.)
2.3.1. See storyboard 

2.4. Ductility describes how a material yields during plastic deformation (2.4.1.). Toughness is the total area under the stress-strain curve and measures how much a material deforms before fracturing (2.4.2.). Objects with large toughness fail gradually, which is a desirable characteristic in civil engineering.  For example, a steel-framed building undergoes slow, visible slumping before collapsing—giving the occupants time to evacuate (2.4.3.).
2.4.1. See storyboard

2.5. In contrast brittle materials generally fail suddenly.  A concrete beam breaks without warning because it is very weak in tension (2.5.1.). To fix this problem, steel bars with high tensile strength are embedded in the concrete to make reinforced beams (2.5.2.).
2.5.1. See storyboard

2.6. Now that we understand some of the basic characteristics of materials, let’s look at a method to measure stress and strain in the laboratory, and investigate the relationship between these two quantities (2.6.1.).
2.6.1. Use shot 4.5.1. of talent aligning specimen in top grip of testing machine.

3. [bookmark: _GoBack]Specimen Preparation 

3.1. Obtain cylindrical test specimens for two types of steel (3.1.1), one mild and hot rolled such as A36 (read: A-36) (3.1.2), and one hard and cold rolled such as an AISI 1018 (read: A-I-S-I-10-18) (3.1.3).
3.1.1. MED: Shot of the two cylindrical specimens on a table
3.1.2. CU: Talent holds up the A36 specimen
3.1.3. CU: Talent holds up the AISI 1018 specimen

3.2. Use a caliper to measure the diameter at several locations near the middle of the specimen.  Make these measurements to the nearest two thousandth of an inch (3.2.1). Next, hold the specimen firmly and use a file to scribe a gage length of approximately 2 inches (3.2.2). Make the mark clear but very shallow to avoid creating a stress concentration that can lead to fracture (3.2.3).
3.2.1. MED: Talent measuring the diameter of the test specimen in the middle using a caliper
3.2.2. MED (over the shoulder): Talent marking a 2 inches gage length specimen using a file 
3.2.3. CU: Shot of the mark on the specimen

3.3. Measure the actual marked gage length to the nearest two thousandth of an inch (3.3.1). Finally, install a strain gage (3.3.2). The specimen is now ready for testing (3.3.3).
3.3.1. MED: Talent measuring the actual marked gage length using a caliper
3.3.2. MED (over the shoulder): Talent installing a strain gage on the specimen
3.3.3. CU: Shot of the specimen(s) with the markings and gage visible

4. Stress-Strain Testing Protocol

4.1. We will be using a Universal Testing Machine or UTM (read: U-T-M) to measure the tensile properties of the specimens (4.1.1). Turn on the testing machine (4.1.2) and initialize the software (4.1.3).
4.1.1. WIDE: Shot of talent approaching the UTM
4.1.2. [bookmark: _Ref357868651]MED: Talent turns on the machine
4.1.3. MED: Continue shot 4.1.2 Talent initializes the software

4.2. Set up appropriate graphing and data acquisition parameters (TEXT: Stress-Strain curve; Load and Strain displays) (4.2.1) then select a test procedure that is compatible with the ASTM E8 (read: A-S-T-M-E-8) protocol (4.2.2). 
4.2.1. SCREEN: Talent selecting the testing procedure within the software that is compatible with ASTM E8 protocol (10363 4_2_1 RTL).
4.2.2. SCREEN: Talent inputting specimen sizes and measurements to be made in the software. (10363 4_2 4_2 RTL).

4.3. Set strain rates for the low strains (0-5%) and for high strain ranges (>5%), respectively (TEXT: Low and high strain rates should be different) (4.3.1).  These should be close to 0.05 inches per minute for the initial loading and 0.5 inches per minute after 5% strain. Then set any additional actions in the software, such as stopping the machine at 15% strain in the extensometer to remove it before specimen failure (4.3.1)
4.3.1. SCREEN: Use pointer to point the strain rates used for low and strains (10363 4_3_1 RTL)
4.3.2. SCREEN: Setting the stopping of the machine at 15% strain (10363 4_2 4_3 RTL 1:51-1:58 secs)

4.4. Manually raise the crosshead (4.4.1) so the full length of the specimen fits easily between the top and bottom grips (4.4.2). Carefully insert the specimen into the top grip to about 80% of the grip depth (4.4.3).
4.4.1. WIDE: Talent raising the crosshead 
4.4.2. MED/CU: Talent placing the specimen in front of the machine grips to check if the specimen length is smaller than the length between the grips
4.4.3. MED/CU: Continue previous shot. Talent now inserts the specimen into the top grips about 80% of the grip depth

4.5. Align the specimen inside the top grip (4.5.1) and tighten slightly to prevent the specimen from falling (TEXT: Do not tighten grip to full pressure) (4.5.2).  
4.5.1. MED (over the shoulder): Talent aligning the specimen inside the top grip
4.5.2. MED: Talent tightening the grip slightly so as to prevent the specimen from falling

4.6. Slowly lower the top crosshead (4.6.1). Once the specimen is within about 80% of the bottom grip depth (4.6.2), start specimen alignment within the bottom grips (TEXT: Specimen misalignment can lead to errors in tension tests) (4.6.3). 
4.6.1. WIDE: Talent now lowers the top crosshead
4.6.2. MED/CU: Shot of specimen being 80% deep into the bottom grip
4.6.3. MED/CU: Continue previous shot. Talent starting aligning the specimen within the bottom grip

4.7. The specimen should float in the center of the fully opened bottom grip (TEXT: If alignment is poor, work with a technician to realign the grips) (4.7.1). Apply lateral pressure to the specimen through the grips to ensure that no slipping occurs during testing (4.7.2).
4.7.1. MED (over the shoulder): Show bottom grip open and the specimen floating in the middle of the bottom grip
4.7.2. WIDE/MED: Talent applying lateral pressure to the specimen through the grips without any slipping occurring

4.8. Note the tightening process introduces a small axial force on the specimen (4.8.1). Use the software to impose a preload to compensate for this force (4.8.2), and record its value (4.8.3). 
4.8.1. MED: Talent pointing in the direction of the axial load applied on the specimen
NOTE TO EDITOR: Add motion graphics to show direction of axial load
4.8.2. SCREEN: Talent adjusting software to minimize preload Screen: set preloading rate (10363 4_8_2+3 RTL)
4.8.3. SCREEN: Continue previous shot. Talent using pointer to highlight/select the preload value Screen: set preloading rate (10363 4_8_2+3 RTL 2:07-2:14 secs)

4.9. Attach the electronic extensometer securely to the specimen according to the manufacturer’s instruction (4.9.1).  The blades of the extensometer should be approximately centered on the specimen (4.9.2).  If a strain gage is being used, connect it (4.9.3).
4.9.1. MED/CU: Talent attaching an extensometer to the secure specimen
4.9.2. CU: Shot of blades of the extensometer being approximately centered on the specimen
4.9.3. MED/CU: Talent attaching strain gage to the specimen

4.10.  Begin the test by applying tensile load to the specimen (4.10.1). Observe the live reading of applied load on the computer display (4.10.2). To confirm the specimen is not slipping through the grips, make sure the measured load is increasing (TEXT: If measured load is not increasing, stop experiment and reattach the specimen) (4.10.3). 
4.10.1. SCREEN: Talent starting application of tensile load via computer
4.10.2. SCREEN: Show living reading of applied load displayed on the computer screen
4.10.3. SCREEN: Shot showing measured load increasing (JOVE 10361 4_10_1+3)

4.11. Sometime before sample failure, the software will automatically pause the test (4.11.1).  Leave the sample in the test machine and remove the extensometer (TEXT: Remove before specimen failure, to prevent permanent damage to extensometer) (4.11.2).
4.11.1. WIDE/MED: Shot of test automatically stopping before sample failure
4.11.2. MED (over the shoulder): Talent removing the extensometer 

4.12.  Resume applying tensile load until failure (4.12.1). Upon reaching the maximum load, the measured loads begin to decrease (4.12.2). At this point the specimen starts to neck.  Final fracture should occur in this necked region through ductile tearing (4.12.3).
4.12.1. MED: Talent resuming tensile load application
4.12.2. SCREEN: Shot of reaching maximum load, which results in a decrease of the measured load
4.12.3. CU: Shot of the specimen beginning necking and ending with final fracture

4.13. After the test has ended, raise the crosshead (4.13.1), loosen the top grip (4.13.2), and remove the broken piece of specimen from it (4.13.3). Loosen the bottom grip and remove the other half of the specimen (4.13.4).
4.13.1. WIDE: Talent raising the crosshead
4.13.2. MED: Talent loosens the top grips
4.13.3. MED (over the shoulder): Talent pulls out the broken specimen from the top grip
4.13.4. MED: Talent loosens the bottom grip and removes the other half of the specimen

4.14. Record the value at the maximum tensile load (4.14.1). Save the recorded data and the stress-strain curve (4.14.2). Carefully fit the ends of the fractured specimen together (4.14.3) and measure the distance between the gage marks to the nearest two-thousandth of an inch (4.14.4). Record the final gage length (4.14.5).
4.14.1. SCREEN: Talent recording/highlighting the maximum tensile load (This is not done on screen except as part of 4.14.2 as this load is recorded automatically)
4.14.2. SCREEN: Talent saving the data and the curve on the computer
4.14.3. CU: Talent fitting the ends of the specimen together
4.14.4. MED/CU: Talent measuring the distance between the gage marks using a caliper
4.14.5. MED (over the shoulder): Talent writing down the final gage length in the lab note book

4.15. Finally, measure the diameter of the specimen at the smallest cross section to the nearest two thousandths of an inch (4.15.1).
4.15.1. MED/CU: Talent measuring the diameter of the specimen at the smallest cross-section

5. Data Analysis

5.1. To determine material properties, first take a look at the data for the A36 mild hot-rolled steel (5.1.1.) and the data for C1018 hard cold-rolled steel, respectively (5.1.2.).  Now, calculate the percent elongation for each specimen, knowing the final gage length and the initial gage length (5.1.3). Calculate the reduction of area for each specimen, using the final diameter and the initial diameter of the specimen. (5.1.4).
5.1.1. See storyboard.
5.1.2. See storyboard.
5.1.3. See storyboard.
5.1.4. See storyboard.

5.2. Record these values in a results table (5.2.1). Next, calculate other material parameters using the experimental stress-strain curves (5.2.2).
5.2.1. See storyboard.
5.2.2. See storyboard.

5.3. A quick comparison of these curves for the two specimens shows their very different elastic behaviors.  From the much greater strain at lower levels of stress, the A36 steel is softer and far more ductile than the C1018 steel.  (5.3.1.) 
5.3.1. See storyboard (Slide 12 of 10361 Data Analysis from author

5.4. For the A36 steel the stress at failure is about 58.6 kilopounds per square inch, substantially above the nominal value of 36.0 kilopounds per square inch. (5.4.1.) Maximum stress is about 86.6 kilopounds per square inch at a strain of about 20 percent. (5.4.2.)
5.4.1. See storyboard (Slide 7 of 10361 Data Analysis from author)

5.5. This magnified plot shows an upper yield point at about 58.6 kilopounds per square inch and a lower yield point at about 56.8 kilopounds per square inch. (5.5.1.) The beginning of the yield plateau is also visible here. (5.5.2.) 
5.5.1. See storyboard (Slide 4 of 10361 Data Analysis from author)

5.6. Strain gage data reveals a linear elastic region for the A36 steel, with a slope—defined as Young’s Modulus—of about 29,393 kilopounds per square inch.  This result is very close to the nominal value of 29,000 kilopounds per square inch.  (5.6.1.) At the point where the data deviates from linearity, we can determine the proportional limit is about 55.8 kilopounds per square inch (5.6.2.).  For comparison, due to the non-linearity of its stress-strain curve, the C1018 steel has a very low proportional limit. (5.6.3.)
5.6.1. See storyboard (Slide 5 of 10361 Data Analysis from author)

5.7. Results from the extensometer covers strain up to 5 percent. Data for the A36 steel shows the plastic plateau and the beginning of strain hardening, where the curve rises again at a strain of about 2.7 percent.  (5.7.1.)  In contrast, the C1018 steel has no clear yield plateau. (TEXT: See JoVE Video 10363 “Tension Tests on Aluminum” for calculating yield data in this case) (5.7.2.)
5.7.1. See storyboard (Slide 6 of 10361 Data Analysis from author)
5.7.2. See storyboard (Slide 10 of 10361 Data Analysis from author)

5.8. Finish the data analysis by summarizing the test results for the two steel samples in the following table (5.8.1).
5.8.1. See storyboard.

6. Results
6.1. The elongation of a mild hot-rolled steel (6.1.1) is in the range of 25-40% (6.1.2). In contrast the elongation of a hard cold-rolled steel (6.1.3) is only half this amount (6.1.4).
6.1.1. [bookmark: _Ref357857451]SCREEN: Shot of the elongated mild steel specimen
6.1.2. See storyboard. 
6.1.3. CU: Place the harder steel next to the mild steel specimen
6.1.4. See storyboard.

6.2. The percent elongation is an average value for the length of material between the gage marks, but almost all the deformation is localized to a small region around the fracture point.  Consequently the local strain could be much greater than the average (6.2.1). 
6.2.1. CU: Talent holding the specimen and pointing at the narrowest region of the sample

6.3. Physical examination of the two specimens show large differences in the way they fail, corresponding to differences in their stress-strain curves (6.3.1.). The A36 steel has a failure surface with material drawn out at the rim during gradual, final deformation, (6.3.2) and greater elongation at lower stresses—indicating a very mild but ductile metal (6.3.3).  In contrast, the AISI 1018 steel (6.3.4) has a flat failure surface, corresponding to sudden fracture, and much less elongation at much higher stresses—characteristics of high strength but low ductility (6.3.5). 
6.3.1. See storyboard – Show stress-strain curves for both specimens
6.3.2. CU: Shot of talent holding the broken end or failure surface of specimen A36 
6.3.3. See storyboard – Highlight key features of the plot to show A36 is mild and ductile steel 
6.3.4. CU: Shot of talent holding the broken end or failure surface of specimen AISI 1018 
6.3.5. See storyboard – Highlight key features of the plot to show AISI 1018 is strong and brittle.  

7. Applications
7.1. Let’s look at some common applications of steel from the perspective of the relationship between stress and strain. (7.1.1.)
7.1.1. Title slide.

7.2. (Lower third: Application #1- Material Quality in Construction) 
Civil engineers analyze structural collapses in bridges and buildings, in order to improve future structural designs.  This process has led to steel components like rolled I-beams for multi-story buildings (7.2.1.), welded deep plate I-girders for bridges, and high strength bolts and fasteners (7.2.2.).  Each requires different types of steel with specified strengths and ductilities, often first understood through examination of their stress-strain curves (7.2.3.).
7.2.1. Shutterstock Clip ID 4831100 @ 0:05 – 0:15 (Steel beams for construction)
7.2.2. Shutterstock Clip ID 4831100 @ 0:30 – 0:45 (Steel beams and fasteners)
7.2.3. Shutterstock Clip ID 4831100 @ 1:00 – 1:15 (Steel framework for building)

7.3. (Lower third: Application #2- Material choice for Safe Automobiles) Engineers use the stress-strain characteristics of materials to make safer automobiles. Knowing the strength and ductility of the frame, and how it deforms in response to impact forces, engineers can design an automobile’s body to absorb energy during collision and increase the chance of surviving a crash (7.3.1).
7.3.1. Shutterstock Clip ID 779575 (Automobile test crash)


8. Summary 
8.1. You’ve just watched JoVE’s introduction to stress-strain characteristics of steel (8.1.1). You should now know how to perform a uniaxial tensile test to determine the tensile properties of metallic materials (8.1.2) and how to analyze stress-strain curves for typical steels (8.1.3). Thanks for watching!
8.1.1. Title slide
8.1.2. Use shot 4.12.3. showing sample necking and fracturing.
8.1.3. Use shot 4.14.2. showing Talent saving data and stress-strain curve.
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