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the presence of hydrogen. The carbon atoms then nucleate
and grow as diamond crystals on the substrate. Due to the
high temperatures achieved during the process, the alloying
cobalt present in the substrate can react with the carbon-
rich gas phase, quickly becoming saturated with carbon [14],
and favoring the formation of an intermediate graphite layer,
which supports poorly adherent thin diamond layers [15].

For these reasons, an effective surface pre-treatment is
crucial for removing the Co at the interface from the WC—Co
substrate before diamond film deposition and preparing the
surface morphologically to ensure a durable and adherent
coating. The pre-treatment process can be executed using
several methods, such as chemical etching [16, 17], usage of
interlayers [18, 19] and thermochemical treatments [20, 21].

The first technique entails an etching process to remove
Co from the surface by using concentrated acids, such
as nitric or hydrochloric ones, generally for durations of
10-15 min. Among these methods, the most known one
is the Murakami’s treatment [20], which involves a multi-
step process. In the first step, the Co-cemented tungsten
carbides are etched using a solution of potassium iron
cyanide and potassium hydroxide in water (10 g KOH+10 g
K;[Fe(CN)g] + 100 ml water) up to approximately 30 min.
The second step uses Caro’s acid, which is a mixture of
sulfuric acid and hydrogen peroxide (96 wt% H,SO,+40%
w/v H,0,), to chemically etch the substrate for a very short
duration. This technique effectively removes Co while
simultaneously corrugating the WC—Co substrate, in order
to improve the adhesion of the deposited film [19]. Despite
the effectiveness and the high speed of the treatment, the
usage and disposal of the aforementioned acids potentially
represent an environmental issue for this kind of processes
[22, 23].

The second methodology consists in the applications
of interlayers which acts as a diffusive barrier for the Co
and avoids the contact with the carbon, preventing the
formation of sp2 hybridised graphite. The technique of
applying interlayers, such as amorphous carbon, metallic
Cr, Ti, Ta, and ceramics like CrN, TiC, TiN, SiC, and SizN,
between Co-cemented tungsten carbides and diamond
coatings, is well-known in scientific literature, and has
different advantages [24]. The first benefit occurs because
surface cobalt is not removed and there is no weakening of
the interface caused by removal of the binder. In addition,
the presence of an interlayer with an intermediate thermal
expansion coefficient between the coating and substrate
reduces the internal residual stresses that are created during
cooling after deposition. However, such process is not used
in the industrial practice due to significant time, difficulties
of automating the process and the high cost of materials
used [25].

The third option includes thermochemical treatments,
which are industrially feasible for pre-treating
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Co-cemented tungsten carbides [20, 21]. Among these
ones, laser treatments, such as pulsed laser and continuous
diode laser techniques, are particularly notable. Pulsed
laser sources modify the surface by repetitive pulsed
excimer laser irradiation (A=250-300 nm, T =20-25 ns)
[24-26]. The selective removal of Co happens due to
the different melting and boiling points of Co (1768 K
and 3200 K) and WC (3143 K and 6273 K), as well as
their different absorption coefficients. When the laser
beam irradiates the WC—Co composite, WC absorbs more
energy and retains it, leading to the local melting and
vaporization of the surrounding Co [20]. This process,
compared to the other two previously analyzed, allows the
removal of surface cobalt without using toxic substances
that are difficult to dispose of, and with reduced treatment
time and cost compared to the application of interlayers.

In the current European environmental and raw materials
policies is emphasized the importance of sustainability and
circularity to address pressing ecological and resource
challenges.

In scientific literature, LCA has been widely used
to evaluate the sustainability of emerging technologies
across various industrial sectors [26]. Recent studies have
demonstrated that its application can provide valuable
insights for developing lower-impact processes and
supporting decision-making in adopting new technologies
at an industrial level. For instance, Venettacci et al. [27]
applied LCA to compare the environmental impact of
surface finishing processes in the aerospace sector, showing
a45% reduction in overall impacts when adopting innovative
technologies compared to traditional methods. Similarly,
Miiller-Carneiro et al. [28] emphasized the importance
of Ex-Ante LCA for assessing novel technologies in the
research and development phase, addressing challenges
related to data uncertainty and large-scale production
modeling. Lastly, Fernandez-Gonzalez et al. [29]
highlighted how LCA tools are crucial in developing
emerging decarbonization technologies, contributing to the
transition toward low-carbon production processes. These
studies underscore the central role of LCA in evaluating
the sustainability of technological innovations, providing a
methodological reference for studies such as the present one.

Following a review of the scientific literature, it is evident
that studies done on the diamond deposition on WC-Co
substrates through HF-CVD emphasize the mechanical
performance of the coating, enhancing the material usage
for machining tools and components commonly used in
the mechanical industry [30]. Conversely, researches on
the environmental impacts of manufacturing WC—Co are
very limited, or include different simplifications, such as
lack of relevant inventory data [31], consideration of few
impact categories, neglection of some life cycle phases as
disposal of substances used for the treatments or even lack
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in considering the duration of the service life of coatings
realized with alternative techniques.

Wilfong et. al. [32] measured the environmental effects of
applying a thin diamond film to cutting tools, in particular
for the conditions evaluated, the primary deposition process
was found to have a carbon footprint of 6.6 kgCO,eq, and
the etching process was found to be responsible for 96.8
kgCO,eq. However, the Life Cycle Assessment (LCA)
study was done without considering other impact categories
(e.g. those ones included in the of ReCiPe methodology)
and without any comparison between different form of
pretreatments and how they affects the tool life due to the
different wear resistance of the WC—Co deposited film.

Marconi et al. [33] investigated the environmental and
economic sustainability of two different substrate pre-
treatment processes i.e. the chemical etching process, and
high-power continuous wave diode laser method. The main
results obtained from the LCA analysis showed that for most
of the ReCiPe impact categories, the environmental impact
of laser treatment is greater than that of the chemical process
(+38% in case of Climate Change, +45% in case of ReCiPe
endpoint Single score), attributed to due to the high energy
consumption of the laser. Conversely, the cost estimation
highlighted relevant savings for the laser process (about
—98%), due to higher cost of chemicals than for electricity.
Despite the comprehensiveness of the indicators evaluated,
this analysis aimed to only compare two alternative of a
single pre-treatment process, while it was not considered
how different Methane/Hydrogen ratios used during the
HF-CVD process affect the wear experienced by the coated
WC-Co, and consequently the service life of the diamond
coated tools.

This work aims to overcome the aforementioned
limitations by presenting a comprehensive LCA study of
the overall HF-CVD process (i.e. pre-treatment, seeding,
deposition process) for producing diamond coated WC—-Co
by considering the two most used industrial pretreatments,
which are: (i) chemical etching based on Murakami and Caro
acids, and (ii) diode laser. In addition, two different assistant
gases (Nitrogen and Argon), and two different Methane/
Hydrogen ratios (1% and 2%) have been considered to model
the CVD deposition. These are essential features of the study
because they allowed to experimentally evaluate the wear on
the 6 different scenarios (see Sect. 2.2), and thus to define
the duration of the service life of each sample in order to
have a common base of comparison among the alternative
scenarios. The consideration of different impact assessment
methodologies, at both midpoint and endpoint levels, allows
to have a global view on the environmental impacts and
damages correlated with the pre-treatments and diamond
coating depositions, as well as of the main causes. In a
context where the sustainability of manufacturing processes
is becoming of primary importance due to reasons of

legislation compliance and competitiveness, the outcomes of
this study could guide different industrial manufacturers (i.e.
production of cutting tools, sliding bearings, drawing dies)
and have a key role to guide in choosing the best option,
jointly considering technical (i.e. wear) and environmental
drivers. The reduction of LCA indicators, in particular
those relating to air emissions, energy consumption, natural
resource management, and waste disposal, is totally in
line with the objectives of different industrially relevant
regulations and standards (i.e. ISO 14001, REACH, and
European voluntary declarations such as EMAS) [34].

The rest of the paper is organized as follows. Section 2
illustrates the materials used, the different process
alternatives (scenarios) and the experimental tests performed
to derive the wear of the different samples, used to model
the service life within the life cycle models. Section 3
describes all the most relevant items of the first two LCA
phases, goal and scope definition and life cycle inventory.
Section 4 presents all the results obtained with the LCA
study, together with a deep discussion and interpretation
of them. Finally, Sect. 5 summarizes the most important
conclusions of the present study and proposes some hints
for future developments.

2 Material and Experimental Tests

2.1 Material and Process Scenarios

The specimens used for the experimentation were
carbide (WC-Co) A09 plates with a square cross section
of size 10 X 10X 3 mm, as shown in Fig. 1. The samples
were provided by "Fabbrica Italiana Leghe Metalliche

Sinterizzate S.p.A.". In Table 1 were reported the WC—-Co
main properties declared by the manufacturer.

Fig. 1 WC-Co specimens used for the experiments
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Table 1 Mechanical and electrical properties of the WC—Co used

Material properties Values

wt% WC 94.2

wt% Co 5.8

Mean measure of the grains 0.7-0.8 pm
Density 14.8 g/em®
Elastic modulus 690 GPa
Transverse breaking load (ISO 3327) 2900 MPa
Hardness (vickers) 1743 HV10
Melting point 2800 °C
Electrical resistivity 22 pQ/cm

Table 2 Main properties of the Rofin DLO15 fibre laser system used

Laser system properties Values

Pax 1500 W
Wavelenght 940 nm

Spot typology Elliptical

Spot size 1.9%0.6 mm
Efficiency 30-50%
Assistant gas Argon/nitrogen

As discussed in the Introduction, sample pretreatment is
therefore a key step in the process of diamond deposition
on WC—Co substrates, as its main purpose is to remove
the binder phase from the surface of the samples used. In
particular, in this study were compared the results in terms
of performance obtained and sustainability of the overall
processes of a standard chemical etching (Murakami + Caro’s
acid) and two different diode laser pretreatments, in which
is used a different assistant gas (Argon/Nitrogen). The two
different assistant gases were used because from previous
works [20, 21] it was assessed that there are differences in
terms of coating’s adhesion after the HF-CVD deposition,
which may affect the wear life of the coating.

The chemical etching was carried out by soaking
the WC—-Co samples in the Murakami’s solution (10 g
KOH +10 g K;5[Fe(CN)g] + 100 ml water) for 30 min, and
afterwards in Caro’s acid, (3 mL 96 wt% H,SO,+ 88 mL
40% wlv H,0,), for 10 s.

Concerning the laser-based pre-treatments, instead, the
fibre Laser system used for the experimental campaign is
the Rofin DL 015, with its main properties shown in Table 2.

The choice of laser parameters used during pre-treatment
was made taking into account optimizations that were
carried out during previous experimental campaigns and
analysis of the literature [14, 18, 32].

For all specimens treated with lasers, the power of the
incident laser beam was fixed at 650 W and a processing
speed of 1 mm/s was used [35]. The beam is moved back and
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forth along linear and parallel patterns to uniformly cover
the entire substrate surface with an overlap of ~0.5-1.0 mm
between two consecutive linear patterns. The treatment for
each sample was repeated 3 times and lasted 30 min [21].
The choice of fixing a constant laser beam power, equal to
650 W, is dictated by the desire to achieve a pretreatment of
the inserts, that allows for a consistent removal of the cobalt
binder on the surface and an increase in surface roughness,
preventing, at the same time, an excessive alteration of the
microstructure of the tungsten carbide substrate. A beam
power, of the diode laser, of 650 W is therefore the optimal
power for the experimentation under consideration, as it
results in only slight corrugation of the sample surface and
removal of the cobalt binder in high percentages [36]. Higher
powers would certainly have ensured advantages such as a
greater removal of binder phase (Co) and increase in surface
roughness which would help the successive nucleation of
the diamond seeds. Despite the advantages, the increase in
power leads to local melting and recrystallization of WC
grains (with a consistent increase in surface grain size)
and decarburization of the WC grains themselves, which
potentially would have altered the surface microstructure
of the substrate and thus compromised its mechanical
properties [21, 36].

After each pretreatment, all samples were subjected to
a seeding treatment, in an ultrasonic bath with a slurry of
diamond particles (1/4 pm in diameter) and ethanol for
15 min, in order to implant nanometric diamond fragments,
which act as growth centers during the HF-CVD process
[20, 21, 37].

During the deposition phase the samples were placed
in the CVD reactor on a Mo grid of 500 X 700 mm?,
within a distance of 50 mm between each one in both x
and y direction of the grid, following a disposition of the
specimens under filament with a distance from the tungsten
filament of 12 mm (Fig. 2a, b). This positioning choice
is justified by a previous work [21] which assessed that
samples located between filaments, after tribological tests,
gives higher wear values of the diamond coating compared
to the specimens positioned under filament. This result is
ascribed to the lower quality of the diamond in terms of
quality of the crystal lattice, and justified from the higher
peak obtained in the Raman spectra.

Once established the positioning in the reactor, almost
all the deposition parameters were constantly set according
to the ones used in previous works [18, 19, 34], as shown
in Table 3.

In particular, the only parameter that has been varied is
the Methane/Hydrogen ratio with values of 1% and 2% as
it affects the morphology of the deposited diamond. A low
CH, concentration (1-2%) ensures that the carbon atoms
are introduced in a controlled manner, allowing for the
stable formation of the diamond structure. If the methane
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Fig.2 Schematic of the positioning of the differently pre-treated WC—Co samples in the CVD reactor, in particular a top view; b front view

Table 3 Process parameters

- Process parameters Values
used for the HF-CVD diamond
deposition on WC—Co substrate Pressure 10 mbar
Substrate temperature 680 °C
Filament temperature 2300 °C
Deposition time 14h
CH,/H, 1-2%
Table 4 Analyzed pre-treatment/assistant gas ratio scenarios
Scenario ID Pre-treatment technology CH//H, ratio (for
CVD deposition)
(%)
1.1 Chemical etching 1
1.2 Chemical etching 2
2.1 Laser argon 1
2.2 Laser argon 2
3.1 Laser nitrogen 1
32 Laser nitrogen 2

concentration were higher, there could be an excess of
carbon, leading to the formation of undesirable graphite
or amorphous carbon [38]. Moreover, the right amount
of H, helps regulate the substrate temperature, which is
important for avoiding thermal damage to the WC—Co
substrate, which has a lower melting point compared to
diamond. Too much methane and insufficient hydrogen
could lead to overheating or substrate degradation,
negatively affecting the coating quality [39].

When pre-treatment with chemical etching occurs,
the grain size of the deposited diamond changes from a
micrometric structure to a nanometric cauliflower-like
morphology [37, 40]. This effect is ascribed due to the
massive “secondary” nucleation and a percentage increase
in active species present in agreement with the literature.
[40-42].

Summarizing, in total 6 different scenarios were
investigated (ID and characteristics of each scenario
underlined in Table 4), each one replicated three times in
order to ensure reproducibility of the applied method and to
have confirmation of subsequent results obtained.

2.2 Experimental Tests

After the diamond deposition on the samples, morphological
and tribological analysis were performed to ensure the
goodness of the coatings produced and to have a starting
point for defining the tool life based on the comparison of
the wears detected among the different pre-treatments and
process parameters used.

From the Scanning Electron Microscopy (SEM) analysis
shown in Fig. 3, is pointed out that the diamond films for all
the considered scenarios are continuous and they uniformly
cover the underlying WC—Co substrates. The main difference
that can be observed through the SEM images, is the
nanometric cauliflower structure obtained in case of scenario
1.2, confirming the results presented in other literature
studies [37-39]. In all other cases, a similar microcrystalline
structure is present, and the only differences to be noted
between the 1% and 2% methane/hydrogen ratio with laser
pre-treatments (scenarios 2.1 and 3.1 vs scenarios 2.2 and
3.2) relate to the greater presence of secondary growth as
the percentage of methane increases. This phenomenon is
attributable to the greater number of active species present
during the deposition phase.

After ascertaining the proper adhesion of the coating by
morphological analysis, dry linear reciprocating tribological
tests were carried out using a Optimol SRV Tribometer.
The counterpart consists of a 10 mm diameter WC-5.8%Co
sphere, with a stroke of the reciprocating motion of 2 mm,
frequency 50 Hz, and a total test duration of 10 min. The
load applied to the specimens was initially set at 60 N,
based on a previous literature work [21]. Unfortunately, by
using this test configuration the nitrogen laser pre-treated
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Fig.3 SEM micrographs of diamond deposition on WC—-Co substrate with the different types of pre-treatment analysed

specimens did not exhibit wear, consequently, needing a
numerical wear volume to define the wear ratio that will
later be used in the LCA study to define the service life
for the different scenarios (see Sect. 3), it was chosen to
increase the load to 70 N. After carrying out the wear tests,
volume, dimension, and average depth of the wear tracks
were obtained with the aid of the 3D profilometer Talysurf
CLI 2000 by Taylor Hobson, equipped with an inductive
probe with a diamond tip (radius of 2 pm). Further maps of
the wear traces were acquired by covering all the traces on
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the samples, with a resolution of 3 pm on the x-axis, and
7 pm on the y-axis and were analysed using the features of
the TalyMap software. Afterwards, a SEM acquisition of the
wear traces was done in order to verify if the chosen load
of 70 N imposed was sufficient to reach the substrate at the
conclusion of the test.

The results of the wear tests are summarised in Fig. 4
and Table 5. From the 3D maps reported in Fig. 4, it can
be noted that laser argon 1-2% pre-treated specimens (i.e.
scenarios 2.1 and 2.2) show very obvious wear marks,
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Fig.4 3D maps and SEM images of the wear traces obtained from the tribological tests on the coated WC—Co samples

Table 5 Wear test results in

Scenario  Surface of the ~ Volume of the ~Max depth (um)  Mean depth (pm) ~ Wear ratio (Wr)
terms of surface, volume, max trace (mmz) trace (mm®)
and mean depth of the trace and
wear ratio 1.1 4.53 0.0803 33.71 17.711 26.76

1.2 1.16 0.0030 10.10 2.60 1.00

2.1 1.17 0.0053 8.39 4.55 1.77

22 3.69 0.0099 11.10 2.68 3.29

3.1 4.16 0.1120 57.51 26.82 37.33

32 3.88 0.0859 44.21 22.21 28.63

attributable to the morphology of the diamond, as it has
higher asperities as showed in Fig. 3 from the SEM images,
becoming stress concentration zones when the film contacts
the counterpart. From the SEM images in Fig. 4, substrate
attainment was confirmed for all samples, highlighted by
the lighter areas. The edges of the wear traces appear to
be well defined and without coating delamination, thus
it is possible to state for all specimens that the diamond
films are well adhered throughout the entire duration of the
wear tests. However, the difference in substrate exposure
is evident between the samples pre-treated with Chemical
etching 1%, Laser Argon 1-2%, and the samples pre-treated
with Chemical etching 2%, Laser Nitrogen 1-2% which
indicates that the adhesion of these latter samples is way
higher than the former, attributable to the differences in the

microstructure underlines and the reactivity of the Nitrogen
onto the WC—Co substrate [35].

To numerically establish a reliable value that can
give information on the actual wear and durability of the
material in each scenario, to be used for the purpose of
defining a common base of comparison in the LCA study,
the wear ratio (Wr) parameter for each sample was defined
using the following equation:

where V; is the wear volume of the ith sample considered
and V,;, is the minimum wear volume obtained from the
tests, represented by the value of 0.003 mm? obtained for
the Chemical etching 2% sample (scenario 1.2).

The results reported in the following Table 5 confirm

the previous outcomes derived from the morphological
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and tribological analyses: the Chemical etching 2% and
Laser Nitrogen 1-2% scenarios show the lowest values of
wear in terms of surface and volume of the trace.

3 Methods

The Life Cycle Assessment (LCA) is a robust analytical
methodology standardized under the ISO 14040 and
ISO 14044 standards [43, 44], widely recognized in
environmental management systems. This method provides
a holistic framework for evaluating the environmental
impacts of a product, process, or service throughout its
entire life cycle—from raw material extraction through
processing, use, and disposal or recycling (cradle-to-grave
approach). Guided by the aforementioned standards, LCA
research is structured around four essential phases:

1. Goal and Scope Definition The initial phase of an LCA
involves setting clear objectives for the analysis. It is
crucial to define the functional unit, which quantifies
the performance of the product system for use as a
reference, and establish precise spatial and temporal
boundaries. This phase ensures that the study is aligned
with its intended purpose and contextual limits.

2. Life Cycle Inventory (LCI) This phase constitutes the
core of the LCA process. The system under analysis
is broken down into its constituent unit processes.
An input—output analysis is then conducted for each
process to capture and categorize all relevant flows
within the system boundaries. This stage is critical for
collecting comprehensive data that forms the basis for
the subsequent impact assessment.

3. Life Cycle Impact Assessment (LCIA) In this step,
the collected data from the LCI are translated into
potential environmental impacts. This transformation
is achieved through the application of specific impact
assessment methodologies that utilize characterization
and weighting factors. These methodologies help in
delineating the impact of the system in both midpoint
and endpoint categories, providing a clearer picture of
environmental performance.

4. Results Interpretation The final phase involves a
thorough analysis and critical review of the results
obtained from the LCIA. This step is crucial for
interpreting the data in the context of the defined goals
and scope. It also includes a review of the LCA process
and its outcomes, fostering a better understanding of
the system's environmental impacts and identifying
opportunities for improvement.

Each of these phases is interconnected, forming a
comprehensive framework that supports the detailed
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analysis of environmental impacts associated with any
given product system. The following subsections will
delve into the specifics of the goal and scope definition
and the LCI, while detailed discussions on the results and
subsequent interpretations will be presented in Sect. 4.

3.1 Goal of the Study and Functional Unit

The main goal of this study is to analyze the environmental
impact of the entire process HF-CVD diamond coating
deposition to determine which phases are the most impactful.
More specifically, the study aims to comparatively evaluate
different scenarios, characterized by the three alternative
pre-treatment processes (chemical etching and laser
treatments with different assistant gas), as illustrated in
the previous Sect. 2. This research arises because the most
widely used industrial pretreatment prior to the diamond
deposition of the WC—Co substrate is chemical etching,
which requires special care in storage, handling, and disposal
of the chemical substances involved, while the laser pre-
treatment appears safer.

The main functional unit for this study is defined as
"the realization of a diamond surface coating on a tungsten
carbide (WC—-Co) sample with the physical characteristics
and mechanical performance as illustrated in Table 1,
including different alternatives for the surface preparation
and the deposition phases, and considering differentiated
service lives for each production scenarios. This allows for
the assessment and comparison of environmental impacts
under different production scenarios, as detailed in Sect. 2
(Table 4). The reference flow encompasses all material and
energy inputs needed for conducting the specified surface
treatments and subsequent diamond deposition processes.
This includes not only the direct materials involved in
the coatings and treatments but also ancillary materials
and energies, such as chemicals for pre-treatment, gases
for deposition processes, electricity for machinery, and
any other resources essential for modelling the complete
lifecycle of the WC—Co sample with a diamond coating.

For the purpose of comparing in details the three
alternative pre-treatment processes (i.e. chemical etching
and lasers), a “secondary” functional unit has been defined
as “the pre-treatment of a tungsten carbide (WC—Co) sample
with the physical characteristics as illustrated in Table 1, to
be successively used for diamond coating deposition.”

3.2 Description of the System Boundaries

In this LCA study, various scenarios involving different
pre-treatment methods followed by varying deposition
conditions are assessed to determine their environmental
impacts on WC—-Co samples. The scenarios are classified
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Fig.5 Comprehensive system boundaries of all the analyzed scenarios: common phases (white), scenarios 1.x (blue), scenarios 2.x (green),
scenarios 3.x (orange)

@ Springer



International Journal of Precision Engineering and Manufacturing-Green Technology

in Table 4, while the following Fig. 5 illustrates the system
boundaries, as well as the sub-phases included in each
scenario that have guided the LCA model building.

The system boundaries for this LCA are defined to
exclusively focus on the pre-treatment and deposition stages
of WC—Co platelets, according to a gate-to-gate approach.
This specification allows the environmental assessment to
concentrate on the variations introduced by different pre-
treatment methods, which constitute the primary focus
of this comparative analysis. As depicted in Fig. 5, the
production of the WC—Co samples itself, its use, and end-
of-life phases are excluded from this analysis, as these stages
remain constant across all scenarios and do not influence the
assessment outcomes of the pre-treatment and deposition
processes. Precisely, the system boundary is composed as
follows:

e [nput Boundary All raw materials, chemicals, and
energy inputs required for executing each pre-treatment
and deposition scenario are included. This encompasses
everything from the chemicals used in the double
chemical attack to the gases employed in the CVD
processes under varying methane-to-hydrogen ratios.

e Core Processes The focus is placed specifically on the
pre-treatment techniques (chemical or laser) and the
CVD. Energy and material consumptions are tracked,
reflecting the environmental impacts evaluated within
the gate-to-gate scope.

e QOutput Boundary All direct emissions, waste products,
and potential recycling outputs generated from the
pre-treatment and deposition stages are captured.
Downstream end-of-life management activities, such as
recycling or final disposal of the WC—Co sample, are
excluded from the current system modeling, as they
remain constant across all scenarios and do not impact
the comparative evaluation of the pre-treatment and
deposition processes.

3.3 Life Cycle Inventory (LCI)

The LCI conducted in this study thoroughly documents the
collection of data from a combination of direct experimental
measurements, referenced scholarly articles, and secondary
data sourced from the Ecoinvent 3.6 database. This
comprehensive approach ensured that the LCI encompassed
detailed material and energy flow information within the
specified system boundaries of the manufacturing process
for diamond-coated tungsten carbide samples (Table 6).

The following assumptions have been made to collect the
relevant inventory data:
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e Data related to input materials/substances for the
chemical etching, laser treatments, CVD depositions, and
ultrasonic washings (e.g. used chemical substances, gases
for lasers, gases for CVD chamber) have been collected
by measuring the quantities used in the experiments;

¢ Electric energy consumption related to laser treatments,
CVD depositions, and CVD chiller have been measured
during the experiments through a network analyzer.
Concerning the CVD phase, the measured electric energy
consumptions for chiller and deposition are related to
the full set of 70 samples jointly treated within the CVD
reactor, thus the energy consumptions considered in the
study for each sample has been derived by dividing the
measured consumptions per number of samples treated
in a CVD cycle;

e FElectric energy consumption related to laser chillers,
drying gun and extractor fan have been estimated on the
basis of the nominal powers of equipment and duration
of the different treatments;

e Inventory data related to input materials (except
potassium ferrocyanide and diamond powder) and
electric energy generation have been derived from the
Ecoinvent 3.6 database;

¢ Due to the unavailability of both primary and secondary
LCI data from Ecoinvent, the production of potassium
ferricyanide and diamond powder has been modelled on
the basis of relevant literature studies (see Sects. 3.3.1
and 3.3.2);

e Impacts related to the manufacturing of machines
and equipment used during the pre-treatments and
depositions (i.e. laser equipment, CVD reactor) are
considered negligible, since their service lives are much
larger than the temporal boundaries of the analysis (i.e.
pre-treatment and deposition of one single sample),
as demonstrated in other LCA studies related to
manufacturing processes [45];

e According to the system boundaries, WC—Co sample
production, use, and end-of-life are not considered in
the LCA model.

3.3.1 Murakami Sub-reagents Modelling

The modeling of the Murakami acid treatment posed
significant challenges due to the unavailability of three key
sub-reagents in the Ecoinvent 3.6 database. To address this,
detailed modellings, described in Table 7, were based on
external references as follows:

e Potassium ferricyanide synthesis was based on a specific
patent [46], providing the necessary procedural details.

e Potassium ferrocyanide, needed to produce potassium
ferricyanide, was modeled using data from two sources
[47], detailing the necessary reagents and quantities.
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Table 6 LCI Data for all the

Phase Flow Quantity
analyzed phases
Ultrasonic washing with acetone Electric energy 20 Wh
Acetone 392¢g
Waste incineration (acetone) 392¢
Drying with heat gun Electric energy 63 Wh
1st acid attack (murakami) Electric energy 30 Wh
Murakami acid 050¢g
Sodium cyanide 499 ¢
Deionized water 050¢g
Potassium ferricyanide
Waste incineration (murakami acid) 599 ¢
Ultrasonic washing with deionized H,O Electric Energy 30 Wh
Deionized Water 130 g
Wastewater Treatment (Deionized Water) 0.131
2nd acid attack (Caro) Electric Energy 0.33 Wh
Caro acid 027¢g
Sulfuric acid 484 ¢
Hydrogen peroxide
Waste incineration (Caro Acid) 5.15¢g
Laser (argon) treatment Electric energy 54.2 Wh
Argon 405¢g
Gas released (argon) 405¢g
Laser (nitrogen) treatment Electric energy 542 Wh
Nitrogen 284¢g
Gas released (nitrogen) 284¢g
Chiller (laser) Electric energy 20 Wh
Nucleation Electric energy 30 Wh
Diamond powder 0.0026 g
Ethanol 021g
Waste incineration (ethanol) 021g
CVD with CH,/H, ratio=1% Electric energy 1803.04 Wh
Hydrogen 7.88¢
Methane 0.48 dm?
Gas released (hydrogen) 7.88 ¢
Gas released (methane) 063 ¢
CVD with CH,/H, ratio=2% Electric energy 1803.04 Wh
Hydrogen 7.88 g
Methane 0.96 dm®
Gas released (hydrogen) 7.88 g
Gas released (methane) 125¢
Extractor fan (CVD) Electric energy 5.8 Wh
Chiller (CVD) Electric energy 366.36 Wh

Iron rust powder was substituted with iron pallets, as
suggested by Wilfong et al.[32], to enable the production
of potassium ferricyanide [46].

e Calcium formate, another critical component, was
modeled using a balanced chemical formula from an
online source [48], allowing precise mass calculations
of the required elements.

3.3.2 Diamond Powder Modelling

The nucleation process prior to the HF-CVD deposition
involved the use of diamond powder, which was not
available in the reference LCI database, i.e. the Ecoinvent
3.6. To model this material, the production of diamond
powder was based on graphite, following the methodology
described in [31]. The mass required for nucleation was
determined from the concentration of diamond in ethanol,
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Table 7 Murakami acid’s sub-reagents LCI

Murakami sub-reagents Flow Quantity
Potassium ferricyanide Thermal energy 21.6 MJ
(I'kg) Potassium ferrocyanide 1.43 kg
Deionized water 1.53 kg
Potassium hydroxide 0.031 kg
Lime 0.031 kg
Calcium formate 0.043 kg
Potassium ferrocyanide (1 g) Thermal energy 2,70 MJ
Sodium carbonate 040 ¢g
Charcoal 040 ¢g
Rust powder 020¢g
Potassium hydroxide lg
Calcium formate (1 g) Calcium carbonate 0.77 g
Formic acid 0.71 g
Gas emission (carbon 034 ¢

dioxide)

which is 50 ct/l, and the conversion factor of carats to
grams (1 ct=0.2 g) [20]. These values were utilized to
calculate the quantities necessary for producing 1 kg
of diamond powder. Additionally, the thermal energy
required for this production process was quantified at
3024 MJ[31].

3.3.3 Samples Service Life

According to the experimental tests described in Sect. 2.2,
the samples prepared following the 6 considered pre-
treatments and deposition scenarios exhibited not
homogeneous performances in terms of wear. Considering
the most widely industrial usage of the diamond coated
WC-Co inserts for machining tools, the wear volume can
be strictly correlated with the service life of the samples, so
was not possible to make a simple 1 vs 1 LCA comparison
between the analysed scenarios.

Therefore, on the basis of the calculated wear ratio
parameter (see the values for each scenario in Table 5),
the Scenario 1.2 sample has been assumed as the reference
one, since it has the lowest wear value and potentially the
highest service life duration. In a purely comparative manner
for the other scenarios, has been made the hypothesis that
to cover the same service life duration guaranteed to the
reference case (i.e. Scenario 1.2 sample) a number of
samples corresponding to the wear ratio are needed for each
scenario. Such assumption allowed to guarantee the same
functional unit for each considered sample and thus have
been used within the LCA model to adequately compare the
analyzed scenarios.

@ Springer

3.4 Life Cycle Impact Assessment (LCIA) Methods

In assessing the environmental impact throughout the
life cycle of the studied products, it is essential to select
a robust and comprehensive LCIA methodology. The
choice of an LCIA method can significantly influence
the outcomes and interpretations of an environmental
assessment. In this study, the ReCiPe methodology was
utilized for the LCIA due to its comprehensive approach to
evaluating multiple environmental impacts, as supported
by other studies focused on the LCA of manufacturing
processes [49].

The ReCiPe method [50] is well-regarded for
transforming extensive life cycle inventory data into a
limited number of impact scores, which represent the
relative severity of various environmental issues. It
provides two levels of indicators: midpoint and endpoint.
Midpoint indicators, such as Global Warming Potential
(GWP) [kg CO, eq], Freshwater Eutrophication [kg P
eq], and Terrestrial Acidification [kg SO, eq], measure
environmental mechanisms directly linked to the product
system. Endpoint indicators, on the other hand, translate
these midpoints into three broader categories of damage:
Human Health [Pt], Ecosystems [Pt], and Resources
[Pt], thus providing a more holistic view of potential
environmental damages.

The selection of the ReCiPe methodology was based on
its inclusion of a wide range of impact categories, which
align well with the complex nature of environmental
impacts involved in the manufacturing of diamond-coated
tools. This method is particularly effective in accounting
for diverse environmental impacts beyond just the single
impact category, ensuring a comprehensive assessment as
suggested by current literature and standards within the
sector [51]. Such an approach not only addresses direct
emissions but also incorporates a broader spectrum of
environmental impacts, providing a multi-faceted view of
sustainability.

The methodology was applied using the Hierarchist
(H) perspective for midpoint indicators and the Average
(A) perspective for endpoint indicators. This choice was
motivated by the balanced approach of the Hierarchist
perspective, which is designed to mediate between
precautionary and optimistic viewpoints, making it suitable
for scenarios involving significant scientific uncertainty [52]
The average perspective for endpoints aids in providing a
generalized view across different environmental impacts,
facilitating more informed decision-making [53].

However, a focus on GWP indicator has been made
since it is largely considered the most adopted, widespread
and understandable environmental metric to assess the
environmental performance of products and manufacturing
processes [54]. This study considered the methodology
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described in the Fifth Assessment Report (2013) of
Intergovernmental Panel on Climate Change (IPCC) [55]
which accounts the greenhouse contribution of each flow in
comparison with the carbon dioxide, assumed as reference
flow, and in a time horizon of 100 years.

4 Results and Discussion

In this section, the results of the LCIA calculated using the
LCI data and the selected environmental impact categories
are presented. The modelling and analysis, conducted
using the SimaPro 9.4.0.2 software tool equipped with the
Ecolnvent 3.6 database, aims to elucidate the environmental
impacts associated with different scenarios of diamond
coating deposition processes. In particular, the comparison
between traditional chemical pre-treatment methods and
innovative laser treatments is highlighted to understand
their respective environmental burdens. The following
subsections provide detailed findings from the ReCiPe
midpoint calculations, with a particular focus on the
GWP indicator, and the ReCiPe endpoint evaluation. The
assessment considers the main functional unit and takes
into account wear performance to consider the service lives.
Additionally, an in-depth comparison of the pre-treatment
processes is included, using the secondary functional unit to
focus on the specific impacts of each pre-treatment method,
considering a simple 1 vs 1 comparison and excluding the
service lives for each scenario.

4.1 ReCiPe Midpoint Analysis

The ReCiPe midpoint impact assessment results, calculated
using the Hierarchist (H) version for Europe, are critical
for understanding the environmental implications of each
process in a comprehensive way, considering different
impact categories and deeply understanding the causes of
impacts. The obtained results are detailed in Table 8 and
represented in Fig. 6 and “Appendix” of the paper. The table
provides a detailed quantitative comparison of the results
in terms of ReCiPe midpoint indicators for each scenario,
with the identification of the most impactful (italic boxes)
and most sustainable (bold boxes) options for each scenario.
The graph in Fig. 6, instead, visually highlights the relative
impacts across different categories using normalized values,
where the most impactful scenario in each category is
scaled to 100%, and all other scenarios are proportionally
represented. Finally, “Appendix” also reports the relative
contributions of processes for the six scenarios, useful to
identify the critical flows, which generally result from the
chemical-based pre-treatments, and the CVD processes (i.e.
deposition phase).

From a general perspective, Scenario 2.1 stands out
with notable impacts compared to other scenarios. Factors
contributing to this include its very high wear ratio of
37.3 (i.e. very short service life), which necessitates more
frequent replacements during a hypothetical application
of the sample as a tool, and thus amplifies the cumulative
environmental impacts over time. Electricity usage for the
energy-intensive CVD process is the major contributing

Table 8 LCIA in terms of each characterized ReCiPe Midpoint H for each scenario (bold: least impactful; italic: most impactful)

Midpoint indicator Scenario 1.1

Scenario 1.2 Scenario 2.1

Scenario 2.2 Scenario 3.1 Scenario 3.2

Global warming (kg CO, eq) 3.68E+01
Stratospheric ozone depletion (kg CFC11 eq) 1.97E-05
Tonizing radiation (kBq Co-60 eq) 2.46E-01
Ozone formation. Human health (kg NO, eq) 5.41E-02
Fine particulate matter formation (kg PM2.5 eq) 3.44E-02
Ozone formation. Terrestrial ecosystems (kg NO, eq) 5.55E—02
Terrestrial acidification (kg SO, eq) 9.97E-02
Freshwater eutrophication (kg P eq) 1.47E-03
Marine eutrophication (kg N eq) 1.74E-04
Terrestrial ecotoxicity (kg 1.4-DCB) 9.11E+01
Freshwater ecotoxicity (kg 1.4-DCB) 3.29E-02
Marine ecotoxicity (kg 1.4-DCB) 1.00E-01
Human carcinogenic toxicity (kg 1.4-DCB) 4.86E-01
Human non-carcinogenic toxicity (kg 1.4-DCB) 7.28E+00
Land use (m2a crop eq) 8.23E-01
Mineral resource scarcity (kg Cu eq) 6.03E—-02
Fossil resource scarcity (kg oil eq) 1.08E+01
Water consumption (m%) 5.24E-01

1.40E+00 3.99E+01 3.13E+01 1.92E+00 3.59E+00
7.34E—07 2.41E-05 1.85E-05 1.16E-06 2.13E-06
9.17E—03 3.23E-01 2.48E-01 1.53E-02 2.80E-02
2.02E—-03 6.70E-02 5.14E-02 3.22E-03 5.90E-03
1.29E—-03 4.35E-02 3.34E-02 2.09E-03 3.83E-03
2.07E—03 6.86E-02 5.26E-02 3.29E-03 6.04E-03
3.72E—03 1.28E-01 9.79E-02 6.13E—-03 1.12E-02
5.49E-05 1.68E-03 1.29E-03 8.01E-05 1.47E-04
6.48E—06 1.07E-04 8.22E-05 5.13E—-06 9.41E-06
3.40E+00 1.17E+02 8.95E+01 5.62E4+00 1.03E+01
1.23E-03 1.72E-02 1.32E-02 8.26E—04 1.51E-03
3.73E-03 9.26E-02 7.11E-02 4.46E-03 8.18E-03
1.81E—-02 5.01E-01 3.84E-01 2.41E-02 4.42E-02
2.72E-01 8.73E+00 6.70E+00 4.20E-01 7.70E-01
3.07E-02 1.05E+00 8.09E-01 5.06E-02 9.29E-02
2.25E-03 7.48E-02 5.74E-02 3.60E-03 6.60E—-03
4.02E-01 1.23E+01 9.40E+00 5.89E-01 1.08E+00
1.96E—02 6.98E-01 5.35E-01 3.32E-02 6.08E—02
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Fig.6 LCIA in terms of characterized ReCiPe Midpoint H (normalization applied)
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factor to the impacts on the indicators. The significant
energy demand of the CVD process, to maintain the high
temperatures necessary for the deposition process and to
support ancillary systems, exacerbates these impacts, a well-
known issue within the field [56-58].

Following Scenario 2.1, the scenarios can be ranked
in terms of environmental impact as follows: 1.1, 2.2,
3.2, 3.1, with 1.2 being the least impactful overall. This
ranking reflects the order from the least resistant to the
most resistant in wear tests, corresponding to the samples
with the shortest to the longest service life.

Some non-aligned results can be observed for the
indicators Marine Eutrophication, Freshwater Ecotoxicity
and Marine Ecotoxicity for which Scenario 1.1 turned
out to be the worst solution, instead of Scenario 2.1
(second worst solution for all three cases). The reasons
for this are multifaceted. First, the short service life of
the components necessitates multiple replacements,
leading to repeated cycles of the same environmentally
detrimental processes. The chemical etching process
involves the use of hazardous chemicals like Murakami
and, particularly, Caro acid, which significantly impacts
these three indicators due to their high toxicity and
contribution to ecotoxicity. Indeed, besides the electricity
consumption in the CVD process, the most influential
flows affecting the three considered midpoint indicators
(i.e. Marine Eutrophication, Freshwater Ecotoxicity, and
Marine Ecotoxicity) are the use of potassium ferricyanide
in Murakami acid and the waste treatment required for
Caro acid. The high toxicity of potassium ferricyanide
is well-documented, posing significant risks to aquatic
ecosystems even at low concentrations. This compound
can release free cyanide ions under certain conditions,
which are highly toxic to aquatic organisms. The oxidative
properties of potassium ferricyanide can lead to oxidative
stress, disrupting cellular functions and causing substantial
damage to aquatic life, as evidenced by studies such as
those conducted by Garg and Singh [59]. The waste
treatment of Caro's acid, specifically the handling of
potassium peroxymonosulfate (Oxone), significantly
exacerbates environmental impacts due to its generation
of reactive oxygen species (ROS). These ROS can lead
to oxidative stress in aquatic organisms, causing cellular
damage and impairing metabolic processes [60].

Scenario 2.2, although, utilizing 2% for the CH,/H, ratio
during CVD deposition, instead of 1% as in Scenario 2.1,
benefits from this difference with the sensible increase of the
service life of the sample by 23.32%, thereby significantly
reducing the environmental impacts.

Scenarios 3.1 and 3.2 both employ laser treatment with
nitrogen and demonstrate moderate impacts. The sample
in Scenario 3.1 is 45.45% more resistant in terms of wear,
as demonstrated by the value in Table 5, compared to the

sample in Scenario 3.2, which also uses CVD 1% instead
of CVD 2%. These differences, in the context of moderate
impacts, significantly affect their respective environmental
footprints. Scenario 3.1 achieves the best performance in
Marine Eutrophication and Freshwater Ecotoxicity due to
its lower overall energy consumption and the effectiveness
of its nitrogen laser treatment in minimizing emissions.
This finding is consistent with studies highlighting the
lower environmental impact of laser treatments in material
processing [61].

Scenario 1.2 emerges as the least impactful, with the
lowest values across most of the indicators (16 on a total
of 18). Despite sharing all the processes executed in
Scenario 1.1, which ranks as one of the worst due, Scenario
1.2 benefits from an increased methane-to-hydrogen ratio
of 2%, improving the sample’s service life by 26.8 times.
This enhancement mitigates the individual impacts of the
processes that are particularly detrimental in Scenario 1.1.
The observed exceptions are in the Marine Eutrophication
and Freshwater Ecotoxicity midpoint categories where
Scenario 3.1 excels due to the avoided use of the chemical-
based pre-treatments that are particularly critical for impact
related to eutrophication and toxicity of water, as discussed
above [59].

4.2 Global Warming Potential Analysis

GWP quantifies the contribution of a system to global
warming and climate change, according to the methodology
defined by the IPCC, and is widely accepted as one of the
most used and understandable environmental indicators in
the field of sustainable manufacturing. The performance
of the various scenarios regarding GWP, as illustrated in
Fig. 7, follows the general trend described in the previous
section. A clear conclusion can be taken about the most
critical scenario: the impacts of Scenario 2.1 (39.9 kg
CO, eq) are significantly higher compared to all the other
scenarios: + 8.4% compared to Scenario 1.1 (36.8 kg CO,
eq), +27.5% compared to Scenario 2.2 (31.3 kg CO,
eq), + 1011.4% compared to Scenario 3.2 (3.59 kg CO,
eq),+1980.73% compared to Scenario 3.1 (1.92 kg CO,
eq), and+2750% compared to Scenario 1.2 (1.4 kg CO, eq).

In detail, the most significant contributors to GWP
are the electricity consumption for the CVD process and
for cooling systems (Chiller CVD) to maintain optimal
operational conditions during the deposition phase.
This emphasizes the importance of energy efficiency for
mitigating GWP in manufacturing operations. Among the
processes, the aspirator CVD is the least impactful due
to its reduced power rating. Comparing 1 vs 1 the CVD
1% and CVD 2%, which differentiates only for the CH,/
H, ratio used within the deposition chamber during the
deposition phase, their impact in terms of GWP is very
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Fig.7 LCIA in terms of global
warming potential (GWP) for
each scenario, with details on
the split of contributions for
each sub-phase

similar, with CVD 1% having a 2.31% lower impact.  significantly improve lifespan in scenarios involving
However, the difference lies in how they contribute to  chemical etching and laser argon pre-treatments. This is
extending the samples' service lives. CVD 2% tends to  likely due to the increased methane-to-hydrogen ratio,
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which enhances the deposition process, leading to a more
durable film. Conversely, the specific interaction between
the nitrogen laser treatment and the deposition process
does not benefit as much from the increased methane-
to-hydrogen ratio, resulting in better performance when
using CVD 1%. Moreover, the Murakami acid process,
particularly the use of potassium ferricyanide, the
electricity required, and the management of its waste
products further aggravate GWP impacts in the case of
Scenario 1.1.

4.3 ReCiPe Endpoint Analysis

The ReCiPe endpoint method, utilizing the Hierarchist
(H) version for Europe with the average weighting
set (A), consolidates midpoint impact categories into
three overarching endpoint categories: Human Health,
Ecosystems, and Resources. This approach provides a
comprehensive overview by weighing and normalizing
the midpoint results to yield a single score, facilitating
the assessment of overall environmental performance
and making it easier to identify which scenarios are more
sustainable.

The ReCiPe endpoint results corroborate the trends
observed in the midpoint analysis. Notably, Scenario 1.2
remains the least impactful, with a total endpoint indicator
impact of 4.01E4+01 mPt. This scenario demonstrates
reduced damage of —32% compared to Scenario 3.1
(5.89E+01 mPt), —63.3% compared to Scenario 3.2
(1.09E+02 mPt), —95.8% compared to Scenario 2.2
(9.52E+4+02 mPt), —96.2% compared to Scenario 1.1

Fig.8 LCIA in terms of ReCiPe
endpoint H for each scenario,
with the split of contributions in
terms of each damage category

(1.06E+03 mPt), and —96.7% compared to Scenario 2.1
(1.23E+03 mPt).

A detailed analysis reveals that the most critical damage
category is Human Health, followed by minimal damages in
terms of Ecosystem and Resource, as shown in Fig. 8.

In terms of Human Health, the primary contributing
factors are emissions that affect air quality, toxicological
effects from chemical use, and energy-related impacts. The
energy-intensive processes result in substantial emissions
of greenhouse gases and air pollutants, which contribute to
respiratory and cardiovascular diseases. Studies indicate that
exposure to PM2.5 and NOX is linked to an increased risk
of hospital admissions for respiratory and cardiovascular
conditions, as well as chronic illnesses such as COPD and
lung cancer [62, 63].

The highly toxic chemical processes pose severe risks
to human health through exposure and contamination
of water sources. Similarly, the waste treatment of acids
involves managing hazardous substances, in particular,
the hydrogen peroxide and potassium peroxymonosulfate
of Caro Acid, which can generate reactive oxygen species,
leading to oxidative stress and cellular damage. Studies
have shown that long-term exposure to the emissions and
chemical byproducts associated with these processes can
lead to chronic health issues such as cancer, neurological
disorders, and reproductive toxicity [64].

The heavy reliance on fossil fuels for electricity
generation further exacerbates these health impacts by
contributing to climate change, which is associated with a
wide range of health risks including heat-related illnesses,
vector-borne diseases, and food security challenges [65].
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Fig. 9 Detailed comparison among pre-treatment considering ReCiPe Midpoint H indicators (normalization applied)
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4.4 Details on Pre-treatment Processes

In this section, a detailed analysis of the pre-treatment of
a WC—Co sample using the secondary functional unit is
illustrated. The primary functional unit used previously
incorporated the service life of each sample (i.e. wear
performance), significantly influencing the final impacts
of the scenarios. This analysis, instead, is necessary to
understand the specific impacts of each pre-treatment
process, since it allows for the isolation and evaluation of
the environmental burdens of the pre-treatment processes
themselves.

As shown in Fig. 9, the chemical pre-treatment process
demonstrates a considerably higher environmental impact
compared to laser treatments in all the considered indicators
(i.e. ReCiPe midpoints). Analyzing the data, Water
Consumption shows the smallest difference in impact, with
laser argon reducing it by 35.4% and laser nitrogen by 46.9%
compared to chemical pre-treatment. Conversely, the largest
difference is observed in Marine Eutrophication, where
laser argons reduce the impact by 94% and laser nitrogen by
94.6% compared to chemical pre-treatment. These findings
highlight the potential of laser nitrogen treatments as a more
environmentally sustainable alternative to both chemical
pre-treatments and laser argon treatments. The difference
between the two laser pre-treatments lies primarily in the
distinct characteristics of the gases used. Argon, a noble gas
with a higher density (approximately 1.784 g/L at 0 °C and
1 atm) compared to nitrogen (1.251 g/L. at 0 °C and 1 atm),
occupies a smaller volume per unit mass [59]. However,
to achieve the same operational conditions in the laser
process, a larger mass of argon (4.05 g) is required compared
to nitrogen (2.84 g). This difference leads to increased
environmental impacts across several categories, such as
Ionizing Radiation (+ 14.59%) and Water Consumption
(+11.46%), with the smallest difference observed in Human
Toxicity and Ecotoxicity Indicators.

The Murakami acid and Caro acid treatments within
the chemical pre-treatment process are notably impactful,
often surpassing the total environmental impact of the entire
laser treatment processes across several indicators (Table 9).
For instance, in terms of GWP, the Murakami acid process
alone contributes with 1.83E—01 kg CO, eq, while Caro acid
process provides 1.31E—01 kg CO, eq which is significantly
higher than the total impact of the laser argon pre-treatment,
contributing 8.31E—02 kg CO, eq, and laser nitrogen
pretreatment, 7.81E—-02 kg CO, eq. Also considering
Human Non-Carcinogenic Toxicity, the Caro acid process
alone accounts for 2.58E—02 kg 1.4-DCB, whereas the
total impact from the laser argon and nitrogen processes are
respectively 1.72E—-02 kg 1.4-DCB and 1.61E-02 kg 1.4-
DCB. The primary responsibility for these impacts lies with
potassium ferricyanide in the Murakami acid process, due

to its high toxicity and energy-intensive requirements. For
the Caro acid process, the critical sub-reagent is hydrogen
peroxide, which, combined with waste treatment processes,
significantly drives up the environmental impact.

These observations underscore the significant
environmental and health burdens imposed by individual
chemical processes within the chemical pre-treatment,
compared to the overall lower impact of laser-based
alternatives. This aligns with findings in the literature,
such as those presented by [33, 45], which highlight the
lesser environmental impacts of laser treatments relative to
chemical processes. These findings confirm the potential
of laser-based methods and the imperative to further
optimize these processes. Enhancing the longevity of
treated substrates could substantially improve the overall
sustainability of the diamond coating deposition process.

4.5 Sensitivity Analysis of Pre-treatment Processes

According to ISO 14044, conducting a sensitivity analysis
is optional but recommended to verify the robustness
and reliability of the obtained results. In this LCA study,
the product's service life has emerged as a determining
factor for the overall environmental impact. However,
to examine variations in results independently of this
parameter, a sensitivity analysis has been conducted on the
LCA focused solely on pre-treatment processes, using the
secondary functional unit and excluding product service life
considerations that have been calculated on the basis of a
rigorous experimental procedure.

As described in Sect. 3.3, the data used in the LCA
inventory come from various sources: some flows were
measured directly in the laboratory (primary data), others
were obtained from established databases (secondary data),
while others were derived from the scientific literature.
Among these, the Potassium Ferrocyanide, a sub-reagent
used in the modelling of the Murakami acid, and, in
particular, the thermal energy required for its synthesis (see
Sect. 3.3.1), have proven to be particularly impactful in the
environmental results of chemical pre-treatment. A critical
aspect of this input data is their obsolescence: the reference
sources are outdated [46, 47], and over time, significant
technological improvements in production processes may
have been implemented. Therefore, to assess the potential
effects of such advancements, a one-at-a-time sensitivity
analysis, as defined by Groen et al. [66], was conducted. In
this analysis, it is assumed that the thermal energy required
to synthetize 1 g of Potassium Ferrocyanide has reduced
by 10%, 20%, and 30% with respect to the original value of
2.70 MJ (see Table 7). Therefore, three alternative scenarios
(ASs) have been defined for this sensitivity analysis: AS1,
where the thermal energy is 2.43 MJ (— 10%), AS2, where it
is 2.16 MJ (- 20%), and AS3, where it is 1.89 MJ (—30%).
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As evidenced by the results of the sensitivity
analysis reported in Table 10, the variation in thermal
energy required for Potassium Ferrocyanide synthesis
influences the environmental impacts of the chemical pre-
treatment process. The most sensitive categories include
GWP and Fossil Resource Scarcity. Other moderately
affected categories are Stratospheric Ozone Depletion,
Ozone Formation (both Human Health and Terrestrial
Ecosystems), and Terrestrial Acidification. Conversely,
Freshwater and Marine Eutrophication and Water
Consumption exhibit the smallest reductions, indicating
lower sensitivity to thermal energy variations.

Figure 10 illustrates the comparison between the ASs
and the laser-based pre-treatment scenarios, highlighting
that the gap between chemical pre-treatment and laser pre-
treatments remains considerable. Despite the observed
impact reductions, achieving the break-even point (i.e.
the point where the chemical pre-treatment becomes
more sustainable than the laser pre-treatments) would
require the complete nullification of the thermal energy
usage for all the ReCiPe midpoint categories. This can
be considered a non-realistic scenario, even considering
the technological advancements and the efficiency
improvements of the chemical industry made during the
last century. Not even the adoption of alternative energy
sources (e.g. solar, wind, waste heat recovery) could
lead to a different rank among the three considered pre-
treatments. Only a radical change in the chemical process
used to synthetize Potassium Ferrocyanide could allow to
reach the break-even point.

Summarizing the outcomes, it can be said that despite
the outdated nature of the data sourced from the literature
that should be improved in further refinement of the
present study, the results of the sensitivity analysis confirm
the robustness and reliability of the obtained LCA results.

5 Conclusions

In conclusion, this study provides a comprehensive
evaluation of the environmental impacts associated with
diamond coating deposition processes, focusing on a
comparison between traditional chemical pre-treatments
and innovative laser-based methods.

Considering the sample service life (first functional
unit), from the ReCiPe midpoint analysis it emerges that
Scenario 1.2 (Chemical Etching with 2% CH,/H,) is the
least impactful, with the lowest values across most of the
indicators (16 on a total of 18). Despite sharing all the
processes executed in Scenario 1.1 (Chemical Etching
with 1% CH4/H,), which ranks as one of the worst,
Scenario 1.2 improves the sample’s service life by 26.8

@ Springer

Table 10 Percentage variation of environmental impacts for each
ReCiPe midpoint indicator in Alternative Scenarios (ASs) against the
baseline pre-treatment chemical

Midpoint indicator AS1 (%) AS2 (%) AS3 (%)

Global warming —3.85 -7.70 —-11.55
Stratospheric ozone depletion -2.53 -506 -7.59
Tonizing radiation -1.24 —248 -3.72
Ozone formation, human health -2.42 —-4.83 —-7.25
Fine particulate matter formation —1.88 -3.76  —-5.64
Ozone formation, terrestrial -2.50 —4.99 —-7.49
ecosystems
Terrestrial acidification —2.06 —-4.12 —6.18
Freshwater eutrophication -0.87 -1.74 =261
Marine eutrophication —0.55 -1.10  —1.65
Terrestrial ecotoxicity -1.09 -2.19 —3.28
Freshwater ecotoxicity —1.08 -2.16 —-3.24
Marine ecotoxicity —-1.32 -2.64 —-3.95
Human carcinogenic toxicity -0.77 -1.53 —-2.30
Human non-carcinogenic toxicity —1.18 -236  —3.54
Land use —-1.78 —3.57 —-5.35
Mineral resource scarcity —-2.04 —4.08 —6.12
Fossil resource scarcity -540 -10.80 —-16.20
Water consumption -0.37 -0.75 —1.12

times. This improvement can be attributed to the different
nanometric cauliflower structure of the diamond coating
observed through the SEM images and in accordance
with the literature. Scenario 1.2 is also the best according
to the GWP analysis, emitting 1.4 kg CO, eq, followed
by Scenario 3.1 (Laser Argon with 1% CH,/H,) with an
emission of 1.92 kg CO, eq. Even in the ReCiPe endpoint
analysis, Scenario 1.2 remains the least impactful, with a
total endpoint indicator impact of 4.01E+01 mPt.

By considering the effect of pretreatment alone
(second functional unit), the findings reveal that laser
pre-treatments generally result in lower environmental
impacts than chemical pre-treatments across most ReCiPe
midpoint indicators. Water Consumption shows the
smallest difference in impact, with laser argon reducing
it by 35.4% and laser nitrogen by 46.9% compared to
chemical pre-treatment. Conversely, the largest difference
is observed in Marine Eutrophication, where laser argons
reduce the impact by 94% and laser nitrogen by 94.6%
compared to chemical pre-treatment. These findings
highlight the potential of laser nitrogen treatments as a
more environmentally sustainable alternative to both
chemical pre-treatments and laser argon treatments.

A key insight from this analysis is that sample
durability, or service life, significantly affects
environmental impacts. Improved wear resistance in laser-
treated samples, particularly in Scenarios 2.1 and 2.2,
leads to lower impacts by minimizing the frequency of
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Fig. 10 Detailed comparison among pre-treatment and ASs considering ReCiPe midpoint H indicators (normalization applied)

@ Springer
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replacements, thereby lowering cumulative impacts over
time. This underscores the need for further technological
advancements in laser-based processes to extend the
service life of diamond-coated samples. Enhancing the
durability of laser-treated samples can be considered an
“ecodesign” initiative aimed at minimizing environmental
impacts over the lifecycle of the coating. Additionally,
improvements to the CVD process are essential, as it
remains the most resource-intensive phase of diamond
coating. Efficiency enhancements, particularly in the
CVD reactor’s energy consumption and deposition time,
could yield significant environmental benefits. There are
different potential optimization strategies which should be
explored further for their impact on energy consumption
and emissions, such as reducing reactor temperature and
deposition duration.

The study’s outcomes are subject to certain technological
and environmental limitations. First, the data relies on the
Ecolnvent 3.6 database, which may not capture real-world
variability in energy mixes or operational environments.

@ Springer

Moreover, specific laboratory conditions and uniform
functional units may not fully account for variability in
different industrial settings. This limitation could influence
the overall reliability of the environmental impact results if
scaled to larger production environments.

In addition to technological enhancements, future
research should explore environmental and life-cycle
cost analyses to provide a broader perspective on the
sustainability of diamond coating processes. Life-cycle
cost assessments could quantify the economic implications
of extending sample service life and optimizing CVD and
laser-based treatments, facilitating their feasibility and
sustainability.

Appendix

ReCiPe midpoint impact assessment results for the analysed
scenarios.
(a) Scenario 1.1
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(b) Scenario 1.2

(c) Scenario 2.1
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(d) Scenario 2.2

(e) Scenario 3.1
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(f) Scenario 3.2
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