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[bookmark: _Hlk198280214]Abstract
This report presents a comparative analysis of the mechanical properties and surface characteristics of CR4 mild steel and 304 stainless steel, two commonly used metals at Swansea University, following machining by milling and abrasive water jet (AWJ) cutting. The objective was to evaluate the influence of different machining methods and specific parameters on tensile properties, dimensional accuracy, and surface roughness, as guided by the standards set in ISO 6892-1.
Seventy-eight tensile specimens were prepared using varied controlled parameters for both machining methods to ensure a thorough evaluation of their effects. Mechanical properties such as Young’s modulus, yield stress, ultimate tensile strength (UTS), and elongation were calculated for both materials after tensile testing. The results showed that milling achieved a superior surface finish and more precise finished dimensions compared to the AWJ cutter. In terms of properties, the process resulted in a higher UTS and yield stress across both materials. However, AWJ cutting maintained ductility more effectively in CR4 mild steel and had higher Young’s modulus values due to its cold cutting process, which reduces heat-affected zones. The difference in machining effects was found to be material- dependant, with 304 stainless steel showing a better surface finish and improved elongation when milled, in comparison to the trends observed in CR4 mild steel. This project demonstrates the critical role of selecting the correct process and machining method based on material characteristics.
This research supports improved decision-making within Swansea University’s workshop, enabling suitable production solutions that balance surface finish, strength, and ductility. In summary, the project enhances the understanding of the distinct impacts of milling and AWJ cutting on the mechanical properties and surface finish of CR4 mild steel and 304 stainless steel, guiding more informed machining decisions.
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[bookmark: _Hlk198280338][bookmark: _Toc198404490]1. Introduction 
In modern manufacturing, selecting the appropriate machining method for components is crucial for achieving the required product performance and quality. Steel is a fundamental material in engineering applications, offering a balance between strength, durability, and affordability. Cold rolled grade 4 (CR4) mild steel and 304 stainless steel are two forms of steel widely utilised, each having unique qualities that meet industrial requirements. CR4 steel is a low-carbon steel that offers favourable mechanical properties, such as its ability to undergo considerable deformation, as noted by Batchelor, T, et al. (2023). 304 stainless steel is a versatile austenitic stainless-steel alloy known for its excellent corrosion resistance, ductility, and formability, as stated by Essentra (2023). 
The evolution of machining to precisely shape and modify components has been greatly impacted by developments in machining technologies. Traditional methods, such as manual milling and computer numerical control (CNC) milling, are used to produce high-precision components, achieving accurate dimensions and a great surface finish. New techniques have been introduced for material processing, such as the non-conventional method of abrasive water jet (AWJ) cutting. This method uses high-pressure water mixed with abrasive to cut through almost any material, it specialises in producing components with complex geometries. Both techniques offer specific advantages and limitations, which can have an influence on the mechanical properties and surface characteristics of the machined components. The mechanical properties of materials, such as tensile strength, yield strength, and elongation, are critical factors in determining their suitability for specific applications. Additionally, surface roughness can be a crucial factor in a material’s fatigue life and corrosive resistance. Therefore, understanding the comparative effect of milling and AWJ cutting on the mechanical properties and surface finish of CR4 mild steel, and 304 stainless steel is critical for optimising manufacturing processes and product performance and quality. 
This study intends to comprehensively investigate and compare the mechanical properties and surface roughness of CR4 mild steel and 304 stainless steel after being machined via the processes of milling and AWJ cutting. This will be carried out by varying the machining parameters to produce standardised tensile samples and conducting mechanical testing. This investigation seeks to provide an understanding into the suitability of each machining process. The findings of this study will contribute to the already existing understanding of this subject and offer practical guidance for Swansea University staff using these materials and machining techniques. 

[bookmark: _Hlk198280353][bookmark: _Toc198404491]2. Aims and Objectives 
The research aims to evaluate and compare the influence of milling and abrasive water jet cutting techniques, under varied conditions, on the mechanical properties and surface characteristics of CR4 mild steel and 304 stainless steel. The following measurable objectives have been outlined to achieve this aim. 
I. Specimen Preparation 
To create standardised tensile test specimens using both milling and abrasive water jet cutting techniques from CR4 mild steel and 304 stainless steel in accordance with international organisation for standardisation (ISO) 6892-1. This will involve thoroughly varying cutting parameters, including cutting speeds, feed rates, and tool diameter to assess their influence on the surface roughness and mechanical properties of the specimen.
II. Mechanical Testing
Perform uniaxial tensile tests using a universal testing machine (UTM) on the prepared specimens to determine their mechanical properties, such as, yield strength, ultimate tensile strength (UTS), Young’s modulus, and elongation. In addition to this, prior to testing, measure the gauge dimensions of the specimens to ensure adherence to specified tolerances using a micrometre and vernier calipers and measure the surface roughness using a profilometer. 
III. Data Analysis and Comparison
Analyse and compare the results obtained from the uniaxial testing and compare the tensile strength, yield strength, percentage elongation, UTS, and surface roughness of the tensile specimens. Evaluate the influence of surface roughness on the tensile behaviour for both CR4 mild steel and 304 stainless steel. 
IV. Application Recommendations 
Be able to provide recommendations on the suitability of milling and AWJ cutting for specific engineering applications, based on the analysis of the effects on the mechanical properties and surface finish characteristics of CR4 mild steel and 304 stainless steel. 





[bookmark: _Hlk198280364][bookmark: _Toc198404492]3. Project Timeline 
The project took place between 4th October 2024 to the 27th June 2025. The start of this project focused on the literature review and research planning, covering machining methods, materials, mechanical properties, material specific observations and review of similar studies. This was followed by the selecting the grade of the material and finding the specification for the specimen design in late November 2024. 
The experimental design phase involved setting cutting parameters for milling and AWJ cutting, as well as understanding tensile and surface roughness testing methods. After a scheduled Christmas shutdown between the 16th December 2024 to 6th January 2025, the project resumed with the procurement of materials and consumables. The following tasks of the project relied on the receiving the material and cutters. 
The manufacturing phase of the project began in late January 2025, with specimens produced via AWJ cutting and milling. The milling phase took longer to complete than the AWJ cutting due to the availability of machinery and the time taken to machine the specimens. Mechanical testing, including dimensional measurements, surface roughness assessment and tensile testing were conducted between March and April 2025. These stages were sequentially dependant, gauge measurements and surface roughness testing had to be completed before tensile testing could proceed. 
Data analysis and comparison followed, relying on the tensile and surface roughness data to find a conclusion. Throughout the project report writing was ongoing, compiling each of the phases findings. Regular supervisor meetings and an introductory presentation were conducted to monitor the progress of this project. The final stages included the submission of this report on 19th May 2025, a poster illustrating the project on 16th June and the final presentation on the 27th June 2025. Overall, each phase was scheduled to have a continuous workflow respecting the task dependencies. A Gantt chart for this project can be found in the appendix of this report.







[bookmark: _Hlk198280412][bookmark: _Toc198404493]4. Literature Review
The following section examines the existing literature relevant to the comparative analysis of mechanical properties in CR4 mild steel and 304 stainless steel after milling and AWJ cutting processes. This literature review establishes the framework for the project topic by highlighting the fundamental material properties of the chosen materials, machining process mechanics, and the relevant testing methodologies. It investigates the current body of information on how the machining processes affect the material characteristics, including tensile strength, yield strength, elongation, and surface roughness. Furthermore, this review identifies existing research gaps, justifying the need for this project and providing a foundation for the experimental methodology and data interpretation. This chapter aims to provide a strong background for the comparative analysis presented in this report by studying the present results and reviewing established research. 
[bookmark: _Toc198404494]4.1 Material properties of CR4 Mild Steel 
CR4 mild steel, a low carbon steel, is recognised as a versatile material due to its excellent weldability, strength, and durability, which makes it suitable for a wide range of applications, as stated by Vohera (2023). Its chemical composition typically includes less than or equal to 0.12% carbon, which enhances its formability and weldability, as shown by MachineMFG (2024). They go on to state that CR4 also includes up to 0.45% silicon and up to 0.6% manganese, which affects the steel’s strength and hardness. Additionally, trace amounts of phosphorus and sulphur are included to maintain strength and hardness without reducing ductility. This composition results in a microstructure seen in figure 4-1, which is a ferritic microstructure with dispersed pearlite grains, contributing to the material’s ductile nature. 
[image: A close-up of a white surface

Description automatically generated]
[bookmark: _Hlk198277339]Figure 4-1: Baker (2003).
Action Bright Steel (2020) states that mechanically CR4 exhibits a tensile strength ranging from 270-410 MPa and a yield strength of 280 MPa, indicating its ability to withstand significant stress before deforming, making it suitable for demanding applications. In addition to this, MachineMFG (2024) discusses its high ductility, indicated by an elongation at break of 25-30%, which allows for significant deformation before fracture. An article published by Bachelor et al. (2023) states that these mechanical properties make it suitable for applications that require a balance between mechanical performance and other factors such as corrosion resistance. CR4's ability to absorb and dissipate energy effectively makes it suitable for protective applications, as it can withstand both perforating and non-perforating impacts. ESB (2024) supports this by stating that CR4 is used for outer skin parts in the automotive industry, where durability and safety are critical. 
The mechanical properties of CR4 mild steel can be influenced by several factors. Heat treatment, such as annealing or normalising, can alter its microstructure and improve its ductility, as written by Aweda et al. (2018).  Their study shows that heat treatment improved the mechanical properties of CR4 samples, including increased impact energy, hardness, and UTS. The addition of heat facilitated grain refinement and prevented austenite grain growth. Alternatively, Gupta et al. (2020) state that cold working, shaping the steel below its recrystallisation temperature, can cause significant changes in the mechanical properties of the material. This increases the strength but reduces the ductility. JSW One (2023) writes that the presence of impurities, such as sulphur, phosphorus, and oxygen, can negatively affect the properties, particularly its toughness and weldability. 
[bookmark: _Toc198404495]4.2 Material properties of 304 stainless steel 	
[bookmark: _Hlk193226703]The chemical composition and microstructure of 304 stainless steel are critical factors influencing its mechanical properties and performance in various applications. Chaisang & Nansaarng (2007) state that 304 is an austenitic stainless steel with a face-centered cubic crystal structure. It is comprised of iron, 19% chromium, and 8% nickel, with small traces of carbon, manganese, and silicon. Adachi et al. (1995) discuss that the presence of chromium in the material is critical for its corrosive resistance and passivation behaviour, with higher levels enhancing its ability to form a protective passive oxygen layer. In addition to this, the significant nickel content of 304 stainless steel enhances the austenitic structure of the steel, contributing to its excellent durability and non-magnetic properties, as stated by Kumar et al. (2023). Figure 4-2 shows an optical micrograph of the 304 stainless steel microstructure composed of austenitic grains.
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Figure 4-2: Ahmadian (2020).
Reviewing the mechanical properties of 304 stainless steel, Masteel (2022) states that the minimum tensile strength is 515 MPa and can typically reach a maximum of 625 MPa. The material’s yield strength is typically around 205 MPa, as stated by Harvey (1982), indicating the stress level at which the steel will become permanently deformed. Metals4U (2025) discusses that 304 shows good ductility with an elongation at fracture of around 40% and a hardness of 92 Rockwell HRB, making it suitable for applications requiring impact resistance. 
Due to its mechanical properties, the material is utilised across various industries. Porecco (2023) identifies that one of the primary applications is in the automotive sector, where manufacturers use it for components such as bolts in engines and transmissions, benefiting from its high-temperature and corrosion resistance. Liang et al. (2024) describe the material’s use in constructing railroad steel bridges, due to its excellent corrosion resistance and mechanical properties, especially in structures exposed to harsh environmental conditions. 
The properties of 304 can be influenced when subjected to various surface treatment processes, such as surface attrition followed by boronising, Alias et al. (2020) states that this improves hardness and wear resistance, making it suitable for applications that involve friction and wear. In addition, Bai et al. (2024) write that prolonged exposure to high temperatures (500-900 °C) can lead to carbide precipitation at grain boundaries, reducing the material’s corrosive resistance. 


[bookmark: _Toc198404496]4.3 Machining by Milling 
Gomez et al. (2021) describe milling as a subtractive manufacturing process that uses a rotating cutting tool to remove material from a workpiece, producing desired shapes and surface finishes. The authors further explain that the workpiece is fed into the cutter, creating features such as slots, contours, and profiles. Ye (2024) elaborates that the effectiveness of milling, which can be executed using various tool sizes and configurations, depends on parameters like cutter diameter, spindle speed, and feed rate. A study completed by Daniyan et al. (2022) found that an increase in cutter diameter (from 12-20mm) correlates with a higher rate of material removal, but also increases the cutting temperature and surface roughness. Spindle speed is another critical factor in milling effectiveness, research by Isleyen and Karamanoglu (2019) found that higher spindle speeds, when appropriate, can lead to improved surface quality. It is found that the feed rate is equally as significant, as it affects both the cutting force and the surface quality of the machined part. 
Vitales (2019) discusses how surface integrity, including surface roughness and residual stresses, can significantly impact the results of tensile testing. In materials such as CR4 mild steel, milling processes can induce compressive residual stresses in components, which positively impact the fatigue properties, as found in a study by Zhang et al. (2018). In the case of 304 stainless steel, Ye (2023) discusses how the high ductility and work-hardening tendency can result in tensile residual stresses and surface hardening, which can affect the mechanical performance.
For tensile specimen preparation using milling, CNC is the preferred method. Harrison, N. (2025) states that CNC milling involves cutting a workpiece using computerised coordinates and is known for its accuracy and precision, ensuring repeatability and consistency in geometry and surface finish. A study by Krahmer et al. (2016) found that an advantage of this process is that it can significantly influence the surface integrity and functional characteristics related to tensile strengths. Research indicates that the effect of milling on tensile strength is generally minimal, often resulting in changes of less than 5% in steel plates.
[bookmark: _Toc198404497]4.4 Machining by AWJ Cutting
Khan et al. (2021) describe AWJ cutting as a nonconventional machining process that uses high-pressure water mixed with abrasive particles to cut through a variety of materials, ranging from metals to composites. The process relies on highly pressured water being fired through a diamond nozzle into a mixing chamber. This pressure creates a vacuum that draws abrasive particles into the stream, which is then used to erode the material, as discussed by Techni (2025). 
As with conventional milling, key process parameters significantly influence the AWJ cutters performance. A study by Deng et al. (2023) investigated the effect of abrasive particle size. It found that the depth of cut was deeper when coarser abrasive particles were used, and that the depth of cut increased with increasing particle size. Additionally, the surface roughness improves with increasing abrasive grain size. In addition to particle size, cutting speed is another critical factor influencing the AWJ cutters performance. Research conducted by Qasem, I. et al. (2023) found that an increase in cutting feed can lead to a decrease in cutting quality and an increase in the kerf taper angle. 
An advantage of AWJ cutting is the absence of a heat-affected zone. Brabie et at. (2018) noted that the absence of a heat-affected zone is particularly beneficial when machining heat-sensitive materials, as it can prevent thermal degradation that can occur during processes like plasma cutting and milling. The preparation of tensile samples using the AWJ cutter has been the subject of various studies, highlighting its impact on maintaining material integrity. A study on metal specimens by Lavender and Smith (1986) found that AWJ cutting may produce a rough surface finish and may fail to meet certain dimensional tolerances. It remains suitable for rough machining of these materials but may need secondary machining. 
[bookmark: _Toc198404498]4.5 Comparison of Milling and AWJ Cutting
[bookmark: _Hlk198148422]Milling and AWJ cutting each have their distinct impacts on material properties, each with advantages and limitations dependent on the material. Liao et al. (2020) state that the cutting action of milling tools generates frictional heat, and the mechanical force applied causes plastic deformation, particularly in affecting the surface layers of the material. This can result in surface hardening and residual stresses, compressive in CR4 Mild Steel and tensile in in 304 stainless. In comparison, the AWJ cutter is a cold cutting process, preserving the materials properties and avoiding heat-affected zones, as mentioned in chapter 4.4.
Reviewing the machining of CR4 Mild steel, Velling, A. (2020) states that due to its low carbon content, the steel is highly machinable, meaning it can be formed into intricate shapes without adding proportional stresses. Whilst AWJ cutting can be less precise, it will minimise the mechanical distortion. For 304 stainless steel, AWJ cutting can be advantageous due to its high machining ability and cold working characteristics, as discussed by Miao and Wu (2020). Lee (2023) notes that a drawback of milling is the increased tool wear and negative impact on the quality of the finished part due to the likelihood of work hardening. 
In summary, the AWJ cutter is a faster cutting operation that minimises the thermal and mechanical impact, whilst milling offers more precision for simple geometries and an improved surface finish. 


[bookmark: _Toc198404499]4.6 Mechanical Testing to ISO 6892-1 Standard 
Uniaxial tensile testing is a fundamental method in material science and engineering for evaluating a material’s mechanical properties. Veryst (2024) state that the test applies a gradually increasing axial load to a standardised specimen until failure. This allows researchers to determine material parameters such as Young’s modulus, yield strength, UTS, elongation at break, Poisson’s ratio, and Lankford coefficients. These parameters are essential for material selection and design validation.
Adhering to standardised testing procedures is crucial for ensuring the reliability and comparability of results across various studies and applications. Nextgen (2024) discuss that by following established standards, researchers can easily repeat tests under identical conditions, allowing for the verification of results and the comparison of different materials. This is fundamental for quality control and product validation. The standard used for the testing in this report is ISO 6892-1. This standard measures the tensile properties of metallic materials in any form at an ambient temperature. Tests must be conducted at 23 degrees Celsius, plus or minus 5 degrees, as stated by ISO (2019). The standard specifies test conditions, specimen dimensions, strain rate controls, and data reporting protocols.
Tensile testing outcomes are influenced by several factors, including specimen geometry, surface finish, and strain rate, as demonstrated in the following studies. Research by Shanbang and Wheat (2021) found that the impact of specimen geometry was significant, as the cross-sectional area increased, yield, tensile strength, and elastic modulus also increased. Additionally, a study by Gathimba (2020) on steel plates found that considerable surface roughness causes stress/strain concentration, early yielding, and strain localisation. 
[bookmark: _Toc198404500]4.7 Surface Roughness Testing 
Taylor Hobson (2024) describe surface roughness as the irregularities which are inherent in the machining process, which can be quantified by the deviation in the direction of the normal vector of a real surface from its ideal form. It can be an essential aspect of mechanical testing, especially when comparing specimens produced by milling and AWJ cutting. O’Neil (2024) states that methods to measure surface roughness can be broadly categorized into contact and non-contact methods.  Non-contact methods include atomic force microscopy (AFM) and optical profilometry, but this report will focus on stylus profilometry, which is a contact method. Mahadeshwara (2022) states that this instrument operates by dragging a fine stylus across the surface of a material, allowing it to record the vertical deviations of the surface profile. Research by Lu et al. (2022) observed that this method is particularly effective for measuring the roughness of metal surfaces, as they capture detailed surface features. Protolabs Network (2024) state this technique yields standardised surface roughness parameters, which can be observed in Table 4-1.
	Measurement 
	Description 

	Ra (Arithmetical mean roughness)
	Represents the arithmetic average of the absolute value of the surface’s profile deviation from the mean line over a specific length 

	Rz (average peak-to-valley height)
	This is the average difference between the five highest peaks and the five deepest valleys of a materials profile.


Table 4-1
Surface roughness can affect the mechanical behaviour of steels. Research by Lai et al. (2016) found that surface roughness can influence stress concentration, crack initiation, and the material’s resistance to fatigue and other failure modes. A study by Gathimba (2020) on corroded mild steel is significant to this report, as material cut via the AWJ cutting method shows early signs of degradation. They found that residual ductility decreases with increasing surface roughness, as strain localisation leads to early necking initiation, therefore a reduction in ductility. Based on the literature review, it is evident that specimens prepared via AWJ cutting are likely to exhibit lower elongation than those prepared using milling techniques, due to the impact of surface roughness on mechanical properties.
[bookmark: _Toc198404501]4.8 Review of Relevant Studies and Research Gaps
Several studies have explored the effects of machining processes such as milling and AWJ cutting on the mechanical properties of metallic materials, including 304 stainless steel and CR4 mild steel, due to their widespread industrial applications and the need for optimising machining techniques to enhance material performance. An article by Qasem et al (2023) titled “Performance Analysis of Cutting Parameters on 304 Stainless Steels Using Abrasive Water Jet Technique” describes that the AWJ cutter is noted for its advantages in machining stainless steel due to its high precision and minimal thermal deformation. The article emphasises the importance of parameters such as cutting speed and abrasive feed rate on the surface roughness of 304 stainless steel. It found that an increase in cutting feed led to a poorer surface finish.
Another publication by Buglioni, et al. (2025) highlights the difference in performance between milling and AWJ cutting on mild steel. It indicates that specimens cut by the AWJ cutter exhibit a lower UTS and higher percent elongation compared to those manufactured through milling. It was found that this behaviour is consistent across cold-rolled steel sheet, suggesting that the milling process introduces geometric stress concentrators, which can enhance UTS while reducing ductility in milled specimens. Moreover, this study also suggests that parameters like feed per tooth and cutter diameter have an implication on stress concentrators.
Despite existing studies, a noticeable gap remains in the direct comparative analysis of CR4 mild steel and 304 stainless steel machined by milling and AWJ cutting, particularly concerning tensile testing and surface roughness correlations. This study aims to address the gap by evaluating both machining methods under standardised testing and linking surface characteristics to mechanical behaviour.
[bookmark: _Toc198404502]5. Methodology 
The methodology describes the experimental work carried out to conduct a comparative study on the mechanical properties and surface roughness of CR4 mild steel and 304 stainless steel after machining via milling and AWJ cutting. The chapter outlines several key stages of the project, starting with the selection and preparation of the materials into specimens that meet ISO 6892-1. Following this, detailed procedures for both the CNC milling and AWJ cutting processes are described, highlighting the parameters and consumables used for each material to ensure accurate comparison. The testing procedures to record tensile performance and surface roughness are detailed, ensuring that a fair test is conducted, and that it meets the relevant standards. Additionally, the chapter reviews the health and safety protocols followed during the machining and testing activities, ensuring compliance with workplace protocols. 
[bookmark: _Toc198404503]5.1 Material Selection and Preparation 
For this project, CR4 mild steel and 304 stainless steel were selected as the materials for analysis due to their widespread use, availability within Swansea University, and their relatively low cost in comparison to other materials. CR4 mild steel is commonly used for student projects, particularly fabricating brackets and structural components for the ‘formula student race car’ due to its great formability, weldability, and moderate strength. These parts are manufactured using both milling and AWJ cutting. In contrast, 304 stainless steel is a readily available material in many forms, with its corrosion-resistant properties making it a popular choice in the university workshop for a variety of components. The selection of these two distinct materials enables a meaningful comparison between the two machining methods. Their contrasting mechanical properties, with significant disparities in corrosion resistance, strength, and workability, as stated by Thyssenkrupp (2023), will react differently to the machining methods and mechanical testing. 
Both materials were sourced from Metals4U (2025), a reliable and approved supplier by Swansea University, confirming consistency, traceability, and compliance with quality standards. Material certification, confirming the standardisation met and mechanical properties, was obtained. The data sheet for CR4 mild steel can be seen in figure 5-1, which reads that the tensile strength should range between 270-410 N/, yield strength at 280 N/, and an elongation of 28%. It also shows a chemical analysis of the material. 
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Figure 5-1: Metals4U (2025).
The materials were ordered in sheet form, each with the dimensions of 500mm x 500mm and a nominal thickness of 3mm. This form was chosen as it meant there was no post-processing needed on the thickness of the specimens produced and would allow for efficient and consistent production using both milling and AWJ cutting. It is important to note that material thickness tolerances are typical during manufacturing and supply because no manufacturing process can produce parts with perfect accuracy, as described by Cadence (2018). This means the actual thickness may vary slightly from the nominal 3mm. 
The tensile samples were designed in accordance with the ISO 6892-1 standard, which outlines the requirements for tensile testing of metallic materials up to 3mm at room temperature. The standard states that machined test pieces should incorporate a transition radius between the gripped ends and the parallel length if they have different dimensions. The parallel length should always be greater than the original gauge length. Table 5-1 and figure 5-2 is a table showing the three types of test pieces and the dimensions that are allowed, along with guidance for the specimen. 
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Table 5-1
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Figure 5-2
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Figure 5-3 
The tensile specimen shown in figure 5-3 ensures conformity to test piece type one, with the parallel length at the minimum of 57mm, original gauge length of 50mm, and width of 12.5mm. The design also ensures compatibility with the grip configuration of the testing machine, whilst the gauge length and transition radii minimise stress concentration and support accurate strain measurement during testing. 
For milling, the sheet material was cut into rectangular blanks of dimensions 30mm x 154mm using a mechanical guillotine. These blanks were prepared with an additional 5mm of stock material on both the width and length to allow for machining to the finished dimensions. The specimens being produced via AWJ cutting do not need any preparation, this process allows for specimens to be directly cut from the sheet in a mesh layout. Aquajet (2017) discusses that an advantage of AWJ cutting is the elimination of pre-processing, maximising efficiency, and minimising waste. Figure 5-4 shows how the specimens were prepared and machined from the 500mm x 500mm sheet. 
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Figure 5-4

After machining each specimen was individually marked with a sample number corresponding to its machining method and specific cutting parameter. BES group (2024) discusses that proper identification allows for meaningful comparison of materials and reliable interpretation of results. A total of 30 AWJ cutter specimens and 48 milling samples were prepared to ensure sufficient data to analyse the influence of machining parameters on the mechanical properties. 
[bookmark: _Toc198404504]5.2 Milling Process 
The milling machine used to conduct this study was a ProtoTRAK CNC bed milling machine RMX 3500. Industrial Director (2018) describes this machine as a versatile precision CNC capable of producing small-to medium-sized components. The reason for choosing this machine in the mechanical workshop was that it enabled consistent execution of toolpaths generated using a computer-aided manufacturing (CAM) software and provides the control necessary for a fair test of varying multiple machining parameters, such as spindle speed and cutting feed rate. 
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Figure 5-5: Huvema (2024).
The cutting tool used to manufacture the specimens were solid carbide end mills. This type of cutter was chosen for its exceptional hardness, which keeps the cutting edges sharp and effective, and its enhanced heat resistance compared to high-speed steel cutters, particularly for tougher materials like 304 stainless steel, as described by HPMT (2024). Two tool sizes were used: a 12mm diameter end mill for half the samples and a 6mm diameter end mill for the other half. To reduce the cost of this project one 12mm end mill and one 6mm end mill were used. To ensure the specimens stay within tolerance, the toolpath was adjusted accordingly with tool wear. The variation in two different tool diameters enabled the investigation of how cutter diameter influences the mechanical properties and surface quality.
CR4 mild steel and 304 stainless steel were both subjected to CNC milling with eight different parameter combinations. For CR4, spindle speeds were set at 800, 1200, and 1600 revolutions per minute (RPM), with feed rates at 90 mm/min, 150 mm/min, and 360 mm/min. For example, one parameter set included a 12mm cutter at 1200 RPM and 300 mm/min, while another used a 6mm cutter at 1600 RPM and 150 mm/min. Table 5-2 shows the cutting parameters for CR4 mild steel, along with their relevant sample number.
	[bookmark: _Hlk196135904]Parameter
	Spindle Speed (RPM)
	Feed Rate (mm/min)
	Cutter Diameter (mm)
	Specimen number 

	One
	1200
	300
	12
	11.1, 11.2, 11.3

	Two
	1200
	90
	12
	22.1, 22.2, 22.3

	Three
	800
	300
	12
	33.1, 33.2, 33.3

	Four
	800
	90
	12
	44.1, 44.2, 44.3

	Five 
	1600
	360
	6
	55.1, 55.2, 55.3

	Six
	1600
	150
	6
	66.1, 66.2, 66.3

	Seven
	1200
	360
	6
	77.1, 77.2, 77.3

	Eight
	1200
	150
	6
	88.1, 88.2, 88.3


Table 5-2
The same parameter logic was applied to 304 stainless steel, though the cutting feed was adjusted slightly, from 300 mm/min to 240 mm/min, to account for the material’s low machinability. All the spindle speeds and feed rates used are in accordance with the maximum and minimum ranges provided in the cutting data for the tools used. This range of conditions was selected to evaluate the impact of aggressive and conservative milling strategies.
	Parameter
	Spindle Speed (RPM)
	Feed Rate (mm/min)
	Cutter Diameter (mm)
	Specimen number 

	One
	1200
	240
	12
	11.1, 11.2, 11.3

	Two
	1200
	110
	12
	22.1, 22.2, 22.3

	Three
	800
	240
	12
	33.1, 33.2, 33.3

	Four
	800
	110
	12
	44.1, 44.2, 44.3

	Five 
	1600
	360
	6
	55.1, 55.2, 55.3

	Six
	1600
	150
	6
	66.1, 66.2, 66.3

	Seven
	1200
	360
	6
	77.1, 77.2, 77.3

	Eight
	1200
	150
	6
	88.1, 88.2, 88.3


Table 5-3
All the samples were manufactured using cutting fluid, Mein, S. (2019) states that cutting fluid can help extend tool life by reducing and removing the heat build-up in the cutting zone and provide an improved surface finish of the parts being machined. The use of coolant was especially important when machining 304 stainless steel, which tends to work-harden, as discussed by JBC Machine (2024). 
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Figure 5-6
To carry out the milling process, a custom jig, which can be seen in figure 5-6, was manufactured to securely hold each blank during machining. This jig ensures that all blanks were positioned consistently, resulting in accurate cutting and repeatability. The machining process began with CAM programming in Autodesk Fusion 360, where the tensile specimen geometry was defined, and toolpaths were generated based on the chosen parameters. The CNC program was then post-processed and loaded into the RMX 3500 milling machine via USB. Each machining cycle took approximately 12 to 28 minutes, depending on the feed rate and tool diameter. A further 5 minutes was required for loading and unloading the cutting jig between cycles. The structured and controlled approach used to machine the specimens provided a strong basis for analysing how machining variables influence the mechanical behaviour and surface characteristics of CR4 mild steel and 304 stainless steel tensile samples.
[bookmark: _Toc198404505]5.3 AWJ Cutting Process 
The AWJ cutter at Swansea University is an OMAX Maxiem 1515 abrasive water jet machine. This is a high-precision system capable of cutting a wide range of materials with an X-Y cutting travel of 1.6m x 1.6m, as stated by OMAX (2025).  This machine is used to produce sheet metal parts, tensile samples, and materials that are difficult to machine via conventional methods, such as ceramics, glass, and metals with a low machinability. For tensile samples, when a large quantity is required and a good surface quality is not necessary, the AWJ cutting process is chosen due to its fast manufacturing. 
The abrasive medium used for cutting the specimens was 80 mesh garnet abrasive. Speed Blast (2023) discusses that 80 mesh is hard enough to cut through a wide range of materials, but soft enough to avoid damaging the cutting equipment or material. Additionally, this mesh garnet is small enough to provide a smooth cutting surface, but large enough to maintain cutting speed. The abrasive flow rate was set at 0.228kg/min, which is the mass of abrasive particles being fed into the water jet per unit of time, this setting is the standard ensuring a balance between cut quality and abrasive consumption. The system operated at a high-pressure setting of 45,000 PSI, a mixing tube diameter of 0.762 mm, and a jewel orifice diameter of 0.2794 mm. These settings allowed the jet stream to maintain its velocity throughout the cutting process. 
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Figure 5-7: OMAX (2025). 
The cutting parameters used on the AWJ cutter for this project involved cutting both CR4 mild steel and 304 stainless steel specimens at three distinct cut quality levels: low, medium, and high. Each of these cutting qualities corresponds to different cutting speeds and abrasive usage. The settings used for the mild steel and stainless-steel samples can be seen in table 5-4 and 5-5 below.



	[bookmark: _Hlk196209942]
	
	CR4 Mild Steel
	
	

	
	
	Machinability 81.3
	
	

	Cut Quality 
	Cutting Speed (mm/min)
	Abrasive used (kg)
	Time to cut one sample (seconds) 
	Specimen Number 

	One
	616.93
	0.158
	54 
	1.1, 1.2, 1.3, 1.4, 1.5

	Three
	333.91
	0.268
	88
	3.1, 3.2, 3.3, 3.4, 3.5

	Five
	184.47
	0.462
	134
	5.1, 5.2, 5.3, 5.4, 5.5


Table 5-4 
	
	
	304 Stainless Steel
	
	

	
	
	Machinability 72
	
	

	Cut Quality 
	Cutting Speed (mm/min)
	Abrasive used per specimen (kg)
	Time to cut one sample (seconds)
	Specimen Number 

	One
	545.92
	0.178
	59 
	1.1, 1.2, 1.3, 1.4, 1.5

	Three
	293.72
	0.3
	91
	3.1, 3.2, 3.3, 3.4, 3.5

	Five
	163.23
	0.52
	149
	5.1, 5.2, 5.3, 5.4, 5.5


Table 5-5
For mild steel, the data shows that the cutting speeds ranged from 616.93 mm/min (low quality) to 184.47 mm/min (high quality), while abrasive usage, due to the abrasive flow rate, ranged from 0.158 kg to 0.426 kg per part. In the case of 304 stainless, cutting speed varied from 545.92 mm/min (low quality) to 163 mm/min (high quality), with abrasive usage ranging from 0.178 kg to 0.52 kg per specimen. The settings used reflect the lower machinability of 304 stainless steel compared to CR4 mild steel, requiring a slower cutting speed for the same quality. 
The configuration for cutting included a tab of dimensions 1.5mm x 1.5mm. OMAX (2018) describe that tabs are small pieces of material that keep parts attached to the sheet metal to prevent them from falling into the water tank. The tab was placed on the non-critical gripped ends of the specimen, after machining these are removed. Each cut included a 2 mm lead-in and lead-out, ensuring clean transitions into and out of the material, minimising the risk of edge defects. 
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Figure 5-8
The operational workflow began with uploading a DXF file of the specimen geometry to the MAXIEM control panel. The machines interface then prompted the user to select a material type, thickness, and machinability, automatically adjusting feed rates and pressure settings accordingly. The tensile samples were nested in a mesh pattern across the 500 mm x 500 mm sheet, allowing multiple specimens to be cut efficiently in a single cycle with minimal material wastage. The process followed allowed for a controlled comparison of how varying AWJ cutter parameters influence surface quality and mechanical performance across both material types, supporting the objective of the study. 
[bookmark: _Toc198404506]5.4 Surface Roughness Testing 
To measure the surface quality of the tensile specimens produced by both milling and AWJ cutting, surface roughness measurements were conducted using a Mitutoyo SJ-210 stylus profilometer. This handheld device uses a contact stylus to measure surface irregularities by physically tracing the materials surface contours and converting the stylus’s vertical displacement into a surface roughness value, as described by Mitutoyo (2016). For the purpose of this study, the primary surface roughness parameter reviewed was the Ra value, which measures the average absolute deviation from the mean line over the measured length. 
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Figure 5-9: Mitutoyo (2016).
Prior to testing of the specimens, the instrument was calibrated using a standard calibration block with a known Ra value. This step ensured measurement accuracy and consistency across all readings. Each tensile specimen was individually tested by placing it in a mechanical vice, sitting on precision parallels to ensure the measured surface remained level to the stylus. This positioning was critical for obtaining accurate and repeatable measurements, avoiding stylus tilt and misalignment that could damage the data. The surface roughness was measured along the 50mm gauge length of each specimen, as this is the region where plastic deformation occurs during tensile testing and is most affected by the machining process. Only one reading was taken per specimen to maintain consistency in the testing protocol across all 78 samples. It should be noted that surface roughness testing took place before the tensile testing. 
[bookmark: _Toc198404507]5.5 Tensile Testing
Tensile testing was conducted to determine the mechanical properties of the CR4 mild steel and 304 stainless steel specimens after machining via milling and AWJ cutting. The testing was carried out in accordance with ISO 6892-1, which outlines the method for conducting uniaxial tensile tests on metallic materials between 0.1 mm and 3 mm at room temperature. Two universal testing machines were used for this investigation: Tinius Olsen H25KS and H50KS. The CR4 mild steel specimens were successfully tested using the H25KS, which has a maximum load capacity of 25 kN and a speed range of 0.001 mm/min to 1000 mm/min, as described by TTS (2019). Initially, the 304 stainless steel specimens were also tested on the H25KS, however the test sample exceeded the machine’s load capacity due to a miscalculation of the maximum breaking force. Consequently, 304 stainless steel specimens were tested on the Tinius Olsen H50KS, a machine capable of 50 kN and a speed range of 0.001 mm/min to 1000 mm/min, per Tinius Olsen (2024). Despite switching machines, the same grips, extensometer camera, and PC interface were used for all tests to maintain consistency and ensure a fair comparison across the materials and machining processes. 
The testing procedure followed the guidelines outlined in ISO 6892-1. The test procedure was method A, strain rate controlled, which is the more accurate testing method that requires an extensometer. The tests were conducted using an accelerated procedure with an initial strain rate of 0.85 mm/s and a speed to break of 6.84 mm/s. 
A high-resolution camera system was used to track the elongation and strain throughout the test. This non-contact optical extensometer allowed for strain measurement without introducing additional load or interference. It worked by placing nodes along the outside face of the 50mm gauge length, the distance of these nodes was then measured via the camera. Figure 5-10 illustrates this. 
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Figure 5-10
Prior to testing the actual specimens, trial runs were performed using replica mild steel and stainless-steel samples to ensure the machine was running correctly and calibrated. This was done on 3 samples of each material, which certified that the load cells, extensometer camera, and data acquisition system functioned accurately, producing a typical stress-strain curve.  
Before mounting each specimen in the testing machine, dimensional measurements were taken using a digital caliper and digital micrometer to record the exact thickness and width of the gauge length. This ensured they were within tolerance and for accurate calculations from the results. The data was collected in real-time via the Tinius Olsen control software, which enabled continuous monitoring and generated a stress-strain curve for each specimen. This meticulous testing procedure allowed for an accurate, fair, and reliable comparison of the mechanical behaviour of both materials across the two machining methods. 
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Figure 5-11 
[bookmark: _Toc198404508]5.6 Health and Safety Procedures 
Throughout all stages of the experimental work for this project, including material preparation, milling, AWJ cutting, and tensile testing, adherence to Swansea University health and safety protocols was maintained to ensure a safe working environment. During the material preparation and milling phase, the user wore appropriate personal protective equipment (PPE), including safety glasses, steel-toe boots, protective gloves (where applicable), and protective clothing. Additionally, emergency stops and protective doors were tested prior to operation to confirm they were in working order. In the AWJ cutting process, the operator also wore hearing protection due to the high-pressure water jet system. The machine can generate noise levels above 85 dB, which, as described by Jet Edge (2024), can lead to hearing loss with prolonged exposure. For tensile testing, the user undertook training from university technicians to be able to operate the machine. Safety barriers were in place to prevent projectiles reaching the surrounding area. 


[bookmark: _Toc198404509]6. Results 
This section presents the results obtained from the experimental evaluation of CR4 mild steel and 304 stainless steel specimens, to ISO 6892-1, prepared via CNC milling and AWJ cutting. The purpose of the experiments was to assess how different machining methods influence the dimensional accuracy, surface roughness, and the mechanical properties of each material. 
[bookmark: _Toc198404510]6.1 Dimensional Testing
The Dimensional accuracy was reviewed to ensure that the specimens conformed to the requirements of ISO 6892-1. The critical dimensions measured were the parallel gauge length (57 mm), width (12.5 mm), and thickness (3 mm). Each of these dimensions had a tolerance of ±0.25 mm, for example, the parallel gauge length could be between 56.75 mm to 57.25 mm. These tolerances are important to ensure consistency and reliability in testing results. 
The parallel length was measured using a Mitutoyo CD-P6” digital calliper, with a range 0-300 mm and accurate to two decimal places. For width and thickness, a Mitutoyo IP65 digital micrometre with a range of 0-25 mm and accurate to three decimal places. Measurements were taken on all the prepared specimens to confirm conformability to the standard and identify any deviations that could influence the results from mechanical testing. 
A table showing the dimensions of all the machined specimens can be found in the appendix of this report. Below is a summary of the dimensions, detailing the mean, standard deviation, minimum and maximum dimension for the thickness, width, and length. 
[bookmark: _Toc198404511]6.1.1 CR4 Mild Steel Dimensions 
	[bookmark: _Hlk197075536]AWJ Cutter 

	Dimension
	Mean (mm)
	Min (mm)
	Max (mm)
	Standard Dev. (mm)

	Thickness
	2.867
	2.824
	2.880
	0.010

	Width
	12.449
	12.328
	12.612
	0.083

	Length 
	57.068
	56.980
	57.160
	0.044

	Milling

	Thickness
	2.865
	2.840
	2.877
	0.006

	Width
	12.531
	12.487
	12.612
	0.034

	Length 
	57.072
	57.010 
	57.160
	0.038


Table 6-1
[bookmark: _Toc198404512]6.1.2 304 Stainless Steel Dimensions 
	AWJ Cutter

	Dimension
	Mean (mm)
	Min (mm)
	Max (mm)
	Standard Dev. (mm)

	Thickness
	2.962
	2.954
	2.970
	0.005

	Width
	12.471
	12.308
	12.587
	0.079

	Length 
	57.068
	56.950
	57.180
	0.054

	Milling

	Thickness
	2.966
	2.958
	2.972
	0.003

	Width
	12.546
	12.496
	12.613
	0.036

	Length 
	57.110
	56.950
	57.200
	0.053


Table 6-2
[bookmark: _Toc198404513]6.2 Surface Roughness
Presented are the results of surface roughness measurements for CR4 mild steel and 304 stainless steel specimens. This was done to understand the effects of each machining process on the materials. The results are organised to compare the surface roughness values, to three decimal places (Ra in micrometers), obtained under different cutting conditions for both materials. 
[bookmark: _Toc198404514]6.2.1 Surface Roughness of CR4 Mild Steel via AWJ Cutter 
	[bookmark: _Hlk197069709]Sample Number 
	Surface Roughness (Ra, µm)
	Sample Number 
	[bookmark: _Hlk197008109]Surface Roughness (Ra, µm)
	Samples Number 
	Surface Roughness
(Ra, µm)

	1.1
	13.058
	3.1
	5.882
	5.1
	4.453

	1.2
	12.253
	3.2
	6.65
	5.2
	5.079

	1.3
	12.259
	3.3
	5.01
	5.3
	5.149

	1.4
	12.549
	3.4
	5.155
	5.4
	4.961

	1.5
	10.125
	3.5
	5.628
	5.5
	4.798


[bookmark: _Hlk197069875]Table 6-3

	[bookmark: _Hlk197069924][bookmark: _Hlk197008175]Cut Quality
	Mean (µm)
	Standard Deviation (µm)

	One
	12.0486
	1.1247

	Three
	5.665
	0.6534

	Five
	4.906
	0.2437


[bookmark: _Hlk197069379]Table 6-4



Mean Surface Roughness of CR4 Mild Steel Machined at Cut Quality One 


Standard Deviation of Surface Roughness of CR4 Mild Steel Machined at Cut Quality One




[bookmark: _Toc198404515]6.2.2 Surface Roughness of CR4 Mild Steel via CNC Milling 
	[bookmark: _Hlk197067824][bookmark: _Hlk197067925][bookmark: _Hlk197070522]Sample Number 
	Surface Roughness (Ra, µm)
	Sample Number 
	Surface Roughness (Ra, µm)
	Sample Number 
	Surface Roughness (Ra, µm)
	Sample Number 
	Surface Roughness (Ra, µm)

	11.1
	0.5
	22.1
	0.326
	33.1
	1.208
	44.1
	0.481

	11.2
	1.973
	22.2
	0.294
	33.2
	1.097
	44.2
	0.479

	11.3
	0.436
	22.3
	0.386
	33.3
	1.107
	44.3
	0.719



	Sample Number 
	Surface Roughness (Ra, µm)
	Sample Number 
	Surface Roughness (Ra, µm)
	Sample Number 
	Surface Roughness (Ra, µm)
	Sample Number 
	Surface Roughness (Ra, µm)

	55.1
	0.636
	66.1
	0.422
	77.1
	0.728
	88.1
	0.628

	55.2
	0.546
	66.2
	0.634
	77.2
	0.95
	88.2
	0.72

	55.3
	0.584
	66.3
	0.489
	77.3
	1.709
	88.3
	0.57


Table 6-5
	[bookmark: _Hlk197070914]Parameter 
	Mean (µm)
	Standard Deviation (µm)

	One
	0.9697
	0.8696

	Two
	0.3353
	0.0467

	Three
	1.1373
	0.0612

	Four
	0.5597
	0.138

	Five
	0.5887
	0.0452

	Six
	0.515
	0.1084

	Seven
	0.919
	0.1776

	Eight
	0.6393
	0.0756


[bookmark: _Hlk197070184]Table 6-6



[bookmark: _Toc198404516]6.2.3 Surface Roughness of 304 Stainless Steel via AWJ Cutter 
	Sample Number 
	Surface Roughness (Ra, µm)
	Sample Number 
	Surface Roughness (Ra, µm)
	Samples Number 
	Surface Roughness
(Ra, µm)

	1.1
	7.488
	3.1
	5.313
	5.1
	3.792

	1.2
	8.833
	3.2
	3.95
	5.2
	4.118

	1.3
	6.06
	3.3
	4.923
	5.3
	4.771

	1.4
	6.89
	3.4
	4.89
	5.4
	4.48

	1.5
	8.836
	3.5
	5.087
	5.5
	3.824


Table 6-7
	Cut Quality
	Mean (µm)
	Standard Deviation (µm)

	One
	7.621
	1.0894

	Three
	5.233
	0.4346

	Five
	4.197
	0.379


Table 6-8
[bookmark: _Toc198404517]6.2.4 Surface Roughness of 304 Stainless Steel via CNC Milling 
	Sample Number 
	Surface Roughness (Ra, µm)
	Sample Number 
	Surface Roughness (Ra, µm)
	Sample Number 
	Surface Roughness (Ra, µm)
	Sample Number 
	Surface Roughness (Ra, µm)

	11.1
	0.414
	22.1
	0.249
	33.1
	0.656
	44.1
	0.265

	11.2
	0.406
	22.2
	0.237
	33.2
	0.495
	44.2
	0.309

	11.3
	0.412
	22.3
	0.281
	33.3
	0.588
	44.3
	0.366



	Sample Number 
	Surface Roughness (Ra, µm)
	Sample Number 
	Surface Roughness (Ra, µm)
	Sample Number 
	Surface Roughness (Ra, µm)
	Sample Number 
	Surface Roughness (Ra, µm)

	55.1
	0.837
	66.1
	0.949
	77.1
	0.831
	88.1
	0.749

	55.2
	0.898
	66.2
	0.674
	77.2
	1.448
	88.2
	0.475

	55.3
	0.996
	66.3
	0.514
	77.3
	1.239
	88.3
	0.629


Table 6-9
	Parameter 
	Mean (µm)
	Standard Deviation (µm)

	One
	0.411
	0.004

	Two
	0.256
	0.023

	Three
	0.580
	0.081

	Four
	0.347
	0.074

	Five
	0.910
	0.066

	Six
	0.712
	0.220 

	Seven
	1.173
	0.256

	Eight
	0.618
	0.112


Table 6-10
[bookmark: _Toc198404518]6.3 Tensile Testing Results 
From tensile testing the mechanical properties of CR4 mild steel and 304 stainless steel prepared by AWJ cutting and CNC milling were obtained. For each cutting condition the mean values of Young’s modulus, yield stress, UTS, uniform elongation, and elongation at failure are reported. The individual data can be found in the appendix of this report for reference. Mechanical properties were calculated using a MATLAB script developed by Swansea University researchers. The testing machine exported the raw data as CSV files, which were then processed using the script to compute the properties. A copy of the MATLAB script is provided in the appendix. Hand calculation have been performed to validate the code.
[bookmark: _Toc198404519]6.3.1 Mechanical properties of CR4 Mild Steel Specimens 
	Cutting Parameter 
	Young's Modulus (GPa)
	Yield Stress (MPa)
	UTS (MPa)
	Uniform Elongation (%)
	Elongation at Failure (%)

	One – AWJC
	120.05
	229.817
	327.466
	23.566
	43.591

	Three – AWJC
	124.744
	231.429
	326.695
	23.252
	43.654

	Five – AWJC
	130.528
	233.859
	329.2836
	22.944
	44.1834

	One – Milling
	124.659
	234.965
	343.448
	19.28
	39.591

	Two – Milling
	105.126
	235.044
	338.434
	20.085
	40.396

	Three – Milling
	114.145
	236.001
	342.449
	19.434
	39.465

	Four – Milling
	116.845
	245.711
	341.362
	19.403
	39.922

	Five – Milling
	111.978
	237.071
	344.035
	19.385
	38.915

	Six – Milling
	109.509
	237.672
	344.754
	19.299
	38.836

	Seven – Milling
	109.066
	237.39
	342.928
	19.304
	38.185

	Eight -Milling
	110.751
	234.957
	340.776
	19.763
	39.88


[bookmark: _Hlk197687710]Table 6-11

[bookmark: _Hlk197688807]Figure 6-1
It should be noted that specimen 44.1 was excluded from the analysis. This was due to a computational error while testing the specimen, meaning that parameter four is the average of two test specimens. This incident emphasises the importance of testing multiple specimens under each parameter for data reliability and integrity of the results. 
[bookmark: _Toc198404520]6.3.2 Mechanical Properties of 304 Stainless Steel 
	Cutting Parameter 
	Young's Modulus (GPa)
	Yield Stress (MPa)
	UTS (MPa)
	Uniform Elongation (%)
	Elongation at Failure (%)

	One - AWJC
	137.751
	287.425
	734.21
	50.327
	55.232

	Three - AWJC
	129.5053
	289.017
	738.196
	50.7992
	55.065

	Five - AWJC
	132.8912
	290.173
	730.301
	50.953
	55.6462

	One - Milling
	126.066
	292.231
	762.004
	54.943
	59.593

	Two - Milling
	146.739
	282.648
	760.565
	53.803
	59.955

	Three - Milling
	121.232
	291.535
	755.569
	53.228
	58.07

	Four - Milling
	101.955
	293.663
	761.469
	54.61
	59.833

	Five - Milling
	111.684
	295.51
	761.001
	53.385
	58.04

	Six - Milling
	151.918
	294.11
	764.432
	54.654
	59.253

	Seven - Milling
	150.428
	289.241
	756.803
	52.794
	57.021

	Eight -Milling
	144.434
	294.492
	752.845
	52.663
	56.463


Table 6-12
 
Figure 6-2
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Figure 6-3
Figure 6-3 shows the stress vs strain graph of specimen 22.1 (CR4 mild steel). It exhibits several distinct regions that describe its mechanical behaviour under load:
· Proportional Limit (A to B) – The limit where stress is directly proportional to strain.
· Elastic Limit (A to C) – This is the limit beyond which the material will not return to its original shape when the force is removed. This is the point where the test became accelerated and went from 0.85 mm/min to 6.84 mm/min.
· Upper Yield Point (C) 
· Lower Yield Point (D)
· UTS (E)
· Fracture (F)
[bookmark: _Toc198404522]6.5 Validation of MATLAB Script 
Hand calculations have been carried out to validate the MATLAB script used to find the mechanical properties from the tensile testing. While useful, they differ from the actual results since they use only two points in comparison to the 12000 used for precise results. These have been done for CR4 mild steel specimen 5.1.


Young’s Modulus (using line 4000 of output results)
· Force (F) = 5930 N
· Strain (0.2% offset method) (ε) = 0.001646
· Thickness (t) = 2.869 mm
· Width (w) = 12.328 mm
· Gauge length (L) = 50 mm
Cross sectional area (A)


Stress (σ)


Young’s Modulus (E)


The actual value from the MATLAB script is 115028 MPa, is reasonably close to the hand calculated value, validating the code’s accuracy within an acceptable margin of error.
Elongation 

· Original gauge length ( = 50 mm
· Final gauge length () = 61.19 mm 




[bookmark: _Toc198404523]7. Discussion and Conclusion 
[bookmark: _Toc198404524]7.1 Specimen Dimensions 
The dimensional analysis of CR4 mild steel specimens revealed differences in dimensional accuracy and consistency between milling and AWJ cutting. The samples produced via AWJ cutting had a mean width of 12.449 mm and a length of 57.068 mm, all within the tolerance set by ISO 6892-1. The standard deviation in width was higher than that observed in milled specimens, which suggests a greater variation in edge quality due to the AWJ cutting process, which is based on the principle of erosion. The specimens produced using CNC milling displayed better dimensional control, as expected, with a mean width of 12.5431 mm and a length of 57.072 mm. The standard deviation across all the measured dimensions was consistently lower, with the width having a deviation of 0.083mm, suggesting that milling offers improved repeatability and precision in producing tight-tolerance parts. 
The analysis of 304 stainless steel specimens showed similar trends in dimensional accuracy and consistency when comparing the two manufacturing processes. All the samples met the dimensional tolerance requirement across the thickness, width, and gauge length. The AWJ cutter specimen had a mean width of 12.471 mm and a length of 57.068 mm. It should be noted that the width had a lower standard deviation compared to the CR4 mild steel samples, this is due to the improved corrosion resistance of 304 stainless steel. The strong dimensional control of CNC milling was validated by the minimal standard deviation of the width and length of the specimens.
The results validated that that while AWJ cutting is sufficient for general cutting tasks, such as rough shaping or non-critical components, CNC milling is better suited for producing high-precision components where tight dimensional control is required, such as mechanical testing specimens. 
[bookmark: _Toc198404525]7.2 Surface Roughness 
[bookmark: _Hlk197345926]Surface roughness results varied significantly depending on the machining methods, materials, and cutting parameters, with AWJ cutting generally producing rougher surfaces compared to CNC milling. For CR4 mild steel specimens machined using the AWJ cutter, the surface finish improved with a higher cut quality. Cut quality one (feed rate 616.93 mm/min) exhibited the highest surface roughness, specimen 1.1 had an Ra of 13.059 μm, with the parameter having a mean Ra of 12.05 μm and a standard deviation of 1.12. While cut quality five (feed rate 184.47 mm/min) showed the smoothest surface finish, the Ra mean was 4.91 μm and the standard deviation was 0.24. The lowest surface finish achieved for CR4 mild steel via AWJ cutting was 4.453 μm at cut quality five. The observed trend, where slower cutting speeds lead to smoother surface finishes in AWJ cutting, aligns with established principles in machining. Slower speeds reduce the chance of surface striations forming, which are uneven surfaces that occur when material removal is not performed consistently. 
In contrast, CNC milling of CR4 mild steel produced significantly smoother surfaces overall. The lowest Ra was achieved under parameter two (12mm diameter, high spindle speed, low feed rate) with a mean of 0.34 μm and a standard deviation of 0.05. This indicates the importance of low feed rates in achieving low surface irregularities. Parameters with high feed rates and lower spindle speeds resulted in higher Ra values, for example, parameter three had a mean Ra of 1.14 μm. These results correlate with the information found in the literature review, which states that increasing the cutting feed will lead to higher Ra values. 

Figure 7-1
Shifting focus to 304 stainless steel, similar patterns were observed in surface roughness results. AWJ cutter cut quality one (feed rate 545.92 mm/min) produced a rough surface with a mean Ra of 7.62 μm, while cut quality five (feed rate 163.23 mm/min) had an improved mean Ra of 4.20 μm. This is a higher Ra in comparison to CR4 mild steel due to the stainless-steel properties of higher hardness and lower ductility. While cut quality five produced the best surface finish for both CR4 and 304, it resulted in lower dimensional accuracy, highlighting a trade-off between surface finish and precision. This is because of the slower cutting speed and longer jet dwell time, which caused increased erosion and overcutting of the material edges. For example, sample 5.1 of CR4 mild steel had a width of 12.328 mm, which is 0.172 mm under the desired 12.5 mm. It is important to note that all specimens, regardless of the cut quality, remained within the tolerance limits outlined by ISO 6892-1.
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Figure 7-2
Milling once again achieved improved surface finishes in comparison to AWJ cutting in 304 stainless steel. As with CR4 mild steel, parameter two returned the best results, a mean Ra of 0.256 μm and a standard deviation of 0.023. The parameters with a small tool diameter (6mm) resulted in rougher surfaces than those cut with a 12mm cutter. This is thought to be due to higher tool deflection and chatter under the conditions. 

Figure 7-3
Comparing the machining methods, CNC milling consistently outperformed the AWJ cutter in both materials, by producing lower surface roughness across all parameters, as evidenced by the lower Ra values observed in testing.  As expressed in the literature review of this study, this is due to the high-pressure stream and abrasive particles used in AWJ cutting in comparison to the controlled mechanical cutting using sharp tooling in milling. Between materials, CR4 mild steel generally showed higher surface roughness than 304 stainless steel in AWJ cutting, but slightly better results under certain milling conditions, which can be attributed to its better machinability. Overall, the optimal surface finish was achieved through CNC milling with a large diameter tool, high spindle speeds and low feed rate. In contrast AWJ cutter results improved with lower feed rates. This highlights the importance of selecting the correct machining method and parameters for the desired surface finish quality.  
[bookmark: _Toc198404526]7.3 Mechanical Properties 
The results from tensile testing highlight the difference in mechanical properties between AWJ cutting and milling for CR4 mild steel. Specimens cut by AWJ cutting showed a higher average Young’s modulus in comparison to those prepared by CNC milling. This was unexpected as it suggests that AWJ cutting causes less surface damage than milling, which contradicts the surface roughness results that indicate otherwise. Milling led to a higher UTS in all parameters in comparison to AWJ cutting, this indicates that the conventional method leads to a better load capacity before fracturing. The yield stress was also marginally greater in milling than in AWJ cutter samples, meaning earlier plastic deformation. Looking at the ductility of CR4 mild steel, AWJ cutter samples demonstrated a larger uniform elongation in comparison to milling. These differences in mechanical properties can be attributed to the heat-affected zones generated in milling, which induce localised hardening and residual stresses, as opposed to AWJ cutting’s cold cutting technique. For CR4 mild steel, while milling enhanced the strength characteristics (higher UTS), AWJ cutting maintained better elasticity and ductility.
	[bookmark: _Hlk197771340]Machining Method
	Young’s Modulus (GPa)
	Yield Stress (MPa)
	UTS (MPa)
	Uniform Elongation (%)

	AWJ Cutter
	125
	232
	328
	23.3

	Milling
	113
	237
	342
	19.5


Table 7-1
304 Stainless steel showed similar trends in the tensile testing data. Again, AWJ cutter specimens demonstrated a slightly higher Young’s modulus than those machined by CNC milling. In contrast, the milled specimens recorded higher values for both yield stress and UTS. This result contradicts the trend reported in the literature review by Buglioni et al. (2025). It was suggested that the AWJ cutter produces a lower UTS but higher elongation than milling, whilst this was observed in CR4 mild steel, for 304 stainless steel milling produced higher strength and superior ductility. The uniform elongation for milling averaged 53.76% in comparison to 50.69% of AWJ cutting.
	Machining Method
	Young’s Modulus (GPa)
	Yield Stress (MPa)
	UTS (MPa)
	Uniform Elongation (%)

	AWJ Cutter
	133
	288
	744
	50.7

	Milling
	131
	292
	759
	53.7


Table 7-2
In summary, AWJ cutting and milling produced notably different mechanical outcomes for both CR4 mild steel and 304 stainless steel. For mild steel, the results aligned with the literature review, yielding lower UTS and higher percentage uniform elongation. This indicates that the machining effects are not a universal trend but are material-dependant. The findings highlight the need for this study and the importance of tailoring machining methods to the material’s characteristics in engineering applications. 
[bookmark: _Toc198404527]7.4 Comparison of the machining methods
Reviewing the results of the dimensional, surface, and tensile testing, milling and AWJ cutting each present their own advantages and limitations when applied to CR4 mild steel and 304 stainless steel. CNC milling showed greater dimensional accuracy and significantly lower surface roughness, which aligns with the prior research found in the literature review. When machined with a lower feed rates and larger tool diameters (12mm), the results improved. In CR4 mild steel, the process produced higher UTS and yield stress, however the ductility was reduced due to the heat affected zones and residual stresses induced. Although there was no clear trend in the different parameters used for this project, they produced similar results with small deviations. The time taken to manufacture the specimens by milling is significantly longer than AWJ cutting, with cycles taking between 15-30 minutes per specimen. Additionally, more consumables are needed for milling, such as tooling, coolant, and holding fixtures. 
Analysing the performance of the AWJ cutter on CR4 mild steel and 304 stainless steel, it offered greater flexibility in cutting without thermal damage, preserved the ductility of the materials, and produced a slightly higher Young’s modulus due to the minimal mechanical and thermal stress it induced. The surface finish of the specimens produced by this process were significantly rougher than those produced by milling, but slower feeds did slightly improve the results. AWJ cutting also showed poorer dimensional accuracy with all the samples being under the desired 12.5 mm width, but they still met the ± 0.25 mm tolerance set by the standard. Producing one sample took between 1-3 minutes, highlighting its advantage of faster profile cutting and the inessential need for clamping and fixturing.
In review, milling is advantageous where precision, surface quality, and strength are priorities, making it suited for components that require tight tolerances and structural integrity, such as valve components, bearings, and cylindrical shafts. Conversely, AWJ cutting is preferable when maintaining the ductility of a material, avoiding thermal effects, and achieving faster profile cutting, particularly in components involving heat sensitive or poor machinability. The cold cutting process prevents work hardening and inducing residual stresses. When possible, a collaboration of the two machining methods can be a notable strategy, the AWJ cutter removes the bulk of the material, while milling is used for post-machining to achieve dimensional accuracy and a smooth surface finish. The choice between these methods should be guided by the intended application, material behaviour, and balance between precision and production efficiency. 
[bookmark: _Toc198404528]7.5 Limitations of the Study 
This study provides an insight into the effects of milling and AWJ cutting on CR4 mild steel and 304 stainless steel, but there are several limitations that should be acknowledged. A limitation was the restricted parameter set for AWJ cutting, particularly the use of only one abrasive garnet type. Different abrasive materials and grit sizes can have an influence on surface finish and cutting efficiency. The use of only one type of abrasive limits the applicability of the findings to broader AWJ cutting practices, as different abrasives can affect surface finish and cutting efficiency. 
In the case of milling, all specimens were machined using coolant, which is a common practice and was done to keep the costs of the study relatively low, as without coolant multiple cutting tools would need to have been used, due to tool wear. This limits the study’s ability to assess the effect of dry machining on surface quality, which is important for understanding the full range of machining conditions. Coolant can influence heat dissipation and tool wear, both factors that can impact surface finish and residual stresses. 
Another constraint was the sample size disparity between the two machining methods. The AWJ cutter parameters were tested on five specimens each, whereas milling parameters were tested on only three. This was due to the significantly longer machining time required for milling, making the manufacturing of additional specimens impractical within the project timeframe. The smaller sample size for milling reduced the statistical confidence in the results compared to AWJ cutting, as fewer data points can lead to less reliable conclusions.




[bookmark: _Toc198404529]7.6 Conclusion 
This project has demonstrated that both milling and AWJ cutting can be effectively used to machine CR4 mild steel and 304 stainless steel, but the choice of machining process can significantly influence the final mechanical properties and surface characteristics of the materials. Through dimensional, surface roughness, and tensile testing, the research has highlighted distinct differences in the outcomes of these machining methods. A conclusion made from this study was that milling consistently produced specimens with greater dimensional accuracy and surface finish compared to the AWJ cutter. This result was consistent across both materials. The milling process also led to higher UTS and yield stress in both materials, from the literature review it is thought that this occurs due to the surface hardening effects induced by the cutting forces in milling. In contrast to milling, AWJ cutting proved advantageous in preserving the materials ductility and elastic behaviour due to its cold cutting nature. However, it produced rougher surfaces and lower dimensional consistency, particularly at higher cut quality settings where jet dwell time increased. Despite this, all AWJ cutter specimens remained within the tolerance range of ISO 6892-1. There was a significant difference in the way the two materials reacted to AWJ cutting. The milled specimens for 304 stainless steel displayed both higher strength and elongation, suggesting a material-dependant response not observed in CR4 mild steel. From the findings, it can be summarised that machining effects are not universally consistent across different metals, material-specific considerations should be made when selecting a machining method. The project supports previous research trends in machining for CR4 mild steel but provides new findings into 304 stainless steel behaviour after AWJ cutting and milling. 
The work done on this project contributes to engineering by offering an experimental comparison of two widely used machining techniques of two common engineering materials under monitored conditions. It also highlights the importance of aligning machining parameters with material properties to enhance mechanical performance, dimensional accuracy, and surface finish. The parameters used in milling such as different feed rates, spindle speeds, and tool diameters, all produced different surface finishes and varied slightly in mechanical properties. These variations need to be considered when selecting machining methods.
The findings from this project enable informed decision-making regarding machining strategy selection for components manufactured at Swansea University. Customers of the mechanical workshop can now receive tailored guidance, on the most suitable method for mild steel and stainless steel, producing parts without compromising the mechanical integrity or surface finish. If this project were to be revisited, broader parameters, different abrasives for the AWJ cutter, and dry machining in milling could be explored to further refine the conclusions. 

[bookmark: _Toc198404530]8. Recommended Further Work 
The work done on this project suggests several future research avenues to address the current limitations and further explore the relationship between materials and manufacturing.  These include expanding the investigation to incorporate different materials, examining advanced manufacturing techniques, and evaluating the influence of various abrasive types and cutter coatings. Further studies could assess fatigue life by cyclic loading and corrosion resistance by salt spray chamber testing, building on the current investigation’s findings.
[bookmark: _Toc198404531]8.1 Expanding the scope of the Investigation
Future studies on the topic could examine a broader range of materials. The current investigation found that milling and AWJ cutting did not show consistent trends across CR4 mild steel and 304 stainless steel. This indicates that the material properties influence the machining outcomes. Therefore, aluminium alloys and polymers, commonly used at Swansea University, are important considerations for further research. These materials would have considerably different machinability and mechanical properties compared to the steels used and would likely respond differently to milling and AWJ cutting. Ensinger (2024) discusses that polymers have a low melting point, making them difficult to mill due to heat affect zones, whereas in AWJ cutting, in softer polymers the jet can deform the cutting edge, as discussed by Aquajet (2020). SendCutSend (2023) writes that aluminium is softer and greater at conducting thermal energy than steel, which should produce different surface characteristics under the same process used.
Further work could also focus on advanced manufacturing processes recently implemented at Swansea University, such as wire electrical discharge machining (EDM) and powder bed fusion 3D printing. Wire EDM is a machining process that uses electrical discharge to cut metals, it can cut intricate contours in hardened steels, as stated by Ye (2024). This process imposes very little stress on the workpiece. Tensile testing of CR4 mild steel and 304 stainless steel specimens would allow evaluation of surface roughness and mechanical properties without the use of any cutting forces. This would form an interesting comparison with milling and the AWJ cutter. Similarly, the additive manufacturing process of powder bed fusion is capable of manufacturing metal parts into intricate profiles, as stated by Protolabs (2022). The resulting part will have an anisotropic mechanical behaviour, Sørby. Et. Al. (2018) discusses that this arises from the rapid solidification and directional grain growth during the process. This means that properties such as tensile strength and Young’s modulus will vary depending on the build orientation. Researching 3D printed mild steel and stainless-steel specimens would reveal how the additive manufacturing process influences surface finish and mechanical performance relative to conventional subtractive methods.
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Figure 8-1: Canadian Metalworking (2023).
[bookmark: _Toc198404532]8.2 Addressing Limitations of the Current Study
Another area for further work is addressing the limitations of the current study, particularly regarding the range of machining parameters and mechanical property evaluation. The milling parameters in the study were limited to uncoated carbide end mills. Future work should include tools with advanced coatings, such as titanium aluminium nitride (TiAlN) and diamond-like carbon (DLC). According to Karry (2024), these coatings provide higher heat resistance and reduced friction compared to non-coated cutters. This could improve the surface finish and dimensional accuracy of specimens. Investigating coated vs uncoated cutters would give evidence on the impact of tool selection on machining outcomes.   
For the AWJ cutter parameters, only a single abrasive type, 80 mesh garnet, was used due to costing constraints. This generalises the findings of AWJ cutting, as abrasive material type and grit size are known to affect surface finish and cutting efficiency. As stated by Flow Blog (2024), coarser abrasives are capable of faster cutting speeds at the expense of a rougher surface finish, whereas finer abrasive types produce smoother surfaces but reduce cutting speed. Evaluating different abrasive types would expand the AWJ cutter parameter range and address the limitation of a single abrasive type. 
Further work should also focus on evaluating additional material properties not covered in this project, specifically fatigue life and corrosion resistance in CR4 mild steel. Fatigue behaviour could be assessed by high-cycle tests under cyclic loading. According to Broughton (2012), this test helps engineers understand how a material will behave under repeated loading, allowing them to predict failure points. This could assess how machining-induced surface conditions, such as residual stresses, affect fatigue performance. Similarly salt-spray testing would provide an insight into the environmental durability of the machined surfaces. When AWJ cutting CR4 specimens were machined, they began to show visible signs of corrosion within hours of machining. This is likely due to the direct exposure to water and abrasive particles during the cutting process. Salt-spray testing would measure any difference in corrosion behaviour due to the chosen machining method, as described by HLC (2023). These testing practices would build upon the current work, providing a more comprehensive understanding of how AWJ cutting and milling impact material properties.
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	Sample Number 
	Thickness (mm)
	Width
(mm)
	Length
(mm) 
	Tolerance Difference Thickness (mm) 
	Tolerance Difference Width (mm)
	Tolerance Difference Length (mm) 

	1.1
	2.862
	12.414
	57.07
	-0.138
	-0.086
	+0.07

	1.2
	2.867
	12.448
	57.13
	-0.133
	-0.052
	+0.13

	1.3
	2.868
	12.489
	57.1
	-0.132
	-0.011
	+0.1

	1.4
	2.863
	12.412
	57.13
	-0.137
	-0.088
	+0.13

	1.5
	2.824
	12.469
	57.09
	-0.176
	-0.031
	+0.09

	3.1
	2.875
	12.394
	57.06
	-0.125
	-0.106
	+0.06

	3.2
	2.865
	12.403
	57.11
	-0.135
	-0.097
	+0.11

	3.3
	2.875
	12.424
	57.06
	-0.125
	-0.076
	+0.06

	3.4
	2.872
	12.431
	57.04
	-0.128
	-0.069
	+0.04

	3.5
	2.88
	12.367
	57.08
	-0.12
	-0.133
	+0.08

	5.1
	2.869
	12.328
	57.02
	-0.131
	-0.172
	+0.02

	5.2
	2.87
	12.345
	57
	-0.13
	-0.155
	0

	5.3
	2.866
	12.357
	57.03
	-0.134
	-0.143
	+0.03

	5.4
	2.868
	12.341
	56.98
	-0.132
	-0.159
	-0.02

	5.5
	2.869
	12.333
	57.02
	-0.131
	-0.167
	+0.02

	11.1
	2.877
	12.513
	57.04
	-0.123
	+0.013
	+0.04

	11.2
	2.87
	12.516
	57.06
	-0.13
	+0.016
	+0.06

	11.3
	2.872
	12.52
	57.03
	-0.128
	+0.02
	+0.03

	22.1
	2.84
	12.518
	57.02
	-0.16
	+0.018
	+0.02

	22.2
	2.862
	12.519
	57.04
	-0.138
	+0.019
	+0.04

	22.3
	2.864
	12.516
	57.09
	-0.136
	+0.016
	+0.09

	33.1
	2.869
	12.509
	57.05
	-0.131
	+0.009
	+0.05

	33.2
	2.863
	12.496
	57.08
	-0.137
	-0.004
	+0.08

	33.3
	2.866
	12.499
	57.09
	-0.134
	-0.001
	+0.09

	44.1
	2.865
	12.514
	57.01
	-0.135
	+0.014
	+0.01

	44.2
	2.869
	12.519
	57.08
	-0.131
	+0.019
	+0.08

	44.3
	2.861
	12.518
	57.07
	-0.139
	+0.018
	+0.07

	55.1
	2.864
	12.612
	57.12
	-0.136
	+0.112
	+0.12

	55.2
	2.868
	12.574
	57.09
	-0.132
	+0.074
	+0.09

	55.3
	2.865
	12.585
	57.16
	-0.135
	+0.085
	+0.16

	66.1
	2.868
	12.555
	57.14
	-0.132
	+0.055
	+0.14

	66.2
	2.866
	12.547
	57.11
	-0.134
	+0.047
	+0.11

	66.3
	2.866
	12.523
	57.08
	-0.134
	+0.023
	+0.08

	77.1
	2.866
	12.549
	57.04
	-0.134
	+0.049
	+0.04

	77.2
	2.87
	12.568
	57.09
	-0.13
	+0.068
	+0.09

	77.3
	2.862
	12.592
	57.05
	-0.138
	+0.092
	+0.05

	88.1
	2.865
	12.487
	57.02
	-0.135
	-0.013
	+0.02

	88.2
	2.864
	12.493
	57.08
	-0.136
	-0.007
	+0.08

	88.3
	2.868
	12.507
	57.1
	-0.132
	+0.07
	+0.1
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	Sample Number 
	Thickness (mm)
	Width (mm)
	Length (mm) 
	Tolerance Difference Thickness (mm) 
	Tolerance Difference Width (mm)
	Tolerance Difference Length (mm) 

	1.1
	2.955
	12.471
	57.08
	-0.045
	-0.029
	+0.08

	1.2
	2.955
	12.534
	57.12
	-0.045
	+0.034
	+0.12

	1.3
	2.955
	12.552
	57.09
	-0.045
	+0.052
	+0.09

	1.4
	2.954
	12.528
	57.06
	-0.046
	+0.028
	+0.06

	1.5
	2.955
	12.481
	57.11
	-0.045
	-0.19
	+0.11

	3.1
	2.957
	12.453
	57.06
	-0.043
	-0.047
	+0.06

	3.2
	2.96
	12.435
	57.04
	-0.04
	-0.065
	+0.04

	3.3
	2.968
	12.42
	57.09
	-0.032
	-0.08
	+0.09

	3.4
	2.96
	12.441
	57.08
	-0.04
	-0.059
	+0.08

	3.5
	2.961
	12.427
	57.07
	-0.039
	-0.073
	+0.07

	5.1
	2.964
	12.34
	57
	-0.036
	-0.16
	0

	5.2
	2.964
	12.36
	57.01
	-0.036
	-0.14
	+0.01

	5.3
	2.963
	12.374
	57
	-0.037
	-0.126
	0

	5.4
	2.964
	12.308
	57.02
	-0.036
	-0.192
	+0.02

	5.5
	2.961
	12.369
	56.99
	-0.039
	-0.131
	-0.01

	11.1
	2.966
	12.513
	57.13
	-0.034
	+0.013
	+0.013

	11.2
	2.97
	12.518
	57.08
	-0.03
	+0.018
	+0.008

	11.3
	2.968
	12.523
	57.09
	-0.032
	+0.023
	+0.009

	22.1
	2.964
	12.504
	57.08
	-0.036
	+0.004
	+0.008

	22.2
	2.969
	12.51
	57.14
	-0.031
	+0.01
	+0.014

	22.3
	2.965
	12.517
	57.12
	-0.035
	+0.017
	+0.012

	33.1
	2.969
	12.496
	56.95
	-0.031
	-0.04
	-0.005

	33.2
	2.967
	12.507
	57.04
	-0.033
	+0.007
	+0.004

	33.3
	2.965
	12.512
	57.1
	-0.035
	+0.012
	+0.01

	44.1
	2.967
	12.514
	57.18
	-0.033
	+0.014
	+0.018

	44.2
	2.965
	12.523
	57.19
	-0.035
	+0.023
	+0.019

	44.3
	2.966
	12.529
	57.2
	-0.034
	+0.029
	+0.02

	55.1
	2.958
	12.579
	57.18
	-0.042
	+0.079
	+0.018

	55.2
	2.963
	12.583
	57.15
	-0.037
	+0.083
	+0.015

	55.3
	2.966
	12.587
	57.09
	-0.034
	+0.087
	+0.009

	66.1
	2.966
	12.586
	57.1
	-0.034
	+0.086
	+0.01

	66.2
	2.968
	12.544
	57.09
	-0.032
	+0.044
	+0.009

	66.3
	2.967
	12.569
	57.12
	-0.033
	+0.069
	+0.012

	77.1
	2.968
	12.563
	57.08
	-0.032
	+0.063
	+0.008

	77.2
	2.972
	12.574
	57.13
	-0.028
	+0.074
	+0.013

	77.3
	2.965
	12.613
	57.13
	-0.035
	+0.113
	+0.013

	88.1
	2.963
	12.548
	57.07
	-0.037
	+0.048
	+0.007

	88.2
	2.965
	12.586
	57.09
	-0.035
	+0.086
	+0.009

	88.3
	2.968
	12.604
	57.12
	-0.032
	+0.104
	+0.012
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	Test Number 
	Thickness (mm)
	Width (mm)
	Young's Modulus (Gpa)
	Yield Stress (MPa)
	UTS (Mpa)
	Uniform Elongation (%)
	Elongation at Failure (%)

	1.1
	2.862
	12.414
	115.682
	227.833
	324.508
	24.720
	43.203

	1.2
	2.867
	12.448
	110.472
	237.934
	327.285
	23.385
	43.063

	1.3
	2.868
	12.489
	122.615
	229.481
	325.483
	23.917
	43.429

	1.4
	2.863
	12.412
	137.795
	228.678
	327.197
	22.867
	44.361

	1.5
	2.824
	12.469
	113.732
	225.158
	332.857
	23.942
	43.900

	3.1
	2.875
	12.394
	131.415
	229.746
	328.081
	22.374
	43.667

	3.2
	2.865
	12.403
	120.001
	231.148
	327.006
	22.947
	43.921

	3.3
	2.875
	12.424
	139.413
	230.302
	330.956
	24.247
	43.642

	3.4
	2.872
	12.431
	104.021
	234.176
	318.753
	23.418
	43.971

	3.5
	2.88
	12.367
	128.872
	231.772
	328.681
	23.272
	43.068

	5.1
	2.869
	12.328
	115.028
	234.362
	330.516
	22.371
	44.364

	5.2
	2.87
	12.345
	119.282
	235.623
	331.659
	22.964
	44.593

	5.3
	2.866
	12.357
	130.685
	236.089
	321.673
	22.972
	45.510

	5.4
	2.868
	12.341
	145.467
	231.049
	329.095
	23.315
	43.283

	5.5
	2.869
	12.333
	142.176
	232.172
	333.475
	23.100
	43.167

	11.1
	2.877
	12.513
	128.849
	232.583
	342.411
	19.172
	39.771

	11.2
	2.87
	12.516
	132.335
	235.560
	343.421
	19.494
	39.914

	11.3
	2.872
	12.52
	112.792
	236.753
	344.513
	19.173
	39.088

	22.1
	2.84
	12.518
	112.351
	234.539
	337.866
	20.277
	40.204

	22.2
	2.862
	12.519
	117.172
	233.634
	337.937
	20.196
	40.211

	22.3
	2.864
	12.516
	85.855
	236.958
	339.500
	19.783
	40.774

	33.1
	2.869
	12.514
	117.111
	236.285
	342.280
	19.392
	39.283

	33.2
	2.869
	12.519
	112.581
	234.275
	341.334
	19.693
	39.971

	33.3
	2.866
	12.499
	112.744
	237.443
	343.733
	19.217
	39.142

	44.1
	2.865
	12.514
	N/A
	N/A
	N/A
	N/A
	N/A

	44.2
	2.869
	12.519
	120.481
	252.002
	342.247
	19.024
	39.687

	44.3
	2.861
	12.518
	113.208
	239.419
	340.477
	19.781
	40.156

	55.1
	2.864
	12.612
	109.012
	236.127
	342.981
	19.491
	38.907

	55.2
	2.868
	12.574
	112.999
	238.700
	345.350
	19.193
	38.757

	55.3
	2.865
	12.585
	113.924
	236.385
	343.775
	19.473
	39.081

	66.1
	2.868
	12.555
	115.564
	238.215
	346.749
	19.079
	38.608

	66.2
	2.866
	12.547
	109.654
	238.083
	343.951
	19.273
	39.012

	66.3
	2.866
	12.523
	103.310
	236.718
	343.564
	19.544
	38.889

	77.1
	2.866
	12.549
	111.524
	240.787
	347.266
	18.623
	37.659

	77.2
	2.87
	12.568
	108.499
	236.949
	342.626
	19.478
	40.051

	77.3
	2.862
	12.592
	107.174
	234.435
	338.893
	19.812
	39.844

	88.1
	2.963
	12.548
	107.186
	234.726
	339.858
	19.728
	39.867

	88.2
	2.864
	12.493
	115.626
	233.988
	340.872
	19.740
	40.153

	88.3
	2.868
	12.507
	109.441
	236.156
	341.598
	19.820
	39.620
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	Test Number 
	Thickness (mm)
	Width (mm)
	Young's Modulus (Gpa)
	Yield Stress (MPa)
	UTS (Mpa)
	Uniform Elongation (%)
	Elongation at Failure (%)

	1.1
	2.955
	12.471
	136.031
	282.383
	735.138
	49.352
	54.619

	1.2
	2.955
	12.534
	167.847
	277.412
	739.312
	49.291
	54.110

	1.3
	2.955
	12.552
	141.840
	290.676
	733.940
	48.687
	54.920

	1.4
	2.954
	12.528
	121.854
	291.806
	732.654
	50.543
	54.977

	1.5
	2.955
	12.481
	121.182
	294.850
	730.005
	53.763
	57.534

	3.1
	2.957
	12.453
	128.707
	287.910
	743.907
	51.716
	55.657

	3.2
	2.960
	12.435
	123.770
	292.711
	747.671
	49.216
	53.757

	3.3
	2.968
	12.420
	138.118
	287.366
	733.123
	49.735
	54.171

	3.4
	2.960
	12.441
	125.606
	288.123
	736.802
	53.530
	57.280

	3.5
	2.961
	12.427
	131.312
	288.973
	729.479
	49.799
	54.461

	5.1
	2.964
	12.340
	137.080
	292.151
	728.010
	48.783
	54.478

	5.2
	2.964
	12.360
	124.848
	293.567
	730.104
	50.708
	54.885

	5.3
	2.963
	12.374
	148.170
	286.979
	728.643
	50.387
	54.794

	5.4
	2.964
	12.308
	127.417
	289.271
	732.567
	50.522
	55.744

	5.5
	2.961
	12.369
	126.941
	288.897
	732.182
	54.364
	58.330

	11.1
	2.966
	12.513
	147.613
	294.627
	768.898
	57.346
	61.738

	11.2
	2.970
	12.518
	127.860
	290.007
	762.867
	56.007
	60.710

	11.3
	2.968
	12.523
	102.726
	292.059
	754.246
	51.477
	56.330

	22.1
	2.964
	12.504
	145.351
	283.000
	756.391
	52.071
	60.042

	22.2
	2.969
	12.510
	133.769
	285.932
	767.319
	57.180
	62.173

	22.3
	2.965
	12.523
	161.097
	279.013
	757.985
	52.159
	57.651

	33.1
	2.969
	12.496
	104.512
	300.323
	756.896
	51.879
	59.749

	33.2
	2.967
	12.507
	161.399
	288.329
	755.718
	53.526
	57.083

	33.3
	2.965
	12.512
	97.785
	285.952
	754.094
	54.280
	57.379

	44.1
	2.967
	12.514
	84.530
	308.544
	761.831
	52.690
	59.374

	44.2
	2.965
	12.523
	112.666
	280.892
	763.017
	55.240
	60.433

	44.3
	2.966
	12.529
	108.668
	291.553
	759.560
	55.900
	59.691

	55.1
	2.958
	12.579
	78.760
	300.203
	770.988
	53.769
	59.755

	55.2
	2.963
	12.583
	108.460
	297.044
	755.857
	52.054
	56.755

	55.3
	2.966
	12.587
	147.832
	289.283
	756.158
	54.333
	57.610

	66.1
	2.966
	12.586
	165.613
	284.462
	763.620
	53.672
	59.680

	66.2
	2.968
	12.544
	154.355
	296.693
	759.646
	53.908
	57.602

	66.3
	2.967
	12.569
	135.785
	301.178
	770.031
	56.381
	60.478

	77.1
	2.968
	12.563
	157.385
	294.766
	757.077
	53.781
	57.762

	77.2
	2.972
	12.574
	143.189
	293.972
	753.783
	52.080
	56.455

	77.3
	2.965
	12.613
	150.709
	278.985
	759.550
	52.520
	56.848

	88.1
	2.963
	12.548
	154.894
	302.287
	758.935
	56.733
	59.619

	88.2
	2.965
	12.586
	150.769
	293.022
	748.186
	51.530
	55.776

	88.3
	2.968
	12.604
	127.640
	288.167
	751.413
	49.726
	53.993


[bookmark: _Toc198404540]F - Engineering Drawing of Tensile Sample to ISO 6892-1
[image: A blueprint of a piece of wood

Description automatically generated]
[bookmark: _Toc198404541]G - MATLAB Script
The MATLAB script used for this study is available upon request. 









Ultimate Tensile Strength of CR4 Mild Steel Prepared via AWJC and Milling

UTS (Mpa)	One - AWJC	Three - AWJC	Five - AWJC	One - Milling	Two - Milling	Three - Milling	Four - Milling	Five - Milling	Six - Milling	Seven - Milling	Eight -Milling	327.46600000000001	326.69499999999999	329.28359999999998	343.44799999999998	338.43400000000003	342.44900000000001	341.36200000000002	344.03500000000003	344.75400000000002	342.928	340.77600000000001	Cutting Parameter 


Ultimate Tesnile Strength (MPa)



Unifrom Elongation of CR4 Mild Steel Prepared via AWJC and Milling

Uniform Elongation (%)	One - AWJC	Three - AWJC	Five - AWJC	One - Milling	Two - Milling	Three - Milling	Four - Milling	Five - Milling	Six - Milling	Seven - Milling	Eight -Milling	23.565999999999999	23.251999999999999	22.943999999999999	19.28	20.085000000000001	19.434000000000001	19.402999999999999	19.385000000000002	19.298999999999999	19.303999999999998	19.763000000000002	Cutting Parameter 


Uniform Elongation (%)



Ultimate Tensile Strength of 304 Stainless Steel Prepared via AWJC and Milling

UTS (Mpa)	One - AWJC	Three - AWJC	Five - AWJC	One - Milling	Two - Milling	Three - Milling	Four - Milling	Five - Milling	Six - Milling	Seven - Milling	Eight -Milling	734.21	738.19600000000003	730.30100000000004	762.00400000000002	760.56500000000005	755.56899999999996	761.46900000000005	761.00099999999998	764.43200000000002	756.803	752.84500000000003	Cutting Parameter 


UTS (MPa)



Uniform Elongation of 304 Stainless Steel via AWJC and Milling

Uniform Elongation (%)	One - AWJC	Three - AWJC	Five - AWJC	One - Milling	Two - Milling	Three - Milling	Four - Milling	Five - Milling	Six - Milling	Seven - Milling	Eight -Milling	50.326999999999998	50.799199999999999	50.953000000000003	54.942999999999998	53.802999999999997	53.228000000000002	54.61	53.384999999999998	54.654000000000003	52.793999999999997	52.662999999999997	Cutting Parameter 


Unifrom Elongation (%)



Mean Surface Roughness Ra of CR4 Mild Steel Specimens Prepared via Milling and AWJC 

Mean (µm)	One - AWJC	Three - AWJC	Five - AWJC	One - Milling	Two - Milling	Three - Milling	Four - Milling	Five -Milling	Six - Milling	Seven - Milling	Eight - Milling	7.6210000000000004	5.2329999999999997	4.1970000000000001	0.41099999999999998	0.25600000000000001	0.57999999999999996	0.34699999999999998	0.91	0.71199999999999997	1.173	0.61799999999999999	Cutting Parameter 


Mean Surface Roughness Ra (µm)



Mean Surface Roughness Ra of 304 Stainless Steel Specimens Prepared via Milling and AWJC 

Mean (µm)	One - AWJC	Three - AWJC	Five - AWJC	One - Milling	Two - Milling	Three - Milling	Four - Milling	Five -Milling	Six - Milling	Seven - Milling	Eight - Milling	7.6210000000000004	5.2329999999999997	4.1970000000000001	0.41099999999999998	0.25600000000000001	0.57999999999999996	0.34699999999999998	0.91	0.71199999999999997	1.173	0.61799999999999999	Cutting Parameter 


Mean Surface Roughness Ra (µm)
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image5.jpg
Dimensions in millimetres

Testpiece | Width | Original gauge Parallel length Free length between the grips
type B length 5 for parallel sided
o < test piece
Lo Minimum | Recommend-
ed

1 12541 50 57 75 87,5
2 20:1 80 90 120 140
3 25:1 500 607 — Not defined

= The ratio L /b, and L /b, of a type 3 test piece in comparison to one of types 1 and 2 is very low. As a result, the
properties, especially the elongation after fracture (absolute value and scatter range), measured with this test piece, will

be different from the other test piece types.
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