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Abstract 

In recent decades, industrial development has led to significant social, economic, and 

environmental impacts, including the intensive consumption of natural resources and energy, and 

their associated greenhouse gas (GHG) emissions, particularly in the manufacturing sector. 

Additionally, increased rates of products turnover have increased trash generation rates 

correspondingly, necessitating a rethinking of the idea of waste and, more broadly, of the end of a 

product’s life. To solve these issues, it is vital to evaluate the product’s entire life cycle instead of 

exclusively considering the unit-process level, and to prolong product life via value restoration, 

thereby closing the loop in accordance with the Circular Economy principles. 

The ‘6Rs’ sustainability framework, including Recover, Reduce, Reuse, Remanufacture, Recycle, 

and Redesign, contributes to improve a product’s sustainability. Additive manufacturing (AM), owing 

to its dual ‘digital’ and ‘additive’ nature, is critical within this '6Rs' sustainability paradigm. AM is a 

broad term that refers to several advanced manufacturing methods that enable the production of a 

variety of free-form components, by selectively depositing material in layers. It enables the production 

of high-value end-use parts as well as the extension of a product's useful life and durability via 

(i) component’s repair and (ii) fabrication of spare parts, which may be customized or made on-

demand, even in a decentralized manufacturing context. Among the various AM techniques, this 

thesis focuses on those processes relying on the deposition of molten metal wire by means of a heat 

source (such as a laser, an arc, or an electron beam), which enable the rapid production of 

components with a low-to-medium level of geometrical complexity and medium-to-large dimensions. 

The present study is aimed at evaluating Metal Wire Deposition (MWD) processes through 

economic, environmental, and technological perspectives. Initially, the unit-process efficiency was 

assessed by varying process parameters and considering both laser- and arc-based heat sources. 

Thereafter, the assessment broadened towards ‘cradle-to-gate’ boundaries. Therefore, material 

production modelling was added from both primary and secondary feedstocks, as well as the post-

process machining operations, since the poor obtainable surface finishing makes this step necessary 

for MWD processes. Integrated additive-subtractive and pure subtractive manufacturing approaches 

were compared while involving components produced with diverse materials. To compare the two 

approaches, high-resolution maps relying on inputs from a multi-criterion analysis was defined to 

select the optimum manufacturing approach based on metrics as CO2 emissions, energy 

consumption, costs, and productivity. The primary goal was to provide predictive tools and models 
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involving metrics concerning emissions, energy, productivity, and costs, in order to identify the most 

preferable manufacturing approach as a function of the component to produce. 

Afterwards, the research broadened outside of the ‘production plant’s gate’ by assessing two 

scenarios at the end of a product’s life, namely Remanufacturing through Repair (via a hybrid 

processing system including MWD coupled with machining), and Recycling, then discussing the 

benefits associated with each. 

Results showed that achieving reductions in material waste and buy-to-fly ratios can render MWD 

processes quite attractive in terms of minimizing environmental impact. Furthermore, resource and 

energy consumption, along with its associated CO2 emissions, also stand to be substantially reduced. 

The productivity, in terms of manufacturing time, and the costs, are contrarily strongly dependent on 

a given part’s size and geometry. Lastly, application of additive manufacturing for extending products’ 

life via Repair could drive the implementation of Circular Economy principles. In terms of a case 

study, reductions potentials for both CO2 emissions and energy consumption were quantified, 

particularly when compared with a scenario whereby a damaged component is interchanged with a 

brand new one machined from a workpiece. After evaluating of a multiple-repair scenario, accounting 

for shorter lifespans of the repaired component, the afore-mentioned potentials for benefits proved to 

be strongly amplified. 
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Chapter 1 

Introduction 

The extensive exploitation of natural resources due to the industrial progress has had enormous 
environmental, economic, and social effects in recent decades. Manufacturing contributes to negative 
environmental consequences via material waste, resource and energy consumption, and CO2 and 
other greenhouse gas (GHG) emissions associated with climate change. Manufacturing and 
construction are well-known for emitting a significant amount of GHGs (24% in 2016, according to 
IEA data published in 2018 [1]), either directly via the use of fossil fuels or indirectly through the use 
of energy and materials during support activities [2]. As a result, several research studies have 
concentrated their focus on optimizing energy and resource efficiency at all levels of the production 
process, from the unit process to the whole manufacturing organization. Additionally, because the 
increasing rate of waste production, combined with upstream material consumption, has resulted in 
the current concern about product turnover, an overall solution could be a rethinking of the End-of-
Life (EoL) concept and waste, that is, extending the life of products by reclaiming their value [3]. After 
the use phase, several technical solutions may be used to delay the disposal of so-called 'EoL 
products' and therefore prolong their life, enabling them to re-enter a lifecycle and successfully closing 
the loop [4]. Industrial systems that are restorative and regenerative by nature and design adhere to 
the Circular Economy principles [5], overcoming the limitations of the “take-make-dispose” principle's 
linear approach, which has resulted in an unsatisfactory and unsustainable situation of upcoming 
material depletion [5]. 

Therefore, in this thesis, after presenting some information on Additive Manufacturing processes 
and their role in Sustainable Development (Section 1), the attention will be focused on the benefits 
deriving from the use of metal wire deposition-based AM processes. The process unit was first 
investigated (Section 2). Subsequently, the boundaries of the analysis were extended, from the cradle 
to the gate of the production plant, to consider all the involved phases of the life cycle (Section 3). In 
the same section, to better understand the role of these processes and the advantages, a comparison 
with traditional processes have been carried out. Finally, the benefits deriving from the 
implementation of two possible End of Life scenarios were quantified: within the 6Rs framework of 
sustainability, Remanufacturing (through Repair) and Recycle were considered (Section 4). Within 
each section forecasting experimental tests on samples and / or case studies, the discussion and the 
relative conclusions are reported. Section 5 provides the results and the highlights of the entire study. 
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1.1 Additive manufacturing and Sustainable Development 

Additive Manufacturing (AM) is an advanced manufacturing technology that allows companies re-
thinking how to produce items [6]. Different research efforts in the industrial and academic contexts 
have recently started to be dedicated in a structured way to understand the (expected or unexpected) 
consequences deriving from the adoption of AM, as well as its impact on Sustainable Development 
[7–10]. AM’s environmental impact is still a matter of discussion [11], due to the many factors that 
influence the quantitative evaluations. These are mainly focused on machine-level energy efficiency, 
and sometimes emphasize higher specific energy consumption values for AM if compared to 
conventional manufacturing routes [12]. However, it is along the entire life cycle that the AM’s benefits 
efficiency should also be valued, in terms of energy, material, and cost efficiency [6, 13]. Ford and 
Despeisse [15] recognized four main areas in which implementing AM could lead to a higher resource 
efficiency: 

1. designing both product and process; 
2. processing the input material; 
3. make-to-order manufacturing; 
4. closing the loops re-entering the life cycles. 

The unique characteristics of Additive Manufacturing processes are due to its ‘additive’ and 

‘digital’ nature. Remarkable transformations in manufacturing systems [6] and in the whole production 

paradigm [14] are brought by these peculiarities. In fact, in its products creation by depositing material 

in an additive way, AM mimics biological processes [15], whereas conventional manufacturing 

processes deform by conserving and remove material from an initial block. Additive material 

deposition allows complex designs to be embodied at different levels: 

1. micro-scale, through the creation of ‘functionally graded materials’ and via in-situ alloying [17, 
18]; 

2. meso-scale, allowing to realize foams and/or regular lattice structures [17]; 
3. macro-scale, fabricating geometric features not otherwise achievable by means of 

conventional manufacturing processes.  

Such capability, also known as ‘complexity-for-free’ [16], enables nature-inspired ad/or load-

adapted (re)designed components to be made lighter and, broadly, optimized [17], also when 

combined with other conventional processes [21]. This leads to exceptional resource efficiency and 

lowered waste generation, resulting not only in a reduction of energy consumption during the use 

phase [13], but also in the manufacturing one, through a reduction in material yields. This reduction 

translates into a lower impact of the energy demand related to material in all the life cycle’s phases.  

The additive nature of Additive Manufacturing processes also allows the part consolidation 

towards simpler and more efficient assemblies [22, 23]. Furthermore, the employment of a single 

material in the production of all the sub-parts of an assembly leads to the possibility of: 

1. dematerialization; 
2. reduction in the inventory and optimization of storage sites; 
3. simplification of lines of assembling [22]; 
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4. modifications of the supply chains [19].  

In fact, AM techniques do not necessitate specialized tools, moulds or fixtures [10, 20]. Moreover, 

its digital nature establishes the possibility of creating (new or spare) parts on demand [16]. 

Decentralized manufacturing is going to gradually substitute centralized mass production, reducing 

over-production and transportation [11, 22], as a consequence of the evolution from AM to Direct 

Digital Manufacturing (DDM), relying on an interconnection among AM equipment, computers, and 

software, by means of a network [15]. In this manufacturing paradigm, new interactions take place 

among all the stakeholders, while the consumers become prosumers [16], since they have the 

possibility to customize products by participating in the definition of the product requirements in an 

active way. The end-users can optimize time consumption, since they can easily intervene in the 

digital design CAD models [16]. Such interactions allow business models which are newer and more 

service-based, as also aligned to sustainability interests [13]. These interactions also simplify the 

decoupling of the environmental impacts which are attributable to both consumption and 

manufacturing, from the produced social and economic value [28]. Such process transforms the 

residues, the wastes and the obsolete products into valuable assets, within a Circular Value 

EcoSystem (CVES) [13, 23]. 
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1.2 6Rs framework of Sustainability 

The value of a product can vary over time, increasing or decreasing. When this value is no more 

attributed to a product, its End-of-life occurs. There are several reasons why a product's End-of-life 

is sanctioned. The life of a component can be considered “over” in the following scenarios [4, 29]: 

1. functional obsolescence occurs, i.e. when the product has stopped working or undergoes 
breakage, if excluding planned obsolescence to generate new sales demand (end of physical 

life); 
2. advances in technology have made the product inadequately obsolete, and/or new products 

with different or additional features appear in the market (end of technical life); 
3. advances in design and technology offer the same functionality at significantly lower 

operating costs (end of economic life); 
4. new directives, standards, legislation or restrictions make illegal the use of the product (end 

of legal life); 
5. the need to use a certain product linked to its functionality stops to exist (end of functional 

life); 
6. fashion obsolescence arises, occurring when there is a change in taste, fashion or aesthetic 

preferences, which make the product unattractive anymore (end of desirability of life) [4, 24]. 

A relatively recently observed phenomenon is the rapid turnover of products. Moreover, at the 

end of its life, a product is rejected as waste. Therefore, whether on the one hand the consumption 

of materials globally occurs at an ever-increasing rate, on the other hand also waste is generated 

with a comparable trend. The capacity of channel to process products at the end of their first life cycle 

should match the rejection rate, in order to be effective. Hence, an intuitive key solution to reduce 

resource consumption can be extending the life of the products [24], by returning them value, in a 

closed-loop-framed production context. In fact, the negative impacts of manufacturing are delineated 

by the loss of resources and the scarcity of non-renewable resources, together with the large quantity 

of the so-called ‘End-of-Life products. In addition, their accounting represents a limit for a linear 

approach. An expansion of that traditional approach is needed, and it can be reached by adopting 

the emerging concept of Circular Economy, which seems to be more appropriate to guarantee the 

environmental sustainability. Indeed, the CE approach aims to reduce waste streams and emissions, 

making an important contribution in solving difficult sustainability problems. In recent years, also 

through government’s pressure, attention has begun to shift to the need of extending the life cycle of 

products. Although recycling has played (and still plays) a fundamental role, attention will be paid to 

the need for restoration or replacement of defective products. 

To better understand how this approach can respond to the expectations related to the above-

mentioned concerns of manufacturing, it is necessary to outline the meaning and role that the 6Rs of 

sustainability play within a closed-loop approach. 
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1.2.1 Introduction to 6Rs framework 

 

 

Figure 1. Spatial visualization of the proposed 6Rs framework proposed framework adapted from [6]. 

 

Figure 1 shows the 6Rs’ principles, that can be implemented after the use phase of a product, 

and which can close the loop at different stages of the life cycle, extending the life and preserving the 

value of the product (or of the material that constitutes it). The presented map has been adapted from 

Jawhair et al. [6], who incorporated the 6Rs-related closed-loop options to a product’s life cycle to 

show a ‘near-perpetual’ material flow leading an optimal use of both resources and energy minimizing 

wastes and emissions. 

In the literature there are different definitions that represent some facets of such concepts, and 

which together give a more complete and comprehensive view. Therefore, this map intends to provide 

a more comprehensive reinterpretation of the framework of the 6Rs of sustainability with the aim of 

being able to uniquely identify those decision-making seams in which it is possible to intervene in 

order to restore value to a product that would otherwise be considered “waste”.  
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1.2.2 Reuse, Reduce, Recycle; Recover, Redesign, Re-processing 

The principles Reuse, Reduce, Recycle, already present in the Green Manufacturing perspective, 

together with the additional Recover, Redesign, Remanufacture, will be presented in the present 

section by following the map depicted in Figure 1. Recover belongs to the three new Rs of the six 

forecasted by the Sustainable Manufacturing viewpoint. Jawahir et al. [6] defines it as ‘the first 

necessary step in the post-use stage, from which the other Rs originate’. It consists in collecting 

products at the end of use phase, disassembling them, sorting the parts or the sub-parts and cleaning 

them for subsequent lifecycles [29, 15]. With the label 'Recover' is collected the formalization of all 

those actions that together constitute the decision-making process regarding the future of a 

component after its first life. It is a checkpoint to be always accomplished if the access to a re-

generation is desired for a product, instead of definitively reaching the condition of waste, thus being 

destined to landfills or to controlled combustion for heat recovery. Among these, the former is the 

most undesirable solution for many reasons. Despite preventing from the possibility of retrieving the 

energy embedded in the discarded material (as happens instead through heat recovery with 

combustion) landfill sites are getting full [29]. They invalidate land use for agriculture, leisure and 

housing, also increasing the pollution of air, water and land [3]. 

After passing the recovery decision-pole, the material can take three paths: Reuse, 

Remanufacturing, or Recycle. In the first case the material of a product can be used again in its actual 

configuration, in order to reduce the use of raw materials to produce newer products and components 

[3, 15], as well as to reduce the energy and resource consumption, together with the emissions and 

wastes owing to the manufacturing phase. The product is redistributed to a consumer sector which 

accept it in its used condition, for a different use or for its original one [24]. In Figure 1, Reuse closes 

the loop re-entering into a new use phase. Instead, the loop can be closed at the life-cycle’s 

manufacturing stage, by means of Remanufacturing 

The definition of this option deserves a degression. In the literature this R is often presented as 

‘Remanufacture’. On the other hand, King et al. [4] while discussing about possible ways to reduce 

wastes, presents three options besides recycling, namely Repair, Recondition and Remanufacture. 

Repairing is considered the simplest way to increase the durability of a product, and it consists in 

the correction of defects in the product. 

Reconditioning, also referred to as Refurbishment, forecasts the replacement or the repair of 

damaged components with the aim to obtain a functionality which can be considered satisfactory 

again. Hence, the damaged products do not reach their original condition, being characterized by a 

lower quality level. 

In Remanufacturing the End-of-Life products encounter a dismantling, then the restoration and 

the replacement of its parts, without loss of functionality [6] since they are brought to the original 

equipment manufacturer performance specification, also gaining the same warranties of the 

equivalent new products [2]. 
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These three solutions, aimed at restoring products’ value, according to [4] would differ in the work 

extent required, and consequently result in different value and quality levels, while they all forecast 

re-processing actions.  

Recycle involves the collection, the sorting (by material family and class), the processing and the 

reissuing into the supply chain of discarded materials at the end of their life [24]. By recycling material 

from used products it is possible to reduce energy and resources consumption, together with the 

usage of landfills. 

Reduce is a principle blended in all life-cycle stages [6], since it consists in reducing (i) use of 

resources in pre-manufacturing, (ii) use of energy, materials and other resources during 

manufacturing, and (iii) the reduction of emissions and waste during the use stage [3, 15]. It belongs 

to the planning and the design of a product before its generation, by means of the choice and the 

optimization of parameters or of a process to realize a component. 

Finally, Redesign involves the design of future generation of products, making possible the use 

of components, material and resources coming from a previous life cycle [6], as well as the 

simplification of post-use processes in the future [15]. Being a design activity, it can incorporate others 

of the 6Rs concepts to apply in the following product generation, such as (i) Reduce, if considering a 

topological optimization of the design of a component manufacturable through AM, by which 

minimizing material consumption, (ii) Reuse, while redesigning an assembly consolidating already-

existing components, and (iii) Recycle by accounting for the choice of recycled material in input, or 

the utilization of material easily recyclable. 

 

1.2.2.1 Metal-AM for remanufacturing, refurbishment, and repair 

Additive Manufacturing has been recognized to be an enabler of circular design strategies since 

they create the opportunity of extending the products lifespan [14]. Besides being employed for 

producing new high-value and customized end-use components, in small-batches [6], AM also brings 

the possibility to: 

1. improve components’ durability via optimization by means of redesign techniques; 
2. repair and remanufacture damaged products, and/or upgrade them, in-situ or by means of 

the production of on-demand spare parts [13]. 

Remanufacturing, Refurbishment, and Repairing are restorative processes which bring damaged 

parts into workable condition again, in order to return them a value [31]. Such activities play a key 

role in the manufacturing context, also following the scopes of Circular Economy, since these 

materials and components are aimed at maintaining their utility and value throughout their entire 

lifetime [24]. For high-value and complex components, Repairing and Remanufacturing by means of 

Additive Manufacturing take on strategic importance, since their replacement would be too expensive 

both in terms of cost and of time [4]. Automotive, household appliance, industrial machinery, 

aerospace, marine and power generation fields are increasingly adopting these restorative activities.  
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In the present Section, an overview of the main industrial applications, and of their consequent 

advantages and disadvantages is given. Wasono et al. [34] carried out a literature review about 

recent applications of Additive Manufacturing processes devoted to repair purposes in various 

industrial sectors. They highlighted that most investigated components are impellers and turbine 

blades. As an example, in fact, Liu et al. [48] demonstrated the repair feasibility by means of Laser 

Engineered Net Shaping (LENS) to fix casting defects in turbine parts manufactured in Inconel 718 

and Waspaloy. Bi and Gasser [36] investigated the tool-path generation to repair blades made of a 

nickel-based alloy, via Laser-aided Direct Metal Deposition (DMD), proposing an automated 

modelling surfaces showing damages, as made by Qi et al. [37]. Zhang et al. [38] employed a laser-

based Direct Metal Deposition technology to process a titanium-based alloy in order to validate the 

automated modelling of worn surfaces of an engine blade. Petrat et al. [39] investigated DED process 

based on powder feedstock to repair a gas turbine burner manufactured in Inconel 718, while varying 

different process parameters and showing L-MWD processes’ capabilities. Other components 

explored as repair case studies are also engine parts and transmission gearboxes [40], valve 

actuators for the marine sector [41], and rails [42]. Also the remanufacturing of moulds and dies has 

been considered feasible due to the latest technological advances, since being although previously 

limited to traditional welding techniques [43] for fixing damaged parts subjected to surface corrosion 

or cracking due to the thermo-mechanical cyclic loadings these components have to undergo in their 

lifetime [44]. In the last decades, it has been frequently reported that when several high-performance 

components (as turbine blades, moulds and dies) are damaged, they are scrapped and then recycled, 

without maintaining their geometries and their associated value. Even if recycling by means of melting 

operations offers the chance to recover material with a smaller (necessary) amount of energy 

compared to material extraction from ores, it still remains more energy-intensive than reusing with no 

resorting to melting [32] or reusing without reducing a used product to just embody its raw material’s 

value [45]. 

Remanufacturing, reconditioning, and repairing are the most indicated choices. They can fully 

recover the value of the resources used to produce a component, reducing thereby the need for 

further brand-new resources [2]. They allow recovering between 20% and 80% of the production 

costs, if compared to conventional manufacturing approaches [46], therefore reflecting on the final 

cost of a product [47]. Also when the cost for the remanufacturing of a product is equal to that of its 

purchase, a considerable saving in time can be attained, especially for components which require 

months for their production from scratch [48]. Furthermore, when lifetime is recovered at 100% for a 

remanufactured or repaired component, downtimes due to unplanned emergencies for repair needs 

are avoided [44, 27], as well as consequent cost increases [47]. Even though different factors highly 

affect the benefits of remanufacturing [2], and considering its own environmental impacts (owed to 

transportation, cleaning, resource consumption during testing operations, and recycling of non-

reusable material [49]) remanufacturing is overall known to introduce substantial savings. Lower CO2 

emissions occur (even if they depend on the amount of needed material for repair) and more than 

the half of total energy and labour needed for new production can be saved [19]. Even though AM 
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processes could require a higher extent of energy consumption during repair compared to 

conventional routes [51], besides improving the material utilization efficiency, the advantages should 

be evaluated along the entire life cycle [44]. In Section 4, a repair procedure for mould insert made 

of steel is proposed. The aim was quantifying from the “cradle” to the “gate” the life-cycle energy and 

carbon footprint savings achievable by means of a Wire Arc Additive Manufacturing (WAAM) process. 

Multiple-repair scenario was also evaluated. 
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Chapter 2 

Metal Wire Deposition (MWD) 

unit process 

Additive Manufacturing (AM), which comprises a variety of technologies, enables the flexible 

production of free-form objects by selectively depositing material layer by layer, as introduced in 

Section 1. Among the different AM methods, Metal Wire Deposition (MWD) has been proven to be 

appropriate for producing low-complexity, medium-to-large components at relatively high deposition 

rates, despite the poor quality of the as-deposited surfaces, which often need further finishing 

procedures.  

Metal Wire Deposition (MWD) processes comprehend the Additive Manufacturing technologies 

where a metal wire is melt by means of a heat source and deposited into a layer-wise structure, with 

the objective of producing components from scratch or to repair existing ones [52, 53]. MWD-based 

processes are usually characterized by high deposition rates and material utilization efficiency, as 

well as from equipment cost-effectiveness [54]. They are able to generate high-density parts with 

good structural integrity [55, 56]. MWD processes belong to direct deposition ones. They represent 

a potential solution for the production of products characterized by medium-to-large dimensions [56, 

57], which would otherwise meet limits if produced by means of powder-bed based technologies [58]. 

Another distinction between direct deposition processes and powder-bed (PB) ones is given by the 

possibility that MWD offers to deposit ‘functionally graded materials’, i.e., structures with different 

properties in specific spots [59, 60]. Furthermore, MWD equipment have been shown to have an 

open architecture and to be flexible. In fact, during deposition, the rotation and the translation motions 

can be driven by means of robots, or CNC gantries [55]. Additionally, the employment of wire 

feedstock instead of powder also implies significant effects on the process. As an example, the beads 

deposited during MWD (e.g., WAAM) are characterized 1÷2 mm of width, while the ones deriving 

from powder-bed technologies range from few micrometres to 1 millimetre at most. This difference 

allows higher Deposition Rates (DRs) [53, 61], even up to 16-fold, allowing thus large parts to be 

produced in short time [55]. Typical deposition rates are of the order of some kilograms per hour, 

e.g., 2÷10 kg/h [55, 62], changing according to the combination of material and heat source 
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employed. Also, DR values can be even doubled when a tandem torch is used [63]. Thus, higher 

DRs can be reached, but too high DR values could be counterproductive, since the higher they are, 

the lower the feature resolution [55], translating in a higher extent of post-AM machining processes 

needed [61]. Parts deposited starting from wire feedstock are characterized by full density and high 

quality. With wire the risk of material feedstock contamination is lowered [64]. This is because the 

surface area is less than the one of an equivalent amount of mass in form of powder [65], particularly 

for reactive materials as Ti and Al [58] and for those required for aerospace applications [64]. 

Moreover, also porosity is lowered in wire-deposited parts compared to powder-bed based ones [66], 

showing also adequate structural integrity [60]. 

Although, in MWD processes the main challenges are represented by the surface finish (as in 

other AM processes, even if significantly lower than the one deriving from PB-processes), and 

residual stresses [62, 67]. Residual stresses and consequent distortion can be due to the lack in 

uniformity of the component’s thermal history. They can be solved and/or avoided by means of: 

1. part’s partial clamping [60]; 
2. use of rollers [77]; 
3. adoption of thermo-mechanical post-processes [68, 69]. 

Matching the correct heat source to each material plays a key role, as well as the identification of 

the process parameters’ optimum set, reflecting on the resulting microstructure and, in turn, on the 

components’ mechanical properties [59]. Metal Wire Deposition have been investigated over the last 

years according to different topics [61]: 

1. design, in terms of deposition paths, generation of adaptive paths and cross structures; 
2. process variations, e.g., twin-wire deposition and hybrid manufacturing; 
3. residual stresses, control of distortions and microstructures; 
4. forming appearance (i.e., beads’ shape, overlapping optimum distances among beads, etc.). 

In particular, research has been recently dedicated on themes such as [70–78]: 

1. the accurate process parameters selection with focus on those affecting the parts’ thermal 
history; 

2. control of microstructure; 
3. non-destructive testing; 
4. advanced wire deposition techniques. 

Only few studies addressed the aspects related to costs and to the environmental impact of MWD 

processes [79–81]. Literature lacks information about process efficiency of MWD techniques. 

 

 



 22 
 

 

2.1 Main MWD technologies 

Wire deposition may be accomplished using a variety of heat sources, including a laser beam, an 

electron beam, or an electric arc. As for the arc, there are three primary methods for depositing metal 

wire: Gas Metal Arc Welding (GMAW), Gas Tungsten Arc Welding (GTAW), and Plasma Arc Welding 

(PAW) [82]. Additionally, throughout the years, sub-variants of these processes have been created, 

like as Cold Metal Transfer (CMT), (which is also available in CMT-P and VP-CMT mode, i.e., 

respectively ‘pulse’ and ‘variable polarity’ deposition modes [53, 174]). These processes are 

essentially distinguished by their way of depositing material. As an example, GMAW and CMT use 

consumable electrodes and a coaxial wire/torch setup, respectively. In PAW and GTAW, instead, the 

wire is supplied off-axis. Despite this, a TopTIG process has been developed on the basis of TIG 

welding but using an almost coaxial wire [83]. In Table 1, Table 2, and Table 3, brief descriptions of 

the main characteristics of the different metal wire-based AM processes and the differences among 

them are reported. 

 

 

 

Table 1. Main metal wire-based AM processes based on electron beam heat source. 

Heat 

source 

Process 

denomination 

Process description 

El
ec

tro
n 

be
am

 

EBAM 

 

The Electron Beam Additive Manufacturing process is a commercial solution proposed by Sciaky 

Inc.. It uses an electron beam as heat source to melt the wire. To produce parts, it exploits a vacuum 

chamber. The process is scalable for different dimensions, limited only by the size of the processing 

chamber. The wire is provided in a off-axis configuration. A scheme is proposed in Figure 2. 

 

 

Figure 2. EBAM process scheme [85]. 
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Table 2. Main metal wire-based AM processes based on laser heat source. 

Heat 

source 

Process denomination Process description 

La
se

r 

LMWD 

 

Laser Metal Wire Deposition (LMWD) is based on laser cladding technology, i.e., the 

process (fed by metal powder or wire) used for surface coating and repairing components 

by means of a laser heat source. It emerges as a process characterized by high stability 

and control over process parameters, guaranteeing a good metallurgical bond between 

coating and substrate [57, 135]. The wire is typically fed into the melt pool via a side nozzle 

(Figure 3). 

 

Figure 3. LMWD process scheme [57]. 

 

 Vertical LMWD 

 

In this process variant the wire is fed vertically, and the laser beam is inclined by 50º 

from the vertical axis of the wire. The energy is delivered on the wire only, without involving 

the substrate material (Figure 4). By using the laser beam to melt only the wire, energy 

savings of 86.6% are possible if compared to standard LMWD process [86]. 

 

Figure 4. Vertical LMWD process scheme [86]. 
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  Micro-LMWD 

 

A μ-LMWD systems employ flash-pumped Nd:YAG lasers, working at pulses with 

millisecond durations. The optical chain can be automatically adjusted to vary the spot 

diameter between 0.3 and 0.5 mm. It is possible to achieve a geometric resolution similar 

to that achievable with powder while maintaining the pros of the wire. With this process, 

thin-walled structures were successfully produced with a layer width between 700÷800 

μm and an aspect ratio (i.e., the ratio of max height to max width of the deposited section) 

of up to 20 [58]. 

 

 UHF 

 

In the Ultra-high frequency induction process (Figure 5) the heat provided by an 

induction coil is used as the main heat source to melt the deposited metal, while the heat 

of the laser acts as an auxiliary heat source. This allows an efficient bonding between the 

deposited metal and the substrate surface due to the laser-based pre-heating [87]. 

 

 

Figure 5. UHF process scheme [87]. 

 

Table 3. Main metal wire-based AM processes based on electric arc as a heat source. 

Ar
c GMAW 

 

Gas Metal Arc Welding is a welding process in which the heat is generated by means of 

an electric arc and the electrode is consumable. It corresponds to metal inert gas (MIG) and 

metal active gas (MAG) welding techniques. The wire is fed coaxially to the torch, being the 

electrode involved in the arc generation. This leads to many advantages since facilitates the 

deposition path planning of complex geometries. Different variants exist, listed below. 
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  T-GMAW 

 

Tandem-GMAW consists in two GMAW wire-feeding systems which are used in parallel 

simultaneously. The source of electrical energy can be used for depositing different 

materials, by adjusting the feed rate of the different wires (in Figure 6, a scheme for the 

deposition of a Ti-Al alloy) [100]. 

 

 

Figure 6. T-GMAW process scheme for a Ti-Al alloy [100]. 

  CMT 

 

Cold Metal Transfer (CMT) is a GMAW technology variant. Its mechanism is based on 

a cold transfer of metal achieved by mechanical control of the electric arc to deposit at high 

efficiency and relatively low heat input compared to the other processes [157, 158]. The wire 

is fed through a high-frequency forward and backward movement. When the electrode wire 

tip makes contact with the melt pool during the CMT process, digital process control reverses 

the servomotor of the 'robacter drive' welding torch. This causes the wire to retract, so 

facilitating droplet transmission, as depicted in Figure 7. Since the current is reduced to near 

zero during metal transfer, the creation of spatter is avoided [157]. Once the metal transfer 

is complete, the arc is reignited and the wire is re-fed forward using a specified welding 

current for reflowing. 

 

Figure 7. CMT process and wire movement’s scheme [191]. 
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   Mix Drive 

 

The MixDrive system couples the CMT technology (oscillatory movement of the wire 

driven by an electric motor) to the pulsation of current and voltage. This allows to achieve 

high deposition rates (3.5 times faster than CMT). On the other hand, it involves an increase 

in heat input if compared to the pure CMT. This is due to the continuous transitions between 

the pulsation phase and the CMT phase. Despite its capability in enhancing productivity, 

pure CMT allows 61% power savings compared to CMT Mix drive [94]. 

 

   VP-CMT 

 

In Variable-polarity-CMT it is possible to carry out alternating cycles with negative 

polarity and positive polarity (Figure 8). This would make to reduce the necessary thermal 

energy possible, besides to reduce the creation of oxide on the deposited wire [25]. 

 

 

Figure 8. Current profile versus process time during metal wire deposition in CMT mode 

(top) and in VP-CMT mode (bottom) [25].  

   CMTP 

 

In CMT-Pulse, the process is characterized by a standard pure CMT phase, followed by 

a stage in which the signal is pulsed (Figure 9) [96]. 

 

 

Figure 9. Current profile versus process time during metal wire deposition in CMTP mode 

[25]. 
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 GTAW 

Gas tungsten arc welding (GTAW), or tungsten inert gas (TIG) process is an arc welding 

process exerted with a non-consumable electrode made of tungsten, under the shielding of 

an inert gas. The wire is fed off-axis (in a frontal or a lateral configuration) (Figure 10). Since 

the wire is not coaxially fed this leads to process variations when changing the welding 

direction leading to high sensitivity to the arc length variation. In fact, many robotic welding 

systems require a rotary axis to orient the wire feed nozzle and keep it aligned with the 

welding direction, which limits the fields of application. Despite this, this process allows the 

achievement of good dimensional accuracy and to produce spatter-free metal structures with 

a relatively good surface finish [98]. 

  TopTIG 

 

Also in TopTIG configuration a non-consumable tungsten electrode is used, but in this 

variant the filler metal wire passes through the nozzle maintaining a fixed angle with the 

electrode. In this way, the wire is constantly fed into the hottest area of the arc, regardless 

of the direction of welding, leading to higher deposit rates (comparable to the ones of GMAW, 

but lower than CMT or PAW ones). In conventional GTAW, the wire is fed at an angle of 

about 70-90° to the electrode and usually parallel to the welding direction. TopTIG allows 

the coaxial deposition of the wire, while retaining the high quality of TIG technology, 

overcoming the off-axis-related drawbacks in complex deposition paths. Moreover, the 

stability of the process is improved because the distance of the electrode from the workpiece 

becomes less important, since the wire is always forced to enter the melt pool. TopTIG is 

suitable for medium/large stainless steel and titanium applications with medium/high 

mechanical requirements [26]. 

 

 

Figure 10. Comparison between TIG (conventional GTAW) and TopTIG configurations [98, 

26]. 

 PAW 

 

The Plasma Arc Welding systems use a plasma arc to melt the wire, leading to high 

deposition rates (3.5 kg/h with stainless steel wire) and at low surface roughness if compared 

to the other processes. 

Arc welding technologies based on GTAW and PAW are known to be the most reliable 

processes for WAAM also due to the lower spattering problems, excessive heating, distortion 

or porosity compared to GMAW. As for GTAW, the wire is fed off-axis, with the same above-

described consequences on deposition paths. [159]. 
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  PTA 

 

In Plasma Transferred Arc (PTA) the plasma arc is restricted by a water-cooled copper 

nozzle at the end of the torch. With its diameter, the nozzle affects the pressure of the arc 

and consequently the creation of the bead. The wire is fed outside the plasma torch. 

 

 

Figure 11. PTA process scheme [101]. 

  CC-WAAM 

 

In Compulsively Constricted WAAM, the arc is released between the wire and a tungsten 

non-consumable electrode. Metal droplets detach from the end of the wire under the effect 

of complex forces through a narrow confined space. In CC-WAAM, the transfer of drops to 

the substrate is strongly affected from the thermal expansion of the arc to the internal plasma 

and the continuously fed inert gas flow, which lead to the expulsion of the plasma jet from 

the nozzle outlet to the base plate. The outlet of the nozzle has a much smaller diameter 

than that of the inner space of the torch, the gas flow and plasma jet are first compressed 

and then accelerated when they pass through the nozzle (the internal pressure is higher 

than the atmospheric one) [103]. This allows to overcome the issues related to excessive 

thermal input and heat accumulation in plasma-based WAAM. 

 

 

Figure 12. CC-WAAM process scheme [103]. 
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2.2 Energy consumption in manufacturing 

The establishment of new production approaches, as the AM ones, has obvious implications not 

only on the technological development, but also on resources or energy requirements and 

environmental sustainability. Manufacturing plays a crucial role in the whole global economy [105], 

especially in the industrial sector, being responsible for the 36% of the emissions [106]. The 

conversion from raw materials into products in manufacturing is exerted by exploiting energy, causing 

wastes and emissions, particularly when the electrical energy is primarily generated by burning fossil 

fuels [107]. The International Energy Agency (IEA) in 2019 [1] reported that the rising electricity 

demand was one of the key promoters to global CO2 emissions from the power sector, which reached 

a record in 2018, and it was expected to rise from 9 to 10 TWh from 2018 to 2020 due to the industry 

sector. Therefore, the concern of energy efficiency has been gaining more and more attention. To 

cut down the rising energy costs and the environmental impacts, a decrease of the consumption of 

energy in the manufacturing sector is needed [108]. Thus, to cope with the global resource depletion 

and climate warming, the industrial sector could be considered a powerful driver in establishing an 

environmentally less damaging economy [107], increasing environmental consciousness and leading 

the society towards sustainability [105]. Under such circumstances, green or sustainable 

manufacturing has become a crucial issue, attracting significant attention from both the industrial and 

the academic world [106]. In fact, optimizing energy consumption while preserving the part quality 

has become a priority. Various models have been defined and proposed to identify and quantify the 

influence between process parameters and energy consumption in manufacturing processes [108]. 

Though most of the models proposed in the literature are mono-objective, focusing on energy saving, 

other multi-objective studies are directed to evaluate trade-offs between energy consumption or 

process efficiency and surface quality, cost, or carbon emission, in order to find a balance between 

sustainability and product quality [109]. Such models can be developed through empirical formulas 

or experimental data fitting methods (i.e., statistics, interpolation, surface response and least-square 

methods, as well as neural networks). Zhou et al. [105] collected and compared several models 

proposed in the literature to evaluate the energy consumption of machine tools in turning, milling, and 

grinding. On the one hand, the authors examined linear models of cutting energy consumption, based 

on the influence of the Material Removal Rate (MRR). On the other hand, a series of models 

considering the influence of certain process parameters on cutting energy were classified. The 

classification of those models followed respectively the metal deformation theory, the amount of tool, 

and on cutting force. In addition, process-oriented machining energy consumption models were 

mentioned, focusing on machine tool's movement process perspective. Most of the proposed models 

are based on the Specific Energy Consumption (SEC), which is defined as the energy needed to 

process a unit volume of work material [107]. Such indicator has been widely used to assess the 

energy consumption in machining process, as milling [110] and turning [108, 109]. Gutowski et al. 

[112], proposed the correlation between energy consumption and MMR in machining processes for 

the first time, followed by Kara and Li [110] who proposed a similar empirical model [105]. The pre-
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requisite for energy-saving in manufacturing was initially supposed to be up to machine tools' energy 

consumption modelling and to the corresponding energy efficiency evaluation [107]. Nevertheless, 

even the energy consumption in other manufacturing processes has been studied, such as injection 

moulding, metal forming and also Additive Manufacturing processes [106], despite the environmental 

dimension of AM and the related impacts have to be extensively investigated yet [113]. Kellens et al. 

[113] reported some studies in which the SEC was evaluated for different additive processes. As for 

AM processes relying on polymer as material feedstock, an average electrical SEC of 519 and 536 

MJ/kg was computed for the Fused Deposition Modelling (FDM) in full-build or single-part 

experimental conditions [114]. Employing a photopolymer instead, 99.5 ± 49.5 MJ/kg were needed 

to complete a Stereolithography (SLA) process [115]. In AM processes based on the direct melting 

of metal powder by means of a laser source, Wilson et al. measured a SEC of 1052 MJ/kg [50], 

whereas a much higher value of 7709 MJ/kg was shown in a Direct Metal Deposition (DMD) process 

[43]. Lower values were found in powder bed-based AM processes. As for the processes exploiting 

a laser heat source, 290 ± 49 MJ/kg was the range of SEC values which characterized a Direct Metal 

Laser Sintering (DMLS) experimental campaign [114], whereas Selective Laser Melting (SLM) and 

Selective Laser Sintering (SLS) presented different energetic bounds: from 83 to 588 MJ/kg for SLM 

[114, 116], and from 51 to 144 MJ/kg for SLS respectively [114]. The energy consumption of Electron 

Beam Melting has also been investigated [117, 118], considering the effect of part shape in terms of 

complexity on the energy consumption. 
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2.3 Laser-based MWD unit process 

In the last decades, metal Additive Manufacturing (AM) evolved from rapid prototyping and low-

volume production to mass production and mass customization [119]. The transposition of 

conventional techniques, as powder-based cladding and wire-filled MIG/TIG/plasma welding, to a 

newer manufacturing paradigm [76] resulted in the so-called Direct Energy Deposition (DED) 

processes. Such AM techniques can be classified according to the different combinations of energy 

sources (laser, electron beam or electric arc) and material feedstock forms (i.e., powder or wire). 

DED processes allow the production of large parts, the addition of geometrical features on existing 

workpieces or the repair of high-value components [76]. Among the different processes, the Laser 

Metal Wire Deposition (LMWD) consists in a layer-by-layer deposition of a metal which is melted 

through a laser head and fed in form of wire. During the deposition, a local shielding is typically 

applied to the melting zone. The main equipment configuration is made of a laser source mounted 

on a robotic arm, a wire feeder to provide the material, a table, and accessories (as cameras and 

thermocouples) for the process control [119]. This process has gained attention due to the capabilities 

brought by the combination of the use of wire and laser, and it shows a higher degree of control with 

respect to similar processes [65]. On the one hand, the use of a metal wire in AM, promoted by the 

market demand for the serial production of critical titanium parts for aerospace applications [120] 

allows high deposition rates, material quality and efficiency (close to 100%). The wire feedstocks are 

available for different alloys and in different sizes, and are realized with a well-established forming 

process, whose costs are lower than those of powder atomization processes [76]. Moreover, the use 

of the wire instead of powder lessens the risk of material contamination and avoids the danger of 

explosions related to powder’s flammability [121]. Moreover, less instability in the melt pool is entailed 

when wire is used [122], besides enabling higher deposition rates and the production of high-quality 

full-dense parts. On the other hand, laser is widely used as energy source in metal Additive 

Manufacturing processes due to its controllable heat input mechanism [123]. As an example, since 

in Gas Metal Arc Welding (GMAW) process the deposited beads present a high roughness and it can 

be a drawback in multi-layer deposition, researchers started to look into the possibility of combining 

a laser heat source with wire-shaped raw material [124]. In this way, deposition rates higher than in 

laser/powder-based systems could be achieved without reaching excessive levels of heat in the 

substrate material. Since the laser beam’s shape can flexibly be modified, the introduction of a wire 

coaxially to the beam has been possible. This improvement can be crucial to overcome the limits 

brought by the off-axis deposition processes which result to be path-dependent, unlike coaxial 

powder deposition or MIG welding depositions [76, 125]. Moreover, through the employment of a 

flash-pumped Nd:YAG laser operating with ms-long pulses, layer widths between 700 and 800 µm 

can be deposited. By means of the µ-LMWD process, high geometrical resolutions, close to the ones 

obtainable in powder-based AM processes, can be attained, while keeping the above-mentioned 

advantages due to the use of wire. This combination could be beneficial in micro-gravity conditions, 

such as in space, where powder would be of difficult management [58]. A laser head has also been 
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used in conduction mode to stabilize a WAAM process. Pardal et al. [126] investigated the combined 

use of the laser defocused on the substrate and a Cold Metal Transfer (CMT) process to deposit a 

titanium wire. Such hybrid laser-CMT process allowed the modification of weld beads’ geometry and 

the increase of the deposition rate. Overall, the MWD processes have proved to encompass the 

benefits of the flexible layer-by-layer fabrication to medium-to-large parts, extending the domain of 

application of powder-bed AM technologies [127]. 

As far as Metal Wire Deposition (MWD) is concerned, only a few studies rely on SEC experimental 

data at a unit-process level, as in the case of WAAM tests whose results were presented in [80, 128]. 

The Laser Metal Wire Deposition (LMWD), instead, has still to be assessed in terms of its Specific 

Energy Consumption. In fact, most of the existing studies on metal wire deposition techniques are 

aimed at the evaluation of the effects that the process parameters have on the deposited part quality, 

exploiting different heat sources and material feedstocks. As for laser heat source, Cao et al. [129] 

studied the laser cladding of single beads of a magnesium alloy on sand-cast parts, proposing an 

optimization of process parameters following the Taguchi method, using the minimum dilution ratio 

as criterion. A process window for laser power, cladding speed (i.e. travel speed) and wire feed rate 

was identified for the deposition of 1.6 mm-magnesium wire. Oliari et al. [123], while investigating a 

laser cladding process to add hot work tool steel H11 on a 42CrMo4 alloy steel substrate, proposed 

a Design of Experiments (DoE) to select the optimal set of parameters affecting the surface quality, 

the soundness of the bond of the two different materials and the deposited beads’ uniformity. Caiazzo 

[130] varied laser power, travel speed and amount of material fed, in order to study their effect on the 

width and height in the sections of the deposited titanium beads, as well as the shape angle and the 

dilution ratio, while evaluating the presence of defects and the resulting micro-hardness. Liu et al. 

[131] investigated the Laser Hot Wire Cladding (LHWC) technique while adding Inconel 625 to a mild 

steel substrate. The external pre-heating of the wire contributed to decrease the required laser power, 

with the other parameters kept unvaried, and enhanced the productivity and the process stability with 

respect of the Laser Cold Wire Cladding (LCWC). Xu et al. [132] deposited single beads and samples 

made of 316L stainless steel employing a continuous wave fibre laser to explore the mechanical 

properties, formed phases and microstructures. As for WAAM process investigation, for example, 

Liberini et al. [133] deposited ER70S-6 steel varying the heat input and feed rate to understand the 

effect of the reached temperature on the microstructure and the consequent mechanical properties 

of the produced samples. Wang et al. [90] deposited 316L stainless steel selecting different arc 

modes (e.g. SpeedPulse and SpeedArc) under different deposition rate conditions, to evaluate the 

heat input and the cooling rate. Microstructure and structural integrity were assessed, together with 

the process stability. Laghi et al. [134] characterized specimens extracted from the plates deposited 

by means of a WAAM process, employing a ER308L Si commercial welding wire. The specimens 

were cut in different directions from the plates in order to assess the anisotropy in mechanical 

properties. Broadly, the most investigated parameters in MWD processes are the wire diameter 

(including feeding direction and angle) and the employed material (with the relative absorptivity and 

thermal behaviour) [122, 135]; the power of the heat source, the travel speed and the wire feed rate, 
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together with the path followed for the deposition, the corresponding inter-layer cooling time, and the 

shielding gas flow [135, 136]. Furthermore, when using the energy of a laser as an input, typical 

variables involve the type of the laser and its spot size. In fact, the laser type, and consequently its 

radiation wavelength, affects the reflectivity of materials (e.g., the steel shows low reflectivity at a 

wavelength near 1 µm [135]).  

Numerous research has been done in the pursuit of process optimization. There is, however, a 

lack in research on the energy efficiency of Metal Wire Deposition processes, which are 

both evaluated in the following Section, in which a review of MWD based on laser-heat source is 

proposed. The examined experimental results from the literature for various materials while varying 

the key process parameters were compared and proposed. A Specific Energy Input (SEI) indicator 

was developed, defined as the ratio of the laser's output power to the material flow rate, and proposed 

in the following Section. 

 

 

 

2.3.1 A literature survey on L-MWD unit process: main process 

parameters and energy efficiency 

Numerous publications have been published in the literature assessing the effect of parameters 

variation on the MWD processes’ performance. The most investigated parameters are:  

 

1. laser output power; 
2. travel speed; 
3. wire feed rate;  
4. wire diameter;  
5. wire material; 
6. idle time;  
7. deposition path. 

 

Most of the studies in literature are aimed at understanding these parameters’ effect on the 

deposited part quality. Table 4 details the investigated ranges of parameters made varied for the 

assessment of laser-MWD (L-MWD) processes. Those studies were typically carried out according 

to factorial plans which were defined through design of experiment techniques, and aimed at 

understanding the effect of both individual factors and their interactions. 
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Table 4. Investigated parameter variation ranges for laser-MWD processes. Some values have been deduced 

from the original publications [121]. 

Material Wire diam. (mm) Input power (W) Travel speed 

(mm/min) 

Wire speed (mm/s) Reference 

ER308 Si 1.2 2400-3000 1100-1250 8.3-50.8 [137] 

ER70-6 1.0 2700-3000 900-1250 15.0-57.2 [137] 

AISI 316L 0.8 1600-3200 180-540 26.6-53.3 [132] 

AISI 316L 0.8 1000-1300 n.a., 240 12.5-43.7 [122, 138] 

AISI 308 1.0 1000 1000 20.0 [76] 

AISI 308L Si 1.2 1250-2000 150-500 10.0-50.0 [135] 

AISI 308L Si 1.2 1600-2000 175-250 13.3-30.0 [135] 

AISI H11 1.2 845-945 400-600 6.7-12.0 [123] 

Ti-6Al-4V 1.2 3500 600 40.0 [139] 

Ti-6Al-4V 1.2 1200-2060 50-400 14.3-55.5 [140] 

Ti-6Al-4V 1.2 2625-3500 450-600 30.0-40.0 [64] 

Ti-6Al-4V 1.0 1000-2000 600-750 10.0-31.3 [130] 

AA5087 1.0 3500-4500 1000 16.6-166.6 [65] 

AA5087 1.0 4500 5000 166.6 [141] 

Inconel 625 1.2 1000-1800 102-510 6.7-23.3 [88] 

Waspaloy 1.2 2000 102 25.0 [142] 

ZE41A-T5 1.6 2250-2750 2000-3000 50.0-83.3 [129] 

 

 

For laser output power generation, fibre or diode lasers were employed [65, 76, 88, 122, 123, 

125, 130, 132, 135, 138, 140–142], as well as CO2 lasers [137] and Nd:YAG ones [64, 129, 139]. 

Different materials were considered, and wire diameters ranged from 0.8 to 1.6 mm. As for the 

process velocities, the Wire Feed Speed (WFS) was usually kept between 0.06 and 6 m/min, even 

though the choice of its value should be done accordingly to laser output power (P) and travel speed 

(TS). In Table 4, the factors combinations (extracted from literature) which led to stable and 

satisfactory depositions in terms of quality, are proposed, following as metrics for the quality 

assessment the following output variables: 

1. the absence of defects; 
2. microstructural homogeneity; 
3. vibrations generated in the feed system; 
4. thermal cooling rate of the flow; 
5. porosity; 
6. lack of filling; 
7. geometrical response. 

After selecting the laser type, the laser spot is the first parameter to be chosen [125], according 

to the targeted size of the melt pool. In fact, the melt pool’s width should be maintained constant 
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during the continuous melting of the fed wire [125]. Therefore, to obtain the best condition while 

depositing material, a careful setup of the process parameters and of the wire with regards to the 

melt pool [57], can prevent the defects generation in the part. Secondly, the three main parameters 

driving MWD processes are: 

1. the laser power, P; 
2. the travel speed, TS; 
3. the wire feed speed, WFS. 

The amount of the deposited mass and the energy delivered to material for melting depends on 

their combination. In detail, as a consequence, when TS and the P are kept constant: 

1. if the WFS is too high (i.e., the wire is fed too rapidly into the melt pool), incomplete melting 
of the wire could occur; 

2. if the WFS is too low (i.e., the wire is fed too slowly), metal could be deposited in a droplet-
wise manner [140]. 

As the power gets higher (while keeping TS and WFS constant), the deposited beads have a 

lower height, since P is directly responsible for the energy which is delivered to the melt pool [125]. 

An identical effect is obtainable while decreasing TS and fixing P and WFS. 

2.3.1.1 Energy consumption during productive times 

The process energy efficiency is greatly influenced by the choice of process parameters. With 

reference to data on experimental tests provided by the literature, it has been possible to calculate 

the here-named ‘Specific Energy Input’ (SEI). Such indicator stands for the ratio between the laser 

output power, P, and the material flow rate (kg/sec). 

This, in turn, can be computed by multiplying the wire flow rate (mm3/sec) and the material density 

(kg/mm3), with the wire flow rate obtained by multiplying the unmelted wire cross-sectional area (mm2) 

and the WFS (mm/sec). This indicator is expressed in MJ/kg, since it allows to quantify the energy 

provided by the laser heat source which is in input to the material (expressed in MJ) which is 

necessary to deposit a material unit of mass. The so-computed SEI indicator is plotted in Figure 13 

as a function of the material flow rate (kg/sec). 

Figure 13 reports only the values of SEI which corresponded to process parameter sets leading 

to satisfactory quality and process stability. It is worth underlining that the here-proposed Specific 

Energy Input does not correspond to the indicator proposed by Kara et al. [110], i.e., the Specific 

Energy Consumption (SEC). In fact, the total electric energy consumption of an MWD system should 

also include: 

1. the efficiency of the laser system; 
2. the energy consumption during non-productive times (such as the setup and dwell times); 
3. the consumption of all the auxiliary equipment; 
4. the usage of the consumables (such as shielding gases), 
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while the SEI parameter does not consider the energy losses in the entire machine architecture (e.g., 

in the laser source and delivery fibre). Therefore, in L-MWD system, the SEI value symbolizes only 

a partial contribution with respect to the total electric energy consumption. 

 

 

Figure 13. Specific energy input (SEI) for steel (a) and other materials (b) [121]. 

 

2.3.1.2 Energy consumption during non-productive times 

To the energy consumption during deposition, also the idle energy should be added, that is the 

energy consumed by the machine when it is in stand-by mode. As an example, it happens during the 

setup operations and/or in post-processing operations such as substrate loading / part unloading / 

programming. Furthermore, in wire-based AM processes a large amount of heat is transferred to the 

workpiece, thus it becomes necessary to introduce dwell times between subsequent layers [72]. 

While quantifying the process energy efficiency, this has to be considered. During these pause 
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phases, adding an inter-layer rolling pass or a machining pass has been proved to be useful, 

respectively in terms of microhardness improving [70] or residual stress controlling [71], and in terms 

of removing the oxides preventing them from affecting the surface quality [60]. 

 

2.3.2.3 Energy consumption of auxiliaries and consumables 

 

Focusing on the Additive Manufacturing process, a list of common equipment is possible to be 

made:  

1. CNC or robot systems to move the heat source and/or the part; 
2. gas and fume evacuators; 
3. cooling systems (e.g., for impinging air jets [73] or for water-cooling tanks [143]; 
4. computers. 

All the equipment contributes to the total process energy consumption while also affecting the 

energy efficiency. Furthermore, all the MWD processes need a shielding gas delivery to the melt pool 

to protect it. The most frequently employed gases are pure Argon and pure Helium (or a mixture of 

the two), as well as other blends of Argon+H2 or Argon+CO2. The shielding gas selection depends 

on the adopted process [83], and the energy necessary to produce it (i.e., its embodied energy) 

should also be included in the total energy. 

 

2.3.2 Characterization of L-MWD unit process: energy 

consumption and efficiency 

 

The industrial sector is becoming ever more aware of the environmental concerns, and, in the last 

decade, several efforts have been made to implement the principles of sustainable development in 

manufacturing. When the analytical scope is expanded beyond the-unit process level, the (usually 

mechanical) finishing operations that are required to obtain a surface finish consistent with more 

conventional manufacturing techniques should be included. When material creation is included in the 

computation of Cumulative Energy Demand, an interesting scenario unfold. Indeed, the decrease in 

material waste and the attainable buy-to-fly ratios make the MWD processes particularly 

environmentally friendly. However, not only further investigations in this direction are necessary. Even 

though the above-proposed literature survey (Section 2.3.1) shown that significant work has been 

spent on optimizing the process parameters at a unit-process level with the aim of minimizing defects 

that may occur while depositing material, energy efficiency and the environmental impact are still 

unresolved topics. At this level, the SEI computed above for pure deposition phase accounts for just 



 38 
 

 

a portion of the overall energy requirement since standby energy consumption and any ancillary 

equipment/consumables should be included as well. Moreover, few studies have been carried out 

specifically on the energy efficiency of LMWD, which has been identified as a promising candidate to 

extend, while adopting high deposition rates, the benefits of layer-by-layer fabrication to medium-to-

large components. 

The present Section presents the results of a research aimed at identifying the effects of the main 

process parameters of LMWD (namely: laser output power, travel speed and wire feed speed) and 

quantifying the electrical energy consumption, involved in the Laser Metal Wire Deposition of 

stainless steel. The results of the experimental tests, which were planned by applying the Design of 

Experiments (DoE) technique, are assessed by means of an empirical approach. A regression model 

correlating the Specific Energy Consumption and the average deposition rate is proposed. In detail, 

the description of the equipment and the experimental plan are detailed in Section 2.3.2.1. The results 

are presented and discussed in Section 2.3.2.2, in which a two-step analysis is proposed. First, the 

energy for the deposition of a single layer is quantified. Second, the multi-layer deposition of an 

axisymmetric sample is considered. Empirical approaches have been exploited to identify the most 

influencing process parameters. A Specific Energy Consumption (SEC) model was obtained to 

quantify the energy efficiency of the LMWD process while varying the deposition rate. Section 2.3.2.3 

summarizes the conclusions and the research outlooks for this topic. The experimental evidence here 

discussed allows the main drivers for energy consumption to be identified, and could be useful for 

the energy-conscious planning and development of LMWD processes. 

2.3.2.1 Methodology and materials 

A LMWD unit process was experimentally assessed by using a custom machine designed and 

assembled by the Laser Machine Network (LMN) Srl company (Salassa, Torino, Italy). The source 

employed for the front-feeding off-axis melting of the metal wire was a water-cooled ROFIN FL060 

multi-mode fibre laser, whose maximum power was 6 kW. The laser beam had a wavelength of 1070 

nm; the circular spot was characterized by a top-hat intensity distribution and a 450 µm-diameter. 

The laser beam was inclined at an angle of 10° with respect to the direction perpendicular to the 

baseplate (i.e., the Z-axis), while the wire was fed at 45°, as shown in Figure 14. The LMWD-ed 

components were built onto a baseplate made of AISI 304 stainless steel. The translation (along the 

X- and Y-axis) and the rotation (around the C-axis) of the baseplate, as well as the translation of the 

laser head (along the Z-axis), were simultaneously controlled by a CNC system. A flow of shielding 

gas (namely, a 99.999% ultra-high purity grade Argon) was supplied at an average flow rate of about 

300 Nl/h to the deposition zone to prevent the material oxidation. In addition, a jet of purified 

compressed air with an estimated flow rate of 4.5 ± 0.5 m3/h was provided to protect from fumes and 

vapours the optics of the laser head. The LMWD system was set up in a safety working cell, which 

was fitted out with an industrial smoke evacuation system. Three-phase Fluke 430 Series II analysers 

were used to characterize the electric energy consumption of (i) the laser source, (ii) the chiller unit, 
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(iii) the CNC system and (iv) the smoke evacuation system. The main process outcomes, such as 

the process time and the thickness of each deposited layer, were experimentally measured during 

the tests. The data were analysed by using the MATLAB R2021a software. 

 

2.3.2.1.1 Sample description 

30-mm high cylinders with outer and inner diameters of 50 mm and 30 mm, respectively, were 

additively manufactured. The feedstock material was a 1-mm diameter wire made of Boehler ER308L 

Si (AWS 5.9) steel. The simple axisymmetric shape of the samples was chosen to avoid the influence 

of the deposition path complexity on the process outcomes. The filling strategy to create each layer 

in the XY plane was based on a spiral deposition path, which was characterized by an overlapping 

travel path of 0.7 mm. The as-deposited samples were detached from the baseplate by means of a 

single cut-off operation performed by a Graziano 101 SAG slant bed CNC lathe. The weight of each 

sample was quantified by using an analytical balance with an accuracy of 0.01 g, whereas the density 

was assessed by means of hydrostatic weighing. The resulting density values showed to differ from 

the nominal one for a maximum of 4%. Therefore, all the tests are made under the hypothesis of iso-

quality (in terms of porosity) of the samples. Three repetitions for each parameter set were made in 

a random order. 

 

 

Figure 14. LMWD system and experimental setup (Courtesy of LMN Srl). 

 

A

A
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2.3.2.1.2 Experimental plan 

The effect of the LMWD parameters on the unit-process energy demand was assessed while 

varying three independent input variables: (i) the laser output power, (ii) the travel speed at which the 

deposition path is followed (i.e., the relative velocity between the laser head and the baseplate) and 

(iii) the wire feed speed (i.e., the axial velocity at which the wire is continuously supplied to the melting 

zone). The combination of these process parameters is accountable for the flow mass and the energy 

delivered to the melt pool, which was identified as one of the crucial aspects of LMWD [124, 125]. 

The experimental tests were designed according to a 23-factorial plan [145]. The laser power (P) was 

set at 1250 or 1550 W, the travel speed (TS) was 1500 or 2500 mm/min, the wire feed speed (WFS) 

was 1200 or 1800 mm/min. A central point (which corresponds to P = 1400 W, TS = 2000 mm/min, 

and WFS = 1500 mm/min) was added. The laser power values were within the ranges already 

investigated in literature for the LMWD of steels, e.g., 1250-2000 W for 308L Si [135], 2400-3000 W 

for ER308 Si and ER70-6 [137], 1000-3200 W for AISI 316L [122, 132]. The wire feed rates in the 

same research works ranged from 750 to 3198 mm/min, coherently with the present study, whereas 

all the explored travel speeds were generally lower. The experimental plan is detailed in Table 5. 

 

Table 5. Experimental plan. 

Test TS (mm/min) P (W) WFS (mm/min) 
A 

1500 

1250 1200 
B 1800 
C 1550 1200 
D 1800 
E 2000 1400 1500 
F 

2500 

1250 1200 
G 1800 
H 1550 1200 
I 1800 

 
 

2.3.2.2 Results and discussion 

The goal of the research has been to characterize the relation between the energy performance, 

in terms of deposition energy and Specific Energy Consumption (SEC) of the LMWD, and the typical 

input process parameters. The electric energy consumption of the LMWD system was acquired 

during each test. By way of example, Figure 15 plots typical power-versus-time curves referring (and 

limited to) to the construction of five consecutive layers during Test ‘E’. Both the total power demand 

and the contribution of each equipment (namely: the laser source, the chiller unit, the CNC system, 

and the smoke evacuation system) are highlighted. The periodic repetition of the curves for a single 

layer occurred until the total number of layers needed to achieve the imposed height of the sample 
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was deposited. The power profile of the laser source had a periodic step-wise shape, shifting from a 

minimum value (PLidle) during the laser-off time (i.e., during the dwell time, tdwell, which corresponds 

to the duration of the inter-layer cooling phase), up to a maximum value (PLdep) during the deposition 

time (tdep). It is worth remarking that a slight decrease in the power demand was noticed during the 

laser disengagement only. An average power demand of the laser source during deposition (PLdep) 

was quantified in 6.50, 7.00 and 7.55 kW as the laser power (P) was set to 1.25, 1.40 or 1.55 kW, 

respectively. The resultant efficiency of the laser source, here computed as the ratio of the optical 

output power (P) to the electrical input power (PLdep – PLidle), was approximately 24% (±0.5%). The 

average idle power of the laser (PLidle) was 1.16 kW. The deposition time per layer (tdep), which can 

be defined as the ratio of the length of the spiral deposition path to the travel speed (TS), ranged from 

76 s (for TS = 1500 mm/min) to 46 s (for TS = 2500 mm/min). For the intermediate value of travel 

speed (TS = 2000 mm/min), the measured deposition time was 58 s. The dwell time (tdwell) was set 

to a constant value of 90 s, for all the test conditions. As a matter of fact, introducing an idle time 

between each layer is a common practice to mitigate issues related to the heat dissipation during the 

growth of a deposited workpiece. The deposition of the material is interrupted until the desired inter-

layer temperature is reached; afterwards, the deposition of the next layer can start. The available 

literature highlights that a different and longer idle time after each layer should be adopted [72], since 

the heat dissipation gets poorer and poorer as the height of a deposited component increases, due 

to the decrease of the temperature gradient of the melt pool [146], which requires a prolonged time 

for the solidification. Zhao et al. [147] reported different studies analysing the correlation among the 

inter-layer dwell time and outcomes as the dimensional accuracy, presence of defects and melt pool 

size. Since the control of the melt pool temperature was out of the focus of the present study, the 

exact idle time value after each layer was not determined a priori. Moreover, it is worth remarking 

that Xiong et al. [148] applied a constant dwell time for the validation of a FEM model simulating the 

effect of substrate pre-heating on thermal behaviour of circular thin-walled parts produced by means 

of Gas Metal Arc Welding (GMAW). Also, Liberini et al. [133], while depositing ER70S-6 steel walls 

through a GMAW torch, adopted a constant pause between the subsequent layers. The here-

assumed dwell time of 90 s had proven to be adequate for the interlayer cooling at all the test 

conditions, avoiding the overflow of the melt pool once successive layers were deposited. 

The power required by the 4-axes CNC equipment and the wire feeder (which is labelled as ‘CNC 

system’ in Figure 15) was significantly lower than that of the laser unit, and only small variations in 

the raw values were due to the different operational modes. Both the chiller unit and the smoke 

evacuation system had a periodic stepwise power demand profile, whose duty cycle was independent 

of the variability of the input process parameters. As far as the chiller unit is concerned, such evidence 

deserves a digression. The chiller unit available in the laboratory of LMN Srl was sized for serving 

multiple deposition systems. Therefore, it was oversized for the sole application here studied, and 

undetectable variations in the 7/100 duty cycle were noticed while varying the set laser power. Thus, 

an average (constant) power demand of 2.95 kW and 0.30 kW was assumed for the chiller unit and 

the smoke evacuation system, respectively, for all the tests. The results with reference to the single 
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layer deposition are discussed in Section 2.3.2.2.1. A Specific Energy Consumption (SEC) model 

was then implemented (as detailed in Section 2.3.2.2.2) to characterize the LMWD process while 

varying the deposition rate. 

 

 

Figure 15. Acquired power demand profiles for (a) each equipment and (b) the LMWD system. 

2.3.2.2.1 Single-layer deposition 

The energy required by the LMWD system to deposit a single layer (E1 layer, in Wh) was 

experimentally quantified by including the energy contributions of all the equipment during both 

deposition and dwell time. The results are resumed in Figure 16, for all the studied process conditions. 

The bars show the mean energy consumption per layer. The error bars highlight the variability range 

of the single acquired values on three repetitions of single-layer deposition for a given parameter set. 

The deviations from the mean value were included within a confidence interval of 95%. 
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Figure 16. Energy consumption for the deposition of a single layer: experimental results. 

Overall, the energy demand increases when the laser power (P) increases or the travel speed 

(TS) decreases. This evidence is consistent with the available literature sources (such as the 

research carried out by Dinovitzer et al. [136] on the WAAM process), which underline also the 

relevance of choosing the proper combination of heat power and process speed to achieve a 

satisfactory part quality [132]. Moreover, with reference to the power demand profile plotted in Figure 

15b, the energy consumption per deposited layer (E1 layer) could be computed, as a function of laser 

power (P) and travel speed (TS), by applying the simplified empirical model proposed in Equation 1, 

 

𝐸1 𝑙𝑎𝑦𝑒𝑟  [𝑘𝑊ℎ] = 𝑃𝐿𝑀𝑊𝐷
𝑑𝑒𝑝

∙ 𝑡𝑑𝑒𝑝 + 𝑃𝐿𝑀𝑊𝐷
𝑖𝑑𝑙𝑒 ∙ 𝑡𝑑𝑤𝑒𝑙𝑙 = (𝑃𝐿𝑀𝑊𝐷

𝑖𝑑𝑙𝑒 +
𝑃


) ∙

𝐿𝑝𝑎𝑡ℎ

TS ∙ 60
+ 𝑃𝐿𝑀𝑊𝐷

𝑖𝑑𝑙𝑒 ∙ 𝑡𝑑𝑤𝑒𝑙𝑙 Equation 1 

 

where: 

• 𝑃𝐿𝑀𝑊𝐷
𝑑𝑒𝑝

 [𝑘𝑊] average power demand of the LMWD system during deposition; 

• 𝑃𝐿𝑀𝑊𝐷
𝑖𝑑𝑙𝑒  [𝑘𝑊] average power demand of the LMWD system when idling; 

• 𝑡𝑑𝑒𝑝 [ℎ] deposition time; 

• 𝑡𝑑𝑤𝑒𝑙𝑙  [ℎ] dwell time for inter-layer cooling; 

• η [-]  efficiency of the laser source; 

• 𝐿𝑝𝑎𝑡ℎ [𝑚𝑚] length of the spiral deposition path. 
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Being the TS above-introduced in mm/min, for the sake of consistency it has to be multiplied by 

60. 

The WFS input parameter (which is, on the other hand, expected to affect the layer thickness) 

does not appear in Equation 1. The empirical model allowed obtaining the surface plot in Figure 17. 

The differences between the computed values and the acquired results, as shown in Figure 16, were 

below 5%. 

 

 

 

 

 
 

Figure 17. Energy consumption for the deposition of a single layer: results from the empirical model 

in Equation 1. 
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2.3.2.2.2 Multi-layer deposition 

 

 

 

Figure 18. Energy consumption for the deposition of a sample: experimental results. 

 

According to Section 2.3.2.2.1, the travel speed (TS), and the laser power (P) were the main 

drivers for the energetic burden during the single-layer deposition. As far as the number of layers 

(nlayer) required to produce a whole sample is concerned, the results are detailed in Figure 18. The 

deposited bead height was mainly influenced by the travel speed (TS) and the wire feed speed 

(WFS), which both affected the amount of material mass supplied to the melt pool. In fact, thinner 

layers were obtained while increasing the travel speed (TS) and decreasing the wire feed speed 

(WFS), according to literature [124, 125, 136]. Moreover, for a fixed combination of TS and WFS, the 

increase in laser power (P) resulted in a slight increase only in the number of deposited layers. A 

higher amount of energy transferred to the melt pool promoted the metal melting, while reducing the 

material viscosity, and thinner layers were obtained. Such an impact of the laser power on the melt 

pool width and depth has already been highlighted for LMWD by Heralić et al. [124] and Medrano 

Tellez [135], and for WAAM by Dinovitzer et al. [136]. 
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As can be modelled and expressed in Equation 2 (which in turn recalls Equation 1), the energy 

consumption for the deposition of a whole sample (Esample, in Figure 18) depends on both the number 

of layers to be deposited and the energy consumption per layer (whose results are plotted in Figure 

16 and discussed in Section 2.3.2.2.1). The differences between the computed values and the 

acquired results for all the sample remained below 5%. 

𝐸𝑠𝑎𝑚𝑝𝑙𝑒  [𝑘𝑊ℎ] = 𝐸1 𝑙𝑎𝑦𝑒𝑟 ∙ 𝑛𝑙𝑎𝑦𝑒𝑟  Equation 2 

 

2.3.2.2.3 Specific Energy Consumption 

Aiming to identify a synthetic indicator for the energy efficiency of the LMWD process, the Specific 

Energy Consumption (SEC) was computed. The SEC included the energy requirements of all the 

equipment during both deposition and dwell times, and was obtained as the ratio of the total energy 

consumption (Esample) to the deposited mass of each sample. The SEC was limited to the energy 

during the processing period, according to [110].  

The pre- and post-deposition phases (such as the system set-up, part clamping/un-clamping and 

positioning periods) were disregarded, since they usually account for a small share of the total energy 

consumption during the single-part manufacturing. Moreover, the permanent material losses of 

LMWD, which can be traced back to (i) the in-process material vaporization, (ii) the small droplets of 

molten material that are dispersed outside the deposition area when welding and (iii) the wire scraps 

[127], were assumed to be negligible [80]. Therefore, a correlation between SEC and deposition rate 

could be established. The SEC results are plotted in Figure 19 as a function of the average deposition 

rate DRa, here defined as the ratio between the deposited mass and the process time (including both 

deposition time and cooling/dwell time). Overall, the specific energy consumption decreases while 

increasing the average deposition rate, coherently with the literature [121]. In particular, the lower the 

time to deposit a given amount of material was, the lower the impact of the energy contributions due 

to the equipment when idling. To characterize the experimental data, the SEC model proposed by 

Kara and Li [110] for material removal unit-processes was adapted to the case study considered 

here. It is worth remarking that the same approach was proved to be suitable for characterizing the 

energy efficiency of several manufacturing processes with respect to their input variables, such as 

Electron Beam Melting [117] or injection moulding [106]. Therefore, a SEC = C0 + C1 / DRa model 

was assumed, and the empirical coefficients were obtained by means of regression. The resulting 

curves and coefficients’ values are reported in Figure 19. The goodness-of-fit of the experimental 

results with the SEC model was confirmed, although it was likely not possible to propose conclusive 

considerations about the model applicability for the LMWD process due to the limited range of 

deposition rates. 
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Figure 19. Specific Energy Consumption as a function of the average Deposition Rate for the LMWD process. 

2.3.2.3 Conclusions 

Environmental concerns are increasingly getting relevance in the manufacturing sector. Different 

manufacturing routes, among which AM processes, have been investigated in the last decade under 

the energy consumption perspective. The target of process parameters’ optimization was initially 

devoted to the part quality only, whereas a little attention has been paid to the energy efficiency. In 

the present study, Laser Metal Wire Deposition (LMWD) has been investigated. Three process 

parameters were varied according to a Design of Experiments, in order to quantify their effect on 

energy consumption and energy-usage efficiency. The influence of the travel speed, the laser power 

and the wire feed rate has been assessed. The results highlighted that, for the deposition of a single 

layer, the travel speed and the laser power act as main drivers for the energy consumption, being the 

effect of wire feed rate almost negligible. The energy required at the single-layer level and for the 

whole sample deposition was modelled by means of empirical equations and compared with the 

results from the experimental tests. The energy required at the single-layer level decreases if the 

travel speed increases, increases if the laser power increases, and decreases if both the two 

parameters concurrently increase. For the total energy demand during the manufacturing of the 

axisymmetric multi-layered samples, and thus for the Specific Energy Consumption, all the three 

factors are relevant. 

A model defined by means of empirical coefficients was proposed on the basis of a regression 

analysis to correlate the SEC and the DR within the present unit process. It is worth remarking that, 

the present work was carried out by choosing a simple geometry of the samples, which were 

additively manufactured by means of a spiral deposition path and adopting a fixed value of dwell time. 
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This choice was expected to isolate as much as possible the effect of the studied process parameters. 

Future works could explore the variation of (specific) energy consumption while increasing the part’s 

geometry complexity, which translates into different deposition paths along the build direction. 

Adaptive inter-layer cooling time could be implemented with gradually-increasing values according to 

the deposited height. Wider ranges of process parameters could be explored, and the increase of 

experimental tests could help to furtherly validate the here-proposed SEC-DRa model. Moreover, 

instead of focusing on the unit-process only, the analysis should be extended to cradle-to-gate or 

cradle-to-grave Life Cycle Assessment (LCA). 
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2.4 Arc-based MWD unit process 

2.4.1 A literature survey on Arc-MWD unit process 

Similarly to the literature investigation carried out for laser-based MWD processes in Section 

2.3.1, the present Section reports the values of Specific Energy Input versus wire flow rate values, 

computed for the process parameters explored by experimental tests from different authors, for 

different materials. Figure 20 shows such SEI values for all the different considered variants of arc-

based processes highlighting the different materials used. It is worth underlining that the SEI values 

follow the same trend noticeable in Figure 13. Nonetheless, arc processes tend to ensure SEI values 

which are lower than laser processes, even at the same wire flow rates. 

 

 

Figure 20. Specific energy input (SEI) for different materials for all the arc based investigated MWD processes. 

 

Figure 21a reports the tests regarding GMAW processes, whereas a focus on the SEI values 

obtained for CMT technology and its sub-variants is detailed in Figure 21b. Such plot relies on data 

reported in Table 6, in which the main process parameters for CMT process were collected. GMAW 

(and its CMT variant) processes are known for their high deposition rates, especially if compared to 

the laser-based processes. In Figure 21b it can be seen that the materials processed with CMT 

technology tend to have values of SEI which are lower if compared to the others. 
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Figure 21. Specific energy input (SEI) for the investigated GMAW processes (a), with a focus on CMT 

technology (b). 

 

For the GTAW and PAW processes, little data was collected, mostly concerning the deposition of 

titanium, a material particularly used with such processes. In fact, the titanium is not frequently used 

with GMAW due to the generation of spatters, and arc stability-related problems during the deposition 

[126]. In Pardal et al. [126] is proposed a solution to stabilize the CMT process by exploiting a 

concentric laser beam coupled to the arc. For wire flow rates ranging from 20 to 80 mm3/sec values 

of SEI between 7 and 20.5 MJ/kg were computed for GTAW, while for PAW processes from 38 to 43 

MJ/kg were reached in a 21 to 24 mm3/sec wire flow rate range, within a limited investigated and 

tested range of parameters. 
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Table 6 Range of variation of main process parameters from literature for arc-MWD CMT-based WAAM 

processes. The candidate derived some values from the original articles. 

CMT process Material Current 
(A) 

Voltage  
(V) 

TS 
(mm/sec) 

WFS 
(mm/sec) 

Wire 
Diam. 
(mm) 

Ref. 

CMT Al-6Mg 127 15.3 n.a. 100 1.2 [25] 

CMT AWS A5.10 ER4043 32 11.1 5 30 1.2 [94] 

CMT ER70S-6 steel 98 9.7 1.67 83.33 0.9 [150] 

CMT ER70S-6 steel 100 10.5 1.67 83.33 0.9 [150] 

CMT ER70S-6 steel 102 11.3 1.67 83.33 0.9 [150] 

CMT ER70S-6 steel 102 12 1.67 83.33 0.9 [150] 

CMT ER70S-6 steel 100 12.7 1.67 83.33 0.9 [150] 

CMT Inconel 625 130 12.5 13.33 108.33 1.2 [93] 

CMT continuous AISI 316L  150 14.2 10 133.33 1 [99] 

CMT Mix Drive AWS A5.10 ER4043 133 18.5 5 100 1.2 [94] 

CMT pulsed 1 316L stainless steel 200 23.2 10 156.67 1 [99] 

CMT pulsed 2 316L stainless steel 220 26.8 16.67 166.67 1 [99] 

CMT pulsed 3 316L stainless steel 220 26.2 13.33 166.67 1 [99] 

CMTP Al-6Mg 159 19.3 n.a. 150 1.2 [25] 

VPCMT Al-6Mg 103 11.7 n.a. 116.67 1.2 [25] 

VPCMT Al-6Mg 103 11.7 n.a. 116.67 1.2 [25] 

VPCMT Al-6Mg 103 11.7 n.a. 116.67 1.2 [25] 

VPCMT Al-6Mg 103 11.7 n.a. 116.67 1.2 [25] 

VPCMT Al-6Mg 103 11.7 n.a. 116.67 1.2 [25] 

VPCMT Al-6Mg 140 15 n.a. 116.67 1.2 [25] 

 

2.4.2 Characterization of Arc-MWD unit process 

In the literature, in various studies on WAAM processes, attention is paid to the relation between 

process parameters and the thermal history of the deposited components [146, 99, 152], to the 

resulting microstructure and mechanical properties [153, 165], as well as to the willingness to 

automate the WAAM process for industrial production [155]. Already in 2010 [156], the economic 

advantages and environmental impacts of WAAM processes on traditional technologies to produce 

large components were associated with processing speeds, therefore with the capabilities in terms 

of deposition rates. Furthermore, for high-value WAAM materials, it was considered to lead to 

economically advantageous production due to the high utilization fraction of the material, compared 

to the 15% characterizing the machining and forging processes [156]. Despite this, to the knowledge 

of the candidate, there is no research that studies the environmental impact as a function of the range 

of main process parameters. In the present Section, a methodology is proposed to quantify the effect 

of varying process conditions to deposit thin-walled steel components by means of the Cold Metal 
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Transfer (CMT) process. A predictive empirical model for the energy consumption at the unit-process 

level is proposed. 

2.4.2.1 Case study 

To validate the model detailed in Section 2.4.2.3, a parallelepipedal sample was selected as a 

case study. The 3-dimensional render, the values of geometrical dimensions, mass, and volumes of 

the sample are detailed in Figure 22 and Table 7.  

 

 

Figure 22. Case study 3D rendering and geometrical feature details. 

 

 

Table 7. Parallelepipedal sample details. 

Parameter Value 

Material AISI 308L Si 

Density (kg/m3) 7.91E+03 

Mass (kg) 0.08 

Volume (mm3) 10050 
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2.4.2.2 Experimental setup 

In the laboratory of Laser Machine Network (LMN) Srl company (Salassa, Torino, Italy), an AWS 

ER 308L Si steel wire was deposited through a Fronius CMT machine equipped with a TPS 400i 

generator. The translation of welding torch along all the axes was controlled by a 4-axis Siemens 

Sinumerik 840 CNC system. Cylindrical plates made of AISI 304 steel were used as substrate. During 

the deposition, the substrate was water-cooled as an in-process active cooling strategy by means of 

a chiller unit to hasten the dissipation of the heat. To reduce splatters, increase process stability and 

improve surface finish, a mixture of gas was used. The equipment was also provided with a smoke 

evacuation system. Further details on the experimental setup are provided in Table 8. 

Two Fluke 430-II analyzers clamped upstream of the equipment was used to acquire the power 

demand to quantify the electric energy consumption for the process. For the characterization of the 

beads’ geometry in the Pre-test phase (Section 2.4.2.4.1) a MarSurf XC 2 profilometer was used. To 

record temperature measurements during the Test phase (Section 2.4.2.4.2) a pyrometer with a 

distance/spot ratio of 50:1 was employed. 

Table 8. Process parameters for AWS ER 308L Si steel deposition 

Category Parameter Value 

Materials Wire diameter 1.2 mm 

 Substrate diameter 170 mm 

 Substrate thickness 20 mm 

CMT Transfer mode Cold Metal Transfer 

 Synergic curve* CMT 3556 Universal 

 Stick-out distance 14 mm 

 Arc correction -0.5 

 Dynamic correction -1.0 

 Shielding gas * Ar+2.5%CO2 (14-Nl/min flow) 

Cooling Water pressure 4 bar 

 Water flow rate 2 l/min 

(The *-signed values were recommended by Fronius according to the material to be deposited). 

2.4.2.3 Methodology  

In Figure 23 the methodology showing the relations among the input parameters and all the 

variables involved in the following equations is reported. In the present Section, all the equations 

formulated to define the predictive model for unit-process energy consumption for CMT-based WAAM 

process are presented.  
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Figure 23. Flow of data followed to define the unit-process energy consumption predictive model. 

 

Analyzing the power demand versus process time curve during the pre-test phase, three main 

contributions to the total electric energy consumption were identified, namely, the stand-by, the idle, 

and the deposition energy, as shown in Equation 3: 

 

𝐸𝑡𝑜𝑡 [kWh] = 𝐸𝑠𝑡𝑏 + 𝐸𝑑𝑤𝑒𝑙𝑙 + 𝐸𝑑𝑒𝑝 =  (𝑃𝑠𝑡𝑏𝑡𝑡𝑠𝑏 + 𝑃𝑑𝑤𝑒𝑙𝑙𝑡𝑡𝑜𝑡 + 𝑃𝑑𝑒𝑝𝑡𝑑𝑒𝑝) 60⁄  Equation 3 

 

where: 

• 𝑃𝑠𝑡𝑏 is the stand-by power, in kW ; 
• 𝑡𝑠𝑡𝑏 is the stand-by time, in h; 
• 𝑃𝑑𝑤𝑒𝑙𝑙 is the idle power during dwell time, in kW; 
• 𝑡𝑡𝑜𝑡 is the total work time, in min; 
• 𝑃𝑑𝑒𝑝 is the power required for the deposition process, in kW; 
• 𝑡𝑑𝑒𝑝 is the deposition time, in min. 
•  

In order to characterize the various contributions, specifically the total work time 𝑡𝑡𝑜𝑡 can be 

expressed as the sum of the deposition time and the dwell time, i.e., the interlayer idle time [71] for 

cooling, as shown in Equation 4: 

 

𝑡𝑡𝑜𝑡 = 𝑡dep + 𝑡𝑑𝑤𝑒𝑙𝑙 = ∑ 𝑡𝑑𝑒𝑝𝑖
+

𝑛𝑙𝑎𝑦𝑒𝑟

𝑖=1

∑ 𝑡𝑑𝑤𝑒𝑙𝑙𝑖

𝑛𝑙𝑎𝑦𝑒𝑟

𝑖=1

= ∑
𝐿𝑖

𝑇𝑆
+ ∑ 𝑡𝑑𝑤𝑒𝑙𝑙𝑖

𝑛𝑙𝑎𝑦𝑒𝑟

𝑖=1

𝑛𝑙𝑎𝑦𝑒𝑟

𝑖=1

 Equation 4 

 

where: 
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• 𝐿𝑖 is the deposition length referred to the 𝑖𝑡ℎ layer, in m. 
• 𝑛𝑙𝑎𝑦𝑒𝑟 is the total number of layers. 

 

As regards the deposition energy contribution, this can be also expressed as a function of the 

specific deposition energy, 𝑆𝐷𝐸, i.e. energy consumption per unit of volume during the deposition 

phase, as per Equation 5: 

 (𝑃𝑑𝑒𝑝𝑡𝑑𝑒𝑝) 60⁄  [kWh] =  (𝑆𝐷𝐸 ∙
𝑉

𝐷𝐸
)

10−6

3.6
  Equation 5 

where: 

• 𝑉 is the final part volume, in mm3; 
• 𝐷𝐸 is the non-dimensional deposition efficiency, defined as the ratio between the final 

volume (or mass) and the deposited volume (or mass), providing information on the 
overbuilt material [159]; 

• 𝑆𝐷𝐸 is the specific deposition energy which can be computed as the ratio of the energy 
consumption per unit length 𝐸𝐿 and the part cross-section 𝐴 (Equation 6): 

𝑆𝐷𝐸 =
𝐸𝐿

𝐴
 [J/mm3] Equation 6 

where 𝐸𝐿 and 𝐴 depends on the deposition parameters according to Equation 7 and 

Equation 8: 

𝐸𝐿 =
𝑃𝑑𝑒𝑝 ∙ 0.06

𝑇𝑆
 [J/mm]  Equation 7 

𝐴 =
𝜋𝑑2

4

𝑊𝐹𝑆

𝑇𝑆

1

𝑦𝐶𝑀𝑇
 [J/mm]  Equation 8 

 

In Equation 8, the yCMT stands for the yield factor for the CMT processes, i.e., the ratio between 

respectively the input and the output mass for the CMT process, assumed to be 1.02 according to 

[128]. 
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2.4.2.4 Data acquisition 

 

Figure 24. Approach followed for data acquisition for the predictive model on energy consumption evaluation at 

the unit-process level. 

Figure 24 shows the approach used with the aim of defining a predictive model for providing a 

unit-process total energy consumption value, after the choice of only three input values: the Wire 

Feed Speed (WFS), the Travel Speed (TS) and the final volume (V) of the component to be obtained. 

In this study, only thin-walled components are considered, thus characterized by a single bead per 

layer, without depositing adjacent beads within the same layer. 

Pre-tests were conducted by depositing single beads and varying the two main parameters for 

CMT, i.e., WFS and TS, according to a Design of Experiments. Power demand was acquired during 

the process, in order to identify the shape of the power profile versus process time. Subsequently, 

the cross-section profile of each bead was recorded by means of a profilometer in order to obtain 

information on the shape of the beads (also in terms of maximum height and width) and on the amount 

of mass/volume deposited. With these geometric pieces of information, a new phase of testing was 

fed. Once chosen a sub-set of parameters from the matrix defined by the above-mentioned DoE, thin 
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walls were deposited by maintaining a fixed temperature between a layer and the following one and 

measuring the time to be waited before starting with the deposition of the following layer. After their 

deposition, the weight of each deposited thin wall was measured to be compared with the theoretical 

weight of the final component. In such way, the deposition efficiency of the process in terms of mass 

utilization could be quantified. All the details concerning data collection for each phase are presented 

in the following Sections. 

2.4.2.4.1 Pre-test phase – Single beads deposition 

Single bead-on-plate runs were deposited at different process conditions and each condition was 

repeated three times.  

Usually, in Metal Wire Deposition (MWD) processes, as mentioned in Section 2.3, the main 

process parameters are three, i.e., the wire feed speed (WFS), the travel speed (TS), and the power 

of the heat source (P) [121]. In the case of deposition by means of CMT, the power is strongly and 

automatically linked to the WFS, since the manufacturers of the CMT welding machine have linked 

the WFS to the power by assigning pairs of voltage and current values that follow the so-called ' 

synergic curves’ to each WFS level. Therefore, in the present work, a process window defined by a 

two-dimensional matrix was investigated. The tested process conditions for the pre-test phase are 

presented in Figure 25. The TS varied in a range of 0.1÷0.9 m/min with a 0.2-step increase, according 

to the most used values in literature (as in [154]). The WFS was made varying discretely, with a 2-

step increase, at first among 4 and 12 m/min (cf. sample’s ID from 01 to 25, in Figure 25). Then, the 

boundaries were expanded to 2 m/min to be as nearest as possible to the machine hardware limits 

(as in [159]), i.e., 1.5÷14 m/min (cf. sample’s ID from 26 to 30, in Figure 25). Finally, an additional 

intermediate row of WFS values was investigated in order to deepen the lower area of the resulting 

matrix (Figure 25), which at a first evaluation resulted to be suitable for industrial application 

purposes. The intermediate set of parameters was added at WFS = 3 m/min (cf. sample’s ID from 31 

to 35, in Figure 25), for a total of 7×5 matrix. Every run measured 75 mm in length. After each 

deposition, the substrate was waited to return at almost room temperature before the following 

deposition to prevent near beads from thermally affecting each other. The advantage of depositing 

single runs is twofold. First, since the beads lie on a flat surface, through the acquisition of the 

transverse profile, it is possible to evaluate the cross-sectional area, i.e., the volume deposited per 

unit of length. Second, the single-bead tests provide information on the appearance of the bead, in 

terms of thickness (W) and height (H), and, in particular, the maximum height of the bead not to be 

exceeded when selecting and setting the so-called '2.5D' slicing value [160] for the deposition of 

overlapping layers. These profiles were actually acquired by means of a MarSurf XC 2 Profilometer, 

in three equally-spaced points of the steady-state section, i.e., the section in which the height of the 

bead remains almost constant. Therefore, the bead portions at the beginning and at the end of 

deposition were not considered, in which the heights are respectively greater and less than the central 

portion. 
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Figure 25. Tested process conditions (process window) with corresponding identification code (ID).  

Red dots: Pre-tests conditions (beads). Blue dots: Test conditions (thin walls and case study). 

 

 

 

Figure 26. As an example, (a) power demand versus process time when depositing ID 01 (WFS 4 m/min, 

TS 0.1 m/min) and (b) cross-sectional profile of bead ID 05 (WFS 4 m/min, TS 0.9 m/min). 

ID 16 

ID 11 

ID 06 

ID 17 

ID 12 

ID 07 

ID 18 

ID 13 

ID 08 

ID 19 

ID 14 

ID 09 

ID 26 ID 27 ID 28 ID 29 ID 30

ID 20 

ID 21 ID 22 ID 23 ID 24 ID 25 

ID 15 

ID 10

ID 01 ID 02 ID 03 ID 04 ID 05 

ID 31 ID 32 ID 33 ID 34 ID 35 

0

500

1000

1500

2000

2500

3000

3500

4000

50 70 90 110 130 150

Po
w

er
 d

em
an

d 
(W

)

Process time (s)

P
de

p

P
st

b

P
id

le

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

0.00 1.00 2.00 3.00 4.00 5.00

z 
(m

m
)

x (mm)

W

H

tdep

(a) (b)



 59 
 

 

 

Figure 27. Samples with TS from 0.1 to 0.9 m/min per each WFS value; 

D-plate: WFS 2 and 3 m/min - A-plate: WFS 4 and 6 m/min. 

 

Figure 28. Samples with TS from 0.1 to 0.9 m/min per each WFS value; 

B-plate: WFS 8 and 10 m/min - C-plate: WFS 12 m/min. 
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The resultant deposited beads for each investigated process condition are shown in Figure 28. For 

the sake of brevity, only the first repetition is there reported. The beads resulted to be highly 

repeatable, both in terms of geometrical aspect and electric energy consumption. 

As can be seen in Figure 27 and Figure 28, at the same speed of the wire (WFS), as the value of 

the travel speed increases, therefore as the speed of the deposition head increases, the dimensions 

of the beads in terms of height and width decrease. With the same TS, increasing the WFS results 

in a greater supply of material, resulting in larger beads. This is confirmed by the cross-section profiles 

acquired per each bead. 

As for the on-field acquisition of power demand, the values of 𝑃𝑠𝑡𝑏, 𝑃𝑖𝑑𝑙𝑒, and 𝑃𝑑𝑒𝑝 (Equation 3) 

were quantified, by accounting for the equipment related to the process, thus CNC system, CMT 

machine, and the smoke evacuation system. The smoke evacuation system used a periodic stepwise 

power demand profile independent on the process parameters variation and characterized by a duty 

cycle. Therefore, an average constant power demand of 0.30 kW was considered. Also the chiller 

unit showed a periodic stepwise power demand profile. The chiller unit installed at LMN Srl's 

laboratory was sized to assist different processes. As a result, it was too large for the study's single 

use, thus in the present investigation it has been kept out of the computation. According to this, the 

stand-by power (𝑃𝑠𝑡𝑏) comprehends the power consumption in standby condition of: 

• CNC, 210 W; 
• CMT, 30 W; 
• smoke evacuation system, 300 W; 

while the idle power (𝑃𝑑𝑤𝑒𝑙𝑙) accounted for the same values, except from CMT idle power. The CMT 

system, after the deposition, sets itself in an idle condition in order to be ready to accomplish new 

tasks quickly. After a time period ranging from 2-3 minutes the system shuts down to standby 

conditions, back to 30 W-consumption. As for 𝑃𝑑𝑒𝑝, in the left hand of Figure 29, contour plots of the 

acquired power demand for CMT deposition are reported. Power values range from 3.0 to 6.5 kW. 

As can be noticed the power values are quite independent on travel speed, being almost totally 

dependent on the WFS. Nonetheless, small changes in the actual WFS, and thus, in power are 

expected as TS changes. This is because, as demonstrated by Ali et al. [153], the real WFS can 

differ from the set WFS due to the automatic control of this speed to maintain a constant arc length. 

Since the melt pool changes in size as the travel speed changes, as well as the cross-sectional area 

of the deposited beads (Figure 27 and Figure 28), the WFS is automatically modified.  

In the right hand of Figure 29, the contour plot of energy per unit length (Equation 7) is reported, 

showing the different energy levels reachable while varying the WFS and the TS. The energy per unit 

length depends on both the travel speed and the power, which in turn is related to the WFS. The heat 

input to the deposited material is proportional to the energy per unit of length [152]. The higher the 

heat input, the higher the melt pool is supposed to be, especially for low values of TS. As a confirm, 

the trend depicted in the right hand of Figure 29, is followed by the one of the beads’ cross section in 

Figure 30, either in case of the acquired values of area either in case of the theoretical/computed 

ones according to Equation 8. The slight differences between the two plots are due to the fact that 
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during acquisition by means of profilometer, the profile of the largest beads didn’t follow a parabola 

shape, presenting profiles not completely accessible by the profilometer. 

 

  

Figure 29. Contour plot for deposition power demand during deposition (left) and energy per unit of length (right) 

varying WFS and TS. 

 

   

Figure 30. Contour plot for cross sectional area of the deposited beads, acquired (left) and computed according 

to Equation 8 (right). 

The Specific Deposition Energy, computed according to Equation 6, showed not to vary in a large 

extent, ranging from 31 to 35 J/mm3 (In Figure 31). This could be due to the automatic control intrinsic 

to the CMT welding machine. 
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Figure 31. Contour plot of Specific Deposition Energy. 

 

2.4.2.4.2 Test phase – Thin walls deposition 

The test phase consists of the realization of thin walls, in which every layer is made of a single 

bead. Among the process conditions in the pre-test phase (Section 2.4.2.4.1), four sets have been 

chosen (namely IDs 02, 03, 32, 33, according to Figure 25) and three repetitions for each sample 

were deposited. For each process condition, based on the heights of the beads acquired in the 

previous phase, a slicing value ranging from 1.8 to 2.0 mm was chosen, depending on the process 

parameter set used for deposition. As a deposition strategy, a bi-directional path was used to balance 

out the geometry of the thin wall, by alternating the starting position for the bead deposition (the 

starting point of a bead coincides with the endpoint of the previous one), as in [152, 160], since the 

start- and the end-points have different heights, as previously mentioned. 

During this phase, the purpose is to acquire an experimental curve linking the interlayer cooling 

time (also referred to as ‘idle time’ or ‘dwell time’) to reach a certain ‘interpass temperature’, at each 

correspondent deposited layer. This deserves a digression. According to the BS EN 1011-1:1998 

standard on welding [151], the interpass temperature (Ti), in multi-run welding, is the temperature of 

a bead immediately prior to the deposition of the next one. WAAM-deposited parts are susceptible to 

thermal issues due to the large amount of heat delivered to the workpiece during the process. Heat 

dissipation condition during deposition becomes poor along the Z-direction (the direction 

perpendicular to the substrate, along which the component is built). As the height of the component 

increases, the melt pool temperature gradient decreases, due to the accumulation of the heat. In fact, 

the most predominant heat transfer mechanism in the first layers, is the conduction. As the part grows, 
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this mechanism becomes gradually less efficient (due to the increasing distance from the substrate 

and the increasing deposition temperature). Thus, heat transfer through convection and via radiation 

(limited if compared to the conduction in metals) become relevant, resulting in heat accumulation in 

the component [161]. 

This can lead to unsatisfactory dimensional accuracies, since the layer heights vary along the Z-

direction, causing problems during the deposition (e.g., the stick-out distance, i.e., the distance 

between the torch and the workpiece, changes) and during post-process machining operations. To 

provide the same Ti after each layer, to avoid workpiece structural collapse, excessive residual 

stresses and distortions, two different solutions can be adopted. First, as a common practice, an idle 

time for an appropriate melt pool solidification should be introduced. Due to the mechanisms of heat 

transfer from the melt pool to the workpiece, fixed dwell times might not allow to keep constant the 

Ti. Therefore it should be increased as the deposition continues [147]. Second, besides adding time 

between subsequent layer depositions, another way to deal with this issue is to adopt active cooling 

strategies to dissipate the excessive heat. 

In the present phase, even though a water-chilled substrate was used to help the dissipation of 

the heat, the focus was set on the time needed for the realization of a thin wall to quantify its increase 

as a function of the layer number/height. At present, according to [72], a common technique which is 

mainly employed to schedule idle times in WAAM processes consists in substrate temperature 

monitoring through a sensor, which is usually a thermocouple [162]. After the deposition of each 

layer, the process is kept idling until the temperature signal recorded by the thermocouple reaches a 

specified value. The main drawback of such solution is that, even though this technique keeps 

constant the temperature of the substrate at the end of each layer deposition it does not give precise 

information on the last deposited layers, due to the increase in the distance between the substrate 

and the last layer location. For such reason a pyrometer has been used in the present 

characterization (as detailed in Section 2.4.2.2), in order to record the temperature value in the last 

point the deposition head reaches at the end of each layer deposition. Figure 32 reports the trend 

followed by the interlayer cooling time versus the layer number, obtained by regression from the 

experimental tests. 

Cooling times were expected to be longer as the layer number grew, to reach the same Ti, here 

fixed to = 400°C. In fact, the curves’ shape confirms the need to increase the dwell time the as thin 

wall ‘grows’ along the Z-direction, as stated in [72, 147]. It is worth mentioning that after a certain 

number of layers (between 30 and 40), the curve starts to assume an almost constant value. This 

could be due a balance reached between heat input and heat dissipation, but this statement would 

need to be supported by further analyses on the involved thermal fields. Moreover, due to the 

variation of the process parameters and therefore of the thermal energy involved, by keeping constant 

the component geometry, the dwell time curves versus number of layer values were expected to 

change accordingly. Figure 32 shows as, for the same values of travel speed, the dwell time curve is 

higher as the WFS increases. For example, for TS = 0.5 m/min, the blue curve (WFS = 4 m/min) is 



 64 
 

 

higher than the green one (WFS = 3 m/min) by keeping constant the WFS instead, the higher the 

travel speed, the lower the amount of interlayer cooling time. 

 

Figure 32. Interlayer cooling time for each deposited layer, for the thin walls corresponding to IDs 02, 03, 32, 33 

conditions. WFS and TS are expressed in m/min. 

2.4.2.5 Results and discussion 

In Table 9 the values of the deposited mass for each parallelepipedal sample manufactured in 

correspondence to the four selected sets of parameters are reported. According to the acquired 

measures of deposited mass, by comparing them with the theoretical mass of the sample has been 

possible to calculate the deposition efficiency as a ratio between the output and the input mass within 

a (here theoretical) finish-machining process.  

Table 9. Deposited sample’s mass and computed Deposition Efficiency (DE). 

 
WFS 3 - TS 0.3 WFS 3 TS 0.5 WFS 4 TS 0.3 WFS 4 TS 0.5 

Deposited mass (g) 153.78 122.70 192.36 148.24 

Deposition efficiency, DE 0.52 0.65 0.42 0.54 

 

In Table 10 are reported the results regarding the different involved variables, as the process 

conditions changed in the 2x2 sub-matrix, for the methodology proposed in the present Section. As 

can be noticed, the total energy consumption for the production of the thin-walls from which 

machining the parallelepipedal samples, ranges from 53.7 to 85.7 kWh. As expected, the lowest 

values are associated to the lowest deposition power selected, by using a WFS of 3 m/min. Moreover, 
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the higher the TS, the faster the process. Therefore, in thin walls deposited with 0.5 m/min of TS the 

energy required is lower than in their counterparts at the same WFS.  

Table 10. Data for each of the four test conditions. 

 
WFS 3 - TS 0.3 WFS 3 TS 0.5 WFS 4 TS 0.3 WFS 4 TS 0.5 

WFS (m/min) 3.0 3.0 4.0 4.0 
TS (m/min) 0.3 0.5 0.3 0.5 
Li (m) 0.075       
nlayer 26 28 26 28 
Ltot (m) 1.95 2.10 1.95 2.10 
tdep tot (min) 6.5 4.2 6.5 4.2 
tdwell tot (min) 16.3 14.3 19.8 15.7 
ttot (min) 22.78 18.50 26.32 19.86 
tstb (min) 15.0 15.0 15.0 15.0 
Estb (kWh) 0.14 0.14 0.14 0.14 
Edwell (kWh) 0.30 0.24 0.34 0.26 
Edep (kWh) 0.21 0.14 0.26 0.18 
Etot (kWh) 0.64 0.52 0.74 0.57 

 

2.4.2.6 Conclusions 

The unit-process evaluation of MWD based on arc source, in particular on a CMT welding 

process, was carried out, in order to understand the effect of the main process parameters variation 

on beads’ aspect and total energy consumption. 

In CMT process, the main process parameters are two, WFS and TS. According to their 

combination, different levels of energy inputs are delivered to the material, characterizing the aspect 

of the deposited beads, and the time needed to reach a certain interpass temperature between two 

subsequent layers in thin-wall structures. Also the deposition efficiency is influenced by the aspect of 

the deposited beads, as well as the number of layers, thus impacting the material efficiency and the 

consumption of time. It is worth underlining that the deposition efficiency follows the energy efficiency 

at the unit process level, since, for example the thin wall requiring the lowest amount of energy, is 

the one characterized by the highest value of deposition efficiency. Future works could be carried out 

in the direction of evaluating also the impacts of such process parameters variation, and consequently 

of the deposition efficiency, on the associated raw material production and on the machining 

operations required to obtained finished parts, in terms of energy required, thus extending the 

boundaries of the present analysis towards a cradle-to-gate assessment in order to identify the 

possible trade-offs. 
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Chapter 3 

Cradle-to-Gate 

As shown in Figure 33, an LCA-based energy efficiency evaluation of metal wire deposition should 

not be confined to the manufacturing process, but should also cover raw material production, pre-

manufacturing, and post-AM finishing phases. 

 

 

Figure 33. A methodology for evaluating the environmental effect of an MWD-based process that takes into 

account system boundaries from cradle to grave [121], adapted from [164]. 

Raw material production and pre-manufacturing stages. Material-related impact plays a critical 

role in evaluating environmental performance, even more so when additive manufacturing 

technologies are compared to traditional production [164]. All the flows of material and resources can 

be directly translated to primary energy flows. Thus, for a manufacturing approach, as for cumulated 

energy, a contribution to the efficiency assessment is given by material utilization. In-stock materials 

are obtained by extracting and refining raw materials, which then have to be treated, for example via 

hot rolling and wire drawing processes [81] for producing metal wire. For each unit process, material 

losses they suffer from must be considered, as well as the associated energy demand and CO2 

emissions. 
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Material losses and savings. The final part mass, the allowances to be removed by machining 

and the material losses related to MWD process have to be compensated by the wire mass. In 

addition, a substrate on which the material is deposited has to be accounted for in the assessment, 

together with the unit process exerted to produce it, as detailed in [80]. Material losses intrinsic to 

MWD processes are lower than powder-based ones. In fact, the wire completely melts during 

deposition, reaching a material use efficiency near to 100% [140,166], while powders are partially 

blown outside to the melt pool in DED processes [140]. When it allows for significant material savings, 

an AM-based approach appears to be very beneficial from an environmental point of view as well. 

Two cases of WAAM parts which made it possible to obtain enormous savings in material have been 

reported by Williams et al. [55]: 

1. an aluminium wing rib was originally machined from a solid workpiece weighting 670 kg and 
reached a final 18-kg weight, showing a buy-to-fly ratio (BTF) of 37, approximately. Material 
savings of 216 kg could be achieved by simultaneously depositing the same geometry by 
means of two robots in an open-chamber architecture, leading to a BTF ratio equal to 12; 

2. the assembly of an external landing gear weighting 28.8 kg and made of titanium decreased 
from 10.4 to a BTF of 1.2. 

Material savings and the consequent cost savings are evident, due to the reduction in the 

machining operations needed, besides the use of expensive dies [57]. MWD shows to be a promising 

manufacturing route for defense and aerospace sectors, where buy-to-fly ratios are generally high 

[59]. 

 

Post-process operations. Parts realized via MWD, mandatorily need machining post-process 

operations, because of the as-deposited surfaces which are characterized by a poor roughness and 

an evident stair-step effect [67]. These factors, in fact, make MWD appropriate not for net-shape 

parts but for near-net-shape parts. This is the reason why they are preferable for manufacturing parts 

with a low-complexity level. This means avoiding forecasting internal cavities in the component 

design [97]. Hence, MWD are suitable to create preforms [83] to be subsequently machined, saving 

billets- and dies-related costs. MWD processes are not aimed to displace conventional manufacturing 

approaches, but they can successfully coexist complementarily [168]. As for other post-processes, 

different heat treatments can be considered. Bermingham et al. [169] applied different post-heating 

processes to Ti-6AI-4V WAAMed components: 

1. stress relief; 
2. hot isostatic pressure (HIP); 
3. vacuum annealing; 
4. solution treatment + aging. 

Even pre-heating treatments can be employed to reduce porosity, as shown in [65], while thermo-

mechanical post-treatments on the part surface are also possible [68], as, for example, laser shock 

peening. 
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3.1 Arc-MWD: environmental and economic multi-

criteria impact assessment. 

As mentioned in the previous Sections, Wire Arc Additive Manufacturing (WAAM) enables layer-

by-layer production of medium-to-large items with moderate geometric complexity at much greater 

deposition rates than powder-bed methods [170]. However, the existing limits of the as-deposited 

parts in terms of surface finish quality and dimension accuracy necessitate the use of post-process 

machining operations. Therefore, in addition to the technical implications, the overall sustainability of 

adopting a WAAM-based integrated strategy over a traditional one should be established, 

necessitating comparative evaluations [163, 171, 178] at various system levels [172]. In general, 

additive manufacturing (AM) has been shown to be useful for mitigating global warming potential 

[173]. Nonetheless, the economic and environmental competitiveness of WAAM has been explored 

in a small number of research [79]. The present Section is aimed at comparing the performance of 

integrated WAAM-based additive/subtractive techniques with milling-based conventional 

manufacturing approach. A cradle-to-gate analysis enabled quantification of the Cumulative Energy 

Demand as well as of carbon dioxide emissions associated with both industrial processes. The 

production time and cost of the product were used as productivity and economic indicators, 

respectively, whilst the results of tensile testing on WAAM-ed and parental materials were taken as 

a proxy for the material performance in use. A comparative multi-criterion mapping is proposed to 

combine the different metrics and to be used as a tool for selecting sustainable manufacturing 

processes while also recognizing their trade-offs. 

3.1.1 Methodology and materials 

In the present investigation three different industrial components have been considered. They 

had different geometrical shapes characterized by medium-to-large dimensions, and they were made 

of different materials. Table 11 reports details about the three components. These parts are typically 

manufactured through material removal operations from huge workpieces. In the present study, two 

distinct WAAM system configurations were employed, both of which were based on 6-

axis anthropomorphic Kuka robots. The first method utilized a water-cooled plasma-arc power 

source, incorporating a shielding mechanism to provide an inert gas environment locally. This 

equipment was employed to deposit the 8-kg titanium bracket and the 5-metres-long cantilever beam 

made of ER70s-6 steel. The titanium bracket is usually employed in the airframes of civil aircrafts, 

while the steel beam is used for architectural purposes. Because of the huge length of the beam, to 

provide the robotic arm with an additional axis for motion, a linear slide was exploited, as can be 

noticed in Figure 34. The second equipment forecasted a Cold Metal Transfer (CMT) welding machine 

for the deposition of the AA2319 aluminium frame used for aerospace applications. 
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Table 11. The components assumed as case studies [127]. 

Component Material Standard manufacturing process 

Aerospace frame AA2319 Machined from billet 

Cantilever beam ER70s-6 Machined from billet 

Aerospace bracket Ti-6Al-4V Machined from forging 

 

3.1.1.1 Cradle-to-gate Life Cycle Assessment 

Each component was subjected to a cradle-to-gate Life Cycle Assessment (LCA). The functional 

unit consisted of a single manufactured component. The study's boundaries comprised raw material 

production, pre-manufacturing stages for incoming feedstock material production, and all 

manufacturing procedures. Each stage used energy and resources (such as tools, cutting fluid, or 

shielding gas) and generated emissions and waste streams. The methodology proposed in [128] and 

recalled in Figure 35 was adjusted for the above-described case studies. For the manufacturing 

processes comparison, only machining, i.e., milling, was here assumed. In fact, the considered 

components were not suitable to be produced through powder-bed based AM processes, such as 

Electron Beam Melting (EBM) or Selective Laser Melting (SLM), due to their dimensions. For the 

present study’s purposes, transportation’s impact was overlooked, and for both approaches identical 

phases of life cycle were considered. 

 

 

 

Figure 34. Overall view of the WAAM system (Cranfield University) [127]. 
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Figure 35. Unit processes and main qualitative flows of the additive/subtractive and pure subtractive 

manufacturing approaches [127]. 
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3.1.1.2 Comparative multi-criterion decision-analysis mapping 

 

In the present Section, a Multi-Criterion Decision Analysis (MCDA) method was applied, based 

on the deterministic TOPSIS technique, namely the ‘Technique for Order of Preference by Similarity 

to Ideal Solution’. It was combined to a weighting technique which relied on an ordinal combinatorial 

ranking of seven different criteria which were automatically set, in accordance with four distribution 

laws, named respectively: 

1. “uniform”; 
2. “halving”; 
3. “quadratic”; 
4. “first two”; 

whose weight distribution is depicted in Figure 36. The considered categories in which the criteria 

were grouped were four, namely indicated in Table 14 as: 

1. cost (c); 
2. time (t); 
3. quality (q); 
4. environmental sustainability (e). 

 

This approach generates maps characterized by a high-resolution level, for decision making 

space [175]. Such maps are generated on the basis of economic-, environmental sustainability-, and 

time-related indicators provided by the cradle-to-gate life-cycle assessment (LCA) previously 

introduced. Mechanical tests on the WAAM-produced components were carried out, highlighting that 

the measured quantities (merged in the category “quality”) were suitable to be used as a proxy for 

evaluating the performances of the in-use material. Every TOPSIS analysis was distinguished by one 

distribution of weight, and ranked the two competing manufacturing approach alternatives by means 

of a final score (i.e., s-) which was set to higher levels for the better alternative. 

 

 

 

Figure 36. Distribution laws applied to the criteria weights in the TOPSIS decision making algorithm used to map 

the decision space [127]. 
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Table 12. Criteria categorization for the decision mapping study [127]. 

Criterion Category 

Cumulative Energy Demand (CED) Environmental Sustainability 

CO2 emissions Environmental Sustainability 

Manufacturing time Time 

Product cost Cost 

Ultimate tensile strength (UTS) Quality 

Yield strength (YS) Quality 

Elongation at break (ϵ) Quality 

 

3.1.2 Life cycle inventory 

The information collected regarding the WAAM unit-process were provided by the Welding 

Engineering and Laser Processing Centre at Cranfield University (Cranfield, UK), whilst data 

regarding raw material production and the unit processes of pre-manufacturing steps, as well as of 

machining, were gathered from database, namely from CES Selector [176]. 

3.1.3 Material production and pre-manufacturing 

The main flows of material (summarized in Table 13) were experimentally quantified for both the 

manufacturing approaches. To account for unavoidable waste occurring during every step, a ratio 

between the mass in input to the unit processes and the output mass was set to: 

• 1.14, for wire drawing; 
• 1.05, for hot shape rolling; 

according to the average material utilization fraction values provided in [176]. 

Permanent WAAM-related material losses can be due to: 

1. in-process material vaporization; 
2. molten material dispersion in form of small droplets outside the deposition area during 

deposition welding; 
3. wire scraps, estimated according to on-field laboratory experience. 

A material-use efficiency of 98% was assumed for WAAM, corresponding to an input/output 

material ratio of 1.02. To calculate the total energy demand and the carbon footprint for the different 

unit processes, the value ranges listed in Table 14 and Table 15 were assumed. Moreover, the raw 

material production’s impact was estimated as proposed by Hammond and Jones [177] with the so-

called ‘Recycled Content Approach’ (RCA), accounting for the benefits due to recycling, considering 
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an upstream flow of recycled material within the current supply. The average content of recycled 

material was assumed to be [176]: 

1. 43% for aluminium; 
2. 42% for steel; 
3. 22% for titanium. 

As for the economic evaluation, the cost of incoming feedstock material purchase was gained 

from an analysis of the market, considering a variation within the ±15%-range (Table 16). 

Table 13. Main material flows (labelled according to Figure 35), in kg, from [127]. 

Component mpart msub mwire ma mwp mc 

Aluminium frame 17 48 33 63 399 382 

Steel beam 188 400 143 352 1396 1208 

Titanium bracket 7.8 7.0 12.2 11.2 62.4 54.6 

Table 14. Specific energy demand of each unit process, in MJ/kg [176], from [127]. 

Unit process Aluminium Steel Titanium 

Raw material production 127.1 ± 5% 18.5 ± 5% 556.2 ± 5% 

Hot rolling / Forging 6.6 ± 5% 20.7 ± 14% 14.7 ± 5% 

Wire drawing 47.3 ± 5% 15.6 ± 14% 108.5 ± 5% 

Rough machining 1.4 ± 5% 0.8 ± 5% 2.7 ± 5% 

Finish machining 9.9 ± 5% 3.6 ± 5% 22.1 ± 5% 

Table 15. Carbon footprint of each unit process, in kgCO2/kg [176], from [127]. 

Unit process Aluminium Steel Titanium 

Raw material production 8.41 ± 5% 1.63 ± 5% 32.98 ± 5% 

Hot rolling / Forging 0.49 ± 5% 1.55 ± 14% 1.11 ± 5% 

Wire drawing 3.55 ± 5% 1.17 ± 14% 8.13 ± 5% 

Rough machining 0.11 ± 5% 0.06 ± 5% 0.20 ± 5% 

Finish machining 0.74 ± 5% 0.27 ± 5% 1.66 ± 5% 

Table 16. Purchase cost of the incoming feedstock materials, in €/kg, from [127]. 

Feedstock Aluminium Steel Titanium 

Wire material 81.9 ±15% 1.2 ±15% 117.0 ±15% 

Bulk material 41.0 ±15% 0.5 ±15% 46.8 ±15% 
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3.1.4 WAAM unit process 

During both productive and non-productive times, electric energy required by the WAAM system 

and its auxiliary equipment (e.g., the chiller to cool-down the power source) were monitored, as well 

as the shielding gas (Argon) consumption. The applied deposition rates were: 

1. 2.40 kg/h for aluminium; 
2. 0.94 kg/h for steel; 
3. 0.66 kg/h for titanium. 

The Specific electric Energy Consumption of the deposition phase, thus concerning the arc-on 

time only, was quantified to be as high as: 

1. 6.3 MJ/kg for aluminium; 
2. 23.7 MJ/kg for steel; 
3. 33.4 MJ/kg for titanium. 

These results are consistent with values provided by the literature [121]. 

 

Motion provision systems appeared to require negligible amount of energy. To convert back the 

electric energy demand to the primary energy, a 0.38-conversion coefficient was assumed, while a 

value of 0.447 kgCO2/kWh was set as electric grid’s carbon emission signature [128]. As for the costs 

estimation for the as-deposited component, they were quantified using a standard procedure that 

Cranfield University developed. It accounted for: 

1. all the consumables purchasing costs; 
2. production costs, including setup, substrate preparation, and part building phases; 
3. labour costs; 
4. overheads, facility charges and delivery costs. 

As far as the tooling for WAAM processes is concerned, its contribution to the assessment can 

be considered negligible under a per-part assessment, since in this research a series production is 

assumed to occur. It would have comprised the cost of the clamping system, which is related to 

substrate/part dimensions, and that could have ranged from 300-400 € to 5000 € and more. 

3.1.5 Machining unit processes 

As far as the machining unit processes are concerned, their impact was estimated for either the 

finishing operations on deposited part, either for the machined one under the conventional 

manufacturing route (Figure 35). From the catalogues of cutting tool suppliers, recommended 

process parameters and the most suitable milling tools to machine the components were identified. 

The applied Material Removal Rate (MRR) ranges (listed in Table 16) were used to compute the unit-

process times, including also an hour as average non-productive time. In Table 14 and Table 15, the 

specific energy demand as well as the carbon footprint used for the impact quantification of roughing 
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and finishing operations are listed as a function of the processed material. It is worth underlining that, 

the here-estimated ranges of MRRs were assumed as representative of an industrial production, due 

to the different part dimensions and different equipment required. In fact, every machine tool is 

supposed to be characterized by a particular SEC versus MRR curve, and in the present study when 

the MRRs which are listed in Table 17 were adopted to be applied to Kara and Li’s SEC model 

proposed in [110], proportionate but slightly higher values would be obtained. As for the milling costs, 

the methodology described in [128] was used to define the variation ranges for input data. Moreover, 

the cost items considered for the WAAM unit-process were considered also for the conventional 

approach. Particularly, 12.7 €/h to 23.7 €/h were hypothesized for the indirect cost rate, whilst 18.4 

€/h to 24.9 €/h were considered for the labour charge rate. 

Table 17. Material Removal Rate (MRR), in kg/h, from [127]. 

Milling operation Aluminium Steel Titanium 

Roughing 18.7-26.3 9.4-13.2 1.6-2.2 

Finishing 0.9-1.3 1.3-1.9 0.1-0.2 

 

 

 

Figure 37. Cradle-to-grate Life Cycle Assessment results [127]. 
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3.1.3 Results 

The main results for all the case studies are plotted in Figure 37, expressed in terms of: 

• Cumulative Energy Demand (CED); 
• manufacturing time; 
• costs. 

The trends of CO2 emissions followed the ones of Cumulative Energy Demand. The values’ input 

variability reflected on the results, as shown by the error bars. Feedstock material production 

dominates the CED, and its impact lowers as the manufacturing approaches’ material-usage 

efficiency increases [80].  

Production times for titanium bracket and aluminium frame are comparable, since the WAAMed 

parts require a considerable extent of finish machining operations, being higher than the time needed 

to manufacture the steel beam by means of WAAM. Feedstock material purchase costs, together 

with the manufacturing time, affect production costs. As far as the mechanical characterization is 

concerned, whose results are not here reported for confidentiality reasons, the WAAMed samples 

showed slightly lower UTS and YS values (-3÷8%) while, in some cases, higher values of elongation 

at breakage than the parental materials’ expected values. 

 

 

Figure 38. Scores (s-) for ‘Uniform’ weight distribution [127]. 
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Steel infrastructural beam is preferable to be manufactured via conventional methods, while the only 

case in which WAAM process gains an advantage is reduced to the case in which the uniquely most 

important category is ‘e’, the environmental sustainability, thus when a ‘quadratic’ weight distribution 

law starting with ‘e’ is used (Figure 39). Nevertheless, it is worth noting from Figure 39 that there are 

some isolated corner cases in the high-resolution map in which WAAM would be still preferable, i.e., 

‘tqce’ and ‘qtce’ of the map using ‘First two’ weight distribution. Eventually, the titanium bracket shows 

a mix of the first two cases’ characteristics. In general, Figure 38 and Figure 39 show that real-world 

process selection for components is complex, and detailed maps appear to be helpful for considering 

the different trade-offs. 

 

 

Figure 39. Mapping of the results corresponding to the ‘halving’ (a), ‘quadratic’ (b) and ‘first two’ (c) weight 

distributions [127]. 
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3.1.3.2 Focus on titanium components and on high deposition rate 

Following the same methodology and the same data inventory used in the previous sections 

regarding the titanium component, three other components were examined to carry out an LCA-

based comparison between the integrated additive/subtractive production approach (Additive 

Manufacturing + Finish machining, ‘AM+FM’) and the milling-based pure subtractive one 

(Conventional Machining, ‘CM’). Moreover, in the case of AM+FM manufacturing approach, the same 

components were deposited at a higher deposition rate. For this reason, under this approach, the 

impacts deriving from the increase in the deposition rate were also quantified. The three case studies 

were provided by Cranfield University (Cranfield, UK). Figure 40, Figure 41, and Figure 42 show the 

mass flows related to each component, according to the two different manufacturing approaches. 

The geometries, however, are not reported here for confidentiality reasons. The here-considered 

metrics are the same as those used in the previous sub-sections, namely energy, CO2 emissions, 

production time, and costs. The results are provided either considering as a functional unit the single 

components, either considering 1 kg of processed material, thus reporting the specific values of each 

investigated metric. 

From Figure 43 to Figure 46, the results are reported with respect to each considered metric (i.e., 

energy, CO2 emissions, production time, and costs), showing also the error bars due to the variability 

of input data coming from modelling of raw material production and pre-manufacturing phase 

according to [176].  

As for the needed primary energy and the CO2 emitted, the correspondence of their trends is 

confirmed also in the present investigation on titanium parts. Therefore, the following considerations 

on energy will be appliable to CO2 emissions. The increase in deposition rate brings a reduction in 

energy requirements ranging from 1.6% to 5.7%. Considering cradle-to-gate boundaries, the impact 

of raw material production and premanufacturing phases are the highest for each scenario 

considered. In detail, apart from the here-called ‘large part’ (part #01) in which this energy in the two 

manufacturing approaches is comparable, this contribute has a higher value for the CM approach. 

As far as the time production is concerned, the different total values vary according to the considered 

geometry. To deposit the largest part (#1) the highest amount of time is necessary. As a common 

trend, as expected, increasing the deposition rates in AM+FM approach, positively affects the total 

demanded time for the parts production. Moreover, it influences, in turn, the cost-related results. In 

fact, the indirect costs, the labour costs, and the cost of total electric energy consumed strongly 

depend on the process time [127]. For the largest part, the highest values of manufacturing time and 

costs are recorded in AM+FM approach, compared to the CM one, varying for the part #02 and #03, 

and suggesting that the components’ geometry affects the results. 
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Figure 40. Mass flow for part #01 (‘Large part’) in AM+FM and CM manufacturing approaches. 
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Figure 41. Mass flow for part #02 (‘Bracket’) in AM+FM and CM manufacturing approaches. 
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Figure 42. Mass flow for part #03 (‘Brace’) in AM+FM and CM manufacturing approaches. 
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Figure 43. Cradle-to-gate analysis results with regard to energy (left) and specific energy (right) for parts #01, #02, and #03, for AM+FM 

approach (with ‘W’-label), also at high deposition rate (with ‘W-HDR’ label), and for CM approach (‘M’). 

 

 
Figure 44. Cradle-to-gate analysis results with regard to CO2 emissions (left) and specific CO2 emissions (right) for parts #01, #02, and 

#03, for AM+FM approach (with ‘W’-label), also at high deposition rate (with ‘W-HDR’ label), and for CM approach (‘M’). 
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Figure 45. Cradle-to-gate analysis results with regard to manufacturing time (left) and specific manufacturing time (right) for parts #01, #02, and #03, for 

AM+FM approach (with ‘W’-label), also at high deposition rate (with ‘W-HDR’ label), and for CM approach (‘M’). 

 

Figure 46. Cradle-to-gate analysis results with regard to costs (left) and specific costs (right) for parts #01, #02, and #03, for AM+FM approach (with ‘W’-

label), also at high deposition rate (with ‘W-HDR’ label), and for CM approach (‘M’). 
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3.1.4 Conclusions 

The present study on cradle-togate assessment of MWD processes based on arc heat source 

employment has focused on a comparison between WAAM-based integrated additive/subtractive 

manufacturing approach and conventional pure subtractive machining one. A methodology allowing 

the quantification of cumulative energy demand and CO2 emissions for three medium-to-large 

components made of different materials was proposed and applied. For comparison purposes, also 

manufacturing time and production costs were considered, as well as mechanical performances of 

the different materials. The results highlighted that when the integrated MWD-based approach is 

chosen, a significant reduction in resource and energy requirements, as also in CO2 emissions, is 

obtainable. On the other hand, time and costs depend on the material used and on the component 

to manufacture. As for the case of the three titanium components, benefits in both time and costs 

were quantified when higher deposition rates were achieved. Overall, it is worth underlining that part 

geometry is expected to influence the comparative analysis outcome, as shown for the investigated 

titanium parts, and already expressed in [128], where the solid-to-cavity (SCR) ratio is varied. The 

TOPSIS Multi-Criteria Decision Analysis method, coupled with combinatorial weighting techniques 

for the generation of high-resolution results maps was applied for decision-making aiding purposes. 

In fact, even if the present results are valid only for the considered assumptions, such methodology 

can be employed as a tool supporting process selection aimed at environmental and economic goals.  
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Chapter 4 

End-of-life: 

Remanufacturing via Repair, 

and Recycling 

The literature has been demonstrating the potential benefits of Additive Manufacturing and 

product repair in terms of implementing Sustainable Development and Circular Economy concepts. 

The research, on the other hand, is lacking in quantifying the environmental advantages of repair-

based manufacturing systems from cradle to grave. Only a small percentage of analyses are based 

on Life Cycle Assessment (LCA). For example, Liu et al. [179] examined the energy consumption 

and environmental impacts of a diesel engine across its full life cycle, comparing the original produced 

part to the equivalent remanufactured one, determining the most demanding phase of the product's 

life. Wilson et al. [50] examined the impact of manufacturing and remanufacturing of a component 

using a laser Direct Energy Deposition (DED) process. Peng et al. [180] evaluated a laser cladding 

technique while comparing the environmental impacts of various manufacturing methods, including 

traditional manufacturing and additive manufacturing, in the context of an impeller manufacture. 

Bennett et al. [44] compared the results of conventional and DED repair techniques for aluminium 

components across their life cycle. 

The current Section focuses on the development of a repair procedure for a mould insert made 

of H13 steel (which is employed to cast aluminium cylinder heads used for internal combustion 

engines) with the goal of quantifying the life-cycle energy and carbon footprint savings that can be 

achieved when cradle-to-grave boundaries and multiple repair loops are considered. The repair 

procedures were carried out experimentally in a hybrid additive-subtractive manufacturing facility 

equipped with Wire Arc Additive Manufacturing technology. After confirming that the repair strategy 

produced the technical and quality outcomes needed by stringent industry requirements, the life-

cycle energy and carbon footprints of the repair approach were calculated and compared to those of 

a more typical substitution-based approach. Overall, the results indicated that, over the course of the 
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insert's first life, the WAAM- and repair-based approach could result in significant cost savings for 

both performance metrics when compared to the insert being machined from a massive workpiece 

as a substitute, despite the multiple manufacturing steps and high embodied energy of the incoming 

feedstock material. Additionally, when many repair loops are examined, the environmental 

advantages of the suggested technique are increased, even if the repaired mould insert has a shorter 

lifetime. 

Section 4.2 presents the experimental setup for the hybrid additive-subtractive machine, as well 

as a description of the case study and the repair technique used, together with a component quality 

evaluation. Section 4.3 describes the approach for calculating the comparative life-cycle energy and 

carbon footprints, the findings of which are described in Section 4.4. Finally, Section 4.5 summarizes 

the major results and research outlooks. 

 

4.1 WAAM processes for remanufacturing and 

repair operations 

For addressing subsurface defects, repair methods may be used for both structural and geometric 

restorations [48]. To choose the best candidate for repair, it is required to study the three primary 

processes involved in performing such an operation on a high-value component (e.g., a die or a 

turbine blade):  

1. in the preparation phase, the worn or deformed surfaces are machined to a specified shape; 
2. in the deposition phase, on the prepared surface, a filler material is deposited; 
3. in the finishing phase, the final form of the component is obtained by further machining 

necessary to fulfil the stringent requirements now in existence for high-value components. 

The second stage may use a range of different technologies. Historically, the majority of repair 

operations were performed using Gas Tungsten Arc Welding (GTAW), which enables precise control 

of the deposition parameters due to the decoupling of the heat input and material feed, and is 

frequently used as a benchmark for comparative repair quality evaluations [181].  

 

Other processes are more time consuming and costly, and in some cases need significant 

additional machining or are wholly manual. Saboori et al. (2019) compared a variety of repair and 

remanufacturing procedures, including [32]: 

1. Plasma Transferred Arc (PTA) welding; 
2. High-Velocity OxyFuel (HVOF) thermal spraying; 
3. Electron Beam (EB) welding; 
4. Electro Spark; 
5. AM laser-based Direct Energy Deposition (DED) processes. 
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Different researchers have contributed to literature by concentrating on repair operations 

conducted utilizing additive manufacturing, particularly for metal components. Literature provides 

assessments from the system perspective or of object design purposes [34], focusing on specific 

application fields but also case studies, such as moulds and dies [47], or from the perspective of a 

specific AM technology, such as DED [32] or Cold Spraying (CS) [182]. DED and CS are the most 

effective additive manufacturing processes for remanufacturing and repair applications, according to 

the literature [31]. Indeed, these procedures are especially intriguing for assisting in the restoration 

of metal components, since they allow for the addition of a new layer of material to an existing shape. 

The same method is often not viable when powder-bed based solutions are utilized, since it is 

necessary to start with a flat base plate. Nonetheless, Electron Beam Melting (EBM) has been used 

to deposit both identical and different materials for improvement or restorative reasons [183]. DED 

methods may use a laser, an electron beam, or an electrical arc to melt a feedstock material such as 

metal powder or solid wire. Generally, the use of powder enables more precision at a lower deposition 

rate, while the use of wire enables a quicker but less accurate procedure [170]. 

As mentioned in the previous Sections, Wire Arc Additive Manufacturing (WAAM), which is 

essentially a three-dimensional welding process in which geometrical features are created layer-by-

layer, or in which a surface is clad by forming a continuous layer on a free-form surface, is one of the 

emerging technologies for automating and increasing the productivity in repair operations. 

The primary benefits of WAAM include the ability to create massive components up to several 

meters in length [184], at a very fast deposition rate, which may exceed 10 kg per hour when materials 

such as steel, aluminium, titanium, and others are used [55]. 

The primary disadvantage of Wire Arc Additive Manufacturing is that the resulting surfaces are 

very wavy, necessitating further machining processes to attain the desired surface polish. This is 

irrelevant for repair procedures, since machining is always necessary to rebuild worn functional 

surfaces. Additionally, WAAM enables the easy integration of such a technology with existing 

processes and machines, resulting in a hybrid additive-subtractive process that can significantly 

increase the productivity of a repair process by reducing change-over times and enabling a 

streamlined approach to repair parts characterized by a certain complexity [185]. 

Additionally, this novel repair technique utilizes both processes (additive and subtractive) and 

overcomes their inherent limitations, such as the poor surface finish associated with additive 

manufacturing or the impossibility for conventional machining processes to fabricate highly complex 

features [44, 180]. WAAM may be implemented using a variety of technologies, including GMAW, 

GTAW, and PAW. In GMAW, an electric arc is formed between the tip of the wire that acts as a 

consumable electrode and the damaged part, although protected by an inert shielding gas; in GTAW 

and PAW, the electrode is typically composed of tungsten and the material is fed by a lateral feeding 

mechanism [186]. GMAW is the most frequently used deposition technology due to its flexibility; in 

fact, the wire in this variant of the WAAM is fed coaxially to the torch, and the deposition rate is higher, 

while the filler material for GTAW and PAW is not melted directly by the arc, but is fed to a lower-

temperature melt pool. Additional deposition rate improvements might be accomplished by using a 
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dual wire feeding system, which would also enable the creation of functionally graded materials by 

adjusting the relative WFS in the two systems [187]. The primary disadvantage of GMAW is the high 

heat input during the welding process, which may result in deformation, excessive remelting of the 

substrate or lower layers, and metallurgical changes to the material's microstructure. Manufacturers 

of welding sources have developed several strategies for reducing heat input, including modulating 

the pulse that ignites the arc or introducing an alternative micromovement of the wire that facilitates 

the detachment of a molten metal drop from the wire in a more controlled and colder manner, such 

as in the Cold Metal Transfer (CMT) approach (patented by Fronius). This expedient results in a 

decrease in dilution, which may be as low as 3% for CMT and as high as 28% for the typical GMAW 

technique [63], therefore preserving the original base metal characteristics and conserving material 

during the repair layer growth. 

 

4.2 Methodology and materials 

The repair operations were carried out using a Fronius TPSi 320 CMT (Figure 47a), which was 

chosen due to its ability to deposit material with low heat input and high deposition rate using the 

CMT process. This technology combines a pulsed electrical arc with a high-frequency and alternating 

micromovement of the welding wire, allowing the separation of a molten metal drop from the wire to 

be facilitated. The welding source was mounted atop a machining centre, namely a DMG Mori DMU 

75 Monoblock Figure 47b), in order to create a hybrid (additive-subtractive) manufacturing 

centre capable of performing all repair procedures without moving or repositioning the component. 

Indeed, the surface preparation, deposition, and finishing were all performed on the same machine 

using the same fixturing, resulting in a simplified procedure. This hybrid solution included a custom-

designed torch holder that could be stored in the automated tool changer (‘ATC’, in Figure 47c), as 

well as a ground table for the 5-axis operations. This enables rapid transitions from the material 

removal (Figure 47d) to the layer-wise deposition - and vice versa - by executing a unique M-function 

on the machining center's numerical control. Thus, 5-axis deposition and milling toolpaths are 

implementable, which are both necessary for repairing complicated and high-value components 

(such as dies and mould for the automotive field or components for the energy and aerospace 

industries). The decision to use a machining centre as the base for the hybrid machine, rather than 

a robot, was expected to result in increased productivity during the preparation of the damaged 

surface, as well as a high level of surface finish and dimensional accuracy at the end of the process, 

owing to the machine's high stiffness and precision in the axis movements, even while machining 

materials which are difficult to cut (e.g., tool steels, titanium alloys, nickel-based ones, etc.). 
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Figure 47. Experimental setup: deposition system (a), machining centre (b), torch holder stored in the ATC (c), and milling head (d), from [189]. 

4.2.1 Case study 

The insert of a mould was identified as a case study for the present assessment. Such mould is 

usually employed for casting aluminium cylinder heads to be used in internal combustion engines. 

Figure 48a and Figure 48b respectively report a 3D sketch of the case study, together with its overall 

dimensions. The mould insert is made of hot work steel, namely AISI H13. It belongs to the chromium 

steel series, which is characterized by good resistance and hardness even at high temperatures. On 

the other hand, this material presents a susceptibility to cracking as one of its main issues. Therefore, 

the studies focusing on AM applications employing AISI H13 has recently started to increase. During 

its service life, a mould insert is greatly subjected to wear mainly due to: 

1. repeated thermal cycles; 
2. chemical attacks and subsequent cleanings.  

As a result, since a mould has to maintain a very narrow tolerance in terms of dimensions, the 

insert should has to be periodically substituted or repaired. 

 

 

Figure 48. Case study: 3D sketch (a), overall dimensions (b), and details of the features that have to be repaired (c), from [189]. 

(a) (b) (c) (d)

(a) (b) (c)
Ø 76 mm

37 mm
Features to be repaired
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Figure 49. Result of the substrate preparation phase (right) with reference to the original geometry of the insert 

(left), from [189]. 

4.2.2 Manufacturing route for repair 

To repair the part, a three-step sequence (machining-deposition-machining) was followed. To 

obtain a crack-free substrate, as well as to define a geometrically known shape to be used as a 

substrate on which depositing material, the first step consisted in removing the worn material from 

the top surface of the insert (Figure 48c). Rather than removing material from a constant-thickness 

layer, during this phase, the creation of a smooth surface showed to be more effective. This is due to 

the fact that pre-tests highlighted that if small corner radii and/or vertical surfaces were present, lack 

of filling could affect these hard-to-reach areas of the to-be-repaired features, even though a 5-axis 

deposition strategy was adopted. There were competing requirements that the surface preparation 

geometry had to comply with, namely: 

1. Removal of enough material in order to expose the unworn substrate; 
2. Avoidance of excessive material removal in order not to exceed the deposited layer’s 

thickness;  
3. Avoidance of sharp corners and/or abrupt discontinuities in the curvature of the surface. 

Figure 49 shows the result of the substrate-preparation phase. In the same Figure, the machined 

part before and after the preparation phase is reported and compared to a brand-new insert shape. 

 

A WAAM process was employed to deposit material, namely a Cold Metal Transfer (CMT) 

process. The material feedstock was constituted by a Boehler-Uddeholm-manufactured H13 steel 

wire with a 1.0-mm diameter. Its chemical composition was the following: 

1. Carbon, C = 0.39%; 
2. Chromium, Cr = 5.3%; 
3. Molybdenum, Mo = 1.3%; 
4. Vanadium, V = 0.9%; 
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5. Manganese, Mn = 0.4%; 
6. Silicon, Si = 1.0%; 
7. Iron, Fe = balance. 

The main process parameters chosen for the deposition are listed in Table 18. 

Table 18. Process parameters for H13 deposition, from [189]. 

Parameter Value 

Transfer mode CMT (Cold Metal Transfer) 

Wire feed speed, WFS (m/min) 5.00 

Travel speed, TS (m/min) 0.36 

Stick-out distance (mm) 14.0 

Shielding gas mixture Argon + 2% CO2 (with a 15 l/min flux) 

Arc correction -3.00 

Dynamic correction -2.50 

 

Preliminary tests on deposition strategies, step-over distances and orientations of the welding 

torch, helped in the identification of the best tool path to be adopted for the deposition. The step-over 

distance was kept constant at of 3.6 mm, in accordance with the optimum ratio between the step-

over distance and the bead’s width, fixed at 0.738 by Ding et al. [190]. Moreover, as shown in Figure 

50a, the torch was maintained normal to the deposition surface. A continuous layer without lacks of 

material or inclusions resulted from the deposition step (Figure 50b). A pre-heating of the part at 

300°C was carried out, while a post-CMT cooling was exerted in an insulated environment (namely 

with a bin filled with vermiculite). After the deposition, the part was machined by employing the same 

roughing and semi-finishing parameters assumed for the brand-new insert’s production. All the 

manufacturing steps were monitored in terms of material utilization (for example, welding wire and 

shielding gas) and of energy consumption, in order to acquire experimental data to be used for the 

environmental impact assessment of the proposed repairing process. In the welding unit an internal 

data logger is housed with the purpose of measuring energy, welding wire utilization and gas 

consumption for each deposited layer, while exploiting a National Instrument DAQ device (NI-9215), 

adequately equipped with voltage and current sensors, was created for the machining phase. To 

acquire the current profile, three gauges, namely three LEM AT 10 B420L hall-effect sensor with 

open core and 0-10A-range, were used. Additionally, to assess the proposed approach’s feasibility, 

in order to assess the deposited layer’s metallurgical characteristics and to verify its thickness, 

observations at macroscopic and microscopic levels of the produced samples were conducted. 

Before analyzing the samples with metallographic microscope (employing a 250x-magnification 

ratio), they were obtained by: 

1. sawing along different planes the deposited parts; 
2. lapping the cross-sectional surfaces by means of: 
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a. abrasive papers (with progressively decreasing grain sizes till reaching mesh of 
1200); 

b. diamond powder; 
3. chemically etching of the lapped surfaces witth a 2%-NiTal solution. 

 

 

Figure 50. Deposition of the H13 material by means of CMT: deposition path (a) and as-deposited layer (b), 

from [189]. 

 

Figure 51. Test case after the repair process: layer thickness (a); HAZ microstructures (b) and repaired layer (c).  

Courtesy of Aurrenak S. Coop, from [189]. 
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The continuity between the repaired layer and its nearly constant thickness is shown in Figure 

51a. The latter has a mean value of 2.6 mm when measured on the top surface, whilst 1.5 mm if the 

lateral surface is examined. The presence of martensite needles, characterized by a higher degree 

of hardness compared to the substrate was highlighted by the microstructural analysis (Figure 51b 

and Figure 51c). Although, the need of a heat treatment before the insert’s employment is suggested 

by this experimental evidence. However, despite this, the here-adopted procedure was confirmed to 

be a good substitute for traditional repairing approaches such as the manual GTAW-based one. 
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4.3 Comparative life-cycle energy and carbon 

footprint 

Once the technological feasibility of the here-proposed repair approach was verified, the study 

was then directed to quantify the environmental impact of the repair process based on WAAM, along 

a whole life cycle. As an assessment benchmark, a worn mould replacement with a brand-new one 

was accounted for. Figure 52 reports the assessed unit processes. Besides, all the main flows are 

schematized. A selected evaluation metric was the primary energy consumption (also defined as 

Cumulative Energy Demand, CED), together with the carbon dioxide equivalent emissions. The 

approach proposed by Ashby in 2013 [29], namely the ‘one resource, one emission’, was followed, 

as done in [80, 128]. Life-cycle impacts based on primary energy with regard to the material feedstock 

in input, the resource consumption, as well as the process electricity demand and the benefits due to 

recycling were considered. The use phase of the insert was excluded from the analysis boundaries, 

since its performances were expected to be equal for both scenarios. All the ancillary material in input 

getting amortized after the production of several print jobs were excluded from the boundaries of the 

present study since they were expected to provide negligible contributions to the overall life-cycle 

impact, as well as all the other product system components such as the hybrid additive-subtractive 

machine plus its equipment, together with the manufacturing facility infrastructure [91]. As for the 

Cumulative Energy Demand indicator definition, since different approaches may be applied 

substantially different results may be obtained, even though using the MJ as the same physical 

energy unit and while targeting to the same primary energy utilization [89]. Further differences arise 

also due to the various approaches relying on energy values, especially when quantifying the 

Cumulative Energy Demand of energy resources which are based on fossils (when either lower or 

higher heating values are accounted for), and/or when the energy values associated to CED for 

nuclear and renewable energy sources are different. A further source of difference among the 

obtainable results could be traced back to the weighting methods chosen to aggregate energies 

deriving from both renewable and non-renewable energy sources.  

In the present study, for the sake of transparency, CES Selector database [176] was used to 

assume the best estimates for data concerning the incoming feedstock material production. 

Additionally, as for the experimentally on-field acquired electrical energies for manufacturing, they 

were converted from kWh to MJoil-equivalent by multiplying by 3.6 and dividing by a 0.38-energy 

conversion efficiency [3, 29]. The primary energy calculated in this manner should be regarded as 

the amount of energy required hypothetically for a typical power plant to generate a specific quantity 

of electricity [84]. To account for the relative contribution of non-renewable and renewable energy 

sources to the energy mix, the CO2 equivalent was calculated using the European Environmental 

Agency's greenhouse gas (GHG) emission intensity of electricity production (0.285 kg/kWh) for the 

EU-28 [35]. The next section details the inventory data used to conduct the comparative life cycle 

evaluation. 
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Figure 52. Boundaries of the study for Scenario A (left) and Scenario B (right), from [189]. 

 

4.3.1 Material production and recycling benefit awarding 

In terms of raw material production, the majority of tool steel is manufactured using an Electric 

Arc Furnace (EAF), followed by secondary metallurgical operations (such as ladle treatments), 

recasting, and remelting. Generally, a batch of scrap and sponge iron is processed and casted in 

form of ingots [43], which are then turned into blocks, slabs, or bars by pre-manufacturing activities 

(such as rolling and forging), followed by heat treatments [33]. Utilizing recycled materials and 

creating recyclable materials, such as chips generated during the machining process or as end-of-
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life mould inserts, result in a net environmental gain. The 'Recycled Content Approach' (RCA) or 

'Substitution Method' (SM) described by Hammond and Jones [177] might be used to account for the 

shared advantages of adjacent product systems. RCA addresses the advantages of material 

recycling on the incoming recycled content (which is labelled as ‘R’). On the other hand, the SM 

calculates recycling credits as a function of the material's recyclability (‘r’), which normally happens 

across different timelines depending on the kind of waste [29]. On the basis of these factors and other 

similar studies in literature [80, 128], the present investigation was conducted by estimating the 

cradle-to-gate effect on the current climate, and separately computing the potential savings 

associated with end-of-life recyclability [177]. 

Table 19. Eco-properties of the H13 material, adapted from the CES Selector [176], from [189]. 

Parameter Average value Range 

Energy demand for primary material production (ingot), HV (MJ/kg) 65 ± 4.9 % 

Carbon footprint for primary material production (ingot), CO2°V (kg/kg) 4.8 ± 4.9 % 

Energy demand for material recycling, HR (MJ/kg) 14 ± 5.2 % 

Carbon footprint for material recycling, CO2°R (kg/kg) 1.1 ± 8.7 % 

Recycled material fraction in the current supply, R (-) 0.55 ± 5.5 % 

Energy demand for hot rolling/forming (MJ/kg) 14 ± 5.0 % 

Carbon footprint for hot rolling/forming (kg/kg) 1.1 ± 5.1 % 

Material utilization fraction for hot rolling/forming (-) 0.95 ± 5.3 % 

Energy demand for wire drawing (MJ/kg) 107 ± 5.2 % 

Carbon footprint for wire drawing (kg/kg) 8.0 ± 5.0 % 

Material utilization fraction for wire drawing (-) 0.88 ± 2.9 % 

 
The average values and variability ranges for the H13 material's main eco-properties were derived 

from CES Selector [176] database and are reported in Table 19. The raw material's embodied energy, 
EE (i.e., the primary energy required to generate a unit mass of material), and carbon footprint, CO2 E 
(i.e., the carbon dioxide equivalent released to the atmosphere per unit mass of material) were 
modelled using RCA. The well-established “EERCA = HV - R·(HV - HR)” and 

“CO2 ERCA = CO2 V - R·(CO2 V - CO2 R)” equations were used, excluding the effects of waste material 
disposal [177]. The energy and carbon footprint of a unit mass of either the workpiece or the wire 
were then calculated by adding the contributions of the pre-manufacturing stages (i.e., workpiece 
forming or hot rolling plus wire drawing) while accounting for the associated material waste flows. 
The latter were approximated as a function of the material utilization fraction (as defined in Table 19), 
which is the mass percentage of material entering the process that stays in the final product. A hot 
rolling technique was believed to be the best method for transforming ingots and blooms into slabs, 
plates, sheets, and sections that may subsequently be employed in other shape-modifying processes 
such as wire drawing. 

Table 20 summarizes the research findings. These results were obtained by comparing a worst-
case scenario (i.e., the highest impact of each unit process, the lowest recycled material fraction, and 
the lowest material utilization fraction for pre-manufacturing) to a best-case scenario (i.e., the lowest 
impact of each unit process, the highest recycled material fraction, and the highest material utilization 
fraction for pre-manufacturing). This decision explains why the data variability is greater than in Table 
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19. The workpiece production-related values so calculated are consistent with those of Morrow et al. 
[43], who used data from the United States Department of Energy. They measured:  

1. specific electricity consumption of 20 MJ/kg (which equates to 52.6 MJ/kg with a primary-to-
secondary energy conversion efficiency of 0.38),  

2. CO2 emissions of about 3 kg/kg during workpiece manufacturing.  

Finally, in addition to the current climate consequences, the potential (future) credits associated 
with the recyclability fraction ‘r’ of the material were evaluated. The methodology outlined in 
Hammond and Jones [177] was used. The ranges of ‘r’-values were established based on the 
recycling efficiency of various kinds of waste materials, as defined by [30].  

Table 20. Environmental impact of the incoming feedstock materials, from [189]. 

Parameter Average value Range 

Embodied (primary) energy per unit mass of workpiece (MJ/kg) 54 ± 14.1 % 

Carbon footprint per unit mass of workpiece (kg/kg) 4.0 ± 14.6 % 

Embodied (primary) energy per unit mass of wire (MJ/kg) 184 ± 11.4 % 

Carbon footprint per unit mass of wire (kg/kg) 13.7 ± 11.4 % 

 
 

 

Figure 53. Mock-up of the H13 mould insert assumed as the case study, from [189]. 

4.3.2 Manufacturing of a new mould insert 

During its first life, a new mould insert is typically milled from a workpiece. Following roughing, 

semi-finishing, and finishing milling processes, a total of 761 g of chips were removed from round bar 

weighing 1568 g with 80 mm of diameter. The operation began on the bottom side (Figure 53), after 

which the item was moved on the piece-holder table and the top side features were machined. 

Experiments were conducted to determine the production time and energy needs, and the findings 

are given in Table 21. Figure 54 illustrates the power consumption vs time profile for the cross-hatch 

finishing of the mould insert's top surface. Furthermore, in addition to the operational mode (that is, 

Top side Bottom side
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the removal of excess material in the form of chips), non-productive times associated with machine 

setup, workpiece handling, positioning, loading and unloading, and tool change were included in 

order to provide a complete unit-process characterization. The same process was used throughout 

the remainder of the study, which is explained below. 

Table 21. Process time and electric energy demand for the milling of a new mould insert, from [189]. 

Operation Machined material 

(g) 

Process time 

(min) 

Electric energy 

(kWh) 

Setup / Idle operational mode - 10.0 0.33 

Bottom side, roughing + finishing 432 52.0 2.15 

Top side, roughing 318 69.9 2.89 

Top side, Z-level semi-finishing 8 73.4 2.91 

Top side, Cross-hatch finishing 3 12.4 0.62 

Total 761 217.7 8.90 

 
 

 

Figure 54. Power versus time curve during cross-hatch finishing of the top side of the mould insert, from [189]. 

Machining a single mould insert took 3.6 hours and used 8.90 kWh of energy, of which 3.7 percent 

was utilized in the idle operating mode. The process parameters are determined by the features being 

machined's stringent dimensions and surface finishing criteria. This technical limitation had an effect 
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start

Return 
to zero 
position Spindle

stop

ATC

Finishing



 99 
 

 

on both the Material Removal Rate (MRR), that varied between 0.5 and 0.007 kg/h, and the Specific 

(electric) Energy Consumption (SEC), which varied between 5.0 and 363.8 kWh/kg [110]. It is worth 

noting that although process optimization might be implemented in the event of the insert mass 

production, the configuration used here is compatible with operation on a single component if 

conservative settings are required. 

4.3.3 Repair of the mould insert 

The wear mechanism the mould insert is most subjected to during usage is mainly connected to 

microcracking of the top surface, which may eventually result in the insert breaking abruptly with 

macroscopic fractures. Thus, the emergence of microcracks necessitates the replacement of the 

mould insert or its repair (both of which are discussed in this Section) in order to prevent catastrophic 

component failure. The mass variation of the mould inserts throughout the usage phase is often 

insignificant owing to the creation of micro-chipping and debris; hence, it was not included in this 

study. In the hybrid additive-subtractive machine, the repair process was divided into three phases:  

1. substrate preparation; 
2. WAAM deposition; 
3. post-repair finishing. 

Additionally, a thermal treatment between phases ‘2’ and ‘3’ may be necessary, and its 

contribution to cumulative energy consumption and CO2 emissions was validated using existing 

literature. 

4.3.3.1 Substrate preparation 

A milling process was necessary for the substrate preparation for WAAM deposition. The 

production time as well as the electric energy requirements determined experimentally are presented 

in Table 22. The substrate preparation process took 0.67 hours and used 1.61 kWh of electricity, of 

which 10.6 percent was utilized in the idle operating mode. The MRR for roughing was 0.08 kg/h and 

for finishing was 0.03 kg/h, resulting in a Specific (electric) Energy Consumption equal to respectively 

29.5 kWh/kg and 87.5 kWh/kg. 

Table 22. Process time and electric energy demand for preparation of the substrate, from [189]. 

Operation Machined material 

(g) 

Process time (min) Electric energy 

(kWh) 

Setup / Idle operational mode - 5.0 0.17 

Substrate preparation, Roughing 37 26.5 1.09 

Substrate preparation, Finishing 4 8.8 0.35 

Total 41 40.3 1.61 
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4.3.3.2 WAAM deposition 

The repair was carried out using CMT technology. Material deposition was preceded by a pre-

heating step and followed by a post-WAAM cooling process, whose impacts were as follows. 

• Insert pre-heating. The effect of the pre-heating phase (before WAAM process) was evaluated 
using a 30-liter laboratory/small-scale production furnace [188]. In a typical cycle, such a furnace 
runs at 1000 W for 60 minutes to heat the chamber, and then at 560 W for 25 minutes to heat 
the component to an established temperature of 300°C. In the worst-case situation (i.e., when 
only one insert is heated in a batch and the furnace is thus filled to less than 10% of its capacity), 
the electric energy used per unit is projected to be 1.23 kWh. This assumption is reasonable, 
especially when all repair operations (including material removal) must be arranged in a single 
additive/subtractive integrated machine, which becomes the system's bottleneck. 

• Material deposition. The deposition of a layer of H13 steel on the pre-machined surface, 
weighing 156 g (corresponding to a wire consumption of 25.5 m) used 0.29 kWh of electric 
energy. 55% of this value was attributed to the deposition head (i.e., 0.16 kWh), while the 
remainder was attributed to machine tool and auxiliary equipment use (i.e., 0.13 kWh). The 
process parameters used produced an average deposition rate of 2.28 kg/h and a deposition 
duration of 4.1 min. Thus, the SEC for the deposition phase alone was 1.86 kWh/kg (6.7 MJ of 
electric energy per unit mass of deposited material), which is consistent with previous published 
data on CMT process [121]. Additionally, the examination evaluated the energy needs for setup. 
The setup time was determined to be 8 minutes (including component handling/positioning, 
automated tool change, and wire connection to the deposition head), whereas the hybrid 
machine's average power consumption while idling was 2 kW. Thus, the total electric energy 
used per processed unit was equal to 0.56 kWh, with non-deposition phase contributions 
accounting for almost half of the total. 

• Post-WAAM cooling. As the component is cooled in air after material deposition, no contribution 
to energy consumption or associated carbon dioxide emissions is predicted. On the other hand, 
this idle time might have an effect on both productivity and total production costs, which were 
not evaluated within the scope of this study. 

4.3.3.3 Heat treatment 

Following WAAM, a heat treatment may be required to enhance the material's structure, refine 

the grain, and/or decrease tensions and hardness for machining. As a result, although no 

experimental heat treatment was performed in this study, an annealing procedure was included in 

the environmental evaluation to determine if its effects would have been substantial over the whole 

analysis. Morrow et al. [43] estimated the electric energy usage to be 1.19 MJ (or 0.33 kWh) per 

kilogram of treated material. The mass of the semi-finished component that needed to be treated was 

922 g, implying that the additional energy required for annealing was 0.30 kWh. 
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4.3.3.4 Post-repair finishing 

The whole finishing procedure required to restore the top side of the mould to its original shape 

took roughly 1.5 hours and 4.05 kWh, as shown in Table 25. MRRs were applied at rates ranging 

from 0.21 kg/h during roughing to 0.02 kg/h during finishing. As a consequence, the resulting SEC 

ranged from 11.6 to 206.7 kWh/kg. 

Table 23. Process time and electric energy demand for post-repair finishing, from [189]. 

Operation Machined material (g) Process time (min) Electric energy (kWh) 

Setup / Idle operational mode - 5.0 0.17 

Post-repair machining, Roughing 100 28.0 1.16 

Post-repair machining, Z-level semi-finishing 12 47.0 2.10 

Post-repair machining, Cross-hatch finishing 3 12.4 0.62 

Total 115 92.4 4.05 

4.3.4 Consumables 

Along with the power consumption for each unit operation, which was previously estimated, the 

study included the environmental impacts of consumables (such as shielding gas and cutting tools). 

The WAAM process utilized 65 normal liters of Pulsarc 102 M12 gas, which is mostly composed of 

Argon (98 percent). Due to Argon's low embodied energy (0.7 MJ/kg [167], its consumption was 

estimated to be minimal in comparison to the overall energy needed for the complete manufacturing 

process [80]. All machining processes were carried out in a dry cutting environment. Apart from the 

obvious and immediate benefits, as discussed by Weinert et al. [149], this option was also driven by 

the possibility of waste management issues in the event of a hybrid additive-subtractive machine 

where cutting fluids and residues of deposited material coexist. On the other hand, tool wear during 

dry cutting of materials difficult to machine has the potential to significantly affect the economic and 

environmental performance of machining operations [144]. Experimental trials aiming at producing 

Taylor's curves may be beneficial in this scenario. When complicated three-dimensional features 

must be generated using a 5-axis CNC machine, however, the tool-workpiece engagement conditions 

may fluctuate throughout cutting, and using simple models and assumptions may result in an over- 

or under-estimation of the actual tool life. The case study used TiAlN-coated tungsten carbide mills 

for the machining processes. For roughing and (semi-)finishing, NS IE-0098 10-mm diameter end 

mills (88 g) and MACH2 25SF R2x10 4-mm diameter ball-end mills (13 g) offered by NS tools were 

used. After producing five repaired mould inserts, the tools were changed. Three mould inserts were 

made when the same tools were used to build a new mould. All environmental implications were 

examined for the embodied energy and carbon footprint of tungsten carbide primary production, 

which were estimated to be 549-605 MJ/kg (slightly higher than the 400 MJ/kg number used in similar 

studies) and 36-40 kg/kg, respectively [176]. No consideration was given to the advantages of 



 102 
 

 

material recycling or the potential of re-sharpening the cutting edges. As a consequence of cutting 

tool usage, the primary energy needs for the repaired mould insert were 11.1-12.2 MJ, whereas the 

primary energy requirements for the brand-new mould insert were 18.5-20.4 MJ. Similarly, the 

corresponding carbon dioxide emissions were between 0.7 and 0.8 kg and between 1.2 and 1.3 kg. 

4.4 Discussion on results 

The findings of the comparative evaluation are shown in Figure 55 as a function of primary energy 

demand (Figure 55a and Figure 55b) and equivalent CO2 emissions (Figure 55c and Figure 55d). 

The graphs in Figure 55 were created using the study's boundaries for 'Scenario A' and 'Scenario B', 

as described in Figure 52. The solid bars represent the average values, whilst the error bars describe 

the range between the worst-case and best-case scenarios in terms of the input data's uncertainty. 

Concerning the manufacture of the incoming feedstock materials - namely, the workpiece and the 

wire - the advantages associated with the recycled material content included in the actual supply 

gathered into the energy and carbon contributions. Additionally, the potential energy and carbon 

reductions associated with EoL recycling have been shown as distinct bars [177]. All of the 

advantages associated with the recyclability of the chips and of the bulk material have been grouped 

together. It is worth noting, however, that primary (or 'new') material scraps derived from 

manufacturing processes may be recycled prior to secondary (or 'old') material scraps, which become 

accessible only after a product approaches its useful life’s end [29]. 

'Scenario A' refers to the process of replacing a worn or damaged insert with a new one (Figure 

52). If the material supply, the production cycle and recycling regulations remain consistent 

throughout time, the environmental effect of any individual product may theoretically be expected to 

be constant. As a consequence, no difference in the effects of the life-cycle phase stages between 

the manufacture of a new insert and its replacement with a new one is envisaged (as shown in Figure 

55a and Figure 55c). Thus, the average energy consumption and CO2 emissions for the 

entire 'Scenario A' (i.e., the manufacture of the mould insert followed by its replacement) were 

estimated at 330 MJ and 16.8 kg, respectively. These values are lowered to 277 MJ (-16.1%) and 

13.4 kg (-20.2%) in the case of 'Scenario B,' which permits for further reuse of the repaired mould 

insert. The worn or damaged insert that must be fixed retains the energy contained inside the material 

from which it is constructed. Thus, the advantages associated with the bulk material's end-of-life 

recyclability are delayed (Figure 55b and Figure 55d). The repair procedures utilize less material (-

90.1 percent) than the insert replacement scenario. 156 g of H13 wire was required to compensate 

for the quantity of chips lost during the pre-WAAM and post-WAAM machining, as shown in Figure 

52. While the embodied energy and carbon footprint of wire are about 3.5 times those of the 

workpiece (cf. Table 20), the effect of raw material production - including pre-manufacturing - is 

decreased by two-thirds (e.g., 29 MJ vs 85 MJ; 2.1 kg vs 6.3 kg of CO2). In the production process, 

the contributions shown in Figure 55 are mostly driven by the equipment's electric energy usage. 
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Figure 55. Cumulative energy demand (a, b) and carbon dioxide emissions (c, d) for both of the considered 

scenarios, from [189]. 

Due to the fact that these processes have been empirically described and that data variability has 

been limited to consumable resources, the variations between the best-case and worst-case 

scenarios in Figure 55 were minimal. Despite the additional unit-steps needed, the repair-based 

technique used less primary energy than when compared to standard machining. Additionally, since 

primary energy demand is mostly due to electric energy use, the associated CO2 emissions were 

reduced. Among the several repair procedures, material deposition by WAAM contributed for less 

than a tenth of the total for each of the metrics evaluated here. This data is due in part to CMT's low 

specific energy consumption, which has established itself as an energy-efficient approach for repair 

[92]. Additionally, the annealing treatment's impact (which was theoretically included, relying 

on literature data) was not substantial in this study. On the other hand, manufacturing's effect is 

dominated by machining processes in both 'Scenario A' and 'Scenario B'. This finding is congruent 
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with the findings of Wilson et al. [50] in a comparative LCA-based research on repair strategies. When 

GTAW and PTAW welding procedures were used, the ratios between the deposition system's electric 

energy consumption and that computed for a 5-axis CNC machine were similar to those achieved 

here. Additionally, the influence of additive and subtractive processes is dependent on a 

different other variables. On the one hand, it is dependent on the procedures applied and the 

associated equipment. Wilson et al. [50], for example, demonstrated that repair procedures using 

Laser Direct Deposition (LDD) use an order of magnitude of energy higher than in GTAW or PTAW. 

However, the proportional effect of CNC milling and DMD-based techniques might vary significantly 

depending on the solid-to-cavity (SCR) ratio [43]. 

 

4.4.1 Impact of the material removal operations 

Machining's unit-process energy consumption is mostly determined by the machine's 

architecture, with just a little effect from the cutting operation [111]. Kara and Li [110] assert that each 

machine tool should have a SEC against MRR curve. Moreover, the greater the rate of material 

removal, the lower the specific energy consumption. The experimental data that link SEC and MRR 

for the various material removal processes included in this case study are presented in Figure 56. 

The SEC values vary by at least one order of magnitude. The Z-level semi-finishing and cross-

hatching finish procedures (the latter of which is used in both scenarios ‘A’ and ‘B') were found as the 

most energy-intensive processes per unit of removed chips mass. This experimental data is 

consistent with published literature [110, 104], as well as with tests conducted by Campatelli et al. on 

comparable systems [80]. Furthermore, Morrow et al. [43] determined that roughing procedures for 

H13 machining use 24 MJ/kg of energy, whereas finishing consumes 25 times that amount. The SEC 

= C0 + C1/MRR model was used, and regression analysis was used to determine its coefficients 

(Figure 57). It is worth noting that the process parameters used in this research were not tuned with 

the objective of increasing energy efficiency. In this investigation, the choice to use cautious values 

that would meet the stringent surface criteria required to build the mould insert mock-up was 

preferred. Thus, when scaling up from a laboratory to an industrial scale application, optimizing the 

machining process parameters to raise the MRR may be predicted to result in decreased 

contributions from the material-removal unit operations [127]. Though, given the greater percentage 

attributable to finishing operations (which are themselves bound by geometrical product 

requirements), the traditional machining strategy (‘Scenario A’) should continue to be the costliest in 

terms of energy consumption and CO2 emissions. 
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Figure 56. SEC versus the MRR curve for material removal operations, from [189]. 

 

4.4.2 Multiple repair loops 

Figure 55 shows the findings obtained using the research bounds indicated in Figure 52. As a 

result, the preceding sections discussed only situations in which a newly manufactured mould insert 

is replaced or repaired at the end of its service life. The circular economy involves solutions that 

enable items' lifespans to be prolonged, in which their disposal to landfills is postponed, and the 

material loop completed via reuse, remanufacturing, and recycling initiatives. As a result, Multiple Life 

Cycles (MLCs) should be forecasted [4, 102]. When numerous repair loops become technologically 

viable, the expected reduction in environmental impact may be magnified over time as a function of 

the remanufacturing cycles' number [95]. As a result, a comparative analysis was conducted by 

transitioning from a product-oriented to a function-oriented study. A mould insert is used to enable 

the die-casting of a batch of automotive cylinders. If the total volume of cylinders produced is known, 

the number of inserts required may be estimated. To clarify, Figure 57 was created assuming that 

five brand-new mould inserts (with an identical service life) are required to meet the production 

objective. For the substitution-based scenario, the cumulative trends of the environmental 

performance metrics rise linearly with time, since the primary energy in a brand-new insert (165 MJ, 

according to Figure 55) and associated emissions (8.4 kg of CO2) must be accounted for with each 

insert replacement. Cumulative values achieved in the event of several repair loops are lower. This 

is due to the reduced consumption of primary material (though recycling of bulk insert material is 
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delayed) as a consequence of the cascade effect [95], as well as the reduced requirements of repair 

operations. If the repaired insert has the same service life as a new insert, the overall energy 

consumption together with the CO2 emissions are decreased by respectively 26 and 32% to meet 

the same production objective. When the life of the repaired component is reduced, repair procedures 

must be foreseen and increased in frequency. Despite the subsequent rise in performance evaluation 

metrics (as seen in Figure 57), the scenario base on repair seems to be viable up to a certain level 

of predicted service life decrease (i.e., about -30 percent in the case study). 

 

 

 

Figure 57. Multiple repair scenario: variations in the cumulative energy demand and CO2 emissions over time, from [189]. 

 

4.5 Conclusions related to EoL scenarios’ assessment 

In the present study, a procedure to repair an insert of a mould to be used for casting internal 

combustion engines’ aluminium cylinder heads was proposed and applied. The aim was to 

quantitatively support the literature claiming that Remanufacturing, Reconditioning and Repair are 

the most recommended strategies for value recovering of the resources involved in the manufacturing 

of a product, instead of scrapping and then recycling in its End-of-Life phase. A life cycle-based 

energy and carbon footprint assessment was carried out within cradle-to-gate boundaries to compare 
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1. the replacement of a worn mould with a new one; 
2. the mould repair to prolong the mould’s life at the conclusion of the product's initial life. 

For the repair-based scenario, a hybrid additive/subtractive CMT-based center was used. To get 

a deeper understanding and assessment of AM's role in implementing Circular Economy principles, 

as well as the associated potential savings, the same evaluations were extended to many repairs 

that ensured the mould's function. The majority of process data were collected during experimental 

testing in order to lessen the uncertainty associated with the analysis's input data. The study findings 

indicate that even the most conservative scenarios studied emphasized the repair procedure's 

efficacy. The environmental impact study indicated how, by reducing material use and cumulative 

energy needs, the repair-based strategy might be an economical way to assist the shift to greener 

manufacturing practices. The total amount of material used is decreased, which is critical when high-

impact materials are needed for the process. The machining process contributed the most to the 

environmental impact, because of two major concurrent factors. To begin, the WAAM deposition 

process (i.e., CMT) utilized to recreate the worn surface is highly efficient and, in comparison to other 

additive manufacturing technologies, consumes less energy. Second, the stringent surface finish 

standards for the machine tool needed an unusually long time, which had a detrimental impact on 

this phase's energy consumption. This outcome might be attributed to the use of conservative cutting 

parameter values in order to meet the stringent surface finishing criteria. On the other hand, some 

literature studies have shown a preponderance of the machining phase, even when paired with very 

demanding deposition techniques [50]. 

According to a longer-term production horizon (as is frequent in industries such as automotive), 

several repair loops might increase the efficiency of process scenarios. Even when varied reductions 

in the lifetime of an insert were considered, the repair-based strategy proved to be a more effective 

method for achieving a meaningful decrease in environmental impact rather than the substitution-

based scenario. Additionally, this study established that using a hybrid additive-subtractive 

manufacturing facility might accelerate the repair process by assuring that the reported layer had 

material properties compatible with product reuse. Additionally, its potential to perform all repair 

processes on a single machine using the same fixturing and without the need to change or reposition 

the metal part may be seen as a good industrial option for efficiently repairing high-value components. 

This technological solution, when combined with a shift from laboratory-scale to industrial-scale 

selection and optimization of milling process parameters (that would result in an increase in MRR 

and reduced environmental impacts associated with material-removal unit processes), is expected to 

gradually result in the adoption of Circular Economy principles in the industrial manufacturing context. 
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Conclusions 

Additive Manufacturing has been described as a disruptive technology that enables the transition 

to Industry 4.0 by assisting companies in rethinking and redesigning their products and manufacturing 

processes. In this way, the capacity to employ additive manufacturing to extend the life of a product 

via repair may also facilitate the realization of the Circular Economy's key concepts. Metal Wire 

Deposition (MWD) processes, in particular, are Direct Energy Deposition (DED) processes that 

enable the additive manufacturing of three-dimensional, low-complexity, medium-to-large 

components at relatively high deposition rates and using metal wire as a feedstock. 

The present thesis weighed the economic, environmental, and technical implications of Metal 

Wire Deposition processes within the 6Rs sustainability framework, quantifying the implementation 

of Remanufacturing via Repair, Reduce, and Recycle principles by means of Metal Wire Deposition 

processes, exploiting laser and arc as heat sources to melt the feedstock wire.  

A review of the current literature was carried out for every section of the thesis, highlighting the 

state of the art for each topic. In particular, before characterizing the unit process with regard to laser 

and arc heat inputs, such review underlined the role of new manufacturing approaches in the 

sustainable industrial development, and highlighted the need to increase their energy efficiency by 

acting on the main process variables. As for laser-based MWD, the three main process parameters, 

namely Power (P), Wire Feed Speed (WFS), and Travel speed (TS), were varied according to a 

Design of Experiments, in order to quantify their effect on energy-usage efficiency. The influence of 

all the three process parameters has been assessed empirically. The results highlighted that, for the 

deposition of a single layer, the travel speed and the laser power act as main drivers for the energy 

consumption, being the effect of wire feed rate almost negligible. The energy required at the single-

layer level (i) increases if the travel speed decreases, (ii) increases if the laser power increases, and 

(iii) overall decreases if both the two parameters concurrently increase. All the three factors, showed 

to be relevant for the total energy demand during the manufacturing of multi-layer samples. The same 

trends were confirmed for arc-based MWD, in which a Cold Metal Transfer (CMT) welding torch was 

employed for the assessment. Being the deposition power strongly (and automatically) dependent 

on the WFS, only WFS and TS were made varying in the investigated process window. According to 

their combination, different levels of energy inputs are delivered to the material, characterizing the 

aspect of the deposited beads, and the time needed to reach a certain interpass temperature between 

two subsequent layers in thin-wall structures. Also the deposition efficiency (defined as the ratio 

between the final volume/mass and the deposited volume/mass, providing information on the 

overbuilt material) is influenced by the aspect of the deposited beads, as well as the number of layers, 

which impact the material efficiency and the consumption of time. Energy consumption and 

deposition efficiency at the unit process level showed to be inversely proportional. Moreover, it could 
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be interesting expanding such analysis towards a cradle-to-gate assessment in order to identify the 

trade-offs along the whole life cycle. 

Second, this study compared WAAM-based additive/subtractive manufacturing approach with 

machining. As case studies, medium-to-large components were assumed. A methodology to quantify 

the Cumulative Energy Demand (CED) and CO2 emissions was proposed. For comparative reasons, 

the production time, product cost, and the mechanical performances of the materials were also 

evaluated. The findings indicated that when the WAAM-based method was employed, significant 

reductions in resource/energy requirements and CO2 emissions occurred. On the other hand, time 

and costs varied according on the component and the material utilized. The geometry of the 

component is likely to alter the result of the suggested comparison analysis, as proven also by the 

evaluation of multiple titanium components with varying dimensions. To create high-resolution maps 

of the findings to be used in decision-making contexts, a TOPSIS Multi-Criteria Decision Analysis 

(MCDA) approach was coupled with a combinatorial weighting methodology. While the reported 

findings were valid only under the examined assumptions, the present approach might be 

recommended as a tool to aid in decision-making spaces with regard to environmental- and 

economic-related goals. Afterwards, the research broadened outside of the production plant’s gate 

by assessing two End-of-Life scenarios, namely Remanufacturing through Repair (via a hybrid 

processing system including MWD plus machining), and Recycling, then discussing the associated 

benefits. A mould insert for the casting of aluminium cylinder heads for internal combustion engines 

was considered for the repair procedure, to quantitatively support the literature that claims that 

Remanufacturing, Reconditioning and Repair are the best strategies to recover the value of the 

resources embedded in a product, rather than scrapping and recycling it at the end of its service life. 

A comparative cradle-to-gate life-cycle energy plus carbon footprint assessment was carried out 

considering two scenarios: the replacement of a worn mould with a brand new one and the repair of 

the mould to extend its lifespan at the end of the first life of the product. A hybrid additive-subtractive 

center, based on CMT technology, was employed for the repair-based scenario. The analysis results 

showed that even the most conservative scenarios among those considered highlighted the 

effectiveness of the repair procedure. The environmental impact analysis demonstrated how the 

repair-based approach, thanks to a reduction in the material usage and cumulative energy 

requirements, could be an efficient solution to support the transition toward greener manufacturing 

approaches. To better understand and assess the role of AM in establishing Circular Economy 

principles, and the related potential savings, the same analysis was extended to multiple repairs 

which guaranteed the function of the mould. Therefore, as for a longer-term production perspective, 

the multiple-repair loops proved to boost the above-mentioned benefits, even when considering 

different reduction extents in the lifespan of the insert. 
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