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Abstract:
Explosive Depth Hardening (EDH) is a process used to strengthen the surface of a material, usually metal [1]. It involves applying sheet explosive to the surface and then detonating it. The explosion causes the top layer of the material to compress and then harden, resulting in increased strength and resistance. In this report, the process of EDH on railway crossings will be assessed using the QFD process. Railway crossings experience high impact forces from the train wheels passing over them at a high velocity. EDH is used to harden the nose and wing rails of the crossing, reducing deformation, and ensuring the crossings have a longer service life.
Quality Function Deployment (QFD) is a process used to take customer requirements and turn them into detailed engineering specifications. They involve looking at aspects such as functional requirements, functional importance, function means analysis, etc. in order to determine the best way of designing and manufacturing a product in order to maximise the customer satisfaction. This process was used to analyse specific parts of EDH in order to see the best way of completing the test.
Introduction:
Explosive Depth Hardening is used to significantly increase the hardness of the running surface, improving the resistance, and extending the crossings lifespan. By performing EDH on railway crossings, it helps maintain the shape and integrity of the crossings, and extends the service life of the crossings, meaning they are replaced less frequently, saving money. It is the process of applying sheet explosives to the running surface of a railway crossing and detonating it. The process is repeated twice in order to achieve the required hardness of 321BHN of the top 15mm of the running surface. The running surface refers to the part of the crossing which faces impact from the train wheels. This is the only area of the crossing that has explosives applied to it. By performing EDH, the service life of the railway crossings is extended from approximately 5 years to 10 years. The current EDH process starts with preparing the charge, cutting the sheet explosives with specific templates for the individual crossing. This is done with a ceramic blade in order to prevent sparks, which could ignite the explosive. Currently, the sheet explosive used is Semtex 10-SE. Semtex 10-SE is a plastic, sheet explosive that is used for blasting work; primarily hardening metallic materials [2]. It has an operating temperature between -10oC and 40oC and can be stored for up to 24 months before used. Semtex 10-SE is made up of pentrite (PETN), plastic binder and a marking agent. PETN is commonly used in military and industrial explosive due to its high detonation velocity. The plastic binder is what allows the Semtex to be easy to shape and mold [3].
The Quality Function Deployment (QFD) design process is a method used in order to prioritise the customer requirements and ensure these are met through the design and manufacturing of a system. It looks at requirements, the importance of them and makes sure that the system meets these requirements with detailed engineering specifications. It looks at noise factors, and how these can be controlled in order to ensure the system still performs as required, using control factors. It is used to make sure that time and money is saved, by getting it right in the design, as opposed to trying many prototypes and finding flaws then. By using the QFD design process, the issues are identified earlier and when it comes to manufacturing the system, the design team know what they are making will work.
Design Process
Having identified the functional requirements, and then calculating which requirements were the most important, the most important requirements were shown to be the charge only functioning when operationally required, and the charge having consistent performance. The charge only functioning when operationally required was a requirement of the shotfirer, to ensure safety. The charge having consistent performance is a requirement of the customer. This is so that the railway crossing gets the required hardness of 321BHN across the whole running surface, as well as there being no pitting or jetting on the crossing. The functional requirements are important as they are the products features that designers must implement in order to enable users to achieve their goals. They define the basic behaviours of a system under specific conditions. These address specifically what the system should do in terms of features and functionalities. These functional requirements can then be put into QFD 1 in order to identify the most important features of the system. QFD 1 compares the functional requirements against the individual components of the system to see which need the most attention. QFD 1 showed that the most important feature was the initiation of the charge, which was then highlighted in the QFD 1 functional importance graph.
[image: ]The next step was to do a function means analysis (FMA). The function means analysis allows the designer to explore all options for the design of the system. It helps designers identify potential design options by considering the functions a system must perform and the various means of achieving those functions. It provides a systematic way to explore different design options. FMA ensures that all relevant functions and means are considered, leading to a more thorough exploration of design possibilities. Looking at the FMA, the options considered are shown below.
Looking at the options shown above, some of the more interesting options include the laser-driven techniques. This is an innovative way of initiating explosives, pyrotechnics, and propellants [4]. One method of this is where the laser beam “directly interacts with the explosive material. The laser energy initiates a self-sustaining combustion process within the HE, leading to explosive combustion or detonation” [5]. Another method involves rapidly heating a thin film in contact with the HE. The intense laser pulse causes rapid energy deposition, leading to ignition. One other technique is the flyer plate. A thin metal foil (often aluminium) is ablated by the laser, producing a high-velocity flyer plate. This flyer plate impacts the HE, initiating detonation. The advantage here is that the laser-driven flyer plate can be precisely controlled. The advantage of using laser-driven techniques is that laser initiation is immune to stray electromagnetic fields, electrostatic discharge, and stray electrical energy, meaning it is less likely to detonate prematurely or accidentally. There are also no primary explosives involved, making the system much safer. Laser-driven techniques allow for safer and more precise initiation of energetic materials. By using laser-driven techniques in order to initiate the high explosives, you also eliminate the risk of frag off the detonator causing any pitting onto the railway crossing.
The electric-bridgewire detonator (EBW) is another safe option. EBW require 4kV in order to initiate them, making them much safer than standard electric detonators. They have a high energy output and are very reliable [6]. They are a good option and are often used for big explosive charges, where safety is a high priority. They are highly unlikely to detonate accidentally, as they require such a high voltage and the firing system is incredibly safe, requiring two keys to set it off; one to arm and one to fire. However, due to them requiring such a high voltage to initiate them, it makes them very costly [7]. The firing system required to generate enough voltage to initiate them costs approximately £25,000. The detonators themselves are also £98 each. This is very costly compared to a non-electric detonator, which are approximately £4.40 each. The firing system is also much cheaper. Nonel detonators were also considered for the method of initiation. They are safe and difficult to accidentally detonate and are very reliable.
The decision was made to go with an electric detonator. Other options had good arguments towards them, such as the EBW and laser-driven techniques as they offered good safety, however they were too expensive for the EDH. The nonel detonator was also a good option, due to its safety and reliability. However, the nonel detonator wasn’t chosen due to EDH being repeated tests and the nonel detonator requiring shock tube being run out for every shot. This would be too time consuming and wouldn’t be as efficient as the electric detonator, as this requires an electric two-core cable which can remain in place at all times. This is also more cost-efficient as you only have to purchase the cable once, and it can be used hundreds of times without needing replaced. Electric detonators are also much cheaper than EBW detonators, and despite being less safe, they are still very safe and unlikely to detonate prematurely [8]. They have a high energy output and will initiate the Semtex 10-SE with no issues. They are easy to work with as well making them a good option for commercial use, as some operators might not have as much training.
The next step was to complete QFD 2 and then move on to the P-Diagram and What-Why Diagrams. A P-Diagram is a tool used to help understand how a specific function is used in a system. It shows the input and output while also looking at some of the things that could go wrong or get in the way. These are the noise factors and control factors. By using a P-Diagram, it helps the designers identify which parameters or factors are going to influence the design of the system. It also allows the design team to select the control factors used in order to counteract the noise factors and ensure the system still works as it should. By properly utilising the P-Diagram, the reliability of a system can be increased a lot. The first part is the input. With us using an electric detonator, this would be an electric current that is input. This has some noise factors such as a faulty connection. This could be caused by the firing system used or the electric cable. To ensure the detonator gets enough voltage, the control factors include using a shrike that provides sufficient voltage and checking the cable regularly for any damage to the cable. The noise factors are split into external, unit-to-unit, and deterioration. 
External noise factors come from outside the system and affect the performance of the system. These included factors such as temperature being too hot. If it is too hot, then the detonator won’t function. Electric detonators tend to have an operating temperature of up to 50oC. It is highly unlikely to reach 50oC in this country but could happen in other countries such as USA. Even if the outside temperature doesn’t reach 50 degrees, the detonator still may not function if the storage temperature had reached above that. As well as this, if the temperature gets too cold the detonator will not work. This is more likely in the UK as some detonators will only operate above -10oC. It is rare that this will happen often, but it could happen on a few occasions when it gets really cold. Other external noise factors include lightning striking. Lightning has the potential to set off the explosives if it happened to strike it. The way of counteracting this with control factors is only to not perform EDH when there is a chance of lightning. Unfortunately, that is the only way of really controlling it, because there aren’t any control measures that can change the weather. Wet weather is another external noise factor. Rain won’t prevent EDH, as it can be done inside a tunnel, however, in terms of the initiation of the Semtex 10-SE; it can be affected. If there is too much moisture between the detonator and the Semtex, then it may not initiate. This can be controlled by getting rid of the moisture on the area where the detonator is placed. 
Unit-to-unit noise factors are factors that arise from the variability between individual items produced by the manufacturing of the system. One example of this is the explosive variation. Recently, Davydets that are commonly used for EDH have changed their detonators by removing lead from them. This has caused the explosive power to change, and the output is less. This caused misfires more regularly and this had to be controlled. This was sorted by providing a “booster” in order to initiate the main charge. This is to ensure there is enough energy output to initiate the 1mm Semtex. Another noise factor is the size of the detonators. This won’t really affect performance; however, it will affect the handling. The size of the Davydets have also increased recently. This hasn’t affected performance, although it has made it more difficult for setting up. There aren’t really any control factors to counteract this, as it can’t be changed. Another unit-to-unit noise factor is the change of the shrike. If the shrike that is used to initiate 
Deterioration noise factors are factors related to the degradation of a product. This is caused by aging, wear and tear, and exposure to environmental conditions over time. One example of the deterioration noise factors that were identified, is the static electricity from the handler. This is controlled by wearing antistatic clothing when handling explosives. Another factor is aging. Electric detonators should really be used within a year. If not, the performance can be affected and they may not work, or the energy output may be reduced and not enough to initiate the main charge. This is controlled by using the detonators before their expiry date, which is likely to happen anyway due to the volume of railway crossings that are EDH. The conditions in which the detonators are stored can also have an affect on the performance. If the detonators are not stored properly then they may not work when required. This is controlled by maintaining the storage facility, regularly doing checks. This includes ensuring the storage facility is secure, without leaks and has sufficient ventilation. 

Summary and Conclusion
In summary, the QFD design process helped analyse the design of the EDH system as a whole, and then specifically the initiation process of the EDH. By using design tools such as the requirements set and the pairwise comparison of the requirements, it was easy to identify the most important requirements to ensure the system meets the customer’s and shotfirer’s needs. These were then input into the QFD 1 in order to see the most important parts of the system. This was then identified to be the initiation of the main charge from the feature importance chart. After doing this, the function means analysis helped look at the different options available for the initiation. The FMA helped the design team explore some of the more sensible options, as well as some of the more creative options, such as the laser-driven techniques. The electric detonator was then chosen as the most practical method, and the individual parts of this were put into QFD 2 and then a P-Diagram was made. The P-Diagram helped the design team look at the input and desired output of the subsystem, while considering the various noise factors that would impact. This was in order to identify the control factors necessary to ensure that the noise factors wouldn’t impact the desired output of the electric detonator. 
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