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confidence in the disruptive potential of this technology. Leading organisatio

Industrial Produc{ SNIZA OS {&aidSyQa oLt {HUO I NBE AYyONBI &
better understand AM, its limitations and how to benefit now and in the future from its

potential. AM capability acquisition may represent a source of competadvantage

and a means to develop new sources of income.
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the benefits of deployedAM. This PhD aims aevelopng a framework to assess costs

and impact on availability of Additive Manufacturing applications in Support Services
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a DS2 which definegss boundaries, links and elements, a Conceptual Framework for

Additive Manufacturing assessment into DS2, Mathematical Models for estimating the

Time and Costs of Additive Manufacturimgnsidering the endo-end process of

delivering and printing an Alomponent a Conceptual Framework to assess the Cost,

Time and Benefits of AM and a Decision Support System for Additive Manufacturing
applications in DS&hich allows to perform static and deterministic estimations on AM
applications in the context of Defice Support Servicethe main advantages of AM

applications in DS2 are to provide platforms with the ability to sustain their systems,

recover its capability after daage, solve obsolescenssuesand collaps dramatically

the supply chain.
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1.1 Introduction
Additive Manufacturing (AM) is increasingly gaining the attention of Defence Support

{ SNIBAOS 065{H0 LINE JA FOsfaldtes (Mg due to itshcapabilitg &f y A & (1 NE
rapid, delocalised and flexible manufacturing. Deploying AM systems in thec¢fend

of a military logistic can provide major advantages to both the MoD and the DS2

provider. Printing required components next toet point of use can lower the time and

cost of delivering support services. Consequently, the Availability of Complex
Engineering Systems (CES) increases, allowing the Platforms to be more responsive to
2LISNF GA2Y GSYLR® ¢KAA& dalititddmidufaciuNhg; DéciionLINS & Sy
{ dzLJLJ2 NIi { @&3) % ‘sdftware !toml, which can perform simulations of AM
deployments in military logistics and provides the user with accurate cost and benefit

analysis results. The software allows the users to compdraditional military logistic

GKSNBE ait201a FNB KSftR Ay @INAR2dza adl 3Sa ovYl
with AM military logistic, where manufacturing can occur at a port, a support vessel, a

forward base or the defence platform througleployable AM Systems. The software

22t Aa RS@OSt2LISR F2N) 1Se RSOAaAz2y YI {1 SNa

approach for AM technology acquisition programs.

CKAA tK5 O2yUNAROdziSa G2 GKS OdzZNNByid NBaSHkN
Sup )2 NI { SNIAOSaé¢ 065{HUL AM MNpresedtd b Misruptivede Q&  LJ
technology in the Defence Support Service context. If AM is applied in thednohof

a support service the Logistic Delay Time (LDT)cesldramatically therefore the

availabilty increases.

Through a literature review and unstructured interviews with a leading Defence
Support Service provider, it was possible to identigearch gaps and industrial

challengen AM applications in DS2.

This lack of research leads to a wid®wledge gap, which must be addressed to reduce

the barriers of AM adoption by DS2 providers. A general lack of data regarding design



and engineering aspects together with the absence of comparison with traditional DS2
leads to a high degree of uncertayntThis leads to key industrial decision makers being
NBf dzOGlyd G2 FOljdzZANBS 'a OFLIOAfAGED CKAA
byDi KS a{e@&aidsSYy 27F 2whithIéfiBes its bourddrigd) aconeptual 5 {
framework for AdditiveManufacturing assessment into DS, mathematical models

for estimating the time andasts of Additive Manufacturing) a conceptual framework

to assess the cost, time aneihefits of AM and a Decision Support System for Additive

Manufacturing applicatins in DS2.

1.2 PhD Aim and Objectives

This PhD focuses on the evaluation of Additive Manufacturing applications in the context
of Defence Support Services. The PhD contributes to knowledge through development
of a framework which can estimate the cost, timand benefits such as impact on

availability of AM applications in different locations of a Defence Support Service

system.

The PhD aim iso develop a framework to assess costs and impact on availability of

Additive Manufacturing applications in Suppoer@ces
PhD Obijectives:
U To reviewWAAM technologynd cost modellingeichniques

0 To investigate current practices and define a System of Interest (Sol) of a Defence
Support Service (DS2) using a system approach. This objective &idodefinition

of the boundaries, elements, links, sequences of a Defence Support Service.

U Todevelop a holistic conceptualamework to assess AM applications in Support
Services. The framework defines the necessary phases required to perform the

assessment.

t



U To develop a Deamn Support System (DSS) to assess quantitatively the impact of
AM applications in DS2 outlining estimate on cost, time and availability. The DSS is

engineered for early stages technology acquisition programs.

0 To verifywith dry runs the AMDSSand vaidate the previous objectivesvith
SELISNI Q& 2dzRISYSyYyd FNRY IOFRSYAL |yR AYyRA

Research Stakeholders:

Ministry of Defence, Babcock International, Defence Equipment & Support

1.3 PhDContribution to Knowledge

This applied research project provides increhsenderstanding and evidence of

Additive Manufacturing applications in the Defer8epport Services (DS2) sectamuF

y2@0St YR 2NRAIAYIE tK5Q3 RSOSt2LIYSyda O2yidN
Engineering and Througtife Engineering:

U Thedevelpment of aa{ €aiSY 2F LyGSNBadée¢ o6{2L0 27F
boundaries, links and elementsitlined in Chapter 3

U The creation of a conceptual framework for Additive Manufacturing assessment in
DS2outlined in Chapter 6

0 The development of mathemiial models for estimating the time and costs of
Additive Manufacturingutlined in Chapter 5

0 The Decision Support System for Additive Manufacturing applications in DS2
outlined in Chapter 8

Throwgh the application of a hybrid approach (systeppeach and Activity Based

Costing €echnique), the first three original contributions to knowledge have been
YSNESR AyU2 Iy Ayy20F4A0S yR &aA3ayATFTAOL Y
generate reliable, accurate and detailed estimates of AM applicatdndDS2. The DSS

Ad I a2F06INB LINRPG2GeLIS Sy3IaAySSNBR FT2NJ aw
SYLX 28SR Ay SIFINIeé adGr3asa 2F a/lFLIoAftAaAGe |

capability which is investigated for acquisition is defined as fatlow



¢ Gaadilitydo additively manufacture criticab-availability components next/close
to the point of use only whethey are required, to maximise operationakéability and

NBRdzOS 024G YR GAYS 2F 5SFSyOS { dzLJLI2 NI { SN

The Decision Support Systamcongdered significant as it can bedewith data and
improve the decision making of the R&D unit through the provision of evidence on
where Additive Manufacturing can be applied within DS2, how to estimate the cost and
time of both product and serviceand finally how to evaluate the benefits of AM

applications within DS2.

1.4 Research Problem

VVVVV

5{H N8B O2YLX SE{BNPRWE(INBAEGSYHR RADG{-n0 6KAO
key basis equipment, training, technical support, spare parts, platformghsuhain

management, project management, people, revamping, upgrades, expertise and know

how. DS2 are required to be highly responsive, operate in mission and safety critical
environments anywhere in the world and support complex engineering systems

featured with advanced technologies. DS2 can be described as systems nwad@lef

range of elements featured with complexity, interconnectedness, uncertainties and
variability. They have a dynamic and stochastic nature featured with randomness which

implies ©mplex dynamics. The states of the system must be determined
probabilistically and the behaviour must be observed over time (i.e. 30 years). AM
applications irDefenceSupport Services may provide precious advantages in terms of

time, cost and availabilitgf systems giving bbtthe service provider and the Ministry

of DefencgMoD) cost and strategic advantages. AM based DS2 differentiate themselves

from traditional DS2 mainly due to their ability for delocalised manufacturing of any kind

of geometry. Manfacturing can occur within a port, a support ship or a defensive

platform such as an aircraft carrier or a desteo. This is possible throughrobust and

autonomous manufacturing system based on AM, which merges together equipment,

people, software and ampetencies. The mission @n AM system is to support
SY3IAYSSNAYy3I adeadsSvya gKAOK I NB whzfRehbiina/ 2y i NI
Ada (2 YWEAYARaSt &KGeé GKNRIzZAK GKS NI LAR YI ydz



required by the engineeringystem to operate and deliver its capability. Moreover,
having manufacturing capability dsoard, allows the platform to recover its structure
aftershocksproviding a strategic advantage and impiraysurvivaility metric. This PhD
addresgs the uncertairties, due toa lack of research, of Additive Manufacturing
applications in the context of Defence Support Services. The uncertainties are given by
lack of data on time, costs and benefits of deployed AM in the front end of a Defence

Support Service.

1.5TheR &l f bl @eQa [/ KIFffSy3as

LYy NBOSyd @eSINBR &I SNJ al2SaieqQa D2@SNYYSyi:
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years of operation. The objectives are summarised as: 1) to protacpeople, 2) to

project our global influences and 3) to promote our prosperity (HM Government, 2015).

In order to do this the HM Gov. allocated a budget of £160 Billion to the MoD for

allowing the Armed Forces to achieve the objectives during the petkb ¢ 2025

(MoD, 2015). The budget is allocated mainly for platforms acquisition and support for

air, land and sea applications. The entity in charge on acquiring and supporting the

LI FGF2N¥a Aa GKS a5STSyOS 91 dza LIWEMaED. | YR { dz
Between 2014 and 2015 the MoD and DE&S have been involved heavily with partners

and directors of McKinsey a leading strategic consulting firm, technical consulting firms

such as Atkins and Jacobs and finally chief executives of major armamenfiactaner

such as General Dynamics, Lockheed Martin and BAE Systems for planning MoD
FOGAGAGASEAE 2F (GKS F2fft26Ay3 mn &@SFENAR®D® LY H
tfryéd LINPGARAYI AYF2NNIGAZ2Y 2y K2g (GKS mMmcnh



Defence Equipment and Support Budget
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Figurel - DE&S Budget Breakdown

As outlined inFigurel - DE&S Budget Breakdowfi68,500 Million (41%) are allocated

to the acquisition of platforms and complex systems and £84,100 Million (51%) to the
support activities invoed in maintaining the platforms and complex systems (MoD,
2015). This is an interesting data which shows that the total cost of ownership of
defensive platforms is strongly influenced by its cost of operation and support (DoD,
2014). MoreoverFigure2 - DE&S Budget by Applicatioeclassifies the budget spending
based on application. As outlined in tpe chart, £61 Billion are invested in maritime
vessels, both for surface or submerged warfare. Submarines represent the highest
investment (£43 Billion) gen the critical role they have for national security (HM
Command, 2010).

DE&S Application
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Figure2 - DE&S Budget by Application



The budget of £61 Billion for Royal Navy is employed mainly for design, build,
maintenance and acquisition and main@nce of orboard complex systems. According

to MoD (2015) by 2025 the DE&S has to acquire and commission:

U 4 x SSBN Nuclear Deterrent subs
U 7 x SSN Hunter Killers subs

U 2 x Aircraft carriers

0 15 xDestroyersand Frigates

U 6 x Patrol vessels

U 3 x Support ships

The actual data of support activity cost for Royal Navy is not precisely know but a rough
estimated shows that £800 Million are required to operate and support around 74

defence maritime platforms each year.

e ol cl—

Astute Class£9.9 Million Trafalgar Clas£11.7 Million Vanguard Clas£18.6 Million

Mk sl i

Type45: £14.8 Million Type23: £11.7 Million Albion Class£24 Million
£££- Cost of Operation

Figure3 - Cost of Opgration

In Figure 3- Cost of Operatiorsome data of yearly operating cost is outlined which
includes only personnel, fuel, travels and port visits. The cost varies from a minimum of
£9.9 Million for an Astute class submarine to a max of £24 Million foklbion class
surface vessel. According to the MoD (2015), is has been estimated that the defence

support activities for the next 10 years will amount to an average of £6.5 Billion.

U Government pressure and budget cut&overnment is increasing the pressure
on MoD in order to improve its operations and lower its costs. HM Gov has
increased the employment of strategic and technical consulting firms in the past
years in order to develop performance improvement projects. MoD in strongly
involved with McKinseyDeloitte, PWC, Atkins, Jacobs in order to reduce its

costs.



Increase of number of Platforms of the Royal Naviihe MoD will increase its
number of defensive platforms of the Royal Navy. Currently it holds 74 platforms
and will acquire another 37 by 2025.itW the increase in the number of
platforms the support service becomes more complex and costs will increase
consistently. It will require to expand its current team, operations and facilities.
Forecasting the demand of sparel:is very difficult to foreast the demand of

the spares required by a platform. This is mainly given by the extended number
of components operating on the platforms and the unpredictability of random
failures and inability to forecast the utilisation of the complex systems. Current
strategy is to stock criticab-availability components within the platform but
unfortunately defence platforms are featured with space scarcity. Moreover
components subject to failures and wear are purchased in advance and stored in
warehouses in ordeto eliminate the procurement lead time.

Extended and disrupted supply chain®oyal Navy platform may operate
everywhere in the World and can be featured by extended and disrupted supply
chains. In a battle theatre the platform is isolated and has to oslyinternal
resources in order to support its complex systems. Moreover extended supply
chains results in high cost for delivery and long lead times.

Obsolescence of component®efence platforms are affected by obsolescence
costs. It is widely reportechtait various component become obsolete before the
platform gets commissioned. The main strategy of MoD for mitigating this risk is
to acquire and stock large inventory of components in warehouses. This results
in high costs. Also, when MoD runs out of sgatéias to look for manufacturers
which are willing to run the production of few batches resulting in high cost of
product.

Delocalised Manufacturing in the fronénd of a Defence Support Services:
Mini-factories can be developed within containers and ldgpd in forward
bases in order to reduce the distance to the point of use of the components. This
allows to eliminate the planning of components required (forecasted) and

produce only what is actually required in the battlefield. Mactories can be



deweloped also for irplatform deployment which will eliminate the logistic delay
time.

G! RRAGA DS al y dasditiceiMarNcyuang (generia) is ¥ disruptive
technology which benefits from design freedom, short manufacturing lead
times, low buyto-fly (BTF ) ratios, complexity for free and requires limited space
for operating. AM can be used for both, printing new components and repair
broken ones (if combined with machining and 3D scanner). AM has the potential
to reduce or eliminate sulassembliesaccess to new geometries and improve

the performance of components. AM production aspects is Lean, it benefits from

GLIzE £ ¢ -InYiRYSE2dz¥@NB2FSN) KS (GSOKyz2f238

geometries without any impact on setups. AM can be deployed for comptsn
humanitarian aid, tools, repairs, temporary replacement, prosthesis, embedded
sensors, drones and consumables.

G2 ANB b ! NO ! RRAGA GS WaAWyisizR IAID tedzitfogyy 3 €
which is not present in international standards but it is considefesl nost
promising technology for industrial applications. Firstly it is a wire based
technology which implies: no health and safety issues compared with powder
solutions, easy material feed, medium cost of wire, and 100% material efficiency.
Featured withhigh deposition rates (kg/h), low BTF ratios (2), low cost of
investment (max £200k), high energy efficiency (90%), good accurZcyniii),

low product cost and manufacturing lead times (hrs), deposition occurs out of
the chamber with unlimited size consints and lower space required, good
design freedom and topological optimisation opportunity, good mechanical
properties and microstructure (rolling) and no porosity.

Digital Supply chain:Through the use of AM, there is a considerable
transformation froma physical supply chain to a digital supply chain. The most
AYLRNIFY(Od GAyLlzie 2F GKS !ta YIOKAYS
Moreover the physical supply chain is tremendously reduced in terms of
complexity. Only the wire of different materigd shipped with the required

utilities and consumables.

02!



U Performance:If current support service are compared with next generation
support services (based on delocalised manufacturing through AM) an
impressive increase of performance is achieved. A peding analysis has been
OF NNASR 2dzi 2y GKS al A3a3Kfteé& aSOKFIyAaSR 2
typical procurement and shipping to Port time is 2688 hrs while the printing of

the biggest component can be achieved in 21.5 hrs (printing within the platform).

¢KS awz2eéelf bl geé¢ owbov 2LISNIGdSa || @1Fad ydzyo!
2025 around 37 new platforms will be acquired and commissiqivaD, 2015) The

LI F GF2NX¥Qa 2LISNIGA2Y YR &dzZLILR2 NI FFOGABAGAS
ownership and are carried oty the RN technical departtyy & | YR 06& a5STFSyO0S
{ SNIA OS¢ 6 5Rob,02014) KR PlatBr@NEave 3 operational stances: 1)

deployed 2) operational but not deployed and 3) rgperational. Each of the stances

require different leves of support activities some of which are carried out contindgus

as routine maintenance and require many consumables. The RN platforms interact with

GKS SEGSNYyIt Syg@gANRYYSyld GKNRdIzAK |+ @Fad yd
6/ 9{0 SHKAOK IINBE ONARGAOFf (2 GKS LI FAdF2N¥Qa
GAGK | ROIYyOSR (SOKy2ft23AS8Sa FyR | @Iaid ydzyo
aSOKIyAaSR 2SI LRY | | yR{t lsyhade ¢f &75uisgséms and a2 | { 0
1,500 components. To support CES, technicians need to Hedskihd trained and

require speciakools to operate.

Moreover the platforms are featured with space scarcityich has to be partitioned

between: 1) criticato-availability components, 2) tools and consumables, 3)
humanitarian aid 4) other smaller platforms 5) small arms, 6) unmannbities and
O2yadzyl 6f Sa& FT2NJ 6KS ONBg HKAOK Aa UKS YIAyf
(Busachi et al., 2015)n order to keep platforms operational and its systems available

to operate when required to do so, the RN and DS2 providers needdblisf support

service systems in order to provide the platforms what they require wherever they are

in terms of location and operating environmefBusachigt al., 2016) Support service

systems are complex, costly and inefficient systems whpsrade through different

10



challenging operating environments such as war theatres where hostile entities with
firing power are present. The supply chain of the support service system may need to
be patrolled during war to avoid disruption. Moreover, as filatforms are operating

in the sea these supply chains may be disrupted also by adverse weather conditions.
Another case of supply chain disruption is the battle theatre where a platform is actively
engaging hostile entities, in this case the platforns@dted and cannot be supported.
Furthermore in the battle theatre, platforms may be subject to battle damage which
may compromise capability and structural integrity and there is no way to prepare for

this (Busachi et al., 2016)

RN platforms are required to be highly responsive to operation tempo, therefore the
platforms and the crew must be highly resilient to fast changing operational
environmers and missions. Based on mission type the platform must tailor its inventory
level but in some cases this is not possible given the urgency of deployment implying the

platform to have partial or limited resources to accomplish its mission. Moreover, in

cadS UKS LI FGF2NY Ydzad 2LISNI OGS Ay aySeg ol

unestablished adding more challenge to the support. Given the criticality of support
activities to keep the platform operational, both the RN and DS2 use modelling tools to
forecast in advance what will be required, when and where. Nevertheless, modelling the

demand of 74 platforms requires an immense effort and highly complex modelling tools

isS

which may not be accurate enou@iloD, 20159 ! f 825 | OOdzN) Oé 2 F T2 NX

demand is based on quality and detailed data of historical usage which is difficult to
capture, store, classify and udemust be outlined also that systems are continuously
upgraded or replaced in which case there is no data available. Moreover, in case of war
time the modelling effort becomes ineffective as the platforms behaviour is uncertain
and dependent on hostilenitiatives. Another important aspect is related with the long
lifetime of the platforms, which may be required to operate for 50 ydMseD, 2015)
GhNRIAYIf 9ljdzALIYSYld al ydzFF O0dzNENEE O0h9adv
of the platforms and their systems may go out of business, abandon the production of
the systems or components due to new designs or technolbgidaancement. This

fSFRa 02 20a2tSaoSyoS 02ai ¢KAOK (MADFSOIU
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2015) Moreo\er, the platforms are subject to accident such as fire, floods, collisions or
grounding which may compromise CES or structures. As for battle damage, there is no
way to plan the required materials, components and structures necessary to recover

capability.

To cope with the above environmental challenges, the Royal Navy and DS2 providers

have put in place all the necessary mitigation strategies which on one side are the only
possible solutions and on the other side are considered not responsive enough and

costly. For example, components and spares are spread over the whole support service
aedaidsSy (G2 NBRdzOS (KS ,vhick Bai thel NgBestontpact a ¢ A Y S €
operational availability. Moreover forward bases and support vessels are deployed and

supdy chains are established and maintained in order to improve the support to the

platforms(Busachi et al., 2016)

Supporting RN platforms andsitCES is a critical and necessary activity featured with

dzy OSNIiF Aydeésx O2YLX SEAGE FYR FYoAIdzAaGed ¢KS
by different random events which makes challenging the support activity. Required
materials, tools, sparesriticatto-availability components, structures and consumables

are highly dependent on unforeseen events which are difficult to predict or control.
Moreover, it is impossible to store all the necessary materials within a sole platform due

to space constints. Given the nature of DS2 systems, the faihgwvAdditive

al ydzF I O (ANNFenéflisGsaems to fit very well: 1) compactness of technology

making it deployable, 2) high deposition rates, 3) ability to process randomejees)

4) ability to printlarge, fully dense metal components, 5) low product cost.

1.6 Additive Manufacturing Opportunities

The key players of the UK Defence Value chain outlined the same vision on AM to be
exploited for delocalisation of manufacturing near the point of use or inmiffestages

2F (KS a5SFSYyOS {dzLJLI2NI { SNIBAOS¢ o05{H0 &aeai
bases. The vision of AM in DS2 are mainly: to print, next to point of use, ewtical

I @ AfFroAftAGE O2YLRyYySyiGa Ay 2BRENRGEASEAVYHVE
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and structures when battle damages or accidents occur and recover capability, to print

low value consumables inside the platform in order to reduce somentory (Busachi

et al., 2016) Other applications outlined are, to use AM to solve obsolescence issues

and for repairing castings. The NCHQssaemediate application of AM to produce

gaskets, pump impellers, wear rings, combustion ware, guards and blocks and special

tools required duringon-board repairs. AMechnical benefits have been outlined such

as design freedom, compactness of technologhysical supply chain complexity

reduction, digital supply chain, delocalisation, concurrent deposition of different

materials, ability to process metals, plastic, ceramics and electroniedesign for

enhanced functionality or efficiency, eliminatiof sub-assemblies, muHiunctionality,

mass customisation. These benefits are shared with different levels, amongst most of

the available process methodologies such as Laser Cladding (LC), Wire + Arc Additive

al ydzfFl OGdzNAy 3 6211 aviyda€ddaCSRasS5LB2a3TlIS@yAIER
(SLM). According tBusachet al. 015 the above AM process methodologies are the

Y2al LINRPYAAAY3I Ay (GKS FdzidzNE F2NJ) 6KS awzel f
processes such SLM, FDM and LC have been wleadmercialised these are still

immature and will improve dramatically in the future. Moreover, these are too
problematic, not efficient, costly, not tailored to the RN needs. More specifically SLM is

not suitable for short to medium deployments withinrdainers or within a platform

due to its sensitivity and lack of robustness to cope with critical environments (require

stable temperature, humidity and no vibration), very long cycle times given by slow
deposition rates and inability to cope effectiveljthvdesign complexity. SLM machines

need to be calibrated every time they are subject to movements, moreover calibration

takes up to 3 days. Furthermore, the powder bed nature of SLM makes its ineffective in
vibrating and oscillating environments. WAAMopess, even if still nomatured till
commercialised A& ol &aSR 2y aDlFa aSidlFf ! NO 2SfRAyYy3Is
6¢LDUY aaSidlt Ly S Ndeldimglarw ndustrialrabotsaré ysédfort € | & Y I
controlling the deposition. WAAM has an extendedmber of benefits. The 3 most

important benefits of WAAM are 1) reliability, maturity and proven repeatability of its

13



subtechnologies, 2) very high deposition rates with related low CT and 3) stability of arc
+ wire solution during vibrations and osailbns of platform. Nevertheless, WAAISI
still under development a€ranfield University and cannot be considered user friendly

as it neels a large amount ddnow-how and expertise to be operated.

Furthermore, AMoperation aspects have been outlined. EBeAM operations aspects

I NB ol AaSR 2y dal ydzFFI OldzNAy3 {@adSy 9y3IAyS
[ Sy t NBRdzOdG FyR t NBOSaa 5S@St2LSydé FyR
AM production next to the point of use and through the imeshent of the enduser:

N
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while deployed carry out their daily activities (with standard tools, jigs, equipment
and kits) through which they mature a direct experience. DuringdRgerience,
they might develop/generate ideas to improve a process. If a platform has
manufacturing capability based on AM they can convert ideas into functional

products.

U AM is an enabler of design freedom; it can print rapidly mkimg of geometry
without the need to setup the machine or change tools: this aspect fits very well if
S O2yaARSNI KIFIdG 'a A& RSLIX2@8SR Ay | L
OYyIAAYSSNAY3 {eadisSvyaé¢ 6/9{0 YIRS 2F Iy SEIi
differ one from anothein terms of geometry. A sole AM machine can manufacture

all the components when these will fail.

U AM as an enabler of improved Product Developm@) like the first point, AM
allows to improve the Product Development. Emgkers, through the utilisatioor
direct experience develop/generate naturally ideas to improve their daily routine.
AM as an enabler of Cl is given by a combination of delocalisation of manufacturing
next to the point of use, involvement of ender (which detain the direct
experience)in the PD and rapid prototyping capability to test the designs in the

early stage.
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dramaticaly reduced, moreover AM allows to achieve short CT of production. This
combination allows to establishiT principles which allovis reduce the stocks of
finished goods and pragte only the components that arequired, when these are

required.

U AM as an pabler of mas customisation: AM allow® produce highly tailored
products to end useneeds and unique features. This aspisctundamental when
special tools to perform an operatioare required when prosthesimeeds to be
tailored to the human body ugue features or to provide special tools/small

arms/body armours tsoldiers
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2.1 Introduction

A

The scope Dthe literature S@PASg Aa (2 Ay@SadAalrasS GKNB!
al ydzFlF OGdzZNAy 3¢ 06! a0 ( SeofaiguestadoptadSer 2M and a i Y2 R

availability of gstems.

CANRGEE | 3ASYSNIt RSTAYAUGAZ2Y 2F !la KIFa 0SS,
make objects from thre@limensional (3D) model data, usually layer by layer, as

opposed to subtractive manufacturing ek 2 R 2 (AT®IE2013)Then an IDEFO of

AM has been investigated and outlined, providing more details on what are thésinpu

outputs, mechanism and controls of the process. Following an analysis of the ASTM

(2013) and Martina (2014) classificatienhave been cared out. This allowed

identification of suitableprocess methodologies for Defence Support Service System
implemerii  GA2y ® at 26RSNJ . SR CdzaA2y¢ o0t.CO | yR
considered the most promising and applicable process methodologies for industrial
applications. DED is considered more applicable to large scale components where width

of wall is mnimum 1 or 2 mm. PBF is more applicable to complex functional components

which require a high degree of accuracy.

Martina (2014) classification outlines also the categorisation by energy sources such as

laser beam, electron beam and arc and feedstock syeh as wire, blown powder and

powder bed. This allowed to include two more technologiess KA OK | NB &2 A NB &
!l RRAGAGS al ydzFl QG dzZNAy 3¢ o621 1l adv FyR [I&ASNI/f
repairs. After identifying the suitable proceswthodolagies,a more detailed analysis

KIda 0SSy OFNNARSR 2dzi Fd GKS G§SOKyz2f23& ¢S
0§SOKy2ft23ASa KI@S 0SSy Ay@SaidAiaarisSRzE a{StS
Y aStadAy3IEé 09. avd C2N ab5dteBnOldgiedhg®@ NHE 58S
Sy Ay@SaidAadalridSR da2ANBbL! NO ! RRAGAGS al yd:
|l RRAGAGS al ydzFl QG dzZNAy 3¢ 69.!auv yR [FaSNI /¢

(@]}
v U
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The second part of the literature review focusas cost modelling techniquesirstly,

an overview of currenestimation techniques has been carried out. Following this a
detailed review on cost modelling for AM has been investigated. The main finding is the
' LILJXE AOF A2y 2F a! OGA@GAGe . aAaSR /2aiAy3é
ability to provde robust estimates and spread manufacturing overheads to targeted
activities.Additionally,ABC does not require a wide range of historic data and a reliable
model can be developed through interviews, observation and deduction. This technique
has been adpted by Ruffo & Hagug2007) Ruffo et al, (2006), Lindemann(2012),
Hopkinson & Dickne@003 and Zhai(2012. The approaches of the different authors
are similar, they all break down the manufacturing process outlining all the activities
involved in he deposition process and allocate a time and rate of machine, equipment
and operators. Their findings are concerned with product cost and outlined that for PBF
components major cost driver is the machine; this is tluslow deposition rees and

high investment costs for thenachine. Irthe case of DED the major contributor to cost
isthe raw materiabut a comparison with a traditional subtractive process outlined that

there is a major cost saving due to higher material efficiency.

The third @rt of the Literature Review isoncerned with outlining economic aspects of
AM. This part of the review helps laetter understandhg of the technology and to
outline details on where the technology provides a competitive advantage. The first
finding is that AM doerot benefit from economies of scale but provides complexity for
free (no need for extra processes for complex geometries) and allows random
processing of different geometries without affecting costs and times. This may lead to
the conclusion that AM is picularly suitable for high value components with enhanced
functionality in small to medium volume productions with the ability to provide high
customization. Té second finding is related tmaterial efficiency and low Btip-Fly
ratios. This leads to #hconclusion that AM has a major advantage over subtractive
manufacturing by providing better usage of materials. This aspect outlines the suitability
of the technology for applications in Defend&erospace and Medical industriefiere

advanced materialsnay reach high costs. Third finding is related with forecast of
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deposition rates which are promising as it is estimated that by 2023 SLM deposition

rates may reach 80cm3/h.

The fourth and last part of the Literature Review is relatgitth getting an undestanding

of how to measure availability of systems. The equation outlined that availability might
be improved in two different ways. An internal way is the optimisation of the reliability
of the component and the reduction of time to maintain. An extermaly is the
reduction of the delivery time which is affected by the procurement delay and the supply
of the part. As AM is an enabler of delocalised and rapid manufacturing it is concluded
that the technologycanoptimise availability of systems through tiefield production

of the component on demand. This PhD focuses on understanding benefits and barriers,
2F Iy la AYLISYSylalaAazy 6AGKAY 5STFSyoOS
platforms. This implies the design of the AM based system whichmetbing that is
missing in industry and academierefore there is a lack of data and knowledge which
needs to be developed.oevaluate the implementation of AM within Support Services

a comparison between traditional and AM based supply chainst be carried out and

key cecision variables such as leadhés and Costshould be estimated. A link to
availability has to be established as this is the key performance indicator to understand
the profitability of the AM based system. This literatueview kelped to understand
firstly AM technology, then which AM technologies are applicable to Defence Support
Service Systems, outlines their performance envelope and identifies a suitable approach
to system design and to perform the estimations of lead timed aonsts through
interviews, observations and deductiofi®obtain cost estimates an ABC technique will

be utilised mainly for its ability to spread overheads and the ability to outline estimates
when a physical system does not exist implying lack of fistiodata and knowledge.
Moreover,this approach will allow the author to outline all the activities involved in the
manufacturing system based on AM and its resource consumption. Resource
consumptions play a major role as the technology might be utilfsedn-Platforms
applications implying a limited space and disrupted supply chaims. aspecbutlines

the requirement for autonomy.
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2.2 Literature Review Methodology

This literature eview covers three main central topics of the PhD includidditive

manufacturingQ¥ast modellingand YWitailabilityof system€

ASEL gation-of Topics———————
N S W
\
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\
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\
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Figure4 - Literature Review Structure

In Hgure 4, it is possible to see the structure that has been followed in the Literature
Review. Irtotal, 200 journal and conference papers, teports and 4 PhD Thesis have

been reviewed. These sources have been selected as they cover aspects such as system
analysis, cost modelling and economic aspects of PFdvassess the current research on

AM, an amlysis of publications has been carried out on the SCOPUS database using
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duringthe period between 1997 and 201The review is based on a lower number of
publications vhich has been selected due to their relevance to the research scope
involving, Support Services. Most publications were carfee and journal paper.

Figure Soutlines the research published per year. This graph is featured by two periods.

The first one bveen 1997 and 2009 in which publications were relatively steady, the

second period between 2009 and 2014 in which Additive Manufacturing research

interest has grown dramatically from 69 to 873 publications. This is mainly a
consequence of a growing awamss of governments, research institutes and

companies on AM benefits.

Publications per Year
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Figure5 - AM Publication per Year

Loughborougluniversity is leading the researatlith a total of 92 publications, followed

by the University of Texas El Paso with 65 publications and the Katholicke Universitaet

Leuven with 54. Another interesting finding is the publication by country; United States

is leading with 961 publications followed by the United Kingdom with 300 and Germany

WAGK Hym® LF (GKS FylLfeara Aa aGFrAf2NBR G2 a/

main Institutions which have been active are: Loughborough University with 4 journal
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LI LISNEZX b20G0AY3IKIEY ! YyAGSNEAGE SAGK M O2yFS
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(WAAM). Another important contribution is made by the Universitat Politecnica de
Catalunya which published a Neural Network model for time generation for Selective

Laser Mlting. Finally, the Naval Postgraduate School of California conducted research

on AM implementation in US Navy platforms for supporting the systems with printing

spares. Given the large number of published journals on Additive manufacturing and

related cest modelling techniques, a selection of information has been carried out.
CANBRGfE&sS SELISNIAE&A TNRY (KS a2StRAYy3I 9y3IAySSN
have been identified and intemwed. Secondly the experts have provided the most

relevant rderences of journals to be reviewed. Moreover, references of the journals

provided have been reviewed and included.

The German research on ALM technology is dominated by Fraunhofer ILT, Fraunhofer
IFAM, Technical University Hambthigrburg, University Duisirg-Essen and University

of Paderborn:

2.2.1Fraunhofer ILT

Considered the leading R&D center for laser technologies, the Fraunhofer Institute for
laser Technology has strong links with aerospace industry and ALM manufacturers. They

focus on both BDF and DEReologies.
Website:Fraunhofer ILT

ContactsDr. Ing. Wilhelm Meiner®r. Ing. Konrad Wissabach

2.2.2Fraunhofer IFAM

The Fraunhofer Institute for Manufacturing Technology and Advanced Materials focus

on PBF technologies for metal production.

Website:Fraunhofer IFAM

Contacts: Prof. Dr. Ing. Matthias 3
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http://www.ilt.fraunhofer.de/
mailto:wilhelm.meiners@ilt.fraunhofer.de
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http://www.ifam.fraunhofer.de/

2.2.3Technical University of Hamburgarburg
¢CKS | YAOSNBAGE K2ada GKS aLyadaAadGdziSa 2F [ |
Gt FaSNI / SYGdSNI b2NIKé o[ b0 ¢6KAOK Aa Iy | LILA
variety of ALM systems. Main industrrtners: BMW, Airbus, Daimler.

Website:ILASLZN

ContactsProf. Dr. Ing. Claus Emmelmann

2.2.4University Duisbug-Essen
¢CKS ! YyAPSNERAGE K2ala (GKS awlLAR ¢SOKyz2f23¢8
Prototyping and Rapid Manufacturing. Main technology is BDF. They have a wide variety
of ALM systems. Main industrial partner are: BMW, Thyssesn Krupp, Daimler, Siemens

MTU Aero Engine and various ALM manufacturers.

Website:Rapid Technology Centre

ContactsProf. Dr. Ing. Gerd Witt

2.2.5University of Padeborn
The Universitk 2 a 0da GKS Ga5ANBOGO al ydzFlF OGdzNAy 3 wSas
has a wide range of PBF systems. Main industrial partners are Boeing, Siemens and ALM

manufacturers.
Website:DMRC

ContactsProf. Dr. Ing. Hans Joachim Schmid

2.2.6 United Kingdom

In United Kingdom the ALM research is led by Cranfield University, University of
Sheffield and Loghbororugh University.
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http://www.tuhh.de/ilas/institut-ilas.html
http://www.lzn-hamburg.de/
mailto:c.emmelmann@tuhh.de
https://www.uni-due.de/fertigungstechnik/
mailto:gerd.witt@uni-due.de
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2.2.7 Cranfield University
The Universityhd 14 G KS 2 St RAY3I 9YyIAYSSNAYy3I FyR f I,
developed the WAAM process. Focus of research is around WAAM processes. The

center owns a wide range of WAAM systems.

Website:Welding Engineering

ContactsDr. Paul Colegrove

2.2.8University ofSheffield
¢KS | YAQSNBRAGE K2ada GKS a! ROFYOSR ! RRAUGA @€
made of various centers. The centers are funded by EPSRC, ERDF and EOARD. The
institutes own wide range of ALM systems and are worth mentioning that theyadss f

on DED.Industrial partners are BAE Systems, EADS, Xaar and Unilever.
Website:AJAM

ContactsProf. Neil Hopkinson

2.2.9Loughborough University
The UniversitK 2 a 10 a GKS a! RRAGAGS al ydzFlF OldzNAy 3 wS
considered one of the leading centers for ALM research and development. Main

Industrial partners: EOS, BMW and Honda.
Website:AMRG

ContactsProf. Russell Harris

2.3 Additive Manufacturing

lvanova, Williams, & CampbdR013RSFAY Sad a! RRAGA DS al ydzF I O dz
of emerging and promising technologies that create an objgctadding material

bottom-up. AM enables rapid conversion of CAD files into physical products by merging

layer upon layer of heated materiRAND2013® L4 A& RSTAYSR | a GKS
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materials to make objects from thredgimensional (3D) modelada, usually layer by

fF2@8SNE |a 2LJJ2aSR (2 &dzo (i KESTM) 2088Bs ovilingddzF I O dzN
by Campbell antiyanova (2013), AM technology is a relatively simple process compared

to traditional manufacturing which is labour intensive, requires more resources and

complex processes such as machining, forging and moulding.

As outlined in Figure the inputs of AM & raw materials, supports and utilities. On the
control side, there is a CAD file which contains the geometry of the object and the
parameters which can get up to 150 different variables. Parameters play a crucial role in
the process as they have a stromgidence on object quality. On the mechanism side,
there is the substrate which is the plate on which the object will be grown. The substrate
is usually made of the same material which will be deposited and is recyclable. The
G! YSNRAOIY {2BD¥RBial gASNW,Stu@din/2813 a standard for AM
technologies. The aim of the standard is to group together current AM process

methodologies.

Control

CAD File )
Parameters

Input

Output

Block
Substrate
Exhausted

Gas

Mechanism

Figure6 - IDEFO representation of AM

The result isa group of 7 different processes which absorb all different commercial

variants of the technologie3he standard definitions according &5TM(2013) are:
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002S500¢ o
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Another important classification of AM is the one made Martina, Colegrove,

Williams, & Meye(2015 which categorise the praess methodologies based on energy

source and feedstock type and outlines various possible configurations. Martina (2014)

focuses on promising process methodologies for industrial applications therefore he

does not include jetting, extrusion and laminatidénergy sources are arc and beam

which are delivered through electrons or lasers. Feedstock can be wire or powder, on

0SR 2N) 0f26yd® az2NB20SNE KS OFGS3I2NRASR (K
(WAAM), which is the research focus of Cranfield UniverANy.can be configured in

various process methodologies based on components of the machine, feed type and

energy source applied. Generally there are two main categories that differentiate the

GeLS 2F FSSR Gt 26RSN) . SR CdaAR2Z2YWE ®FITO 4KR

are mainly based on wire feddartina et al.,(2015).

2.3.1 Direct Energy Deposition (DED)

Direct Energy Deposition has different energy sources. It can employ laser beam,

electron beam, or plasma variants such as TIG, MIG or plasma torches.
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According toDing et al.(201) a2 ANBX FyR ! NO ! RRAGA DS al ydzF

gaining industry attractiveness for the production of large, custom made,-ne@ar

shape metal components due to its versatility andhhagposition rates. As defined by

Wanget al, (2011) WAAM is an additive manufacturing process which uses TIG, MIG or

Plasma torches to manufacture components by adding sequential layers of material

from a wire feedstock without the need of tooling. Thstem is made of a power source

which is the welding machine, a motion control system which is the robot, the torch for

controlling the arc, a wire feeder and a chamb@iu(2014)outlined several advantages

of WAAM process such as the possibility to psscsuper alloys, creation of large parts,

high deposition rates, reduction of residual stress due tdina rolling processChen

(2012 stated that this technology can reduce BTF ratio by-30%. The results were

impressive as the implementation of WKAprocess could save around 3,000 tons of

material. Ding et al.,(2011) carried out a thermemechanical analysis of large scale

components produced with WAAM process. They concluded that the stress across the

deposition area is uniform while the part isasiped. Furthermore they outlined that

after unclamping of the work, the stress is redistribu{@ing et al.(2011). Martina et

al., (2012)carried out an investigation of the benefits of WAAM process basquasma

deposition for the manufacturing of Ti6AI4V components for aerospace industry. They

demonstrated the feasibility of the process for large aerospace structural components,

defined a process envelop outlining the correct combination of processnpesas.

NeverthelesMartinaet al, (2012)outlined that oxidation and distortion could become

'y AadaadsSe® [/ dNNBydGtezxz [/ NYFASEtRQa 2StRAy3

developed a new process called Rolled WAAM which shares the same principle of

WAAM process with the extension of a roller tool which performdina deformation

to decrease the residual stress of the componémiegrove et al.(2013)outlined that

components processed with WAAM have strong distortion, residual stress and large

gran size. This is mainly due to the high heat input of the arc. There is a need to develop

mitigation methods to increase the quality of the components. After performing

experimentationsColegrove et al.(2013 concluded that the rolling process can
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signifcantly reduce the peak of residual stress and distortion of the material. Moreover
Gat200SRe NRffSNAR fAYAG GKS fF0OSNIf RST2NYI
NEAARdzZ f adNBadaa YR RAAG2NIAZY O2YLI NBR &2
conclusion which has a significant impact in terms of lead time is that if, the rolling

activity is performed every four layers, it has a similar result compared to rolling every

layer. Rolling has a significant impact on the microstructure of the sar(pidegrove

et al., (2013 states that rolling enhances the grain refinemeAtebayo, (2014 has

studied the implication of solid lubricant application during the process. They concluded

that also after cleaning the surface with Acetone, the tracestmfidant are still present

and they affect the microstructure and hardness of the deposited material. More

precisely the presence of lubricant increases the grain size and consequently reduces

the hardness of the material. There is a need to identify therezd procedure and

lubricant for applications such as rolling and machining of WAAM deposited material.

Figure7 - WAAM System
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advantages. The technology combines arc welding with wire feeding and can benefit

from design freedom, buyo-fly ratios as low as 1.2, potentially no constraints in size,

and low cycle times. Thess@ects make WAAM particularly suitable for custom made,

large functional compones made of high value materidling,(2012. As described by

Ding et al.,(2011) WAAM consists in building 3D metallic components, by depositing

weld beads one above the othen a layer by layer fashion. The result is a straight

metallic wall with a minimum width of-8  YY X Ay Of dzZRAYy 3 (GKS agl OA
material which must be removed in pegtocessing to eliminate surface irregularities,

defined as the difference beteen the Total wall width and th Effective wall width

(Figure J Martina, (2014). As outlined byMartina et al., (2012) when WAAM is

compared with traditional subtractive manufacturing the reduction of waste decreases
dramatically from a typical 90% to 10%. WAAM technology has various benefits over

other AM technologies and traditional manufacturing. It allows near net stuapeet

shape manufacturing enabling strong savings in high value materials such as titanium.

The deposition rates of titanium reach up to 1 kg/h, which is considerably higher than

the 0.2 kg/h achieved with powder bed technologies.

Figure8 - WAAM Wall

The manufacturing system is fairly simple and compact, therefore suitable for

applications where space is limited such as ships. The equipment required is readily
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available on the market and requires a lomwestment (circa £200K)Villiams et al.,

(2015. WAAM Systems can be configured in different ways; different heat sources such

4 G¢dzy3adSy LYSNIL DlFaé¢ o6¢LDOX GaSidlFf LySNI
for different materials. WAAM configurain for Ti6AF4V depositions is based on

plasma and requires a tent for shielding the deposition. Configuration for Stainless Steel

and Aluminum do not require a tent providing the benefit of unlimited build volume,

and the elimination of the setip activties for the tent and the waiting time for purging

it.

WAAM systems are made of a torch to deliver the heat input and deposit the wire, a
robot or CNC to follow the paths of the geometry, a control board to control the robot,
a wire feeder to control thedeposition of the material and a roller which is applied

between layers to improve the microstructural properties.

The purpose of this chaptes to investigate and define exhaustively a WABded
manufacturing system. This researstiarts by investigatig WAAM process and system
aspects, outlining key information on the technology and defining all the necessary
elements of the system which are necessary to accomplish its aim. Then, the operating
environment within a platform is investigated. This will iged to define which key
requirements need to be considered when designing the system fdpldtiorm

applications.

Due to high heat input, components deposited through WAAM are affected by:

U Residual stress: which reduces mechanical performance of thp@oemt
U Distortion: which leads to difficulties in achieving the required tolerances

To improve these aspects, extensive experimental research has been carried out by
Colegrove et al.(2013. The result is a set of mitigation strategiashich can be
categorised as preprocess, online process and pgsbcess strategies. According to
Ding et al.,(2011)pre-process strategies are optimisation of the parameters, clamping
and optimisation of building strategy. While clamping and building strategies have a
strong impact on the reduction of distortion, the optimisation of parameters affects it

only slightly. Online strategies refer to the ones that occur during the deposition process
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and are the most effective. Balanced building refers to depositing same gepmetr

one side of the substrate and the opposite side. Balanced building has a strong impact
on the reduction of distortion but has no effect on residual stress. Optimisation of
cooling time refers to the limitation of time in order to use the existing hegire-heat

the following layer achieving a reduction of residual strBgsg, (2012). Drawback is
excessive heating of the piece; therefore, optimisation of cooling time has to be carried
out. Moreover, to improve the cycle time of the deposition, paglatleposition may be

carried out with a reduction of waiting timdartina, (2014)

The most promising process with strong impactoierostructureis online rolling.
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Figure9 - WAAM Online Rolling

As t is outlined inFigure- 9, online rolling occurs after the deposition of a layer and
consists in applying pressure to the wall through a hydraulic cylinder which pushes a
roller. Colegrove et al., (20133nd Martina, (2014 outlined various benefits suchs

strong impact on microstructural refinement and improvements on residual stress.

U Reduction from 600 MPa to 250 MPa of residual stress
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U Reduced layer height variability and lateral deformation (waviness)

U Improved microstructure properties, through reiment of grain size.

Conclusions of their studies indicate that rolling has impact on residual stress reduction,
improved fatigue crack growth rate, improved mechanical properties such as tensile
strength by 19% and yield strength by 263J,(2014), Martina, (2014). Post processing
strategies refer to traditional heat treatments and pat#position rolling which has the

major disadvantage of allowing only rolling on the last layer.

A detailed Quality Assurance (QA) procedure is missing in internati@amalesds such

Fa a! YSNRAOIY {20ASide 2F aSOKIMaftia (20149 y IAy SS
OdZNNBy G dvdz- f AGe ! 3adz2NF yOSé ov!v (Sada 2y
method to measure residual stress anday and ultrasound for defects.

Unlike from powder based processes, in WAAM the wire is entirely molten at the point

of deposition and the occurrence of defects is unlikely. Appropriate selection of process
parameters is not based upon modelling results, rather by relying on experimentally

gathered knowledge through build and characterisation of WAAM samples.
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which has been developgeto gather a deeper understanding on what are the
operations, inputs, outputs, controls and mechanism of the system. To develop the

L59Cns +ty AYGSNBASEG KIFra o06SSy OFNNRARSR 2dzi g A
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provide a basic understanding on WAAM and secondly to provide the reader the logic
to investigate further the deposition process, what it involves and which resources are

consumed.

The inputs of WAAM armainly: standard wire which ranges from 0.8 mm to 1.2 mm;
and utilities such as gas to shield the deposition and ensure an oxygen free environment,
and electricity to power all the elements of the system and to provide heat input for
melting the wire. Irsome configurations, there might be also cooling water which flows
within the substrate to extract the excess heat from the component. On the operations
side, it is outlined that WAAM is broken down into three main phases: the deposition
where the wire ismelted to the desired shape, the cooling stage to reach optimal
temperature and the rolling phase to ensure microstructural refinement. In order to
calculatedur G A2y 2F 2! | ZzZh@@01Dand@FHu Lathdmy &Xan(R015
developed egationsto perform estimations.The following equation is employed to

outline the time of the deposition phase:

0 — 1)
v4
0 Time of welding
W Volume of deposition
(@) Diameter of wire

@ 'O°Y Wire Feed Speed

Density of material
(0] Part built effiGency

Thisequation is employed to outline the time of the cooling ph&®ng,(1994):
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0 Time of cooling

C

Power nput to weld
O (O] Enthalpy to heat
Y Melting temperature
Thermaldiffusivity
0 Travel speed
Qi Q Error Function

Y Melting temperature

The mechanism of WAAM are the previously described torch, wire feeder andanéiot

the substrate which is the main building platform on which the deposition occurs, the
jigs which are used to fix the substrate to the WAAM system and the clamps which are
used to limit the distortion of the deposited material. The substrate, jigs dachmgs

need to be designed and customized based on the geometry of the deposition and they
are utilizable for more depositions therefore they are represented also as outputs.
Moreover, jigs and substrate are in a trad# situation and they are part of thieuilding
strategy phase. Their design is a critical decision and some rules need to be established

to engineer these mechanisms.

Outputs of WAAM are represented by a block made of the deposited component, the
supports which are deposited on the substaand finally the substrate itself. This
aspect outlines that a subsequent manufacturing process is essential to divide
component from substrate. Finally, the waste of the WAAM system is the support which
can be recyclable, exhausted gas which is recylabtl heat. As depositions, may last
for long hours, gas consumption may become high, therefore it is recommended to

consider ways to collect and recycle argon to improve the autonomy of the system.

The control side is featured by the CAD file which costthe geometry and the process
parameters file which controls some aspects of the generator, the robot and the wire
feeder. Process parameters are extensive and are strongly linked with the quality of the

material deposited. Main parameters are wire feggeed, travel speed, outputurrent,
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torch angle and trim. Controls are the most important and complex part of the WAAM

system. To support the decision making on controls, various models, optimization

studies, algorithm and support software have been de®lJSR Ay (KS G2 S
OYIAYSSNAY3I FYR [FaSN t N2OSaaningI012Sy i NB¢€

I dzi2YFGSR GKS FTAES LINRPOSaaAay3a FOGAGAGASEA 0

software with a GUI that performs automatically most of the files conversions
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Figurell- WAAM System Architecture

Figurec 11 outlines the System Architecture of WAAM which is made by a software
module and a hardware modul®ing, (2012. The software module is divided in
standard software commercially available and custom made saftwa support the
WAAM process. his software is numerous and need to interact with each other to
deliver the files to control the CNC controller which guides the WAAM process: wire

feed, torch androbot. The combination of these modules interacting between each
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other allows the WAAM system to be fully automated and autonomous without the
need of supervision and may continuously deposit without interruption. Currently
research focus is on processntml! algorithm and online monitoring processes to
govern the deposition and improve WAAM robustness and repeatability. Process
monitoring may lead the WAAM system to higher reliability and ability to reproduce
constantly high quality products. This is poped by Almeida,(2012 which outlines
thata G KS RSGSEt2LIYSyid 2F I O0dzaNF 4GS LINROS3&a
weld bead geometry and plate fusion characteristics from the welding process
parameters is one of the crucial software componewntsWAAM technological and
O2YYSNOAFEf RSQOSt2LIVSYyGé o

Data processg activities allowsonversionCAD file containing the geometry, process
parameters and building strategy into a readable robot program whigttrots the
WAAM system. Figure l@utlines the process map of a complete data processing

activity for WAAM.
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Figurel2 - Data Processing Activities

The first phase of the software is slicing the CAD file into Isoline paths which needs to
be convertedinto ASCII format to be processed by the Robot Control. Concurrently a
Process Algorithm generates a process parameters file which is developed based on wall
width and building strategy information. This algorithm has been optimized to identify

correct piocess parameters to avoid three main defects shown in FigfBre
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Defect Causes

Insufficient Flow Rate
Low Gas purity
Inappropriate Parameters
High Travel Speed
Inpurities of Material

Porosity
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@ Undercutting Incoorect Torch Angle
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Insufficient Wire Feed

High Travel

Humping Speed

Figure 13 - WAAM Defects

Porosity refers to cavities within the weld bead and is considered a defect as it affects
the performance of theveld. Undercutting refers to concavity of the weld bead which
compromises the tolerances requirements. Humping refers to an uneven material

deposition.

The aim of the Process Algorithm is to maximize the deposition rate to reduce as possible

the buildingtime. As explained bylartina et al.,(2012 4 6 ANS FSSR aLISSRI (2
deposition rate depends on, should be maximized to build the walls as fast as possible,
GKSYSOSNI LINPRAzOGAGAGE Aa | 1Se FIFLOl2NE® ¢K
maximiz travel speed, wire feed speed. Process model optimization slte been

developed byAdebayo,(2014) to outline and examine the interactions of wall width,

wire feed speed/travel speed ratio and wire feed speed and set rules for process
parameters taespect quality aspects. In the following phase the ASCII file will be tested

within RoboGuide, a robot simulation software. This allows testing the robot path,

updating it to avoid collisions and correct errors. As the robot program is tested in early

phase it allows the elimination of waste during the actual deposition.

To outline all the necessary activities required to perform a depositiggnpeess map
outlinedin Figure 1&+ & 0SSy RS@OSt 21LISR sAGK (GKS SELISNI:
WeldingPr&€ SaaAy3 / SyYyiNBé¢ 2F / NI YFASER ! YADBSNEA
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Figureld - WAAM Process Map

The process map outlines the sequence and concurrency of activities. These have been
divided into design activities performed by dg@s engineers, manufacturing activities
performed by technician and finally quality assurance activity performed by a quality

inspector.

The process starts with the development of the geometry of the component to be
printed. This might be already availabded stored in a database. Afterwards the
geometry is analyzed and the building strategy is developed. Concurrently the jigs and
substrate design is performed. These are part of the building strategy and inafgde

therefore increasing substrate sizestdt in a reduction in jigs size.

The following phase consists in developing the deposition parameters perform setup
activities, which generally takes up to 1.5 hour and manufacture jigs and substrate.
Substrate manufacturing is a standardized process hased on cutting and deurring
standard metal sheets with different thickness. Jigs manufactures require a high level of
customization and therefore needs to be manufactured tailor made. Lead times of both
activities are difficult to estimate as theyeanot standard. To guide the robot to perform

the designed path, a robot code needs to be generated and in parallel the wire needs to
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be loaded on the machine. Afterwards the robot code should be simulated with the
design of the substrate to check if ctafs occur. Moreover, a dry run with actual
substrate and jigs is considered necessary to perform a second check for conflicts.
During the deposition, conflicts might compromise the entire build, the substrate and

damages to the torch may occur.

Once thedry run has been performed and the process has been cleared the deposition
can start. The deposition process is featured by various operations. This depends on the
WAAM System configations. As reported in Figure e classic configuration is made

by three operations: deposition, cooling through waiting and rolling. Integrated WAAM
allows a strong reduction in setup time as this occurs just once and milling after
deposition allows improving dramatically the accuracy of the wall and reducing also the
waviness. After the deposition, a cooling phase is required to cool down the component
to avoid damages to instruments for measurement. This phase may take some minutes
depending on the volume of the part and the cooling times adopted during the

deposition pocess.

Figure 15outlines a process map of a complete WAAM System; it outlines the sequence
of processes and the minimum number of equipment to convert geometry into a
functional component. Moreover, the process map outlines the flow of the product and
the inputs of equipment such as electricity, gas, compressed air and cooling solutions.
The outputs have been divided in critical and raitical. Critical outputs might be
noises and vibrations while negritical are waste such as the waviness which isonesd

from the component and the heat which occurs during each process. Another important
aspect is the revitalization loop for the substrate, which consists in removing the

supports.
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Figurel5- WAAM Manufacturing System

To reduce the stocks of gas and prolong the autonomy of the system, plasma torch with
localized shielding should be employed to eliminate the need for tent purging.
Moreover, argon recovery equipment has been included. This is due to hig
consumption of argon during the whole deposition process which may take more days
and the heat treatment which needs to be performed in inert atmosphere to avoid
oxidation of the material. Moreover, a fixed gas distribution system should be included
to minimize gas cylinder handling which is time consuming and requires lifting
equipment. To reduce vibration in input and output and to compensate potential blasts
and reduce noise levels on the WAAM System, equipment needs to be installed-on anti
vibrating lushings. Aspects such as potential load, stiffness of structures, working life,

operating temperature and weight need to be considered to perform the design of the
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bushings which consists in an elastomer study, selection of materials and technology.
Aspect such as potential load, stiffness of structures, working life, operating
temperature and weight need to be considered to perform the design of the bushings.
Platforms which operate in sea may be subject to oscillation due to waves. This aspect
may influence negatively the WAAM deposition as the weld bead core is partially in a
liquid state which may lead to increased waviness. Nevertheless, this aspect is limited in
WAAM as it is a wire fed process. Technologies based on powder beds require a high

accurag in powder spreading over the substrate.

2.4 Cost Modelling Techniques

Product Cost estimation play a significant role in the evaluation of AM. It represents the
basis to develop the key decision variable on AM, which is the cost of product. Cost
estimation is directly linked to business performancdéhe following section aims at

presenting the review on cost modelling techniques and cost types.

Nonrecurring Costs are defined this way because they occur only once in the lifecycle
of the work activity. Thes are capital expenditures that incur prior to the first unit of
product is produced and they incorporate also all the efforts required to develop and
qualify the product and process. Typical examples are: 1) initial engineering effort, 2)
test of equipmem, 3) jigs and tooling acquisition/upgrade, 4) planning and 5)

engineering models (Curran et al., 2004).

Recurring Costs are ongoing costs that are proportionally incurred from the production
of the first unit of output of the manufacturing process. These required in order to
maintain and update the manufacturing setup. An important feature of the recurring
cost is that potentially they decrease during time as they are linked with the learning
and improvement curves. Typical examples are: 1) commepaturement, 2)
production overheads, 3) material procurement and 4) consumables (Curran et al.,

2004).

Fixed Costs are defined as the cost of manufacturing which do not varies when the

output rate of production is altered. These costs are independentrastdinked with
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the enterprise performance and they incur to keep the enterprise operational. Typical
examples are: 1) building and facilities, 2) insurance, 3) salaries of permanent employees

and 4) equipment.

Variable Costs are costs of production whiahies according to the output rate. Typical

examples are labour, material costs and machining (Curran et al., 2004).

Fixed and Variable costs can be further broken down into direct and indirect costs. Direct
costs are those that can be easily associdteds cause and usually are associated to
the bill of material. Indirect costs are those that cannot be easily attributed to a cause.
For example some indirect costs are: 1) electrical power, 2) cleaning of the facility and

4) building works/maintenance.
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Figurel6 - Cost Estimation techniques

Overpricing may result in a loss of sale while urglécing may lead to a financial
loss. Niazi,et al, (2006 performed a detailed review of the state of the art in Product
Cost Estimabn covering exhaustively the various techniques available today. The
F2ff26Ay3 adzo KSIRAY3I gAfft O20SN) aLYyldzAGA D
G!' yrteidAaOrt ¢SOKYyAldzSaé o
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2.4.1Intuitive Techniques

Case Based Reasoning technique adapts past desigmnatfon collected from a
database to the new design. It uses past experience to synthésseew desigrNiazi
et al.,(2006). Ideally the old and new design should have strong similarities. Often this
does not occur and changes to parts and assembliesl te be carried out. Missing
information and data must be collected and implemented. This process of improving the
design is carried out until the design confortosthe specificationsAhn et al.,(2014)
suggests that to increase the estimate accuraadg, mecessary to prioritise the attribute
impact withinthe model. This is supported B§imandKang,(2007) who demonstrated
that by eliciting domain knowledge from experts and performing weight of attributes
will result in a more accurate and reliablstienate. This approach is particularly suitable
in early stages design such as the conceptual stage. Decision Support techniques are
particularly suitable for evaluating design alternatives and they are developed to assist
the estimator during the decisiemaking process. Data and information are provided
by a database which stores knowledge of experts and artificial intelligence is used to
orient this knowledge toward problem solviiNjazi et al.(2006). There are three main

categories of Decision SuppdBystems defined biNiazi et al.,(2006: Ruled Based

Systemwhiclii | NB 6F 4aSR 2y LINROSaa GAYS IyR 0O2a

a set of available ones for the manufacture of a part based on design and/or
Y| ydzF I Od dzNR y BuzzyO Pogi@ystbids bafticudady helpful in managing
uncertainty and geding reliable and accurate results. They are not appropriate for
complex results as they requigignificanteffort. Expert Systemd: N RS FTA Yy SR
system based on storing expert knowledge andnipulate it based on demand. The

systems aim to mimia human expert with an automated logical reasoning approach.

2.4.2 AnalogyTechniques

Regression analysis techniques are based on the use of historical data to establish a
relationship between the produatost of past designs and the values of certain selected
variables. This relationship is used to forecast the cost of the new design. They have well

defined mathematical background which makes this technique very reliable. The aim is
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to investigate the cotmibution of each variable to the overall cost. Significant variables
are identified through statistical test and are combined into Cost Estimation
Relationships (CERs). Major advantage of this technique is the ability to interpret the
relationship betweenvariables and costs. To achieve this, there must be a linear
relationship between independent variables and costs. Moreover the variables need to

be independent from each othérerlindenet al.,(2008).

Tablel - Technique Compar@n

Technique Advantages Disadvantages
-Quick to produce and flexible -Prone to bias and error
-Few resources in terms of time an -Inconsistent and unstructured process
costs -Nondeterministic as each expert reach
-Can be accurate as other mo different estimates

Intuitive  expensive methods -Dependent on part designs

-Can provide optimised results -Time consuming
-Handles uncertainties -Might require complex programmin
-Quicker, more consistent analiable skills
result

References reviewedRehman & Guenov, 1998phehab & Abdalla, 2002payretli & Abdalla
1999)(Shehab & Abdalla, 2001)

-Reasonably quick and based on act -Subjective adjustment
data -Accuracy depends on similarity of item
-Few data required -Difficult to assess effect of design chan
-User knows the origin of the estimate -Blind to cost drivers

Analogy -No requirement of full understandini -More difficult than parametric method
of problem -Does not handle innovative solutions
-Accurate -Completely dependent on data
-Simple method and deals wit
uncertain and nodinear problems

References reviewed@Pahl, Wallace, Blessing, & Pahl, 2qC8&valieri, Maccarrone, & Pinto, 20Q
(Man-Yi Chen & Dirgang Chen, 2Q&)

-More accurate than analogy an -Slow execution

parametric methods -Detailed data may not be available
-Detailed breakdown useful fo -Inappropriate for estimation at desig
negotiation stage

-Suitable when all characteristics = -Detailed cost information required abol
Analytical product and production process ar resource consumed

well defined -Requires detailed design information
-Alternative process plans can  -Requires lead times in early design sta
evaluated to get optimisedesults -Time consuming requires detailed desi

Easy and effective method using ui and process planning data
activity costs
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References reviewedNiazi, Dai, Balabani, & Seneviratne, n(idijitsis, Neuendorf, & Xirouchak
1999)(Son, 1991}Bernet, Wakeman, Bourban, & Manson, 20(&gh, 2002{Sfantsikopoulos
Diplaris, & Papazoglou, 1995)

Back Propagation Neural Networks or Artificial Neural Networks (ANN) is an Atrtificial
Intelligence approach which can be applied to investighte Multi- and NonLinear
relationships of elements. These techniques are suitable for cost estimation problems
in the early stage of a design process. The accuracy of the estimates can achieve good
accuracy levels even when adequate information and @atanot availabldNiazi et al.,
(2006. The main advantage of ANN is that they do not require production process and
product characteristics to be well defined. They are considered the last generation of
tools for Product Cost Estimation and they are lthe® imitating the behaviour of
experts when determining the main variables that rules the cost estim@iamanet al,,
(2012. One of the key features of ANN is that they are able to identify the relationships
between product features and costgouket al., (2011) explains that ANN works on the
principle of establishing a relationship between input and output which is defined as a
set of rules. The developer must train the ANN which will learn these relationships and

based on this when inputs are chamiyéhe ANN can predict the outputs.

Parametric models express cost as a fuorctof its constituent variablebliazi et al.,
(2006). Cavalieri et al.(2004) explains that these variables are usually associated with
the cost drivers, which are featurestbie product such as its performance, morphology
and material. The cost estimating relationships (CERS) are the mathematical form which
comprise all the variables/cost drivers and are expressed as a function. To develop the
CERs, the parameters of the pradwvhich best explain its associated cost needb¢o
identified. Secondly the historical data of this cost mushbamalizedas companies are

changing, learning and improving and currency value is constant.

2.4.3 Analytical Techniques

Feature Based Costing airto identify the feature of the products which are associated
with cost. Usually these features are related or with the design, such as the design

complexity or with the related processes needed to achieve certain standards of quality
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Niazi et al.(2006) Little work has been carried out on FeatlBased Costing due to its

low flexibility.

Operation Based Costing requires a wide range of data and information. They are not
suitable for early design stage but perform well in the final stages when mostof th
information is available. The logic behind this method is identifying all the activities
involved in the manufacturing process and outline a time for each activity. They also

take into consideration setup times and npnoductive timeNiazi et al.(2006).

Tolerance Based Costing is based on estimating the cost by considering the design
tolerances of the product as a function of the product cost. Usually the estimation
process is carried out with three models: 1) unit cost of production model, 2) gualit
model and finally 3) leatime model. The aim is to obtairhé¢ best tolerances and

outline a range of suitable design variables.

Activity Based Costing (ABC) calculates the cost occurred in performing a manufacturing
operation. This approach providesetlability to proportionally distribute the overheads

over the activities involved in the production of the produdiazi et al.,(2006).

According toCarli & Canavar{2013 the methodology has been developed to face the

increasing level of fixed costs M2 RSNy O2YLI yASad ! ./ aYSI 2
performances of activities, resources and cost objects, assigns resources to activities and
FOGABAGASE (2 0O2ailcaiaeshava@R0ld. Maosdentribyforsi K S A NJ d;
to cost modelling for AM arélopkinson & Dickneg2003, Ruffo & Hague(2007),
Lindemann(2012 g KA OK F20dzaSR 2y at2gRSNJ . SR Cdzah 2\
Zhai, (2012 F2NJ a2 ANBb! NO ! RRAUGADGS al ydzFl O0 dzNA y:
5SLI2aAidAz2yeé 05950 S OkKasaifor Bobivity Based CostingLJNE | OK
Lindemann,(2012 outline that its major advantage is the consideration of different

influence factors on the basis of the use of resourt&sdemann(2012 model, based

on ABC helped to better understand the cost sturetof a product built through AM.
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Figurel7 - AM Cost Structure, source: Lindemann (2012)

As the model is based on ABC cycle times of machines play a crucial role. Bigure 1
outlines the results of ae&position of 6.3 ccm per hour. The major cost driver is the
machine cost which represents 74% of the total product cost. In a second simulation
based on a deposition of 20 ccm per hour, machine cost dropped to 46%. Machine cost
is followed by material @st which consist of the metal powdeCurrently the metal
powder industry is unable to benefit from economies of scale and powder costs are
relatively high. In the future metal powder demand will increase dramatically allowing
producers to achieve more comiiieve pricesMellor et al, (2014). Remaining costs are

post processing to achieve material quality required, preparation cost which refers to all
the data processing activities, oven cost and building pro¢ge®mas & Gilbert, 204
outlined that the hdden benefits of AM need to be investigated and outlined in order

to provide an exhaustive approach to better understand AM implications.

Lindemann(2012 andRuffo & Hagueg(2007) have broken down the deposition process
into its consituent elements anthey associated an occurring cost with an activity.
Therefore time represents the most important variable as it will influence dramatically
all the results. According tbindemann (2012 the deposition process is broketown

into preparation, depositionremoval of product and pogirocesses. This structure
lacks details and might not be so representative of the real wailitdemann (2012

emphasise that the estimation of the deposition time is the most important factor as it
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is the major influencer ofotal cost. Ruffo & Hague(2007) divided the deposition
process into its operations such as time to add a layer, time tehped the layer, time

of scanning, and time to cool down. The sum of these times will provide the cycle time
of the machine.Zhai,(2012 Sa G A Yl G SR (KS LINRPRdzOG O24&i
Y Iy dzF | O G dzNJAZha, £2012)0kRed3ed the model to make a comparison
between the manufacturing of a component by adding material with WAAM and by
removing material from a block with CNThe application of the component is for
aerospace industry which seeks to adopt lower tonfly ratios due to high costs of
materials and high scraps. The focus of the research was to investigate the impact of the
two processes on butpo-fly ratios. Theresults provided sufficient data to outline the
major advantage of the WAAM process in near net shape manufacturing compared to
CNC. As itis outlined gure 18 deposited wall with WAAM is featured by two areas,
the total wall area and the effectiveall area. The difference between these two areas

iIs the waviness which is a nactive part which will be removed with CNC. The
deposition efficiency is calculated through a ratio of effective wall area over total wall
area. Generally WAAM components havdeposition efficiency of 93%¥#artina et al.,

2012. The remaining 7% is made of previous stated waviness.

Total Wall Width

- (TWW)  Wavi ness

Effective’ Wall Area
(EWA

Effective Wall Widtk(EE!z

Figurel8- WAAM Wall

The results on the cost structure were dramatically different from tbgults of PBF
process methodologies. Due to lower capital investment and higher deposition rates
(i.e. titanium 3kg/h and SS 10 kg/h) major contributor to product cost is setup cost 28%,
followed by welding material 27% and welding cost 25%. An additaspect outlined
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Is the configuration of the machine which can be independent or integrated in which

WAAM and the CNC machine are combined. The integrated configuration allows
reducing dramatically the setup costs. Moreov&hnai (2012 outlined that byincreasing

wire feed speed and a related energy density, this will reduce dramatically the total cost
of WAAM. The wall must rely on few layers of supports when the component and the
substrate are not combined. The supports layers represent the locatiotihéocutting

and separate the substrate from the component. The following section will investigate

economic aspects of Additive Manufacturing, providing the reader a deeper

understanding on the financial implications of the technology.

Various authors hae develogd AM mathematical modelg¢lopkinson & Dickne£2003)

RS@St 2LISR | 02aid Y2RSt G2 LINPOARS RANBC
al ydzFF OGdzZNAy3dé 6! av YR Ay2SO0GA2y Y2dz RAY 3
into machine cots, labour cost and matrcost. The cost model developed is based on

expert judgement, extended and educated assumption and fed by a wide range of data.

Ruffo et al.(2006) advances the cost modelling on AM with the development of a cost

model, which considers the high impadf investment and overheads of modern
manufacturing processes. The cost model considers activities associated with AM and

divides them into direct and indirect costs. These activities have been translated into

hourly rates (£/hour) providing evidence of§h I LILJX A OF G A2y 2F a! OG A DA
6! . /0 (GSOKYyAldzZS® ¢KS RS@OSt2LISR a/ 2adGd . NBI |
material, machine absorption and production/administrative overheads. Moreover, the

authors could model the costs associated with Higeration of the orientation of the

part within the build chamber.

Lindemannret al, (2012 Provided a further development into cost modelling for AM
AYUNRRdAzOAY 3 I Y2NB O2yaAradaSyd égle& 27F F LILX @A
Driven Process KI Aya¢ 695t/ 0 FT2N) O2adAay3a ltlad ¢KS O
estimate the lifecycle costs of AM including the costs occurring from the
conceptualisation of the desigmtiRA a L2 al f 2F (KS LINRPRdzZOG® [ A

based on process analysigst drivers analysis and product Hfgcle analysis. The cost
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technique. According tdindemann et al.(2012 geometrical complexitys a strong

influencing factoron the product cost estimate as this has an impact on the cycle time

of the machine. Moreover, the need for more accurate deposition time estimation is

required.

Zhai & Lockett(2012 developed an early stage cost model to compare the costs of
G2ANB b SNOal YVERAAON@NRAYyIE 6211 a0 G§SOKy2f 23
technology is featured with high deposition rates, medium design freedom, it is applied

to large aerospace structural components and the focus of their cost model is to provide

an accurate product cost #siation but mostly outline a comparison on the btosfly
NFiA2add ¢KS O2aid Y2RSf KlFla 0SSy RS@St2LISR
. FaSR /2a6K$IEAAGBNI GdvNBE NBOASS NI AaSR (GKI G
the most common cost estintiag technique used for costing Additive Manufacturing.

This is due to its ability to provide robust estimates and spread manufacturing overheads

to targeted activities. Additionally, ABC does not require a wide range of historic data

and a reliable modetan also be developed through interviews, observation and
deduction. This technique has been adopted by Ruffo and Hague (2007), Ruffo et al.
(2006), Lindemanet al., (2012), Hopkinson and Dickens (2003) and Zhai (2012). The
approaches of the different abibrs are similar, they all break down the manufacturing

process outlining all the activities involved in the deposition process and allocate a time

and rate of machine, equipment and operators. Their findings are concerned with
product cost and outlined tit for PBF components major cost driver is the machine;

this is due to slow deposition tas and high investment costs with tineachine. In case

of DED the major contributor to cost is materials but a comparison with a traditional
subtractive process outled that in fact there is a major cost saving due to higher

material efficiency.

2.5 Economics of Additive Manufacturing
Compared to traditional manufacturing methods, AM does not benefit from

economies of scale. This is due to two main constraints, slow giémo rates and
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limited built capacity. According tBuffo & Hague(2007) and Hopkinson & Dicknes,
(2003 the behaviour of AM costs over units produced, benefit from an initial reduction

in manufacturing costs but then the trend stabilises.

A Missing Economies of Scale
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Figurel9- AM Economies of Scale, source: Hopkinson and Dickens (2003)

According taviellor et al.,(2014) this might represent an advantage as mass production
is shifting towards developing countries while EU ai®)A markets are focusing more
on low volume and high value added productions featured with innovation,

customisation and sustainability.
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A Complexity for Free

Traditional manufacturin

Cost of Unit

Additive manufacturing

>
Design Complexity

Figure20- AM Complexity for Free (Hopkinsons, 2003)

AM is conglered a more suitable technology for economically sustainable small to
medium volume productions. Moreover the technology allows design complexity for
free, as outlined byaumers(2012 AM inputs are not correlated to design complexity
suggesting thatifancialproduction cost is independerdf complexity. In traditional
manufacturing methods, high level of customization might result in prohibitive
manufacturing costs. This is due to high investment in modifications of the
manufacturing line. This sugdgeghat AM might have a higher product cost compared
to traditional methods but if positioned correctly, the technology might give strategic
advantages. For example, in high value and technology advanced products. Moreover
Zhai, 2012) outlined the Buyto-Fly rato of the WAAM process. This index is an
important measure to evaluate the gability of a manufacturing process and it
measures the material efficiency. Thesearch showed that by reducingugto-Fly

ratios manufacturing cost reduse@ramatically. This is mainly due to an improved near
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net shape deposition involving reduced magiscrap. AdditionallZhai, 2012)outlines

that WAAM process is particularly benédicfor Titanium depositions due to th@gh

cost of this material. Roland Berger (2014) states thatforecast on deposition rates

is promising, achieving up to 80 cm3/h by 2023, and making the technology more

competitive in terms of cost and lead time.

Deposition Rates

SA Forecast
O
80
S\
40
10
|
2013 2018 2023Year

Figure21 - Deposition Rate Forecast (Roland Berger, 2014)

Increasing deposition rates will have an impact on both, product cost and product cost
structure.Lindemanret al, (2012 outlined a comparisn of product cost structure with
different deposition rates. By increasing deposition rate from 6.3 ccm/h to 20 ccm/h the
incidence of the machine cost will drop from 75% to 48% providing a more competitive
product cost. Higher deposition rates resultsinorter cycle times of the machine. This
implies lower human resources to be allocated to that product, providing more yearly
capacity and improving responsiveness to demand. Accordirgetger, (2013 the

current cost per cm3 is around 3.1 Euro and b22@ will drop to 1.1 Euro per ccm.
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2.6 Additive Manufacturing applications in Defence

OELX 2A0AY3 4! RRAGAGS al ydzFl QlidzNAyYy 3¢ 6! av 2L
(DS2) is a fairly new concetéres & Noyeg2006) introduced the concept of spare

parts production with AM, on request and in short time for isolated platforms in which

space is a constraint such as orbital stations and generic military equipment. The
conclusions of their study were the demonstration of the feasibility of the concéyet. T

main limitations outlined were the immaturity of AM technolodyata & Mavris(2013

developed a dynamic model to simulate DS2 for aerospace vehicles. With this research

the importance of dynamic simulation for DS2 was outlined. Moreover, they odtline

that 60% to 70% of total cost of ownership of a defence platform relies on support

services and maintenance.

Khajaviet al., (2014 combined DS2 with AM and dynamic simulation and evaluated the

impact of AM implementation of support services fet& Sper Hornet Fighter jet. The

research investigated a set of possible supply chain configurations with delocalised
manufacturing. Major barriers outlined were the AM equipment cost and personnel
intensiveness(Busachet al, 2015 investigated wire basedM technology for support

availability of systemon defensive platforms. In the same yeBusachiet al., (2015

investigated the available AM technologies and related approaches to measure the
product cost.Apte & Rendon{2009 carried out a research othe optimisation of

availability of systems on Navy platforms. According to their conclusions in order to
improve the availability of a complex weapon system, it is crucial to ensure: 1) quality of

spares which implies higher reliability and longer lif¢hef component, 2) availability of

spares on board in order to reduce delay times and 3) establish astmattured
LINBOSYGABS YIAY(iSylryOS Oe0fS (2 NBRdzOS FI Af
2N aw220 [/ dzaSé¢ | yI f & adiadses? ghiticaiy wilfaguyeSvithl & G K |
respect to mission success and finally 6) establish performance based contracts with

external contractors to improve coséduction activities.

The current industrial applications of AM within the defence sector leean reviewed.

MBDA is a leading European consortium in the missile industry. The consortium has
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introduced AM in its business since 1988. Initial application of AM was Rapid Prototyping

to support the product development phase and reduce the timenarke of new

designs. In a second phase AM, has been used to produce complex tooling solutions. In
recent years MBDA decided to exploit the potential opportunities arising from AM and
expanded its Research and Development activities. In 2011 they established a
O2tt 02N dA2y 6A0GK [/ NIYFASER | yYAOSNEAGEQA
| SYINBd ¢KS F20dza 2F (GKS O2tftF 02N GAZ2Y 61 &
process methodology to print Missile structures made of Titanium (TI6AMBPA,

(2015). Another important player in the application of AM in Missile sector is the

G! GAFGA2Y YR aAraairtsS wSaSIkNOK 5S@St 2LIySyi
US ArmyJS Army(2015. The centre has a collaboration with NASA and the University

of Alabana. In May 2014, the Centre, established a Research and Development team

called Integrated Product Team (IPT) that works on the application of ALM for the
manufacturing of missiles. The main research aim is to develop a stronger and lighter
structure whichcan manage the strong vibrations that occur during flight. In 2010 the

'{ I Nye SadrofAakKSR (GKS awlLAR 91ljdzA LILIA Y 3
AfghanistanREF, 2005 The Mission of the REF is to provide immediate solutions to the

urgent challengesakced by soldiers. This has been possible through the deployment of
Y20AtS 102N G2NASa OFtftSR G9ELISRAGAZY ! NB |
and a CNC machine and a multidisciplinary team made of scientists and engineers. Each

lab has a costfaaround $2.8 million. REF has been considered a successful solution for

the development of norstandard quick reaction equipping of US soldiers. This is due to

its ability to provide the Army with customised solutions to changing missions and
environment¢ KS fF o6& FAY G2 LINRPRdAzOS t2¢ @2f dzYS |j dz
jdz yGAGASE 2F &ALISOAIfAASR OFLIOAfTAGASEL D
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2.7 Literature ReviewOutcome

The literature review outlined that current AM technologies available on the market are:
G5ANBO0 9ySNHE GHGSRPBRSNMA . SR Cdz@A2YyES d. AY
OEGNHzAZ2Y ¢S adal GSNALFE WSGGAy3Iés a{KSSG [ Y}
processes have higher cycle times and higher accuracy. These are employed for small to
medium size components witlkomplex geometries for enhanced functionality. Wire

based processes are faster but the accuracy level drops dramatically. Wire based
solutions are employed for larger components in which accuracy levels are not the most

important factor.
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Figure22 - Technologies comparison source: (Martina, 2015)

Martina, (2014 made a comparison of these two process methodologies for titanium
applications. Powder based results are from a Selective Laser Melting madhiee w
2ANB . ASR NBadzZ GARRNBAFINR X ¥ dzFal2 GeiNEBNEN yWDE | Y
outlined in Figure 2the wire based solution has various advantages compared to the
powder based solution. Lower investment cost, significantly higher deposition rates,
lower costs of raw materials and no limits on build size make this solution particularly
promising and attractive to industry. Secondary advantages are related with the
elimination of preheating phases, no vacuum reqdi and therefore lower element
vaporisation Powder based solutions provide the user with enhanced design freedom.
The accuracy level, up to 23icrons gives the designer the possibility to accadarge
number of geometriesHigher accuracy level implies lower deposition rates which in

some situations has a strong impact on lead times. This might represent a barrier of
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powder based technologies. Deposition rates are influenced by energy density, scanning
speed and layer thickness. Optimisation studiasedon these parameters are a focus

of study of Academia and Research Institutesake these technologies more suitable

for industrial applicationsMoreover, from the literature it was possible to outline
product cost structure of the two different processes and results showed that in PBF
methodologies, the major contributor to cost is theoductionrate of the machine due

to high investment cost and slow deposition rates. In the case of WAAM process, the

major contributor to the cost structure is materifllowed by the cost of deposiin.

To measure costs related with AM depositions, various techniques have been
investigated. According tRuffo & Hague(2007) traditional cost modelling techniques
have various disadvantages such as the inability to providefinancial information
which are critical to decision makingyloreover, they lackaccuracy providing high
uncertainties in the estimate. Generally Intuitive techniques are subjective and results
may vary dramatically based on experts interviewedrthermore they are dependent

on design features which in this case are not available. Analogical techniques are
considered not fit for purpose as they depend heavily on data and icéisishistorical

data is not available as the system is stithimdesign phaseToachieve higheaccuracy,

wide range of information and a realistic and detail allocation of overheads, an analytical
0§ SOKYAldzS KIa 0SSy aStSOUSRI 4! OGAg@Aade
this is the main technique used for cost modelling of AM. The riggle assigns
manufacturing overheads to activities in a more logical manner tackling the problems
related with high overhead distribution. laddition, ABC,does not require historical
data as the model can be developed based on process maps and intewigwexperts.

As outlined the main benefits of ABC is the allocation of costs according to where they
are incurred improving accuracy and relevance. This allows detailing the cause of cost
allowing the user to perform cost reduction analydis.build the cost model, various
documents must be developed to gather all the necessary information and data
required. The most important document as reported4iyai,(2012) is the process plan
which outlines all the necessary manufacturing operations, the setup @moad

activities and the post processes. This document organises the previous elements in a
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sequence and outlines the incurring times and resource consumptions. Another
important document which needs to be developed is an IDEFO map, as this provides
details on inputs, output, controls and mechanism providing a more exhaustive
approach to identify the sources of co3wotransform the data in cost, hourly rates of
operators, machines and software has to be calculated. This can be done in different
ways maeover the allocation of overheads may vary dramatically based on organisation

type and has to be adapted on a case by case basis.

The context of support services for Defence platforms involves the selling of the
availability of one or more systems. Th@pgpA RSNRA LINRPFAGFOAT AGE A3
ability to ensure high levels of availability over a Igpegiod (years). Traditionally this is
made through the accumulation of components into warehouses within the platform.
With a support service system basen AM, stocks of components can be reduced
dramatically; this is due to the ability of the system to print the required component
only when it is necessary. AM is particularly suitable for this application because it can
process randomly any geometry Wwiut the need for adapting the manufacturing
system to features of the component (no impact on setup activities). This aspect can
cope with the randomness of failure rates of systems within the platform. As the
components are printed hplatform, the leadtime is reduced dramatically. Moreover,
material efficiency and low Bttp-Fly ratios of AM, leads to the conclusion that AM has

a major advantage over subtractive manufacturing by providing better usage of
materials. This aspect outlines the suitabiliy the technology for applications in
Defence, Aerospace and Medical industry where advanced materials may reach high
costs. Finally, the last part of the review outlined that the equation of availability might
be improved in two different ways. An interihaay is the optimisation of the reliability

of the component and the reduction of time to maintain. An external way is the
reduction of the delivery time which is affected by the procurement delay and the supply
of the part. As AM is an enabler of delasat and rapid manufacturing it is concluded
that the technologycanoptimise availability of systems through thefield production

of the component on demand.
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2.8 Findings

The review presented the various AM technologies which are currently under
develgment in both industry and research institutes. Moreover, various available cost
modelling techniques have been investigated. The discussion section provided a critical
review of both, the technologies of AM and the cost modelling techniques allowing

compaison of different approaches.

The main inferencethat can be deduced from the literature review are:

U Powder bed technologies are more applicable to small complex geometries given
their high accuracy levels.

U Blown powder technologies are highly suitabde fepairs but also suitable for
medium to low complex geometries.

0 Wires fed technologies are highly suitable for large functional components given
their high deposition rates.

0 Activity based costing seems to be the most used technique to perform product
cost estimation of AM products.

U There is no evidence on research of complete AM production systems which

include also post processes.

To gain exhaustive understanding of AM based production systems, research institutes
and industry should design an AM basggtem complete with all the necessary post
processes and outline all the workers required and the activity involved in the whole
production systenio have a final product. This will allow to perform an actual, reliable

cost estimation of additive manufaaing products.
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This chapter describes the methodology followed to carry out this PhD. The

methodology is made of seven phases in total and is outlingéiguire- 23.

(Phaseg 1 «Literature Reviews
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Figure23- Research Methodology

The methodology include various types of research methods such as primary and
aS02yRIFENE NBE&ASIFNDODKSET SELX 2N} 2NE NBaSI NOK=Z
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capture and direct observation. In various stages hypothetiedudive approaches

have been applied.

3.1 Phasec 1 Literature Review

The PhD has started with a systematic review of the literatureVAAMTechnology

YR G/ 2a&a0 a2RStftAy3aéd ¢KAA KlFa 0SSy OF NNR ST
Reviewing the literature o these aspects allowed the author to gain technical

knowledge on the two most important topics of this PhD, AM and Costing Techniques.

A critical discussion has been carried out to evaluate the pros and cons of both, AM

technologies an@stimation techniayes.

Finally, theresearchgap has been identified allowing the author to define better the

PhD aim and boundaries of the research and identify its knowledge contributions.

3.2 Phasec 2 Current Practices

Following the literature review, the current practkef Defence Support Services (DS2)

have been investigated. With DS2 we refer to Industrial Product Service Systems (IPS2)
which undertake as main business the delivery of tkey support service solutions to

complex platforms. This PhD has focused mainlynaritime defence platforms, more
specifically the Royal Navy platforms. To carry out this phase of the PhD, key players of

the Defence Value Chain have been identified and involved in the primary research
activity. Various workshops have been carrieat avith Ministry of Defence (MoD)

Abbey Wood, Defence Equipment & Support (DE&S), Defence Science & Technology
Laboratory (DSTL), Department of Defence, Navy Command Headquarters (NCHQ),
Small & Medium Enterprise involved in Additive Manufacturing andlyitkhe leading

British Defence Support Service provider. The workshops involved an initial presentation

2y GKS t K5 RS@St2LySyida F2f{t26SR o0& | asSaa
¢KNRdzZaK (GKS StAOAGIFGAZY 27F StbbbfaNliensle 2dzR3IASY
data and information related to current practices of defence support services of the

Royal Navy. Given the involvement of different organisatiooated in various stages

of the UK Defence Value Chain it has been possible to acqueeedif perspectives on
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support service practices. This strategy allowed to obtain very detailed information and

an exhaustive overview of the dynamics of support services. Once the data and
information has been collected, these have been interpreted amoss checked

between each other. Following this, visual models, process maps and schematics have
0SSy RS@St2LISR G2 KI@GS I &adFyRFENR &AYLX ATAC
a Defence Support Service (DS2). The System of Interest is madesof bysindaries,

system elements, links, triggering events, sequences and Key Performance Indicators

(KPI) to measure the DS2. Moreover, systematic deduction has been made to define the
dynamics of a DS2 describing qualitatively the behaviour of a DS2uifbet@ractices

phase represents a foundation of the PhD as it is the part which defines what a support

service is, what does it involve, how it delivers value to the Royal Navy and finally what

are the options to deliver spares to the Royal Nawyis clapter investigates through a

@a0SY | LIINZIFOK | &5 S ¥ SyeOfopoedzindetibdblbgy sS NIDA OS
FAaSR 2y |y FRILIFGAZ2Y 27F (GhécRlahdi 20013 3 GSY aSiK
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Table2 - Source of Expertise

Position Experience Interviews
Engineering Director 10 years 6 hrs
Technology Acquisition Lead 6 years 6 hrs
In-Service Support Manager 5 years 6 hrs
Defence Equipment and Support Officer (1) 5 years 3 hrs
Defence Equipment and Support Officer (2) 5 years 3 hrs

Soft System Methodology is particularly suitable for enterprise modelling and is used in
problem solving processes to structure the analysis and the solution development. The
aim of the methodology iso develop conceptual modelsf support servicesising
system rules. The proposed methodology is based on SSM and has been tailored to
better fit the research aimA mix ofqualitative methods such as interviews, observation

and deduction has been utiliset carry out the investigation of current practices.
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Experts in DS2 have been identified and involved in the research for collecting

information andvalidation of the results

p
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Figure24 - Research Mdtodology
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Especially for DS2 providers given their requirement to operate with disrupted and
extended supply chain. AM is particularly suitable for delocalised manufacturlog of

to medium volume productions, moreover the technology allows production of any type
of geometry without affecting the productivity. The current problem faced, is the
inability to assess AM applications in support services practices for the RoyaD$2vy.

are complex systems aradcurrent review of literature outlined that there is a lack of
research on AM applications for DS2. Current practices should be investigated and
defined.
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experts of DS2. The aim of the phase is to develop conceptual models that outline DS2

as systems. The conceptual models need to proadesxtensive knowledge dS2

outlining its elements, the links, the possible scenarios, the operatingamaent in

GKAOK G(GKS@& 2LISNIGS YR FAYyLFffte& I avySeée t SNF?2

can be measured. This will cover a knowledge gap on DS2 literature.
The following questions have been asked duringsémistructuredinterviews:

0 Can you dscribe the current practises of Defence Support services to deliver
spares to the Royal Navy platforms?

U What are the main organisati@involved in this activity?

U Can you design a process map of current practices outlining System Elements,
links, triggeriy events, sequences, key performance indicators, operating
environments of a DS2?

U  Which are the factors thanhostinfluence the availability of systems on the Royal
Navy platforms?

U Can you describe the behaviour of a Royal Navy platform? What are thesphase
and what is the impact of these in the performance of delivering the required
spares?

Current practiceschapter hasbeen developed through interviews and conceptual
modelling. Results have been consequently validated. The sequential phase involved the

conceptual framework developmenivhich has been carried out using current practices

and results of a critical review published in a journal paper (Busachi et al, 2015).

3.3 Phaseg 4 Conceptual Framework

A conceptual framework has been developed to make armestive assessment of the

Additive Manufacturing applications in the context of Defence Support Services (DS2).

The conceptual framework sabeen developed usinmputs such asthe Current

t N} OGA0Sa NBadzZ Gax GKS Ay@SpusAarGArAzy 2F ! a
¢KS FNIXYSE2N] KIFra 0SSy RS@OSt2LISR dzaAy3a af

through primary research based on unstructured interviews with experts of DS2 firms
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andMoD. The methodology is outlined in Fig@®and is made of four phases. Phase 1
conssts of the definition of the situation and the problem faced, in this case the
emergence of a promising technology, AM and the opportunity to improve the efficiency
of the support service system. Phase 2 investigates the current practices, where a
systemapproach has been adopted to define a standard of a DS2, its elements, links,
triggering events and key performance indicators. Phase 3 involves the development of
the framework which is based on the analysis of available AM technologies (from a
system pespective) and current DS2 practices. Finally, Phase 4 involves the comparison
of the current practices with the next generation ones based on AM deployed in the

front-end of the support service system.

“Soft System Methodology”
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% |
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Compare models with framework
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Take action to improve
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Figure25 - Methodology

Expertise has been elicited and captured during two workshops which lasted several

hours. The results of the workshop have been used to feed a conceptual modelling phase
in which the framework has been defined to make an exhaustive and holistic assessment
of AM applications in DS2. Finally, the result of the conceptual modelling phase have

been verified and validated through expert judgement.
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3.4 Phasec 5 Additive Manufacturing Mathematical Models

Additive Manufacturing Mathematical Models are required to rabthe time, cost and

benefits of AM applications in Defence Support Services.

6 Y
(| Phase- 1 )

Identify Processes involved in delivering spares to
Defence Platform

N
A

, ¥
(Phase-2

Breakdown processes into activitieslenitfy sequences
Inputd Outputs Equipment and Software

iPhase 3 :
Develop Cost Breakdown Structure based on PHaaed
Phase-2

(Phase- 4 )

Develop Equations and test them with pilot model

L 2

J

p
| Phase-5

Verification and Validation of the Previous Phases

Figure26 - Methodology

To develop the mathematical models, a hybrid approach has been adopted. Firstly, the
System of Ingrest (Sol), process maps and IDEFO of Additive Manufacturing and Defence
Support Services have been reviewed and analysed. Through this analysis it is possible
to identify and quantifythe number of activities involved, cycle time of activities,

resources consumed such as engineer time, equipment time and software time. Using

Fd Aylldzia GKS&AS awLlsSoda || a/2aG . NBF{R24Yy

sent to industrial users and academic experts for verification and validation. Three
iterations havebeen carried out to define the CBS and once this has been validated the

mathematical models have been developed and the relevant model architecture.
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As follows a sequential description of the approach:

U Phasecp M a{@aidsSy 27F Ly GtSabhaeptdal niodedirig ackvityd K A &  NJ
which seeks to define the boundaries of the investigated system (the AM

organisation), its elements, sequences, links, triggering events and dynamics.

U Phasecp ®H & . dzaAySaa tNROS&a al LiLJbneptmial 6.t aldyY
modelling activity which provides a further level of information on the AM

organisation and how it delivers value through its processes.

U Phasegp ®o0 &/ 2ad . NBF{1R2gy {GNHzZOGdzNBE o/ . {0Y
looks at defining at aanceptual level the CBS. ThBErepresents also the desired

model output which needs to be as detailed as possible on the FDM system.

U Phasecp ®n dal GKSYIFGAOFt a2RSftéY FSR o0& (GKS {
developing the equations which repredsnthe occurrence of costs during the
process of delivering value within the AM organisation. This phase is based on the

work of (Zhai & Lockett, 2012)

U Phasecp ®p Gaz2RSf | NOKA G SOU dzNB ¢ definingthedogit K | & S |
of the cost model, how the code should be written, what are the inputs/outputs, how
to display them to make them significant and how to keep the model flexible to make

it functional and adaptable to various organisations.
As followsthe list of questions asked during the interview:
Ua2KFEG FNB GKS {2adGSYy 9tSYSyida 2F Fy !a hNI
Ual 2 INB GKS {eadSyYy 9tSySyia O2yySOGSRKE
UG2KIFEG FNB GKS GNAIISNAYy3I S@gSyda 2F +y !la

Ual2¢ A& GKS {dzllLi & / KFEAY &idNHzO(G dzNBRKE

Ud2 KFEG F NBLINKKGS &2 ®NRP2F 'y !a hNHIFIyAalGAz2y 0
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The results of the interviews have been used collectively to input the development of
the Sol and BPM and visual repres#ians have been made and sent to the experts to

verify and comment.

3.5Phaseg 6 AM Decision Support System

The Additive Manufacturing Decision Support System (ADBS) integrates the three
main developments of the PhD which are also the contributionsntmmedge. These

are the AM Mathematical Models, the Defence Suppenvige¢ System of Interest or
conceptual model and the conceptualamework for assessing AM applications in
support services. The AMSS itself is a secondary contribution to knowleddge AM

DSS has been developed in Visual Basic programming language using a user friendly
Interactive Design Environment (IDE) called Visual Studio. This programming platform
has been selected given its versatility, flexibility and ability to develop stand
software tool applications. To develop the ADES, the Conceptual Framework has been
analysed and transformed into an algorithm thatvgons the AMDSS, inputs and
desired aitputs have been identified and a relevant ADBES Architecture has been
devebped. The AMDSS Architecture outlines three main modules, Modglel
represents the Logistic platforms, Modue represents the Additive Manufacturing
Cost & Time estimation and Module3 represents the simulation and estimation
environment. The Addie Manufacturing; Mathematical Models have been translated

into executable codes in Visual Basic and allocated to Metaled Module2. Module

¢ 3, the simulation environments, has been coded using as reference the B&2em

of Interest. Moduleg 3 includes also a mathematical model to cover the estimation of

68



GoSYSTAGA 2F !a FLIWIX AOFGA2yaédd ¢KAA YAY2NI Y
and availability equation. Three types of programming and coding activities have been
carried out in sequere Firstly, the froneend of the AMDSS has been programmed
including: Inputs and Outputs textboxes and list boxes, moreover a study on data
visualisation has been carried out to identify which graphs are better to visualise results
to the user. To help t user to input data on logistics, visual models of a complete
support service have been included and the same has been carried out in Mpdule

for the System Configurations (SysCos). This allows the user to see the supply chain
configuration for each Sfo selection. Secondly a functional code in the {gsctkhas

been written to integrate the three modules and feed the graphs during the simulations.
Finally, the mathematical equations have been coded into all three modules to perform
the estimations on itne, cost and benefits of AM applications in Defence Support
Services. To verify the functionality of the AMBS various tests have been carried out
and the results of the equation have been compared with a pilot model developed in

Excel.

3.6 Phasec 7 Verification and Validation

This section outlines the validation activity of the AMS which includes the
mathematical models, the conceptual framework and systemof interest previously
described in each chapter. Various workshops have been carried dutheitMoD, DS2
providers and NCHQ to verify and validate the logic of theD®&. This allowed also to
gather feedback on how to improve the software tool in terms of accuracy and outputs
level. The validation activity has been carried out as a structuvetkshop with a set of

questions:

1. Is the supply chain module exhaustive? Does it includes the most important

activities occurring within a DS2?

2. Is the cost module exhaustive? Does it include the most important costs

occurring within an AM deposition?

3. IsthS &AYdz F A2y SEKIdzaGAOBSK 52S8a& AdG AyOf d
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4.1DS2 Systems

This section aims to investigate current practices in DS2 and outline key information on
traditional DS2 systems. To do thistructured and unstruaired interview have been

carried out with senior engineers of a leading British DS2 provider.
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Figure27 - Conceptual Model of a DS2 (see Appendik)

As outlined byBusachi et al. (201 @nd Sabaei et al. (2018 Defence Support Service

(DS2) system is made of various organisations which interact together to keep a defence

LI I GF2NY G2LISNYGA2yLFfé¢ YyR FofS 2 RStEAGSNI
Systems (CES). The organisations @he Royal Navy whiclperates the defasive

platform, Ministry of Defence (MoD) which manages its contractual support, the DS2
provider which is in charge to deliver support to ensure availability of CES and the

suppliers which retain the Intellectual Property of the CES and the components.

TRS w2eélf blgeQa LIXFGF2N¥a NS | ANONYFd OFN
which are featured with the ability to operate everywhere in the world in complex and
ONARGAOIEt SYy@ANRYyYSylGtad ¢KA& AYLXASaAa GKFG |
extended supply chains. In some cases, these supply chains may be disrupted such as
situation of battle theatre where the presence of threats may limit operations. The Royal

bl @& Aada Ay@2f SR LI NIAlFffe gAGK GKRBey5{HQ&a 2
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availability. Availability is a measure of uptime over tdiade (uptime and downtime)
and measures the predicted ability of a CES to achieve its purpose when required to do

SO.

The MoD outsources to the DS2 provider the support to the availability of CES through

G/ 2yGNXOQUGAY3I F2NI ! @I AfFoAfAGEE O/ F! O 2N af{l
the parties agree to maintain a certain level of availability over a pefiie. 10 years).

Spare parts contracts are simple delivery of components when they fail. When the MoD

triggers the DS2 provider to restore the availability of a system, the DS2 provider
oversees: 1) quoting the component cost, service cost and time woficge 2) if

successful, purchasing the component, 3) delivering the component to the platform and

finally 4) disassembling the system, installing the component, assembling the system

and commissioning the system.

If a DS2 is represented as a systeng itiYF RS 2F bcy a{&aGdSy 9ftSYS
1) Supplier facility, 2) DS2 provider facility, 3) MoD facility, 4) Port facility, 5) Surface
support vessel, 6) commercial vessel, 7) defence platform and 8) forward base. These SE

are connected through lirs which define the way a DS2 can deliver value to the Royal

Navy. The links are 1) logistics, 2) administration and 3) procurement. As outlined, a
5{HQa {9 INBE adNAROOlfe fAY]1SR (G23SGKSNJIYR
is able to supporthe availability of CES on platforms. As can be deduced, a DS2 is
triggered by the change of state of the CES. A CES has three states: 1) Operating, 2)
Standby and 3) Down.

I/ 9{Qa adGdlradS Aa OUNARIISNBR o0& (K Starg®OdzNNBY C
and random failures. When a threat occurs, a CES operates to eliminate that threat.

2 KSYy | G0FNBSG Aa OfSIENE F /9{ 2LISNIrGSa a2
G{iGryRoeé¢> (GKS a2aGSY A& | QL Afl ofTBReCEYR O2ya
has a sequential behaviour, which is featured with randomness (i.e. Cycle Times may

vary).
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Figure28- CES System Dynamics

Standby

The behaviour is a process that follows a Boolean logic (true, &l®gch stage. The
system may be subject to wear or random failures before, during and after the
engagement phase. The CES is a passive system, which works through the interaction of

components that are criticab-availability.
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Figure29- DS2 Procurement and Delivery (see Appendik)
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when a failure or damage @Sy G40 2O00dzZNE® ¢KS a52¢yé adl ¢
time (i.e. hrs) and equals the amount of time required to replace the failed component

GAUK | ySg 2ySd ¢KA&A Aa 3IAPSYy o6& (GUKS a! RYA
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When a platform is deployed remotely, the most influential factor on Availability is given

by the LDT. Moreover, platforms are featured with space scarcity, which limits the

number of spares they canrg. Furthermore, when platforms are deployed in Area of

Operation where combat situation occurs, the supply chain may be disrupted and

support vessels such as The Royal Auxiliary Fleet may have limited freedom in operations

failing in delivering supportthe platform.
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When the MoD triggers the DS2 provider to restore the availability of a system, the DS2
provideroversees 1) quoting the component cost, service cost and time of service, 2) if
successful, purchasing the component, 3) delivering the compito the platform and

finally 4) disassembling the system, installing the component, assembling the system

and commissioning the system. If a classic DS2 is represented as a system it is made of

bcy a{eadaSy 9tSyYSyidaa¢ o6{ 20DSsmovi@eKfaclitNB)Y wm0 {
MoD facility, 4) Port facility, 5) Surface support vessel, 6) submerged support vessel, 7)
defenceplatform and 8) forward base. These SE are connected through links which

define the way a DS@andeliver value tahe Royal Nay. The links are 1) logistics, 2)
administration and 3) procurement. As outlinedyaditional5 { H Q& {9 ' NB a i NR C
together and through the interaction between the SE the DS2 is able to support the
availability of systems on platforms. As cardeeluced, a DS2 is triggered by the change

of state of the system. A system has 3 states: 1) Operating, 2) Standby and 3) Down. A
aeaisSyQa aaGrasS Aa GNAIISNBR o0& (GKS 200dz2NNBy
and random failures. When a threatcurs, a system operates to eliminate that threat.

2 KSYy + dFNBSG Aa OfSIEINE | aeaidSy 2LISNIGSa
G{0F yRO & ¢ I ainiktSeandl doasédbiently xhd DS2 system is in pause. When

0KS aedaidsSy Aa senstiggered &8 reduifed to dgerate to do
GKIGSOSN) G2 NBalz2NB GKS FgrAtroAftAGe 2F GKS
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time (i.e. hrs) and equals the amwaiuof time required to replace the failed component
GAUK | ySg 2ySd ¢KA& A& 3IAPSYy o6& (GUKS a! RYA

5Stle& ¢AYSE O6t5¢0X a[23Aa0A0 5Stle& ¢AYSE o]
competences on board). defence platform is an active and deployable SE, and is
engineered to operate everywhere in the world. This may result in extended supply

chains. If a required spare part is not available on board, it must be shipped from where

the spare part is located (i.e. spgrt vessel, port, DS2 facility or supplier facility).

Distance and speed of delivery of component and competences are critical factors to

availability.
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After validation of the models the authors have carried out analysis through deductions
and assumptionsDS2 systems are in fact very complex, a limited number of options
have been included following the principle accuracy/effort relationship developed by
(Robinson, 2004yhich outlines that a highly accurate model might not provide extra

value and in fact requires extra effort.
The following sections will cover:

0 a5{H {2808y ISVINMO a%{YH adadSeemeris 2dzif Ay
FYR fAyl1a FNB RSAONAOSR FyR FAYyIffe (KS

availabilityis described and equation variables are linked to the DS2 system.

U G¢5{n {@adSYy [/ 2y aullirbsdzlpodsibiz2 sténaridg obtie/suplyY
chain, these represent the option which a DS2 must deliver value to the Royal

Navy.

U G5{H hLISNFGAY3T 9 vdlikeNIhg op&afingenvicohmeldts/ird v Y
which a DS2 operates. OpEnv have strict requirements which must be met to

accomplish their aims.

The cokection of System Analysis, SysCo and OpEnv provide a simplified but exhaustive
representation of a traditional DS2 system, its relations and dynamics. Moreover, this

collection represents the minimum complexity whisfouldbe modelled.

4.2 Systems Analysis

A DS2 provider aims to support complex engineering systems installetkfence

platforms. In the case of the Royal Navy, these platforms are aircraft carriers, destroyers,

frigates and submarines. The Royal Navy platforms are featured with the ability to

operate everywhere in the world in complex and critical environments. This implies that

I w2elttf bl geQa 5{H LNPOARSNI Ydzald O2LIS sAilK

these supply chains may be disrupted such as situation of battle theatre where the
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presence of threats may lim@perations.The conceptual modekpresentsa DS2 as a
system and outlines the enth-end process of a DS2 to provide value to the Royal Navy.

A DS2 system delivers value through the interaction of various system elements (E°)
which are connected through links (L°, A° and P°). The Royal Navy is involved partially
GAUK (GKS 5{HQ& 2LISNIiGA2Yya YR LISNOSAQZSa
(KPI) of the complex systems to be supported, which is availability. Availability is a
measure of uptime over totaime (uptime and downtime) and measures the predicted

ability of a complex system to achieve its purpose when required to do so.

4.3 Systems Elements

A DS2 is made aine systenelements which can be divided into static elensgractive

non-critical elements and active critical elements.

Table3 - System's Elements description

Tag Description Icon Classification
E1l | Suppliers && Static in safe environment
E2 Defe_n ce Sup_port & Staticin safe environment
Service Provider
E3 | Royal Navy Port i Static, partially in safe environment
E4 Surface Support °o° v Active, critical environment
vessel >
E5 | Defence platform o Active, critical environment (operational
theatre)
E6 | Defence platform o Active, critical envonment (battle theatre)
Active, critical environment (operational
E7 | Forward base ﬂ theatre)
E8 | Commercial vesse OQOE Active, critical environment
E9 | MoD C% Static, partially in safe environment
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deliver value tahe Royal Navy. This interaction is given by three links: 1) logistics (L°),

2) Administrative delay (A°) and 3) Procurement delay (P°). These links are therefore

critical variables of an expanded equation ofaAability. A DS2 provider wants to

minimise these values to maximise Availability.

Fa Y 3)

i Oaoed @Ot o QevE QQ
Fle 6611 Qb ®Qd RQEYRH QQ
= 00670t Q DGR Q
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Given the use of deployable and active platforms, which may operate remotely in the
world, a major factor which negatively influenasilability is given by the logistic delay
time (LDTand its relation with distance and speed of delivery. To cope with this problem
(distance), platforms are featured with small warehouses to keep inventory of critical
to-availability components. Unfortuately, defence platforms have various units of
complex systems featured with extended number of systems and components. For
SEFYLX S (KS dal A3Kfe aSOKIFIYyA&SR 2S8SFHLRY |yl
sub-systems with a total of 1500 components. Aelefe platform does not have enough
capacity to keep all the required components to support its systems. Space is a critical
and limited resource and is strictly linked with the survivability metric of the platform.
As outlined before, distance is a criticaariable which is not controllable by a DS2

provider. The main mitigation strategy to cope with distance is the allocation of spares
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in the frontend of a DS2 system (support vessels or forward bases). This strategy is
complex, and requires a large amounof effort and technology to be successful.
Moreover, the forecast of failures of components is a highly complex process and given

the high level of uncertainties that may lead to inaccurate estimates.

The next section will investigate and explain thegisbc Delay Time (LDT) and the
Administrative Delay time (ADT).

4.4 L ogistic Delay Time

Logistics Delay Time (LDT) links are outlinagtienconceptual modeWhat a DS2 can
control, is the responsiveness (given by type of contract, Administrative delay time,
inventory levels and Manufacturing lead time of suppliers) and the speed of delivery
(given by the Logistics options and transportation type) of a DS2 system through sea, air

and land. Generally, the quicker a delivery is, the more expensive it is.

Table4 - Logistics Links

Tag Refgrenc Icon Description
Land transportation between suppliers/manufacturers of
L-LorPl ELE2 ‘ components and the DS2 provider.
Land transportation between the DS2 provider and the port,
L-2 E2E3 ‘ owned and managed by DSepgider and operated by Royal
Navy.
13 E3E4 ﬁ Port transportation between the warehouse and the surface
1 support vessel.
~~~ | Sea transportation between the surface support vessel and th
L-4 E4ES5 A~
~~~ | defence platform.
L5 E2E5 _->3) Air transportation betweerthe DS2 provider and the defence
] platform.
L6 E3E5 ‘ﬁ Port transportation between the warehouse and the defence
1 platform.
L7 E3ES | Port trans_,portatlon between the warehouse and the
1 commercial.
L8 ESE7 ~~~ | Sea transportation between the Commerciatsel and the
~~ | forward base
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E2E4

B

support vessel.

Air transportation between the DS2 provider and the surface

These logistic links lead to a wider range of options (NAL®A OK A &
| 2y FAIdzNT GA2yaég o{ea/ 20 {1 G§SN®

4

feaidsSy

4.5 Adminidrative Delay Time

AyoSadaard

The Administrative Delay Time (ADT) is an element of traditional spare parts contracts

between DS2 providers and MoD. ADT is made of seven links outlined in Figure 2. The

ADT sequence is described assuming the rule that spare partetaeailable in E2, E3,

E4, E5, E6, E7 and ES8 (this represents the warst scenario given the highest distance).

Table5 - Administrative Delay links

TK S

forAvaill o Af Alieé o6/ C!'0O Aa GKS

Tag Ref(;renc Description

Al E5E9 | Defence platform sends the request for a spare part to Mc

A-2 E9-E2 | MoD sends a request for quotation to DS2 provider.

A-3 E2E1 | DS2 provider send request for quotation to supplier.

A E1E2 Supplier sends DS2 provider price and time of deliver
between E1E2.

A5 E2E9 I?SZ provider computes its price for sparet@ard delivery
time between EZES.

A6 E9E2 MoD negotiates with DS2 provider and if successful place
order.

A-7 E2E1 | DS2 provider places order to supplier.

4SljdsSyO0S 2F (GKS !'5¢ A& GAYS
2

NBGAOL f

overall performance of the DS2 system.
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to slowest, therefore SysCol is the fastest and SysCob5 the lowest. It is assumed as a rule

that the spare part holder or manufacturer is E1 and there are no dlaitpares in E2,
E3, E4, E5, E6, E7, E8 and E9.
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Figure30- SysCol

SysCobutlines a scenario where a defence platform is not deployed and located at the
port. SysCol is therefore made of L1, L2, L6 (land, land, port) whifikRet@nd known

distances between elements located in safe environments.
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Figure31- SysCo2

SysCoautlines a scenario where the defence platform is deployed in an operational
theatre, therefore it is serviced by a supply ch&gsCo2 is made of L1, L5 (land, air), L1

distance is known while L2 distance is highly variable and scenarios must be outlined.

79



Figure32- SysCo3

SysCodutlines a secondary air supply scenario where the spare part is delivere
through air to a surface support vessel which will approach the defence platform in a
secondary phase. SysCo3 is made of L1, L9, L4 (land, air, sea). L9 and L4 distances are

highly variable.
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Figure33- SysCo4

SysCo4sutlines ascenario where a surface support vessel is located at the port and will
approach the defence platform in a second phase. SysCo4 is made of L1, L2, L3 and L4
(land, land, sea, sea). L1, L2 and L3 distances are known while L4 is again highly variable

dependng on the location of the platform
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Figure34 - SysCo5
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SysCo®utlines a scenario where a commercial vessel is located at the port and will
approach a forward base in a second phase. SysCo4 is made of L1, L2 and L7 (land, land,
sea). L1 and L2 distances are known while L7 varies based on the location of the forward
base. Given the use of commercial vessels this is considered a cheap SysCo and the most

commonly used.

As followTable6 - SysCo rating

GAGK | NBOFLI 2F {@a/2Qa |yYyR NBfSOFyid NI GAy
FNRY ™M Gog2NBOG OFLasS¢ (G2 p aoSaid OFasSéo

SysCo Se-(lq-ﬁ((;nce L:-glstlcs Cost | Speed

ype

SysCol L1, L2, L6 | Land, land, port 1 5

SysCo2 L1, L5 Land, air 4 4

SysC8 L1, L9, L4 | Land, air, sea 5 3

SysCo4 L1, L2, L3, L4 Land, land, sea, sea 3 2

SysCob5 L1, L2, L7 | Land, land, sea 2 1

Table6 - SysCo rating

This section investigates the current DS2 practices. The research approach used
consisted of carrying out intemtvs with experts to feed a conceptual modelling phase.

The conceptual modedevelopedhas been validated by the experts. Afterwards an

analysis of the conceptual model has been carried out. The analysis provided an
overview of a DS2 system, outlining wiaaé the system elements, what is the flow of

the system, what are the triggering events, what are all the possible options of

O2y FAIdzNI GA2Y |yR TFAylfte gKIG Aa GKS aea
Availability measures are the ability of atgys or equipment to perform its function

GKSY NBIdZANBR (2 R2 &a2¢é ! 5{H aeadsSyQa LISNJ
system or equipment it supports, the most impacting factors are given by ADT, PDT and

LDT. It can be concluded that the ownetlo system or equipment to be supported (in

defence MoD), wants to maximise availability by reducing ADT, PDT and LDT. Currently
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the MoD establishes two types of contracts to support its system or equipment, spare

LI NIa O2yiUNI OO FYROKIRYENI OONXYVHOTFR2MN LAGSA T,
LINE A RSNDRA LINRPFAGAE NB fAY1SR 6A0GK GKS ydzyec
not have a financial interest in improving availability and the performance of the DS2

system. In the case of CfA, thergice provider agrees with MoD a certain level of

availability to be guaranteed over an extended number of years for a certain price. In

this case the DS2 provider has strong interest in improving the performance of the DS2

system to reduce its costs amdaximise its profitability. With CfA contracts, both the

service provider and the MoD have a mutual advantage.

4.7 System Dynamics

Figure ® outlines the factors which defines the dynamics of a DS2.
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Figure35 - System Dynamics visuahtion

A DS2 is triggered by failures of components. Failures are due to random events or due
to systems utilization. The utilization of a system is triggered by the occurrence of
threats and by the targets of the mission of the platform. The dynamiesiifs2 can be
grouped in to four different classes or worlds which collectively provide an exhaustive

representation on how a DS2 is triggered and evolves over time:

0 Worldl:represents the external world in which a platform operates. This is given
by a mixof controllable and uncontrollable events such as targets, threats and
time as duration of a mission. Targets and threats represent the triggering events

which influence the whole DS2 system.

U World2:represents the systems which allow the platform to besssful and

survive. Worldl influences the utilization of these systems, the higher
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utilization the higher failure rate due to wear. Moreover, failure might be
random and the probability of occurrence of random failure is related to the

progression ofime.

0 World3: represents the WAAM systenfonly in next generation DS2), its
manufacturing system and its stocks of raw materials. A dinopvailability
triggers the RAS2 which consequently consumes its resources which are limited.
In case of current peices this world represents the warehouse where

components are held.

0 World4:represents the supply chain and the logistics of the DS2. The reduction
of resources due to the operation of the RAS2 triggers the supply chain to restore

its resources.

It canbe concluded that the driving factor of a DS2 is the mission of the platform, which
will define what will be the behaviour of the platform and consequently the behaviour

of the DS2 to support the platform during its mission.

4.8 Defining the behaviour of tk Platform
CKAA aSOUuA2y Ay@SadAarasSa GKS FILOG2NA 6KAOF
t NBOA2dzat e Al Kra o088y 2daif AYySR GKIG | 5{H
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Figure36 - Factors
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the DS2 system is triggered and its SysCo will vary and adapt based on 1) location of the

platform and 2) criticality of the component.

‘ ) L
ps2 System Defence Platform
v

1

Secure Critical
Environment Environment

Figure37 - Mission Loop

The mission of a platform is considered as a loop as outlinétgure37 and the DS2

system evolves based on the location of the platform. Failures might be random but are
YFAyte RdzS G2 GKS &adeadsSyQa dzishéhaviolr.iThe2 y & KA (
LI I GF2NNVQA O0SKI@A2dzNJ Aa NUzZ SR o6& F2dz2NJ YIAY
related location to certain times and 4) related threats associated to that location. The

first three factors are internal and known while the fokit ¥+ OG2NE GO KNBI Ga¢
and given by the reaction of the counterpart to limit or disturb the platform during its

mission or to prevent the platform from accomplishing its mission. What is known is
GKFOGZ AT GKS LI FGF2NvQay @ O 20ANIYG RSl (2NESENT (R
2F 200dzNNBYyOS 2F GKNBFda Aa KAIKSNI GKFyYy hL
given by the control of the counterpart over the territorlyigure 38 groups together

the three factors represented as axis and o#B other critical information which is

critical in defining a DS2 behaviour and configuration. The first axis outlines the
progression of time with -D the beginning of the mission and100 the end of the

mission. The mission defines a route which thatfprm must follow to arrive to a

Gt 20FGA2Yy 2F 2LISNIGA2Yyéd ¢KS FANRG LIKIFAS A:
second phase is about holding the location and operate over a period (i.e. fAfhtdr

T-60) and finally the third phase is theatrsition of the platform back to the port or to

another friendly portFigure 3&utlines that to each point of the first axis relates a point

2y (GKS aS02yR FEAA a[20lGA2Yy¢®
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Figure38- DS2 evolution over mission time

The Locatin axis defines in which OpEnv the platform is situated with a related distance

FNRY hLOYyOm a{SOdzZNE 9y DBANRYYSyilié 6KSNB (GKS
between OpEnvl and the location of the platform is a critical measure as it defines the

waya DS2 system can deliver the component with its SysCos. Moreover, the criticality

of the component plays a crucial role in defining the speed of delivery. If a component

is considered highly critical for mission and safety this will be delivered throwgffo3y

2NJ aF AN RSLIX 2@8YSyildé O60GKNBlFrGa y20 02y aiRSN
probability of occurrence of threats. The probability grows with the progression to
hLIOyYy@Hn a2 N GKSFGINBE yR | OKAS@SE Aisa YIFEAY
situation, the supply chain is disrupted given the high level of threats. Threats play also

a determinant role in the SysCo selection as the support platform which delivers the

spares is subject to threats as well. To outline the evolution of a DS&hsystrelation

to mission time an example has been outlinedFigure 39which assumes that the

platform is in OpEnv1.3 and must reach OpEnv2.2.3 and return to OpEnv1.3. Speed,
transitions, time of position hold and threats are not considered. Moreovee, th

platform has no intermediate support (forward base or support vessel), the spares must

be delivered as quickly as possible. Three scenarios have been outlined: sdetiaigo

of mission is TO and related location isl(in the port, the related Sys@SyScol with

land delivery. Once the mission starts and progress over time the SysCo will evolve and

adapt based on the requirements of the situation. Scenartbe time of mission is T30

and related location is ko n Ay hLIOY OH do a2 léfed SysCpry G KSI

SySco2 with air delivery. The platform can be supported as OpEnv2.3 is featured with a

85



stable supply chain. Finally, in scenaBithe mission has reached T40 and the platform

Aa f201GSR gAUKAY
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as the supply chain is disrupted. Therefore, the spares can be delivered only in OpEnv2.2.
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Figure39- Speed and times of hold

Finally Figure 3%utlinesmore information related to the time of transitiobetween a

location and the other and the time that the platform holds the position. As stated

previously we assume that the probability of occurrence of threats increases with the

progression to OpEnv2.2.3. Moreover,

must be outlined the total time speeach

OpEnv. This is given by the speed of the platform, the route of the mission and the

requirements of the mission. The more a platform operates within an OpEnv the more

it is likely to be subject to the occurrence of threats.

4.9 Validation of Current Pactices

This section outlines the validation activity for Chapger

{ dzLJLI2 NI { SNIA OS¢ o

results
G/ dzZNNEB y

la F2ftft2¢ GKS tAai
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Table7 - Experts for Validation

1 Technology Acquisition Lead 8 years Support Service provider
2 Business Development 25 years Support Service provider
3 Director of Engineering 25 years Support Service provider
4 Head of Bids 22 years Support Service provider
5 Director of Support 40 years Support Service provider
6 Head of Capability 30 years Support Service provider
7 Captain RN Lots The Royal Navy

8 Innovation Program Manager 14 The Royal Navy

9 Engineering Officer 17 The Royal Navy

10  Mechanical Engineer 1 M25Q&a /2yl
11 Thermal Analysis Specialist 30 az25Qa /2yl
12  Systems Engineer 35 az25Qa /2yl
13 Future Concepts 9 az25Qa /2yl
14  Materials Engineer 16 az25Qa [/ 2yil

2 T RBdAzZGIRISYAG A LLINIAQUIOK @2

a GKS [/ 2y OSLJidz f f
2a0 A iASad 200dzNNAY3I gAGKAY

a
YLRNIFYd I OGAQD

Strongly Disagree Disagree Strongly

Agree
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5.1 Introduction and Resarch Methodology

This chapter aims at representing the Additive Manufacturing Mathematical Model and
outline the development approach. The mathematical model represents one of the
three contributions to knowledge develegd during the PhD. These are embeddin

the Additive Manufacturing Decision Support System (ANSS) and are employed for
estimating the Product Cost and Lead Time of a component primtgh Additive
Manufacturing.Being able to be estimate the time and cost of Additive Manufacturing
arekey elemensfor carrying out a comparison with traditional support service solutions
and outline also the benefits of AM application in this sector. Additive Manufactgring
Process MapsTo obtain a further level of information regarding the value cieat
process of the AM Organisation, a process analysis has been carried out and presented
in the form of a Process Map outlined kiigure 40 The process analysis outlined that
the AM Organisation is made of 3 interconnected processes: 1) Bidding Pragess,

Geometric Process and 3) Manufacturing Process.
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Figure40 - Additive Manufacturing Process Map

The Process Map has been develogedatomize the business processes into the
necessary sequential acities. Moreover, this type of documents provides an extensive
number of information such as INPUTS/OUTPUTS, responsibility of activities, necessary

resources, decisions and scenarios.

5.1.1Bidding Process

This process is featured by seven sequential a&ivdti YR A& OGNAIISNBR 0¢
F2NJ vdz2Gl GA2yé owCvod | {IfSa LSNBR2YIl YR
NEaLRyaArotsS G2 OFNNE 2dzi Ittt GKS OGAGAGAS
al ydzF I O dzNA y 3¢ dchnaead STl2filesiviiit chidiingtlie dabekon the

geometry. The aim of the process is to provide customers with two key decision
variables: lead time and product price. Based on these two variables the customer will

draw its decision on placing an order or select another gappf a geometry has been

processed before by the engineer, the data on product cost and price are already
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available on a database. If the geometry has not been processed before the engineer

must go through the geometry preparation process to complet hidding process.

5.1.2 Geometry Preparation Process

This process is made of nine sequential activities and is triggered by the need to retrieve
data on product volume and time of deposition. The process has two aims, prepare an
STL to control an FDM depositi@and obtain an early estimate on product cost. Key
activities are: build orientation identification, development and minimization of
supports and finally cost estimation. These activities do not have standard cycle times

and vary significantly.

5.1.3Manufacturing Process

This process is made of three main fubcesses and eleven activities. The -sub
processes are FDM process, ppsbcessing and 3D scanning. The deposition process is
triggered by the arrival of the order by the customershbuldbe outlined hat the FDM

machine has to be calibratddr each build.

5.1.4 Scenarios Development

Through the interviews with experts, it was possible to develop two scenarios that occur

within an AM Organisation and outline the worst case and best case for each of them.

U Senario 1¢ A LINS @A 2dza SELISNASYOS Aa | glFAflofSé
processed and is stored and available for printing. Cost and cycle times have been
already computed therefore the Sales person has only to compute the delivery time
through the inerrogation of the schedule of the machinghouldbe outlined that
prices might have to be adjusted to changes in the macro environment (i.e. material
cost increment).

{1 Best Case Scenario: 30 minutes

1 Worst Case Scenario: 40 minutes

90



i Scenario 2 &4 LING ZBA\ B3R Sy OS A& y2i | O Afl of Sy

the STL file before; therefore, he has to complete the geometry preparation
process. Cycle times may vary dramatically based on project complexity.
1 Best Case Scenario: 60 minutes

1 Worst Case Scenar 175 minutes

5.2 Cost Breakdown Structure (CBS)
tKAa aSOGA2y IAYa (2 RSTAYS FyR LINBaSyil
at a conceptual level. The CBS is the Model Output which has to be as detailed and
comprehensive as possible. The CBS har beveloped through logical inferences and
analysis of the combined Sol and BPM. The CBS outlifgdure41, presents 17 cost
elements which occur within an AM Organisatiamich added together represent the

Total Cost of the entb-end process of delering value to customer.

. .

Profit Margin

—

Bidding Cost
Geometry PrepCost

——e

Packing Cost

Postprocessing Cost

-—

3D Scanne(QA

-—

Material Delivery Cost
Support Cost
Model Cost
—
Substrate Cost
Machine Rate Cost
Calibration Cost

Selling Price
Product Cost
1509 |ejo L Buumoejnuepy

1s0D a4

Figure41 - Cost Breakdown Structure

The CBS is made of the cost of bidding, the cost of preparing the geometry for AM and
the cost to manufacture it. While the cost of biddi and the cost opreparing,the
geometry have been included at a high level, the cost of manufacturing has been
atomised. This has been made to gather the highest level of detail possible focusing
especially on the FDM systeifhe cost to manufacture mmade of the Fused Deposition

Modelling (FDM) cost for printing the part, the Pgsbcessing cost to obtain a finished
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part, the 3D scanner used for Quality Assurance to measure the physical tolerances of
the part and finally the packing of the part forldering it to the customerTo obtain

the desired CBS as a Model Output, resources consumed during the activities/processes
mustbe identified, the hourly rate of the initial investment in equipment, software and
personnel have to be computed based on esied yearly utilisation, finally Cycle Times

(CT) have to be identified.

5.3 Mathematical Models

The following equations have been developed basedlwei & Locketf(2012). As follow
partial results of the mathematical modelling activity for WAAM technol&gyure4?2 -
Material Cosbutlines the equation to quantify the cost of the material deposited, the

substrate and the wasted material which is removed consequently.

e D0 5| 0 -
Material Cost Effidenc

I U T Vam e Puire Effective wall area + 100
celm: =— ('wi.rr EI’ =

m E, Overall wall area
e _
Materialtnst

::m = I"r.\’m ¥ Pyt {'Sllﬁ'

Figure42 - Material Cost

Figure43 - DepositionCost collect all the cost occurring during the deposition which

takes into account for utilities, change of wire and machine hourly rate.

,"ﬁ_ﬂ.-
Ry« C
a * Lo
C=
- _ Co2ai) —
W Welding Cst Time o Welsing
Cy= G+ O+ €, e Cp= by (Ry+ By
= [ = 0%, « WF%
(. Ru F" 3" W * Pl
IR 1 B Loo23afl
",
\'\.
Ce= I *{Rut Ro) Vs * P

Figure43- Deposition Cost
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Moreover costs related to manufacturing activities for setting up thetesysand

unloading the components have been developed. Also, costs related to geometry
preparation have been modelled but not included as it is assumed that the robot codes
are already ready, stored in a database and geometry preparation has occurred

previausly.

Equipment Data ) ,-C Operation Data )

Nr® of Deposition

Equipment Cost .
Operation Nr* of Operations.
EFLOETTELE ST Bacth Size
Part Built Efficiency
Hourly rate Time Efficiency
Thickness of Substrate Setup Time
“ Non Productive Time

Wire Feed Speed

Area of Deposition

Machining

Substrate Material

Volume of Substrate

Wire
Figure44- DSS Logi¢ INPUT
This phase consists in understanding the INPUTS and OUPUTS of the model and how to
ONBI S (KS d&DNJ LK A Bdurfe 44 D5S gcINPUTBUNdies vih&t e o0 D! L 0
inputs are requiredd feed the equations. As the model requires a wide range of inputs,

some of these are set to standard values but can be modified in order to adapt the model

to various organisations.

5.3.1Module 1¢ Logistic Platforms

The following equation is used to modekthourly rate of a logistic platform

badho — 4)
Where:
||- ] =,l=+<,_6 a MO " 0dQ

”' ol

=< 0 0 (OO MWETVAQI 0 a Qe 0O
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5.3.2Module 2¢ Additive Manufacturing Technology

The following equation is used to model the hourly rate of an engineer

0& Q 208 "Q

Where:

e i 08 Q0 QRHTD 0
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The following equation is used to model the WAAM System rate

WO o0
Where:

F==34+0000Y®d0Q
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The following equation is used to model the Machining System rate

RHY6! S 7)
Where:

DL b 0@ O Q
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The following equation is used to model the Software rate

Y€ Q

2"Yd "Q 8)

Where:

1
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The following equation is used to model the welding cost
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The following equation is used to model thest of the deposited material

0QN b o 20'Ql Q7O Q 10)

Where:
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The following equation is used to model the substrate cost

MO0 B0 ® 200 2Yo D 11)
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The following equatiors used to model the cost of the shielding gas
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The following equation is used to model the rproductive cost
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The following equation is used to model the setup cost
YQO —z 6060 0VEQ —z2 OO 08Q 20 O®
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The following equation is used to model the time of welding
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5.3.3Module 3¢ Support System Simulation

The following equation is used to model the travel time
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The following equation is used to model the cost of the service

YQiI YYD awo 17)
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The following equation is used to model the logistic delay time
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The following equation is used to model the service cost
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The following equation is used to model the availability
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The following equation is used to model the downtime
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5.4 AM-DS3. imitation
Through logical inferences on previous knowledge flegelJSR | y R SELISNI Q&

of limitations on the model has been outlinedTiable- 8. This refers to what aspects of

the complexity of real worlére not within scope of thenodel.

Table8 - Model's Limitations

Aspect Description
Geometry The complexity of the design has an impact on the time of deposition dy
Complexiy increased movement of the deposition nozzle to deposit the featufesnodel
this, a sophisticated algorithrmust be modelledto estimate the impact on the
complexity on the depsition time.

Part The orientation of the part has an impact on the time of deposition due to
Orientation related support volume. Designers are instructed to orientate the part to minir|
the time of deposition nevertheless this is not always possitdr example when
mechanical properties have to be ensured.

Deposition An equation would be required in order to estimate the time of deposition ha
Time as input the volume of material. Moreover, geometry complexity and
Estimation | orientation sould be taken in consideration.

Build Rules | In the BPM the process to prepare the geometry has been outlined

represented as a rigkthe-first-time process. Nevertheless, in most cases

process is performed various times in order to minimise suppoiume and

improve the deposition time.

Build Failures | Build failures may occur resulting in loosing time and cost. This should be ing

nevertheless there is a lack of data of failure rates.

Wire Change | During a deposition the wire might depletenc an operator should replace i

Nevertheless, this is dependent on the part volume and the level of the can

and a standard case is difficult to define.

Comparison | The model output does not compare the results with traditional ways

manufacturingomitting important information to carry out a comparison at

provide meaningful insight to the decision makers.

Build Chamber| It is reporter by users that higher degree of utilisation of the build chamber h3
Utilisation positive impact on the timefadeposition as the deposition efficiency increases

Supplementary| Software involved in the geometry preparation process should be included as
Software have an impact on the product cost.

3D Scanning | Activities related to the 3D Scanner shouldrhedelled as these might consur
time. Moreover, the processing time of the acquired data through the 3D Sca
might be higher than the actual acquisition. Finally, the 3D Scanner might n
used in all cases therefore this should be an option in the@ho

Moreover, in the BPM two scenarios have been outlined which considers if previous
experience is available or not. In case previous experience is available, it means that the
company has already performed a geometry preparation for that part, theeetbis
should not be included totally in the estimate. A rate of the geometry preparation
process should be computed based on expected yearly demand and included in the

estimate.
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6.1 Introduction

The followingchapter aims to present @ramework for assessing the impact and
supporting the implementation of the AM technology within the Defence sector. The
framework is made up of 8 mutually exclusive phases which collectively provide the
decision makers an exhaustive analysis of the impadhe AM implementation. As

follows, DS2, AM and the framework are presented and explained.

DS2 providers have the capability to deliver the availability of their own or third party
systems/equipment to their customer, in this case the Royal Navy. Thel Ravy
operates in mission and safety critical environments through the deployment of its
platforms. These platforms such as the Type 45 destroyer, Type 23 frigate and the Astute
Class submarine are featured with an extended number of sophisticated@nplex
engineering systems which allows the platforms to deliver its capability and survive in
critical and potentially hostile environments. For the Rdyalry,the availability of its
complex engineering systems is a critical factor which is measuredghruptime over

total time. The most influential elements of the availability ratio are given by the

G! RYAYAAaUGNr0AQGS 5Stl @& ¢AYSE o0!5¢0 yR GKS ¢

Through the exploitation of AM, DS2 can explore new solutions to support the Royal

bl geQa O2YLX SE Sy3aaAySSNAy3d aeaidsSyo ¢KS YI A
overall service system by eliminating the ADT and LDT through the delocalisation of AM

in the frontend of a DS2 system. This solution allows manufacturing the required
R2YLRYSYld ySEG G2 GKS LRAyldG 2F dzaSed a! RRA{
technology which benefits from design freedom, short manufacturing lead times, low

buy-to-fly ratios, complexity for free and requires limited space for operating. It can be

used for both, printing new components and repair broken ones (if combined with
machining and 3D scanneNloreover,the technology has the potential to reduce or

eliminate subassemblies, access to new geometries and improve the performance of
components! a FNRY | LINRPRdzOGA2Y LISNRELISOGALDS Aa
Nt AYSé Y2NB2OSNI 6KS (SOKyz2ft23& Oly LINROSaa
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on setups. Given the limited space requirements by AM,ffaictories can be developed

within containers and deployed in forward bases in order to reduce the distance to the

point of use. This allows to eliminate the planning of components required (forecasted)

and produce only what irequiredin the battlefield. Minifactories can be developed

alsobrinlLJ F GF2NY RSLI 28YSyild S6KAOK gAff SEtAYAYI |
| RRAGAGS al ydzFlF OGdzNAy 3¢ 062! 1l a0 Aa +Fy la
international standards but it is considered the most promising technology for industrial
applicatiors. Firstly it is a wire based technology which implies no health and safety

issues compared with powder solutions, easy material feed, medium cost of wire, 100%

material efficiency. Featured with high deposition rates (kg/h), low BTF ratios (2), low

cost d investment (max £200Kk), high energy efficiency (90%), good accur2cynii),

low product cost and manufacturing lead times (hrs), the deposition occurs out of the

chamber with unlimited size constraints and lower space required. This technology also

benefits from good design freedom and topological optimisation opportunity, good
mechanical properties and microstructure (rolling) and no porosity. WAAM is intended

for large, fully dense functional components.

6.2 Conceptual Framework

The framework, outlined iffigure4d5K+ & 06SSy AYLX SYSYGSR Ayid2
{eadsSyé¢ o5{{0 (22f 6KAOK FAYa (2 adzZJ2NI -
making on the acquisition and implementation of Additive Manufacturing in the Defence

Support Service sector. TheSB aims to simulate different system configurations

available and outlinghe levelofd Y S& t SNF2NXI yOS LYRAOLF G2N&E
and benefits. The simulations outlined the following aspects have been observed: 1) AM

can be deployed in defence platform, a support vessel or a forward base. The impact

of AM in DS2 is substantial; firstly it improves dramatically the efficiency of the support

G2 FTOFATflFLOoATAGE 2F /9{3X 3AAGSY (KS StAYAYLIl
G[ 23A20XOeE58f5@0CAYR dt NPOdzZNBYSy(d 5Stl & ¢AY
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Figure45 - Conceptual Framework

Secondly it reduces the supply chain complexity given the supplies of only wire and
powders. Thirdly it reduces the time and the cost of the supgertice with a related
reduction of total cost of ownership. Finally, providing flexible manufacturing capability
to a defensive platform in a battlefield featured with disrupted supply chain may

improve its ability to recover capability and improve itswwability and lethality.
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Phase 1¢ 6 5 ST A Yy S oathndsathe 2fgtigdation of the assessment of AM
applications in DS2. This phase answers key questions such as what type of mission

will the platform perform? What is its target? What is the duratié¢ig? how long will

GKS LI FTGF2NY 2LISNI OGS AY hLOYD HOHOM dol G0f

Phaseza { St SO0 RoyallNav¥ aNdrhis Wave various platforms which differ
dramatically in terms of their requirements and types of systamstalled. It defines

rules and limits for the RAS2 and identifies the system.

Phase 3¢ & St SOGg H{yeR O&h B9 VRAIZIEMYSR Ay aSOlAiAzy
| 2y FAIdzNI GA2y&aé o6{&a/ 20 5{u KI®S SEGSYRSI
of Next GeneratiorDS2 (AM based DS2) these alternatives or options increase due

to the delocalisation of manufacturing (RAS2pant, InDS2, Irsupplier, InSupport
vesseland LI F G F2NY P t KIF&aS o Aad GKS 2yS -FSI {dz2NB
AT &O0Sy I NAngieésimllajoR to Seirip&e different options of Next

generation DS2 will be carried out here.

Phase 4¢ @ 5 S T A y So-I GNJA{E AiGh! Alifs phiage &consists in analysing and

classifying functional components of the systems to be supported anchewthich

2yS NS ONAGAOFE® ¢KS AyLlzi 2F (GKA& LKI &
{ GNHzOGdzNB ¢ 6{ . {0 H6KAOK A& I R20dzyYSyd LI
al ydzZFI OGdzNBENE oh9al0 2F GKS adaidsSvyo

Phase ca { St SO0 ¢tBiHEhase it asadeta Seledifferent technologies
(SLM, WAAM and FDM) to process the geometry. Technologies have different

performance envelope and capabilities.

Phase 6¢c 6 5SaA 3y dh&Nbe lcanporients have been identified and
technology has been selected, the geometry snibbe processed to outline the

feasibility, building strategy and KPI such as cycle time and deposition cost.
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U Phase 7¢ d a I y dzF I O dzNA y Zhis QRageTohthe aMdatipfogegsésYare
required to achieve the required quality standard and perform alifjoation of the

component. This is highly dependent on the material finishing required.

U Phase&da5@yl YAO &hendxhlghideges 6f éomplexity involved, 2) the
need to partially represent the dynamics and relations of the real world ande3) t
requirement to carry out experimentations, the framework must be translated into a
Dynamic Model to carry out simulations and testwfiafF & OSYy I NA2ad ¢ KS Y
need to be controlled are impact on Availability, cost of delivering the service and

logistic delay time.

6.2.1Transition to Additive Manufacturing opportunities

A critical part of the Framework is related with the transition from traditional
manufacturing to AM productionOnce the components are identified, the geometries
need to be processediCADto understand how the AM technology can print this

component.

DEY Run = 4 4 Deposton

Figure46 - Design Process Map

Moreover, this phase will outline the product cost and the time of deposition and
compare it with the traditional way of produainit. In Figure46 - Design Process Map

2dzit AySa Ittt GKS ySOSaal NBE aRSaAdy | OGAGAGA
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executable robot program for the actual deposition. Furthermore, as the components
have been designed for traditional manufadng, there might be a possibility to
manipulate the geometry of the component for improved efficiency, lightweight or
robustness. This is given mainly by the ability of AM for design freedom and complexity
Busachi, Erkoyuncu, & Colegro¢)15. To shit from traditional manufacturing to an

AM environment the following must be carried out to define an ¢oeend AM

manufacturing system.

° .o

Critical-to- i
Availability 30 Scanner
Components

Define list of Criticalto-
Availability Components.
Acquire Geometries and
store CAD  files in

LE Database.

Geometry Database of Criticak
to-Availability Components

CAD File

Figured7 - Geometries database

z

hy OS { KSto-la@ INSREGIAGON-TEA G & ¢  bekniidegtifed @addhagey Sy G &
containing all the CAD files must be developed. If a CAD file is not available, the geometry

must be acquired with a 3D scanner as outline#igure4?.

L
Process the CAD File and
CAD File “r 5
“

Binary perform Build Strategy
Form  Analysis. Slice CAD File
and convert in Binary
- Can be Printed? Form. Answer Question.
- What Technology?
- What Post Processes?
- Feasible Lead Time?
- Cost Advantage?

Figure48- AM assessment

The following step i process the CAD file and define the building strategy. This will
allow an estimation of time for the deposition and product cost through equations and

answering critical questions related with the feasibility.
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Configure AN  system
based on previous Phases,
compute data (WVolume,
= Consumption, Training...)
and check with Operating
Environment

Requirements

Figure49 - AM system configuration

Finally, the endo-end AM manufacturing system must be defined outlining its post
processes, raw material requirements, its space requirement and utility consumptions

GKAOK Ydzad o6S FraasSaaSR F3AFAyad GKS LI I GF2Ny

6.3 Next Generation Support Services

A preliminary comparison between a Classic DS2 and a Next Generation DS2 outlines
that the systems remain similar with the only exception that in aD&2 there is a new

element, EO, which represents the supplier of raw engtls (wire or powder).

Secure Critical
Environments Environments

@ L5

oA Y]

Figure50 - Next generation DS2

EO can supply both, E1 the supplier of components throu@h &nd E2 the DS2 provider

through A1, depending on the location of the RAS2. The system elements represent

also the location options for the RAS2 as followsSupplier, IADS2 provider, hPort,

In-Support vessel, Hdefence platform and Hrorward base. Furthermore, the

G! RYAYA&aUNr 0AQGS 5Stle& ¢AYS¢Ed o0!5¢0 FyR GKS
theoreticallyeliminated as the utilization of the RAS2 will be limitless and accessible at

any given time by MoD operators. Prints will be recorded and charges occurs at fixed
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margnality from product cost. Due to delocalisation, the NG DS2 will be featured with
two logistics, an inbound logistic to provide the RAS2 with the raw materials and an
outbound logistic to deliver the component to the defence platform. If the RAS2 is

located In-Platform, then the outbound logistic is eliminated.

Fo Y
6 Y 00 60 J

22)

Finally the availability equatioroutlines the new equation through which Availability of
systems supported by NG DS2 can be measured. The LDT will vary based on where the
AM equipment is ithe DS2 system. SysCos of NG DS2 are not presented but are in total
21.
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7.1 Introduction

To perform case studies, a Decision Support System (DSS) software tool has been
developed. The Decision Supp&ystem (DSS) is a software prototype engineered for
GwSasSINOK 9 5S8S@St2LSyilié o6wss50 dzyAida SYLIH
' OljdzA aAGA2Yé o0/ !0 LINPANIYaADP ¢KS GFNBSGSR OF

is defined as follow:

¢ (apabiltyQo additively manufacture criticab-availability components next/close
to the point of use only when they are required, to maximise Operational Availability and
NBRdzOS 024G YR GAYS 2F 5SFSyOS { dzLJLI2 NI { SN

The software tool includes fourowel mathematical models on Wire+Arc Additive
Manufacturing (WAAM), Fused Deposition Modelling (FDM) and on the Supply Chain of
a DS2. The DSS performs accurate and detailed product and service cost estimation and
can simulate current and nexfeneration pactices where AM is delocalised in various

stages of the support system (i.e. a DS2 provider, a vessel, a port and a forward base).

The AMDSS has been developed in Visual Basic programming language using a user
friendly Interactive Design EnvironmenD#) called Visual Studio. This programming
platform has been selected given its versatility, flexibility and ability to develop
standalone software tool applications. To develop the -BMS, the Conceptual
Framework has been analysed and transformed intalgorithm that governs the AM

DSS, Inputs and desired Outputs have been identified and a relevarD3$1
Architecture has been developed. The AMS Architecture outlines three main
modules, Module¢ 1 represents the Logistic platforms, Modwe represets the
Additive Manufacturing Cost & Time estimation and Modul& represents the

simulation and estimation environment.

The Additive Manufacturingg Mathematical Models have been translated into
executable codes in Visual Basic and allocated to Metlaled Module2. Moduleg 3,

the simulation environments, has been coded using as refer¢ine DSZ; Sol.
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The Additive ManufacturingDecision Support System (AL5S) is a software prototype,
matured at Technology Readiness LegeB (TRL), which performsimulations for
comparison of current military logistics with AM based logistics where AM systems are
deployed in different stages of the supply chain (such as port, support vessels, forward
bases or defence platforms). The AMSS is engineered for key tan makers of the
b!¢hQa aAyAadNEB 2F 5SFSyOS G2 I|R2LI |

acquisition programs.

The AMDSS is made of three different modules as outlineBligure- 51: 1) a logistic
module where the user can input data on platfornaéstances and locations, 2) an AM
cost module where the user can select different AM technologies and perform a detailed
product cost estimation and retrieve data on deposition time and 3) a simulation module
where the user can select different Systemrmfigurations (SysCos) of the military logistic

and perform a comparison of current and AM based supply chains.

Mathematical

Algorithm DS2 Conceptual Model Models

’(,) ft——dr‘--bli ...

db—-dtg{ \;ii‘_o-i-#—‘-
e ‘AJLT;-*-- }'FM e

e

Figure51- AM-DSS Elements

The AM¢ DSS is comprised of four main elements outlinedrigure 51 1) a novel
algorithmto perform the comparison, 2) the conceptual model of a support service
system, 3) mathematical models. These are also contributions to the body of knowledge
of Systems Engineerinflhe module performs static and deterministic simulations but
randomness an be easily modelled with pseugdlandom generators. Given th&tefense
Support Service (DS2) systems are complex, stochastic system further work should be
done to develop the AMDSS into a dynamic and stochastic software tool. Failures of

components can & modelled with Uniform distributions, availability of spares within the

adzZLlLX @ OKFAY OlFy 06S Y2RSttSR gAGK . 22tSIy

be modelled with Triangular distributions.
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The architecture of the AMDSS outlines how the rdales are integrated and what are

the inputs and outputs of each module.

(L1)Lal - -
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(6.3) SetTim
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(7.3) Timeff

(7.4) BuiEft

(75)NonProd

_~_@eBasiz __~-

Figure52 - AM-DSS Architecture

Module-1 requires the user to set the logistic distances between each system elements,
the otherinputs are set as default and refer to the logistic platforms. Mod@leequires

the user to input the material type of the product, its volume and the volume of its
supports, the other inputs are set as default. Modgl@ requires the user to select¢h
system configurations of both, current practices and next generation one and finally
input the data related to availability. With these input the ADES can provide accurate
data on time and costs of both approaches allowing the user to compare theswut

The outputs of the AMDSS are the availability, the Logistic Delay Time (LDT), the Service

Cost, the Travel Times, the Up Time and Down Time.
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Figure53 - Algorithm

The algorithm of the DSS isegented inFigure 531t consists of five phases through which the

user must go through to perform an exhaustive assessment of AM applications in DS2.
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7.2 AM-DSS Modules

This section will explain the constituent modules of the-BEIS software tool wiicis

made of 3 integrated modules accessible through a menu.

ol Logistic Platforms - X

Truok  Arplane  Helicopter Cargo Ship  RAF

Figure54 - Logistics

Phase 1 and 2 are embedd&dModule- 1 which is outlinedn Figue 54 Through this
module the user must input the distances expressed as Kmedoh available logistic
(Lol to Lo5). Moreover, the user needs to populate the model with the financial data on
each logistic platform: platform investment (£), platform maintenance (£/year),
operating cost (E/year), time of utilization (years), rate ¢fization (%), payload (kg)
and the average speed of the platform (km/hrs). The variables are fed into a
mathematical equation which computes the hourly rate per kg for each platform. Once

the variables have been loaded the module sends them as outpu¢thule 3.
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Module - 2 represents the mathematicahodel of the AM technology, iRigure 55an
example of Wire+Arc Additive Manufacturing (WAAM) which is largely considered the

most promising solution for large structural components in the maritime context

85 WAAM Technology - X

- Setu.
babcock

trusted to deliver™ e

i |

Hourly Rates Operator Rate  WAAM Rate [ *]* |
Software Design o
Rate
WAAM Rate 40
(E/r)

Operator Rate 5939
{E/hn
Machining Rate 77 27

| Update

AN N N S NN N | ld
6 17 18 19 2 21 22

“07 08 09 1 11 12 13 14 15 1

Figure55 - Additive Manufacturing

The user needs to input the product data, type of material (Aluminium, Titanium,
Stainless Steel), deposition volume of both the model and substrate, the deposition area
and the substrate thikness. Moreover, the Wire Feed Speed (WFS) and the wire
diameter have been included as these are variable of the process which have major
impact on performance data. The module allows to include the setup time and design
time which in some situation maydd to high costs (i.e. in topology optimisation). Once
the user fires the model, the results are displayed on the right side of the Graphical User
Interface (GUI). These include a detailed Cost Breakdown Structure (CBS) with 7 cost
elements and a set of prmance data such as the cycle time, deposition rate and
design time. Moreover, a small mathematical model of machining allows to outline the
time and cost to shift from a Neddet Shape deposition to a N&hape one without the

typical waviness of WAAIlgrocesses.
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Module - 3 represents thesimulation environment where the user can compare the
current practices, where manufacturing occurs in the backl of a DS2 and next

generation practices where AM is delocalised in the frend.

8 Additive Manufacturing - Decision Support System (AM-DSS) - X

Menu  Instructions

looslie 5eel | Hs  LogsicCom 542 | A Twne (DT 48045 | His LogticCost 0353 | £/Kg

Alessandro Busachi CEng MiMechE

Figure56 - Simulation

The user needs to select the System Configurations of both current and next generation
practices and the location of the AM system. Moreover, data on Mean Time Between
Failures (MTBF), Administrative Delay Time (ADT) and Rroeat Delay Time (PDT)
must be defined. In case of the next generation solution, the PDT is eliminated and
substitute with the Cycle Time of the AM system. Once the selection has been made,
the DSS performs automatically the calculations and provide teewish the following

key performance indicators as outputs: Availability, Travel Times, Service Cost.
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7.3 Defence Support Services (DSZ)onceptual Model

A DS2 provider aims to support complex engineering systems installed on defensive
platforms. In thecase of the Royal Navy, these platforms are aircraft carriers, destroyers,

frigates and submarines. The Royal Navy platforms are featured with the ability to

operate everywhere in the world in complex and critical environments. This implies that
aRoyalN @8 Q& 5{H LINRPDBARSNI Ydzai O2LIJS 6AGK SEGSY

Figure57- DS2 Conceptual Model

The Conceptual Model of a DS2 is outlineBigure 57and iscomposedf the following

elements:

Tag ‘ Icon Name

E1l IR Supplier
E2 EH: DS2 Provider
> .
E3.1 § Outbound Airport

E3.2 NINg| Outbound Port

E4.1 &f Inbound Airport
E4.2 ﬁ,._.u_.' Inbound Port
ES Forward Base

E6 e Defence Platform

Figure58- DS2 System Elements
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The Systems Elements are interconnected through the logdjiskis, whichare of three
different types: 1) Land, 2) Sea and 3) Air.

® ® ® @
N 4
AN Ak /// &8 Procurement
~< - A2 N s rement
—— p3—— Delay
A5 - .
Administrative
@ Delay
Logistic

Delay
Al

Figure59- DS2 Dynamics
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Availability. Availability is a measure of uptime over tdiade (uptime + downtime) and

measures the predicted ability of a complex system to achieve its purpose when

required to do so.

AspSOA2dzat &8 RSAONARGSRX || 5{H &adaeadtsSvyqQa StSys
deliver value to Royal Navy. This interaction is given by three links: 1) logistics (L°), 2)
Administrative delay (A°) and 3) Procurement delay (P°). These links are thergfoad

variables of an expanded equation of Availability. A DS2 provider wants to minimise

these values to maximise Availability.

Given the use of deployable and active platforms, which may operate remotely in the
world, the major factor which negativelgfluences Availability is given by the logistic

delay time (LDT), and its relation with distance and speed of delivery.

A DS2 has different System Configurations (SysCo) through which it can deliver value to
the Royal Navy.
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Fgure 60 - CRSysCe2

In current practices, manufacturing occurs in the baokl of the DS2 as outline figure
60.
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- v Lb
La S~ - ES E6
N e el T
L2 - [ T‘
E32 \ / E42
\ /
N 7

x
WAAM

Figure61- NGSysCet.1

In next generation practices, maragturing can be delocalised in the freand till the

forward base, as outlinesh Figure 61

-2 CRSysCedl E1 Lol/Lo2.1/Lo3.1/Lo4.1/Lo5
T2 CRSysCe E2 L01/L02.2/L03.2/L04.2/L05
3 § CRSysCe8 E3 Lal/L02.2/L03.3/Lo4.2/Lo5
c NGSysCel.1 E2 Lo2.1/L03.1/Lo4.1/Lo5
= NGSysCel.2 E2 L02.2/L03.2/L04.2/Lo5
% 3 NGSysCel.3 E2 L02.2/L03.3/L04.2/Lo5
T NGSysCe.1 E3.2 L03.2/L04.2/Lo5
g & NGSysCe.2 £3.2 L03.3/L04.2/L05
9 NGSysCes.1 Lo3.3 Lo4.2/Lo5

NGSysCat.1 E5 Lo5

Figure62 - System Configurations

This section outlines the Inputs and Outputs of each module and categorise them into
G! AaSN) LyLlzi¢é @6KSNB GKS dza SN YedzéhévalaeSdre a2 YS O
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Tag Code Description Value Type ‘ Unit
1.1 Lol Distance from H& to E2 User Input Km
1.2 Lo21 Distance from B to E3.1 User Input Km
& 1.3 Lo22 Distance from 2 to E3.2 User Input Km
§ 1.4 Lo31 Distance from 8.1 to.41 User Input Km
é 1.5 Lo32 Distance from B.2 to 4.2 User Input Km
:g)) 1.6 Lo33 Distance from B.2 to E4.2 User Input Km
S 1.7 Lo41l Distance from 2.1 to E5 User Input Km
1.8 Lo42 Distance from H.2 to E5 User Input Km
1.9 Lo5 Distance from & to E6 User Input Km
_ 2.1 Plalnv Platform Investment Default Input £
2 2.2 PlaMai Platform Maintenance Default Input £lyear
é’ 2.3 OpeCos Operating Cost Default Input flyear
% 2.4 TimUti Time of Utilisation Default Input years
.?_é 2.5 RatUti Rate of Utilisation Default Input %
é’ 2.6 PayLoa Payload Default Input Kg
2.7 PlaSpe Speed Default Input Km/h
w 3.1 PlaRatl Rate of Platform 1 (Truck) Meta Output £/kg/h
% 3.2 PlaRat2 Rate of Platform 2 (Airplane) Meta Output £/kg/h
né 3.3 PlaRat3 Rate of Platform 3 (Helicopter) Meta Output £/kg/h
% 3.4 PlaRat4 Rate of Platform 4 (Cargo) Meta Output £/kg/h
- 3.5 PlaRat5 Rate of Platform 5 (RAF) Meta Output £/kg/h

Table9 ¢ Module 1 Inputs/Meta Outputs

All the relevant Inputs and Meta Outpsibf Moduleg 1 are outlined. These refer to the

Logistic Platforms and Logistic Distances of the Defence Support Service (DS2).

In Tableg 9 all the relevant User Inputs, Default Inputs, Option Inputs and Meta Outputs

of Module- 2 are outlined. These fer to the Additive Manufacturing technology and

Product.
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Tag Code Description Value Type ‘ Unit
4.1 ModMat Model Material Option Input Type
I 4.2 | ModDepVol | Model Deposition Volume User Input Mm3
fﬂj 4.3 ModDepAre Model Deposition Area User Iiput Mm2
é 4.4 SupMat Support Material Option Input Type
o 4.5  SupDepVol Support Deposition Volume User Input Mm3
4.6 SubThic Substrate Thickness User Input mm
% 5.1 Inv Investment Default Input £
E 5.2 TimUti Time of Utilisation Default hput Years
% 5.3 RatUti Rate of Utilisation Default Input %
0
&9 54 Ov Overheads Default Input %
[ 6.1 WFS Wire Feed Speed Default Input Mm/sec
cD: 6.2 WD Wire Diameter Default Input Mm
g 6.3 SetTim Setup Time Default Input Min
o 6.4 DesTim DesignTime Default Input Min
7.1 TooTyp Tool Type Option Input Type
§ 7.2 NrDep Nr of Depositions Default Input Nr
@ 7.3 TimEff Time Efficiency Default Input %
'}% 7.4 BUuiEff Build Efficiency Default Input %
g— 7.5 NonProd Non-Productive Time Defadt Input Min
7.6 BatSiz Batch Size Default Input Nr
8.1 CBSOut Cost Breakdown Structure Meta Output £
8.2 TotCos Total Cost Meta Output £
= 8.3 LeaTim Lead Time Meta Output Hrs
g 8.4 DepRat Deposition Rate Meta Output Kg/Hrs
<<§EE 8.5 DepTim Deposition Time Meta Output Hrs
= 8.6 MacTim Machining Time Meta Output Hrs
8.7 DesTim Design Time Meta Output Hrs
8.8 ProWei Product Weight Meta Output Kg

In Tableg 10 all relevant Option Inputs, User Inputs, Me®utputs of Module; 3 are
2dzif AYSR® ¢KSAS NBFSNJI G2

Tablel0- Module 2 Inputs/Meta Outputs

reliability data.
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Tag Code Description ‘ Value Type ‘ Unit
@ 9.1 CPSys CP System Configuration Option Input Sequence
(&S]
'§ 9.2 CPPDT Procurement Delay Time User Input Hrs
E— : 9.3 CPADT Administrative Delay Time User Input Hrs
E c 9.4 CPMTBF | Mean Time Between Failures User Input Hrs
3 9.5 ProWei Product Weight Meta Output Kg
g 10.1 NGSys NG System Configuration Option Input Sequence
_5 10.2 WAAMCT A WAAM CT Meta Output Hrs
% 10.3 CPADT Administrative Delay Time User Input Hrs
g 10.4 CPMTBF | Mean Time Between Failures User Input Hrs
E 105 ProWei Product Weight Meta Output Kg
Tablell- Module 3 Inputs / Meta Outputs
In Table¢ 11 f f GKS 5{{Qa 2dziLJzia KI @S

Performance Indicators (KPIs) of a Defence Support Service.

Tablel12-DSS Outputs and Results

Description Value Type
% 11.1 CPAv CP Availaility Output %
% 11.2 LDT Logistic Delay Time (LDT) Output Hrs
% 11.3 SerCos Service Cost Output £
% 11.4 TraTim Travel Time Output Hrs
$ 115  UpTim  UpTime Output Hrs
8 11.6 DowTim Down Time Output Hrs
g 121 NGAv NG Availability Output %
CD: 12.2 LDT Logistic Delay Time (LDT) Output Hrs
'% 12.3 SerCos Service Cost Output £
% 124 TraTim Travel Time Output Hrs
g 12.5 UpTim Up Time Output Hrs
% 12.6 DowTim Down Time Output Hrs

A total of 50 Inputs are required to perform the simulation.
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8.1 Validation on development process

To obtain reliable information, data and expertise for validation, key experts of the UK
Defence Value Chain have been involved. As follows the list of experts and the reference
section outlines whre these experts have been involved in both development and
validation for Additive Manufacturing (AM), System of Interest (Sol), Conceptual

Framework (CF), Current Practices (@ Mathematical Models (MM).

. Years of o
Organisation Type . Posiion Reference
Experience

15 NAVY Eng Si8up Sol SO1 CF + Sol
10 NAVY MARCA®T LOGS AW PL4 CF + Sol
NAVY LOG INFRRATURE CAP | CF + Sol + CP
Royal Navy 10
SO2
NAVY LOG INFRRATURE CAP | CF + Sol
5
SO3
30 Royal Navy Commasad CF + Sol + CP
NCHQ 15 NAVY MARCAManager CF
aaAyAa
Y= 10 NAVY MARCAfManager CF
SS¥SyoOse : DES TEGFechOffice Maritime | CF + Sol + CP
RM
Equipment 10 DES TEGFech Office Maritime | CF + Sol + CP
& Support
PP 5 DE&S Technology Office CcP
10 DE&S Technology Office cp
DSTL 3 Navy Maritime Warfare Centre | CF + Sol + CP
20 Chief Executive Office AM + MM + CF
Companyg 1 .
(SpMEX;( R&T AM 15 Technical Lead AM + MM + CF
5 Project Design Engineer AM + MM + CF
F+Sol+CP+MM+
15 Engineering Director CF + Sol +C
AM
20 R&D Manager CF
10 Principal Engineer CF + Sol
Gompany¢ 2 CF + Sol + CP + MM +
(Large) Ds2 10 Technology Acquisition Lead AM
. CF + Sol + CP + MM +
20 ThroughLife Support Manager AM
CF + Sol + CP + MM +
20 In-Sewice Support Manager ©
AM
15 Chief Executive Officer AM + MM + CF
Companyg 3
(SpMEy)ﬁ R&T AM S Project Engineer AM + MM + CF
10 Head- Advanced Manufacturing | AM + MM + CF
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20 Senior Lecturer CF + MM + AM

Research Centre R&T S Re®arch Fellow CF + MM + AM
S Senior Research Fellow CF + MM + AM

Tablel3- List of Experts

The elicitation process has been carried out in two forms. The first form involved 6
workshops which lasted from 3 to 5 hours in which participants went throaigh
AYRADGARdIzZF f aS&aaizy oKSNB (KSe KIR (2 aiGKAY]
where collective brainstorming has been carried out. The second form involved
individual interview with the support of structured charts with a related guide where

experts carried out the activity individually.

\
[
} Q Phasel ) C Phase2 ) C Phase3 ) }
\ Expert identification _| Information elicitation | Analysis of captured }
‘ and involvement and capture information \
} y \ y \ i /] }
\ - ‘
} —_————————- Loop——————————— / [
| Phased ) | € Phase5 ) ( Phase6 ) |
\ Infer logical conclusions , | Verification and update Validation of results ‘
} from Phase3 of conclusions and reporting \
‘ % J 3 J % J }
‘ )

Figure63 - Elicitation Process

The research approach adopted to capture the expertise and develop conclusions is
outlined inFigure 63 The elicitation pocess is made of 6 phases:

U Phase 1: organisations of the UK Value Chain have been contacted and requested
to nominate an experienced and reliable source of expertise.

U Phase 2: the information elicitation process has been carried out through an
induction ofthe activity aim and using structured charts, moreover the audio of
the sessions has been recorded. (MQR2 hours, 14 people / DS22 hours, 6

people)

U Phase 3: once the information has been captured the results have been analysed
and reorganised.
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U Phased4: once the information has been reorganised it has been displayed on an
A3 chart with references which allowed the author to have an exhaustive
understanding of the overall inputs received.

U Phase 5: the draft has been sent to the experts for verificagod where
necessary experts made recommendations on how to improve it.

U Phase 6: the results have been validated and reported.

¢CKA& FLIINRBFOK KIFIa 06SSy FTR2LIISR G2 RS@St 2L
(Sol), the Conceptual Framework, the Mathatical Models.

Tablel4 ¢ Conceptual Framework validation

Significant, original anc X, X, X, X, X

novel

Well structured X, X, X, X X, X, X, X
Logic X, X, X, X XX, X, X
Fit for purpose X X, X, X X, X, X, X
Accurate/detailed enough X, X X, X X, X, X, X

U Is the System of Interest exhaustive? Does it include the most significant

elements?

i Tablel5- System of Interest validation

X, X, X, X, X
U Are the cost estimates accurate enough? (Mathematical Models)

i  Tablel6 ¢ Mathematical Model validation

X, X, X, X

Asfollowsa comment provided on the Additive Manufacturing Mathematical Models:
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our FDM machine for thouse research jobs so our process might be different to that of

a bureau): In the Geometric Properties section, we would usually consider the process
parameters (layer thickness, type of supports, type of fill) in parallel with defining the
build orientation and supports to get the best results. ytu process the procss
parameters are set after the build orientation and supports have been defined and there
is no feedback loop after setting the process parameters | would have included a
feedback loop from the «Compute Volume and Time» task back to the build orientation.
We often iterate the process parameters and build orientation if the volume or time are

G022 KAIKDE

This section outlines the validation activity of the AMS which includes the
mathematical models, the conceptual framework and the System of Interestqusglyi
described in each chapter. As follow the list of the experts involved in the validation

activity of the AMDSS.

Tablel7 - List of Experts

1 Technology Acquisition Lead 8 years Support Service provider
2 Busines Development 25 years Support Service provider
3 Director of Engineering 25 years Support Service provider
4 Head of Bids 22 years Support Service provider
5 Director of Support 40 years Support Service provider
6 Head of Capability 30 years Support 8rvice provider
7 Captain RN Lots The Royal Navy
8 Innovation Program Manager 14 The Royal Navy
9 Engineering Officer 17 The Royal Navy
10 Mechanical Engineer 1 az25Qa /2yl
11 Thermal Analysis Specialist 30 az25Qa /2yl
12  Systems Engineer 35 az25Qa /2yl
13 Future Concepts 9 az25Qa /2yl
14  Materials Engineer 16 az25Qa /2yl
1.La UGKS adal)xe OKIFAYy Y2RdzS SEKF dza i A @5
FOUAGBAUASEA Z2ZOO0dzNNAY I GgAUKAY | 5S¥SyOS
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Strongly Disagee Strongly

Disagree

RSt SEKIdzaliAOBSK 5283
GAGS al ydzFl OGdzZNAy 3 RS

Strongly Disagree

Disagree

3.La GKS {AYdzZ GA2Yy SEKIdzaGABSK 5
t SNF2NXYI YOS LYRAOIFIG2NA 2F | 5S¥FSyoO

Strongly Disagree Fair Strongly

Disagree Agree

368,11 | 1,2,4,7,10,12,13,14 5

As follow the list bsuggested improvements:

U Should include manpower, shortages, the Availability equation is a rather simple
as in military context it will include more considerations. Failure rates of AM
systems are missing as well as the qualification issues. P.S.tiharsabol has

great utility (Royal Navy Captain).

U Should include waiting time between system elements also scrap rate should be
considered, financial investment for setting up an AM defence support service

system is missing (Innovation Program Managit2 5 Q& / 2y 4 NI Ol 2 ND @

U Contracting time should be modelled as this may delay the support to CES which
are out of support. Maritime Intra Theatre lift (MITL) should be modelled. In
Theatre movements of material should be considered (Engineering Qfficer

Royal MNuvy).

U Cost of transportation for wire and powder should be considered in the next

generation solution. Material library should be extended to larger set.- Post
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processing should be modelled for AM (Thermal Analysis Spegiali& 5 Q a

Contractor).

Should inlude delay time for loading and unloading, maintenance of AM
machine should be modelled especially for forward locations (Future Concepts

az25Qa [/ 2yGNI OG2ND D

Differentiation between final part and temporary replacement should be taken

in consideration (Rmcipal Material Engineera 2 5 Qa [/ 2y G NI Ol 2 NL &

¢CKS [23Aa0A0 tftlFGF2NY Y2Rdz SQa YIFGKSYI
AYLNRPOSR gAGK GKS a25Qa AyLdzid® al GSNAI f
allow user to input the cost per kg of each materialtlais is featured with

variability (Technology Acquisition LeaBS2 provider).

Focus of the AMDSS should be on time saving and not cost saving Should
consider the time to repair the equipment as this might be critical in some

situations (Business Devploent Managerg DS2 provider).
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8.2 Validation through Case Studies

This section outlines 3 case studies carried out with the Additive Manufactqgring

Decision Support System (ADES) to assess the impact of Additive Manufacturing
applications in forwat deployments in a Defence Support Service system. Focus of the

OFrasS addzRASa Aa GKS al A3Kte aSOKFyAaSR 2SI |
installed on the Queen Elizabeth class aircraft carrier. The HMWHS provides mechanical
handling of munitionsgconnects magazine, hangar, preparation area and flight deck, it

is an unmanned vehicle controlled from 1 remote location which increases dramatically

the throughput of the carrier.

> AFTIAGAZNETECKS TR

P L1 3. i

| —— FuDmicuzne ceck s 1
| ——» FuDuscaznEDECKEEE )

 HMUHS o~

Figure64 - System Breakdown Structure (SBS)

It is made of 17 SuBystems and each S@8ystem is broken down further (up to 6 level)

and is made of 1500 components. Each component has a Procurement Delay Time (PDT)
of 2500 hours.

Component 1 STEEL 945 362.5 158 54,124,875.00 54,124.88 62 200000
Component 2 STEEL 408 315 250 32,130,000.00 32,130.00 86 100000
Component 3 STEEL 425 250 302 32,087,500.00 32,087.50 78 180000

Figure65- Product INPUTS
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Three components he been selected and their data are outlinedrigure 65 Product
INPUTSthese are also the first set ofputs to the AMDSSThe following set of inputs

is related with the Logistic Platforms and are outlinedNiPUTS givetine inability to
retrieve data from industry a web research has been carried out to retrieve

representative data on platforms such as truck, airplane, helicopter, cargo ship and
Royal Auxiliary Fleet (RAF).

Platform Investment £ 100,000.00 | £ 100,000,000.00 | £30,000,000.00 | £25,000,000.00 | £20,000,000.00
Platform Maintenance | £ 30,000.00 | £ 30,000,000.00 | £ 9,000,000.00 | £ 7,500,000.00 | £ 6,000,000.00
Operating Cost £ 10,000.00 | £ 10,000,000.00 | £ 3,000,000.00 | £ 2,500,000.00 | £ 2,000,000.00
Time of Utilization 15 years 30 years 30 years 40 years 40 years
Rate of Utilization 0.80% 0.90% 0.90% 0.90% 0.90%
Payload 25000 kg 10000 kg 15000 ke 5000000 kg 500000 ke
Platform Speed 80 km/h 900 km/h 300 km/h 20 km/h 33 km/h

For the mantenance of each logistic platform it has been assumed a 30% of the Platform

Figure66 - Logistic Platforms INPUTS

Investment and for the operating costs a 10% of the Platform Investment.

The third set of inputs is related withe distances between systems elements, and the

[ Logistic [ Distance |
Lol 300 km
Lo2.1 200 km
Lo2.2 500 km
Lo3.1 5.500 km
Lo3.2 13.000 km
Lo3.3 13.000 km
Lod.1 300 km
Lod.2 400 km
Lo5 500 km

Figure67 - Logistic Distances INPUTS

location is omitted and fictional.

WAAM Investment

£ 181,000.00

Utilization Time 8000 hrs/year
Utilization Rate 0.80%
Overheads 0.30%

Machining Investment

£ 100,000.00

Utilization Time 8000 hrs/year
Utilization Rate 0.80%
Overheads 0.30%
Software Investment £ 5,000.00

utilization Time 5000 hrs/year
Utilization Rate 0.80%

Figure68- WAAM INPUTS
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Last set of data input is related with the Wire + Arc Additive Manufacturing system and

data has been obtained from the AAMMat Experts.

8.2.1Case Study 1

Case Study 1 aims at comparing the current support service practices with the next

generation one based on AM deployed at an outbound port. Component 1 is used for

this case study.

Figure69 - Sysem Configurations

In Figure 6%he system configurations are visualised and these arSZ¢ and NG

SysCe.1 which involves the use of a cargo ship.

Figure70- Availability

The deployment of AM in the outbound port showsiarprovement in the Availability

of the system supported which increase from 98.20% to &%.1
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ﬁ?‘“{gﬁa’ 660.972 | Hrs Logstic Cost D315 | £/Kg m&’ﬁa’ 656.667 | His Logistic Cost 0314 | £/Kg
Figure71- Travel Time and Service Cost

The Logistic Delay Timeduced from 660.972 hours to 656.667 hours.

Finally, the product ca®f Component; 1 printed with WAAM Technology is of £75,732
and requires 382 hours of deposition and 155 hours for machining the wayinksh

leads to a Lead Time of 540 hours.

14521
24287 35
38717.43
7366.51
265.95
3523

90.29

T5205.44

Figure72 - ProductCost

The product cost is mainly made of the deposition cost which includes the rates of the

WAAM system and the operators involved in supervising the deposition.
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8.2.2Case Study 2

Case Study 2 aims at comparing the current support service practiceghgithext

generation one based on AM deployed in a large Royal Auxiliary Fleet (RAF). Component

2 is used for this case study.

Figure73- System Configurations

In Figure 73he system configurations are visualised and these &&¥3Ce2 and NG
SysCe8.1 which involves the use of a cargo ship in current practices and a Royal Auxiliary

Fleet in next generation one.

Figure74 - Availability

The deployment of AM in the RAF shows an improvement inatralability of the
system supported which increase from 8% to 9925 %. This is a considerable result

compare to case study.
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Logistic Delay ¢ g7 Hrs

Logistic Delay 7 it =7
Time (LDT) 660.572 | Hs Logistic Cost  0.215 £/Kg Time (LOT) Logistic Cost 0161 £/Kg

Figure75- Travel time & Service Cost

The Logistic Delay Time reduces from 660.97 hours tol@6rsgiven the deployment

In-Theatre.

Finally, the product cost of Componen? printed with WAAM Technology is of £32,639
and requires 227 hours of deposition and 20 hours for machining the waviness which
leads to a Lead Time of 247 hours.

Cost Breakdown Structure
Setup Cost 1451

Machining 249528
Depaosition Z2983.72

Material

" 472913
Deposition
Material 157
Substrate

Mon Productive 227026
Design Cost 5079

Total Cost 326394

Figure76 - Product Cost

The product cost is mainly made of the deposition castich includes the rates of the

WAAM system and the operators involved in supervising the deposition.
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8.2.3Case Study 3

Case Study 3 aimg aomparing the current support service practices with the next

generation one based on AM deployed in a Forward Base. Component 3 is used for this

case study.

Figure77 - System Configuration

In Figure 77the system configuratios are visualised and these are-8Ce2 and NG
SysCel.1 which involves the use of a cargo ship in current practices and the deployment

of AM in a Forward Base.

Figure78- Availability

The deployment of AM in a Forward Bas@ws an improvement in the Availability of

the system supported which increase from 9B®to 99.58%.

lgclosy 0o e lgmecom 035 4G o 1 Losecm 016 2

Figure79- Service Time & Service Cost

The Logistic Delay Time reducemnfir660.97 hours to 16hours.
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8.3 Case Studputput

Thi section aimed at carrying out three case studies using three components of the
Highly Mechanised Weapon Handling System (HMWHS).

Tablel8- Case Studies Summary

Case Study 1 Case Study, 2 Case Study 3
Availability | 98.20% | 99.16% | Availability | 96.47% | 99.25% | Availability | 98.01% | 99.58%.

LDT 660.97 | 656.67 LDT 660.97 | 6.67 LDT 660.97 | 1.67
SysCo SysCe& | SysCe SysCo SysCe& | SysCe SysCo SysCe& | SysCe
21 3.1 4.1

UpTime 200,000 | 200,000 | UpTime 100,000 | 100,000 | UpTime 180,000 | 180,000

DownTime | 3660 760 DownTime | 3660 755 DownTime | 3660 752

The aim of the case study is to simulate three scenarios of Additive Manufacturing
deployments in the fronend of a defence support service system to provide spare parts
to the HMWHS. Three simulations have been carried thé,first one simulated the
deployment of AM in an Outbound Port, the second one the deployment of AM within
a RAF, the last one simulated the deployment of Al Forward Base in Theatre. Below

the results have been summarised.

Availability - Comparison

u Current Practices 4 AM Practices

Figure80 - Availability Comparison
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Each simulation of deployed AM has been sided by the simulation of current practices.
This has been carried out to perform a comparative study. The results show how AM can
benefit defence support services through theduction of the Logistic Delay Time and

improvement of the availability of systems.

Providing AM capability to different locations of a DS2 system such as a forward base,
support vessel or defence platform to print or repair critit@lavailability compaoents
and print new components or structures to recover capability after being subject to

battle damages or accident provides the following benefits:

U5NFYFGAO NBRAzOGAZ2Y 27F ,wK reduced firstlytiiercddt 5 St | &
to deliver the supptd service and secondly improves the Operational Availability of

CES.

U The inventory level drops given the use of AM only when a component is required.
This aspect has both financial advantage and provides more free space to the

platform.

U Responsiveness toperations tempo, efficiency and resilience of both the DS2

system and platform improves dramatically providing strategic advantages.

UtfrFraF2NYVQa Fdzizy2yes fSOKFfAGES &dzNIOA DI oA

platforms also to perform better innestablished or disrupted supply chains.
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Thischapter will present the discussion dividing it in tagbsectionsone on Additive
Manufacturing technology and one on the applications of the technology icdh&ext

of Defence Support Servicdsollowing this, conclusions and future work are presented.

9.1 Additive Manufacturing

Wire based solutions are employed for larger components in which accuracy levels are
not the most important factorMartina, (2014 madea comparison of these two process
methodologies for titanium applications. Powder based results are from a Selective

[ FaSN) aStdAy3a YIOKAYS 6KAfS 2ANB . I &asSRr
al ydzFIF OGdzZNAy 3Ié YI OKAYySo

S S S s St G S S R S S S s ey
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_Potentially no fmit
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Figure81- Technologies comparison source: (Martina, 2015)

As itis outlined ifrigure 81he wire based solution has various advantages compared
to the powder based solution. Lower investment cost, significantly higher deposition
rates, lower costs of raw materials and no limits on build size make this solution
particularly promising and attractive to industry. Secondary advantages are related with
the elimination of preheating phases, no vacuum required and therefore lower elements
vapolsation. Powder based solutions provide the user with enhanced design freedom.
The accuracy level, up to 25 microns, gives the designer the possibility to access any kind
of geometry. Higher accuracy level implies lower deposition rates which in some

situations has a strong impact on lead times. This might represent a barrpovader
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basedtechnologies. Deposition rates are influenced by energy density, scanning speed
and layer thickness. Optimisation studies on these parameters are a focus study of
Acadenia and Research Institutes to make these technologies more suitable for
industrial applications. Moreover, from the literature it was possible to outline product
cost structure of the two different processes and results showed that in PBF
methodologies, lhe major contributor to cost is the rate of the machine due to high
investment cost and slow deposition rates. In the case of WAAM process, the major

contributor to the cost structure is material followed by the cost of welding.

To measure costs related ity AM depositions, various techniques have been
investigated. According tRuffo & Hague(2007) traditional cost modelling techniques
have various disadvantages such as the inability to providefinancial information
which are critical to decision meig. Moreover, theylack of accuracy providing high
uncertainties in the estimate. Generally Intuitive techniques are subjective and results
may vary dramatically based on experts interviewed. Furthermore, they are dependent
on design features which in thicase are not available. Analogical techniques are
considered not fit for purpose as they depend heavily on data and in this case, historical
data is not available as the system is still in design phase. To achieve higher accuracy,
wide range of informabn and a realistic and detail allocation of overheads, an analytical
0§SOKYAIldzS KFra 0SSy aStSOG4SRz a! OGA@ade
this is the main technique used for cost modelling of AM. The technique assigns
manufacturing ovdneads to activities in a more logical manner tackling the problems
related with high overhead distribution. In addition, ABC, does not require historical
data as the model can be developed based on process maps and interviews with experts.
As outlined themain benefits of ABC is the allocation of costs per where they are
incurred improving accuracy and relevance. This allows detailing the cause of cost
allowing the user to perform cost reduction analysis. To build the cost model, various
documents must be eveloped to gather all the necessary information and data
required. The most important document as reported4iyai,(2012) is the process plan
which outlines all the necessary manufacturing operations, the setup and unload

activities and the post processeThis document organises the previous elements in a
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sequence and outlines the incurring times and resource consumptions. Another
important document which needs to be developed is an IDEFO map, as this provides
details on inputs, output, controls and meamism providing a more exhaustive
approach to identify the sources of cost. To transform the data in cost, hourly rates of
operators, machines and software must be calculated. This can be done in different ways
moreover the allocation of overheads may vdmamatically based on organisation type

and must be adapted on a case by case basis.

Through the literature review on AM, it was possible to define what are the
opportunities provided by AM, these have beelassifiedbased on their nature and
resulted intechnical opportunities and operations opportunities. The classification has
been carried out in the context of Defence Support Services for the Royal Navy.

Tablel19- AM Opportunities

echnical Aspe: perations Aspec S|
Technical Aspec| Operations Aspect§OpA
Design for . .
2  multifunctionality Rapid Prototyping -~
= Fully dense ceramic ; " ;
3 Concurrent production - Enabler of Continuous | |Ability to produce highly
g Com{J:Cc;ﬁc;:aness of deposition of Enabler of Justin-Time | = ovement (Q) tailored products
é oy different materials Design for enhanced
A functionality
Elimination of sub- - .
ik ;s Selmbli e U Fully dzns?_ metal Delocalisation next to Ability to process léneabller of N?W q\ogjgt
S production ) . point of use random geometries velopment wi i
< Rapid production User
Design Freedom Fully dense_plasnc
production

AM (generic) technical benefits have beeutlined such as design freedom,
compactness of technology, physical supply chain complexity reduction, digital supply

chain, delocalisation, concurrent deposition of different materials, ability to process

metals, plastic, ceramics and electronics;design for enhanced functionality or

efficiency, elimination of sulassemblies, muHiunctionality, mass customisation. These

benefits are shared with different levels, amongst most of the available process
methodologies such as Laser Cladding (LC), WAre Additive Manufacturing (WAAM),
GCdzaSR 5SLI2aAiAz2y az2RStfAy3dE oC5a0x a{StSO

operation aspects have been outlined.
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possible due to the delocalisation of AM production next to the point of use and through

the involvement of the endiser:

U la Fa +Fy SYyFrotSNI2F &/ 2yiAydz2dza 5, YLINR GSY
while deployed carry out their daily activities (with standard tools, jigs,
equipment and kits) through which they mature a direct experience. During this
experience, they might develop/generate ideas to improve a process. If a
platform has manufacturig capability based on AM they can convert ideas into

functional products.

0 AM is an enabler of Design Freedom; it can print rapidly any kind of geometry
without the need to setup the machine or change tools: this aspect fits very well
if we considerthat A A& RSLI 28SR Ay | LIXFGF2N)Y (2
Oy IAYSSNAYy3I {e&&aisSvyaé¢ 6/9{0 YIRS 2F |y SE
all differ one from another in terms of geometry. A sole AM machine can

manufacture all the components when these will fail.

0 AM as an enabler of improved Product Development: like the first point, AM
allows to improve the Product Development. Emgkrs, through the utilisation
or direct experience develop/generate naturally ideas to improve their daily
routine. AM as an enablesf Cl is given by a combination of delocalisation of
manufacturing next to the point of use, involvement of easer (which detain
the direct experience) in the PD and rapid prototyping capability to test the

designs in the early stage.

U AM as an enable2 ¥ &VedAYUISE OWLCECOY /2y aARSNAyYy3 0
YIydzZFl OGdzNAYy 3 gAGKAY GKS LI FOGF2NXVI GKS 6
or dramatically reduced, moreover AM allows to achieve short CT of production.

This combination allows to establishT principles which allows you to reduce
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the stocks of finished goods and produce only the components that you require

and when you require them.

U AM as an enabler of mass customisation: AM allows you to produce highly
tailored products to your needs andigue features. This aspect is fundamental
when you require special tools to perform an operation, when you must produce
a prosthesis tailored to the human body unique features or to provide special

tools/small arms/body armours to tiet operators.

0 AM as an enabler of improved Defence Support Services: through the
delocalisation of AM within a platform, DS2 systems improve dramatically in

terms of efficiency and cost.

9.2 Additive Manufacturing in Defence Support Services

The context of support services for fleace platforms involves the selling of the
I @ AfFroAfAGE 2F 2yS 2NJ Y2NB aedadsSvyao ¢KS
ability to ensure high levels of availability over a long period (years). Traditionally this is
made through the accumulatioof components into warehouses within the platform.
With a support service system based on AM, stocks of components can be reduced
dramatically; this is due to the ability of the system to print the required component
only when it is necessary. AM is padiarly suitable for this application because it can
process randomly any geometry without the need for adapting the manufacturing
system to features of the component (no impact on setup activities). This aspect can
cope with the randomness of failure tes of systems within the platform. As the
components are printed wplatform, the lead time is reduced dramatically. Moreover,
material efficiency and low Bep-Fly ratios of AM, leads to the conclusion that AM has
a major advantage over subtractive mdacturing by providing better usage of
materials. This aspect outlines the suitability of the technology for applications in
Defence, Aerospace and Medical industry where advanced materials may reach high
costs. Finally, the last part of the review outkihthat the equation of availability might

be improved in two different ways. An internal way is the optimisation of the reliability
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of the component and the reduction of time to maintain. An external way is the
reduction of the deliventime, which is affeted by the procurement delaygnd the
supply of the part. As AM is an enabler of delocalised and rapid manufacturing it is
concluded that the technology can optimise availability of systems through tfielth

production of the component on demand.

The review allowed the author to note that current AM cost models do not address
consistently the challenges provided by the aleatory nature of support services. Defence
Support Services are characterised by a stochastic operating environment and featured
by uncertainty, variability andandomness, whiclmeeds to be modelled and added to

the final model of the system. Examples of these features are human variability, failures
of machines and quality failures, variance in cycle times, variance in the skills of

operators and finally fatigue effects on worker performariééZuheriet al.,2012).

Additive Manufacturing (generic) is a disruptive technology which benefits from design
freedom, short manufacturing lead times, low btoyfly (BTF) ratios, compléyifor free

and requires limited space for operating. AM can be used for both, printing new
components and repair broken ones (if combined with machining and 3D scanner). AM

has the potential to reduce or eliminate si@ssemblies, access to new geometiaesi

improve the performance of components. AM production aspects is Lean, it benefits
FNRY & LJz-ib-EA ¥YYR VM2ZNBAOSNI 0KS (SOKy2ft 238 Ol Yy
without any impact on setups. AM can be deployed for components, humanitarian aid,

tools, repairs, temporary replacement, prosthesis, embedded sensors, drones and

consumables.

As follow some findings on AM technologies:
0 Powder bed technologies are more applicable to small complex geometries given
their high accuracy levels.
U Blown powder ¢chnologies are highly suitable for repairs but also suitable for
medium to low complex geometries.
U Wire fed technologies are highly suitable for large functional components given

their high deposition rates.
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U Activity based costing seems to be the mostdigechnique to perform product
cost estimation of AM products.
U There is no evidence on research of complete AM production systems which

include also post processes.

To gain exhaustive understanding of AM based production systems, research institutes
and irdustry should design an AM based system complete with all the necessary post
processes and outline all the workers required and the activity involved in the whole
production system to have a final product. This will allow to perform an actual, reliable

cod estimation of additive manufacturing products.

This review helped also to outline what are the technical and operational opportunities
provided by AM if applied in a Defence Support Service context, making the technology
highly suitable for this sectore&tured and constrained by extended and disrupted

supply chains.

Moreover, AM is an enabler of design freedom which provides designer the possibility
to access new, more sophisticated and complex design forms. This opportunity has
resulted in the large @option of the combination of topology optimisation with AM.
Through the topology optimisation of designs, firms can provide components with
enhanced functionality such as lightweight, higher performance, reduced sub
assemblies and modularity. Another inmpant factor to be considered in cost modelling

for additive manufacturing is associated with additional design costs due to the need to
re-design the part to minimize the deposition of supports and deposition time and

topology optimisation.

Furthermore, he review on current AM cost models outlined that the most logical and
RSGIFIATSR FLILINRIOK G2 O2aidAy3a !'a LINRPRdzOG&a Aa
(ABC) with process mapping. Nevertheless, current models do not incorporate
exhaustively all theosts occurring in an ertb-end AM process, rathehese focuses

on the solely AM deposition. Moreover, the investigated AM models do not include

uncertainty and randomness which are considered rivers of costs in the real world (i.e.
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human variability,dilure rates).The initial results of the research are considered highly
promising. By implementing AM in the Freenid of a DS2, on the platforms, the DS2
performance is dramatically improved. Firstly, resdue adding processes (PDT, ADT)

are reduced oeliminated.

Sara Banfi Design

Figure82 - WAAM Systems

The MoD personnel will have access to the AM machine any time during the mission and
can print components continuously within the platform and waiting time will be due

only to the cycle timef the AM machine, post processes, qualification and assembly.

The concept of operation of the Hybrid AM system is outlindeigure¢ 82and consists

of four main phases: 1) Failed component is placed within the system. 3D Scanner
acquires geometric Bgtures 2) Software tool compares acquired geometry with original
geometry and performs damage analysis and automatically develops robot codes for
repair 3) Robots deposit a neaet shape volume of material; milling to remove the
excess material and achieva net shape geometry restoring the component. 4) 3D
Scanner performs a tolerance test to ensure quality. The fully Integrated, deployable,
Hykrid AM system outlined ifrigurec 82 is sided by a Human Machine Interface, CAD
File Database, 3D Scanner. Bystem allows the deployment in the frenénd of a
support service system to print critical to availability metal components, when required.
The Systems is intended primarily to repair broken components but can be employed to

print new one. The capabilityelivered is IfField rapid manufacturing for repairs. The
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system provides rapid response to supportability requirements of equipment and has a

major impact when the aim is to support defensive platforms deployed abroad.

By progressing from the Baekd to the Frontend of a DS2 system, the system is

featured with critical environments, extended supply chains and in some cases disrupted

ddzLJL @ OKlIAyad bSEG DSYySNIGA2Y 5{nHZ &dzOK |

(RAS2) will exploit delocalised mdacturing opportunities. The service provider and

0KS GaAyAaiaNE 2F 5STSy0S¢ oaz250 gAft 0SYSTA

U Increased support to the availability given a reduced response time.

U Reduced supply chain complexity given only supplies of raw materials such as

powderand wire.
U WSRdzOSR L FGF2N¥YQa Ay@Syiliz2NE f S@Staxs

U Reduced delivery time of the component as the RAS can be located near to the

point of use.

The main constraints are related to the qualification of the parts within a platform.

support to
Availability
Additive (Response time)
Manufacturing

Operating
Environment

Requirements Platform’s

Survivability

& - Defence Support Service

Critical
Environment
(Front-end)

Supply Chain

Complexity Component

Platform’s Delivery Time
Inventory Levels

Figure83- AM benefits in DS2
AM provides three main advantages which are suitable for the DS2 sector:

U Delocalisation, given the compactness of the technology compared with
traditional manufacturing.
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U Rapid manufacturing, given its abjlito deposit any complex geometry in
reasonable times.

U Flexible manufacturing, given its ability to process random geometries without
any impact on time and cost.

These three main advantages of AM have a strong fit within the DS2 type of environment
giventhe need for delocalisation within OpEnv with limited space. Moreover, as outlined
previously, a platform is featured with an extended number of systems with different
components. In fact, the failures may be due to wear or random failures, making it
unclear what the demand will look like. This requires a machine which can process
rapidly different geometries at a random order without affecting the overall setup time.

This paper contributes to the research efforts on Support Services for the defence sector
Ffaz2 OFffSR a5SFSYy0OS {dzllll2 NI {SNIBAOSa&é¢ 65
exhaustive way for carrying out the assessment and putting in context AM within
support services. The framework considers the ém@&nd process to exploit AM to
support s 1SYaQ | @FAftlroAftAGEDdD LG O2yaARSNA | ff
the different AM technologies, post processes and design conversion for AM making it

a comprehensive tool for carrying out analytical work and support decision. The results

of the research outlined promising benefits from AM applications within.DS2
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Sara Banfi Design

Figure84 - Concept of Operation

Firstly, the overall system is dramatically improved through the elimination ofvature
addingactivities, whicloccurbetween the Royal Navy, MoD and DS2 provider (ADT and
LDT). As the machine is delocalised within the platform and is available without limits,

the users can access it whenever a component is required.

The MaD is charged in a second phase, when the phatfwill return to port from its

mission. The second important improvement is the location of manufacturing near the

point of use, providing major advantages in terms of reduction of transportation.
Considering that in a navy context the major contributoidowntime is the MLDT, this

aspect represents the major contributor to improved availability. Given the current shift
FNRY &ALINB LI NI O2y UGNy OGa G2 a/ 2y iGN OGAYyS3
benefit from improved profitability through the agbtion of next generation DS2 based

on AM. The third aspect is related to the transformation of the warehouses from keeping
physical components to keeping digital 3D drawings stored as CAD files and STL files and

powder and/or wire stocks.
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9.3 Conclusionsand Future Work

This Phzontributes to the research efforts on Support Services for the defence sector

Ffaz2 OFftftSR a5STFSyO0S { dzLJLJ2 NI st owedge&fa ¢ 65 {
this PhD are represented by 1) the System of Interest (Sol) of ad@eSupport Service

(DS2) which outlines its elements, sequences, links and triggering events, 2) a
Conceptual Framework to assess the impact of Additive Manufacturing applications in

(DS2), 3) Mathematical Models to estimate the time and costs of AM pad Additive

Manufacturing - Decision Support System (ADNSS) software tool to perform

simulations of AM applications in DS2, get real estimates and compare next generation
practices with traditional support serviceshdresearch approach adopted is adep

FNRY a{2F0G {eaidSY aSitiKz2R2f238¢ 6{{a0v | yR LN
interviews with experts of DS2 in both academia and industry. Current practices, the
FTNFYSSE2N] yR GKS ySEG 3ISySNridAz2y 5{HnH KI @S
The framework proposed represents an exhaustive way for carrying out the assessment

and putting in context AM within support services. The framework considers the end

to-SYR LINPOS&a (2 SELX2A0 !'a (2 &dzJi2 NI

Qx
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different scenarios of the real world, the different AM technologies, post processes and
design conversion for AM making it a comprehensive tool for carrying out analytical
work and support decision. The results of the research outlined promising benefits from
AM applications within DS2. Firstly, the overall system is dramatically improved through
the elimination of noavalue adding activities which occur between the Royal Navy, MoD
and DS2 provider (ADT and LDT). As the machine is delocalised within theypkatfbr

is available without limits, the users can access it whenever a component is required.
The MaoD is charged in a second phase, when the platform will return to port from its
mission. The second important improvement is the location of manufacturingthea
point of use, providing major advantages in terms of reduction of transportation.
Considering that in a navy context the major contributor to downtime is the MLDT, this
aspect represents the major contributor to improved availability. Given the oustift
FNRY &LINB LINI O2yiNYrOGa G2 a/ 2y GNF OlAy3

benefit from improved profitability through the adoption of next generation DS2 based
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on AM. The third aspect is related to the transformation of the warehetisam keeping
physical components to keeping digital 3D drawings stored as CAD files and STL files and
powder and/or wire stocks.

The currentsoftware toolrepresents a good starting point for estimating the time and
cost of delivering an AM printed corapent nevertheless the model is featured with
some limitations. Firstly, the geometry complexity of the design has an impact on the
time of deposition due to increased movement of the deposition nozzle to deposit the
features. Moreover, the orientation dghe part has an impact on the time of deposition
due to the related support volume. Furthermore, an equation would be required to
estimate the time of deposition having as input the volume of material. Additionally,
build failures may occur resulting iosingtime and cost. This should be included
nevertheless there is a lack of data of failure rates. During a deposition, the wire might
deplete and an operator should replace it. Nevertheless, this is dependent on the part
volume and the level of the canest and a standard case is difficult to define. It is
reporter by users that higher degree of utilization of the build chamber have a positive
impact on the time of deposition as the deposition efficiency increases. Activities related
to the 3D Scanner shtiibe modelled as these might consume time. Moreover, the
processing time of the acquired data through the 3D Scanner might be higher than the
actual acquisition. Finally, the 3D Scanner might not be used in all cases therefore this

should be an option ithe model.
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Appendixq 1 First Modelling effort
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Figure85- Module - 1 WAAM Tehnology

Module 1 focuses on the Additive Manufacturing Technology. The DSS includes a library
2F al GKSYIFGAOIE NBLNBaSyidlidAzya 2F a2 ANB t
G{ St SOGAGS [FaSN) aStadAy3Ié¢ o6{[av |IyR &aCdzaSF
Module is employed for Cycle Time (CT) and Product Cost estimation to achieve a Net

Shape deposition (includes machining of waviness). In Fafigedz(i f Ay Sa (G KS & DNJI
P'ASNI LYGSNFI OSé 0 D! Thacorefo2thel Mbdule ia repreSedtiscybg £ 2 3 & @
the Mathematical Model which is embedded in the B&erld. The Mathematical Model

represents WAAM Technology with an extensive set of equations which have been
developed through a technology analysis which includes IDEFO, Data processing and
Process MappingThe Module is semiautomatic and requires the user to provide

product information as input such as material type, volume of deposition, thickness of
substrate. Moreover, two key variables have been included, these are the wire diameter

YR a2 ANBe¢CBBR{ PMISERS NI GSa 62E Ay GKS o024
dza SNJ (2 GFAf 2N GKS O2YLJzil A2y G2 GKS G&Lis
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as DepositiorRate, Deposition Time and Machining Time. Furthermore, the curves of

157



the variables WFS and Wire Diameter have been plotted to show how the cycle time

drops

e WAAM Process Map - x

Figure86 - Module - 2 Design and Set Up

Module¢ 2 outlined in Figur&7 has been included to model the etid-end process of
obtaining a net shape deposition. This allows the user to achieve a more comprehensive,
exhaustive and accurate estimate on the time and costs of AM. AM may require
extensive efforts in the Design, fagprocessing and setup stage. Hours of engineering
and software are consumed during these stages and have to be included within the
estimate. Has to be outlined that AM is usually employed to exploit Design Freedom and
access new geometries to obtain iresed functionality, efficiency and reduced
material usage. In order to redesign the components, firms employ extensive use of
Topology optimisation software and AM Design Software tools. The Module allows the
user to include early stages of capital invesent in software and select where these are
consumed, moreover rates of Engineers and technician are included. The user has to
INPUT the time in minutes for each activity and obtain as OUTPUT the Design Activity
Breakdown and Manufacturing Activity Breakda Finally, AM allows users to deposit
concurrently more products and is featured with some fixed costs. The combination of

these two aspects allows users to exploit economies of scale opportunities which are
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how the Product Cost estimates reduces with increase Batch Size.
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Figure87- Module - 3 System Configurations
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Module¢ 3 outlined in Figure SRE LINB A Sy G a (K G{ & aDeférice 2 F Ly
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Through his Module, outlined in Figure 8%Zhe user can simulate probabilistically

current and next generation practices, test available SysCos and gengrafeeant and

reliable results in terms of Time, Cost and Availability. The Module is designed for two

sources of randomness, external through the input of uniformly distributed inputs (min,

max) and internal through the implementation of a Monte Carlo yzkerandom

generator. The simulation assumes no stocks are held over the DS2 system and it is not
possible to observe the changes of states of the system elements with the progression

2F GAYS 6adGlraAaAdO Y2RStE 0P ¢ KNPz Kt bdiwedh G5{H ¢
current and nexigeneration practices. In current practices manufacturing occurs within

the backend of the system and the available SysCos are related to thedrahtogistics

(Nr 5 SysCos). In negéneration practices the user can selecttbthe location of the

AM unit which can be deployed till the support vessel and the related logistics options

(Nr 6 SysCos). Finally, the Module allows the user to test each available SysCos and
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comparetraditional and next generation DS2 systems outbnsolid estimates on Time,

Cost and Availability.

Figure88 - Module - 4 Results
Module 4 outlined in Figur88recap the results of the simulation.

== System Configurations « (SysCos) ) - e - x

Figure89- Module - 5 Interactive Map

Module 5 outined in Figureé9 allows users to drop pins in an Interactive Map.
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Appendixg 2 Mission Analysis

Mission Analysis aims to define exhaustively the high level environment in which the
w2ttt bl @e 2LISNIGSa YR @At odzBl @GLMANING B/ A

(AM). The activity is broken down into two distinct spaces:

U Problem Spaceavhich outlines qualitatively the various and at different level
OKIftSyasa FI OSR o6& GKS wz2eéelf bl ged 9EL

actual and current challengdaced by the Royal Navy.

U Opportunity Spacewhich exploits current and future opportunities arising
TNRY d! RRAGAGS al ydzfl OldzNAYy3é 6! avd 9EL
an elastic and creative approach and abandon constraints given by the current

limitations and maturity of AM.

Prior to the start of the activity, experts have suggested some suitable next generation
applications of AM in the Royal Navy such as: 1) printing mechanical components, 2)
printing structures and supports, 3) printing prosttes, 4) repairs, and 5) printing

unmanned vehicles. Moreover it has been clarified that the ainis2 RSFTFAYy S (G KS O

v

ofaturn] S @& & &vilich X\ may be the core technology but not limited to.

In order to obtain reliable results and differenerspectives, key experts of the UK

Defence Value Chain have been involved. The list of experts:

Position Experience

Organisation
Navy Command Headquarter
Commander Royal Navy 30

(NCHQ)
Babcock International ThroughLife Support Manager 30
Babcock Interational Operational Support Manager 33
Defence Equipment and Suppor N _

Technology Maritime Delivery 30

(DE&S)
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Defence R&D Firm Technical Lead 17

Babcock International Technology Acquisition Lead 10
Table20- List of Experts

The elicitation process haseén carried out in two forms. The first form involved a

workshop which lasted 5 hours in which participants went through an individual session

wherei KSe KIFIR (G2 aOGKAYy]l 2y UGUKSANI FSSi¢ IyR ¥z
brainstorming has been oaed out. The second form involved the emailing of structured

charts with a related guide where experts carried out the activity individually.

Information elicitation
and capture

Expert identification
and involvement

Analysis of captured
information

A
N
Y
' %
Infer logical conclusions _| Verification and update Validation of results
from Phase3 of conclusions and reporting
4 A Yy A ¥

\
I
I
|
|
I
|
I
|
I
1

)
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9
|
I
I
I
I
|
I
I
|
I
|

Figure90 - Research Approach

The research approach adopted in order to capture theestise and develop
conclusions is outlined in Figu®8- Research Approach. The research approach is made

of 6 phases:

U Phase 1: organisations of the UK Value Chain have been contacted and

requested to nominate an experienced and reliable source of eigaer

U Phase 2: the information elicitation process has been carried out through an
induction of the activity aim and through the use of structured charts,

moreover the audio of the sessions have been recorded.
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Phase 3: once the information has been captuithe results have been

analysed and reorganised.

Phase 4: once the information has been reorganised it has been displayed on
an A3 chart with references which allowed the author to have an exhaustive
understanding of the overall inputs received. Thisvaéd the author to draw

conclusions and report a first draft of the activity.

Phase 5: the draft has been sent to the experts for verification and where

necessary experts made recommendations on how to improve it.

Phase 6: the results have been validated agported.
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1. Problem Space Analysis

Large amount of spares hold Inefficient and costly strategy
through the whole support to cope with platforms Government pressure to
service system demand of spares reduce Royal Navy cost Budget cuts

Large amount of engineering

Engineering spares such as spares consumed during

mechanical components foutine maintenance Large number of platforms
require large stocks within the with complex engineering
platform systems to be supported

Inefficient and costly

obsolescence mitigation

strategies Obsolescence of components

Extended supply chain which may be
Engineering consumables also be disrupted in battle theatre of
such as seals and gaskets are due to environmental conditions
consumed largely during
routine maintenance

Aids to support ac_tivities may Royal Navy platforms are
lack such as special tools, required to react to different
covers random events occurring in

the external world

Peace time damages due
to accident: fire, floods,
collisions

Forecasting demand of

critical-to-availability HM Gov is acquiringa
component is challenging substantial number of new Support Services will become
and poor platforms more complex and challenging

Battle damages are

" Components required may be due
unpredictable and you

4 Forecasting demand of a to failure (random), or usage
cannot prepare for it Royal Navy platforms is which is triggered by unknown
challenging occurrence of threats
On-board damages of
Obsolescence of components due improper
components component handling

. " Low level of training may
Inventory reduction activity lead to compromise A0
may compromise A0

Problem Space

Royal Navy platforms are
employed for wide range of
missions and require to react

Humanitarian aid during
disaster relief missions

Platforms may be In war time it is rapidly
deployed rapidly impossible to s
without necessary forecast what the Based on mission type they

Navy has to be highly
responsive to
operation tempo

resources platform will requires require different inventories

Platforms mission
may change rapidly
after deployment

Unpredictable world
events (war, crisis)

Transporting tier 1 operators
for unconventional warfare

Complexity of supply
chain due to challenging
operating environment

Support services
become very challenging
in case of unestablished
supply chains (war time)

May employthe use of UGV,
UAV and USV

In emergency supports,
engineers are over sparred
given the extended supply
chain

High cost of current support
services

Large inventories hold over
the whole support service
system are highly costly

Complexity of weapon
systems

High level of training
required to support
the weapon systems

Supply chains are subject to
attacks which requires
patrolling

Large number of Long lead times of current

components Forecasting the "

demand of the support services

platforms

Supply chains may be Supply chains are disrupted in

Sm@ll data set disrupted by environmental battle theatres isolating the
available conditions platform
Lack of historical
data PhD Researcher

Complex modelling Defence Equipment & Support

and simulation with

high level results

Defence Support Service

Naval Command Head Quarter

Figure91¢ Inputs received
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2025 around 37 new platforms will be acquired and commissioned (MoD, 2015). The

pl- G F2NX¥Qa 2LISNF GA2Y YR adzLJl2 NI +FOGAGAGASaE
ownership and are carried out in a hybrid way by the RN technical department and by
G5STFSYyO0S {dzLJL2 NI {SNBAOSe¢ O65{H0 LINPOJARSNAE
operational sances: 1) deployed 2) operational but not deployed and 3)-non
operational. Each of the stances require different level of support activities some of

which are carried out continuously as routine maintenance and require a large amount

of consumables. The Ri\atforms interact with the external environment through a vast

ydzZYo SNJ 2F &/ 2YLX SE 9y3aAySSNay3a {eaidsSvyé 6/9
survivability and lethality. CES may be featured with advanced technologies and a vast
amount of componentsd&zOK a4 GKS Gl A3Kfe aSOKFIYyAaSR 2
(HMWHS) which is made of 17 ssywstems and 1.500 components. To support CES,

technicians need to be skilled and trained and require also special tools to operate.

Moreover the platforms are featured ith space scarcity which has to be partitioned
between: 1) criticato-availability components, 2) tools and consumables, 3)
humanitarian aid 4) other smaller platforms 5) small arms, 6) unmanned vehicles and
consumables for the crew whichisthe maingi G Ay 3 FIF OG2NJ 2F | LJX I 0
(Busachi et al., 2015). In order to keep platforms operational and its systems available
to operate when required to do so, the RN and DS2 providers need to establish support
service systems in order to provide thefibrms what they require wherever they are

in terms of location and operating environment (Busachi et al., 2016a). Support service
systems are complex, costly and inefficient systems which operate through different
challenging operating environments suab war theatres where hostile entities with
firing power are present. The supply chain of the support service system may need to
be patrolled during war in order to avoid disruption. Moreover, as the platforms are
operating in the sea these supply chaingyrbe disrupted also by adverse weather
conditions. Another case of supply chain disruption is the battle theatre where a
platform is actively engaging hostile entities, in this case the platform is isolated and

cannot be supported. Furthermore in the bigtttheatre, platforms may be subject to
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battle damage which may compromise capability and structural integrity and there is no

way to prepare for this (Busachi et al., 2016a).

RN platforms are required to be highly responsive to operation tempo, therdfme

platforms and the crew have to be highly resilient to fast changing operational
environments and missions. Based on mission type the platform has to tailor its
inventory level but in some cases this is not possible given the urgency of deployment

implying the platform to have partial or limited resources to accomplish its mission.
a2NB20SNI Ay OlFasS GKS LIXIFGF2NY KFa (2 2LISNY

system may be unestablished adding more challenge to the support.

Given the criticality oSupport activities to keep the platform operational, both the RN

and DS2 use modelling tools to forecast in advance what will be required, when and

where. Nevertheless modelling the demand of 74 platforms requires an immense effort

and highly complex modétg tools which may not be accurate enough. Also, accuracy

2F FT2NBOlFadSR LXFGF2N¥Qa RSYFYR Aa olaSR 2y
which is difficult to capture, store, classify and use. It has to be outlined also that systems

are contiruously upgraded or replaced in which case there is no data available.
Moreover, in case of war time the modelling effort becomes ineffective as the platforms

behaviour is uncertain and dependent on hostile initiatives.

Another important aspect is relatedith the long lifetime of the platforms, which may

0S NBIdZANBR (2 2LISNIYGS F2NJ pn &SFENAR® d&hNA
involved in the development and support of the platforms and their systems may go out

of business, abandon the production oktBystems or components due to new designs

or technological advancement. This leads to obsolescence cost which affect dramatically

0KS daAyAaiNR 2F 5STSyO0Sé¢ 06a253 HAamMpLO®

Moreover, the platforms are subject to accident such as fire, floods, collisions or

grounding which may compromise CES or structures. As for battle damage, there is no
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way to plan the required materials, components and structures necessary to recover

capability.

In order to cope with the above environmental challenges, the Royal Navyp&zd

providers have put in place all the necessary mitigation strategies which on one side are

the only possible solutions and on the other side are considered not responsive enough

and costly. For example components and spares are spread over the whglerisup
ASNIAOS a2aiGSY Ay 2NRSNJ G2 NBRdzOS GKS a[ 23A
impact on operational availability. Moreover forward bases and support vessels are
deployed and supply chains are established and maintained in order to impreve th

support to the platforms (Busachi et al., 2016a).

Supporting RN platforms and its CES is a critical and necessary activity featured with

dzy OSNIiF Aydésx O2YLX SEAGE YR FYoAAdAadGed ¢KS
by different random evets which makes challenging the support activity. Required

materials, tools, spares, critictd-availability components, structures and consumables

are highly dependent on unforeseen events which are difficult to predict or control.

Moreover it is impossie to store all the necessary materials within a sole platform due

to space constraints. Given the nature of DS2 systems, the following Additive

al ydzFIF OGdzZNAy3IQa 6211 a0 60SySTAGa asSSvya G2 TA
making it deployable, 2)igh deposition rates, 3) ability to process random geometries,

4) ability to print also large, fully dense metal components, 5) low product cost.

167



2. Opportunity Space Analysis
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Figure92 - Inputs received
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The inputs received by thCHQ, DE&S and Babcock International share similarities.

The key players of the UK Defence Value chain outlined the same vision on AM to be
exploited for delocalisation of manufacturing near the point of use or in different stages

2T UKS a5 S8 FTSONIGRSO JédzLALFR2{NIIV {a@aGSY adzOK | a L3N
bases. The vision of AM in DS2 are mainly: to print, next to point of use, ewatical

I @ AfFroAfAGE O2YLRYSyda Ay 2NRSNI G2 StAYAY!l
andimprove availabf A i& 2F &/ 2YLX SE 9y3IAYSSNAy3a {e&ai:
and structures when battle damages or accidents occur and recover capability, to print

low value consumables inside the platform in order to reduce some inventory (Busachi

et al., 2016a). er applications outlined are, to use AM in order to solve obsolescence

issues and also for repairing castings. The NCHQ sees immediate application of AM to
produce gaskets, pump impellers, wear rings, combustion ware, guards and blocks and

special toolsrequired during orboard repairs. AM (generic) technical benefits have

been outlined such as design freedom, compactness of technology, physical supply chain
complexity reduction, digital supply chain, delocalisation, concurrent deposition of

different materials, ability to process metals, plastic, ceramics and electroniciegign

for enhanced functionality or efficiency, elimination of saksemblies, muki

functionality, mass customisation. These benefits are shared with different levels,

amongst mosbf the available process methodologies such as Laser Cladding (LC), Wire

b I NO ! RRAUGADGS al ydzZF OldzNAy3 62! ! avi GCdzaSR
[ FASN) aStiaAy3de o{[avd ! OO2NRAY3I (2 . dzal OK})
methodologies areK S Y2 aid LINRYAAAYy3A Ay GKS FdzidzaNE T2
Nevertheless, even if AM processes such SLM, FDM and LC have been already
commercialised these are still immature and will improve dramatically in the future.

Moreover these are too problematt, not efficient, costly, not tailored to the RN needs.

More specifically SLM is not suitable for short to medium deployments within containers

or within a platform due to its sensitivity and lack of robustness to cope with critical
environments (requirestable temperature, humidity and no vibration), very long cycle

times given by slow deposition rates and inability to cope effectively with design

complexity. SLM machines need to be calibrated every time they are subject to
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movements, moreover calibratiotakes up to 3 daysFurthermore the powder bed
nature of SLM makes its ineffective in vibrating and oscillating environments. WAAM
LINE OS&aasx S@OSy AF aGAtft y20G YIFGdz2NBR GAff
2 St RAY3IE 6Da! 20 ARAE oO®dyDDHEG Sya SliyF § NIL yI5 NI
and industrial robots for controlling the deposition. WAAM has an extended number of
benefits outlined irFigure92 - Inputs received. The 3 most important benefits of WAAM

are 1) reliability, maturity and pr@n repeatability of its subechnologies, 2) very high
deposition rates with related low CT and 3) stability of arc + wire solution during
vibrations and oscillations of platform. Nevertheless WAAM is still under development

in Cranfield University and caat be considered user friendly as it needs strong know

how and expertise in order to be operated.

Furthermore, AM (generic) operation aspects have been outlined. These AM operations

FaLSOd IINB o6FaSR 2y dal ydzZfFl OGdzNAyAy g aasSy
5

LINAYOALX Sa IyR a[ Sty tNRBRdzOG FyR t NROSaa

delocalisation of AM production next to the point of use and through the involvement

of the enduser:

U la Fa +Fy SyFroftSNI2F &/ 2y Ay dz2ogedatols,Y LINE @S Y

while deployed carry out their daily activities (with standard tools, jigs,

equipment and kits) through which they mature a direct experience. During this
experience they might develop/generate ideas in order to improve a process. If
a platformhas manufacturing capability based on AM they can convert ideas into

functional products.

U AM is an enabler of Design Freedom, it is able to print rapidly any kind of

geometry without the need to setup the machine or change tools: this aspect fits

verywellA T 6S O2yaARSNJI GKIFIG !''a Aa RSLX 2&SR

4/ 2YLX SE 9y3IAYSSNAy3I {eadsSvya¢ o6/9{0
components which all differ one from another in terms of geometry. A sole AM

machine is able to manufacture all of thensponents when these will fail.
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U AM as an enabler of improved Product Development: similar to the first point,
AM allows to improve the Product Development. Hms#rs, through the
utilisation or direct experience develop/generate naturally ideas to improve
their daily routine. AM as an enabler of CI is given by a combination of
delocalisation of manufacturing next to the point of use, involvement of-end
user (which detain the direct experience) in the PD and rapid prototyping

capability to test the designa the early stage.

U tlta a +ty SylingfAyé2PDWHEWANG / 2YAARSNRAY 3
YIydzZF I OGdzNAYy 3 gAOGKAY GKS LI FOGF2NXVI GKS
or dramatically reduced, moreover AM allows to achieve short CT of production.

This combination allows to establish JIT principles which allows you to reduce
the stocks of finished goods and produce only the components that you require

and when you require them.

U AM as an enabler of mass customisation: AM allows you to produce highly
tailored products to your needs and unique features. This aspect is fundamental
when you require special tools to perform an operation, when you have to
produce a prosthesis tailored to the human body unique features or to provide

special tools/small armbody armours to tierl operators.

U AM as an enabler of improved Defence Support Services: through the
delocalisation of AM within a platform, DS2 systems improve dramatically in

terms of efficiency and cost.

3. Logical Inferences

This section aims to derivpreliminary logical conclusions on the Mission Analysis
activity. These preliminary conclusions outline suitable and promising applications of
AM in the context of the Royal Navy. In order to do this a multidisciplinary approach has
been adopted as outlirein Figured3 - Multidisciplinary Chart which groups together

four distinct, but interconnected areas: 1) AM technical aspects, 2) AM operations
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aspects, 3) Royal Navy operations type, 4) Royal Navy challenges and in the centre 4)

Most promising applicabin.
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Based on this approach, the followg promising AM application has been identified:

‘ Design for ‘ ‘R
L multifunctionality ) L
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apid Prototyping ‘ production
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Enabler of Continuous
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L technology ) l 4
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Additive Manufacturing

‘ Design Freedom ‘
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Figure94 - Support to Complex Engineering Systems
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providing AM capability to a defence platform, qgot vessel or forward base to print

or repair failed criticato-availability components of CES and print new components or

structures to recover capability after being subject to shocks. Through the delocalisation

of manufacturing to the fronend of a $ T Sy OS & dzLJLI2 NI aSNIAOS aeé
5St I CAYSE O6[5¢0 A& RNIYFGAOFTf NBERdzOSR 2

the use of AM only when the components are required, availability of CES increases, the

w

e

w

e

responsiveness of the DS2 improwkamatically and costs related to keeping the CES
available and ready to operate drop dramatically. Moreover inventory on the platform
can be reduced as AM is able to process random geometries in reasonable cycle times.
Furthermore, this capability will lalw the platform to recover from damages due to

battles and accident.
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Military/ Operational Benefit to RN

Increases the resilience of the
platform, the systems and operators

Deployed AM on board Increase
survivability and lethality of platform

Deployed AM System for printing or
repair critical-to-availability component
of Complex Engineering Systems and
recover capability after being subject to
battle damage or accident

Deployed AM on board improves
ability to recover lost capabilities after
being subject to shocks

Deployed AM on board provides the
platform critical support when it
operates in a battle theatre featured
with disrupted SC

Deployed AM on board will improve
platform's responsiveness to
operation tempo

Deployed AM on board improves
autonomy of the platform

Figure95s - Military Operational benefit to RN

As outlined in Figur85 - Military Operational benefit to RN this type of application has
Ffa2 a2YS2NMIYAZ WEMINERE2Yy ¢ T RGIyi(Gdl3Saod !
required to be highly responsive, multipurpose (can be employed for different missions),
able to deliver lethality and survive in hostile environments and be autonomous for long
periods (month¥. If AM is deployed within the defence platform the above military or
operational aspectscan be improved dramaticallfhrough this approach it was

possible to outline other promising application of AM for the Royal Navy:

0 Deployed AM system to support sdister relief missions, such as printing
structures, prosthesis, medical disposable products tailored to the unique
geometries of the human body. Also to print simplagtic components used for
medical applications such as plastic pipes and valves and general fittings which

may be required in the environment affected by disaster.

U Deployed AM system to support Tigéroperators employed in unconventional
warfare. The ainof the system is to make tailor made kits, weapon systems and
02Re& I N¥Y2dz2NR o6l aSR 2y GKS 2LISNF G2NRa

U Deployed AM system to print new unmanned vehicles for ground, sea and air

application and also be able to repair thehdamaged in the battlefield.
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Appendix- 3

Ship Damage
Control/Repair

Peacetime accidents for example fire and floods caused

equipment/system failure, collision or grounding result in damage to 3
systems and struares. Temporary measures will save the ship and e
return it to the fight. Longer term repair invariably requires access
shore side ship repair facilities.

Engineering
Consumables

A vast range of seals and gaskets are consumndsbardships duriig the
course of routine maintenance and repaurrently these are stockexh-
board, held in the supply chain or demanded from the supplier to mg
consumption. Predicting demand is difficult and tasks can be held up
the want of a simple component.

A vast range of mechanical spares are consuameldoardships during the

Engineering course of routine maintenance and repair. Currently these are stogked

Spareg; Single | board, held in the supply chain or demanded from the supplier to mg

Material consumption. Predicting demand is difficult and tasks can be held up
the want of a simple component.

Aids to

Operation and
Maintenance

During the course of maintenance and repairboardthere are occasiond
when protective covers, blanks and sdc¢ools are required.

Obsolescence

Ships built today could expect to be in service for 50 years and it is un
that many of the original OEMs would still be in busing@bsolescence
has been tackled in a number of ways; replacement of the equiprier
new when it becomes too expensive to support, lifetime buys of sparg
re-manufacture.

Table21- NCHQ Inputs

Cost, latency
and
vulnerability of

supplies

To order, produce/procure, supply and deliver a particuspare to a
deployed ship can be time consuming and incur large costs arising
for example; transportation / protective packaging / certification
customs legislation and logistics. Extant supply chains are also vulne
to attack and /or externadlisruption from a number of active and passi
sources.Conversely, to carry large inventories of spares at forward by
or at sea, is comparably expensive and can be impractical.

Table22 - DE&S Input
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Government pressure
and budget cts

Government is increasing the pressure on MoD in order
improve its operations and lower its costs. HM Gov has incre:
the employment of strategic and technical consulting firms in |
past years in order to develop performance improveme
projects.MoD in strongly involved with McKinsey, Deloitte, PV
Atkins, Jacobs in order to reduce its costs.

Increase of Nr of
Platforms of the Royal

Navy

The MoD will increase its number of defensive platforms of
Royal Navy. Currently it holds 74 platforarsd will acquire other
37 by 2025. With the increase of Nr of platforms the supp
service becomes more complex and costs will incre
consistently. It will require to expand its current team, operatid
and facilities.

Forecasting the

demand of spares

It is very difficult to forecast the demand of the spares requil
by a platform. This is mainly given by the extended numbe
components operating on the platforms and the unpredictabil
of random failures and inability to forecast the utilisationtioé
complex systems. Current strategy is to stock criical
availability components within the platform but unfortunatel
defence platforms are featured with space scarcity. Moreo
components subject to failures and wear are purchased
advance and stred in warehouses in order to eliminate th
procurement lead time.

Royal Navy platform may operate everywhere in the World i
can be featured by extended and disrupted supply chains.
battle theatre the platformis isolated and has to rely on intern;
resources in order to support its complex systems. MoreQ
extended supply chains results in high cost for delivery and |
lead times.

Extended and
disrupted supply
chains

Obsolescence ol
components

Defence platforms are affected by obsolescencgsdt is widely
reported that various component become obsolete before t
platform gets commissioned. The main strategy of MoD

mitigating this risk is to acquire and stock large inventory
components in warehouses. This result in high costs. Mken

MoD runs out of spares has to look for manufacturers which
willing to run production of few batches resulting in high cost
product.

Table23- PhD Researcher Input

176



Reconciliation andeduction
of inventory

Damage to stored items on
board platforms

Increasing number of diverse
operational stances

Small data set from which to
make modelling decisions

Obsolescene, strategic buys
and price breaks

Emergent requirements

There is a strong drive to reconcile and where poss
reduce stock holdings, this causes an issue as modelling
look at historical usage but if deviation from the historica
not factored in then surge presents a significargkrto

operational availability. Surge is often the result

unanticipated or uncommunicated change to operatior
tempo driven by difficult to predict world events.

Storage on platforms is limited, without a fafent
understanding of the fragility and special handling need:
items being stored some items may be being damage
depot, transit and platform levels.

Platforms broadly could be viewed as havingreth
operational stances (deployed, operational but ni
deployed and nofoperational (refit, deep maintenance
SiO0d0Vd ¢2RI&Qa wb y2g |upj
and training ship stances. These newer additions are ag
not fully understood and as sh the impact on sparing ye
to be determined.

In many cases there are a relatively small number
equipment comprising the total population so invento
levels driven by anticipated corrective maintnce can
take a significant timeframe to achieve credibility. Wh
the equipment is complex it may be the case that dive
failures mean that many items never justify fleet wi
provision but still carry high risk to operational availabilit

Defence equipment (even COTs derived) will su
obsolescence and to overcome this a common approag
strategic buys. The number of items purchased can
strategic based on usage and availability but @
sometimes he price breaks offered by the supplier can a
drive alternative inventory levels.

When arranging engineers to support a deployed platfo
careful consideration with respect to the required spar
must be taken. This often leadsawer sparing to ere on the
side of caution. These additional spares either n¢
returning back to the UK or are left on the platform, becor
G02YS Ay KIFIyR& &LJI NBa¢ Iy
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