An investigation into the anisotropy and mechanical properties of rolled steel produced by Tata steel
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1. Introduction
The production of steel has been a crucial part of modern industry, with steel being used in various applications ranging from construction to transportation. Tata Steel, one of the world's leading steel producers, has been at the forefront of producing high-quality steel products for over a century. Rolled steel is one of the key products of Tata Steel, and its mechanical properties play a vital role in determining its suitability for different applications. 
“Cold-rolled steel for cold forming and deep drawing is available in a range of grades.  Each grade is designed for particular applications – allowing you to pick the best steel for your product.”
- Tata Steel in Europe. (n.d.). Steel for forming. [online] Available at: https://www.tatasteeleurope.com/engineering/products/cold-rolled/forming [Accessed 29 Nov. 2023].
One of the critical factors that can affect the mechanical properties of rolled steel is anisotropy. Anisotropy refers to the directional dependence of physical properties, including mechanical properties, and can have a significant effect on the strength and ductility of rolled steel. Therefore, understanding the relationship between anisotropy and mechanical properties is crucial for improving the performance of rolled steel.
“Anisotropy is the property of being directionally dependent, as opposed to isotropy, which means homogeneity in all directions. It can be defined as a difference in the physical property of a certain material when measured along different axes.” - www.sciencedirect.com. (n.d.). Anisotropy - an overview | ScienceDirect Topics. [online] Available at: https://www.sciencedirect.com/topics/neuroscience/anisotropy#:~:text=Anisotropy%20is%20the%20property%20of
Anisotropy can be observed in various physical properties of materials, such as mechanical properties. In the case of mechanical properties, anisotropy can significantly affect the strength, ductility, and toughness of a material. The orientation of the grains in a material can cause the material to behave differently in tension, compression, and shear. 
“In the rolling process the material is plastically deformed and the grain structure tends to be elongated in the rolling direction. This effect makes the rolled material anisotropic in its mechanical properties, with a larger stiffness along the rolling direction than in the transverse direction” - www.princeton.edu. (n.d.). nglos324 - rolled. [online] Available at: https://www.princeton.edu/~maelabs/mae324/glos324/rolled.htm#:~:text=In%20the%20rolling%20process%20the.  For instance, in a rolled steel product, the grains tend to align along the rolling direction, resulting in anisotropic mechanical properties. The directionality of the grains can affect the yield strength, ultimate strength, and elongation of the material.
The opposite of anisotropy is Isotropy which refers to the property of having uniform or equal physical properties in all directions. In the context of materials, isotropy implies that the material exhibits consistent behavior regardless of the direction in which it is measured or observed.
“Some materials such as metals, diamonds, glasses, etc. exhibit the same material properties (such as strength, stiffness) in all directions, these materials are known as isotropic materials and this type of behaviour of these materials is known as isotropy.” - VEDANTU. (n.d.). Difference Between Isotropic and Anisotropic. [online] Available at: https://www.vedantu.com/chemistry/isotropic-anisotropic. 
When it comes to rolled steel, the process of rolling can introduce certain anisotropic (non-uniform) properties in the material. During rolling, steel is subjected to mechanical deformation and shaping at high temperatures. The direction in which the rolling occurs can influence the mechanical and physical properties of the resulting steel product.
In the case of isotropic steel, its properties (such as strength, hardness, and ductility) would be the same in all directions. However, achieving perfect isotropy in rolled steel can be challenging, and the material often exhibits some level of anisotropy. The anisotropic properties can arise from factors like grain orientation, residual stresses, and other microstructural features induced during the rolling process.
Several factors can affect anisotropy in materials. One of the most critical factors is the crystal structure of the material. For instance, some crystal structures, such as cubic structures, exhibit isotropic properties, while others, such as hexagonal structures, exhibit anisotropic properties. If you press on it from the top, the bottom, or the sides, it responds equally. That's what we mean by isotropic. In the world of materials, when something has isotropic properties, it means its characteristics, like strength or hardness, are consistent or uniform, regardless of the direction you measure or apply force. So, if you had a piece of isotropic material and you wanted to know how strong it is, it wouldn't matter if you pulled on it from the left, pushed on it from the right, or squished it from the top – its strength would be the same in all directions.
 The arrangement of atoms in the crystal structure can affect the way in which forces are transmitted through the material, resulting in different mechanical properties. 
“When a material is formed, the grains are usually distorted and elongated in one or more directions which makes the material anisotropic.” - www.nde-ed.org. (n.d.). Nondestructive Evaluation Physics : Materials. [online] Available at: https://www.nde-ed.org/Physics/Materials/Structure/anisotropy.xhtml#:~:text=When%20a%20material%20is%20formed [Accessed 29 Nov. 2023].
Another factor that can affect anisotropy is the processing of the material. For instance, rolling or extrusion can cause the grains to elongate and align along the direction of the applied force, resulting in anisotropic properties.  “Rolling in a mill moves the metal through a series of counterrotating rollers above and below the metal. The rollers introduce bulk plastic deformation to the metal to form it to the desired dimensional thickness. Deformation changes the microstructure of the metal by changing the size of the crystal grains and introduces an orientation based on the direction and the force used in the deformation.” - Thefabricator.com. (2022). The problem of anisotropy in metal forming. [online] Available at: https://www.thefabricator.com/thefabricator/article/metalsmaterials/the-problem-of-anisotropy-in-metal-forming.
The microstructure of the material can also affect anisotropy. For example, the distribution of inclusions or the size and shape of the grains can affect the mechanical properties of the material, leading to anisotropy. Additionally, the presence of defects, such as cracks or voids, can also cause anisotropic properties. 
“An expression of anisotropy at grain boundary is given to describe the effect of defects on effective anisotropy and coercivity. The results showed that the existence of defects decreases the effective anisotropy and coercivity.” - Sun, Y. and Gao, R. (2009). Effect of defects on the effective anisotropy and coercivity in nanometer hard magnetic materials. Solid State Communications, [online] 149(9), pp.393–395. doi:https://doi.org/10.1016/j.ssc.2008.12.015.
The aim of this dissertation is to investigate the mechanical properties of primarily our T56 steel grade, as we’ve been experiencing problems with tensile testing failures of the R-values specifically. Two other steel grades will be tested and investigated with T56 to see how they all differ or share similarities in mechanical properties, and to hopefully see why they have certain mechanical properties. By understanding what causes The high R-value and how we can change the material to optimise the mechanical properties for Tata steel customers and avoid wasted material.  The R-value typically refers to the ratio of the yield strength in one direction to the yield strength in another direction. It's commonly used to quantify the anisotropy (directional dependence) of a material's mechanical properties. In the context of tensile testing, the R-value can be indicative of how much a material's mechanical properties vary depending on the direction in which it's being tested. Anisotropic materials exhibit different mechanical properties, such as strength or stiffness, in different directions due to factors like crystallographic orientation, grain structure, or fibre alignment. The R-value quantifies this anisotropy by comparing the material's strength along different axes. A high R-value indicates significant anisotropy, meaning the material's mechanical properties vary greatly depending on the direction of testing. Conversely, a low R-value suggests isotropy, where the material's properties are relatively uniform regardless of direction. The R-value in tensile testing is related to anisotropy because it quantifies the extent to which a material's mechanical properties vary with direction, providing valuable information for understanding and predicting material behaviour in different applications.
The significance of this study lies in the potential benefits it can bring to Tata Steel and the wider industry. By understanding the relationship between anisotropy and mechanical properties, Tata Steel can optimize its production process and develop steel products with enhanced mechanical properties that are better suited for various applications. Furthermore, the study will contribute to the current knowledge in the field of materials science by providing insights into the effect of anisotropy on the mechanical properties of rolled steel.
The investigation will be based around the testing and comparison of different steel grades by tensile testing, microscopy grain analysis, Rockwell hardness and elemental analysis. This method for testing will help gather data and compare the results of the mechanical testing and this in turn will allow a conclusion to be drawn on the mechanical properties of the steel produced and how they can be optimised to meet the compliance and mechanical specification required.
2. Equipment used 
2.1  Zwick Tensile Tester
Zwick tensile tester - The Zwick Roell Group is a leading supplier of materials testing machines. The company was founded by Adolf Zwick in 1938 in Ulm, Germany. Zwick initially started as a manufacturer of hardness testing machines and later expanded its product range to include a variety of materials testing equipment.
The Zwick tensile testing machine is a type of materials testing machine designed for determining the mechanical properties of materials under tension. Tensile testing involves applying a controlled force to a specimen and measuring its response, including factors like elongation, yield strength, ultimate tensile strength, and fracture point. This type of testing is crucial for understanding how materials behave under various conditions and loads.
Zwick tensile testing machines are used in a wide range of industries, including manufacturing, aerospace, automotive, construction, and materials research. These machines are capable of testing a variety of materials, such as metals, polymers, composites, and more. They are designed to meet international testing standards and provide accurate and reliable results.
“Tensile testing is a destructive test process that provides information about the tensile strength, yield strength, and ductility of the metallic material. It measures the force required to break a composite or plastic specimen and the extent to which the specimen stretches or elongates to that breaking point.” - Saba, N. (2019). Tensile Testing - an overview | ScienceDirect Topics. [online] www.sciencedirect.com. Available at: https://www.sciencedirect.com/topics/engineering/tensile-testing#:~:text=Tensile%20testing%20is%20a%20destructive.
The use of the Zwick tensile machine will be useful to the project, as it will show the R-values for samples tested. The R-value in the context of materials testing, particularly in the study of anisotropy in steel, refers to the Lankford or plastic strain ratio. This value is crucial in understanding how a material deforms during plastic deformation. It's calculated based on the change in width and thickness of a material during a tensile test.
 “The R-value, which is also called the Lankford coefficient or the plastic strain ratio, is the ratio of the true width strain to the true thickness strain at a particular value of length strain.” - worldautosteel (2021). R-Value. [online] AHSS Guidelines. Available at: https://ahssinsights.org/forming/mechanical-properties/r-value/#:~:text=The%20r%2Dvalue%2C%20which%20is [Accessed 30 Nov. 2023].
The R-value is a valuable parameter in material testing as it provides a quantitative measure of how much a material's shape changes in response to applied forces in different directions. This insight is essential for ensuring the appropriate use and performance of materials in real-world applications, particularly where anisotropic behaviour can have significant implications.
For tensile testing a single panel (300x150mm) is cut from the centre of each of the line samples with the greatest dimension being in the rolling direction and the sample identity is transferred on to this panel. A single tensile test component (tensile dog bone)is now blanked from this panel using the appropriate power press and the sample identity transferred on to the Zwick tensile testing machine.
The Zwick tensile testing machine consists of a load cell , crosshead, extensometer, specimen, grips electronics and a drive system. It is controlled by testing software used to define machine and safety settings and store test parameters specified by testing standards such as ASTM and ISO. The amount of force applied to the machine and the elongation of the specimen are recorded throughout the test. Measuring the force required to stretch or elongate a material to the point of permanent deformation or break helps designers and manufacturers predict how materials will perform when implemented for their intended purpose.
Once all the individual tensile test components are placed in a rack for the machine to test them consecutively once the test is started on the PC connected to the machine.
Preparation and operation of Zwick tensile tester:
1. Ensure that the testing area is clear and safe. Check that the machine is properly connected to a power source and that all connections are secure.
2. Make sure the specimen to be tested is properly prepared and mounted according to the standards or requirements of the test.
3. Switch on the power to the machine using the designated switch. Wait for the machine to initialize and perform any self-checks it may have.
4. Place the tensile specimen securely in the sample rack of the machine for the grips of the machine to collect. The grips and tensile sample will be of appropriate size and shape to ensure a proper grip is obtained without damaging the sample before the test.
5. Enter the necessary parameters into the machine's control interface. These parameters typically include test time duration, number of samples to be tested, load cell capacity.
6. Once all parameters are set and verified, start the test through the machine's control interface on the PC. 
7. As the test progresses, the machine will measure and record various data points such as force, elongation, and time. This data is typically displayed in real-time on the machine's interface. 
8. Once the test is complete, the machine will typically stop automatically. Review the collected data and ensure it meets the required standards or specifications.
9. After the test is complete and data has been collected, power off the machine following the manufacturer's instructions. This may involve pressing a designated shutdown button or switching off the power source.
10. Analyse the collected data using appropriate software or methods to determine the mechanical properties of the material being tested, such as tensile strength, yield strength, and elongation.

2.2 VHX light microscope
Light microscopes use visible light to illuminate and magnify specimens. The basic components include a light source, condenser lens, specimen stage, objective lens, and ocular lens. The specimen is illuminated, and the magnified image is observed through the eyepiece. The term "VHX" might be associated with Keyence's VHX Series of digital microscopes. These microscopes are known for their advanced imaging capabilities and are not limited to traditional light microscopy. They often incorporate digital technology, allowing users to capture high-resolution images, perform 3D measurements, and use various lighting techniques for enhanced visualization.
“The VHX Series Digital Microscope was designed to alleviate the shortcomings of traditional, optical light microscopes - shallow depth-of-field, short working distance, lack of portability and versatility, sample limitations, etc. As a result, Keyence developed a HDR CCD camera which in combination with specially designed optics produces an image with around 20 times the depth-of-field of conventional microscopes.” - www.swansea.ac.uk. (n.d.). Keyence VHX-1000 - Swansea University. [online] Available at: https://www.swansea.ac.uk/science-and-engineering/research/aim/equipment/lm/keyence-high-dof-lm/.
The use of the microscope relates to the project as it will allow us to view and evaluate grain size and structure of the steel samples, which will relate back to anisotropy and mechanical properties as grain size plays a significant role in determining the anisotropic behaviour of steel. Control over grain size and grain orientation is essential in engineering applications to tailor the mechanical properties of steel in desired directions. 
“Crystal plasticity models predict R-values based on the crystallographic texture, and this works relatively well in the case of equiaxed grain structures and grain sizes larger than a few microns” - Delannay, L. and Barnett, M.R. (2012). Modelling the combined effect of grain size and grain shape on plastic anisotropy of metals. International Journal of Plasticity, 32-33, pp.70–84. doi:https://doi.org/10.1016/j.ijplas.2011.12.002.
 Both grain size and grain structure are critical factors in determining the anisotropic behaviour of materials. Small, uniform grains and a random grain orientation tend to contribute to isotropy, while larger or elongated grains, along with a preferred grain orientation, can lead to anisotropic properties.
The processing of materials, such as rolling, forging, or heat treatment, can influence grain size and structure. Different processing conditions can lead to variations in grain characteristics, impacting the anisotropic nature of the material. Heat treatment processes may be used to control grain size, and the resulting grain structure can influence the material's response to external forces. 
The grain size refers to the size of individual crystalline grains in a material. In metals, grains are formed during the solidification process and can vary in size based on factors like cooling rate. Smaller grain sizes generally contribute to more isotropic behavior. When grains are small and uniform, the material is less likely to exhibit significant directional variations in properties. On the other hand, larger grains can lead to anisotropic behavior, especially if the grains are elongated in a particular direction.
Grain structure refers to the arrangement and orientation of grains within a material. The specific arrangement of grains can contribute significantly to anisotropy. If grains are preferentially oriented in a particular direction, the material may exhibit different mechanical properties along that direction compared to other directions.
For the microscope analysis you must place the sample you want to observe on the microscope stage. Ensure that the sample is clean and properly positioned for imaging and adjust the lighting conditions to optimize sample visibility. The built-in LED illumination controls are used to adjust the brightness and angle of illumination as needed. The objective lens used is at x1500 magnification and resolution to get a good view of the grains. The software on the light microscope allows to calculate and average grain count value of the samples. During the examination, the grains appear as distinct regions with different crystal orientations and contrasts. The goal of grain counting is to assess the grain size and distribution within the steel microstructure, which can have significant implications for material properties such as strength, ductility, toughness.

2.3 Rockwell Hardness Tester 
The Rockwell hardness tester is the instrument used to perform the Rockwell hardness test. Here's a background on the Rockwell hardness tester:
The Rockwell hardness tester was developed in conjunction with the Rockwell hardness test by Stanley P. Rockwell in the early 20th century. The method was standardized and introduced as the Rockwell hardness test in the 1920s. The development aimed to provide a more practical and versatile hardness testing method than the existing Brinell hardness test. The Rockwell hardness tester operates based on the principle of measuring the depth of penetration of an indenter into a material under a specific load. The tester consists of a frame, an indenter (either a diamond cone or a hardened steel ball), a preliminary minor load, and a major load. The tester applies the preliminary minor load, which is followed by the major load. The depth of penetration is measured and used to calculate the Rockwell hardness number.
The design of Rockwell hardness testers can vary, but they generally include a loading system for applying the loads, a frame or structure to support the specimen, an indenter, and a measuring system to determine the depth of penetration. Modern Rockwell hardness testers may also incorporate digital displays and automated features for increased accuracy and efficiency.
Rockwell hardness testers are designed to accommodate different scales, such as Rockwell B and Rockwell C, each suitable for specific material hardness ranges. The choice of scale depends on the material being tested. The testers also come with corresponding indenters - a 1/16 inch diameter ball for Rockwell B and a diamond cone for Rockwell C. Rockwell hardness testers find applications in a variety of industries, including manufacturing, metallurgy, quality control, and materials testing. They are particularly valuable for assessing the hardness of metallic materials quickly and non-destructively. Over the years, advancements in technology have led to the development of more sophisticated and automated Rockwell hardness testers. These advancements often include features like digital displays, automatic loading and unloading, and improved measurement precision.
The Rockwell hardness tester, along with the Rockwell hardness test, has become a standard method for assessing the hardness of materials due to its reliability, ease of use, and quick results. Manufacturers often adhere to international standards, such as those set by ASTM International and ISO, when designing and calibrating Rockwell hardness testers. – 
“Rockwell hardness testing is a general method for measuring the bulk hardness of metallic and polymer materials. Although hardness testing does not give a direct measurement of any performance properties, hardness of a material correlates directly with its strength, wear resistance, and other properties.” - www.mee-inc.com. (n.d.). Rockwell Hardness Testing | Rockwell Hardness Failure Analysis | Rockwell Hardness Material Analysis. [online] Available at: https://www.mee-inc.com/hamm/rockwell-hardness-
The anisotropic nature of steel can be revealed through Rockwell hardness tests if the tests are performed in different orientations. For example, if a steel sample is tested parallel and perpendicular to the rolling direction for rolled steel, variations in hardness values may indicate anisotropic behaviour. The Rockwell hardness test primarily measures a material's resistance to penetration or indentation, providing a quantitative measure of its hardness. While Rockwell hardness itself is not a direct measure of anisotropy, variations in Rockwell hardness values obtained from different orientations or locations on a material may suggest the presence of anisotropic properties.
The anisotropy of steel is often related to the orientation of its crystalline grains. In materials with elongated grains, the hardness may vary depending on the direction of testing. If the Rockwell hardness test is conducted in a direction aligned with the elongation of the grains, the material may exhibit different hardness compared to a direction perpendicular to the grain alignment.
For the Rockwell hardness testing, samples were obtained by cutting out 10 small squares throughout the coil and tested on the machine. The test itself is a straight forward process where you position the sample beneath the indenter of the Rockwell hardness tester. Apply the initial test force by using the lever or control panel of the tester. The initial force ensures proper contact between the indenter and the sample surface. Once the initial force is applied, the main test force is automatically or manually applied to the sample. This force causes the indenter to penetrate into the sample to a predetermined depth. After a specific dwell time for approximately 10 seconds release the main test force and allow the indenter to retract from the sample surface. The machine will measure and record the indentation depth.

2.4 ICP-OES 
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) is an analytical technique used for the elemental analysis of a wide range of materials.
The technique builds upon the development of inductively coupled plasma (ICP), which was initially introduced in the 1960s. ICP is a high-temperature ionization source that is formed by coupling radiofrequency (RF) energy with argon gas. This plasma source produces temperatures on the order of 10,000 Kelvin, resulting in the complete atomization and ionization of sample elements.
The concept of using ICP as a source for optical emission spectroscopy was developed in the late 1960s and early 1970s. The first commercial ICP-OES instruments were introduced in the 1980s. This technique quickly gained popularity in analytical laboratories due to its ability to provide simultaneous multi-element analysis with high sensitivity and precision.
In ICP-OES, a sample is introduced into the ICP, where it is atomized, ionized, and excited. The emitted light from the excited ions is then passed through a spectrometer, which separates the light into its individual wavelengths. The intensities of the emitted wavelengths are detected and used to quantify the concentrations of elements in the sample.
ICP-OES offers several advantages, including high sensitivity, a wide dynamic range, and the ability to analyse multiple elements simultaneously. It is widely used for trace element analysis in various industries, including environmental monitoring, pharmaceuticals, metallurgy, geology, and more.
ICP-OES is employed for the analysis of a diverse range of sample types, including liquids (such as water and beverages), geological samples, biological samples, industrial materials, and more. It is particularly valuable for applications requiring the simultaneous analysis of multiple elements at trace levels.
Over the years, ICP-OES instrumentation has seen continuous advancements, including improvements in detector technology, optics, and software capabilities. These enhancements have led to increased sensitivity, lower detection limits, and improved data accuracy.
International organizations such as ASTM International and the International Organization for Standardization (ISO) have established standardized methods for ICP-OES analysis to ensure consistency and reliability in results across different laboratories.
ICP-OES has become an essential tool for elemental analysis in many scientific and industrial fields, offering a powerful and versatile solution for determining the elemental composition of a wide range of materials.

“Inductively Coupled Plasma Optical Emission spectroscopy (ICP-OES) is an analytical technique used to determine how much of certain elements are in a sample. The ICP-OES principle uses the fact that atoms and ions can absorb energy to move electrons from the ground state to an excited state.” -www.agilent.com. (n.d.). ICP-OES principle, ICP-OES Analysis, ICP-OES FAQ’s | Agilent. [online] Available at: https://www.agilent.com/en/support/atomic-spectroscopy/inductively-coupled-plasma-optical-emission-spectroscopy-icp-oes/icp-oes-faq#:~:text=Inductively%20Coupled%20Plasma%20Optical%20Emission%20spectroscopy%20(ICP%2DOES)%20is.
When running samples on the ICP OES for elemental analysis, the steel must be digested by acid and then dissolved with water into a test flasks and then into tubes for the ICP OES in order to obtain run the test.
“ICP-OES and ICP-MS can provide significant advantages to conventional solid-sampling techniques. Although the sample preparation step is more time-consuming and requires the use of concentrated acids, the analysis can provide much improved sensitivity and a wider range of analytes.” - Norris, S.J.E. (n.d.). How to Prepare Metal Alloy Samples for Analysis by ICP-OES or ICP-MS. [online] www.armi.com. Available at: https://www.armi.com/blog/how-to-prepare-metal-alloy-samples-for-analysis-by-icp-oes-or-icp-ms.
Steel samples are typically solid materials, so they need to be digested into solution to release the elemental constituents for analysis. The digestion process involves breaking down the steel matrix using acid. For our method, based on the composition of the steel and the elements of interest, we use acids such as nitric acid (HNO3), hydrochloric acid (HCl) to form and a mixture of nitric and hydrochloric acids. 

Whilst wearing all the correct PPE (goggles, gloves, lab coat, ) add 20ml mixed acid e.g.40% Distilled Water (400ml) 40% Hydrochloric Acid (400ml) and 20% (200ml) Nitric Acid in 1 Litre to make up the acid mix.
Weigh out 0.5g of precut steel sample on balance and place into a beaker on low heat on the hotplate in a fume chamber , When totally dissolved allow to cool and filter into 100ml flask
After digestion, the resulting solution may need to be diluted to bring the analyte concentrations within the linear range of the ICP-OES detector.
Use high-purity water (such as deionized water) for dilution to avoid introducing additional contaminants, and filter the digested solution to remove any solids that could clog the nebulizer or interfere with the analysis.

Include blank samples (acid matrix without the steel sample) and standard reference materials with known concentrations of the elements of interest in your analysis to ensure accuracy and precision.
Running samples on the ICP OES
Load the prepared sample solutions into the sample introduction system of the ICP-OES instrument. Ensure that the sample introduction system is clean and free of any blockages.
Set up the instrument parameters, such as nebulizer flow rate and integration time, based on the sample characteristics and the elements being analyzed.
Initiate the analysis sequence on the ICP-OES instrument software. The instrument will aspirate each sample solution, atomize it in the inductively coupled plasma, and measure the emitted light from the excited atoms. Review the generated spectra and concentration readings for each element of interest.

3. Testing
3.1 Tensile Testing

The results that came back from testing the 3 different steel grades are shown below where main focus is on the yield stress (Rp0.2) , Ultimate tensile strength-UTS (Rmax), Elongation and R-value. The R-value is probably the most problematic mechanical property as the company has been experiencing high R-values with some of the materials like T56 with R-value specification ranging from 1.1 -1.6, anything over 1.6 is held as a failure. The R-value in tensile testing, refers to the anisotropy index, which is the ratio of the yield strength in one direction to the yield strength in another direction. It's calculated using the following formula R = Yield strength in one direction/ Yield strength in another direction.
​In the context of a Zwick tensile tester, the R-value can be calculated using the data obtained from tensile tests. From the tensile test data, determine the yield strength of the material in each direction. The yield strength is usually identified as the point where the material begins to exhibit plastic deformation. Once the yield strengths in both directions are determined, calculate the R-value using the formula mentioned above. The Zwick tensile tester provides data such as stress-strain curves, which are used to determine the yield strength. By performing tests in different directions and calculating the R-value.
As you can see from the results that the R-values for T56 range from 1.49 – 1.62 (with an average of 1.57), with 3 failures (highlighted in red) for the material and a few other coils on the higher end of the limit which is a concern for the company. 
“The R-value is higher than unity for anisotropic materials, which deform more in the width direction than in the thickness direction.” - Ohashi, K., Utsunomiya, H. and Matsumoto, R. (2012). Evaluation of R-value of steels using Vickers hardness test. Journal of Physics: Conference Series, 379, p.012045. doi:https://doi.org/10.1088/1742-6596/379/1/012045.
Ideally the company would like to see the figure be mid-range of the limits (1.3-1.45). The yield stress (Rp0.2) ranged from 259 – 267 N/mm2 (with an average of 263) which is typical for T56. The elongation was ranged from 30.8% - 32.2% (with an average of 31.5%) and the Ultimate tensile strength (Rmax) ranged from 367 – 368 N/mm2 (with an average of 368) which is quite a consistent value for the material.
For T59 steel grade which is a thinner material (Average of 0.17mm) compared to the T56 (0.22mm), you can see from the results that the R-values for T59 range from 0.71 – 0.80 (with an average of 0.75), which is considerably lower than the T56.The yield stress (Rp0.2) ranged from 268 - 278 N/mm2 (with an average of 273) which is typical for T59. The elongation was ranged from 25.5% - 27.5% (with an average of 26.4%) and the Ultimate tensile strength (Rmax) ranged from 410 - 425 N/mm2 (with an average of 418) which is more of a fluctuation when compared to the T56 material.
For T61 steel grade which is a thicker material (Average of 0.34mm) compared to the T56 (0.22mm), you can see from the results that the R-values for T61 range from 0.69 – 0.97 (with an average of 0.84), which is considerably lower than the T56.The yield stress (Rp0.2) ranged from 358 - 371 N/mm2 (with an average of 363) which is typical for T61. The elongation was ranged from 29.2% - 31.8% (with an average of 30.6%) and the Ultimate tensile strength (Rmax) ranged from 408 - 411 N/mm2 (with an average of 410).

	Table 3.1.1 – T56

	
	
	
	
	
	
	

	TOPS ID
	ID/Barc.
	Thick
	Width
	Rp0.2
	Rmax
	El.
	r

	
	
	mm
	mm
	N/mm2
	N/mm2
	br.%
	

	TST126
	/04907
	0.22
	24.98
	259
	368
	32
	1.55

	TST126
	/04908
	0.22
	24.99
	260
	367
	30.8
	1.52

	TST126
	/04909
	0.22
	24.99
	261
	367
	30.9
	1.56

	TST126
	/04910
	0.22
	24.98
	265
	367
	31
	1.57

	TST126
	/04911
	0.23
	24.98
	260
	367
	32.2
	1.61

	TST126
	/04912
	0.22
	24.98
	262
	368
	31.9
	1.59

	TST126
	/04913
	0.23
	24.99
	263
	367
	32.6
	1.62

	TST126
	/04914
	0.23
	24.98
	262
	368
	31.2
	1.53

	TST126
	/04915
	0.22
	24.99
	267
	368
	31.1
	1.61

	TST126
	/04916
	0.22
	24.99
	266
	368
	30.9
	1.54

	
	Average:
	0.22
	24.99
	263
	368
	31.5
	1.57

	

Table 3.1.2 – T59

	
	
	
	
	
	
	


	
	
	
	
	
	
	
	

	TOPS ID
	ID/Barc.
	Thick
	Width
	Rp0.2
	Rmax
	El.
	r

	
	
	mm
	mm
	N/mm2
	N/mm2
	br.%
	

	TST120
	/04917
	0.17
	24.99
	278
	425
	26
	0.8

	TST120
	/04918
	0.17
	24.99
	277
	423
	26.9
	0.76

	TST120
	/04919
	0.17
	24.99
	277
	424
	26.9
	0.75

	TST120
	/04920
	0.18
	24.99
	268
	411
	26.3
	0.75

	TST120
	/04921
	0.17
	24.99
	275
	423
	25.9
	0.75

	TST120
	/04922
	0.18
	24.99
	268
	410
	25.5
	0.74

	TST120
	/04923
	0.18
	24.98
	269
	412
	27.1
	0.71

	TST120
	/04924
	0.18
	24.99
	269
	412
	25.3
	0.72

	TST120
	/04925
	0.17
	24.99
	272
	420
	26.6
	0.74

	TST120
	/04926
	0.17
	25.01
	273
	421
	27.5
	0.73

	
	Average:
	0.17
	24.99
	273
	418
	26.4
	0.75

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	Table 3.1.3 – T61

	
	
	
	
	
	
	

	TOPS ID
	ID/Barc.
	Thick
	Width
	Rp0.2
	Rmax
	El.
	r

	
	
	mm
	mm
	N/mm2
	N/mm2
	br.%
	

	TST130
	/15695
	0.34
	24.99
	363
	410
	30.1
	0.97

	TST130
	/15696
	0.34
	24.99
	364
	410
	30.3
	0.89

	TST130
	/15697
	0.34
	24.99
	369
	411
	31.7
	0.71

	TST130
	/15698
	0.34
	24.99
	362
	410
	30.3
	0.9

	TST130
	/15699
	0.34
	24.99
	363
	410
	30.6
	0.76

	TST130
	/15700
	0.34
	24.98
	371
	411
	31.5
	0.97

	TST130
	/15701
	0.34
	24.99
	360
	410
	30.5
	0.85

	TST130
	/15702
	0.34
	24.99
	363
	410
	30.1
	0.80

	TST130
	/15703
	0.34
	24.99
	360
	409
	29.2
	0.69

	TST130
	/15704
	0.34
	24.99
	358
	408
	31.8
	0.88

	
	Average:
	0.34
	24.99
	363
	410
	30.6
	0.84




3.2 Rockwell hardness testing
The results that were obtained as shown below with the T56 steel grade had the lowest average hardness of 54.4N, the T59 steel grade showed to be harder with an average hardness of 60.6N and the T61 steel grade had an average hardness of 57.9N. Hardness is closely related to the strength of the material, particularly its resistance to plastic deformation or permanent indentation. A higher Rockwell hardness value typically indicates greater material strength, while a lower value suggests lower strength. Changes in the hardness of steel can occur as a result of heat treatment processes such as quenching, tempering, and annealing. Rockwell hardness testing can be used to evaluate the effects of heat treatment on steel hardness and microstructure, helping to optimize process parameters and achieve desired material properties.



Table 3.2.1 – T56	                        Table 3.2.2 – T59	                                            Table 3.2.3 – T61
	T56
	
	
	T59
	
	
	T61
	

	T56
	Kgforce (kg x 9.8N)
	
	T59
	Kgforce (kg x 9.8N)
	
	T61
	Kgforce (kg x 9.8N)

	
	
	
	
	
	
	
	

	Sample 1
	54.3
	
	Sample 1
	60.4
	
	Sample 1
	57.7

	Sample 2
	54.2
	
	Sample 2
	60.5
	
	Sample 2
	57.9

	Sample 3
	54.3
	
	Sample 3
	60.6
	
	Sample 3
	58.1

	Sample 4
	54.5
	
	Sample 4
	60.9
	
	Sample 4
	58

	Sample 5
	54.3
	
	Sample 5
	60.4
	
	Sample 5
	57.9

	Sample 6
	54.3
	
	Sample 6
	60.7
	
	Sample 6
	57.8

	Sample 7
	54.6
	
	Sample 7
	60.5
	
	Sample 7
	57.9

	Sample 8
	54.5
	
	Sample 8
	60.6
	
	Sample 8
	58

	Sample 9
	54.2
	
	Sample 9
	60.6
	
	Sample 9
	57.8

	Sample 10
	54.4
	
	Sample 10
	60.4
	
	Sample 10
	57.9

	Average:
	54.4N
	
	Average:
	60.6N
	
	Average:
	57.9N






3.3 Microscope analysis
The images below show the 3 different steel grades under the light microscope with great similarity between T59 and T61 having more of a fine grained size structure compared to the T56 which has more of a clear and larger grain size structure. The average grain count for the T56 steel grade was 14200 per sample, however the average grain count for T59 and T61 was 21,400 per sample and 22,100 per sample respectively.
The T56 image shows measurements of the length of the grains for the steel sample, where the microscope measured lengths ranging from 20.46µm – 27.42µm. This shows the scale of the size of the grains for the T56 steel grade.
The T59 image shows measurements of the length of the grains for the steel sample, where the microscope measured lengths ranging from 15.12µm – 26.38µm. This shows the scale of the size of the grains for the T59 steel grade where its comparatively smaller than the T56.
The T61 image shows measurements of the length of the grains for the steel sample, where the microscope measured lengths ranging from 17.39µm – 25.18µm. This shows the scale of the size of the grains for the T61 and similar to the T59 steel grade is comparatively smaller than the T56.


[image: ] Image 3.3.1 – T56
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Image 3.3.2 – T59
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Image 3.3.3 – T61










3.4 ICP OES testing
The main 4 elements that we take interest in when looking at the mechanical properties and anisotropy are Carbon, Aluminium, Nitrogen and Magnesium which are measured in %/weight (%/wt).
The results of elemental analysis for the 3 different steel grades are shown below where we tested 10 times for each steel grade, where samples were taken throughout the length each steel grade coil. For the T56 steel grade, the average carbon content was 0.0203%, the Aluminium was 0.0353%, the Magnesium was 0.1906% and the Nitrogen was 0.0025%.   For the T59 steel grade, the average carbon content was 0.1110% which is fairly higher with more than 5 times as much carbon than the T56 steel grade, the Aluminium was 0.0443% which was again higher than the T56, the Magnesium was also fairly higher than the T56 with 0.5212% and the Nitrogen was 0.0061%. For the T61 steel grade, the average carbon content was 0.0482% which wasn’t that much less of the T59 but still fairly higher than the T56, the Aluminium was 0.0456% showing similarity to the T59 again, the Magnesium was 0.2350% which was higher than the T56 but only half of the T59 steel grade, and the Nitrogen was 0.0049%. 
	
Table 3.4.1 – T56
	T56
	Carbon     %/wt
	Aluminium
     %/wt
	Magnesium
%/wt
	Nitrogen
%/wt

	
	
	
	
	
	

	Sample 1
	0.0201
	0.0352
	0.1904
	0.0024
	

	Sample 2
	0.0202
	0.0355
	0.1907
	0.0024
	

	Sample 3
	0.0203
	0.0353
	0.1911
	0.0023
	

	Sample 4
	0.0208
	0.0354
	0.1906
	0.0024
	

	Sample 5
	0.0198
	0.0349
	0.1903
	0.0026
	

	Sample 6
	0.0203
	0.035
	0.1906
	0.0024
	

	Sample 7
	0.0206
	0.0352
	0.1904
	0.0027
	

	Sample 8
	0.0204
	0.0354
	0.1905
	0.0024
	

	Sample 9
	0.0201
	0.0355
	0.1904
	0.0025
	

	Sample 10
	0.0202
	0.0352
	0.1906
	0.0028
	

	Average:
	0.0203
	0.0353
	0.1906
	0.0025
	

	Table 3.4.2 – T59
	
	
	
	
	

	
	
	
	
	
	

	T59
	Carbon     %/wt
	Aluminium
     %/wt
	Magnesium
%/wt
	Nitrogen
%/wt
	

	
	
	
	
	
	

	Sample 1
	0.1106
	0.04432
	0.5211
	0.0061
	

	Sample 2
	0.1111
	0.04434
	0.5216
	0.0063
	

	Sample 3
	0.1108
	0.0443
	0.5215
	0.0064
	

	Sample 4
	0.1113
	0.04432
	0.5209
	0.0061
	

	Sample 5
	0.111
	0.04434
	0.5211
	0.0059
	

	Sample 6
	0.1109
	0.04436
	0.5213
	0.0063
	

	Sample 7
	0.1112
	0.04428
	0.5216
	0.0062
	

	Sample 8
	0.1111
	0.04432
	0.521
	0.006
	

	Sample 9
	0.1109
	0.04433
	0.5212
	0.0058
	

	Sample 10
	0.111
	0.04429
	0.5211
	0.0061
	

	Average:
	0.1110
	0.0443
	0.5212
	0.0061
	

	
	
	
	
	
	

	Table 3.4.3 – T61
	
	
	
	
	

	
	
	
	
	
	

	T61
	Carbon     %/wt
	Aluminium
     %/wt
	Magnesium
%/wt
	Nitrogen
%/wt
	

	
	
	
	
	
	

	Sample 1
	0.048
	0.0455
	0.2347
	0.0049
	

	Sample 2
	0.0482
	0.0452
	0.235
	0.0047
	

	Sample 3
	0.0484
	0.0457
	0.2348
	0.0048
	

	Sample 4
	0.0479
	0.0454
	0.2351
	0.005
	

	Sample 5
	0.0482
	0.0459
	0.2347
	0.0049
	

	Sample 6
	0.0485
	0.0456
	0.2349
	0.0047
	

	Sample 7
	0.0483
	0.0455
	0.235
	0.0049
	

	Sample 8
	0.048
	0.0454
	0.2353
	0.0051
	

	Sample 9
	0.0481
	0.0457
	0.2349
	0.0049
	

	Sample 10
	0.0484
	0.0457
	0.2351
	0.0047
	

	Average:
	0.0482
	0.0456
	0.2350
	0.0049
	





When comparing the different steel grades and their chemistry with the tensile properties, and you can see that T59 was the strongest material with an average UTS of 418N/mm2 required to break the material. T59 also had the highest carbon and magnesium content of 0.1109% and 0.5212% respectively, and this shows how much strength is gained with the addition of carbon and magnesium as T59 was also the thinnest grade of steel with 0.173mm. The weakest material with an average UTS of 367.5N/mm2 required to break the material was the T56 which was thicker steel of 0.224mm but had the lowest Carbon and magnesium content of 0.0203% and 0.1906% respectively. On the other hand, the T56 had a higher R-value of 1.57 and a higher elongation of 31.46% for the material, which shows a lower carbon and magnesium content allows for more ductility and anisotropic properties. T61 with a slightly higher carbon and magnesium content of 0.0482% and 0.2350% respectively. The magnesium content being in between T59 and T56 but the carbon was only a little higher than the T56, however the UTS of 410N/mm2 for T61 wasn’t that much less of T59, however the T61 also had the highest thickness of 0.337mm. The thickness added to the UTS value of the material but the lower carbon and magnesium content of T61 and T56 shows to increase elongation and R value, where T61 had an elongation and R-value of 30.61% and 0.84 respectively, compared to the T59 that had 26.4% and 0.74.


Carbon (C):
Carbon is one of the most important alloying elements in steel and has a significant impact on its mechanical properties and microstructure. Higher carbon content generally leads to increased strength and hardness but reduced ductility and toughness. Carbon atoms can segregate along dislocations and grain boundaries, affecting the movement of dislocations and promoting localized deformation. This segregation can lead to anisotropic behaviour, particularly in heavily cold-worked or strain-hardened steels. Carbon can also influence the formation of various phases, such as cementite (Fe3C), which can affect the microstructure and mechanical properties of the steel.
 “higher carbon content results in an increase in yield stress and ultimate tensile stress, while the elongation remains essentially constant. The results were explained by the hindering of dislocation motion associated with solid solution hardening.” - Calik, A., Duzgun, A., Sahin, O. and Ucar, N. (2010). Effect of Carbon Content on the Mechanical Properties of Medium Carbon Steels. Zeitschrift für Naturforschung A, [online] 65(5). doi:https://doi.org/10.1515/zna-2010-0512.
Magnesium (Mg):
Magnesium is not typically added to steel as an alloying element but can be present as an impurity. In small concentrations, magnesium is generally considered benign in steel. However, at higher concentrations, magnesium can form brittle intermetallic compounds or precipitates, which can reduce ductility and toughness and contribute to anisotropic fracture behaviour.
Aluminium (Al):
Aluminium is often added to steel as an alloying element to improve strength, toughness, and corrosion resistance. It forms solid solution strengthening with iron and can promote the formation of fine-grained microstructures. Aluminium can influence the recrystallisation behaviour of steel during heat treatment, leading to variations in grain size and texture. Fine-grained structures are generally less anisotropic than coarse-grained ones. Aluminium can also form precipitates or intermetallic phases that may affect the mechanical properties and anisotropy of steel, depending on their distribution and morphology.
“aluminum (Al) plays the role of deoxidation and grain refinement, which can improve the impact toughness of steel and reduce the tendency of cold brittle and aging.” - www.lksteelpipe.com. (n.d.). The Effect Of Aluminum In Steel - News - News - LINKUN STEEL. [online] Available at: https://www.lksteelpipe.com/news/the-effect-of-aluminum-in-steel-27994294.html#:~:text=As%20one%20of%20the%20main [Accessed 1 May 2024].
Nitrogen (N):
Nitrogen can be present in steel as an impurity or intentionally added as an alloying element to improve strength and hardenability. Nitrogen can form solid solution strengthening with iron and other alloying elements. At high concentrations, nitrogen can lead to the formation of brittle nitride phases, which can reduce ductility and toughness and contribute to anisotropic fracture behaviour.  Nitrogen can also affect the grain boundary structure and cohesion, influencing the deformation behaviour and anisotropy of steel.
“Nitrogen can be added to the steel during the melting process to help remove impurities, such as oxygen and hydrogen, that can weaken the steel. Nitrogen can also form nitrides with other elements in the steel, improving its hardness and wear resistance.” - Quora. (2019). What is the effect of nitrogen on steel making? [online] Available at: https://www.quora.com/What-is-the-effect-of-nitrogen-on-steel-making#:~:text=Nitrogen%20can%20be%20added%20to [Accessed 1 May 2024].
4. Lowered Annealing temperature testing 
4.1 Tensile testing
With regards to the problem of the high R-value with the T56 material, it was decided that the best solution would be to lower the annealing temperature from the standard temperature of 670 degrees Celsius to 650 degrees Celsius. This was seen as the best option for as we can’t change the chemical composition of the steel grades for compliance reasons. lowering annealing temperatures in steel processing can promote finer grain structures, control texture development, inhibit grain growth, and enhance ductility, all of which contribute to reducing the R-value and improving the isotropic deformation behaviour of the material during tensile testing. The reduction in annealing temperature is applied for all three steel grades.
“Annealing is a heat treatment process which alters the microstructure of a material to change its mechanical or electrical properties. Typically, in steels, annealing is used to reduce hardness, increase ductility and help eliminate internal stresses.” - Home. (n.d.). Annealing is a heat treatment process which alters the microstructure... [online] Available at: https://www.bodycote.com/services/heat-treatment/annealingnormalising/annealing/#:~:text=Annealing-.
As you can see from the tensile results for the lowered annealing temperature steel grades, that the R-values for T56 range from 1.33 – 1.40 (with an average of 1.37) which is a decrease of 0.2 and a  more desirable value to have for our T56 material to avoid failures in our material. The yield stress (Rp0.2) ranged from 260 – 267 N/mm2 (with an average of 264) which is only a 1N/mm2 increase. The elongation was ranged from 32.5% - 33.9% (with an average of 33.3%) which is a 1.84% increase and the Ultimate tensile strength (Rmax) ranged from 363 – 375 N/mm2 (with an average of 370) which is an increase of 2N/mm2.
For T59 steel grade the R-values for T56 range from 0.56 – 0.63 (with an average of 0.6) which is a decrease of 0.14. The yield stress (Rp0.2) ranged from 270 – 283 N/mm2 (with an average of 275) which is a 2N/mm2 increase. The elongation was ranged from 26.4% - 29.3% (with an average of 27.6%) which is a 1% increase and the Ultimate tensile strength (Rmax) ranged from 416 – 429 N/mm2 (with an average of 422) which is an increase of 4N/mm2.
For T61 steel grade the R-values for T61 range from 0.68 – 0.89 (with an average of 0.76), which is a decrease of 0.08. The yield stress (Rp0.2) ranged from 360 – 368 N/mm2 (with an average of 365) which is a 2N/mm2 increase. The elongation was ranged from 31.9% - 33.5% (with an average of 32.9%) which is a 2.3% increase and the Ultimate tensile strength (Rmax) ranged from 412 – 420 N/mm2 (with an average of 417) which is an increase of 7N/mm2.
“During an anneal, metallurgical changes occur that returns the metal to its pre-cold-worked state. These changes result in a reduction of the metal's yield and tensile strength and an increase in its ductility, enabling further cold working.” - Industrial Metallurgists. (2017). Annealing to Increase Metal Ductility. [online] Available at: https://www.imetllc.com/annealing-metal-ductility/#:~:text=During%20an%20anneal%2C%20metallurgical%20changes.

	Table 4.1.1 – T56
	
	
	
	
	
	
	

	TOPS ID
	ID/Barc.
	Thick
	Width
	Rp0.2
	Rmax
	El.
	r

	
	
	mm
	mm
	N/mm2
	N/mm2
	br.%
	

	TST126
	/32513
	0.22
	24.98
	263
	370
	33.9
	1.33

	TST126
	/32514
	0.22
	24.99
	260
	371
	32.5
	1.39

	TST126
	/32515
	0.22
	24.99
	261
	365
	33.3
	1.37

	TST126
	/32516
	0.23
	24.98
	260
	374
	32.7
	1.4

	TST126
	/32517
	0.23
	24.98
	263
	372
	33.4
	1.35

	TST126
	/32518
	0.22
	24.98
	265
	366
	33.5
	1.35

	TST126
	/32519
	0.23
	24.99
	262
	363
	33.8
	1.4

	TST126
	/32520
	0.23
	24.98
	267
	375
	33.6
	1.35

	TST126
	/32521
	0.22
	24.99
	265
	370
	32.7
	1.38

	TST126
	/32522
	0.22
	24.99
	269
	371
	33.6
	1.37

	
	Average:
	0.22
	24.99
	264
	370
	33.3
	1.37

	
	
	
	
	
	
	
	

	Table 4.1.2 – T59
	
	
	
	
	
	
	

	TOPS ID
	ID/Barc.
	Thick
	Width
	Rp0.2
	Rmax
	El.
	r

	
	
	mm
	mm
	N/mm2
	N/mm2
	br.%
	

	TST120
	/32523
	0.17
	24.99
	280
	429
	29.3
	0.56

	TST120
	/32524
	0.17
	24.99
	283
	427
	27.5
	0.61

	TST120
	/32525
	0.17
	24.99
	273
	419
	28.1
	0.63

	TST120
	/32526
	0.18
	24.99
	276
	420
	27.9
	0.57

	TST120
	/32527
	0.17
	24.99
	274
	427
	27.8
	0.59

	TST120
	/32528
	0.18
	24.99
	270
	415
	26.4
	0.6

	TST120
	/32529
	0.18
	24.98
	280
	424
	28.2
	0.65

	TST120
	/32530
	0.18
	24.99
	268
	416
	26.9
	0.59

	TST120
	/32531
	0.17
	24.99
	275
	418
	26.6
	0.63

	TST120
	/32532
	0.17
	25.01
	273
	421
	27.5
	0.61

	
	Average:
	0.17
	24.99
	275
	422
	27.6
	0.60

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
Table 4.1.3 – T61
	
	
	
	
	
	
	

	TOPS ID
	ID/Barc.
	Thick
	Width
	Rp0.2
	Rmax
	El.
	r

	
	
	mm
	mm
	N/mm2
	N/mm2
	br.%
	

	TST130
	/32433
	0.34
	24.99
	365
	417
	33.5
	0.79

	TST130
	/32434
	0.34
	24.99
	367
	420
	32.9
	0.89

	TST130
	/32435
	0.34
	24.99
	366
	415
	33.4
	0.69

	TST130
	/32436
	0.34
	24.99
	365
	413
	32.6
	0.75

	TST130
	/32437
	0.34
	24.99
	360
	416
	31.9
	0.76

	TST130
	/32438
	0.34
	24.98
	368
	418
	32.8
	0.8

	TST130
	/32439
	0.34
	24.99
	364
	416
	33.3
	0.73

	TST130
	/32440
	0.34
	24.99
	368
	420
	33
	0.68

	TST130
	/32441
	0.34
	24.99
	363
	418
	32.7
	0.72

	TST130
	/32442
	0.34
	24.99
	360
	412
	32.9
	0.74

	
	Average:
	0.34
	24.99
	365
	417
	32.9
	0.76

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	


4.2 Grain structure
By looking at the grain structure of the different steel grades under the same magnification of X1500 after the lowered annealing temperature, there isn’t great deal of difference to the structure, but there is a slight decrease in the size of the grains for all three steel grades, however there is a slight undeveloped look of the grains for T59 and T61 where the grain boundaries and quite as clear or prominent. The T56 grains are smaller but still retained their clear grain boundaries. The average grain count for the T56 steel grade was 18000 per sample, however the average grain count for T59 and T61 was 27000 per sample and 26,500 per sample respectively.
The T56 image shows measurements of the length of the grains for the steel sample, where the microscope measured lengths ranging from 12.02µm – 17.43µm. This shows the scale of the size of the grains for the T56 steel grade.
The T59 image shows measurements of the length of the grains for the steel sample, where the microscope measured lengths ranging from 9.52µm – 13.28µm. This shows the scale of the size of the grains for the T59 steel grade where its comparatively smaller than the T56.
The T61 image shows measurements of the length of the grains for the steel sample, where the microscope measured lengths ranging from 8.86µm – 14.91µm. This shows the scale of the size of the grains for the T61 and similar to the T59 steel grade is comparatively smaller than the T56.
This shows that the grain size for all three steel grades have decreased after lowering annealing temperatures If the grain size of steel samples shrinks after lowering annealing temperatures, it suggests that the recrystallisation process during annealing has been inhibited or slowed down.
[image: ]

Image 4.2.1 – T56









Image 4.2.2 – T5[image: ]9












Image 4.2.3 – T61
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4.3 Hardness Testing
After testing the steel grades after the lowered annealing temperature, we can see that the average Rockwell hardness has increased by 0.98N for the T56, 0.91N for the T59 and 0.93N for the T61. Lower annealing temperatures can result in more controlled grain growth during subsequent processing steps. Excessive grain growth can lead to a decrease in hardness, so by annealing at lower temperatures, grain growth is limited, helping to preserve or even enhance the hardness of the material.
“The Rockwell hardness number is directly related to the indentation hardness of the plastic material (i.e., the higher the reading, the harder the material).” - www.sciencedirect.com. (n.d.). Rockwell Hardness - an overview | ScienceDirect Topics. [online] Available at: https://www.sciencedirect.com/topics/chemistry/rockwell-hardness#:~:text=The%20Rockwell%20hardness%20number%20is.
	Table 4.3.1 – T56
	
	
	Table 4.3.2 – T59
	
	
	Table 4.3.3 – T61
	

	T56
	Kgforce (kg x 9.8N) 
	
	T59
	Kgforce (kg x 9.8N) 
	
	T61
	Kgforce (kg x 9.8N)

	
	
	
	
	
	
	
	

	Sample 1
	54.9
	
	Sample 1
	61.3
	
	Sample 1
	58.4

	Sample 2
	54.7
	
	Sample 2
	61.2
	
	Sample 2
	58.6

	Sample 3
	55.4
	
	Sample 3
	61.7
	
	Sample 3
	58.8

	Sample 4
	55.7
	
	Sample 4
	61.5
	
	Sample 4
	59.2

	Sample 5
	55.6
	
	Sample 5
	61.6
	
	Sample 5
	58.9

	Sample 6
	55.3
	
	Sample 6
	61.3
	
	Sample 6
	59.2

	Sample 7
	54.9
	
	Sample 7
	61.5
	
	Sample 7
	59.5

	Sample 8
	55.8
	
	Sample 8
	60.9
	
	Sample 8
	58.6

	Sample 9
	55.5
	
	Sample 9
	61.8
	
	Sample 9
	58.3

	Sample 10
	55.6
	
	Sample 10
	61.9
	
	Sample 10
	58.8

	Average:
	55.3N
	
	Average:
	61.5N
	
	Average:
	58.8N

	



5. Discussion
5.1 mechanical properties
With regards to the change in mechanical properties after lowering the annealing temperature from 670 degrees Celsius to 650 degrees Celsius, the R-value lowered a considerable amount, especially for the T56 steel grade which it lowered by an average 0.2 and the T59 lowered by 0.14 but no as much of a decrease for the T61 which lowered by 0.08. If the R-value for steel decreases during tensile testing, it indicates that the material has become less anisotropic. In other words, the material's behaviour during deformation has become more isotropic, meaning it is exhibiting more uniform deformation characteristics in different directions. Annealing tends to create a more isotropic microstructure by reducing the orientation dependence of deformation mechanisms.
The yield stress had little increases of 0.5N/mm2 for T56, 2.2N/mm2 for T59 and 1.5N/mm2 for T61. The UTS also increased by 2N/mm2for the T56, 3.5N/mm2 for T59 and 6.5N/mm2 for T61, so the UTS had more of an increase than the lower yield stress. Overall, the material become slightly stronger as lower annealing temperatures result in slower diffusion rates and slower recrystallisation kinetics. As a result, the grains formed during annealing are smaller and more evenly distributed throughout the material. A finer grain structure generally leads to increased strength because smaller grains hinder dislocation movement, making it more difficult for them to propagate and causing strengthening effects. 
The elongation for the material increased by 1.84% for the T56, 1.2% for the T59 and 2.3% for the T61. Lowering the annealing temperature typically results in a finer grain structure in the steel. Finer grains are often associated with increased ductility because they hinder crack propagation and promote more uniform deformation behaviour.
“Annealing is a heat treatment process that changes the physical and sometimes also the chemical properties of a material to increase ductility and reduce the hardness to make it more workable.” - www.twi-global.com. (n.d.). What is Annealing? A Complete Process Guide. [online] Available at: https://www.twi-global.com/technical-knowledge/faqs/what-is-annealing#:~:text=Annealing%20is%20a%20heat%20treatment.

“The grain size of the specimen increases with increasing annealing temperature while the yield strength decreases” - Wei, P., Yang, S., Cao, K. and Zhang, A. (2023). Effect of Annealing Temperature on Mechanical Properties and Work Hardening of Nickel-Saving Stainless Steel. Materials, [online] 16(11), pp.3988–3988. doi:https://doi.org/10.3390/ma16113988.
5.2 Grain size 
The grain count in steel refers to the number of individual crystalline structures (grains) present within the microstructure of the material. The size and distribution of these grains can provide insights into the anisotropic behavior of steel, which is the tendency of the material to exhibit different mechanical properties in different directions.  
“Steel microstructure refers to the arrangement and distribution of the different phases or constituents within a sample of steel at the microscopic level. These phases are typically composed of iron and other alloying elements. They can vary in structure and properties based on factors such as composition, heat treatment, and processing methods. The microstructure of steel stores the material’s genesis and it determines its chemical and physical properties. “ - www.xometry.com. (n.d.). Steel Microstructure: Definition, Determination, and Its Properties.
Smaller grains hinder dislocation movement within the material, making it more difficult for deformation to occur. As a result, steel with smaller grain sizes tends to be stronger and more resistant to deformation. While smaller grains can increase strength, they can also improve the toughness of the steel. This is because smaller grains reduce the size of potential crack propagation paths, making it more difficult for cracks to propagate through the material.
Small undeveloped grains suggest that the material did not fully recrystallize during annealing. Recrystallisation is a process in which new strain-free grains form in a deformed material, replacing the strained and distorted grains. Incomplete recrystallisation means that some regions of the material retained their deformed microstructure.
The small size of these grains could indicate that the annealing process was not carried out for a sufficient duration or at a high enough temperature to allow for complete recrystallisation. Inadequate time or temperature during annealing can prevent the formation of fully developed grains.
6. Conclusion 
When reviewing and comparing all the results for the mechanical testing, grain analysis and Rockwell hardness for the three steel grades before and after lowering the annealing temperature of 20 degrees Celsius, you can see that all three steel grades follow the same trend. The trend was an increase in ultimate tensile strength, yield strength, elongation and Rockwell hardness, however the R value and grain size of the steel decreased. Lowering annealing temperatures for steel can significantly affect mechanical properties such as elongation, ultimate tensile strength (UTS), yield strength, and the R-value, as demonstrated by the changes observed in T56, T59, and T61 steel grades when the annealing temperature was reduced from 670°C to 650°C.

The decrease in the R-value, especially notable for the T56 steel grade, shows a more isotropic behavior during deformation. This reduction indicates that the material's mechanical properties are becoming less direction-dependent, suggesting a more uniform response to applied stresses. Lower annealing temperatures promote the formation of a finer and more isotropic grain structure, minimizing the orientation dependence of deformation mechanisms. While the yield stress exhibited increases across the steel grades, the UTS showed more substantial enhancements. This suggests that while the material becomes slightly stronger overall, it demonstrates a more pronounced improvement in its ability to withstand maximum tensile stresses. The refinement of grain structure due to lower annealing temperatures leads to smaller and more evenly distributed grains, which hinder dislocation movement and promote strengthening effects.
In addition to the increase in strength, the elongation of the material also improved for all steel grades. This can be attributed to the finer grain structure resulting from lower annealing temperatures. Finer grains hinder crack propagation and promote more uniform deformation behaviour, enhancing the material's ductility and elongation. 
The observed increase in Rockwell hardness after lowering annealing temperatures for steel grades T56, T59, and T61 indicates a significant enhancement in the material's resistance to indentation or penetration. This increase in hardness is consistent with the expected effects of reducing annealing temperatures on the microstructure of steel. Lowering annealing temperatures slows down the rate of recrystallisation and grain growth, resulting in a finer and more uniform grain structure. In turn, this finer grain structure hinders dislocation movement within the material, making it more resistant to plastic deformation and increasing its hardness. The observed average increases in Rockwell hardness of 0.98N for T56, 0.91N for T59, and 0.93N for T61 demonstrate the effectiveness of lowering annealing temperatures in promoting hardness. This enhancement in hardness can be attributed to the increased density of grain boundaries and the associated grain boundary strengthening mechanisms facilitated by the finer grain structure.

Furthermore, the relatively uniform increases in Rockwell hardness across the steel grades suggest that the effect of lowering annealing temperatures on hardness is consistent and reproducible.
With regards to the grain analysis and results, large grain counts indicate a finer grain structure, where individual grains are smaller and more numerous within a given area of the steel microstructure. Finer grain structures are associated with more isotropic mechanical properties, meaning that the material's properties are more uniform and consistent in all directions. In steel with a large grain count, the likelihood of encountering grain boundary-related defects is reduced, which can contribute to improved mechanical performance and reduced anisotropy. Small grain counts suggest a coarser grain structure, where individual grains are larger and fewer within a given area of the steel microstructure. Coarser grain structures are associated with greater anisotropy, meaning that the material's properties may vary significantly depending on the direction of testing or loading. In steel with a small grain count, the presence of larger grain boundaries and grain boundary-related defects may contribute to localized variations in mechanical properties, such as strength, ductility, and fracture toughness. This relationship between mechanical properties and grain size is shown from the microscope images of the three steel grades, where there is a noticeable decrease in grain size after lowering the annealing temperature by 20 degrees Celsius. 
In summary, large grain counts in steel tend to indicate a finer grain structure and more isotropic mechanical properties, while small grain counts suggest a coarser grain structure and greater anisotropy. However, it's important to note that the relationship between grain size, grain count, and anisotropy can be influenced by various factors, including alloy composition, processing conditions, heat treatment, and testing parameters. 
In conclusion, the effect of lowering annealing temperatures for steel has profound implications for its mechanical properties, including tensile strength, grain size, and Rockwell hardness. Through this investigation, we've explored how alterations in annealing conditions can influence the microstructural characteristics of steel, subsequently impacting its mechanical behaviour. When relating back to the aims and objectives of the investigation to resolve the issues experienced by TATA steel with the high R-value for our popular T56 steel grade material. The investigation shown that with lowering the annealing temperature during the processing of the steel, we can ensure consistent and optimum R-value for the material and our customers. The anisotropy of steel, as represented by R-values, can be affected by changes in grain size induced by annealing temperature adjustments. Smaller grain sizes may lead to decreased anisotropy, resulting in more consistent mechanical properties across different directions of testing. The other two steel grades of T59 and T61 were also useful in drawing these conclusions and being able to see the same trends. 
However, it's crucial to note that the relationship between annealing temperature, grain size, and mechanical properties is complex and can be influenced by various factors, including alloy composition, annealing time, and cooling rate. Optimal annealing conditions must be carefully tailored to achieve the desired balance between mechanical properties. The choice of annealing temperature plays a critical role in determining the microstructural characteristics and, consequently, the mechanical behaviour of steel. 
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