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ABSTRACT 
 
 
 The metal cutting process, known as conventional machining process, utilizes cutting 

fluids to provide lubrication, cooling and easy chip removal. The long-term effects of cutting 

fluids disposal into the environment are becoming increasingly evident. Research has also 

proven the health hazards on manufacturing workers who come in direct contact with cutting 

fluids.  The formulation of stringent rules and restrictions on use and disposal of cutting fluids 

has increased the cost associated with cutting fluids use to between 7% and 17% of total 

manufacturing cost. The dry machining process considered in this thesis, using diamond-coated 

tools for the machining of aluminum eliminates cutting fluids from the cutting process. The 

improvement in tool life in dry machining and complete elimination of cutting fluids from the 

process are known benefits of the diamond-coated tools.  Even though these advantages have 

been documented, no one to date has considered the environmental impacts of the entire life 

cycle of either wet or dry machining.   

In this research, a macro level life cycle analysis (LCA), a systems analysis tool for 

evaluating environmental impacts over the life span of a product or process, is used to compare 

environmental performance of the conventional or wet machining process using uncoated 

carbide tools and the dry machining process using diamond-coated carbide tools at a macro level.  

A cost analysis of these machining processes is also included here to provide more informed 

guidelines for the local Wichita aircraft manufacturers and for the manufacturing industry in 

general. The results indicate that the dry machining surpasses the wet machining process in terms 

of environmental impacts at a macro level. 
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CHAPTER 1 
 

INTRODUCTION 
 
 

Metal Cutting is a very commonly used material removal process in manufacturing 

industry. In metals, cutting takes place by shearing action at a plane which is inclined to the 

machined surface by an angle known as shear plane angle. 

Previous research proved that the energy consumed in the cutting operation is primarily 

by plastic deformation and/or by friction. This energy, which is then dissipated, in the form of 

thermal energy where 90% of it is taken away by the chips, 5% dissipated to the tool and 5% to 

the workpiece (Shaw, 1965). It has been a usual machining practice to use cutting fluids in the 

cutting process since these fluids take heat away from the cutting zone and hence decrease the 

temperature of the tool and increase the tool life. Cutting fluids also provide lubrication at chip-

tool interface and make the chip flow smoother, preventing the built-up edge formation. 

The long-term effects of cutting fluids disposal on the environment are becoming 

increasingly evident and have raised much concern about the indiscriminate and extravagant use 

of cutting fluids in the manufacturing industry.  Research has also proven the health hazards on 

manufacturing workers who come in direct contact with cutting fluids (Fuchs et al., 1995; 

Suliman et al., 1997). Stringent rules and restrictions are formulated on the use and disposal of 

cutting fluids, which also have increased the cost associated with cutting fluid use to between 7 

and 17% of the total manufacturing cost (Klocke, & Eisenblatter, 1997). Figure 1 shows the 

increasing number of environmental laws promulgated in the US since 1895. This justifies an 

increasing necessity to conduct studies that aim to eliminate or minimize the use of cutting 

fluids. 
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Figure 1: The increasing trend in the number of environmental laws in the US (Stals et al., 1997) 

The most logical measure which can be taken to eliminate cutting fluids from the cutting 

process is dry machining. In dry machining, no cutting fluid used means that there is more 

friction and adhesion between tool and workpiece at the same time tool and workpiece are 

subjected to greater thermal load. This will result in lowering the tool life (Klocke, & 

Eisenblatter, 1997). 

Today, a wide range of coatings for wear protection on different substrate tool materials 

in machining applications is available. Diamond coating is gaining a lot of popularity in 

manufacturing industry for different tribological applications. Chemical Vapor Deposition 

(CVD) diamond coated tools provide significant improvement in tool wear resistance and hence 

the tool life while dry machining of aluminum alloys (Yoshikawa, & Nishiyama, 1999).  

This suggests that diamond coated tools have proved that they are economical as they 

improve tool life in dry cutting of aluminum alloys and completely eliminate cutting fluids from 

the process. But the question is “Are they really environmental friendly?” 
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Due to increase of environmental awareness, industries have begun to assess their 

activities which affect the environment. Society is concerned about the issues of natural resource 

depletion and environment degradation. The environmental performance of products and 

processes is a key issue where the companies are investigating methods to minimize the effects 

on the environment. A tool useful for assessing environmental impacts is Life Cycle Analysis 

(LCA) which considers the entire life cycle of a product. 

LCA is a systems analysis tool for evaluating environmental impacts over the whole life 

cycle of a product, process or activity from the ‘cradle’ to ‘grave’. In the case of a product, the 

life cycle embraces all activities needed for its manufacture, use and disposal. Typically, these 

comprise extraction of raw materials, design, formulation, processing, manufacturing, packaging, 

use (reuse) and disposal (U.S. Environmental Protection Agency Report - LCA 101, 2001). 

1.1 Objective 

In this research, a macro level environmental performance comparison between dry 

machining using diamond-coated tools and conventional wet machining using uncoated tools is 

carried out to determine which has the least environmental impacts using life cycle analysis 

(LCA). A macro level LCA comparison is performed which includes 1. energy consumption 

analysis of cutting process, 2. analysis of material scrap, 3. analysis of tool replacement and 4. 

demonstration of equivalent performance are obtainable. This work also includes cost 

comparison of machining process for Al 2024T3 material between diamond-coated carbide tools 

and uncoated carbide tools. Analysis of cutting tools and cutting fluids are left for future 

research. The outcome of this research provides better guidelines for local aircraft manufacturing 

industry to make decision whether to choose the dry machining using CVD diamond-coated 

carbide tools or stay with conventional wet machining with cutting fluids. 
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CHAPTER 2 
 

BACKGROUND 
 
 

There are different methods of changing the geometry of bulk material to produce a 

mechanical part: by putting material together, by moving material from one region to another 

and by removing unnecessary material. Machining is a process of material removal which is 

widely used in manufacturing industry.  

2.1 Introduction to Machining 

A short introduction to the machining process is provided here. Machining is desirable or 

even necessary in manufacturing for following reasons: 

! Closer dimensional accuracy may be required than is available from other processes. For 

example, in a forged crankshaft, the bearing surfaces and the hole cannot be produced 

with good dimensional accuracy and surface finish by forming process alone. 

! Parts may possess external and internal geometry features, as well as sharp corners, 

flatness, etc., that cannot be produced by other processes. 

! Some parts are heat treated for improved hardness and wear resistance. Since heat-treated 

parts may undergo distortion, they generally require finishing operations. 

! Special surface characteristics or textures that cannot be produced by other means may be 

required on the surfaces of the part. 

! It may be more economical to machine the part than to manufacture it by other processes. 

The most commonly used machining process is metal cutting. In metal cutting, the wedge 

type tool is fed against rotating/translating work piece or vise-a-versa, and a chip is produced just 

ahead of the tool by shearing of the metal along the shear plane.  
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Figure 2: Shear-plane model of orthogonal machining 

Figure 2 illustrates a schematic model of metal cutting process and the related 

nomenclature. In orthogonal machining, which is an “idle” cutting condition, a tool with straight 

cutting edge moves perpendicular to this edge and generates a chip which also flows 

perpendicular to the cutting edge. The chip slides over a face of the tool which is known as the 

rake face. The rake face is inclined to the machined surface at an angle which is called the rake 

angle. The contact region between the chip and the rake face is known as the chip-tool interface. 

The relative velocity between tool & the workpiece is the cutting velocity and the relative 

velocity between tool & the chip is the chip velocity.  

2.2 Cutting Fluids and Environment 

In metal cutting process, friction between tool and work piece generates heat which 

affects the dimensional accuracy, surface finish, chip flow and hence the quality of the part 

produced. Cutting fluids are used in metal cutting process to facilitate lubrication at chip-tool 
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interface and cooling.  

Consumption of cutting fluids is one of the critical issues related to environmental 

impacts of metal cutting process. It is widely recognized that the effect of cutting fluids on the 

environment, with respect to their degradation and ultimate disposal is a major problem. At the 

end of the life, disposal of cutting fluids results into soil contamination and water contamination 

which result in impacts on ecology (Byrne, & Scholta, 1993; Dahmus, & Gutowski, 2004, 

November). Also, cutting fluid that adheres to the metal chips creates a problem for metal 

recycling. The metal chips have to go through waste processing which may include cleaning, 

separation, etc.   

The constituents of the cutting fluids can have negative effects on the health of the 

production workers. Fuchs et al. (1995) documented DNA damage of metal workers exposed to 

N-nitrosodethanolamine in synthetic cutting fluids. It was observed that workers staying in a 

room which has a mean concentration of NDELA in the air of about 1 µg/m3 revealed two times 

higher DNA strand breaks than workers staying with less than 50 ng/m3 of NDELA. Suliman et 

al. (1997) carried out an experimental investigation of the microbial contamination of cutting 

fluids. This research work proved that the micro-organisms have the ability to survive in the 

workshop fluid systems. The potential health hazard by direct or indirect association with micro-

organisms include septic infections caused by pseudomonas arigenosa, primary allergic 

bronchopulmonary aspergillosis caused by aspergillus, deratomycosis caused by microsporum 

and neonatal meningitis caused by enterobacter sakazakii and citrobacter diversus. Baynes and 

Reviere (2004) studied permeability of Ricinoleic acid (RA) life ingredients in cutting fluids in 

skin. In this work, three commonly used additives; triazine (TRI), linear alkylbenzene sulfonate 

(LAS), and triethanolmine (TEA) were mixed with mineral oil (MO) and applied to inert silastic 
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membranes and porcine skin. It was found that these additives reduce partitioning and diffusivity 

of ricinoleic acid across skin. This can lead to greater retention of these potentially irritant fatty 

acids in the upper epidermis, which will eventually absorbed into the blood streams. 

2.3 Dry Machining 

A process carried out in absence of these fluids is called dry machining. Some of the 

advantages of dry machining are non-pollution of water, reduced disposal and less danger to 

human health. In addition to environmental impacts, cost factor also plays a major role in 

choosing conventional wet (with cutting fluids) machining or dry machining. Researchers have 

concluded that dry machining is not an option but a necessity of sustaining competitiveness, as 

the cost associated with cutting fluids use is approximately 7 to 17% of total manufacturing cost 

which is very high (Baradie, 1996; Lahres, & Jorgensen, 1997; Liu, Hanyu, Murakami, Kamiya, 

& Saka, 2001; Sokovic, & Mijanovic, 2001; Sreejith, & Ngoi, 2000). 

A diamond-coated tool is one of the several alternatives which eliminate the cutting 

fluids from machining process. This is not the only benefit which we get by using this type of 

tool. It also generates clean chips which can be directly transported for metal recycling. 

Significant improvement in tool life is also observed with diamond-coated tools while turning 

and milling of the AlSi10Mg casting alloy compared to Polycrystalline Diamond (PCD) and K10 

(Lahres, & Jorgensen, 1997). 

New methods like high-current d.c. arc plasma process (HCDCA) for deposition of 

diamond coatings on cutting tools has proven suitability to large-scale coating technology 

producing high quality and uniformity. Cemented carbide cutting tools coated by this method has 

shown tool life improvements of four to ten times over uncoated tools for machining different 

materials ranging from Al-Si alloys and metal matrix composites to fibre-reinforced plastics 
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(Reineck, Sjostrand, Karner, & Pedrazzini, 1996). Oles et al. (1996) found enhancement in 

adhesion-bond between diamond-carbide by heat treating the carbide to yield a roughened, 

enhanced nucleation and anchoring sites for the diamond coating.  

The major drawback of the diamond-coated tools is that they are expensive. It is highly 

recommended to avoid the exfoliation and hence the breakage of the tool to prevent quality 

problems and additional tooling costs. An effective reuse technique is an important option to 

purchasing of diamond-coated tools. In that, the thin film layer of diamond is removed from the 

tool’s surface followed by re-coating with a fresh thin film layer (Liu, et al., 2001).  

Every machining process leaves characteristic evidence on a machined surface in terms 

of irregularities in surface texture called surface finish. Another downside of the diamond-coated 

tools is that it generates poor surface finish compared to the uncoated carbide tools with cutting 

fluids (Madhavan, 2005). In the research, the uncoated tool generated 13 micro inches surface 

finish at cutting speed of 500 fpm with feed of 0.0018 inch per revolution where as the diamond-

coated tool generated 21 micro inches surface finish for same speed and feed for 2024T3 

material, however it depends upon the design specification where the surface finish is acceptable 

or not. In this research, it is assumed that both wet machining with uncoated tool and dry 

machining with diamond-coated tool generate acceptable surface quality. 

Complete elimination of cutting fluids, clean chips, as well as extension in tool life and 

effective reusing technique, justify the application of diamond-coated tools in machining process 

by making it economical, but “what about environmental impacts?” 

2.4 Life Cycle Analysis (LCA) 

Industrial operations worldwide cause significant environmental liabilities, and hence 

financial effects. Industries are therefore becoming progressively more aware of the social and 
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environmental liabilities pertaining to their operations and products. These liabilities include 

impacts on the natural environment, conveyed through the three principal media; air, water and 

soil. The environmental performance of products and processes is catching eyes and industries 

are therefore accessing their effects on the environment in order to minimize them. Life Cycle 

Analysis (LCA) is a tool useful for environmental impacts assessment. LCA comprises the 

environmental aspects of product with a more accurate view of the environmental trade-offs in 

the product-process selection as it includes the impacts throughout the product life cycle. LCA 

aggregates relevant energy, material input-output and environmental releases. It analyzes the 

environmental impacts associated with identified input-output and releases and interprets the 

results to make an informed decision (U.S. Environmental Protection Agency Report - LCA 101, 

2001). 

In terms of sustainable development, the manufacturing industry is in a unique position – 

often cited as the cause of many environmental and social problems, but also the main 

mechanism for change through economic growth. One of the main barriers now to sustainable 

industrial development is not the lack of strategies, models and tools, but how to implement 

them, and more importantly how to introduce them into existing practices whilst ideally 

improving competitiveness. It opens up a new area for further research which is identified as the 

decision-making processes related to change initiatives (Baldwin, Allen, Winder and Ridgway, 

2005).  LCA is a widely used tool in the journey towards sustainability. It is utilized virtually in 

all engineering disciplines to assess environmental performance of product, process or service 

and to make informed choice between alternatives. 

Vezzoli and Sciama (2006) demonstrated application of LCA in design field. In their 

work, they used handbook for Life Cycle Design (LCD) developed by the Design and Innovation 
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for Sustainability (DIS) research unit of Politecnico di Milano University and integrated their 

procedures to design and manufacture eco-efficient products. 

Alkaner and Zhou (2006) applied LCA to carry out a comparative study of molten carbon 

fuel cells (MCFC) and diesel engines (DE). The analysis included manufacturing of MCFC and 

DE, fuel supply, operation and decommissioning stages. They concluded that the manufacturing 

phase of MCFC contributes significantly to environmental impacts compared to manufacturing 

of DE. One of the benefits of performing LCA is that significant contributing stages of the 

system’s life cycle can be identified and technological development can be focused to reduce the 

environmental impacts of overall system.  

 McManus et al. (2004) carried out a LCA of mineral and rapeseed oil used in mobile 

hydraulic systems. The rapeseed oil usage in mobile hydraulic systems has increased in recent 

years because rapeseed oil is bio-renewable oil. The LCA revealed a surprising fact that the 

environmental impact of the systems running on rapeseed oil is greater than that of those running 

on mineral oil. This is mainly because of the poor performance characteristics of the rapeseed oil 

which results in lowering the life of the hydraulic system. 

The manufacturing sector is believed to be big culprit for generating higher 

environmental impacts and hence it is calling for a higher concentration of research. Researchers 

have also been assessing different manufacturing processes/resources to help find the alternative 

with the least environmental impacts. Dalquist and Gutowski (2004) used LCA to assess the 

aluminum high-pressure die casting process and sand casting process, and have shown the 

possible environmental concerns in terms of energy usage and emissions. Papasavva et al. (2001) 

had compared environmental performance of different paint alternatives for automotive 

application using LCA. Here, three different automotive paint materials including solvent-based 
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and powder primers, water-based basecoat, and solvent based and powder clearcoats were 

considered for LCA. The LCA included raw material acquisition, transportation to 

manufacturing plant and manufacturing process stages for finding environmental performance.  

To date no studies have been published using LCA to compare the environmental impacts 

of machining processes: - dry machining using diamond-coated tools and conventional wet 

machining using uncoated tools to determine which has the least environmental impacts. 
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CHAPTER 3 
 

LIFE CYCLE ANALYSIS 
 
 

Life cycle analysis (LCA), as name suggest intuitively, is a study carried out of a product 

from its “cradle” where raw materials are extracted from natural resources through production 

and use to its “grave”, the disposal. In particular, environmental life cycle analysis quantifies the 

life of the product in terms of natural resource usage and emissions.  

LCA is an approach for assessing industrial products or process. A typical life cycle of a 

product starts with gathering of raw materials from the earth and ends when all the materials are 

returned to the earth. It evaluates all stages of product life and enables the assessment of 

collective environmental impacts resulting from all stages in the product life cycle. It also 

provides extensive view of environmental aspects of the product with more accuracy in product 

selection. 

LCA helps decision makers choose product, process or service which are more 

environmental friendly in order to make life on earth sustainable. It can be combined with other 

tools like cost analysis to help making better decisions. It can also characterize the environmental 

trade-offs associated with product, process or service alternatives.  

There are limitations associated with LCA as it can be resource and time intensive. 

Depending upon the goal definition and scoping, gathering data can be problematic and can also 

affect the accuracy of final results and so it is important to weigh the availability of data, the time 

necessary to conduct the study, and the financial resources required against the projected benefits 

of the LCA. 



 13 

The LCA process is a systematic, phased approach and consists of four components as 

shown in Figure 3. The arrows indicate interaction between two different phases as LCA is an 

iterative process. These phases are explained in subsequent sections. 

1. Goal Definition and Scoping 

2. Inventory Analysis 

3. Impact Assessment  

4. Interpretation 

 
 
 
 
 
 
 
 
 

Interpretation 

 

Goal  
Definition and Scope 

Inventory  
Analysis 

 
Impact Assessment 

Figure 3: Phases of LCA (EPA 1993) 
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3.1 Goal Definition and Scoping 

This phase of the LCA process defines the intent and method of including life cycle 

environmental impacts into the decision-making process. All choices and specifications are made 

according to the requirements on the modeling of the problem. In practice, LCA is an iterative 

process, and choices are made during the course of the study. Here, the system boundary is 

defined in terms of processes/activities to be included in the analysis. This is very crucial step of 

doing a comparative life cycle study of two products/processes as data availability is always a 

concern. 

A typical product life cycle includes four different stages as mentioned below: 

a) Raw material acquisition – The life cycle of a product starts with the extraction of raw 

materials and energy resources from the earth. For example, mining of non-renewable 

materials would be considered as raw material acquisition and transporting them for 

processing. 

b) Manufacturing – Here, raw material is converted into a product which is then delivered to 

the consumer. This stage includes materials manufacturing, product fabrication, 

packaging and shipment. 

c) Use/maintenance – This involves the actual use of the product or the process by a 

customer and maintenance. Once the product is distributed to the customer, all activities 

related with the useful life of the product are included. The product may require 

reconditioning, service or repair to maintain the performance should be considered. 

d) Recycle/waste management – It includes the associated energy and environmental wastes 

generated by the disposal of the product. 
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The goal of this research is to compare the environmental performance of machining 

processes - dry machining using diamond-coated tools and conventional wet machining using 

uncoated tools, the system boundary is shown in Figure 4. It portrays the different stages of the 

life cycle of the machining process of an aluminum part. Figure 5 & 6 gives the detailed 

illustration of input - output for wet machining process and dry machining process respectively. 

The wet machining process utilizes uncoated carbide tools, cutting fluids and energy to convert 

workpiece into a machined part and the by products of the process are tool scrap, wet/coated 

aluminum scrap, cutting fluid for disposal and emissions. Likewise the dry machining process 

utilizes diamond-coated tools and energy to convert workpiece into a machined part and the by 

products of the process are tool scrap, dry/uncoated aluminum scrap and emissions. The intent of 

comparing two types of machining process here is to generate guidelines for local aircraft 

industry to help them make environment friendly choice between dry machining and 

conventional wet machining. The system boundary covers all inputs in terms of material and 

energy going in to the machining process and outputs in terms of emissions. It should be noted 

that followings are not included in LCA since they are same for both types of machining 

processes: machine tool, machine tool accessories and aluminum workpiece. 

Here, a functional unit is also defined. The functional unit describes the primary function 

fulfilled by a product/process and indicates how much of this function is to be considered in the 

intended LCA study. It will be used as a basis for comparing alternative product/process systems 

that will provide this function. The functional unit enables different processes to be treated as 

functionally equivalent and allows reference flows to be determined for each of them. In this 

work, the functional unit of machining process would be 1 kg of Al 2024T3 material removal.  
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Raw material extraction 
(i.e., mining bauxite, etc.) 

Manufacturing of aluminum 
(i.e., refining, smelting, processing, etc.) 

System 
boundary 

Figure 4: Life cycle stages of an aluminum part machining 

 
Machining 

(i.e., milling, turning, etc.) 

Scrap processing 
(i.e. segregation, 
cleaning, 
transportation, 
etc.) 

Post processing 
(i.e., assembly, painting, etc.) 

Use/reuse 

Scrap 

Recycling 

End 

Recycling 
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Wet machining 

Uncoated tool 

Cutting fluid 

Energy 

 

Aluminum workpiece 

Machined component 

Tool scrap 

Used cutting fluid 

Aluminum scrap 
(wet/coated with 
cutting fluid) 
Emissions 
 

 
Dry machining 

Diamond -

coated tool 

Energy 

 

Aluminum workpiece 

Machined component 

Tool scrap 

 
Aluminum scrap 
(dry/uncoated) 
Emissions 

Figure 5: Wet machining process 

Figure 6: Dry machining process 
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3.2 Life Cycle Inventory 

Life cycle inventory (LCI) is a process of quantifying energy, material and emissions 

(i.e., atmospheric, waterborne, solid.) for the entire life cycle of a product. In this phase of the 

LCA, all relevant data is collected and organized. The details of the data to be collected are a 

critical decision to be made before starting any data collection. 

There are a number of databases available commercially to carry out a life cycle analysis. 

In this study, Ecoinvent v1.3 is chosen as a source of inventory data. The reason for selection is 

the number of generic processes included in the database (approximately 2700) and the 

compatibility with SimaPro – life cycle analysis software which is used here. This database is a 

product of the Ecoinvent Centre, also known as the Swiss Centre for Life Cycle Inventories, 

which is a joint initiative of institutes and departments of the Swiss Federal Institutes of 

Technology, Zürich (ETH Zurich) and Lausanne (EPFL), of the Paul Scherrer Institute (PSI), of 

the Swiss Federal Laboratories for Materials Testing and Research (Empa), and of the Swiss 

Federal Research Station Agroscope Reckenholz-Tänikon (ART). The Ecoinvent Centre is 

supported by Swiss Federal Offices. This database has been imported into the LCA software 

package “SimaPro 7.1. 

In Wichita Kansas, the machine shops do not directly process they aluminum scrap, but 

they sell it to scrap buyer who takes care of processing the scrap and recycling of material. The 

International Aluminum Institute has created a website (www.world-aluminum.org) to educate 

and spread the information related to aluminum material cradle to grave. The website states that 

anything which is made up of aluminum can be recycled easily and requires only 5% of the 

energy to produce secondary metal as compared to primary metal manufacturing from raw 

bauxite.  
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The major limitation of any life cycle analysis is the unavailability of life cycle inventory 

data for all products/processes which exist in manufacturing industry. Here, the life cycle 

database includes data for production of electric energy and for aluminum scrap processing for 

both types of machining process. But it does not include data for the production/disposal of 

diamond-coated/uncoated solid carbide tools, and the production/disposal of cutting fluids which 

are required to conduct a micro level comparison between wet machining and dry machining. It 

also does not have data related to energy consumption during the machining processes. Energy 

consumption analysis during machining is performed to gather the comparative energy 

consumption data for wet machining and dry machining. This provides information related to 

amount of electric energy required per 1 kg aluminum removal which will serve as an input to 

the process. 

The information derived from the eco invent database and other assumptions are given 

here. 

•  Wet machining 

a. Aluminum scrap processing (Process title in database: ‘aluminium scrap, old, at 

plant/REP U’ renamed in this thesis as ‘Aluminium scrap processing, from wet 

machining’). The underlying assumption is that the scrap generated by wet 

machining has a thin coating of cutting fluid and other particles. 

b. Production of electric energy (Process title in database: ‘Electricity avg. kWh 

USA’ renamed as ‘Electric energy for wet machining’). 

•  Dry machining 

a. Aluminum scrap processing (Process title in database: ‘aluminium scrap, new, at 

plant/REP U’ renamed as ‘Aluminium scrap processing, from dry machining’). 
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The underlying assumption is that the scrap generated by dry machining is as 

good as the virgin aluminum. 

b. Production of electric energy (Process title in database: ‘Electricity avg. kWh 

USA’ renamed as ‘Electric energy for dry wet machining’). 

The processes mentioned above are unit process, which means that the inventory data is 

for functional unit of 1 kg of aluminum scrap processing. It is assumed here that the inventory 

data for the processes is equivalent for Europe and the United States, thus available inventory 

data for processes for Europe can safely be used for this study.  

3.3 Life Cycle Impact Assessment 

The Life Cycle Impact Assessment (LCIA) phase of the LCA is the evaluation of 

potential human health and environmental impacts of the environmental resources and releases 

identified during the LCI. It addresses ecological and human health effects and resource 

depletion. It establishes a linkage between the product or process and its potential environmental 

impacts. The key concept in this component is that of stressors. A stressor is a set of conditions 

that may lead to an impact. For instance, if a process is emitting greenhouse gases, the increase 

of greenhouse gases in the atmosphere may contribute to global warming. The LCIA provides a 

systematic procedure for classifying and characterizing these types of environmental effects. 

In this research, the life cycle impact assessment was carried out using one of the most 

prominent LCA methodologies: Eco-indicators 99 (Eco-99). It has been developed by Goedkoop 

(Goedkop 1995) and Pre Consultants in the Netherlands (www.pre.nl). 
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The following steps comprise the life cycle impact assessment method (Eco-indicator 

99(H)). 

a) Definition of Impact Categories – define relevant environmental impact categories used.  

1. Carcinogens – emissions of carcinogenic substances in the air, water and soil 

result in carcinogenic effects. Indicator is expressed in Disability adjusted Life 

Years (DALY) per kg emission. The DALY is used by World Health 

Organization (WHO) and World Bank which contains a scale that rates different 

disability levels. It quantifies the number of affected people, length of sickness 

and lost life years because of premature death, due to environmental effects.   

2. Respiratory organics – emissions of organic substances in the air result in 

respiratory effects. Indicator is expressed in Disability adjusted Life Years 

(DALY) / kg emission.  

3. Respiratory inorganics – emissions of dust, sulphur and nitrogen oxides in the air 

result in respiratory effects. Indicator is expressed in DALY per kg emission.  

4. Climate change – change in climate causes an increase of disease and death. 

Indicator is expressed in DALY per kg emission. 

5.  Radiation – effects due to radioactive radiation. Indicator is expressed in DALY 

per kg emission. 

6. Ozone layer – emissions of ozone depleting substances in the air cause increase in 

UV radiation. Indicator is expressed in DALY per kg emission. 

7. Ecotoxicity – emissions of ecotoxic substances in the air, water and soil damage 

the ecosystem quality. Indicator is expressed in Potentially Affected Fraction 

(PAF) * square meter * year per kg emission ((PAF)*m2*year/ kg). The PAF 
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expresses the percentage of species that are exposed to a concentration above the 

No Observed Effect Concentration (NOEC). This is multiplied by the area 

exposed and number of years exposed.  

8. Acidification/ Eutrophication – emissions of acidifying substances in the air 

damage the ecosystem quality. Indicator is expressed in Potentially Disappeared 

Fraction (PDF) * square meter * year per kg emission ((PDF)*m2*year/kg). The 

PDF expresses the percentage of species that has disappeared compared to the 

normal land. This is multiplied by area and number of years. 

9. Land use – Damage as a result of either conversion of land or occupation of land. 

Indicator is expressed in Potentially Disappeared Fraction (PDF) * square meter * 

year per square meter ((PDF)*m2*year/m2). 

10. Minerals – surplus energy required per kg mineral or ore, as a result of decreasing 

ore grades by ore usage. 

11.  Fossil fuels – surplus energy required per extracted MJ, kg or cubic meter fossil 

fuel, as a result of lower quality resources. 

b) Characterization – assigning LCI results to the impact categories (e.g., classifying CO2  

emissions to climate change). 

c) Damage Assessment – classifies the impact categories into damage categories (e.g., 

carcinogens to human health). 

d) Normalization – expressing potential impacts in ways that can be compared (e.g. 

comparing the climate change impact of CO2 and methane for the two options). 

e) Weighting – emphasizing the most important potential impacts. In this method, a panel of 

365 LCA experts decided weights for damage categorizes by consensus. Here, ecosystem 
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quality is weighted by 400, human health is weighted by 300 and resources are weighted 

by 300. Indicator is expressed in terms of Points (Pt). 

f) Single score – summation of all these damage quantities. Indicator is expressed in Pt or 

miliPoints (mPt). 

Schematic of the data flow in life cycle assessment method: Eco-indicator 99(H) is 

shown in Figure 7. It depicts the different steps of the life cycle assessment and data conversion 

as well. 

3.4 Life Cycle Interpretation 

Life cycle interpretation is a systematic technique to identify, quantify and evaluate 

information from the results of the LCI and the LCIA and communicate them effectively.  

ISO has defined the following two objectives of life cycle interpretation: 

I. Analyze results, reach conclusions and explain limitations based on the findings of the 

preceding phases of the LCA and to report the results of the life cycle interpretation in a 

transparent manner. 

II. Provide a readily understandable, complete, and consistent presentation of the results of an 

LCA study in accordance with the goal and scope of the study. 

This chapter provides a brief description of the method used to carry out the LCA in this 

research. The method presented here is aligned with guidelines provided in U.S. Environmental 

Protection Agency (U.S. Environmental Protection Agency Report - LCA 101, 2001) and Eco 

Indicator 99(H) manual. 
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CHAPTER 4 
 

METHODS 
 
 

Energy consumption analysis of dry machining process and wet machining process is 

required to compare the electric energy used in these machining processes. Tool life and cost 

analysis are used to prove the economical viability of dry machining process over wet machining 

process. Techniques involved in energy consumption comparison, tool life analysis and process 

economy analysis are given in this chapter. 

4.1 Energy Consumption Analysis 

To draw the energy consumption comparison of two different machining processes, 

machining experiments are conducted to record the power signature of the process. The 

experimental setup and data analysis techniques have been specially developed by Green 

Systems Group at Wichita State University, Wichita, Kansas (Drake et al., 2006) to conduct 

machining experiments for energy consumption analysis.  

In Drake et al. (2006), a six step procedure is given for energy assessment of any 

manufacturing equipment. The essential four steps required for this work are briefly explained 

here. 

1. Initialization – In this step, the bounds of the system are defined (e.g. milling machine). 

The system is essentially the complete process which is being assessed. It is made up of 

subsystems which work together to convert input into output (e.g. spindle, coolant pump, 

etc.) and components are basic power consuming devices present into the subsystems 

(e.g. motor in spindle). 

2. Configure the Measuring Device – In order to collect power data over time on a system, a 

power measuring device and data logger should be utilized.  This device should be 
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connected to the system’s main power box.  All subsystems must draw power through 

this power box.  If this is not possible (i.e., if there are some external subsystems), there 

should be a power measuring device and data logger connected to each external 

subsystem(s) and to the system. 

3. Capture the Total System Power – In order to capture the power consumption of the 

system over time, the process under the study is carried out on specific material. The 

machine is run n times to collect n data sets while tracking the power consumption of the 

sequential activities in the system with respect to time (e.g. horizontal/vertical moves, 

drilling, tool changes, etc.). 

4. Analyze the Total System Power – Using the data collected from the trial run(s), plot the 

power with respect to time (Power Plot).  The Power Plot reveals the power of the system 

as each subsystem is utilized. The sequential activities required to machine the part are 

correlated with the spikes in the power draw. Note that by calculating the area under the 

Power Plot, the energy consumption required to machine one part can be determined. 

Table 1 gives the details of the machine tool used to carry out the experiments. The 

details of the cutting tools used for milling of Al 2024T3 are listed in Table 2. The particulars of 

the power cell utilized in this study to collect the energy data are given in Table 3. Table 4 

specifies the data acquisition device employed to convert the analog output of power cell into the 

digital signal and log it in a PC. Cutting parameters deployed in the milling process are stated in 

Table 5. Types of process carried and number of repetitions are specified in Table 6. 
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Table 1: Machine Tool 

Manufacturer: Fryer 

Model: MC – 10 

Controller: Anilam 6000C 

 

 

Table 2: Cutting Tool 

Manufacturer: SP3, Inc. 

Coating: Diamond-coated qty 1 (18 µm coating thickness) 

Uncoated qty 1 

Body:  Solid Carbide 

Diameter: ½” 

 

 

Table 3: Power cell 

Manufacturer: Load Control, Inc. 

Model:  PPC 3 

Power Range: 4 – 130 hp (selected: 10hp) 

Response Time: 0.015 – 10 seconds (selected 0.15 second) 

 

 

Table 4 : Data acquisition device 

Manufacturer: National Instruments, Inc. 

Model:  USB-6008 

Samples/second 50 
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Table 5: Cutting parameters 

Speed:  200 sfm 

Feed:  30 ipm 

Depth of cut: 0.1” (axial) 

 

Table 6: Process Type 

Type of process: Dry machining (diamond coated cutter /w coolant) 

Wet machining (uncoated cutter w/o coolant) 

# of samples 4 each 

 

4.1.1 Experimental Setup 

The experimental setup described in (Drake et al., 2006) is used to conduct machining 

experiments for energy consumption analysis. Figure 8 shows the schematic diagram of 

experimental setup. To record the power signature of the process going on in the milling 

machine, current clamps and voltage clips from power cell are tied to the main power supply of 

the machine. The power cell has the analog output (0-10v DC) which is scaled from the power 

range selected. The analog output is fed to the USB-6008 which logs the data into the PC via 

USB. 

4.1.2 Data Analysis 

Data analysis technique described in (Drake et al., 2006) is applied to data collected in 

the experiments. The power data is first plotted on time axis called power plots. Based on the 

sequence of activities going on inside the machine, the components of the power plot are 

identified as shown in Figure 9 for wet machining process and dry machining process. It is 

important to note that there is no coolant startup spike in dry machining as the process does not 

utilize any cutting fluid. The power consumption level for dry machining is lower than wet 
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Figure 8: Experimental Setup 

machining process as the coolant pump does not run in dry machining process. This is based on 

the observation recorded in (Drake et al., 2006), where the characterization step had shown 8-

10% of total machining power while milling process going into running the coolant pump. Here, 

the area of the concentration is machining process from start to end. The area under the curve 

from machining start to machining end will give the energy (hp.second) consumption of the 

process. The data analysis is carried out in excel using excel formulas. 
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4.2 Tool Life 

Tool life is a significant parameter based on which the tools are typically compared. The 

coating technology has made the dry machining feasible, but it has also raised the cost of a tool. 

In this situation, the performance of diamond-coated tools is a significant issue. The tool life 

comparison of diamond-coated cutter and uncoated cutter is drawn in this section.  

The experimentation for finding tool life for diamond-coated cutters is very difficult as 

commercially available thin diamond-coated cutters for machining aluminum last for more than 

60 hours. Thickness of the coating ranges from 14 to 18 µm, so it requires instruments with 

measurement capabilities in the range of nanometers to measure the cutter wear. 

In this work, the data captured while machining test conducted on material Al7075 by 

machine shop - Larsen & Toubro Limited, Heavy Engineering Division, Surat (Gujarat), India as 

shown in Table 7 & 8 are utilized for comparison.  

 

Table 7: Tool life data for diamond-coated cutter 

Cutter 1: Diamond-coated solid carbide end mill 

Manufacturer: Sandvik 

Diameter: 1 inch 

Speed: 314 sfm 

Feed: 26 ipm 

Depth of cut 0.04 inch (axial) 

Life: 135 hours 
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Table 8: Tool life data for uncoated cutter 

Cutter 2: Uncoated solid carbide end mill 

Manufacturer: Forbes 

Diameter: 1 inch 

Speed: 261 sfm 

Feed: 18 ipm 

Depth of cut 0.04 inch (axial) 

Life: 6.5 hours 

 

The direct comparison of the tool life with the data received is not feasible as the 

machining parameters are not similar. To make them comparable, equivalent tool life is 

calculated based on speed & feed values. 

There is a high probability of variation possible as the experiments were not conducted in 

laboratory controlled environment as well as equivalent tool life calculations, and to suffice this, 

the comparison is drawn on minimum – maximum basis. Upper and lower limits are found based 

on the claim of cutter manufacturer. This method will highlight the performance comparison in 

all possible scenarios.  

4.3 Cost Analysis 

To justify the economic viability of applying the diamond-coated tools to aluminum 

machining, cost comparison between diamond-coated tool and solid carbide tool was made based 

on tooling cost per part and total machining cost per part. The cost analysis was done for milling 

an aluminum work piece with a length of cut ( l ) of 340 inches using 0.5 inch end mill diameter 

and 0.08 inch depth of cut. The cutting speed V was 200 sfm and feed F was 30 ipm. 

Based on current machining practice and assuming that the labor charge is $25 per hour, 

the machine charge is $15 per hour, and the overhead is $5 per hour, the total cost of the machine 
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time and labor ( x ) is estimated to be $45 per hour ($0.75 min-1). With these parameters, the 

machining time per part can be calculated using the following formula: 

F

l
Tc =       (4.1) 

where l  is the length of cut (inches) and F  is the feed (ipm). 

Therefore, the direct labor and machine costs are obtained from the product of ( cxT ). 

The tool changing time per part includes the machine down time while the operator 

changes the tool inserts. If dT is the downtime in minutes to change the tool and the work piece, 

and T is tool life for one cutting edge, then the tool changing cost per part is given by  

Tool changing cost per part = 







T

T
xT c

d  (4.2) 

The cost of commercially available, diamond-coated end mill is $250 per piece. The cost 

of solid carbide end mill is $38. The tool cost per part is estimated by 

Tool cost per part = 







T

T
y c      (4.3) 

The calculations and assumptions for cost of cutting fluid ( z ) per part, cost of energy for 

machining per part ( e ) and cost recovered from scrap ( w ) per part are given in Appendix B. It 

should be noted here that the cost recovered from scrap ( w ) is negative as it reduces the total 

machining cost. 

The total machining cost per part (C ) is the sum of labor and machine cost, tool 

changing cost, tool cost per part, cost of cutting fluid and cost recovered from scrap: 

wez
T

T
y

T

T
xTxTC cc

dc −++++=   (4.4) 
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CHAPTER 5 
 

RESULTS AND DISCUSSION 
 
 

The objective of this research work is to draw a macro level environmental performance 

comparison between dry machining and conventional wet machining to determine which has the 

least environmental impacts using life cycle analysis (LCA). The output of the energy 

consumption analysis is a required input for LCA comparison. In this chapter, the result of 

energy consumption analysis is presented first followed by the results of LCA. Later in the 

chapter, the result of tool life comparison is given to conclude the macro level environmental 

performance comparison. The result of cost analysis is given at the end of the chapter. 

5.1 Results of Energy Consumption Analysis 

The results of energy consumption analysis performed on power consumption data 

collected by machining of Al 2024T3 for 5 inches length of cut by two different types of 

machining processes, dry machining and wet machining, are given in Table 9 and the energy 

consumption comparison is shown in Figure 10. The analysis says that the average energy 

required for wet machining process to make 5 inches length of cut is 38.07 hp.second which is 

8% higher than 35.15 hp.second – the average energy required for dry machining process for 

same amount of length of cut. The main reason behind wet machining consuming more energy is 

that the coolant pump runs while the process is carried out as it is observed in the research 

(Drake et al., 2006). 

As our functional unit for the LCA is 1 kg of Al 2024T3 material removed, and to 

maintain the consistency, the energy consumption analysis results are extrapolated for making a 

cut of 436.5 inches length which is equivalent to 1 kg material removed. This extrapolation holds 

true provided the cutting parameters and machine-process combination remain same. Calculated 
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energy consumption for machining 1 kg of Al 2024T3 is shown in Figure 11. The energy 

consumption while dry machining is 8% less than the energy consumption while wet machining 

process. 

The extrapolated energy consumption values are the input to the energy production 

process to determine the life cycle inventory data. Before feeding this information, these values 

need to be converted into kWh. This conversion gives energy consumption for dry machining – 

0.618 kWh and for wet machining – 0.670 kWh. 

Table 9: Results of energy consumption analysis (length of cut: 5 inches) 

 Cutter Sample 
Energy 

(hp.second) 
Average 

(hp.second) STDEV CV 

Data-1 37.79 
Data-2 37.87 
Data-3 38.29 

Set-1 
Wet machining using 

solid carbide  
/w coolant 

Data-4 38.33 

38.07 0.28 0.007 

Data-5 35.08 
Data-6 35.26 
Data-7 35.11 

Set-2 
Dry machining using 

diamond-coated  
w/o coolant 

Data-8 35.15 

35.15 0.08 0.002 

 

5.2 Results of LCA 

The macro level comparison includes LCA of two different processes: 1. Aluminum 

scrap processing, and 2. Production of electric energy required to remove 1 kg of Al 2024T3 

material by machining process. In this section, LCA results of aluminum scrap processing are 

presented first followed by results of production of electric energy and combined impacts 

generated by each system under consideration. 
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5.2.1 Aluminum Scrap Processing 

Typical LCA results are derived at life cycle impact assessment phase (LCIA). The LCIA 

was carried out using the method: Eco-indicator 99(H) (Eco99). The Eco99 encapsulates the 

LCA results into five steps, i.e. characterization, damage assessment, normalization, weighting 

and single score. 

Characterization assigns LCI results to the impact categories. Table 10 summarizes the 

LCI for aluminum scrap processing from dry machining and wet machining into eleven impact 

categories, i.e. carcinogens, respiratory organics, respiratory inorganics, climate change, 

radiation, ozone layer, ecotoxicity, acidification/eutrophication, land use, minerals and fossil 

fuels. Figure 12 shows the comparative performance of process on a percentage scale, larger 

being 100%, therefore the impact categories cannot be compared to each other. The process 

‘aluminum scrap processing, from dry machining’ generates about 65% to 95% lower impact 

compared to ‘aluminum scrap processing, from wet machining’ for each impact categories. 

Damage assessment further classifies the impact categories into damage categories, i.e. 

human health, ecosystem quality and resources. In Table 11, the contributions of the impact 

categories into damage categories of both the processes are listed. The comparative performance 

is shown in Figure 13, which says that the process ‘aluminum scrap processing, from dry 

machining’ has 80% less damage to human health , 90% less damage to ecosystem quality and 

86% less damage to resources than ‘aluminum scrap processing, from wet machining’. 

Normalization expresses potential damages in ways that can be compared between 

different damage categories. In this step, the data is scaled of the given emission to the estimated 

emission from an average individual in a continent, here it considers Europe.  The results after 

normalization are given in Table 12. It should be noted that normalization transforms damage 
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values into unit less quantities. The process ‘aluminum scrap processing, from wet machining’ 

generates approximately 5 times higher damage to human health , 10 times higher damage to 

ecosystem quality and 7 times higher damage to resources than ‘aluminum scrap processing, 

from dry machining’. This comparison is graphically presented in Figure 14. 

Weighting emphasizes the most important potential damage by assigning higher 

weighting factor (i.e., 300 for human health, 400 for ecosystem quality and 300 for resources) 

and summarizes all damage categories into a single score. Here, Eco99 has specified single score 

in terms of points (Pts) often used to compare LCA results of any product, process or service 

with any other product, process or service. As shown in Table 13 and Figure 15, the process 

‘Aluminum scrap processing, from wet machining’ has about 7 timers higher environmental 

impacts compared to ‘Aluminum scrap processing, from dry machining’. 

5.2.2 Production of Electric Energy 

By utilizing the results of energy consumption analysis as an input to production of 

electric energy process available from database, the LCI for energy production for dry machining 

and wet machining is derived. The LCIA results are given in Appendix A for the steps: 

characterization, damage assessment and normalization. 

Here, it should be noted that the inventory data used from database for the production of 

electric energy is a generic process developed for US not specific to any region. It considers all 

different sources of energy for electricity production like coal, petroleum, natural gas, etc. In 

Wichita, most of electric energy for industries is supplied from Murray Gill Energy Center which 

is a natural gas powered plant. 

Table 14 lists the weighted scores for the production of electric energy required for both 

types of machining processes to remove 1 kg material. The graphical comparison of the single 
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score for these processes is shown in Figure 16. The process ‘Electric energy for wet machining’ 

has 8% higher environmental impacts compared to ‘Electric energy for dry machining’. 

The final weighted score for both systems, dry machining and wet machining, are given 

in Table 15. The wet machining process produces 1.4 times higher damage to human health, 2.4 

times higher damage to ecosystem quality and 2.0 times higher damage to resources than the dry 

machining process. The aggregated comparative performance in terms of single score for wet 

machining process and dry machining process is shown in Figure 17. The wet machining process 

creates 1.8 times higher environmental impacts compared to the dry machining process. 

 

Table 10: Characterization (for 1 kg aluminum scrap processing) 

Impact category Unit 
Aluminium scrap 

processing, from dry 
machining 

Aluminium scrap 
processing, from wet 

machining 

Carcinogens DALY 1.65964E-09 2.82086E-08 

Resp. organics DALY 4.33566E-11 1.35671E-10 

Resp. inorganics DALY 3.07708E-08 1.33866E-07 

Climate change DALY 5.01297E-09 5.22944E-08 

Radiation DALY 1.22622E-10 9.11811E-10 

Ozone layer DALY 2.97057E-12 1.80018E-11 

Ecotoxicity PAF*m2 yr 0.008395384 0.105390408 

Acidification/ 
Eutrophication 

PDF* m2yr 0.001027154 0.003097565 

Land use PDF* m2yr 0.000493689 0.010151814 

Minerals MJ surplus 0.000888217 0.033150786 

Fossil fuels MJ surplus 0.042527928 0.304469804 
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Table 11: Damage Assessment (for 1 kg aluminum scrap processing) 

Impact category 
Damage 
Category Unit 

Aluminium scrap 
processing, from dry 

machining 

Aluminium scrap 
processing, from wet 

machining 

Carcinogens DALY 1.66E-09 2.821E-08 

Resp. organics DALY 4.336E-11 1.357E-10 

Resp. inorganics DALY 3.077E-08 1.339E-07 

Climate change DALY 5.013E-09 5.229E-08 

Radiation DALY 1.226E-10 9.118E-10 

Ozone layer 

Human 
Health 

DALY 2.971E-12 

3.761E-08 

1.8E-11 

2.154E-07 

Ecotoxicity PDF* m2yr 0.0008395 0.010539 

Acidification/ 
Eutrophication 

PDF* m2yr 0.0010272 0.0030976 

Land use 

Ecosystem 
Quality 

PDF* m2yr 0.0004937 

0.0023604 

0.0101518 

0.0237884 

Minerals MJ surplus 0.0008882 0.0331508 

Fossil fuels 
Resources 

MJ surplus 0.0425279 
0.0434161 

0.3044698 
0.3376206 

 

 

Table 12: Normalization (for 1 kg aluminum scrap processing) 

Damage category 
Aluminium scrap 

processing, from dry 
machining 

Aluminium scrap 
processing, from wet 

machining 

Human Health 0.00000245 0.00001402 

Ecosystem Quality 0.00000046 0.00000464 

Resources 0.00000517 0.00004018 
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Table 13: Weighted Score (for 1 kg aluminum scrap processing) 

Damage category Unit 
Aluminium scrap 

processing, from dry 
machining 

Aluminium scrap 
processing, from wet 

machining 

Human Health Pt 0.000735 0.004207 

Ecosystem Quality Pt 0.000184 0.001855 

Resources Pt 0.001550 0.012053 

Total  
(Single Score) 

Pt 0.002469 0.018116 

 

 

Table 14: Weighted Score (for production of electric energy to remove 1 kg material) 

Damage category Unit 
Electric energy for dry 

machining 
Electric energy for wet 

machining 

Human Health Pt 0.009824 0.010650 

Ecosystem Quality Pt 0.001037 0.001125 

Resources Pt 0.009767 0.010589 

Total  
(Single Score) 

Pt 0.020628 0.022363 
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Figure 13: LCA results – damage assessment 
(for aluminum scrap processing) 

Figure 14: LCA results – normalization 
(for aluminum scrap processing) 
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Figure 15: LCA results – single score 
(for aluminum scrap processing) 

Figure 16: LCA results – single score 
(for production of electric energy) 
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5.3 Results of Tool life and Cost Analysis 

In this section, tool life study observation made by Larsen & Toubro Limited (L&T – 

Hazira works), India and sp3, Inc., US are employed. L&T – Hazira works is a heavy 

engineering division serving process plant industries, nuclear power & aerospace sectors, and 

their machine shop has more than 20 years of experience in high-tech machining. L&T’s 

observations are based on tool life studies performed before adapting a new tool into the existing 

machining practices. sp3 is a cutting tool manufacturer specialized in diamond-coated tools.    

sp3’s observations are based on internal performance tests and user feedbacks from market and it 

is reported as minimum and maximum values. The results of tool life study derived from 

observations made by machine shop at L&T Ltd. and from the tool manufacturer – sp3 are listed 

in Table 15. It shows that the L&T has observed 14.15 fold increases in tool life from uncoated 

carbide tools to diamond-coated carbide tools and sp3 reports 10 to 20 folds increase in tool life.  

 

Figure 17: LCA results – single score 
(for dry machining and wet machining) 
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Table 15: Results of tool life analysis 

Tool Type 
Min. life 

(from sp3) 
Experimental data 

(from L&T) 
Max. life  

(from sp3) 
Uncoated solid carbide 6.5 hours 6.5 hours 6.5 hours 

Diamond-coated carbide 65 hours 92 hours 130 hours 

# of fold increase in tool life 10 14.15 20 

 

Cost analysis presented in Table 16 is based on the tool life data given in Table 15. The 

total machining cost per part is summation of machining cost per part, tool changing cost per 

part, tool cost per part, cost of coolant per part, and (minus) cost recovered from scrap as given 

in the formula below. The analysis reveals that the tool changing cost per part is reduced by 90-

95%, the tooling cost per part is reduced by 34-67% when dry machining is used in place of wet 

machining. Also there is no cost associated with cutting fluid in dry machining, 8% savings in 

cost of energy and the added advantage is seen in cost recovered from scrap where dry scrap can 

be sold at 1.5 time higher price compared to wet scrap. All together, the total machining cost per 

part decreases by 11-15% when the process switched from wet machining to dry machining. 

List of independent parameters associated with cost analysis: 

o Machining time per part ( cT ) = 14.55 min (to remove 1 kg material). 

o Value of machine and operator ( x ) = ($25+$15+$5)/60 = $0.75 min.-1 

o  Machining cost per part ( cxT ) = $10.91 

o Machine down time ( dT ) = 5 min./ tool change 

o Mean cost of diamond-coated cutter ( y ) = $250 

o Mean cost of uncoated cutter ( y ) = $38 

Total machining cost per part: wez
T

T
y

T

T
xTxTC cc

dc −++++=  .
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CHAPTER 6 
 

CONCLUSION AND FUTURE WORK 
 
 

In this thesis, a macro level assessment of comparative life cycle environmental 

performance of dry machining using diamond-coated carbide tools and wet machining with 

uncoated carbide tools is performed. The assessment includes combined LCA of scrap 

processing & energy consumption analysis, and tool life-cost comparison to help make better 

decision. 

6.1 Summary of results 

The system boundary for this macro level comparison of wet machining process and dry 

machining process includes the LCA of aluminum scrap processing and energy required to 

remove material by machining. The limitations of this comparison are given below: 

o It is only applicable to milling of Al 2024T3 material. 

o The surface roughness generated by both dry machining and wet machining is assumed 

within acceptable range. 

o The processes used for LCI for aluminum scrap processing from eco-invent database are 

European processes. 

o In the normalization stage, The Eco-Indicator 99(H) utilizes European population for 

scaling the data. 

o  The single score generated by the Eco-indicator 99(H) can not be compared with results 

generated by other impact assessment methods. 

The results of this thesis work are summarized as below: 

o The energy consumption analysis reveals that the energy required for dry machining is 

8% less than the energy required for wet machining process. 



 49 

o The process ‘Aluminum scrap processing, from wet machining’ generate about 7 timers 

higher environmental impacts compared to ‘Aluminum scrap processing, from dry 

machining’ based on single score by Eco Indicator 99(H).. 

o The process ‘Electric energy for wet machining’ has 8% higher environmental impacts 

compared to ‘Electric energy for dry machining’ based on single score by Eco Indicator 

99(H). 

o The macro level LCA discloses that the wet machining process creates 1.8 times higher 

environmental impacts compared to the dry machining process. 

o The total machining cost per part decreases by 11-15% when the process switched from 

wet machining to dry machining. 

Figure 18 shows the components of the macro level comparison carried between wet 

machining and dry machining. With the results summarized before, it can be concluded that the 

comparative environmental performance of dry machining process is superior to wet machining 

process at a macro level.  

The list of the components required for micro level comparison between dry machining 

and wet machining is illustrated in Figure 19. It also shows the components (i.e., impact of 

cutting tools, cutting fluids) which are not present in the macro level comparison. The superior 

environmental performance of dry machining process to wet machining process is concluded in 

macro level comparison, and to controvert this relationship in micro level comparison, 

environmental impacts of production, disposal of diamond-coated tools and emissions need to be 

greater than the summation of environmental impacts of production and disposal of uncoated 

tools, environmental impacts of production, disposal of cutting fluid, emissions and difference 

shown in macro level comparison.  
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Environmental impacts of wet 

machining 

= 

Impacts of aluminum scrap processing, 

from wet machining 

+ 

Impacts of production of electric 

energy for wet machining 

+ 

Impacts of uncoated tool 

(Production and disposal) 

+ 

Impacts of cutting fluids  

(Production and disposal) 

+ 

Emissions 

 

Environmental impacts of dry 

machining 

= 

Impacts of aluminum scrap processing, 

from dry machining 

+ 

Impacts of production of electric 

energy for dry machining 

+ 

Impacts of diamond-coated tool 

(Production and disposal) 

+ 

Emissions 

Figure 19: Future Micro Level Comparison 

Environmental impacts of wet 

machining 

= 

Impacts of aluminum scrap processing, 

from wet machining 

+ 

Impacts of production of electric 

energy for wet machining 

Environmental impacts of dry 

machining 

= 

Impacts of aluminum scrap processing, 

from dry machining 

+ 

Impacts of production of electric 

energy for dry machining 

Figure 18: A Macro Level Comparison 
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This is highly unlikely to happen as: 

1. Researchers have already shown that the cutting fluids have vulnerable effects on human 

health and ecosystem. 

2. The tool life study says that the diamond-coated tool shows 10-20 fold increase in tool 

life compared to uncoated tool. It means that number of uncoated tools required to 

remove unit volume of material would be 10-20 times higher than diamond-coated tools. 

For these reasons, the environmental performance of dry machining process is expected 

to be superior to wet machining process. The improved tool life and reduced total machining cost 

per part are the gist of the economical advantages gained by switching from wet machining using 

uncoated carbide tool to dry machining using diamond-coated carbide tool. 

6.2 Future Work Recommendations 

Future work should focus to complete the micro level comparison between dry machining 

process and wet machining process, and for that environmental impacts of cutting fluids and 

coated/uncoated carbide tools in various phases of their life must be quantified. This will provide 

quantification of how worse the environmental impacts of wet machining process are compared 

to dry machining process. Also, the tool life experiments for diamond-coated tools and uncoated 

tools can be performed in laboratory controlled environment for Al 2024T3 material to capture 

the true tool life comparison.  
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APPENDIX A 
 

LCA Results for ‘Production of Electric Energy’ 
 
 

Characterization (for production of electric energy to remove 1 kg material) 

Impact category Unit 
Electric energy for 

dry machining 
Electric energy for 

wet machining 

Carcinogens DALY 5.91466E-09 6.41234E-09 

Resp. organics DALY 4.0666E-10 4.40877E-10 

Resp. inorganics DALY 4.0092E-07 4.34654E-07 

Climate change DALY 9.57504E-08 1.03807E-07 

Radiation DALY 0 0 

Ozone layer DALY 1.09307E-11 1.18504E-11 

Ecotoxicity PAF* m2yr 0.007878878 0.008541826 

Acidification/ 
Eutrophication 

PDF* m2yr 0.012510564 0.013563233 

Land use PDF* m2yr 0 0 

Minerals MJ surplus 0 0 

Fossil fuels MJ surplus 0.273577763 0.296597251 
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Damage Assessment (for production of electric energy to remove 1 kg material) 

Impact category 
Damage 
Category Unit 

Electric energy for dry 
machining 

Electric energy for 
wet machining 

Carcinogens DALY 5.91E-09 6.412E-09 

Resp. organics DALY 4.067E-10 4.409E-10 

Resp. inorganics DALY 4.009E-07 4.347E-07 

Climate change DALY 9.575E-08 1.038E-07 

Radiation DALY 0 0 

Ozone layer 

Human 
Health 

DALY 1.093E-11 

5.03E-07 

1.185E-11 

5.453E-07 

Ecotoxicity PDF* m2yr 0.0007879 0.0008542 

Acidification/ 
Eutrophication 

PDF* m2yr 0.0125106 0.0135632 

Land use 

Ecosystem 
Quality 

PDF* m2yr 0 

0.0132985 

0 

0.0144174 

Minerals MJ surplus 0 0 

Fossil fuels 
Resources 

MJ surplus 0.2735778 
0.2735778 

0.2965973 
0.2965973 

 

 

Normalization (for production of electric energy to remove 1 kg material) 

Damage category 
Electric energy for dry 

machining 
Electric energy for wet 

machining 

Human Health 3.27455E-05 3.55007E-05 

Ecosystem Quality 2.5932E-06 2.8114E-06 

Resources 3.25558E-05 3.52951E-05 
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Figure 5.2: LCA results – damage assessment 
(for production of electric energy to remove 1 kg material) 

Figure 5.2: LCA results – normalization 
(for aluminum scrap processing) 
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APPENDIX B 
 

Calculations for Cost Analysis 
 
 

Calculation I: cost of cutting fluid used per part 
 
Assumption:  

o 5 gallons of cutting fluids used per week per machine 

o Cost of 1 gallon = $50 

o 2 shift/day of 8 hours/shift 

o 70% utilization of machine 

o Time required to remove 1 kg material = 14.55 min. 

Cost of cutting fluid (for wet machining) per part  

= cutting fluid used * cost * time per part/ (total number of hours available * utilization) 

= $0.0286 

Calculation II: cost of energy used to machine a part 

Assumption:  

o Cost of 1 kWh energy = $0.0648 

From Results of Energy Consumption Analysis: 

o Energy required for dry machining per part = 0.618 kWh 

o Energy required for wet machining per part = 0.670 kWh 

Cost of energy for dry machining per part = 0.618 * 0.0648 = $0.040 

Cost of energy for wet machining per part = 0.670 * 0.0648 = $0.043 
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Calculation III: cost recovered from aluminum scrap 

Assumption: 

o Selling price of dry aluminum scrap per lb = $0.5 

o Selling price of wet aluminum scrap per lb = $0.20 

Cost recovered from scrap (dry) per 1 kg = $0.5/lb * 2.2 = $1.10 

Cost recovered from scrap (wet) per 1 kg = $0.20/lb * 2.2 = $0.44 


