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1. Introduction 

The metal 3D printing in manufacturing processes has been 
widely used for several years. Thanks to the high flexibility of 
3D printing approaches, there have been numerous and rapid 
developments. Currently, Additive Manufacturing (AM) 
techniques are widely used in various sectors such as aerospace, 
biomedical, automotive, and energy [1]. The most widespread 
techniques for metals are Laser Beam Melting (LBM), Electron 
Beam Melting (EBM), and Laser Metal Deposition (LMD). 
Although these techniques have been under the research 
spotlight over the last few years, they still have some issues, as 
they are based on fusion welding techniques [2]. 

The use of these processes with light alloys, such as titanium, 
aluminum, and magnesium, results in the formation of 
metallurgical defects. These defects include an elevated 
susceptibility to cracking and the development of porosity, 
which are unavoidable consequences of the melting and 
solidification processes involved. To overcome these issues, 
some studies have been turned to AM techniques based on 
solid-state joining [3] 

In this regard, two categories of processes are mainly 
investigated by researchers: Friction Stir Additive 
Manufacturing (FSAM) and Friction Stir Deposition (FSD) 
[4][5]. These methods can provide improved structure and 
mechanical properties compared to fusion-based Metal 
Additive Manufacturing (MAM) techniques. Both technologies 
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can use the same equipment, from the modified milling 
machines to the specially designed Friction Stir Welding (FSW) 
ones, and the FSAM process requires tools as those utilized in 
standard FSW [6]. More than that, the process parameters 
selection and assessment of feasibility for both processes have 
already been performed [7] [8]. 

The analysis of literature shows that the FSD technology can 
operate with a wide range of metallic materials, such as high-
strength martensitic steels, heat-treatable and non-heat-
treatable aluminum alloys, as well as titanium and other alloys, 
which makes it promising for various industrial applications 
[9]. This is possible since the tool is consumable, so the process 
depends only on the physical-mechanical properties of the raw 
material. At the same time, the FSAM process depends on the 
configuration of the welding system, especially on the FSW-
tool material and geometry, and the thickness of workpieces 
[10]. Despite that, it is shown that using the proper design of 
experiments, including the tool configuration, it is possible to 
produce additive components from different non-ferrous alloys 
with high operational performance [11]. However, while both 
methods can effectively fabricate metallic components, it’s 
crucial to also consider other aspects of technologies, such as 
lead time, energy costs, and material waste, to fully 
comprehend the efficiency of a process.

In recent years, several works have been carried out about 
the analysis of the environmental impact of AM processes, such 
as WAAM techniques [12][13], thanks to which it has been 
possible to formalize a robust methodology for the 
environmental impact analysis of these technologies [14]. 

Although solid-state-based Additive manufacturing could 
provide a solution for specific applications, these processes are 
characterized by a large amount of process scrap and, above all, 
their environmental impact has not been analyzed yet. 

The present paper aims to start covering this research gap 
and presents a LCA comparative analysis of FSD and FSAM 
processes to uncover the strengths and weaknesses of such 
processes in terms of their environmental impact. 

Nomenclature 

AM        Additive Manufacturing  
SLM        Selective Laser Melting 
EBM        Electron Beam Melting 
FSAM        Friction Stir Additive Manufacturing 
FSD        Friction Surfacing Deposition 
FSW        Friction Stir Welding 
LMD        Laser Metal Deposition 
LCA        Life Cycle Assessment 
MAM        Metal Additive Manufacturing 
UFG        Ultrafine-grained 
WAAM        Wire Arc Additive Manufacturing 
HAZ        Heat Affected Zone 
CED        Cumulative Energy Demand 

2. Methods and Materials 

A dedicated Friction Stir Welding machine, ESAB Legio, 
was used to carry out the processes with different setups for the 
two methods. For the manufacturing phases, the electrical 

energy absorbed by the ESAB was recorded using Chauvin 
Arnoux C.A. 8331, connected to the input of the machine. 

A backing plate with 6 mm thickness made of AA5083-
H111 with 175 mm x 75 mm dimensions was used for both 
analyzed processes. 

FSD process was carried out as follows: AA2011-T3 
consumable tool with 25 mm of diameter and 67 mm of height 
was fixed in the welding head of the machine. Then, it was 
pressed onto a substrate with a loading force of 9 kN under a 
rotation rate of 840 rpm and moved along the welding line with 
a speed of 370 mm/min to create a material layer by the 
principles of direct metal transfer. 

Figure 1 shows a schematic representation of the process. 
The green arrows indicate vertical load, while the orange line 
represents the feeding direction. 

Fig. 1. FSD process. 

The wall manufacturing consists of several deposition steps 
(one consumable tool is used for each step), followed by 
machining operations to remove the allowance. 

As far as the FSAM technique is regarded, the pinless 
approach is analysed as it appears to be the most 
environmentally friendly solution of this process category (see 
Figure 2). 

Fig. 2. FSAM process. 

FSAM process was carried out by layer-by-layer welding of 
thin metal sheets. In contrast to FSD method, this technology 
utilizes a welding tool and the principles of solid bonding. To 
perform the process, two sheets were fixed on the working table 
and then welded with a specific loading force, feed rate, and 
rotation speed. In the current work, a set of 1 mm thick sheets 
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was used to allow a pinless approach. The high-performance 
steel pinless tool with a diameter of 25.0 mm was used for the 
processing under conditions of 6 kN of loading force, 80 
mm/min of feed rate, and 1100 rpm of tool rotation rate. 

After the welding of each layer, a milling operation is 
carried out, in the same machine and without unclamping the 
build, to eliminate the small flash at the sides of the weld seam 
and guarantee good contact conditions for the next layer. 

After piling the required number of metal sheets up, final 
machining operations are needed to cut off the parts of the sheet 
used for clamping (see Figure 3b). 

It is worth noting that, after the processing phase of FSAM, 
only 14 mm width of the welded layer will be considered for 
the comparative analysis. The dimensions of the starting metal 
sheets were 175 mm x 75 mm x 1 mm (L x W x H). 

Fig. 3. Functional unit in FSD specimen. 

3. Comparative LCA analysis 

Following the ISO 14040/44, a specific Life Cycle 
Assessment (LCA) analysis and a comparative LCA analysis 
were modeled. ILCD guidelines [15] were taken into account 
when drawing up the inventory data. 

3.1. Goal and Scope 

Cradle-to-gate LCA analysis was modeled to understand the 
life cycle impact associated with the FSD process. 

Consequently, a comparative analysis between the FSD and 
FSAM processes was conducted, with the aim of achieving an 
identical functional unit for both processes. 

The LCA analysis seeks to compare the energy consumption 
and material usage of FSD and pinless FSAM.  

In order to carry out the pinless FSAM process, metal sheets 
with a width larger than that of the wall to be obtained are 
required, to ensure correct stability through clamping systems. 

3.2. Functional unit 

Figures 3a and 3b show the chosen functional unit (the mass 
of the build with 100 mm x 14 mm x 10 mm (L x W x H) 
dimensions) for FSD and pinless FSAM setups, respectively. 
This choice is driven by the size of the consumable rotating tool 
of the FSD approach. 

3.3. System boundary and Life Cycle Inventory (LCI) 

The adopted system boundaries for the analyzed processes 
are reported in Figure 4: (a) material phase, manufacturing 
phase to obtain rotating consumable tools, manufacturing 
phase for FSD and finishing milling operation; (b) material 
phase, manufacturing phase to obtain metal sheet, 
manufacturing phase for FSAM and finishing milling 
operation. 

Fig. 4. System boundaries for (a) FSD and (b) Pinless FSAM. 

Regarding the material phase, a portion of the modeling 
efforts was focused on the sheet and rod production 
manufacturing phase. Following the Recycled Content 
approach [16], it was assumed that a fraction (R=45%) of the 
aluminum input is sourced from secondary production [17]. 
Consequently, the system boundaries encompass an initial 
ingot comprising 55% primary production material and 45% 
secondary production material. The secondary production, 
involving the remelting of scrap, was modeled using data from 
the European Aluminum Environmental Profile Report [18]. 
To consider permanent losses due to oxidation during scrap 
remelting, an extra 16% of primary aluminum was incorporated 
[19].  

Table 1. The set of data recorded during the manufacturing process. 
Pinless FSAM FSD 

Quantity of consumable tools [Pcs] - 5 

Quantity of metal sheets [Pcs] 10 - 

Weight of a consumable tool [g] - 98 

Weight of a metal sheet [g] 36.5 - 

Weight of single deposited layer [g] 36.5 28 
Energy consumption for single 
deposition [kWh/layer] 

0.2 0.07 

Energy consumption for finishing 
milling [kWh/functional unit] 

0.277 0.05 

Total amount scrap [g] 325.9 451.1 

Vertical load [kN] 6 9 

Feed rate [mm/min] 80 370 

Tool rotation speed [RPM] 1100 840 

AA2011-T3 
production

Rotating consumable 
tool (extrusion 

process)
FSD process Finishing milling

AA2011-T3 
production

Sheet production (hot 
and cold rolling)

Pinless FSAM 
process Finishing milling

a)

b)
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The extrusion and sheet production inventory were modeled 
by using the data available from the European Aluminum 
Association (EAA) [18]. For each step, all the energies and 
material flows (including process scrap) have been taken into 
account. Table 1 collects data recorded directly during the 
process. Where data was unavailable, data from Ecoinvent and 
data from literature were employed, such as machining energy 
consumption [20]. The selected process parameters for both 
processes were chosen with the aim to reduce the energy 
demand while still providing sound manufactured walls. 

3.4. Interpretation of the results 

The results computed for LCA analysis are shown in this 
section. In Table 2, the results characterized with 
ReCiPe2016 Midpoint (H) methodology are presented. The 
method assesses environmental impacts by quantifying 18 
midpoint categories, giving detailed insight into specific 
environmental processes [21]. 

Table 2. ReCiPe2016 (H) Midpoint characterized comparative results. 

Impact category Pinless FSAM FSD

GW [kg CO2 eq] 4.58E+00 4.40E+00

SOD [kg CFC11 eq] 2.29E-06 1.73E-06

IR [kBq Co-60 eq] 5.00E-01 4.75E-01

OF, HH [kg NOx eq] 9.57E-03 9.75E-03

FPMF [kg PM2.5 eq] 7.87E-03 8.44E-03

OF, TE [kg NOx eq] 9.69E-03 9.86E-03

TA [kg SO2 eq] 2.07E-02 2.15E-02

FEU [kg P eq] 1.76E-03 1.90E-03

MEU [kg N eq] 1.37E-04 1.50E-04

TE [kg 1,4-DCB] 4.85E+00 4.80E+00

FEC [kg 1,4-DCB] 1.75E-01 1.90E-01

MEC [kg 1,4-DCB] 2.37E-01 2.58E-01

HCT [kg 1,4-DCB] 9.88E-01 1.24E+00

HNCT [kg 1,4-DCB] 4.52E+00 5.11E+00 

LU [m2a crop eq] 7.95E-02 5.29E-02 

MRS [kg Cu eq] 6.80E-02 8.62E-02 

FRS [kg oil eq] 1.22E+00 1.12E+00 

WC [m3] 9.62E-02 1.02E-01 

Fig. 5. Comparative CED results. 

In order to provide clarity, some single-score indicators are 
now analyzed. In Figure 5, the Cumulative Energy Demand 
(CED) results are reported. The CED method evaluates the 
total primary energy demand, which is categorized by the 
sources of fossil, renewable, and nuclear energy. FSAM is 
characterized by a higher value of CED demand; moreover, it 
is possible to note that both processes exhibit a higher 
consumption of non-renewable energy sources. This outcome 
is due to the choice to consider the energy mix country as Italy. 

The Recipe Endpoint (H) results are reported in Figure 6, 
despite the slight difference in mPt. Unlike what is observed 
for CED, here the FSAM exhibits better performance compared 
to FSD. Overall, it is possible to state that the two processes 
have a similar environmental impact, and this is also proved by 
analysis of the Midpoint category results (Table 3), where there 
is not a process that clearly outperforms the other.  

Fig. 6. ReCiPe2016 Endpoint (H) Characterization – comparative results. 

To understand the contribution of each factor of influence 
towards the total impact, the tree representation for CED, 
provided by SimaPro, is reported in Figures 7 and 8. 

Fig. 7 Tree representation of CED for FSAM processes. 
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It is possible to note that for both processes, the material-
related impact is the dominant factor. In fact, it accounts for 
72% and 95% of the total CED for the FSAM and FSD, 
respectively, which is visible in the tree representation. On the 
other hand, when analyzing the electrical energy demand for 
the processing step, the pinless FSAM process proves to be 
more energy-consuming instead. 

Fig. 8 Tree representation of CED for FSD processes. 

In this way, the environmental performance of both 
processes is badly affected by the large amount of used 
material. To reduce the impact of material waste in a case of 
FSD, the optimization of tool size can be suggested. By 
changing the length and/or diameter of tools, it should be 
possible to minimize the undeposited amount of material 
depending on a target length of the layer. In a case of FSAM, 
this impact comes from the sheet area to be used for its 
clamping. 

Fig. 8. Comparative CED results with possible upgrade. 

In the present study, the used clamping is a lab-scale one and 
therefore, the clamping is not optimized for reducing the 
amount of used material. It is fair to assume that in an industrial 
environment, with dedicated fixtures and equipment, the 

portion of the sheet to be used for the clamping can be reduced 
significantly. In this respect, a further scenario was analyzed; 
to be more specific, the impact of using 50 mm wide sheets 
instead of 75 mm for the Pinless FSAM process has been 
evaluated. Comparative results are reported in Figure 8. 

It is possible to note that the new Pinless FSAM 
configuration becomes the best solution in terms of CED 
performance. 

4. Conclusions 

In this study, FSD and Pinless FSAM processes were 
compared under the environmental impact angle.  

Concerning the processing electrical energy, the FSAM 
requires a larger amount of energy than FSD. This is mainly 
due to the low feed rate value needed for obtaining a sound 
weld with a pinless tool. 

LCA results reveal that the two processes are very close to 
each other in terms of environmental impact. It was observed 
that the material used for the additive manufacturing is the 
dominant factor contributing to Cumulative Energy Demand. 
To reduce the environmental impact, the process scrap 
minimization strategies were suggested. For the FSD, an 
optimization of the consumable rotating tool size to minimize 
the undeposited portion of it is strongly recommended. As far 
as the FSAM is concerned, process material scrap might be 
reduced by optimizing the clamping system to minimize the 
area of the metal sheet needed for the clamping.  

Further development of the present study concerns the 
inclusion of new AM processes to the comparative analyses, 
such as Direct Energy Deposition approaches. 
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