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Abstract

In this paper, a cradle-to-gate life cycle assessment (LCA) method is used to compare the overall energy
consumption and environmental impact of hybrid additive manufacturing (HAM) and the traditional CNC milling
process with a case study of turbine blade manufacturing. Six environmental impacts are assessed in this study:
acidification potential (AP), eutrophication potential (EP), global warming potential (GWP), photochemical ozone
creation potential (POCP), ozone depletion potential (ODP), and abiotic depletion potential (ADP). The results
suggest that HAM can not only reduce energy consumption and material waste but also reduce the environmental
impact by 53% from a life cycle perspective. Specifically, the results of GWP, AP, EP, ODP, POCP and ADP of the
HAM are only 32.2%, 34.6 %, 44.7%, 27.2%, 25.6%, and 24.7 % of that in traditional CNC machining.

Keywords: Sustainability assessment, hybrid additive manufacturing, environmental impacts, CNC milling

INTRODUCTION

Additive manufacturing (AM) is leading a fundamental shift in the way we design and manufacture
products". AM has become the mainstream in the manufacturing landscape due to its numerous benefits,
including design freedom, material saving, and the reduction of production cost and manufacturing carbon
footprint™. However, the adoption of AM in industries is still at a very early stage due to various technical
challenges, such as lack of manufacturing tolerance, poor surface finish, a requirement for post-processing,
etc.”). Recently, an emerging hybrid additive manufacturing (HAM) technology has enabled the industry to
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reap the full potential of AM. HAM is defined as the use of AM with one or more secondary processes that
are fully coupled and synergistically affect part functionality and process performance”. Secondary
processes include subtractive and deformative manufacturing technologies, such as machining, abrasive
blasting, peening, chemical etching, and sintering, etc. Implementation of HAM technology will enhance
AM’s capabilities in creating high-geometrical-complexity and high-accuracy 3D structures with a smooth
surface finish".

DED is one of the laser-based AM processes in which three-dimensional parts can be directly fabricated
from raw materials with a layer additive method". Due to the unique capability to fabricate fully dense
metal components and outstanding as-fabricated mechanical properties, DED is developing into a
promising technology for structural coating", free-form fabrication', and component repair'®. Combining
additive DED and subtractive CNC machining in a single machine has become the main form in the HAM
market, and it enables fabricating a near-net-shape part in a single setup without a need for
post-processing”. HAM offers a variety of opportunities for more sustainable, all-in-one manufacturing,
and it is believed to be the future of AM and the game-changer for the industry. The number one
application of this manufacturing technology is the repair of current existing components, e.g., turbine
blades for jet engines" "'\

HAM is of great interest to the precision industry because it will not only reduce manufacturing costs but
increase the economic competitiveness of technological companies. Recently, HAM was successfully applied
in repairing a damaged mold, and it was proved that HAM shows a reduction of the environmental impacts
and life cycle costs by avoiding resource consumption in the production of a new mold"”. However, like
any other new technology, HAM faces a set of challenges, including process planning, quality control and
assurance, and sustainability'”. Currently, AM community is not only focusing on quality assurance but also
on energy and environmental impact due to natural resource depletion and environmental degradation’*.
As a result, the AM industry is now having three primary targets: sustainability, quality assurance, and
cost-effectiveness. Achieving sustainable AM is challenging as various factors need to be considered and
optimized, including material supply and usage, energy consumption, environmental emissions, etc. All
these factors need to be homogenized when assessing sustainability.

Despite the great potential to reduce cost and material waste, the sustainability performance of HAM over
traditional manufacturing is still not clear. In this study, a comparative sustainability assessment was
performed for DED-based HAM and traditional CNC Milling for a turbine blade. The goal is to identify the
key factors triggering the environmental impacts of these two manufacturing processes and to reduce the
environmental impacts to make the processes more sustainable. Cradle-to-gate life cycle assessment (LCA)
was applied to build the life cycle models and calculate the energy consumption and environmental impacts
of these two manufacturing processes. The results of this study can provide guidance and convincing
information when judging the environmental benefits of HAM over CNC Milling. It can also provide a
comprehensive view of HAM, thus helping decision-makers select a more sustainable solution. The rest of
the paper is organized as follows. In Section 2, the related work on the sustainability assessment of the metal
AM processes is discussed. In Section 3, we describe the LCA procedures. Section 4 describes the
experimental setup and data collection. In Section 5, the sustainability performance of the two
manufacturing processes is evaluated. The effects of life cycle activities on sustainability performance are
also evaluated. Section 6 summarizes the conclusions and future work.
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RELATED WORK

Many studies have been performed on the sustainability assessment of various metal AM processes. From a
life cycle perspective, Simon Ford et al. investigated the sustainable benefits of AM over traditional
manufacturing from four aspects, including process redesign, material input, make-to-order components,
and product manufacturing"”. Liu et al. compared the energy demand of the HAM process and CNC
machining process for bearing bracket manufacturing. They found that the manufacturing phase in the
HAM process consumed most of the energy, while the material production in the CNC machining process
accounts for the largest proportion of energy consumption". From a generalized perspective, AM is
considered more sustainable than traditional manufacturing because it has higher efficient energy and less
material usage. The environmental performance of metal AM varies case by case. It has been proved that
the environmental performance of metal AM is directly related to the part size and the volume of material
removal in post-processing"”. LCA and specific energy consumption (SEC) are commonly used to
determine the sustainability assessment of metal AM, as summarized in Table 1.

Due to the layer-upon-layer fabrication, AM is more suitable for small-batch production. With the
increasing production volume and part complexity level, the production cost and energy consumption per
unit part remain consistent. For traditional manufacturing, such as casting, forging, and CNC milling,
where tooling and mold are needed, the cost and energy consumption increase with part complexity level,
but reduce with the increasing production volume. Both quantitative and qualitative methods have been
applied in the sustainability assessment of the DED AM process, including LCA, environmental impact/risk
assessment, multi-criteria decision analysis, risk management, etc. HAM is a complex manufacturing
system combining additive DED and subtractive CNC machining. The material, energy, and waste flows are
apparently different from those in traditional manufacturing, which brings challenges to its environmental
sustainability assessment. The major challenges include: (1) drawing a complete boundary of the
assessment; (2) data collection and evaluation; and (3) scientific assessment of environmental emissions.
Also, parts with different materials, sizes, designs, and complexity will affect the overall sustainability
performance.

MATERIALS AND METHODOLOGY

Material and specimen design

In this study, a general turbine blade used in the air compressor is selected. The design before and after
HAM is shown in Figure 1. To ensure a sufficient height at the corner area, some extra margin is added to
the design, which later would be removed with post-machining. Stainless steel 316 L (SS 316 L) is used to
fabricate the turbine blade because of its relatively high strength, good corrosion resistance, and large
internal friction or damping capacities. As received SS 316 L powder (45-106 um) from Carpenter is used in
HAM, and bulk SS 316 L is used in CNC machining.

Life cycle assessment

LCA is a useful tool to evaluate and assess the environmental aspects of a product or a process”™. LCA
provides a comprehensive view of the environmental aspects by estimating the cumulative environmental
impacts resulting from the entire product life cycle®. As a systematic approach, an LCA consists of four
components: (a) goal and scope definition; (b) life cycle inventory (LCI); (c) life cycle impact assessment
(LCIA); and (d) life cycle interpretation”. The following sections describe these steps in detail.

Goal and scope definition
The goal of this LCA is to quantify and compare the environmental impacts caused by different processes
associated with the DED-based HAM of a turbine blade with its counterpart manufactured by traditional
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Table 1. Summary of sustainability assessment between metal AM and traditional manufacturing

Metal Traditional Method Maior findings Ref

AM manufacturing used ) g '

PBF Casting and machining LCA The weight reduction potential of AM helps improve the environmental [16]
performance

PBF Milling LCA PBF is more environment-friendly for parts with complex shape and geometry [171]

PBF N/A LCA A proper design for AM is important to improve the overall energy and emission-  [18]
saving potential

PBF CNC machining LCA PBF has a significant environmental advantage compared to the traditional [19]
technology

PBF Casting and machining LCA The environmental impact of PBF without optimization was 37.42% lower than [20]
that of CM

DED Forging and machining LCA For cylinder head repairing, DED cuts more than 60% of environmental impact [21]
over the entire life cycle

DED CNC machining LCA DED has 70% less environmental impact than conventional manufacturing [22]

DED CNC milling SEC DED has less manufacturing time (4%) and energy consumption (80%) [23]

compared with CNC

AM: Additive manufacturing; LCA: life cycle assessment; N/A: not available; PBF: powder bed fusion.
: L—’
w
5mm
A B
Figure 1. Designed turbine blade (mass: 40 g, height: 15 mm) (A) Before HAM (B) after HAM.

CNC machining. In LCA, the functional unit needs to be defined to compare the two systems with
normalized inputs and outputs. In this study, the functional unit is a single turbine blade, which can extract
energy from the high-temperature, high-pressure gas produced by the combustor.

System boundary must also be defined in LCA, and environmental impacts outside the boundary are
ignored. To provide a comprehensive and highly accurate evaluation result, the system boundary must
include all life cycle stages, significant energy uses, material flows, and environmental emissions in both the
HAM and the CNC machining system. As shown in Figures 2 and 3, both two systems start with the same
resources (iron ore), and both provide the same turbine blade part. However, the paths from resources to
the final parts are quite different. The HAM system includes the following steps: raw material production
from iron ore, transportation of raw material to the powder manufacturing and rolling site, steel substrate
manufacturing via rolling, powder production via gas atomization, transportation of powder and steel
substrate to the DED lab, turbine blade fabrication via DED, heat treatment, post-processing via CNC
finishing. The CNC machining system starts with raw material production, going through the
transportation of raw material to the casting/forging site, steel production, transportation of processed steel
to the CNC lab, turbine blade manufacturing via CNC machining, heat treatment, and surface finishing.
The distribution, usage, and disposal of the two manufacturing processes are considered equivalent and
excluded outside the boundary.
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Figure 2. Detailed process flow diagram for HAM.
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Figure 3. Detailed process flow diagram for CNC Machining.

Life cycle inventory

Life cycle inventory (LCI) is to quantify energy and raw material requirements, atmospheric emissions,
waterborne emissions, solid waste, and other releases for the entire life cycle of a product, process, or
activity. A data collection plan is needed to ensure that the quality and accuracy of data meet the
expectations of the decision-makers. In this study, material consumption, transportation, energy
consumption, and environmental emissions data will be collected from three major sources: the USLCI
database in GaBi software, literature and prior research, and data collected by the performer. Gabi
professional (version 10.6, Sphera Solutions GmbH, Leinfelden, Germany) is used for life cycle modeling.
GaBi offers access to comprehensive and user-friendly functionality to analyze product life cycles or process
technologies to deal with LCA®”. The USLCI database in GaBi provides individual gate-to-gate, cradle-to-
gate, and cradle-to-grave accounting of the energy and material flows into and out of the environment that
are associated with producing a material, component, or assembly in the U.S”. The data collection plan for
the two manufacturing processes is summarized in Table 2.
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Table 2. Summary of data collection plan of two manufacturing processes

Process name Life cycle flows Data source Data type

HAM Raw material production USLCI, GaBi Modeled
Gas atomization Literature™” Calculated
Transportation USLCI, GaBi Modeled
Part fabrication via DED Lab test Measured
Heat treatment GaBi /Lab Test Modeled/Measured
Part finishing via CNC Lab test Measured
Tool manufacturing Literature™*" Calculated
Energy production USLCI, GaBi Modeled
Environmental emissions USLCI, GaBi Modeled

CNC Raw material production USLCI, GaBi Modeled
Casting/Forging GaBi Calculated/ Modeled
Transportation USLCI, GaBi Modeled
CNC machining Lab test Measured
Tool manufacturing Literature™**" Calculated
Heat treatment GaBi /Lab Test Modeled/Measured
Surface finishing (Grinding) Lab test Measured
Energy production USLCI, GaBi Modeled
Environmental emissions USLCI, GaBi Modeled

HAM: Hybrid additive manufacturing.

(1) Material production

The materials directly consumed in the HAM process include steel billet, metal powder, and argon. Cradle-
to-gate unit processes in USLCI: “Steel, billets, at plant” and “Argon, air, at plant” is used as the elementary
flow for steel and argon production separately. The powders are manufactured via the gas atomization
process, where the powder is formed by blowing high-pressure gas against high-temperature molten metal
so that it scatters and hardens into particles as it cools while falling®’. The materials directly consumed in
the CNC machining include steel billet and coolant. Cradle-to-gate unit processes in USLCI: “Steel, billets,
at plant” and “Coolant at refinery”
separately.

is used as the elementary flow for steel and coolant production

(2) Transportation

The steel plate was ordered from Mcmaster-Carr and it was shipped from McMaster, OH to the lab with a
total distance of 170 miles. The powder was ordered through Carpenter Technology Corporation, PA. An
average distance of 250 miles was used as the travel distance of the steel billet from the steel production
company to Carpenter; the powder after gas atomization traveled 65 miles from Carpenter to the lab. Unit
processes in USLCI: “Transport, single-unit truck, diesel-powered, Northeast” was used as the elementary
flow in material transportation.

(3) Part fabrication
The blades were manufactured with a customized powder-based HAM system (AMBIT™ core DED,

Hybrid Manufacturing Technology, TX, USA). The system consists of an inert gas supply, a system
chamber including the X-Y axes motion table, the deposition head and the lens system, powder hoppers,
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AMBIT core, operator control, a chiller, and a fume extractor, as shown in Figure 4. SS 316 L powders are
delivered to the deposition head with delivery gas (argon), and the powder feeding rate is controlled with
the rotational disk in the hoppers. Inert gas is supplied to the system’s chamber to avoid oxidation during
the print. The path of the deposition head is generated by Autodesk Fusion 360 and controlled by the
AMBIT™ core. Onset UX-120-017, HOBO 4-Channel pulse data loggers are used to collect energy
consumption during the part manufacturing processes. The ampere value was recorded for every
one-second interval.

DED module in HAM machine is used to fabricate the part, and then the as-deposited part is machined
with facing and contouring with CNC module in HAM after cooling. It took 24 min for the part fabrication
and 30 min to do the post-processing. For traditional manufacturing, it used two paths to machine the block
to the final part and took 60 min in total. Cutting tools and coolant are needed in CNC finishing; however,
their environmental impact is often ignored due to the difficulties in data collection™. In this study, carbide
tools are used for CNC machining. Considering the energy embodied in the tooling material and the energy
needed for tool production, the total energy consumption of a cutting tool with a weight of 9.5 g is 5.3 MJ"".
Process parameters used for the part manufacturing are summarized in Table 3.

Figure 5 illustrated the time series data of electricity consumption during part manufacturing. For DED, the
current flow keeps dropping and then going up again according to the tool path, as the tool path follows the
same for different layers. For CNC, the current flow remains almost consistent during the finishing process.
To calculate the energy consumption (E, kWh), the below formula was used:

E=Pt=(V3xVxIxPp)t/1000 )

Where P is power (watt), ¢ is the processing time (min), V'is voltage (240 V), I is the current (ampere), p;is
the power factor by the logger (p; = 0.9). With the time series data collected for the logger, energy
consumption is calculated for the part manufacturing. The material and energy consumption during HAM
and CNC are shown in Figure 6. The Buy-to-Fly ratio is the ratio of the mass of the starting billet of material
to the mass of the final, finished part. The Buy-to-Fly ratio of HAM (1.34:1) is much smaller than that of
CNC machining (5.53:1). “Electricity, lignite coal, at power plant” in USLCI is used as the unit process for
energy consumption.

With the collected LCI data, the life cycle of HAM and CNC for the blades is modeled and analyzed in
GaBi, as shown in Figures 7 and 8.

Life cycle impact assessment

Life cycle impact assessment (LCIA) is performed to translate the inputs and outputs into environmental
impacts. According to ISO 14044 standard, the LCIA phase consists of four consecutive steps: (1)
Classification, to sort all substances into different classes based on their effect on the environment; (2)
Characterization, to quantify the environmental impact a product or service in each impact category; (3)
Normalization, to compare the quantified impact to a certain reference value; and (4) Weighting, to assign
impact categories an importance value, and the resulting figures are used to generate a single score.
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Table 3. Process parameters used for the part manufacturing via DED and CNC

Process parameters Value
DED Laser power (W) 900
Layer thickness (mm) 1.5
Infill density (%) 80
Infill orientation (°) 0, 45,135, 45,0
Scanning speed (mm/s) 10

Powder flow (g/min)

Carrier gas flow rate (L/min)

Shield gas flow rate (L/min) 12
Substrate temperature (°C) 20
The volume of stock (mm®) 1775
CNC Spindle speed (rpm) 1527
Spindle power (kW) 0.6
Chip load (mmp) 0.051
Feed rate (mm/min) 155.20
Coolant mass flow rate (Kg/min) 0.2

holder

e -,

Figure 4. AMBIT™ core hybrid manufacturing system.
(1) Classification

CML (Institute of Environmental Sciences) 2001, a “midpoint” approach, was used as the classification
method used in this analysis'*”. Five environmental impact categories are evaluated, including acidification
potential (AP), eutrophication potential (EP), global warming potential (GWP), photochemical ozone
creation potential (POCP), and ozone depletion potential (ODP). Additionally, a single-issue energy

category known as abiotic depletion potential (ADP) is also considered.

(2)Characterization & Normalization

In this step, all substances are multiplied by a characterization factor (CF) that reflects their relative
contribution to the environmental impact. Ranking the impact categories after characterization, e.g.,
comparing the impact of GWP and AP, is difficult. Therefore, ISO 14044 suggests using normalization to
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Figure 6. Energy and material consumption for the HAM/CNC process.

compare different impact category indicators. In normalization, the magnitude of the results of impact
category indicators is calculated based on certain reference information. The characterized results of each
impact category are divided by a selected reference value, which brings all the results on the same scale, as

expressed in Equation (2).

N; = Si/Ri

@
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where N; is the normalized results, i is the impact category, S, is the characterized impact of the impact
category i of the system under study, and R, is the characterized impact of the impact category i of the
reference system. In this study, the total inputs, and outputs for a geographical given area over a given
reference year on a per capita basis are used as the reference system. The results of LCI were characterized
based on CML 2001 and normalized against per capita global impact for the year 2000"”. The normalized
result based on LCI for HAM and CNC is shown in Table 4.
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Table 4. LCIA results for HAM and CNC

. I Characterization lizati Normalized iehti Environmental load

iEmnv::tnmenta result g:::‘:‘ ization environmental impact }I::tlfr ting unit

P HAM CNC HAM CNC HAM CNC
GWP (Kg CO2 9.31E+00  1.96E+01 4.15E+13 2.24E-13 4.72E-13 1.1 1.06E-12 2.25E-12
Equiv.)
AP (Kg SO2 Equiv.) 1.09E-01 2.06E-01 2.39E+11 4.56E-13 8.62E-13 13
EP (Kg NO3 Equiv.) 3.33E-03  4.12E-03 1.58E+11 2.1E-14 2.61E-14 1
ODP (Kg CFC I 3.50E-09 9.35E-09 5.01E+06 6.99E-16 1.87E-15 63
Equiv.)
POCP (Kg C2H4 491E-03  1.43E-02 4.01E+10 1.22E-13 3.57E-13 13
Equiv.)
ADP (Kg Sb Equiv.) 1.66E+02 5.05E+02 1.56E+11 1.06E-09 3.24E-09 - - -

AP: Acidification potential; ADP: abiotic depletion potential; EP: eutrophication potential; Equiv.: equivalent; GWP: global warming potential;
HAM: hybrid additive manufacturing; ODP: ozone depletion potential; POCP: photochemical ozone creation potential.

(3) Weighting

Weighting helps to present LCA results as a single score. It allows you to easily compare the environmental
impact of different products or scenarios. The weighting result can be calculated with Equation (3).

W =YWF,xI, 3)

Where W is the weighted result, WF. is the weighting factor for this impact category, and Ic symbolizes the
impact score or normalized impact score for impact category c. In this study, the distance-to-target (DTT)
method derived from EDIP97 is used”". Table 4 shows the weighting factors and results based on the DTT
method. After adding the value for each impact category, the Environmental Lead Unit for each
manufacturing strategy can be calculated.

RESULT AND DISCUSSION

Life cycle environmental impact analysis

LCIA results in Table 4 suggest that the environmental load unit of HAM is less than that of CNC for the
designed turbine blade manufacturing. Assuming that part quality of the two manufacturing processes is
equivalent, HAM can help to reduce the environmental impact by 53% from a life cycle perspective.
Figure 9 shows the normalized environmental impact of HAM and CNC, indicating that ADP and AP are
the two most significant impact categories for both two manufacturing strategies, followed by GWP and
POCP. The quantities of EP and ODP are relatively small.

Figure 10 shows the percentages of each environmental impact to the total. The results of GWP, AP, EP,
ODP, POCP, and ADP of the HAM are only 32.2%, 34.6%, 44.7%, 27.2%, 25.6%, and 24.7% of that in
traditional CNC machining. The reason is that more energy is consumed in CNC machining processes. On
the other hand, the raw material consumption in CNC is more than that of HAM due to a higher buy-to-fly
ratio (5.53:1 vs. 1.34:1), meaning that more materials needed to be removed in the CNC process.

Energy consumption analysis
Energy is required and consumed for each life cycle process in both HAM and CNC. From the life cycle
perspective, the total energy consumption of HAM (E,,,,, MJ) and CNC (Ey MJ) can be calculated with
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Figure 10. Percentages of each environmental impact to the total.
Equations (4) and (5).

EHAM = EMaterial + EPre—process + EDED + EPost—process 4

ECNC = EMaterial + ECNC—roughing + ECNC—finishing 5

Where E,,.....a
consumption during build preparation, Ep, ocessing
the energy consumption of the bulk material, Ecyc ouguing 20 Ecxc finiguing T€Present the energy consumption in
roughing and finishing processes of CNC machining. The result of the ADP fossil in Figure 11 indicates that

; includes energy consumption of powder and substrate, E,,, ... includes the energy

is the energy consumption in surface finishing. E',,,... i
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a large amount of coal, crude oil, and natural gas is used in electricity production. For HAM, the energy is
mainly produced by hard coal followed by crude oil and natural gas, because more energy was consumed in
the part fabrication process while less was consumed in transportation. For CNC, the energy is mainly
produced by hard coal and crude oil, followed by natural gas. This is because relatively more energy was
consumed in material transportation in CNC than in HAM. When a single part is fabricated via DED,
overall, the effect of materials transportation processes on resource consumption can be neglected due to
the small amount of weight. However, the batch-produced parts via CNC would have considerable
transportation-related environmental impacts.

In real industry settings, energy consumption and efficiency are most often evaluated by using the specitfic
energy consumption (SEC), which is the ratio between the total energy consumed and the useful output of
the process. In this study, the SEC (M]/Kg) of the two manufacturing processes is expressed as energy
consumption per unit deposition mass. Based on Figure 6, the SEC of HAM and CNC is 650 MJ/Kg and
967.5 MJ/Kg. The SEC of HAM is slightly higher than reported in the powder bed fusion process, ranging
from 241 MJ/kg to 339 MJ/kg". This is because a higher laser power is required in DED, and more energy
is consumed in the subsequent CNC process. The SEC can help HAM users make better decisions for
different part designs.

Sensitivity analysis

Sensitivity analysis is used to measure the extent that changes in the LCI results, and characterization
models affect the impact indicator”. One method used in LCA sensitivity analysis is the one-at-a-time
approach, in which the input processes are changed at a certain proportion to see their influence on the
results”™. In this study, Tornado diagrams are used to illustrate sensitivity analysis, assuming that each LCI
is normally distributed with a standard deviation equal to 10% of the mean. Given a change of GWP in each
life cycle process of HAM and traditional CNC machining, the result of the sensitivity analysis indicated as
the output change extent is shown in Figure 12.

In Figure 12, the length of the bar represents the extent to which GWP changes relative to given changes in
LCI. The contribution of each life cycle process to the final environmental impact varies due to different
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Figure 12. Sensitivity analysis for GWP results. (A) HAM and (B) CNC.

amounts of inputs and outputs. For HAM, the environmental impact is dominated by the part fabrication
via DED and post-processing for GWP, AP, EP, ADP, and POCP. This is because most of the energy is
consumed in these two processes and the energy production process generates many negative emissions,
such as CO,, SO,, CH, N,O, etc. All these negative emissions will significantly affect the selected impact
categories. ODP in HAM is more related to powder and substrate material production. For CNC, the
environmental impact is dominated by CNC machining, gasoline production, and steel billet production
because of the higher material and energy consumption compared with HAM.

Limitations

Performing an LCA analysis is resource and time intensive, especially for the data collection in LCI. The
quality and accuracy of data should respond to the goal and scope definition and meet the expectations of
the decision-makers. Due to the limitations of the machine, cost, and time, the blade manufacturing
through HAM and CNC was performed at the lab scale. Therefore, the discrepancy between lab and large-
volume production cannot be avoided. In this process, it is assumed that the parts manufactured by the two
processes exhibit the same property and performance. In reality, some defects may exist in the part
manufactured by HAM and can be rejected for use. However, these rejected products also produce an
environmental impact. The quality-related issue and environmental impact can be interesting topics for
future study.

Although the results above could clarify the environmental benefits of turbine blade manufacturing via
HAM, it is worth noting that it is calculated based on a specifically designed part. The height of the turbine
blade can be higher than the designed part. As mentioned earlier, the energy consumption in HAM remains
consistent with increasing production volume and part complexity level, while it is increasing with part
complexity level, and reducing with the increasing production volume in CNC. If a bigger blade is
considered, the differences in the environmental impacts between HAM and CNC processes can be
expected to become more obvious, because few materials will be removed in the milling process. Also, this
LCA study is performed considering only one turbine blade. A typical air compressor row consists of more
than 100 blades. In the future, an uncertainty analysis can be performed considering the energy
consumption and environmental impact of the various number of turbine blades.

CONCLUSION

In this study, the overall environmental performances of HAM and traditional CNC machining are figured
out with LCA methodology for a case of turbine blade production. The final environmental impacts show
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that the blade laser fabrication plus CNC finishing route generates fewer environmental impacts compared
with its traditional CNC manufacturing processes. Overall, HAM can help to reduce the environmental
impact by 53% from a life cycle perspective. Specifically, the results of GWP, AP, EP, ODP, POCP and ADP
of the HAM are only 32.2%, 34.6%, 44.7%, 27.2%, 25.6%, and 24.7% of that in traditional CNC machining.

In both HAM and traditional CNC machining, the environmental impact is largely determined by electric
power and material consumption. Due to the relatively low material efficiency in the DED process, a large
amount of metal powder is lost during the deposition process. Therefore, more powder materials are
consumed in the blade fabrication process. On the other hand, a large amount of stock materials needed to
be removed during the CNC process, and the buy-to-fly ratio in CNC is higher than that of DED
manufacturing of the blade; therefore, the entire CNC process needs more energy compared with the HAM
process.

Additive manufacturing by direct energy deposition with metal powders is already very popular in
industries because of its advantages including design freedom, high performance, and the ability to create
parts with complex shapes. This study proves that it offers better performance even in environmental
aspects. To promote its industrial development, some measures must be taken to increase material and
energy efficiency. The results in this study can provide a comprehensive environmental profile of the HAM
process, and it can also be used in future work on an eco-efficiency decision while designing products from
a life cycle perspective.
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