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Introduction

In the past few decades, Additive Manufacturing (AM) also known as 3D printing technology has drawn increasingly attention from the industrial world. Compared with traditional subtractive manufacturing, AM has three main advantages. Firstly, AM provides the capability of freeform fabrication. It removes the traditional manufacturing restrictions and provides the design freedom for innovative product [START_REF] Beaman | Solid Freeform Fabrication: A New Direction in Manufacturing[END_REF]. Secondly, AM can reduce the supply chain of fabrication and enhance the profit space for manufacturers [START_REF] Huang | Additive manufacturing and its societal impact: literature review[END_REF][START_REF] Morrow | Environmental aspects of laser-based and conventional tool and die manufacturing[END_REF]. Thirdly, AM technologies also provide a huge potential to reduce the environmental impact that normal manufacturing has [START_REF] Luo | Environmental performance analysis of solid freedom fabrication processes, Electronics and the Environment[END_REF].

Because of these promising characteristics AM has been applied in the industrial field for a long time and plenty of researches have been conducted on the aspect of process control, simulation and modeling. However, while claiming the advantage on the environmental aspect, there is very limited research on the sustainability aspect of this technology. Another issue is, because of the lack of well documented life-cycle data, it is difficult to conduct an accurate Life-Cycle Assessment (LCA) or sustainability analysis for AM technologies.

Most environmental impact assessment models or methods for AM is developed based on the general framework of LCA (shown in Figure 1) [START_REF] Rebitzer | Life cycle assessment: Part 1: Framework, goal and scope definition, inventory analysis, and applications[END_REF]. With this method, quantified environmental impact data can be obtained based on new unit process models of various AM processes with different LCA boundaries and cut-offs. For example, a general process model and environmental evaluation method are proposed by [START_REF] Luo | Environmental performance analysis of solid freedom fabrication processes, Electronics and the Environment[END_REF]. Eco-indicator, collected and calculated by PRé Consultants of Netherlands is used to indicate the environmental impact of three different types of AM processes: Stereolithography (Slama et al.), Selective Laser Sintering (SLS) and Fused Deposition Modeling (FDM). Besides the general environmental impact evaluation model, some researchers developed some specific method for different types of AM processes. For Direct Energy Deposition (DED) process, Le [START_REF] Bourhis | Sustainable manufacturing: Evaluation and modeling of environmental impacts in additive manufacturing[END_REF] propose an environmental impact assessment method. In this method the general consumption of material and energy is divided into several flows and calculated separately. The calculated total energy consumption is converted to the environmental impact factors at the end. Besides DED process, comprehensive study on the environmental impact of Selective Laser Sintering (SLS) and Select Laser Melting (SLM) has been done by [START_REF] Kellens | Energy and resource efficiency of SLS/SLM processes[END_REF]. In their model, the methodology of CO2PE! (Cooperative Effort on Process Emissions in Manufacturing) initiative is used. The screening approach is used to collect Life Cycle Inventory [START_REF] Kwon | Characterization of closed-loop measurement accuracy in precision CNC milling[END_REF] data and based on these data, the most important contributors to the environmental impact can be calculated. Instead of covering all LCI data of a given AM process, some research focuses on some specific LCI data. For example, [START_REF] Sreenivasan | Sustainability issues in laser-based additive manufacturing[END_REF] mainly focuses on the experimental study on energy inventory of SLS process with Nylon. The Eco-indicator 95 is used to characterize the total energy indicator based on collected data. A comparison is made between the studied machine and other SLS machines. A virtual manufacturing method is used to correlate the energy consumption of SLS process to the part geometry, slice thickness and part orientation by [START_REF] Paul | Process energy analysis and optimization in selective laser sintering[END_REF]. Based on this correlation, the part fabrication orientation can be optimized. [START_REF] Xu | Energy consumption model of Binder-jetting additive manufacturing processes[END_REF]proposes an energy consumption model for binder-jetting process. This model can be used to evaluate various materials with different process parameters. It provides the foundation of further environmental impact assessment.

Figure 1 General frame of Life Cycle Assessment [START_REF] Rebitzer | Life cycle assessment: Part 1: Framework, goal and scope definition, inventory analysis, and applications[END_REF] Besides the aforementioned research that focuses on environmental assessment models of AM processes, some studies focus on the comparison between different AM processes or between AM and conventional manufacturing processes. Recently, a sustainability characterization guide for AM is proposed by [START_REF] Mani | Sustainability characterization for additive manufacturing[END_REF]. This general guide provides a measurement framework to improve the sustainability of manufacturing processes. It can be used consistently for comparing the sustainability of different AM processes. Another comparative study has been done by [START_REF] Baumers | Sustainability of additive manufacturing: Measuring the energy consumption of the laser sintering process[END_REF]. In this study, a comparison between the electric consumptions of two major polymeric laser sintering platforms is presented. A novel classification method is used to categorize the energy consumption into four types. They are job-dependent, time-dependent, geometry-dependent and Z-height-dependent. Their research shows that the time-dependent energy consumption is the main energy drain. A comparison on environmental aspects between Direct Metal Deposition (DMD), one of AM technologies and conventional tool and die manufacturing has been made by [START_REF] Morrow | Environmental aspects of laser-based and conventional tool and die manufacturing[END_REF]. The result shows the greatest opportunity to reduce the environmental impact of tool and die manufacturing will come from its ability to enable remanufacturing. Based on careful review of existing energy consumption data of different manufacturing processes, a comparison [START_REF] Yoon | A comparison of energy consumption in bulk forming, subtractive, and additive processes: Review and case study[END_REF] has been made between three manufacturing categories: conventional bulk-forming, subtractive manufacturing, and AM processes. This research shows that the Specific Energy Consumption (SEC) of AM processes is estimated to be around 100-fold higher than that of conventional bulk-forming processes. The subtractive manufacturing process is located at the middle between bulk-forming processes and AM processes. Based on the generic LCA framework, the comparison of environmental impacts of two AM machines -FDM machine and inkjet machine -to a traditional CNC milling machine is made by Faludi et al. [START_REF] Faludi | Comparing environmental impacts of additive manufacturing vs traditional machining via life-cycle assessment[END_REF] .The result of this research shows FDM machine has the lowest ecological impacts per part. The inkjet machine sometimes performs better and sometimes worse than CNC depending on idle time/energy and process parameters.

It is obvious that most of existing environmental assessment models for AM processes are developed based on general LCA framework. Due to the limited scope and boundary of these models, design results are usually taken as the input. Based on these environmental assessment model, most existing comparisons of environmental impact between different AM processes or between AM and conventional manufacturing process are made based on the same product design. To use the same product design as the input for LCA study of various manufacturing processes only works to certain extent for conventional manufacturing processes because the extensive research on Design for Manufacturing (DFM) over the past several decades has established valid and often standard geometric features for product design to minimize manufacturing cost. However, for AM, DFM methods and guidelines created for conventional manufacturing processes are no longer suitable. This is because AM technologies provide designers with unique and extensive freedom to further optimize the design to be more environmentally friendly without compromising its functional performance [START_REF] Tang | A survey of the design methods for additive manufacturing to improve functional performance[END_REF]. For example, structural optimization methods can be applied to significantly reduce structural weight, which may decrease the energy and material consumption during the process of product fabrication.

Recent study shows that by fabricated the optimized product, it is possible to "cut material consumption by 75% and CO2 emission by 40%" (www.3Ders.org, 2013). Thus, it is unfair to directly compare AM with conventional manufacturing technologies based on the same product design. The design freedom of AM needs to be considered in the evaluation of environmental impact.

To deal with this issue, a framework that integrates design in the LCA assessment to reduce product environmental impact for AM processes is proposed. In the framework, an LCA model is used to evaluate the environmental impact of the manufacturing process. Unlike other LCA methods for AM mentioned above, the input of this framework is the functional descriptions of a designed product rather than the particular product design. By integrating the design optimization for sustainability method, the unique design freedom of AM technologies can be considered and better product design with respect to its environmental performance can be created. Among different AM processes, the proposed framework in this paper primarily focuses on the binder-jetting AM process. However, it can be further extended to other types of AM processes in the future.

In the following sections, the general framework of proposed environmental impact assessment model is firstly presented at the beginning of section 2, followed by the detail explanation of each major stage. A case study of an engine bracket is reported in section 3. The environmental impact of the fabrication process for this product is evaluated by the proposed method. This result is compared to the environmental impact of a CNC process. Then a detailed discussion is made. At the end of this paper, a conclusion is given and future research direction is pointed out.

Methodology

To access the environmental impact of AM process, a methodology based on LCA framework is proposed and discussed in this section. Its general framework is presented at the beginning of this section. Then, based on this general framework, three important stages -design optimization for sustainability, energy and material consumption modeling, and LCIA -are discussed respectively in the subsections.

General framework

The general framework of the proposed methodology is shown in Figure 2. The initial product design and product function description are the input to the proposed framework. The first stage is to optimize the initial product design to improve its sustainability. Many optimization methods was used in this stage. In this proposed study, the topology optimization method for the purpose of reducing product weight is the primary method. Once the optimized design is generated, it is fed into the energy and material consumption models respectively. These two models are the unit process models of specific AM processes. These models are able to estimate the energy and material consumption based on the product design. The energy and material data is compiled as LCI data and further analyzed through the LCIA process, which will provide the estimated environmental impact of the optimized product design. If environmental impact estimation shows unsatisfactory sustainability results, the additional round of design optimization can be conducted again to improve its sustainability performance until the environmental impact estimation results are satisfactory. 

Environmental impact estimation

Optimized product design

Initial product design

Environmental impact results

Figure 2 General framework of environmental impact evaluation of additive manufacturing

Design optimization for sustainability

In order to take full advantage of design freedom provided by AM technologies, a general design optimization method for sustainability is proposed in this paper. Based on the design freedom provided by AM processes, this design optimization method will take the environmental impact result as feedback to optimize the product design and reduce its environmental impact. The detailed design flow of the proposed method is shown in Figure 3. Each detailed design steps will be discussed separately in the following paragraphs. In the proposed design method, Functional Volumes (FVs) and Functional Surfaces (FSs) are used to represent physical entities which can satisfy given functions of a product. Concepts of FS and FV have been defined in the previous research [START_REF] Tang | Design Method for Lattice-Skin Structure Fabricated by Additive Manufacturing[END_REF] where a FV is a geometrical volume designed for certain functional purposes, while a FS is a geometrical surface which can fulfill certain functional requirements. An example of FSs and FVs for a pedestal bearing is shown in Figure 4. In this example, there are seven FSs and one FV. Among these FSs, FS2 and FS3 which are located at the bottom of a pedestal bearing mainly play a role as providing vertical support of a whole design product. Besides these two FSs, two cylindrical surfaces, FS5 and FS7, with their connected surfaces, FS4 and FS6, are designed for the assembly purpose of connecting bolts. Moreover, the big cylindrical surface FS1 on the top of a part is designed to provide support for the connected shaft. To connect these FSs, a FV is generated and also shown in Figure 4. Both FSs and FVs can be determined from the conceptual design stage based on a product function description or can be directly extracted from the existing product. The FVs determined at the first step will be used as the design domain for the optimization process described later in this subsection, while the FSs will be defined with certain boundary conditions for simulation purpose during the optimization process.

After obtaining FSs and FVs according to product functional description, a material selection process is necessary to determine a suitable material to fill the FVs of designed products. In this stage, a general material selection method proposed by [START_REF] Ashby | Materials selection in mechanical design[END_REF] can be used. However, for the purpose of sustainability and manufacturability, the general material selection method proposed by [START_REF] Ashby | Materials selection in mechanical design[END_REF] has been modified in this paper, which is shown in Figure 5. In the screen step, manufacturability of material is needed to be considered to remove those material cannot be fabricated by a selected additive manufacturing process. In the ranking step, designers should not only consider the performance of the materials but also consider the material environmental impacts. The balance should be made between material performance and its environmental impacts.

All Material

Express as function, constraints, objectives and free variables Eliminate material that cannot do the job or cannot fabricated The material selection result at this stage may not be unique. Different selected candidates can be used for the following design and environmental impact evaluation processes. The candidate which can achieve the minimum environmental impact while satisfying all the functional requirements will be selected for the final solution.

After material selection process, design optimization process can be used to reshape the FVs for minimum environmental impact. The first step of the optimization process is to determine its optimization objective. The general design objective is to minimize the environmental impact which can be evaluated by the environmental impact model discussed in Section 2.3 and 2.4. Here, in the design process, the environmental impact model can be regarded as a function of model parameters which can be expressed as:

𝐼 𝑒 = 𝑓(𝑝 𝑑𝑒𝑠𝑖𝑔𝑛 , 𝑝 𝑚𝑎𝑐ℎ𝑖𝑛𝑒 , 𝑝 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 , 𝑝 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 ) (1) 
Where 𝐼 𝑒 is a vector of environmental impact indexes such as midpoint indicators of ReCiPe, 𝑝 𝑑𝑒𝑠𝑖𝑔𝑛 , 𝑝 𝑚𝑎𝑐ℎ𝑖𝑛𝑒 , 𝑝 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 , 𝑝 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 are the vectors of design dependent, machine dependent, material dependent and operation dependent parameters respectively. These are the parameters of energy and material consumption model for additive manufacturing process. In the design process, the other conditions are considered as unchanged. Thus, the first round of minimization process can be done based on the environmental impact model to obtain the design dependent parameters 𝑝 𝑑𝑒𝑠𝑖𝑔𝑛 * , which can achieve the minimum environmental impact. It should be noted some elements in the vector 𝑝 𝑑𝑒𝑠𝑖𝑔𝑛 * might equal to zero or infinities. This value will be regarded as the feedback of environmental impact model of the design process. The design can be described as to find the FVs which can achieve the optimized design dependent parameters 𝑝 𝑑𝑒𝑠𝑖𝑔𝑛 * while satisfy all the functional requirements. Thus the optimization problem in the proposed design method can be expressed as:

Min. |𝑝 𝑑𝑒𝑠𝑖𝑔𝑛 (𝑉 𝑓𝑣 ) -𝑝 𝑑𝑒𝑠𝑖𝑔𝑛 * | (2) S.T. 𝑓 𝑖 (𝑉 𝑓𝑣 ) = 1, 𝑖 = 1,2, … , 𝑛
Where |𝑛| is denoted a norm of vector n; 𝑉 𝑓𝑣 represents the space volume of designed product, 𝑝 𝑑𝑒𝑠𝑖𝑔𝑛 (𝑉 𝑓𝑣 ) is a function which can map the space volume of designed product into the design dependent parameters; 𝑓 𝑖 (𝑉 𝑓𝑣 ) is the function which can check whether the space volume of a designed product can satisfy the i th functional requirement. If the i th functional requirements can be satisfied, the function will return 1, otherwise return 0.

To solve the optimization problem stated in the Eq.2, the structural optimization methods can be used. Generally, these structural optimization methods can be divided into three categories. They are size optimization, shape optimization and topology optimization. For size optimization, the several design parameters of a product will be regarded as the design variables. Thus, 𝑉 𝑓𝑣 in Eq.2 can be represented by those design variables used in the size optimization. For shape optimization, 𝑉 𝑓𝑣 is represented by the boundary shape of designed products. Optimization method can be used to update the boundary shape to meet the objective function described in Eq.2. Compared with size and shape optimization methods, topology optimization method not only optimizes boundary shape of part but also changes its topology, which can offer a better solution for certain requirements. The 𝑉 𝑓𝑣 is used represented by the density distribution inside the design domain, which can offer a better solution for certain requirements. By updating the density distribution, the optimum point of the objective function can be achieved.

Sometimes, it is difficult to directly apply the structural optimization to solve the optimization problem defined in Eq.2, since most of existing structural optimization problem take the functional performance of structure such as strain energy as the design objective. To deal with this problem, designers can convert the objective function in Eq. 2 into the constraints of structural optimization problem. Suppose a sequence of design dependent parameter 𝑝 𝑑𝑒𝑠𝑖𝑔𝑛 which can be denoted as 𝐿 = (𝑝 1 , 𝑝 2 , … 𝑝 𝑛 , … , 𝑝 𝑚 , … ). This sequence of design dependent parameter satisfy the following conditions: For any n,m, if n<m, then |𝑝 𝑛 -𝑝 𝑑𝑒𝑠𝑖𝑔𝑛 * | > |𝑝 𝑚 -𝑝 𝑑𝑒𝑠𝑖𝑔𝑛 * |. Based on this sequence of design dependent parameters, the optimal 𝑝 𝑑𝑒𝑠𝑖𝑔𝑛 can be searched by the algorithm presented in Figure 6.

The design solution directly obtained from the structural optimization always has a coarse boundary shape. Thus, a smooth and refine of the optimization result is needed. Finally, all the input functional requirements will need to be checked for the refined design. If all of functional requirements can be satisfied, the proposed design method can output the refined design solution as well as its design dependent parameters which are used for the following energy and material consumption model. 

Energy and material consumption model of AM unit process

In this subsection, energy and material consumption models of binder-jetting AM process are discussed.

To build these models, IDEF0 which is a functional modelling methodology [START_REF] Mayer | Information integration for concurrent engineering (IICE) compendium of methods report[END_REF] is firstly applied to describe the manufacturing process of binder jetting technologies. Then the unit process model is built based on the IDEF0 process model in UMBERTO NXT LCA software (2015). In this model, the sub-processes of binder-jetting are defined as the "black box" which means its energy and material consumption behavior can be determined by user-defined functions. By calculating the energy and material consumptions of each sub-process, the total energy and material consumption of binder-jetting process are summed up and obtained. In the following paragraphs, the basic mechanism of binderjetting printing process is first introduced. Then, the IDEF0 model of binder-jetting is described followed with the unit LCA model. The energy and material consumption of each sub-process is discussed briefly.

For detailed discussion of these energy and material consumption model, the readers can refer to related published articles [START_REF] Meteyer | Energy and Material Flow Analysis of Binder-jetting Additive Manufacturing Processes[END_REF][START_REF] Xu | Energy consumption model of Binder-jetting additive manufacturing processes[END_REF].

Binder-jetting AM process

Generally, the binder-jetting manufacturing process can be divided into the following steps: printing, curing, depowdering and sintering. The core step of binder-jetting process which differentiates it from other AM technologies is the printing process. It is difficult to directly evaluate energy and material consumption of printing process, since this process consists of three sub-processes: spreading, printing and heating. As it is shown in Figure 7 (a), a printing process starts by lowering the print bed one layer thickness and lifting feed bed one layer thickness. Then the roller will spread one layer of powder materials from the feed bed to print bed. This process is denoted as spreading. Then, the print head E deposits a pattern onto the powder with binder material, thus forming a printed layer. This sub process is known as printing a binder which is shown in Figure 7 (b). After one layer is finished, step motor system moves the print bed under an electrical infrared heater to dry the binder. This sub process is called as heating. After one layer printing, the machine will automatically repeat this process until the part is completed. Besides these sub-processes, the printing preparation process also needed to be considered into binderjetting process. Thus, two sub-processes which are used to prepare printing powder and set up the initial printing configuration are also included in the IDEF0 model of binder-jetting printing process. The IDEF0 model is given and shown in Figure 8.

Figure 8 The IDEF0 model of binder-jetting

Energy and material consumption calculation

Based on the IDEF0 model of binder-jetting process, a LCA process mode is built on UMBERTO NXT LCA software which is shown in Figure 9. The parameters related to sub processes of LCA process model shown in Figure 9 are predefined. These parameters can be divided into four types. They are machine dependent parameters, operator dependent parameters, material dependent parameters and design dependent parameters. These four types of parameters are summarized from Table 1 to Table 4 respectively.

Figure 9 The LCA unit process model of binder-jetting unit process For each of the entities modeled in UMBERTO NXT LCA software, a mathematical expression of each activity is first developed. The detailed discussion of these mathematical modeling can be found in [START_REF] Meteyer | Energy and Material Flow Analysis of Binder-jetting Additive Manufacturing Processes[END_REF]. Here, only a summary of those mathematical models is listed.

Energy consumption calculation

Infra-red heater

The infra-red heater power is set as a percentage of its maximum power of the operator on the machine and is running during all the process. The heating time of the powder is defined by the time the platform stays under the heater. The energy used by the heater is defined as following:

E heater = (Pmax×%heater×t process )
Eff heater

(3) With :

t printing = H part ×t layer H layer (4)
The maximum electrical power used by the heater is measured and the maximum power of the heater is found in the machine documentation.

Curing

The curing oven is modeled as a hermetically closed oven which walls are made of one material of surface thermal resistance R. The estimation of this resistance will be discussed later. The curing profile consists of a linear increasing of the temperature and a maintain period of the final temperature. The energy needed is split into the energy for heating the powder and the apparatus and the energy needed to maintain the temperature in the oven.

𝐸 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = (𝑀 𝑝𝑜𝑤𝑑𝑒𝑟 × 𝐶𝑝 𝑝𝑜𝑤𝑑𝑒𝑟 + 𝑀 𝑠𝑢𝑝𝑝𝑜𝑟𝑡 × 𝐶𝑝 𝑠𝑢𝑝𝑝𝑜𝑟𝑡 ) × ∆𝑇 (5)

𝐸 𝑚𝑎𝑖𝑛𝑡𝑎𝑖𝑛 = ∫ 𝑆 𝑜𝑣𝑒𝑛 ×(𝑇(𝑡)-𝑇𝑒𝑥𝑡) 𝑅+ 1 ℎ 𝑖𝑛𝑡 + 1 ℎ 𝑒𝑥𝑡 × 𝑑𝑡 𝑡 𝑓𝑖𝑛 0 (6) E maintain = S oven ×(Tmean×t increase -Tmaintain×t maintain ) R oven + 1 h int + 1 h ext (7)

Sintering

The sintering profile consists of several linear temperature increasing followed by temperature maintain. By analogy, the sintering energy is defined as:

𝐸 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = (𝑀 𝑝𝑜𝑤𝑑𝑒𝑟 × 𝐶𝑝 𝑝𝑜𝑤𝑑𝑒𝑟 + 𝑀 𝑠𝑢𝑝𝑝𝑜𝑟𝑡 × 𝐶𝑝 𝑠𝑢𝑝𝑝𝑜𝑟𝑡 + 𝑀 𝑠𝑢𝑝𝑝𝑜𝑟𝑡𝑝𝑜𝑤𝑑𝑒𝑟 × 𝐶𝑝 𝑠𝑢𝑝𝑝𝑜𝑟𝑡 𝑝𝑜𝑤𝑑𝑒𝑟 ) × ∆𝑇 (8) 𝐸 𝑚𝑎𝑖𝑛𝑡𝑎𝑖𝑛 = 𝑆 𝑜𝑣𝑒𝑛 ×(𝑇𝑚𝑒𝑎𝑛×𝑡 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 -∑(𝑇𝑚𝑎𝑖𝑛𝑡𝑎𝑖𝑛×𝑡 𝑚𝑎𝑖𝑛𝑡𝑎𝑖𝑛 )) 𝑅 𝑓𝑢𝑟𝑛𝑎𝑐𝑒 + 1 ℎ 𝑖𝑛𝑡 + 1 ℎ 𝑒𝑥𝑡 (9)

Idle state energy

The main source of energy consumption of the printing has been found to be the idle state energy consumption, consisting in computer consumption (60 W), lighting consumption (12 W) and other sources such as controllers (50 W). These elements are running during the whole printing process which explains their importance in the general energy consumption of the machine.

Others

Experiments have shown that all the other component's energy consumption represents less than 1% of the total energy consumption. They are however included in the model in view of further studies but are not described in this paper.

Material consumption calculation

Print with binder

Because of its viscosity characteristics, binder has to be washed out the system frequently. These cleanings are made every two layers with the M-Lab machine, a reference of ExOne company, and our settings. The binder and cleaner consumption are therefore linear with the number of layers:

𝑀 𝑏𝑖𝑛𝑑𝑒𝑟 = 𝜌 𝑏𝑖𝑛𝑑𝑒𝑟 ×𝑉𝑏 𝑙𝑎𝑦𝑒𝑟 ×𝐻 𝑝𝑎𝑟𝑡 𝐻 𝑙𝑎𝑦𝑒𝑟 (10) M cleaner = ρ cleaner ×Vc layer ×H part H layer (11)

Powder

In this study, all the powder that has been used in the process but has not been printed is considered reusable because the unused powder are combined with new powder for new rounds of printing. No significant mechanical property change has been observed when old and new powder are used together. The overall amount of reusable powder is therefore the mass of powder used to fill the supply system minus the mass of the part.

Life Cycle Impact Assessment (LCIA)

Once the binder-jetting AM process is modeled in UMBERTO NXT LCA system(2015), the LCI data can be calculated with defined reference unit and reference flow. In the proposed research, Ecoinvent v3 database ( 2015) is used for secondary such as powder manufacturing and binder manufacturing.

Case study

In this section, an aircraft engine bracket shown in Figure 10 is selected as the case study which is used to validate the proposed methodology. The original bracket is based on the GE design (shown in Figure 10) for undertaking certain load conditions shown in Figure 11. In this case study, two production pathway are considered. One is the binder-jetting production pathway which is described in Section 2.4. Another is the CNC production way which is shown in Figure 12. The existing environmental impact model [START_REF] Morrow | Environmental aspects of laser-based and conventional tool and die manufacturing[END_REF] on CNC machining will be used to evaluate the environmental impact factor of fabricating product through the CNC machining. The comparison between these two different pathways will be made. 

Design optimization

To evaluate environmental impact of fabricating this design by AM technologies, the proposed methodology is applied to redesign the original part and evaluate its environmental impact.

In the design stage, FSs and FVs are first determined based on the functional descriptions of designed products. Based on a functional analysis, the part in Figure 10 is represented by fifteen FSs and one FV which are shown in Figure 13. Among them, FS1 to FS3 are designed as contact surfaces between the designed part and its connected shaft, while the rest of them are designed for assembly of connecting bolt. The volume (shown in Figure 13a) is generated to enclose these FSs. This volume is denoted as a FV according to the proposed design method. The FV can be regarded as the initial design space for the following optimization process. In the optimization process, the structure will only update inside this design space. Thus, the FV generated here can be regarded as a geometrical constraints for the optimization process. During the material selection stage, Ti-6Al-4V is selected due to its light weight and relatively high strength.

According to the design flow proposed in the Section2.2, the next step is to determine the design objective. According to the energy and material consumption model described in Section 2.3, there are two design dependent parameters. They are part volume 𝑉 𝑝𝑎𝑟𝑡 and height of a part ℎ 𝑝𝑎𝑟𝑡 . As to height of a part, it is almost constrained by the position relationship of FSs. Thus, in the design process, part volume will be regarded as the design target. By analyzing the environmental impact model, the minimal environmental impact can be achieved when the design dependent parameter 𝑉 𝑝𝑎𝑟𝑡 equals to zero. Thus, the 𝑝 𝑑𝑒𝑠𝑖𝑔𝑛 * can be determined which is expressed below:

𝑝 𝑑𝑒𝑠𝑖𝑔𝑛 * = (𝑉 𝑝𝑎𝑟𝑡 ) = (0) (12) 
After determination of design objective, the topology optimization is used to update the part volume to achieve the optimal design. However, the objective function of topology optimization is the functional performance of the product rather than product volume. Thus, according to the algorithm shown in Figure 6, a sequence of part volume fraction. In this volume fraction sequence, the volume fraction is ranged from 10% to 100% with 10% interval. The elements in this volume fraction sequence are regarded as constraints during the topology optimization. The topology optimization problem is solved by a commercial topology optimization solver called Optistruct (2013). For the optimized design solutions with different volume fraction constraints, the safety factors for different load cases are compared which is shown in Figure 14. mass reduction while maintaining a safety factor in the 1.25 to 1.5 range. In the aerospace industry, safety factors typically vary in the range of 1.25 to 2 or more. For this project, a minimum safety factor of 1.25 is selected. The optimized design solution under this volume constraint is shown in Figure 15.

Based on this result, the surface of optimized result is smoothed and refined. The final design solution is shown in Figure 16. A comparison between the original design and optimized design is made and shown in Table 5 , the result shows that the optimized part can reduce roughly 47% initial volume with slightly decreasing the safety factors. The geometry of the optimized part shown in Figure 16 has several features that would likely be difficult, costly or even impossible to manufacture by traditional CNC milling due to their depth, complexity, and lack of clearance for the spindle and bit. For this reason, and in the effort to develop a more realistic comparison, a third model has been created that eliminates these features thus making the part more conducive to production by CNC milling but at the expense of increase weight and volume. Details of this component are summarized in Figure 17. The volume and safety factor of the optimized part for CNC process is also shown in Table 5.

Figure 17 Optimized product model for CNC machining

Result of LCIA

To evaluate the material and energy consumption of the optimized parts fabricated by different manufacturing process, the environmental impact evaluation method proposed in section 2.3 and section 2.4 is used. Due to the limitation of current binder jetting process, the bronze infiltrated stainless steel is used in the environmental impact evaluation process. Three different design and manufacturing configurations are used for comparison, which are AM optimized part fabricated by binder-jetting process, CNC optimized part fabricated by binder-jetting process and CNC optimized part fabricated by CNC process. The total energy consumption for each configuration is calculated and shown in Figure 18.

Figure 18 Comparison of energy consumption

As to LCIA, two categories are chosen from the ReCiPe method [START_REF] Goedkoop | ReCiPe 2008. A life cycle impact assessment method which comprises harmonised category indicators at the midpoint and the endpoint level 1[END_REF]. They are ReCiPe Midpoint-Climate Change and ReCiPe Midpoint-Human Toxicity. These two categories are two of the most common environmental impact criteria for industrial products. The results of these two categories assessment for both AM and CNC machining are shown in Figure 19 and Figure 20. 

Discussion

Based on the above results, it appears that binder-jetting consumes significantly less energy to produce a part with CNC milling. The energy consumption can be further reduced by using a topologically optimized part shown Figure 16. This reduction of energy consumption mainly owes to the lightweight design which is enabled by the design freedom of AM processes. As can be seen in Error! Reference source not found., the printing and milling processes dominate the energy consumption of the binderjetting and CNC pathways respectively. Interestingly, energy consumption of the atomization process (4.32 MJ) is almost negligible which indicates that the metal powders do not in fact have a significantly higher embodied energy than traditional steel stock.

Looking at the LCIA results for climate change, it is also observed that the binder-jetting process produces less than half the CO2 equivalents (49.3 kg for AM optimized part and 55.8 for CNC optimized part) of the CNC milling process (118 kg) with the latter being dominated by the impacts from the milling process rather than the raw materials extraction. The reason the milling impacts dominate the CNC process is due to the way that the model combines the impacts of wasted material, cutting fluid, and energy consumption all of which contribute significantly to the impact.

Interestingly, observing the human toxicity results, the binder-jetting process produced 44.1 kg of Dichlorobenzene (DCB) equivalents for AM optimized part and 64.93 kg DCB-Eq for CNC optimized part compared to 29.5 kg DCB-Eq suggesting that the binder-jetting process is significantly worse for human health. However, it is clear that the AM optimized part can reduce the DCB emissions for binder-jetting process due to its less weight. DCB emissions are primarily attributed to heavy metal and chlorinated hydro-carbon emissions. It is important to note that the impact for binder-jetting process is almost entirely consists of the bronze extraction. Previous studies have shown that the embodied energy in bronze is almost 3 times that of steel, while embodied carbon is relatively similar (Hammond and 44.104 kg DCB-Eq 64.930 kg DCB-Eq 29.510 kg DCB-Eq 2008) and helps explains why this impact is so significant on human health. To reduce the impact, it would be useful to consider infiltration of the component with other less DCB intensive metals.

Conclusion

This paper proposes a new methodology in order to evaluate, with accuracy, the environmental impact of a product fabricated by AM process in particular for binder-jetting process. In this methodology, a sustainable design optimization process is integrated in the proposed general framework, which enables the consideration of the unique design freedom provided by AM technologies.

Based on this design process, the product can be updated towards more environmentally friendly by taking the feedback of environmental assessment model. Thus, unlike most existing environmental assessment model, the input of the proposed methodology is the function descriptions rather than product design solution. Moreover, a detailed IDEF0 model and LCA process model of binder-jetting process are summarized. Based on these models, the energy and material consumption of binder-jetting process can be precisely calculated. Then, typical LCI and LCIA method can use to evaluate the environmental impact of the fabrication process for certain products. The case study has been done on the aircraft engine bracket. And a comparison is made between binder-jetting process and conventional CNC milling. The result shows that AM process itself can save energy and reduce environmental impact. Moreover, with consideration of freedom of design, this process might be more energy efficiently and environmentally friendly. To further minimize product's environmental impact, a manufacturing process selection method needs to be incorporated in the proposed methodology for the future research. This manufacturing process selection method can help designers to select the most suitable AM process for minimum environmental impacts.

Figure 3

 3 Figure 3 Work flow of sustainable design optimization for additive manufacturing

Figure 4

 4 Figure 4 An example of functional surfaces and a functional volume

FindFigure 5

 5 Figure 5 Material selection strategy

Figure 7

 7 Figure 7 Working principle of printing process for binder-jetting technique

FigureFigure 11

 11 Figure 10 Original design of engine bracket

Figure 13

 13 Figure 13 Functional Surfaces and Functional Volume of engine bracket

Figure 14

 14 Figure 14 Safety factor vs volume fraction for minimized compliance optimizationAccording to Figure14, the final concept is the geometry of the 50% volume fraction from the minimization of compliance result. This geometry was chosen because it offered the highest level of
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Table 1

 1 Machined dependent parameters

	Machine dependent parameters	
	Parameter	Symbol	Unit
	Volume of supply platform	𝑉 𝑠𝑢𝑝𝑝𝑙𝑦	mm 3
	Screw diameter	𝐷 𝑆𝑐𝑟𝑒𝑤	mm
	Mass of platforms	𝑀 𝑝𝑙𝑎𝑡𝑓𝑜𝑟𝑚	kg
	Platforms' section	𝑆 𝑝𝑙𝑎𝑡𝑓𝑜𝑟𝑚	mm2
	Screw's pitch	𝑝	mm
	Efficiency of transmission for supply and	𝜂 𝑡𝑟𝑎𝑛𝑠𝑚𝑠𝑢𝑝𝑝𝑙𝑦/𝑝𝑎𝑟𝑡𝑏𝑢𝑖𝑙𝑑 %
	part build platforms		
	Efficiency of motors for supply and part	𝜂 𝑚𝑜𝑡𝑠𝑢𝑝𝑝𝑙𝑦/𝑝𝑎𝑟𝑡𝑏𝑢𝑖𝑙𝑑 %
	build platforms		
	Friction coefficient in screw-nut systems	𝑓 𝑠𝑐𝑟𝑒𝑤-𝑛𝑢𝑡	Unit
	Mass of chariot	𝑀 𝑐ℎ𝑎𝑟𝑖𝑜𝑡	kg
	Friction coefficient in chariot's guiding	𝜇 𝑠𝑙𝑖𝑑𝑒𝑤𝑎𝑦𝑠	Unit

Table 5

 5 Comparison between original design and optimized design

		Original Design	Optimized Design for AM Optimized Design for CNC
	Volume	4.63E10 5 mm 3	2.42E10 5 mm 3	3.60E10 5 mm 3
	Safety Factor	1.68	1.44	1.65
	Volume Reduction	-	47%	22%

  Market for Electricity,Low Voltage [MRO, US only] Market for Ethylene Glycol Monoethyl Ether [GLO] Electricity, High Voltage, at Grid [US] Market for Diethylene Glycol [GLO] Chromium Steel milling, Small parts [RoW]

	ReCiPe Midpoint -Human Toxicity
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	-AM Geometry (kg DCB-Eq)	-CNC Geometry (kg DCB-Eq)	CNC -CNC Geoemtry (kg DCB-Eq)
	Market for Bronze [GLO]	Market for Steel, Chromium Steel 18/8 [GLO]
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