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A B S T R A C T

In this work, an experimental investigation of Friction Surfacing Deposition (FSD) using the 2000-series heat- 
treatable aluminum alloy was performed including the environmental impact characterization of the process. 
The effect of main controlling process parameters and their interactions on energy demand during the single 
layer deposition was evaluated. A full Life Cycle Assessment (LCA) analysis was conducted for layer-by-layer 
deposition and a comparison of FSD with the Cold Metal Transfer Wire Arc Additive Manufacturing (WAAM) 
was performed for a specific wall-shaped sample production. It was observed that the FSD process is charac
terized by lower processing energy than WAAM, but also by a much higher amount of material scrap connected 
to undeposited parts of consumable tools such as a flash. To assess the possibility of reducing the material waste 
during FSD, the comparative LCA analysis was expanded to study the impact of the deposited layer length. It was 
shown that the FSD method can be a more environmentally friendly process when the deposition of at least 450- 
mm-long layer using a unique tool is required.

1. Introduction

Nowadays, the production of large-sized components is one of the 
most challenging tasks for metal additive manufacturing (AM) [1]. 
Production of turbine blades, fuel tanks, thrust chambers, and other 
parts of aircraft and spacecrafts using conventional manufacturing is a 
high-cost, multistep process, and the application of additive 
manufacturing can improve the leading time as well the environmental 
and economic impact [2–4]. The most studied and most frequently used 
technologies of powder-bed selective fusion of metallic materials are not 
suitable for this case because of their slow deposition rate and strong 
requirements to the storage and handling of the feedstock material, in 
addition to the limited working space for manufacturing [5,6]. To avoid 
these problems, methods of Directed Energy Deposition (DED) have 
been developed [7]. Such methods include powder- or wire-based 
laser-beam DED, electron beam freeform fabrication, and Wire-Arc 
Additive Manufacturing (WAAM) [8–10]. Powder-based laser-beam 
DED has advantages such as high accuracy and flexibility of the process, 
but it still operates with powder, making this process more difficult for 
large-scale manufacturing, while it is well suited for part repairing. In 

contrast, wire-based DED can work with any commercial or other fila
ment and provides about 6 times higher deposition rate, making these 
processes easy to implement in comparison to powder-based technolo
gies [11]. At the same time, some of these methods require expensive 
heat sources and a special atmosphere, such as a vacuum for electron 
beam. In this way, the wire-arc process becomes simpler to implement 
because it is based on the most used welding techniques [12]. More than 
that, in recent years, some researchers and engineers have been working 
on adapting WAAM for aluminum alloys using the Cold Metal Transfer 
(CMT) approach [13,14]. This method is characterized by much lower 
heat inputs than standard WAAM, thanks to the joint action of a pulsed 
arc and mechanical pull of the material into the melting pool that reduce 
the current required for the detachment of the drop of melted material 
from the consumable wire. The use of CMT impacts also the quality of 
the deposition, since without CMT, standard WAAM relates to high 
porosity of aluminum alloys, cracking, distortion, and shape irregular
ities because of welding bead geometry [10]. Especially, CMT is bene
ficial for heat-treatable aluminum alloys which have a limited 
weldability. There are already some positive results on the CMT-WAAM 
using AA2319 commercial wire [15,16]. For example, Pan et al. [16]
produced wall-shaped samples up to 8 cm in height. They reported no 
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hot cracking behavior, while there is still a porosity observed in each 
deposited layer, so this process requires further studies to eliminate 
remaining defects.

Meanwhile, there is another promising group of processes suitable 
for large-scale additive manufacturing working on principles of solid 

bonding [17]. This group is called friction-based additive 
manufacturing, and methods included in this group originated from 
Friction Stir Welding (FSW), which is well suited for lightweight alloys 
having problems with conventional welding techniques [18,19]. This 
problem is mostly connected to heat-treatable alloys of the 2000 series 
which have poor weldability and printability by fusion-based methods 
[20]. In [20], there was an attempt to build an additive sample made of 
AA2024 alloy using laser powder-bed AM, indicating problems with hot 
cracking on grain boundaries. On the other hand, friction stir welded 
AA2024 alloy does not experience temperatures higher than 0.8 of the 
melting point, avoiding cracking and porosity [21]. Inside the group of 
friction-based AM, there are methods of Additive Friction Stir Deposi
tion (AFSD) and Friction Surfacing Deposition (FSD), both of which are 
performed using consumable tools (mechtrodes) as a feedstock [22,23]. 
The AFSD method has some advantages in comparison with FSD because 
of using a stationary shoulder to avoid some tool deformation features 

Nomenclature

AM Additive manufacturing
AFSD Additive friction stir deposition
ASIHM Additive-Subtractive Integrated Hybrid Manufacturing
CED Cumulative Energy Demand
CMT Cold Metal Transfer
CNC Computer numerical control
DED Directed Energy Deposition
DMLS Direct Metal Laser Sintering
DR Deposition Rate
FSD Friction Surfacing Deposition
FSW Friction Stir Welding
GWP Global Warming Potential
LPBF Laser Powder Bed Fusion
LCA Life Cycle Assessment
PP Production phase
PMC Pulse multi control
R Recycle Content
SEC Specific Energy Consumption
TRL Technology Readiness Level
WAAM Wire Arc Additive Manufacturing

Fig. 1. Friction Stir Deposition experimental set-up (a) and a schematic illustration of the process (b) along with the starting and final conditions of the consumable 
tool (c).

Table 1 
The developed experimental campaign.

ID F 
[kN]

V [m/ 
min]

ω 
[rpm]

tPP 

[s]
DR 
[g/s]

P 
[kW]

Etot 

[kJ]
SEC 
[kWh/ 
kg]

1 6 0.3 800 40 0.80 6.8 278 3.2
2 10 0.3 800 40 1.17 8.1 324 2.4
3 6 0.5 800 24 0.60 8.2 186 5.7
4 6 0.3 1400 40 0.49 7.0 290 6.7
5 10 0.5 800 24 1.75 7.1 174 1.4
6 10 0.3 1400 40 0.31 7.7 312 6.7
7 6 0.5 1400 24 0.54 7.7 190 4.1
8 10 0.5 1400 24 0.62 7.4 182 3.9

Fig. 2. Electric power trend of FSD Process during a single layer deposition.
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such as flash formation [24]. However, the application of such an 
approach requires specially designed equipment to implement an 
additional axis for rod feeding. For example, the MELD company has 
patented its own AFSD technology and sells specialized machines for its 
implementation [25]. On the other hand, the FSD method has no such 
restrictions and can be easily conducted on different kinds of machines, 
starting with Computer Numerical Control-milling (CNC) ones and 
ending with robotic friction stir welding machines [26]. As an alterna
tive to DED methods, FSD can allow the production of thick walls with a 

high deposition rate because the width of the layer depends on the 
consumable tool diameter [27]. There are several papers on FSD of 
different aluminum alloys, including heat-treatable ones, showing good 
suitability of this method for additive manufacturing using these ma
terials in comparison to fusion-based techniques [28–30]. For example, 
Antunes Duda et al. [28], produced dissimilar FSD samples using 
deformable AA5083 and heat-treatable AA2024 alloys. Soujon et al. 
[29] have shown that using FSD it is possible to achieve the deposit 
width of 30 mm just by two overlapping passes by a 20-mm-diameter 
consumable tool, illustrating the strong applicability for large-scale 
AM. However, despite high deposition rates, this method is facing 
problems with material waste. There are two reasons for that. First, 
consumable tools used for the deposition usually utilize a maximum of 
about 1/3 of their volume depending on the production mode and 
cannot be used as a tool again because of the flash formation and heat 
effect leading to changes in mechanical properties of parent material. 
Consequently, they must be subjected to recycling to produce new rods. 
Second, as-built components have shape irregularities and/or defects 
which should be removed by milling processing, resulting in a high 
amount of process scrap to obtain a final shape [31]. In this way, it is 
necessary to understand if FSD technology is at least comparable with 
already used technologies such as WAAM in terms of material costs and 
energy efficiency.

Researchers’ interest in the environmental impact of metal additive 
manufacturing processes has grown in recent years [32,33]. Several LCA 
models have been developed for additive manufacturing processes [34, 
35]. Kokare et al. [36] developed a model to evaluate and compare the 
environmental impact incurred during the manufacture of a given 
product using WAAM, Laser Powder Bed Fusion (LPBF), and pure CNC 
machining methods. From this study, WAAM stands out as a more sus
tainable and cost-effective option, particularly for larger parts, due to its 
superior material efficiency compared to CNC milling and higher 
deposition rate when compared to LPBF. Liu et al. [37] performed a 
comparative analysis of additive-subtractive integrated hybrid 
manufacturing (ASIHM), which integrates laser directed energy depo
sition with CNC milling, against conventional subtractive 
manufacturing to produce thin-walled titanium components. In the 
ASIHM process, the laser and chiller are the primary sources of energy 
consumption within the additive system, contributing to approximately 
two-thirds of the total carbon emissions. Colombini et al. [38] investi
gated the balance between mass reduction and productivity in assessing 
the environmental sustainability of lattice structures manufactured via 
LPBF. Using a Life Cycle Assessment, they compared two design variants 
of an automotive component: a topologically optimized version 
featuring a solid bulk section and an alternative design with lattice 
structures aimed at further weight reduction. Their analysis indicated 
that most emissions identified in the midpoint assessment were pre
dominantly due to the substantial power consumption throughout the 

Fig. 3. Pareto chart (a) and main effect plots (b) for the FSD process, showing 
the influence of process parameters on the total energy used for the deposition 
of a single layer.

Fig. 4. SEC trend with varying deposition rate.

Fig. 5. Deposition quality of ID3 (a) and ID6 (b) parameter sets in top view and 
their cross-section view (c).
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process. Reis et al. [39] conducted an applied study involving the pro
duction of three metal parts with varying levels of complexity, 
comparing an additive manufacturing process (WAAM) and a subtrac
tive process (CNC-milling). To assess the environmental impacts of each 
approach, the Life Cycle Assessment (LCA) methodology was employed. 
The findings enable a comparative analysis of the two manufacturing 
methods and provide insights into potential strategies for reducing 
WAAM’s environmental impact. Their results reveal that the WAAM 
process achieves material savings of 40 % to 70 % and reduces envi
ronmental impact by 12 % to 47 % compared to the subtractive 
approach for the three geometries examined in this study. Bekker and 
Verlinden [40] evaluate the environmental impact of WAAM in contrast 
to conventional manufacturing methods for stainless steel components, 
specifically green sand casting and CNC milling. It was shown that a 
major contribution (from 15 % to 30 %) to total impact relates to the 
deposition stage in terms of employed electricity and shielding gas 
consumption. Kokare et al. [41], through a cradle-to-gate analysis, re
ports that inert gas contributes at least 12 % to the total environmental 
impact of WAAM in the case of steel. At the same time, the impact of 
shielding gas consumption while WAAM of aluminum alloys remains not 
evaluated yet.

Friction-based additive technologies, in turn, are less studied than 
WAAM and other methods from the environmental impact point of view. 
Ahmed et al. [42] performed a comparative sustainability assessment 

between AFSD (by MELD process) and Direct Metal Laser Sintering 
(DMLS) techniques. The study results indicate that AFSD demonstrates 
higher sustainability performance, reaching a sustainability score of 
69 % compared to DMLS, which scores 31 %. The sensitivity analysis 
highlights that differences in build volume between the two processes 
have the most pronounced impact on the sustainability score, contrib
uting to a 4.2 % variance.

In conclusion, friction-based additive manufacturing approaches are 
a quite new process category that can be considered an alternative to 
more conventional DED processes such as WAAM or Laser/EBM-based 
approaches. Drawing on high deposition rates and ability to use 
aircraft aluminum alloys (AA2XXX), both FSD and WAAM processes can 
be used for large-sized aerospace components production [43,44]. 
Nevertheless, the environmental performance of this process category is 
still to be characterized, as the literature review shows a lack of analysis 
from this angle.

This work aims at filling this research gap and proposes energy 
characterization and Life Cycle Assessment analysis of Friction Surfacing 
Deposition of 2000 series heat-treatable aluminum alloys. Additionally, 
because CMT-WAAM can also perform additive manufacturing of large- 
sized products made of heat-treatable aluminum alloys, it is interesting 
to compare FSD and WAAM to identify the most appropriate use cases 
for a particular technology considering their environmental impact.

2. Materials and methods

In the present study, an electrical energy characterization of FSD 
process and a LCA comparative analysis, between FSD and WAAM is 
developed. For the LCA analysis all the energy and resource flows were 
analyzed for the manufacturing of vertical wall made of 2000 series 
aluminum alloy.

For the FSD process, the effect of process parameters on the energy 

Fig. 6. System boundaries of FSD and CMT-WAAM processes (a); mass flow study results of FSD route (b) and WAAM route (c).

Table 2 
Life cycle inventories for CMT-WAAM.

Energy of single-dot deposition process (kJ) 2.21

SEC (MJ/kg) 8.72
Shielding gas consumption for single drop deposition (l) 0.435
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absorbed by the used machine was analyzed. Additionally, the Specific 
Energy Consumption (SEC) curve and its corresponding equation as a 
function of the deposition rate (g/s) were derived. The developed 
experimental campaign is reported in Sections 2.1 and 2.2.

2.1. FSD Process

Friction Surfacing Deposition has been performed using a dedicated 

Friction Stir Welding machine, ESAB Legio 3ST (ESAB Corporation, 
Gothenburg, Sweden). As the feedstock material, rods with a diameter of 
25 mm made of AA2011 heat-treatable aluminum alloy were used 
(Fig. 1).

A chamfer of 5 mm was added to the rods’ design to improve the pre- 
deformation stage.

The deposition process was conducted as follows. The consumable 
tool was fixed in the welding head using the specially developed 
screwing system, and the 3-mm-thick AA2011 substrate was placed on 
the working table and mechanically clamped as shown in Fig. 1. Then, 
under the force-controlled mode, after reaching the target vertical load F 
during the pre-deformation stage, the tool started to move along the line 
with specific travel V and rotation ω speeds, creating the deposit layer. 
After each deposition, it is necessary to replace the consumed tool with a 
new one, and during this procedure, the machine is working in stand-by 
mode.

For energy characterization purposes, an experimental campaign 
based on the full-factorial experimental design was conducted. For this 
reason, 8 combinations of process parameters have been selected based 
on preliminary testing to produce 200-mm-long deposits. All the 
analyzed process parameters combinations are reported in Table 1. The 
weight of each deposit as well as each consumable tool after the FSD 
process was measured to assess the deposition rate. During the deposi
tion process, the electrical energy used by the FSW machine was 
measured by means of a power and energy quality analyzer, Chauvin 
Arnoux C.A 8331 (sampling rate of 12.8 kHz, results logged and shown 
are for averaged values over 1 second intervals) connected to the ma
chine input. Additionally, for LCA purposes, the multi-layered sample 
has been produced consisting of 5 layers with a target length of 125 mm. 
Then it was machined using the Mazak NEXUS 410A-II Vertical 
Machining Center (Yamazaki Mazak Corporation, Oguchi, Japan) to 
obtain a final shape of the vertical wall.

A typical power trend for one layer deposition is reported in Fig. 2, 
where the main production modes are highlighted. It is worth 
mentioning that the pre-deposition phase time includes the time for the 
target value force to be reached plus the time for reaching the proper 
starting temperature for initializing the material deposition.

To assess the acceptability of the quality of deposits produced by 
various FSD modes, the visual control method was used for analyzing 
external defects, as well as the metallography analysis was used to assess 
the bonding quality and internal defects. For this purpose, each deposit 
was cut out in the cross-section and prepared by mechanical grinding 
using different grit-size papers followed by polishing using diamond 
suspensions up to 1.0 µm grit-size. Polished surfaces were etched using 
Keller’s reagent by 10 s immersion and then analyzed using an optical 
microscope, Olympus GX51 (Olympus Inc., Tokyo, Japan).

2.2. WAAM process for comparative analysis

To conduct comparative analysis, Wire-Arc Additive Manufacturing 
process using aluminum alloy wire has also been performed. The 
deposition was carried out using a Fronius TPS 320i power source with a 
CMT drive unit integrated into a robotic TPS/i setup (Fronius GmbH, 
Wels, Austria). To minimize heat inputs during the deposition, in 
addition to the CMT drive, the Cycle Step welding approach was used, it 
allows to perform a specific number of CMT cycles to create a single dot 
of material.

To deposit a material like the AA2319 it is required to maintain a low 
heat input and assure a cooling time for the deposited layers, thus 
avoiding over melting. The approach adopted to produce a wall-shaped 
part compliant with these requirements, a dot-by-dot deposition tech
nique. For specific geometry and material, some preliminary tests have 
been carried out and the optimal deposition parameters, allowing to 
achieve a good quality of the part and productivity, consisted of 30 CMT 
cycles (yielding ~0.7 s of active deposition) followed by a dwell time of 
2 s between the dots.

Fig. 7. CED results (a) and related breakdown analysis (b).

Fig. 8. LCA results with Endpoint ReCiPe2016 (H) method (mPt) for 
impact category.
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The test geometry produced with this approach is a 105-mm-long 
layer deposition, practically reducing stand-by energy consumption of 
both the power source and positioning system. To print the sample with 
the same size as the FSD one, the CMT-WAAM sample included two 
layers in width and 13 layers in height. A commercial AA2319 welding 
wire with a diameter of 1.2 mm was selected as feedstock to provide a 
comparison of heat-treatable alloy deposition methods. The deposition 
procedure was performed under shielding atmosphere (grade 5 high- 
purity argon gas). The process parameters used for the deposition are 
a current of 169 A, a voltage of 16.5 V, with a generator power of 
3133 W, and a wire feeding rate of 6.7 m/min. This set of parameters 
allowed for a single-dot deposition volume of 89.2 mm3.

The electrical energy absorbed by the WAAM system was recorded 
using a high-frequency data logger embedded in the power source, the 
machining of the final wall-shaped sample was performed using the 
Mazak NEXUS 410A-II Vertical Machining Centre. Along with electrical 
energy, shielding gas consumption and process scrap were included in 
the analysis as detailed in Section 4.3.

3. Effect of process parameters on energy demand

According to the full-factorial experimental design, 8 FSD deposits 
were produced using various combinations of process parameters 
(Table 1).

It was found that all the process parameters configurations allow 
layer formation, that is, enough level of solid bonding between the 
coating and the substrate. So, all the samples can be considered for 
analysis. The power-time data was recorded during the deposition for 
each parameter set. By means of the direct numerical integration 
method, the energy consumption for all the process parameter combi
nations was calculated using the power-time graphs like that shown in 
Fig. 2.

It is visible from Table 1 that the parameter choice affects the 
maximum power of the manufacturing stage. Using both minimal and 
maximum force and travel speed values along with the minimum rota
tion rate, the lowest energy level has been recorded with the value of 
about 6.8 – 7.1 kW. At the same time, using other process parameters 
configurations (ID3) the power grows up to 8.2 kW. At the highest value 
of rotation speed, the average power level is slightly lower (7.7 kW), 

Fig. 9. CED results for different layer deposition lengths.

Fig. 10. CED breakdown results for 600 mm of deposition length.

Fig. 11. Breakeven analysis for FSD and CMT-WAAM processes.
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while the overall picture is the same as in the previous case.
The total energy was calculated, and Pareto analysis has been per

formed to understand which of the parameters has an influence on the 
energy consumption during the FSD process (Fig. 3).

Results of the analysis show that, as expected, the most significant 
effect on the total energy is the travel speed because of reducing the lead 
time. However, also the interaction of travel speed with force has a 
sufficient influence, while the effect is opposite.

Since the manufacturing process can include several layer de
positions, and it can vary from one component to another, it is reason
able to represent the energy as the value necessary to perform the 
deposition of one unit of material. For this reason, SEC was calculated 
using the weight measurement data. Meanwhile, the efficiency of the 
production modes was assessed by the deposition rate (DR) considering 
the duration of the coating process and the weight of each sample. In 
Fig. 4, changes in the SEC are shown depending on the deposition rate. It 
is clear from the figure that with the increase in the deposition rate, 
energy consumption decreases.

The experimental data are effectively fitted by a curve expressed in 
the form of Eq. (1), which distinctly resembles the law commonly used 
to describe the SEC in metal cutting processes as the material removal 
rate varies. 

SECFSD = 0.04+
2.09

Deposition Rate(g/s)
(1) 

The SEC trend and related equation of fitting curve clearly resemble 
the laws that usually describe the SEC with varying the production rate. 
Kara and Li [45], Baffari et al. [46] and Lunetto et al. [47] found similar 
trends for machining, Friction stir extrusion and Fused Deposition 
Modeling, respectively.

This kind of relation is typical of the processes where energy con
sumption is primarily time-dependent, where the decrease in processing 
time effectively dominates over the possible increase in power demand. 
It is worth mentioning that the depicted trend of Fig. 4 is valid only for 
the set-up used in this research (deposited material, used machine and 
consumable rotating tool geometry).

There are some points characterized by the close values of SEC and 
DR (ID4 and ID6, ID7 and ID8 in Fig. 4). In order to reveal the difference 
between these modes as well as to understand the approximate process 
window in terms of SEC, the assessment of quality acceptability was 
performed (Fig. 5). It was found that samples ID3, ID4, and ID7 are not 
acceptable because of shape irregularities and other external defects as 
shown in Fig. 5, a. At the same time, samples ID1 and ID3 have coarse 

internal defects requiring extensive machining, making them also not 
acceptable (Fig. 5, c).

It must be noted that the difference of samples ID6 and ID8 from ID3 
and ID7 is in the higher loading force value. It makes it possible to 
conclude that the increase in loading force can improve the material 
flow, leading to better top surface and minimal level of edge defects.

The developed experimental campaign allowed quantification of the 
material quantities and energy demand required to create a process 
model within the SimaPro software. Finally, ID5 process parameters 
configuration was chosen for the additive manufacturing purpose 
because of the minimum SEC value.

4. LCA framework

This section presents the LCA methodology used in the study, 
including the definition of the goal and scope, functional unit, system 
boundaries, and life cycle inventory analysis for the two separate pro
cesses. The interpretation of the LCA results is subsequently provided in 
Section 4.4. The study follows the ISO 14040/44 standards and ILCD 
guidelines [48], [49,50]. The analysis comprises a mid-point evaluation 
focused on Global Warming Potential (GWP) and Cumulative Energy 
Demand (CED), along with an end-point assessment of impacts on 
human health and ecosystems.

4.1. Goal and scope definition

A comparative life cycle assessment (LCA) was performed for pro
ducing an aluminum wall by two different additive manufacturing ap
proaches: FSD and CMT-WAAM. The analysis aims to identify the 
environmental impact characterization of the FSD process in compari
son to the established WAAM technology. SimaPro and the Ecoinvent 3 
database were utilized to conduct the cradle-to-gate comparative LCA.

4.2. Functional unit and system boundary

The functional unit considered for this study is a wall-shaped 
component with dimensions of 125 mm× 14 mm x 10 mm (L x W x 
H). This component is manufactured using the two previously intro
duced technologies, WAAM and FSD. The authors are aware that the two 
processes provide the manufactured components with different me
chanical properties; however, it is assumed that both products meet the 
in-use requirements for the produced part.

The system boundaries considered in this study range from the 
extraction of the raw materials to the production of the functional unit. 
The recycling is considered as End-Of-Life practice for aluminum alloys, 
the credit arising from recycling has been included by using the Recy
cled Content approach [51] with an R (Recycled Content) equal to 45 % 
and double counting was avoided in accordance with ISO 14040/44.

All the process steps considered for the two different processes are 
shown in Fig. 6, a. A mass flow study was conducted to assess the 
starting amount of material needed for the manufacturing of the func
tional unit. It is worth noting that the FSD method requires an amount of 
material about 6 times bigger than that required by the CMT-WAAM 
approach (Fig. 6, b, c).

Since the two parts have the same mass, it is assumed that no dif
ference in the use phase occurs; therefore, this stage was left out of the 
analysis.

4.3. Life cycle inventory (LCI)

Following Recycled Content approach, the starting ingot reported in 
Fig. 6 is made of 55 % primary production material and 45 % secondary 
production material [52].

The secondary production, involving the remelting of scrap, was 
modeled using data from the European Aluminum Environmental Pro
file Report [53].

Fig. 12. Material shares in FSD for different deposition lengths demonstrating 
the fraction of scraps in total tool material utilization.
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To consider permanent losses due to oxidation during scrap remelt
ing, an extra 16 % of primary aluminum was incorporated [54]. These 
losses were replaced by adding primary aluminum modeled on SimaPro. 
The European Aluminum Report [53] was used as source for modeling 
the Extrusion process, while for the Wire drawing, the CES Edupack 
database was used [52]. Concerning the machining operations to 
remove the allowance, both roughing and finishing operations were 
considered. The SEC models proposed by Kara and Li [45] were used, 
and two different values of MRR were considered, namely 0.0539 kWh 
(wall from FSD) and 0.0258 kWh (wall from WAAM) for the roughing 
and finishing operations, respectively. The processing energy for both 
FSD and WAAM was experimentally quantified. For the FSD, both 
deposition and pre-deposition energy values were considered. The en
ergy consumption due to the consumable tool clamping and its dis
mounting (after the deposition step) was not included in the present 
analysis. This choice was driven by the lack of industrial practices and of 
dedicated machines with optimized operations. In Table 2 the detailed 
information on the CMT-WAAM process inventories is reported. Where 
experimental data was not available, secondary data from Ecoinvent 3 
was employed.

All the analyses were conducted considering Italy’s national energy 
mix in electricity supply.

4.4. Interpretation of the results

To evaluate the environmental impact of the compared processes and 
to identify the critical issues associated with each technology, an anal
ysis was conducted using the Cumulative Energy Demand (CED) method 
(Fig. 7a). An additional impact assessment breakdown analysis is pro
vided for depicting the contribution of each factor of influence towards 
the total CED value (Fig. 7b).

It can be observed that the FSD process has the highest impact in 
terms of CED. This impact is mainly due to the larger amount of material 
involved (409 gr vs. 102 gr as shown in Fig. 6). Considering the func
tional unit weight, the FSD process impact is given by a higher amount of 
process scrap (undeposited material as shown in Fig. 1) making the 
highest contribution to the total CED. At the same time, the cumulative 
energy demand for the pure processing phase accounts for 3.87 % and 
34.72 % for the FSD and WAAM processes, respectively. The small 
impact of the FSD processing step makes the assumption of leaving the 
non productive time out reasonable. In fact, an inclusion of this 
contribution would not affect the comparative analysis results 
significantly.

Also, environmental impact analysis for both FSD and WAAM pro
cesses has been performed (Fig. 8).

In Fig. 8, the contribution of each subcategory of impact is shown in 
milli-points (mPt) based on the Midpoint ReCiPe2016 (H) method. It can 
be observed from the figure that the Global warming potential, fine 
particulate matter formation, human carcinogenic and non-carcinogenic 
toxicity are the categories that mostly affect the mPt metric of both 
processes.

4.5. Impact of the layer deposition length on the environmental impact

As observed in the previous section, the environmental performance 
of FSD approach is badly affected by the large amount of process scrap.

Actually, the process is characterized by two different types of scrap. 
The first type is the flash that progressively grows during the deposition 
(Fig. 1, c) and the second one is the portion of the consumable rotating 
tool needed for its clamping (Fig. 1, c). The latter contribution does not 
vary with changing the deposition lengths and, therefore, its contribu
tion decreases with increasing the lengths of the deposited layer. In 
order to investigate this phenomenon, environmental impact compara
tive analyses were carried out for three different deposition lengths: 
200 mm, 400 mm and 600 mm; results in terms of CED are reported in 
Fig. 9. It is possible to note that the difference between the two processes 

decreases with increasing the layer deposition length. More than that, in 
the 600 mm case study, the FSD outperforms the WAAM approach by 
more than 25 %. Such result overturning is basically due to the reduced 
impact of the material (with respect to the material impact of the 
WAAM) in the FSD energy breakdown analysis as reported in Fig. 10.

Summing up, with increasing deposition length, the impact of the 
material needed for the consumable tool clamping is allocated over a 
larger amount of material, and therefore the unit CED (CED needed for 
depositing of 1 mm of layer keeping the diameter of the consumable tool 
unchanged) decreases as the layer deposition length increases.

In Fig. 11 the trend of the specific CED of the two processes is re
ported, revealing the breakeven point where the two approaches have 
the same environmental impact.

It is visible that the FSD process can become more environmentally 
friendly in comparison with WAAM starting from approximately 
450 mm of deposit length. It becomes possible because CMT-WAAM 
processing energy is higher than FSD one, and to build the same func
tional unit it is necessary to significantly increase the amount of dot-by- 
dot deposition cycles. In contrast, with increased length, the energy of 
FSD process remains low, but the material impact decreases if the usage 
of a unique tool is considered. In Fig. 12 it is shown that for consumable 
tools, the fraction of material scraps significantly decreases with longer 
deposition lengths.

It must be noted that there are several real-life examples of WAAMed 
components such as beams with a total layer length up to 6 m [43]. At 
the same time, the layer length in FSD case cannot increase infinitely, as 
it has its own technological limitations connected to process stability. 
This is caused by the fact that, by increasing the layer length, the tool 
length should also be increased. Further change of the deposit geometry 
for more than 600 mm should consider the possibility of using any 
supporting structures or other ways to keep up the tool position accuracy 
and deposition quality. Nonetheless, FSD is already overperforming 
WAAM in environmental impact at the length of 600 mm, so the one 
layer can possibly be deposited using several tools with no negative 
effect. Another way to allow the long deposition is to utilize the additive 
friction stir deposition technique, which has a stationary shoulder and 
independent axis for the feedstock. More than that, this process also 
provides reduced process scrap, making this process a serious compet
itor for both FSD and WAAM, so the analysis of AFSD environmental 
impact can be considered in future studies.

5. Conclusions

The present study reports the environmental impact characterization 
of the FSD process along with the comparative analysis with CMT- 
WAAM approach. Based on the experimental campaign results and the 
full LCA analysis, the following conclusions have been made.

The most significant effect on the electrical energy during the Fric
tion Surfacing Deposition is provided by the travel speed because of the 
reduced lead time. The interaction of travel speed with loading force has 
also sufficient influence, while it is leading to a slight increase of energy. 
Specific Energy Consumption (SEC) decreases while the deposition rate 
becomes higher, demonstrating the strong influence of process effi
ciency on energy consumption.

Environmental impact of FSD technology is badly affected by the 
larger amount of process scrap while processing energy is lower in 
comparison with CMT-WAAM. The main contributors to the high ma
terial impact of FSD are the flash forming during the processing and the 
part of the tool needed for clamping.

The outcome of Cumulative Energy Demand comparative analyses of 
the considered processes is affected by the length of the deposited layer. 
For short lengths, the CMT-WAAM is the more environmentally friendly 
choice, while as the length increases, the FSD performance is improving 
until outperforming the WAAM for lengths bigger than about 450 mm.

Further development of this study will concern the analysis of the 
environmental impact of AFSD processes with a higher TRL level such as 
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the MELD [25] because of two reasons. First, AFSD processes have no 
limitations on deposition length because of a special feeding system. 
Second, these processes are, in fact, characterized by the absence of 
process scrap (apart from the scrap due to the machining operations).
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