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Abstract 
The group was tasked with proposing a new design, manufacturing process, performance and environmental testing and disposal plan with the aim to replace the now ageing Charge, Demolition Rapid Crater Kit Mk2 used by the Royal Engineers. The author of this portfolio was assigned the role of Design & Systems Engineer in which a selection of systems engineering tools was used to create a design and manufacturing process to satisfy requirements. The design and rational behind it was presented to selected individuals with feedback provided. The feedback was reflected upon, and changes implemented from this as discussed in Section 4. 
1. Design Brief
Charge, Demolition Rapid Crater Kit Mk2, has been used extensively by the Royal Engineers for many years to ‘dig in’ to a defensive position in a quick and safe manner [1]. Other uses of cratering charges in general include the intentional destruction of roadways to hinder the advance of adversary wheeled and tracked vehicles, thus allowing additional time for anti-tank weapons to neutralise the now hindered vehicle [2].  
Figure 1 depicts the Mk2 charge, which consists of an RDX/TNT filled shaped charge, secondary hexatonal filled bag charges and an ignition system consisting of a primary charge and shock tube. 
[image: A screenshot of a computer
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[bookmark: _Ref165037180][bookmark: _Toc165890166]Figure 1 – Charge, Demolition Rapid Crater Kit Mk2.
The shaped charge is positioned at a predetermined standoff distance using a detachable tripod. When initiated by the engineer from a safe distance, the charge creates a deep cavity in the target surface resulting from the hydrodynamic penetration of the shaped charge liner. The secondary bag charges are then placed into the cavity and subsequently detonated, blasting the target material upwards creating a large crater. 
The group was tasked with proposing a design to replace the now ageing Mk2 Rapid Cratering kit, whilst satisfying the following:
· The system shall be IM compliant ideally capable of use in worldwide climates.
· The system shall be transportable in the current range of transport aircraft both fixed and rotary wing. 
· The system shall be transportable in tracked and wheeled road transport.
· Recommend a manufacturing route.
· Suggest suitable packaging.
· Propose a series of trials to prove the munition meets the manufacture to disposal sequence (MTDS).
Each member of the group was assigned a role as summarised in Table 1. 
[bookmark: _Ref165040080][bookmark: _Toc165890160]Table 1 – Team members and assigned roles.
	Team member
	Company
	Roles

	Josh Gourlay
	BAE Systems
	Design & Systems Engineer

	Sam Miles
	BAE Systems
	Design & Manufacturing Engineer

	Adam Mayo
	COTEC
	Test & Evaluation Engineer

	Albie Willett
	QinetiQ
	Environmental Test Engineer

	Creighton Rees
	BAE Systems
	Breakdown & Disposal Engineer



2. Design Process of Mk3 Cratering Charge

2.1. Gathering Requirements
To ensure that the team were designing a suitable cratering charge to replace the Mk2 cratering munition, a robust set of requirements were gathered. The top-level requirements listed in Table 2 were gathered as a group by visualising the individual stakeholder’s perspective, for example the end users of the munition are much more likely to focus on performance of the system, but not necessarily how much it costs. Conversely, the procurement/finance stakeholders are more interested in having a cost-effective munition, thus their requirements are most likely to focus on cost or availability. 
Table 2 lists the top-level requirements set gathered from this process. 
[bookmark: _Ref165027025][bookmark: _Toc165890161]Table 2 – Customer requirements gathered by visualising stakeholder perspectives.
	Level 1
	Originator
	Level 2

	Performance






	Squadron/team

	Create sufficient size hole (TBD)

	
	
	Work on a range of target types (TBD)

	
	
	Work in a range of environments

	
	
	Shall create hole quickly (TBD)

	
	
	Shall have consistent reliability and performance (TBD)

	
	
	Storage in range of environmental conditions

	User Friendly



	Squadron/team
	Easy to handle  (TBD)

	
	
	Easy training characteristics (TBD)

	
	
	Easy to assemble in field (TBD)

	Safety





	Customer
	IM Compliant

	
	
	Must be resistant to hot environmental conditions

	
	
	Maintenance free throughout life 

	
	
	Only function when operationally required

	
	
	Comply with REACH regulations

	
	
	Comply with toxicity regulations

	
	
	Comply with safety regulations

	Availability
	Customer
	Readily available

	Cost



	Finance
	Cost effective per unit (Cost to TBD)

	
	
	Minimal development time  (Duration TBD)

	
	
	Easy disposal process (TBD)

	
	Customer Finance
	Suitable service life  (Duration TBD)

	Easy to transport

	Logistics
Squadron/team
	Transportable on a range of fixed wing and rotary wing aircraft (Duration TBD)

	
	
	Transportable by Tracked and wheeled road (Duration TBD)

	
	
	Comply with transport regulations


The generic functionality of the system was gathered by visualising the steps that the end users would carry out when using the munition, and visually representing this in a logical sequence, known as a functional flow. This can be found in Figure 2.
[image: A black background with white squares
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[bookmark: _Ref165027058][bookmark: _Toc165890167]Figure 2 – Generic functionality depicted in a functional flow diagram. 
Figure 2 helped to elicit the functional requirements of the system, which can be found in the QFD1 matrix in Annex B and Section 2.2.
The customer requirements summarised in Table 2 were subjected to a Pairwise comparison to inform the importance value for each requirement, which was imputed into QFD1. Annex A shows the Pairwise comparison carried out.
Figure 3 highlights the results of the Pairwise comparison.

[bookmark: _Ref165027084][bookmark: _Toc165890168]Figure 3 – Results of the Pairwise comparison.
The importance values that were derived using this technique were imported into the ‘Importance’ column of QFD1.
2.2. Quality Functional Deployment (QFD) 1
QFD1 was carried in which the functional requirements were compared against the customer requirements and scored based on the relationship between the two, using either none, 1, 3 or 9 depending on how strong the relationship was. QFD1 matrix can be found in Annex B, with results shown in Figure 4. 

[bookmark: _Ref165027137][bookmark: _Toc165890169]Figure 4 – Results from QFD1 showing critical system functionality. 
Figure 4 shows that the critical system functionality of the cratering munition is to ‘produce crater, closely followed by ‘force liner’ and ‘provide safety mechanism’.
It should be highlighted that systems engineering is iterative and utilising different experiences between members of the group allow further functional requirements to be uncovered. For example, ‘interface with HE fill’ requirement was realised when the disposal engineer discussed with the design engineers about incorporating a lining that would allow the bare charge to be removed without the need for sectioning. Realising this requirement allowed for group discussion in selecting an appropriate means to allow the bare charge to be removed.
Whilst going through the QFD process, the top-level requirements set described in Table 2 were also further expanded giving rise to the non-functional performance requirements, written in the format as is expected of a requirement set. These were decided and finalised in a group meeting at UWTSD library meeting room on 12th February 2024. Table 3 summarises these. 







[bookmark: _Ref165026367][bookmark: _Toc165890162]Table 3 – Non-functional requirements of Mk3 cratering charge.
[image: ]


2.3. Functional Means Analysis (FMA)
The generic functionality of the cratering munition was used to determine the functional requirements of the system, so the FMA was used next to describe how the system was going to perform the functional requirement. A FMA is carried out by listing the functional requirements in the left-hand column, followed by the design team suggesting any applicable methods of achieving the function. As with most systems engineering tools, this often yields more creative and suitable methods when discussed as a design team, which was done in this case. 
The winning design (s) can then be chosen by selecting the most appropriate means of carrying out each function, using relevant information as criteria to discount any non-applicable means. Figure 5 summarises the FMA carried out, with winning means for each function highlighted yellow. The functions highlighted green were elicited later in the design journey, further acknowledging the iterative nature of systems engineering.
[image: ]
[bookmark: _Ref165026890][bookmark: _Toc165890170]Figure 5 – Functional Means Analysis matrix.







2.3.1. Design Justification
Figure 6 and Figure 7 depict a CAD model of the Mk3 design based on the design parameters chosen during the functional means analysis. 
[image: A green object with metal legs
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[bookmark: _Ref165026303][bookmark: _Toc165890171]Figure 6 – CAD model of Mk3 cratering charge design.
Copper hemispherical shaped charge liner
IMX-310 explosive charge
Booster cavity
Tripod legs
Top plate
Rubber encapsulant
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[bookmark: _Ref165026328][bookmark: _Toc165890172]Figure 7 – Sectioned CAD model of Mk3 cratering charge design.
Vent holes were added to the top plate as highlighted in Figure 7 after conversation with the Trials & Evaluation Engineer. As part of the trials plan to demonstrate the capability of this Mk3 design, insensitive munitions (IM) testing was required to provide evidence that the design is IM compliant as per STANAG 4439 and AOP-39 set out in the requirements (Table 3). Whilst reviewing STANAG 4439/AOP-39, the T&E engineer communicated with the design engineers that physical design features must be incorporated into the design to comply with this STANAG. These included: Barrier technologies, venting/de-confining technologies, or dual-purpose features [3]. This communication resulted in the inclusion of the top plate vent holes in addition to the rubber encapsulant charge lining. The vent holes are designed to prevent the build-up of pressure during unintended initiation such as during an accident whilst the munition is being transported. As a result, the venting prevents a high order detonation scenario from occurring, minimising the hazard when compared to a non-IM compliant design. The rubber encapsulant acts as a dual-purpose feature by attenuating shock or bullet impacts, whilst also providing a vent path when ruptured.  
Foil stickers were selected as the means of preventing ingress of foreign objects and debris (FOD) as they would provide sufficient ingress protection whilst not hindering the function of the vent holes. If initiated unintentionally, the reaction products would simply rupture the foil preventing the build-up of pressure and subsequent full order detonation. 
Handles were the chosen means as it was a simple, cost-effective solution and satisfied the requirements more suitably. Using a crane, winch, trolley, or electric motorised vehicle would require additional systems which further increase cost,  require further training, and likely need additional tooling, all of which oppose what is specified in the requirements. 
Initial design of the system included one foldable handle as the requirements called for a single-person lift (<20kg). This initial design also included a case wall thickness of 14mm of AISI 4140 steel. The design & manufacturing engineer worked out from this CAD model that the All-Up-Round (AUR) mass was 34.35kg, clearly well above the requirement. In consultation with the design & systems engineer, the case wall thickness was reduced to 9mm which resulted in a reduction of 7.85kg but was still in excess of the required mass. An aluminium top plate was also considered to reduce mass, but still not enough to satisfy the requirement, therefore the design & systems engineer consulted the requirements importance values derived from the Pairwise comparison toolset. The single person lift requirement was weighted considerably lower than the performance related requirements as summarised in Table 4.
[bookmark: _Ref165027735][bookmark: _Toc165890163]Table 4 – Select requirements vs importance values.
	Requirement (Level 1)
	Requirement (Level 3)
	Importance value

	Performance
	The system shall create a cavity depth of 3m in soil, 2m in concrete, 0.5 in steel.
	16

	
	The system shall be capable of being used on soil, concrete, steel targets.
	8.8

	
	The system shall be operational in B3 (+71) and C2 (-46) climatic conditions.
	6.3

	
	The system shall be unboxed, set up and ready to initiate within 10 minutes.
	7.1

	
	The munition must have a reliability and confidence of 95%.
	4.4

	
	The system shall be functional throughout its service life (10 years).
	3.7

	User friendly
	The system shall only require a single-person lift (<20kg).
	1.3


Based on the figures presented in Table 4, it was decided that further reductions to the case thickness would detrimentally impact the performance of the system, which considering the this is more important than a single person lift, the final design would likely have to be a two-person lift. This informed a design changed in which two handles would be specified, as opposed to the initial one-handle design.  
Telescopic tripod legs were selected to provide ample stabilisation of the munition particularly on uneven ground, as the telescopic legs allow independent height adjustment to prevent it falling over during setup. Furthermore, all the legs can be adjusted in unison to change the standoff distance to optimise penetration depth on multiple target types.
The previous Mk2 Rapid Cratering Kit was initiated using a shock tube, defined as a thin plastic tube typically filled with a small quantity of HMX and aluminium [4]. Once initiated the detonation wave propagates down the length of tube until it interacts with a shock tube detonator and subsequently detonates the booster/main charge. This method of initiating is now obsolete, and the preferred method used by the Royal Engineers are electronic firing cables, colloquially known as Black & Tan, with an electronic detonator, initiated using a shrike. These firing cables consists of twisted copper wires wrapped in an insulting PVC jacket [5] which transfer an electrical firing stimulus from the Shrike to an electronic detonator (L2A2), which subsequently detonates the booster and main charge. This method is favoured as the performance is much quicker and more reliable than the shock tube, but also reduces the overall NEQ of the firing system. It was therefore decided that the design of the Mk3 Cratering Charge would utilise the black & tan initiation to support easy and quick integration into service, whilst also reducing exposure to the hazardous energetic material. 
The design brief was very clear that this Mk3 catering charge must be IM compliant, hence several design features were included, for example the use of a polymer-bonded explosive (PBX) fill known as IMX-310 and IM compliant ROWANEX 3601 booster pellets. As shown in Figure 5, several types of explosives were considered including RDX/TNT and Hexatonal; which was used in the previous Mk2 design. However, these were quickly discounted as they are not IM compliant energetics. IMX-104 is an IM compliant melt-cast explosive but was also discounted due to complications with International Traffic in Arms Regulations (ITAR), which would considerably increase the development time and cost. IMX-310 was selected as it is IM compliant and the infrastructure for its manufacture is already established and used in other products, allowing production of the Mk3 charge to capitalise on the excess material manufactured during production of other products. This has several advantages including the availability of material performance data allowing SMART qualification methodologies to be applied in modelling the performance of the Mk3 charge. Again, using this method will considerably reduce the cost and qualification time compared with traditional qualification regimes. As previously mentioned, vent holes and a rubber encapsulant were also incorporated into the design to satisfy this IM requirement. 
The means of creating the crater was discussed considerably as there were several viable options that could form the design. Initially, a conical shaped charge (SC) design was selected to achieve excellent penetration performance, which, when coupled with secondary bag charges could potentially lead to a successful design. However, it was decided to trial a design that would streamline the cratering kit, such that the secondary bag charges could be removed altogether. Therefore, a hemispherical SC was chosen as the shallower liner angle would result in a wider crater, compared to the conical SC, but still achieve the performance requirements set out in Table 3 of ‘The system shall create a cavity depth of 3m in soil, 2m in concrete, 0.5m in steel.’ Using an internal BAE Systems calculator, the design & systems engineer determined numerically that a hemispherical SC liner of 180mm diameter manufactured from copper could penetrate 2m of concrete. Additionally, IMX-310 is a blast enhanced PBX using Aluminium in the composition. The intention was that the aluminium would further increase the detonative output of the charge, resulting in a larger crater compared to a non-blast enhanced alternative. 
As part of the requirement for an ‘easy disposal process, compliant with STANAG 4518’, the disposal engineer requested that the design team incorporate a method of removing the IMX-310 bare charge prior to disposal. The Mk2 charge featured a conical charge body and a permanently fixed shaped charge liner, hence the disposal process would require sectioning. Therefore, to address this, the design of Mk3 charge featured a cylindrical body of which the SC liner and top plate are bolted on. Additionally, as shown in Figure 7, a rubber encapsulant was selected as the lining between the charge body and HE fill, such that upon removal of the SC liner and top plate, the bare charge wrapped in the rubber encapsulant could be pushed out of the charge case. This design feature results in easier and safer disposal, as the charge can be sectioned without the cutting through the case and charge; a hazardous process resulting in potential ignition due to increased sensitivity of the explosive as a result of metal contaminants from the case.
Powder coat and stencil has been selected as the means of providing protection and identification respectively, as it is already a well-established process, with paints already being utilised on other products that adhere to several requirements identified in Table 3 such as REACH, toxicity, and safety requirements. 
2.4. QFD2
QFD2 was carried out to determine the critical feature of the Mk3 cratering charge, in which the functional requirements of the system were compared with the means chosen in section 2.3. The importance values were imported from QFD1. The QFD2 matrix carried out can be found in Annex C, with Figure 8 highlighting the feature importances determined from this process. 

[bookmark: _Ref165028369][bookmark: _Toc165890173]Figure 8 – Critical design features from QFD2.
The IMX-310 main fill, RX3601 booster and hemispherical SC liner have been identified as critical features in achieving the performance required of the system. The systems & design engineer used this information to communicate with the design & manufacturing engineer the importance of ensuring a robust manufacturing process means was selected for these design components. The systems & design engineer decided to further analyse the noises associated with IMX-310 and SC liner design, in the form of a P-diagram and What/Why table as described in Section 2.5.
2.5. Design P-Diagram and What/Why Table
P-diagrams were carried out to identify the noises and control factors associated with the design of IMX-310 and the hemispherical SC liner. Control factors are the design parameters that the design engineers are able to control, whereas noises are defined as any factors that could affect the intended output. Annex D and Annex E present the P-diagrams carried out for IMX-310 and the hemispherical SC liner respectively.
A What/Why table was then constructed to quantify the relationship between the identified noises and their influence on the control factors. Figure 9 and Figure 10 summarise the outputs from IMX-310 What/Why process. What/Why table for IMX-310 can be found in Annex F.

[bookmark: _Ref165028437][bookmark: _Toc165890174]Figure 9 – Key controls in IMX-310 design.


[bookmark: _Ref165028442][bookmark: _Toc165890175]Figure 10 – Key noises in IMX-310 design.
The What/Why process has determined that IMX-310 NEQ is the most important control factor, with multiple noises that have the potential to affect this. Therefore, it is important to bare this in mind when deciding on the filling process. Suitable means will need to be selected to ensure the NEQ is controlled to specified tolerances, such that the ‘variation in IMX-310 NEQ’ and ‘variation in RDX content’ noises will not affect the performance output of the cratering charge. 
IMX-310 manufacture is already well established with rigorous control measures in place to ensure the correct quantities of raw materials are inputted. Therefore, the noises identified in Figure 10 relating to IMX-310 constituent ingredients will be minimal and unable to be influenced by the systems/design and manufacturing engineers.
Figure 11 and Figure 12 highlight the outputs of the What/Why process for the hemispherical SC liner. The What/Why table matrix can be found in Annex G.

[bookmark: _Ref165028520][bookmark: _Toc165890176]Figure 11 – Key controls in hemispherical SC liner design.

[bookmark: _Ref165028526][bookmark: _Toc165890177]Figure 12 – Key noises in hemispherical SC liner design.
The What/Why process on the SC liner design has identified the liner density and thickness as key controls but will also likely affect the output of the system should the liner density and thickness vary considerably. Therefore, it is key that this component is manufactured by suitable means that will eliminate these noises. 
The external noises (wind, temperature, rain, air pressure) highlighted in Figure 12 suggest that these factors do not affect the output of the SC liner by interacting with the control factors, but possibly suggests that these are direct noises instead i.e. noises that directly affect the output. For example, it is likely that the crater formed by the Mk3 charge will be larger on soil targets if exposed to heavy rainfall and milder temperatures, as the ground is likely to be softer and more permeable. Comparatively, a soil target that has received minimal rainfall and freezing temperatures, could potentially result in the formation of a smaller crater. Due to the difficulty in controlling these factors, it is the authors opinion that a series of Taguchi experiments should be conducted varying the rain and temperature on soil targets, to identify what influence these potential direct noises have on the performance of the shaped charge design. 
3. Manufacturing Process of Mk3 Cratering Charge

3.1. Gathering Requirements and QFD1
The design & manufacturing engineer and design & systems engineer created a process flow to visually represent the steps required to manufacture the Mk3 charge, using verb/noun vocabulary. These are the functional requirements of the manufacturing process, which were input into another QFD1 matrix, with relationships scored against the top-level manufacturing requirements. Annex H shows the manufacturing QFD1. 
Figure 13 summarises the process importance determined from QFD1. 

[bookmark: _Ref165028595][bookmark: _Toc165890178]Figure 13 – Critical process functionality identified from QFD1. 



3.2. Manufacturing Functional Means Analysis (FMA)
Similarly with the design FMA, the systems & design engineer and design & manufacturing engineer discussed various potential options to achieve the functional requirements elicited from the process flow. 
Figure 14 summarises the FMA carried out, with the selected means highlighted yellow.
 [image: ]
[bookmark: _Ref165028630][bookmark: _Toc165890179]Figure 14 – Manufacturing Functional Means Analysis (FMA).
3.2.1. Manufacturing Design Justification
Manufacturing QFD1 identified ‘shape case internal and external’ as important functions in achieving the required output from the Mk3 charge. To achieve this, flow forming was selected as a suitable means that would satisfy the requirements more favourably. Flow forming is widely used in the defence industry to produce complex parts to high dimensional accuracy. Whilst it is also possible to forge and machining from a solid billet, these means were discounted due to the comparatively high costs associated with material and machinery needed. 3D printing of the case was also discounted due to low manufacture readiness level (MRL).
Shear forming was selected as the means of manufacturing the SC liner for a number of reasons. Firstly, it utilises a circular blank as the starting material in comparison to a large block of material. Consequently,  there is minimal waste compared to other means thus reducing material costs and aligning with industry goals relating to Carbon Net Zero initiatives. Secondly, the What/Why table carried out in Section 2.5 identified the need to control the liner thickness and density to reduce noises associated with these factors, that could potentially reduce the performance of the component. Similarly to flow forming, shear forming has the ability to produce highly complex components to extremely tight tolerances. Whilst alternative means such as pressing or machining are able to control the liner thickness to suitable tolerances, these methods result in non-uniform densities in the liner, which introduces shear points. These shear points will reduce the performance of the liner, as the resulting jet formation is truncated due to material failure at these points. 
It was decided that the Mk3 charge should be filled with excess IMX-310 from the manufacture of other products. Since the current manufacture of IMX-310 utilises a conventional mixing regime using planetary mixers, it was decided to stick with this method rather than introduce further complexities by selecting an alternative mixing method such as Resonant Acoustic Mixing (RAM), which would increase qualification time and cost. 
As part of the IM compliance requirement, “the packaging must provide protection to the munition against credible stimuli and reduce the projection of explosive effects should the munition initiate” [3]. Therefore wooden box, foam inserts and antistatic bags were selected to package the munition, all of which are standard methods used in the industry. 
3.3. Manufacturing QFD2
Once the manufacturing means were selected, the relationship between these and the functional requirements elicited from the process flow, were compared in the QFD2 matrix. This can be found in Annex I, with the resulting process importances highlighted in Figure 15.

[bookmark: _Ref165028940][bookmark: _Toc165890180]Figure 15 – Process importance identified from QFD2.
3.4. QFD3
QFD3 was carried out by the design & systems engineer to determine the relationship between the manufacturing processes selected in the manufacturing FMA and key design features from design QFD2, in addition to identified noises and controls of these design features. The QFD3 matrix can be found in Annex J. Figure 16 graphically depicts the output of QFD3. 

[bookmark: _Ref165029054][bookmark: _Toc165890181]Figure 16 – Process importances identified from QFD3.
The manufacturing processes with no score do have an important function in the overall  manufacture of the Mk3 charge, however this QFD3 matrix focused purely on the two most important design features (IMX-310 and hemispherical SC liner) and their subsequent noises and controls. From this process, casting of the IMX-310 into the charge body was identified as a critical process, closely followed by shear forming. 
3.5. Manufacturing P-Diagram and What/Why
The design & systems engineer decided to investigate the noises and controls associated with casting the IMX-310 into the Mk3 charge body. The P-diagram of this process can be found in Annex K.
Similarly to the design phase, these identified noises and control factors were input into a What/Why table to visualise how the noises affect the control factors, which subsequently affect the performance output. This What/Why table can be found in Annex L, with the key controls shown in Figure 17 and key noises of the process shown in Figure 18. 

[bookmark: _Ref165029159][bookmark: _Toc165890182]Figure 17 – Key controls identified in casting IMX-310.

[bookmark: _Ref165029166][bookmark: _Toc165890183]Figure 18 – Noise importances associated with casting IMX-310.
This QFD3 process has identified that the manufacturing process of casting IMX-310 should ensure that the fill height is correct. This also aligns with the most important control factor identified in the design What/Why process (Figure 9) of ensuring the correct IMX-310 NEQ is achieved. Therefore, a control measure to ensure the correct fill height and therefore IMX-310 NEQ was selected, consisting of a laser assisted level gauge. The laser will utilise the doppler effect to gauge the fill height when casting and ensure that once the correct level is achieved, the casting process is stopped. 
The other noises identified in Figure 18 regarding shell temperature and preheat duration will be addressed using a dedicated preheat station already in use in the casting of other products. This consists of a climatic oven set to the required temperature with sensors monitoring the temperature of the shell in addition to timers to ensure the correct minimum preheat duration is achieved. Whilst this existing preheat station will be used, trolleys and other tooling to accommodate the Mk3 case will need to be manufactured. 
4. Reflection
A presentation was given on 23rd April 2024 in which justification of the reasoning for the design of Mk3 charge was highlighted, with feedback given from a panel of assessors. On reflection of the feedback, a number of changes to the presentation slides could be made, mainly around use of the systems tools on the slides. The QFD1, QFD2 and FMA slides were rightly criticised for a large amount of text, using small font. In future, these should be removed and replaced with the most important information elicited from the tools. 
It was noted by the assessors that the means for achieving the ‘identify munition’ functional requirement in the design FMA was incorrect. When advised, the author of this portfolio realised this mistake and suggested a more suitable means to identifying the munition would be stencilling. The design FMA has been updated to reflect this change. 
It was also noted by the assessors that the presentation lacked any information around compatibility of the rubber encapsulant with the IMX-310 charge. The rubber encapsulant is a necessary design feature to adhere to IM compliance, but tests must be carried out to ensure that the material is compatible with IMX-310. These compatibility tests include: Vacuum stability to STANAG 4556, Dynamic Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) to STANAG 4515.
A question was asked regarding the whereabouts of the additional bag charges, which has been discussed in Section 2.3.1. To re-iterate here, the proposed design was optimised using a blast enhanced explosive fill coupled with a hemispherical SC liner for wider crater depth. The theory was that these design changes would negate the need for the additional bag charges and the group testing regime would determine if this was plausible. However, as was highlighted in the feedback to the design & manufacturing engineer, the aluminised fill enhances the blast as a secondary ignition mechanism. The functionality of the Mk3 charge means that the SC jet would already be formed and has carried out its target effect by the time the secondary reaction would take place. Based on this, a design change should be made to update the HE charge to an IM compliant non-aluminised explosive. Additionally, the systems tools can be amended to include the use of the secondary bag charges, should performance testing demonstrate this current bagless design is not suitable. 
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[bookmark: Annex_L]Annex L: Casting IMX-310 What/Why table 
	 
	 
	NOISE FACTORS 
	 

	Design control parameters
	 
	Unit to Unit Variation
	Deterioration
	External
	 
	

	
	Weighting of design control parameter
	Variation in shell preheat temperature
	Variation in shell preheat duration
	Variation in vacuum pressure
	Variation in fill height
	Degradation of delivery hoses
	Lack of planned maintenance
	Production shop temperature
	Production shop humidity
	 
	Relative Importance of noise in meeting performance via control factor

	Shell preheat temperature
	9
	9
	3
	 
	 
	 
	 
	3
	1
	16
	144

	Shell preheat duration 
	5
	3
	9
	 
	 
	 
	1
	 
	 
	13
	65

	Vacuum pressure
	5
	 
	 
	9
	 
	 
	 
	 
	 
	9
	45

	Fill height
	9
	 
	 
	1
	9
	9
	3
	 
	 
	22
	198

	Relative importance of noise factor:
	 
	96
	72
	54
	81
	81
	32
	27
	9
	 
	 



Pairwise compairson of requirements

Create sufficient size hole (TBD)	Work on a range of target types (TBD)	Work in a range of environments	Shall create hole quickly (TBD)	Shall have consistent reliablity and performance (TBD)	Storage in range of environmental conditions 	Easy to handle  (TBD)	Easy training characteristics (TBD)	Easy to assemble in field (TBD)	IM Compliant 	Maintenace free throughout life	Only function when operationally required 	Comply with REACH regs	Comply with toxicity regs	Comply with transport regs	Comply with safety regs	Readily available 	Cost effective per unit (Cost to TBD)	minimal development time  (Duration TBD)	Easy disposal process (TBD)	Suitable service life  (Duration TBD)	Transportable on a range of fixed wing and rotary wing aircraft (Duration TBD)	Transportable by Tracked and wheeled road (Duration TBD)	15.946868728447496	8.7924629619562253	6.2537946336941959	7.1276306765734336	4.3587973908060187	3.6936656649156179	1.6511450220423496	0.90410238214858274	2.8296335362177372	7.3789547531107305	2.7467446609020261	16.582207783856074	2.3611539040214673	2.6923735087168237	2.2767450447381226	3.6739434536709221	0.81098128067516573	0.58157866858616958	0.4544568788318486	0.99089514814485447	2.8359584971822831	2.5279527103809407	2.5279527103809407	


QFD 1 Functional Importances

Functions	Prevent ingress of FOD	Position munition 	Stabilise muntion 	Provide standoff distance 	Provide safety mechanism	Charge shrike 	Assemble energetic train	Attach firing cable to detonator	Create firing stimulus	Transfer firing stimulus to detonative output	Amplify detonative output	Produce crater	Interface with HE fill	Protect munition	Identify round	Force liner	332.5	281.10000000000002	212.6	317.09999999999991	533.40000000000009	234.50000000000003	330.3	290.5	412.5	328.9	447	677.3	47.2	68.5	95.7	559	


Feature Importances

Foil sticker	Handles 	Tripod	Telescopic legs 	Black and tan cable (100m)	Removable detonator	Removable HE booster (RX3601)	Battery 	Push fit container	Twisted cables	Shrike 	Electronic detonator 	Hemispherical shaped charge	Rubber encapsulant	Powder coat	Stencil	IMX-310	363.09999999999997	274.2	629.29999999999995	629.29999999999995	601.60000000000014	697.50000000000011	1015.1	463	455.40000000000003	411.20000000000005	379.8	425.40000000000003	812.7	66.600000000000009	146.89999999999998	86.399999999999991	1181.7	


Control Factors

Control Importances	IMX-310 NEQ	RDX crystal structure (class 1 and 5) 	RDX crystal ratio	RDX content	Aluminium content	HTPB content (binder)	DOA content (plasticizer)	AO2246 content (antioxidant)	IPDI content (curative) 	Dantacol content	Triphenylbismuth (TPB) content	369	144	297	360	80	48	48	48	48	48	48	



Noise Factors	Wind	Temperature	Rain	Air pressure 	Humidity	Variation in IMX-310 NEQ	Variation in RDX crystal structure	Variation in RDX crystal ratio	Variation in RDX content	Variation in aluminium content	Variation in HTPB content (binder)	Variation in DOA content (plasticizer)	Variation in AO2246 (antioxidant) 	Variation in IPDI content	Variation in dantacol content	Variation in triphenylbismuth (TPB) content	Ageing of RDX	Ageing of inert compounds	Moisture ingress	Thermal degredation	0	54	0	0	54	135	171	117	221	72	56	56	56	56	56	56	144	0	90	144	


Control Factors

Control Importances	Copper liner specification	Liner thickness	Liner density 	Liner surface finish	189	306	351	75	



Noise Factors	Wind	Temperature	Rain	Air pressure 	Humidity	Variation in copper liner specification	Variation in liner thickness	Variation in liner density 	Variation in surface finish	Liner corrosion 	Thermal degredation	0	0	0	0	9	192	165	246	54	216	39	


Process Importances Chart

Shape case external 	Shape case internal	Clean body	Apply internal coating	Apply external paint	Cure paint	Surface finish	Manufacture liner	Attach liner	Manufacture IMX-310	Manufacture RX 3601 booster pellets	Create booster assembly	Fill munition	Create booster cavity	Insert booster assembly	Apply barrier	Source legs	Package kit	450	450	45	175	115	85	95	435	205	465	235	130	425	145	140	40	95	100	#REF!	


Drill press 	Flow form 	Ultrasonic 	Air dry	Spray 	Electrostatic paint stray	Oven	Oxsilan	Shear form 	Attach with bolts	Conventional mixing with a planetary mixer	Pneumatic press	Aluminium container	Excess material	Casting	511.5	477	90.5	93.5	292.5	140.5	245.5	165.5	453	515.5	418.5	211.5	417	382.5	382.5	


Process Techniques

Drill press 	Flow form 	Ultrasonic 	Air dry	Spray 	Electrostatic paint stray	Oven	Oxsilan	Shear form 	Attach with bolts	Conventional mixing with a planetary mixer	Pneumatic press	Aluminium container	Excess material	Casting	Bore	Push fit 	Foil disc	53	14	0	0	54	5	0	0	122	69	99	0	0	45	123	66	5	0	


Key Controls


Shell preheat temperature	Shell preheat duration 	Vacuum pressure	Fill height	144	65	45	198	#REF!	


Key Noise Factors


Variation in shell preheat temperature	Variation in shell preheat duration	Variation in vacuum pressure 	Variation in fill height 	Degredation of delivery hoses 	Lack of planned maintenance	Production shop temperature	Production shop humidity 	96	72	54	81	81	32	27	9	#REF!	
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Level 1  Level 2  Level 3  

Performance              Create sufficient size hole  The system shall create a cavity depth of 3m in soil,  2 m in concrete,  0.5m in steel.   

Work on a range of target  types  The system shall be capable of being used on soil, concrete   and   steel   targets.  

Work in a range of  environments  The system shall be operational in  B3   (+71) and  C2   ( - 46 ) climatic  conditions  .  

Shall create hole quickly  The system shall be unboxed, set up and ready to initiate within 10  minutes.   

Shall have consistent  reliability   and performance  The munition must have a reliability and  confidence   of 95% .  

Storage in range of  environmental conditions  The system shall be functional throughout its service life (10 years) .  

User Friendly        Easy to handle   The system shall only require a  single - person lift. (<20kg)  

Easy training characteristics  T he system shall require no more training than the current in - service  product .  

Easy to assemble in field   The system shall be assembled with no tooling.  

Safety            IM Compliant  The system shall be IM compliant as per  STANAG 4439   and AOP - 039.  

Maintenance free  throughout life  The system shall be maintenance free throughout its service life .  

Only function when  operationally required  The system shall only initiate when  intended .  

Comply with REACH  regulations  The systems shall avoid the use of substances of very high concern  (SVHC) on the REACH candidates lis t.  

The system shall not use any substances listed in Annex 17 of REACH  Regulations .  

Comply with  toxicity  regulations  The systems shall not have any of the Montreal protocols substances  in its design .  

The systems shall not have any of the Kyoto protocols substances in  its design .  

Comply with safety  regulations  The system shall not contain  asbestos of any form .  

The system shall not contain any radioactive sources of any form .  

The system shall not contain any mercury compounds .  

Availability  R eadily available  The system shall use readily available materials .  

Cost        Cost  effective per unit  The unit cost of the system shall not exceed that of the current design.  

M inimal development time  Where possible the design of the system shall apply SMART  Qualification methodology.  

Easy disposal process  Disposal of the system  shall be compliant with STANAG 4518 .  

Suitable service life   The system shall have a service life of 10 years .  

Easy to  transport    Transportable on a range of  fixed wing and rotary wing  aircraft (Duration TBD)  The system shall be capable of being  transported on C17, A400M  Fixed Wing (Duration TBD) .  

The system shall be capable of being transported on Merlin & Wildcat  Rotary Wing (Duration TBD) .  

Transportable by Tracked  and wheeled road (Duration  TBD)  The system shall be capable of being  transported using FV432 &  FV512 (Tracked) (Duration TBD) .  

The system shall be capable of being transported using Wheeled  Logistic vehicles (Duration TBD) .  

Comply with transport  regulations  The system shall be classified in accordance with the  transport of  dangerous goods - model regulations (The orange book) (Hazard  classification) .  

The system's packaging shall be marked in accordance with NATO  standard  4281.  

The product shall be marked in accordance with NATO standard   2322.  
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Function

Prevent ingress of FOD Plug

Removeable 

cap

Rubber bung

Retractable 

window

Foil sticker Cork Wax

Position munition  Handles Crane Winch Trolley 

Electric 

motorised 

vehicle

Stabilise muntion  Tripod Integrated Stand with legs Telescopic legs Blocks Spirit level

Screws into the 

ground

Pins into the 

ground

Level sensor

Provide standoff distance  Tripod Intergrated Stand with legs Telescopic legs Blocks Ruler Laser measure

Adjustable 

marked legs

Provide safety mechanism Fuze

Black and tan 

cable (100m)

SAFU 

Removable 

detonator

HE booster 

(RX3601)

Wireless Safety fuze

Charge shrike  Battery Mains Solar 

Assemble energetic train

Glued 

container

Push fit 

container

Taped Screwed liner

Attach firing cable to 

detonator

Twisted Magnetic Solder

Create firing stimulus Shrike Striker  Slapper Safety fuze

High powered 

laser

Kinetic input

Sympathetic 

detonation

Transfer firing stimulus to 

detonative output

Exploding foil 

energitc

Electric 

detonator 

(L2A2)

Plain detonator LEEFI High explosive

Primary 

explosive (lead 

azide)

Secondary 

explosive 

(PETN)

Amplify detonative output

HE booster 

(RX3601)

Laser Shaped charge

Bigger 

detonator

Produce crater

Hemispherical 

shaped charge

Explosive 

formed 

projectile

Wave generator Hollow cavity

Conical shaped 

charge

Interface with HE fill Lacquer Varnish

Rubber 

encapsulant

Red oxide 

primer

Polyeurathane Bitumen

Protect munition

Water based 

paint

Powder coat  Galvanisation

Identify round Stencil  Pad print Etching

Force liner RDX/TNT Hexatonal

IMX-104 IMX-310

Means
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Function

Create screw holes

Machining Dye cut Laser cutting Drill press

Create vent holes

Machining Dye cut Laser cutting Drill press

Create booster hole

Machining Dye cut Laser cutting Drill press

Shape case external 

Forge  Flow form Machine from billet 3D print

Shape case internal

Forge  Flow form Machine from billet 3D print

Clean body

Ultrasonic Vacuum Bath Pressure washer  Air dry Oven

Apply internal coating

Tumble Spray Poured

Apply external paint 

Hand  Spray  Roller Paint bath Electrostatic paint spray

Cure paint

Oven Air dry UV

Surface finish

Oxsilan Varnish Bitumen  No finish Spray

Manufacture liner

Press Machine from billet  Shear form Vacuum casting

Attach liner

Weld  Screw Glue  Attach with bolts

Manufacture IMX-310

Conventional mixing with a 

planetary mixer

RAM Hand mix

Manufacture RX3601 pellets

Hand press  Dead press Hydraulic press Pneumatic press

Create booster assembly

Glue Aluminium container Wrapped in foil Antistatic bags

Fill munition

Excess material Hand  Casting

Create booster cavity

Bore Mould Press Chisel 

Insert booster assembly

Glue  Push fit  Tape  Screw

Apply barrier 

Foil disc Plastic cap Wax Rubber  Threaded cap

Source legs

Metal casting Bending

Procure from external 

supplier

Extruding

Package kit

Wooden box Metal container Foam inserts Bubble wrap Antistatic bags Foil wrapping

Means
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 Calc Calc

Pairwise comparison of requirements



1 = No Preference, Reciprocal = 1

2 = Slight Preference, Reciprocal = 0.5

5 = Preference, Reciprocal = 0.2

9 = Strong preference = 0.11



Create sufficient size hole (TBD)

Work on a range of target types (TBD)

Work in a range of environments

Shall create hole quickly (TBD)

Shall have consistent reliablity and performance 

(TBD)

Storage in range of environmental conditions 

Easy to handle  (TBD)

Easy training characteristics (TBD)

Easy to assemble in field (TBD)

IM Compliant 

Maintenace free throughout life

Only function when operationally required 

Comply with REACH regs

Comply with toxicity regs

Comply with transport regs

Comply with safety regs

Readily available 

Cost effective per unit (Cost to TBD)

minimal development time  (Duration TBD)

Easy disposal process (TBD)

Suitable service life  (Duration TBD)

Transportable on a range of fixed wing and rotary 

wing aircraft (Duration TBD)

Transportable by Tracked and wheeled road 

(Duration TBD)

Row Product

nth root of row product

Total Normalised

1

Create sufficient size hole (TBD)

1 9 9 5 9 9 5 9 5 5 5 1 9 5 5 5 9 9 9 5 9 2 2 2.72405E+16 6 16

2

Work on a range of target types (TBD)

0.11 1 5 0.11 0.2 5 5 9 5 5 9 2 5 5 5 5 9 9 9 5 5 2 2 55819757813 3 8.8

3

Work in a range of environments

0.11 0.2 1 2 0.2 5 9 5 5 0.2 0.5 0.11 5 5 5 5 9 9 9 5 5 5 5 31010976.56 2 6.3

4

Shall create hole quickly (TBD)

0.2 9 0.5 1 9 1 9 2 5 1 9 0.2 2 2 2 2 1 9 9 9 9 2 2 550998028.8 2 7.1

5

Shall have consistent reliablity and performance (TBD)

0.11 5 5 0.11 1 1 1 9 5 1 2 0.2 1 1 1 1 5 9 9 5 1 1 1 11026.125 2 4.4

6

Storage in range of environmental conditions 

0.11 0.2 0.2 1 1 1 9 5 1 1 9 0.2 1 1 1 1 9 2 9 5 1 1 1 288.684 1 3.7

7

Easy to handle  (TBD)

0.2 0.2 0.11 0.11 1 0.11 1 5 1 0.2 0.5 0.11 1 1 1 1 2 1 2 1 0.5 1 1 5.8564E-06 1 1.7

8

Easy training characteristics (TBD)

0.11 0.11 0.2 0.5 0.11 0.2 0.2 1 0.5 0.11 0.2 0.11 0.2 0.2 0.2 0.2 2 2 2 1 0.5 0.5 0.5 1.03073E-11 0 0.9

9

Easy to assemble in field (TBD)

0.2 0.2 0.2 0.2 0.2 1 1 2 1 0.2 2 0.11 2 2 2 1 9 9 9 5 1 1 1 0.8211456 1 2.8

10

IM Compliant 

0.2 0.2 5 1 1 1 5 9 5 1 9 1 2 2 2 2 9 9 9 5 2 5 5 1180980000 3 7.4

11

Maintenace free throughout life

0.2 0.11 2 0.11 0.5 0.11 2 5 0.5 0.11 1 0.2 1 1 1 1 9 9 9 5 1 2 2 0.42693156 1 2.7

12

Only function when operationally required 

1 0.5 9 5 5 5 9 9 9 1 5 1 9 9 9 9 9 9 9 9 9 9 9 6.4341E+16 6 17

13

Comply with REACH regs

0.11 0.2 0.2 0.5 1 1 1 5 0.5 0.5 1 0.11 1 1 1 0.5 5 9 9 2 0.5 0.5 0.5 0.015314063 1 2.4

14

Comply with toxicity regs

0.2 0.2 0.2 0.5 1 1 1 5 0.5 0.5 1 0.11 1 1 2 0.5 5 5 5 2 2 1 1 0.275 1 2.7

15

Comply with transport regs

0.2 0.2 0.2 0.5 1 1 1 5 0.5 0.5 1 0.11 1 0.5 1 0.5 2 5 2 5 0.5 1 1 0.006875 1 2.3

16

Comply with safety regs

0.2 0.2 0.2 0.5 1 1 1 5 1 0.5 1 0.11 2 2 2 1 9 9 9 5 2 2 2 256.608 1 3.7

17

Readily available 

0.11 0.11 0.11 1 0.2 0.11 0.5 0.5 0.11 0.11 0.11 0.11 0.2 0.2 0.5 0.11 1 5 5 2 0.2 0.2 0.2 9.43179E-13 0 0.8

18

Cost effective per unit (Cost to TBD)

0.11 0.11 0.11 0.11 0.11 0.5 1 0.5 0.11 0.11 0.11 0.11 0.11 0.2 0.2 0.11 0.2 1 5 0.5 0.11 0.2 0.2 6.27686E-16 0 0.6

19

minimal development time  (Duration TBD)

0.11 0.11 0.11 0.11 0.11 0.11 0.5 0.5 0.11 0.11 0.11 0.11 0.11 0.2 0.5 0.11 0.2 0.2 1 0.2 0.11 0.2 0.2 2.76182E-18 0 0.5

20

Easy disposal process (TBD)

0.2 0.2 0.2 0.11 0.2 0.2 1 1 0.2 0.2 0.2 0.11 0.5 0.5 0.2 0.2 0.5 2 5 1 0.2 0.5 0.5 7.744E-11 0 1

21

Suitable service life  (Duration TBD)

0.11 0.2 0.2 0.11 1 1 2 2 1 0.5 1 0.11 2 0.5 2 0.5 5 9 9 5 1 2 2 0.862488 1 2.8

22

Transportable on a range of fixed wing and rotary wing aircraft (Duration TBD)

0.5 0.5 0.2 0.5 1 1 1 2 1 0.2 0.5 0.11 2 1 1 0.5 5 5 5 2 0.5 1 1 0.06875 1 2.5

23

Transportable by Tracked and wheeled road (Duration TBD)

0.5 0.5 0.2 0.5 1 1 1 2 1 0.2 0.5 0.11 2 1 1 0.5 5 5 5 2 0.5 1 1 0.06875 1 2.5
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Importance

Prevent ingress of FOD

Position munition  Stabilise muntion 

Provide standoff distance 

Provide safety mechanism

Charge shrike 

Assemble energetic train

Attach firing cable to detonator

Create firing stimulus

Transfer firing stimulus to 

detonative output

Amplify detonative output

Produce crater

Interface with HE fill

Protect munition

Identify round

Force liner

Requirements

Create sufficient size hole (TBD) 16 3 3 3 9 3 3 3 9 9 3 9 9 9 The system shall create a cavity depth of 3m in soil, 2m in concrete, 0.5 in steel.

Work on a range of target types (TBD) 8.8 1 9 9 9 3 3 3 9 3 9 9 The system shall be capable of being used on soil, concrete, steel targets.

Work in a range of environments 6.3 9 9 3 3 1 3 3 1 1 1 9 3 3 3 The system shall be operational in B3 (+71) and C2 (-46) climatic conditions 

Shall create hole quickly (TBD) 7.1 1 1 1 3 9 3 3 3 3 3 9 3 The system shall be unboxed, set up and ready to initiate within 10 minutes. 

Shall have consistent reliablity and performance (TBD) 4.4 9 1 1 3 3 3 3 1 9 3 9 9 1 3 9 The munition must have a reliability and confidence of 95%

Storage in range of environmental conditions  3.7 9 3 3 3 1 1 3 9 1 The system shall be functional throughout its service life (10 years)

Easy to handle  (TBD) 1.7 3 9 1 9 3 3 1 3 The system shall only require a single-person lift. (<20kg)

Easy training characteristics (TBD) 0.9 9 3 3 9 1 1 1 The system shall require no more training than the current in-service product

Easy to assemble in field (TBD) 2.8 1 9 9 3 9 9 3 1 9 3 1 1 The system shall be assembled with no tooling.

IM Compliant  7.4 9 3 1 1 9 9 1 9 The system shall be IM compliant as per STANAG 4439 and AOP-39.

Maintenance free throughout life 2.7 9 3 3 3 The system shall be maintenance free throughout its service life

Only function when operationally required  17 3 1 9 3 9 9 3 9 9 The system shall only intiate when intended

The systems shall avoid the use of substances of very high concern (SVHC) on the REACH candidates list

The system shall not use any substances listed in Annex 17 of REACH Regulations

The systems shall not have any of the Montreal protocols substances in its design

The systems shall not have any of the Kyoto protocols substances in its design

The system shall be classified in accordance with the transport of dangerous goods-model regulations (The orange book) (Hazard classification)

The system's packaging shall be marked in accordance with NATO standard 4281.

The product shall be marked in accordance with NATO standard 2322.

The system shall not contain asbestos of any form

The system shall not contain any radioactive sources of any form

The system shall not contain any mercury compounds

Readily available  0.8 3 3 3 3 1 3 1 3 3 3 3 3 3 3 1 The system shall use readily available materials

Cost effective per unit (Cost to TBD) 0.6 1 3 3 3 3 9 3 1 9 9 9 1 1 1 The unit cost of the system shall not exceed that of the current design

Minimal development time  (Duration TBD) 0.5 1 1 3 3 9 3 3 9 1 1 Where possible the design of the system shall apply SMART Qualification methodology 

Easy disposal process (TBD) 4 9 9 3 1 1 9 Disposal of the system shall be compliant with STANAG 4518

Suitable service life  (Duration TBD) 2.8 9 9 1 1 3 The system shall have a service life of 10 years

The system shall be capable of being transported on C17, A400M Fixed Wing (Duration TBD)

The system shall be capable of being transported on Merlin, Wildcat and Chinook Rotary Wing (Duration TBD)

The system shall be capable of being transported using FV432 & FV512 (Tracked) (Duration TBD)

The system shall be capable of being transported using Wheeled Logistic vehicles (Duration TBD)

333 281 213 317 560 235 357 291 422 332 447 680 74 69 96 559

2.7

3 9 3 1 3 1

9



9



9

9 3

3



3

3

1

1

1

1



Comply with REACH regulations 2.4



3 1 9 1 1



3.7 Comply with safety regulations



9 1 1

Comply with toxicity regulations



9



2.5

2.5 Transportable on a range of fixed wing and rotary wing aircraft (Duration TBD)

Transportable by Tracked and wheeled road (Duration TBD) 1

3 3 3



9 1



1 1

1 1



3 3

1



3 3

3

Comply with transport regulations 2.3



1



9 1



9



9

1

1

9

1

1

1



9

3



1



3 1

9

9 3
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Importance

Foil sticker

Handles 

Tripod

Telescopic legs 

Black and tan cable 

(100m)

Removable detonator

Removable HE booster 

(RX3601)

Battery 

Push fit container

Twisted cables

Shrike 

Electronic detonator 

Hemispherical shaped 

charge

Rubber encapsulant

Powder coat

Stencil

IMX-310

Prevent ingress of FOD 33.3 9

Position munition  28.1 9 3 3

Stabilise muntion  21.3 1 9 9

Provide standoff distance  31.7 9 9

Provide safety mechanism 56 1 9 9 9 1 1

Charge shrike 23.5 9

Assemble energetic train 35.7 1 9 3

Attach firing cable to detonator 29.1 9

Create firing stimulus 42.2 1 3 1 3 1 9 3

Transfer firing stimulus to detonative 

output

33.2 1 1 9

Amplify detonative output 44.7 1 9 3 3

Produce crater 68 1 1 9 9

Interface with HE fill  7.4 1 3 3 9 9 9 9

Protect munition 6.9 9

Identify round 9.6 3 9

Force liner 55.9 9

363 274 629 629 602 698 1015 463 455 411 380 425 813 67 147 86 1182
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Unit to unit Noise Factor Deterioration

Control Factors

Noise Factors External Noise Factors

IMX-310 NEQ

RDX crystal structure (class 1 and 5)

RDX crystal ratio

RDX content

Aluminium content

HTPB content (binder) 

DOA content (plasticiser)

AO2246 content (antioxidant)

IPDI content (curative)

Dantacol content 

Triphenylbismuth (TPB) content



Raw materials

IMX-310



Filled charge

Jet formation

Crater formation



Wind 

Temperature

Rain

Air pressure

Humidity

Variation in IMX-310 NEQ

Variation in RDX crystal structure

Variation in RDX crystal ratio

Variation in RDX content

Variation in aluminium content

Variation in HTPB content (binder) 

Variation in DOA content (plasticiser)

Variation in AO2246 content (antioxidant)

Variation in IPDI content (curative)

Variation in Dantacol content 

Variation in Triphenylbismuth (TPB) content

Ageing of RDX

Ageing of inert components

Moisture ingress

Thermal degredation
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Unit to unit Noise Factor Deterioration

Control Factors

Noise Factors External Noise Factors

Copper liner specification

Liner thickness

Liner density

Liner surface finish



Liner corrosion

Thermal degredation



Copper blank

Hemispherical shaped charge



Jet formation

Crater formation



Wind 

Temperature

Rain

Air pressure

Humidity

Variation in copper liner specification

Variation in liner thickness

Variation in liner density

Variation in liner surface finish
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Relative Importance of 

noise in meeting 

performance via control 

factor

IMX-310 NEQ

9

3 3 9 1 1 9 3 3 9 41 369

RDX crystal structure (class 1 and 5) 

9

9 3 1 1 1 1 16 144

RDX crystal ratio

9

3 9 9 3 3 3 3 33 297

RDX content

9

3 3 3 9 1 1 1 1 1 1 1 9 3 3 40 360

Aluminium content

5

1 9 1 1 1 1 1 1 16 80

HTPB content (binder)

3

1 1 9 1 1 1 1 1 16 48

DOA content (plasticizer)

3

1 1 1 9 1 1 1 1 16 48

AO2246 content (antioxidant)

3

1 1 1 1 9 1 1 1 16 48

IPDI content (curative) 

3

1 1 1 1 1 9 1 1 16 48

Dantacol content

3

1 1 1 1 1 1 9 1 16 48

Triphenylbismuth (TPB) content

3

1 1 1 1 1 1 1 9 16 48

Relative importance of noise factor:

0 54 0 0 54 135 171 117 221 72 56 56 56 56 56 56 144 0 90 144

Ageing of RDX

Ageing of inert compounds

Moisture ingress

Thermal degredation

Total

Variation in triphenylbismuth (TPB) 

content

Variation in DOA content (plasticizer)

Variation in AO2246 (antioxidant) 

Variation in IPDI content

Variation in dantacol content

Variation in IMX-310 NEQ

Variation in RDX crystal structure

Variation in RDX crystal ratio

Variation in RDX content

Variation in aluminium content

Variation in HTPB content (binder)

Air pressure 

Humidity



Design control parameters

Weighting of design control parameter 

(1, 3, 5, 9)

External Unit to unit  Deterioration

Wind

Temperature

Rain

NOISE FACTORS
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Relative Importance of 

noise in meeting 

performance via control 

factor

Copper liner specification

9

9 9 3 21 189

Liner thickness

9

3 9 9 3 9 1 34 306

Liner density 

9

9 9 9 9 3 39 351

Liner surface finish

3

3 1 1 1 9 9 1 25 75

Relative importance of noise factor:

0 0 0 0 9 192 165 246 54 216 39



Weighting of design control parameter 

(1, 3, 5, 9)

Total

External Deterioration Unit to unit 

Variation in copper liner 

specification

Humidity

Air pressure 

Rain

Temperature

NOISE FACTORS

Variation in liner thickness

Thermal degredation

Liner corrosion 

Variation in surface finish

Variation in liner density 

Wind

Design control parameters
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Importance

Create screw holes

Create vent holes

Create booster hole

Shape case external 

Shape case internal

Clean body

Apply internal coating

Apply external paint

Cure paint

Surface finish

Manufacture liner

Attach liner

Manufacture IMX-310

Manufacture RX 3601 

booster pellets

Create booster 

assembly

Fill munition

Create booster cavity

Insert booster 

assembly

Apply barrier

Source legs

Package kit

Manufacturing Costs

Labour

5 1 1 1 3 3 1 1 1 1 1 3 9 9 1 3 3 1 3 1 3 9

Equipment capital cost

5 3 3 3 9 9 1 3 3 3 3 9 1 3 3 1 9 3 1 3 1

Service / Operating Cost

5 1 1 1 3 3 1 3 3 3 3 3 1 9 3 1 9 3 1

Material Cost - Metal

5 3 3 3 9 9 9 1 1 3

Material Cost - Energetic

5 9 9 3 1 9

Material Cost - other

5 1 1 1 3 3 1 3 3 3 1 1 1 3

Maintenance Cost

5 1 1 1 9 9 1 3 3 3 9 9 3 9 3 1

Manufacturing Capacity

5

Target production rate XX per month

5 3 3 3 9 9 3 3 3 3 3 9 3 9 1 1 9 3 1 1 1 1

Reliable Manufacture

5

Repeatable performance

5 9 9 9 9 3 9 9 9 3 1 9 3 9 1 3

Low system outage

5 9 9 9 9 9 3 3 3 9 1 9 3 1 9 3 1 1 3

Quality

5

Defect Free

5 9 1 9 9 9 3 3 1 3 9 3 9 3 1 9 1 1 1 1 1

Effective test and inspection

5 1 1 1 9 9 1 3 9 9 9 9 3 9

Safety

5

Explosive

5 1 9 9 9 9 9 3 1

Non-Explosive

5 1 1 1 9 9 1 1 9 3 1 3 1

210 80 210 450 450 45 175 115 85 95 435 205 465 235 130 425 145 140 40 95 100
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Importance

Drill press 

Flow form 

Ultrasonic 

Air dry Spray 

Electrostatic paint stray

Oven

Oxsilan

Shear form 

Attach with bolts

Conventional mixing with 

a planetary mixer

Pneumatic press

Aluminium container

Excess material

Casting

Bore

Push fit  Foil disc

Wax

Procure from external 

supplier

Wooden box  Foam inserts

Antistatic bags

Functionality

Create screw holes 21 9 1 9

Create vent holes 8 9 1 1 1 1

Create booster hole 21 9 1 1 1 1 1

Shape case external 8 9 1 1 1 1

Shape case internal 45 9 1 3

Clean body 4.5 9 9

Apply internal coating 17.5 9

Apply external paint 11.5 9 9 3 1

Cure paint 8.5 9 1

Surface finish 9.5 3 9

Manufacture Liner 43.5 9 3

Attach Liner 20.5 3 3 9

Manufacture IMX-310 46.5 9 1

Manufacture RX 3601 pellets 23.5 9 3

Create booster assembly 13 9 3 9

Fill munition 42.5 9 9 3

Create booster cavity 14.5 9 9 9

Insert booster assembly 14 3 3 9

Apply barrier 4 9 9 9

Source legs 9.5 9

Package Kit 10

9 9 9

512 477 91 94 293 141 246 166 453 516 419 212 417 383 383 386 374 36 36 86 90 90 90
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Importance

Drill press 

Flow form 

Ultrasonic 

Air dry Spray 

Electrostatic paint stray

Oven

Oxsilan

Shear form 

Attach with bolts

Conventional mixing with a 

planetary mixer

Pneumatic press

Aluminium container

Excess material

Casting

Bore

Push fit  Foil disc

Wax

Procure from external supplier

Wooden box  Foam inserts

Antistatic bags

Most important design features from 

QFD2

IMX-310 5 1 9 1 9 9 9 9 1

Hemispherical SC liner 5 9 1 9 9 3 3

Most important design control factors

Liner density  4 1 9 3

IMX-310 NEQ 3 3 3 1 9 3

Most important noises

Variation in liner density  4 1 9 3

Variation in RDX content 4 9 9 3

53 14 0 0 54 5 0 0 122 69 99 0 0 45 123 66 5 0 0 0 0 0 0

6 x vent holes of 20mm diameter in the back plate positioned equally in a radial direction. 

Booster hole shall drilled centrally in the back plate, of 40mm diameter. 

Charge body shall be flow formed to an OD of 198mm with 9mm wall thickness and a length 

of 323mm.

The charge body shall be sprayed with TBC mm of rubber encapsulant. 

3mm thick, 180mm diameter, flange diameter of 9mm

The munition hemispherical liner and back plate shall be attached using M6 hex bolts.

The munition shall utilise existing manufacturing processes to produce IMX-310.

The munition shall be filled with XXkg of IMX-310 using excess material from other products.

The main filling shall have a cavity bored out of Xmm in diameter and Xmm depth into the main 

fill.
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Unit to unit Noise Factor Deterioration

Control Factors

Shell preheat temperature

Shell preheat duration

Vacuum pressure 

Fill height (NEQ of IMX-310)

Variation in shell preheat temperature

Variation in shell preheat duration

Variation in vacuum pressure 

Variation in fill height (NEQ of IMX-310)

Material degredation of delivery hoses

Lack of planned maintenance

Production shop temperature

Production shop humidity

Noise Factors External

Planetary mixed IMX-310 Casting Correctly filled charge

Noise Factors
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