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ENERGY AND CARBON FOOTPRINT ANALYSISFOR MACHINING
TITANIUM Ti-6Al-4V ALLOY

Titanium alloys are increasingly being used in nfaotwring especially in aerospace industries. The
environmental impact of using this material is hamiscussed especially with regards to energy wonion
and its contribution to carbon emissions. The poachinability of titanium leads to lower materiatmoval rate
and longer machining time. Coupled with high carlfootprints encountered, in extracting this matefiam
ore, it is clear that the environmental impact sihg this material needs to be optimised. In tlseaech reported
here, cutting tests were undertaken on a lathe raitihg machine using unified cutting conditionsh&
associated energy and carbon footprints were agdlgad discussed with emphasis on high speed niaghin
The paper clearly shows the impact of process ehai@ cutting speed on environmental footprinta &ey
performance measure in sustainable manufacturing.

1. INTRODUCTION

1.1. INDUSTRY AND THE ENVIRONMENT

It is now generally accepted that the world is rigcincreasing risks of serious,
irreversible impact from climate change associatgth business as usual paths for
emissions. In 2006, a UK intergovernmental paneheththe STERN REVIEW presented
a study on the economics of climate change. Thiewepointed out that in the year 2000,
24% and 14 % of COemissions came from power generation and indusispectively
("STERN REVIEW: The Economics of Climate Change00@). Thus developing cleaner
power sources as well as reducing ,Ggnissions from industrial activities are essential
requirements in mitigating the impact of climateacbe. Additionally, the world
simultaneously faces a scarcity and diminishingesburces. For manufacturing managers
the challenge is how to enhance industrial progitgtiand at the same time reduce the
negative effects of production operations on tharenment.

On 11 December 1997, the Kyoto Protocol ("Kyotot&col", 1997) which involved
182 parties including 36 developed countries amdBbropean Union agreed on reducing
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greenhouse gases (GHG) to targets set for eachtrgoiNever-the-less the operational
strategies needed to reduce the GHG, are stilleanckspecially for manufacturing
industries. In the United Kingdom the industrialctee consumes the highest amount
of electrical energy compared to other users. Hagmand for energy increases
environmental footprints since emissions such dsoradioxide are traceable to the process
of power generation. Thus industrial communitiaa cut the carbon emission penalty for
their electrical energy sources by switching toaclpower generation sources such as
nuclear and hydro electric. However, the time fraand investment required for setting up
an alternative electrical energy generation souscéong and expensive respectively.
Reducing energy demand by the industrial consumesgmts immediate action that requires
urgent attention. This is particularly critical laese it takes a long time to de-carbonise
already polluted atmosphere. Apart from climatengfgathe escalating cost of energy
requires that manufactures reduce energy consumistiorder to cut operating costs.

In an attempt to the analyse the environmental lpropGutowski (Gutowski, 2007)
disaggregated carbon emissions in terms of comgs@asnshown in Equation 1.

GDP 8 Energy 8 Carbon

Carbon = Pop x
Pop GDP  Energy

(1)

It is generally agreed that reducing the world papon to cut carbon emissions is
a very unlikely strategy and beyond the scope ofiufecturing engineers. In production
engineering, it is conceivable, to promote a higgerss domestic product (GDP) while
reducing energy consumption. The carbon intensitgnergy can be tackled in the long
term by investing in cleaner sources of energy.

The carbon emissions can be calculated using ao@afmission Signature (CES)
(Jeswiet & Kara, 2008). This factor expresses theumt of CQin kilograms, emitted per
giga Joule of energy generated in a power stafibas, the factor depends on the source
of electrical power and varies depending on the afipower stations types. In literature
the coefficient used for calculating carbon emissicas based on data from Canada and
Australia (Jeswiet & Kara, 2008). In the United g@om, Department for Environment,
Food and Rural Affairs (DEFRA) guidelines are uluaked to calculate carbon emissions
("Carbon Trust Methodologies: DEFRA Guidelines faoneasuring and reporting
of emissions in the UK emissions trading schem&032. Accurate analysis of CES
requires the source of generation for the eletyrim be indentified. In order to ease this
problem, the climate Change Levy Negotiated Agregmand the UK Emissions Trading
Scheme (ETS) use an average carbon intensity fémtoglectricity of 0.43 kgC&kWh
("Guidelines to DEFRA's GHG Conversion FactorsGoampany Reporting”, 2007).

1.2. ENERGY FOOTPRINTS IN MACHINING

Mechanical machining is one of the widely used psses in industry for
manufacturing of discrete parts. Titanium alloys aow finding increasing use in aerospace
manufacturing as well as medical devices. This papauses on the electrical power and
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hence energy requirements for machining titaniulmyal From literature, it was suggested
that the energy required for the material removakesses can be quite small compared
with the total energy for the machine tool opemat{Gutowski et al, 2006). Additionally,
the energy footprint for primary processes is uguagher than that for secondary shaping
processes (Gutowski, 2007). For example the carfiootprint for extracting a range
of workpiece materials from their natural ore i©wh in Fig. 1 as generated from the
Cambridge Engineering Selector Software ("Cambridgegineering Selector (CES)",
2005). The data shows that relative to steel, alium, cast iron or brass, the extraction
of titanium alloys is associated with the higheatbon footprint. In extracting one kg
of titanium alloy, 55kg of carbon is produced. Sugmnsiderations are seldom taken into
account when selecting a material for a particalgplication. This, emphasis the need for
a holistic view of the life cycle of a product ihd greatest strides in cutting carbon
emissions are to be realised.

50 - 55

ka/kg

11.1 -12.2

4.42 - 4.8
-

N DO O
®
®
N
N

Fig. 1. Carbon footprint per kg of raw material gmoed ("Cambridge Engineering Selector (CES)", 2005

Notwithstanding this factor, for manufacturing canges the raw material inputs are
usually defined by the customer and sustainableviations thus relate to improvements in
the secondary production processes. The energyireegent for machining a material
through mechanical cutting depends on the speaiiergy in cutting operations.
Representative specific energy values for machimingnge of materials are available in
literature (Kalpakjian & Schmid, 2006). The valués be applied depend on the
combination of tooling and workpiece material/gmdesed. Following on earlier work
(Gutowski et al, 2006), the electrical power regment,P, for machining can be calculated
from Equation 2.

P=P, +kv (2)

Where, P, is the idle power (or power consumption for maehiool that is running
but not actually cutting) ikW, k is the specific energgequirements in cutting operations, in
Ws/mn? and v is the material removal rate (MRR), in 8. From equation 2 the total
power for machining can be identified as the idisver P, and the machining powfw).
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The idle power is the power required for equipnfeatures that support the machine. For
example the power to start up the computer and thesmotor and the coolant pump. The
machining powerpP, for a machine tool using a three phase motorailsutated using
equation 3.

P=v0OR&3 (3)

Where V, is the voltage and is the Current. The energy required for machining
processE, can be deduced from converting the power equtiono an energy equation 4.

E=(R +kvt (4)

Where,t is the time in seconds taken for machining, amdatter symbols retain their
usual meaning. In the manufacture of a productuinomachining, the carbon footprint
of the product can be calculated from the carbatpiint for extracting the raw material,
the carbon intensity of energy used in executiegifocess and any other process emissions
(Dahmus & Gutowski, 2004).

Earlier work reported by the authors showed that lithe machine tool was the
significant consumer of energy compared to the actutting process (Rajemi &
Mativenga, 2008)The motivation for this work was to explore hove tenergy and carbon
footprint of a product made from a popular titaniwmarospace alloy would vary for
different cutting conditions and types of machinprgcess. This information is essential in
planning for manufacture of sustainable products.

2. RESEARCH METHOD

A titanium 6AI-4V alloy block (85 mm long and 42 mmidth) was end face milled on
a CNC TAKISAWA miling machine (Fig. 2). Table 1 ®hs the range of cutting
conditions used for the tests.

Table 1. Cutting conditions for the milling tests

Cutting variable Rangetested

Cutting speed, Y(m/min) 30 - 80

Spindle speed, N (RPM) 298 — 796

Feedrate,,f(mm/tooth) 0.15

Depth of cut, g(mm) 1

Width of cut, @ (mm) 4

Tool diameter, D (mm) 32

Insert type (TPMN160308 H13A) Uncoated carbide

Numbers of inserts on tool holder 1

Workpiece material Titanium 6AI-4V

Composition of workpiece material 89.37% Ti, 6% 44p V, 0.08%C, 0.3% Fe,
0.2 % Q, 0.05% N
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Fig. 2. DT-266 Digital Clamp Meter

As shown in Table 1, in this part of the reseathh,depth of cut was kept constant at
1 mm but the feedrate and cutting speed were vahetbtal 15 different sets of cutting
conditions were tested. To standardise the cuti@sgs and enable comparison between
different cutting conditions, a general purposeaated (TPMN160308 H13A) carbide
insert was used. The cutting condition used wethimwithe range of cutting speeds reported
in literature (Jaffery & Mativenga, 2008). Thedlncomparison of the power and hence
energy requirements was done at the recommendedlopt cutting condition for the
tooling and workpiece material. After starting thachine, current consumption for the idle
or non cutting machine was measured. The currest tivan recorded for the different
cutting conditions.

The electrical power consumption was measured wsiBDJ -266 digital clamp meter
(Fig. 2). The clamp meter was clamped on one othhee live wires supplying electricity
to the three phase motor of the CNC TAKISAWA mifimachine. The clamp meter rely
on the hall effect to measure the current flow tigto the life wire (Kardonowy & David,
2002).

The current drawn was also measured for actionb as rapid movement of tool to
original location (machine jog). In order to redube power consumption, dry cutting was
adapted.

3. RESULTS AND DISCUSSIONS

To evaluate the specific energy for the materialvits necessary to calculate the
specific power for a range of material removal satéig. 3 shows the variation of power
consumption with material removal rate (MRR). Tlwaver measured is the actual cutting
power (net power for machining). The idle powee.(inon-cutting operation) and other
activity that involves the consumption of power Isuas positioning the tool, rapid
movement to original position ( in this case issajag) and rotating spindle without cutting
(idle condition with spindle turning) is not coneréd for generating this graph.

From Fig. 3 the specific power requirement for maicty the titanium alloy “k” is 3.7
Wsmni®. This value lies in the range of 2-5 Wsiiras reported by Kalpakjian & Schmid
(Kalpakjian & Schmid, 2006). The power value wasnttalculated for different cutting
speeds. Fig. 4 shows a comparison between thepmiadr consumption and cutting power.

The constant difference between the total powercanishg power as shown in Fig. 4
Is an indication of the non cutting power (powar dperating the machine at zero loads).
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Fig. 3. Variation of power consumed with materghoval rate
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Fig. 4. Power consumption on a CNC TAKISAWA millingachine

Further analysis of the cutting process was unklentaat the recommended set
of cutting conditions of a cutting speed of 75 nmipieed of 0.15 mm/tooth and depth of cut
of 1 mm. (Jaffery & Mativenga, 2008}ig. 6 shows the power distribution for this

particular cutting condition.
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Fig. 5. The power distribution on a CNC TAKISAWA liimig machine
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The power distribution can be divided into two greuThe first group is the power for
non-cutting operations. The non-cutting operatimiudes the power required to turn on the
machine modules (for example computer and fangamid pump etc.), rapid movement to
home location (axes jog) and running the spindléhout cutting (idle condition with
spindle on). For this research, this value consumest of the power supply for the
machining process, i.e. 98%. Only 2% of the eneésgysed for the actual cutting process
itself. Dahmus and Gutowski (Dahmus & Gutowski, 20fbund that the share of energy
for machining process varied from O up to 48.1%eteling on the load of machining.
Since in this research, the machining process isemoh milling process, the amount
of energy used is less compared to machining aslot Kardonowy (Kardonowy & David,
2002). The results also show an interesting fdt the milling themachine consumes
a bulk of the energy when it is in an idle conditi@hus turning on such a machine has
major impact on the energy footprint for the preacdsrom energy footprint consideration
such machines should not be left in an idle pasitey a considerable amount of time.

The study also compared the energy profile for Binmgi machine to that of a lathe
machine for similar material removal (cutting sp@éd5 m/min, feed rate is 0.15 mm/rev
and depth of cut 1 mm). The data for the lathe nmeclwvas published before (Rajemi &
Mativenga, 2008). Fig 6 clearly shows that the ingllmachine uses less energy compared
to lathe operations. In the lathe operation, thenddp holds the workpiece; therefore
a bigger workpiece will demand more power to rotatemilling, the spindle holds typically
a relatively small tool; hence it reduces the poreguired by the motor. Compared to other
operations, positioning the tool consumes neglgguwer.
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Fig. 6. Comparison between a CNC TAKISAWA millingaohine and MHP lathe for similar cutting conditions

Data for both machining centres shows that macimadules or idle power dominates
the machining process. Comparing power utilization both machining processes, it is
clear that lathe machining processes has betterepaiilization whereby almost 18%
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of energy is being used for actual cutting operatidhereas for milling only 2% of total
power consumption is used for cutting process.

The energy to remove 10 émf Ti-6Al-4V for both machines was estimated asveh
in Table 2. Table 2 clearly shows that energy tnaee 10 crii of Ti-6Al-4V for milling is
higher than the lathe machining process. The re&sothis result lies in the fact that the
material removal rate in milling is lower. This tacleads to a higher time taken to remove
10 cn? of Ti-6Al-4V in milling (compared to lathe) whichesults in higher energy
consumption. The lathe has a higher power demandbdtter power distribution and less
energy to remove 10 chof Ti-6Al-4V. The “spindle factor” affects the p@w distribution
and total energy consumption in machining. Anotlactor that needs a serious
consideration is the material removal rate. As mateemoval rate increase the time taken
to remove a specific volume of material reduces hedce energy consumption for the
whole machining process also goes down.

Table 2. Cutting conditions and energy to removertdof Ti-6Al-4V

Takisawa Miller MHP Lathe
Feed 0.15 mm/tooth 0.15 mm/rev
Depth of cut 1 mm 1 mm
Cutting speed 75 m/min 75 m/min
Spindle speed 746 rpm 411 rpm
Material removal rate 447 nifmin 11059 mnimin
Time taken to remove 10 ¢m 22.3 min 0.9 min
Energy for actual cutting 0.09 MJ 0dMJ
Total energy for machining 3.81MJ 042MJ

The study further assessed the effects of high#inguspeeds on energy consumption.
The energy required was calculated by considehirgime to remove 10 ctof workpiece
material as well as the power consumption. Addéllyn the carbon dioxide associated with

Total energy (MJ)
Carbon emissions (kg)

30 40 50 60 70
Cutting speed (m/min)

—e— Total energy —a— Carbon emission

Fig. 7. Total energy required for a Takisawa MiiliMachine to remove 10 érof titanium alloy and carbon emissions
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the energy was calculated by taking a fumission factor of 0.43 kgGfkWh for the
energy source ("Carbon Trust Methodologies: DEFRAidélines for measuring and
reporting of emissions in the UK emissions tradsisggeme", 2003). The G@mission was
calculated excluding the amount of €@mitted in producing 10 chmraw material
of titanium alloy in order to show differences imohining process.

It can be seen in Fig. 7 that the total energyetmave 10 crhof titanium alloy is
reduced as the cutting speed increases. Carbosienssare reduced proportionally as total
energy for machining reduces. This information skdhat cutting conditions should be
evaluated to seek low energy footprint productse Tdmount of C@ emission is
significantly reduced from 1.12 kg G@&hen the cutting speed is 30 mrito 0.43 kg CQ
when the cutting speed is at the highest tested. réduction of almost 62% is a significant
improvement in the environmental footprints.

4. CONCLUSIONS

With increasing use of titanium alloys for theight weight and high strength, it is
essential to assess manufacturing routes in oodegdiice the energy and carbon footprints
of products. Relative to other common engineeringtemals the carbon footprint for
extracting titanium alloys is already very highusheffort should be put in cleaner methods
of shaping the alloy. The energy consumed in maatyioan be used as an indirect measure
of energy derived carbon footprints for a proc@dss is because in generating the power
that is then used to drive machine tools, carbomide is emitted to the atmosphere. Thus
in the interest of energy availability, reducingesgy costs and carbon footprints it is
essential to run production operation at the lowasergy footprint (consumption) to
promote a cleaner and more sustainable manufagtindustry.

« Keeping machines running while not cutting not ocbntributes to production waste
but significantly increases the energy and carbmotpiints of machine shops and
machined products.

« It follows that production planning, process plaxghand machine loading are essential
targets to be optimised in reducing environmergatgrints of a machine shop.

 In designing or selecting a machine tool the fuorality and loading of the spindle is
a major factor in addressing power consumption.

« Comparing different machining conditions, improvitige material removal rate has
a very positive influence on reducing the energyca footprints of a product.

« Thus high speed machining not only reduces cyabegibut can be a key strategy for
sustainable machining facilities.

« Design of machines with low energy consuming masldlas the highest impact in
reducing energy and carbon footprint from machirmpgrations. Machines should be
designed to utilise less energy and also to havigler percentage of energy dedicated
to actual material removal activity.
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