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Abstract:

Growing environmental awareness leads productigmeers to focus increasingly on energy and materia
efficiency of manufacturing processes. Howevery @aiew holistic approaches have been applied en th
manufacturing process level and they often disegawduct quality. In this study, sustainabilitgicators for
the discrete manufacturing process of grindingdafened and discussed. Various temporal and spatial
boundaries for the sustainability analysis arewatald with regard to their effect on the resulde&ed
indicators, here energy and waste intensity, ae tlsed to evaluate different dressing strategiascase
study. This study highlights the challenges inisgtthe boundaries for a sustainability analysid stnesses the

importance of clearly defining these in researgheps.

1. Introduction

Growing environmental awareness leads productigmeers to focus increasingly on energy and materia
efficiency of manufacturing processes [1 - 5]. Wtslstainability commonly encompasses three diropgsi
i.e. economic, environmental, and social sustalitglf], a fourth technological dimension need®

considered in addition [7]. Moreover, sustainapilit manufacturing covers not just the product and
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manufacturing processes involved, but also manuifisagt systems, facilities, and the entire supplaich8]
with a geographic scope ranging from local to gl¢ép

Companies have to find ways to capture and mediseiesustainability performance. The most commonly
used method to evaluate environmental performantieeiLife Cycle Assessment (LCA). One problem in
using LCA, however, is the need for quantitativeadasometimes in great detail. Kellens et al. egpithe
growing need for recent and high-quality data omufacturing processes [10].

In addition to LCA, Life Cycle Costing (LCC) and &al Life Cycle Assessment (SLCA) are methods to
evaluate the economic and social performance [&. multitude of interrelated system variables p@ses
challenge in assessing discrete manufacturing psese Sustainability indicators provide a simplé¢hioe to
capture and evaluate all aspects of sustainahbifitiythey allow inferring conclusions on the phenoomeof
interest [11 - 13]. Sustainability indicators asetgularly useful for users with limited means aadources
and can be applied on different levels, e.g. compatility, process, or product level.

For example, Jawahir et al. defined process mdiicsix dimensions including operator safety, peed
health, environmental impact, cost, energy consiompand waste management [8, 12]. An overall
sustainability index allows for the summarizatidrseveral metrics into one value.

Feng et al. have built the NIST Sustainable Martufarg Indicator Repository (SMIR), a comprehensive
database on existing sustainability indicator f2s- 15]. This database offers access to more 210@n
indicators sorted into five categories, which migatoverwhelming for users who are looking for &kju
assessment of a specific manufacturing applicafiberefore, the following study focuses on the gpec
application of grinding technology.

Grinding is an important manufacturing step atehd of many process chains and affects producitguahis
study defines and discusses appropriate sustatyabdicators for grinding for the economic, eronmmental,
social, and technological dimensions (section Be 'emporal and spatial boundaries for the sudigitya

analysis are discussed in section 3. On the ong, hla@ boundaries define the effort for conductimgy
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analysis, i.e. in what detail does data need tméasured and collected. On the other hand, thedaoias
determine the accuracy of results, for examplenojuding or excluding outliers or defining the distition
range of data points. This is exemplified in a cstsely on two different dressing strategies inisact.

2. Sustainability indicatorsfor grinding

When assessing the sustainability of a grinding@se a wide range of factors such as product rahtedn-
product material (in particular the grinding toaldacooling lubricant), energy, waste, worker, anddjng
machine must be taken into consideration [16]. iftq@act of each of these factors depends upon the
application and process setup. Apart from thisasilge machining can enhance product performance and
increase service life (of parts). Thus it mightleeessary to intensify efforts in the manufactuphgse and
thereby increase the environmental impact of prodagcif this improves the product’'s efficiencythre use
phase to such an extent that the overall envirotehanpact is reduced [17, 18].

In this study, the sustainability indicators ares#n in accordance with today's state of the agtiirding
research [16, 19 - 23]. For better comparabilitgstrindicators are normalized by number, weightjrots of
products produced, value added in the procestipiéeof the products, or other useful normalizafiactors
[11, 24, 25]. The indicators so turn into interestiNormalization factors help to compare the measu
indicators for different facilities, batch sizes,aven processes and they are chosen accordihg tausinesses’
interests [11]. For consistency, the normalizafamtor should be constant for the whole analysig.[1
Sustainability indicators can be compared indiviguand visualized in bar charts or grid diagramsrgy an
individual footprint for each application. For exgle, target plots display all indicators in oneaiadhart so
quick comparisons are possible [26]. The ProcestaBability Index (ProcSl) regards the six cluster
consisting of manufacturing costs, energy conswnptvaste management, environmental impact, operato
safety, and personnel health [12].

Instead of regarding all indicators separatelyighihbe useful to concentrate them into one ingdicadne

method of summarizing a group of indicators in®rayle sustainability indicator is the use of tfilanalysis
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[25]. Here, the user chooses the weight factoesach indicator. In another approach, Zhang and daase
Multi-Criteria Decision Making (MCDM) methods, iragticular the outranking method PROMETHEE, to
compare sustainability in different processingtstgees [27].

The grinding process itself is complex, possessasyrmput and output streams and is thus diffitutnodel
[28]. The dynamic nature of the process, in paldicthe grinding wheel wear, complicates modelifg o
process results and grinding energy [29]. Theref@mpletely theoretical approach is not feadible
evaluate grinding processes.

The sustainability indicators in this study inclughapirical data, which has to be obtained for fhec#ic setup
and environment. Nevertheless, the indicatorsedt@generic parameters, which have been derivedtie
help of an axiomatic grinding process model [3Q{iodnatic design is a method to describe systems and
products systematically by generalizing the prifegpf the investigated system using self-eviderths [31].
This design method has been used to decomposeinldéng process into basic functions and physical
elements [30], which helped defining the sustailitgbndicators and clarifying the interconnectidmstween

economic, environmental, social, and technologit@ensions.

2.1 Environmental dimension

In general, all incoming and outgoing resourcea pfocess affect the environment. Thus useful susigity
indicators in the environmental dimension includergy and resource consumption, as well as process
emissions [10]. For grinding in particular, produtaterial, cooling lubricant, tooling, energy, amastes are
most important to be considered [16].

Grinding energy can be divided into processing g@nér chip formation, machine energy for the basd idle

state, and the background energy for handling,iegoair suction systems, or other auxiliary systé€fq. 1).

Processingenergy+ machineenergy+ backgroundenergy (1)
Normalizaion factol

Energy intensity=
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Commonly, processing energy for chip formationakalated from the grinding spindle power or frdme t
tangential grinding forces and cutting speed [R@arly all models on processing energy use empirica
constants [28, 32]. For a given setup, Li et abppised a regression model for processing and maemiargy
depending on processing time or material removael[29]. This regression model is similar to migiprocess
models [33] and has to be adjusted for each spesatup.

Depending on the operational boundary of the arglylse energy of factory processes such as HVAC,
lighting, office environment can be classified ashkground energy (scope 3 in Table 1). The prodncti
facility itself is a complex control system and treckground energy it consumes has to be contrtdled
achieve overall energy efficiency, e.g. by techinicaasures, control of leakages and losses, orenengy
concepts [34].

Similar to machining processes with geometricaélfirted cutting tools, energy consumption in grirmgis
mainly reduced either by shortening the processimg or by optimizing machine design [3]. Automated
energy monitoring on the machine level supporterietogical sustainability by predicting machine gament
failures, process instabilities, or scrap partgddition to enhancing environmental sustainabditg reducing
scrap and failure costs [35].

Residuals intensity counts all waste created inoéuel consumed onsite divided by the normal@afiactor
[11]. In grinding, residuals include the removeddarct material (in the form of chips and debrisjap parts,
grinding tool (worn volume and dressed volume),laonbfilter material, air filter material, consumedoling
lubricant, and evaporated refilled water, as weltleessing tool wear [16]. Cooling lubricants haeen
tackled in many studies and possess a high potémtisnproving process sustainability [16]. Depérglon
the application it is reasonable to account forawat a separate indicator due to its high releganenany
regions worldwide. Finite and non-renewable malkeaa well as restricted substances can also heated

separately [11]. Restricted substances are ndylikeoccur in common grinding processes but cafobad in
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the REACH (Registration, Evaluation, Authorisatemmd Restriction of Chemicals) or OSHA (Occupational

Safety and Health Administration) documentatiothef used resources.

Substances released into the air through manufagtprocesses are of importance for worker and coniiy
safety. In grinding, pollutant releases into aglirde aerosols from cooling lubricant, suctioned&raporated
coolant, and particulate matter. Grinding wheelenat, especially resin bonds, could also burn twdt, this
emission is assumed to be negligible. Greenhous€é@dG) emissions are not likely to result diredtlym the
grinding process, but they occur as indirect erarssiwithin scope 2 and 3 (see section 3, Tablar lie
beyond the purview of this publication.

The key environmental sustainability indicatorsgonding are energy intensity, residuals intensatyd
intensity of pollutant released into the air.

2.2 Economic dimension

Useful economic sustainability indicators for gimglare grinding costs and productivity. Grindiragts per
part are comprised of time-dependent and constats@ig. 1). Companies might not include all the aspects
listed in Fig. 1 or they might consider additionakts, such as overhead and business travel ¢bstsime per
part is defined as the sum of primary processimg @nd nonproductive tim&iQ. 2). Grinding costs are not
only of economic interest, but are often reliabléicators for overall sustainability, especiallytie most
relevant environmental, social, and technologiaatdrs are regarded and priced.

Productivity is defined as output per time for mitleremoval rate or machined parts per time. Beedhe
time-dependent costs commonly account for the Isighportion of the production costs, productiaffects

the economic dimension significantly and is a sifigadl measure for economic sustainability.

Figurel

Figure2
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2.3 Social dimension

Social sustainability applies to many differenkstaolders, such as employees, customers,
stockholders/owners, suppliers, the community,taecublic [36]. Social sustainability indicatorsegul for
grinding such as labor intensity, worker noise legehours of training and education per oper&ous on the
worker. Araujo and Oliveira found that while grimddnave higher hourly wages and more hours ofitrgin
than lathe operators, they also have a greater euailoccupational accidents and are exposed tehigpise
and operator risk levels [37]. The number of wottkeurs, hourly wages, or degree of automation dfieudt
indicators because they bear the rather philosapgigestion whether labor or low-cost wages shbeld
avoided.

2.4 Technological dimension

Aside from the economic, environmental, or soaigtainability, the user relies on the technological
performance of the processes considered [7]. Femufaaturing processes are conducted without teclgial
necessity, which stems from part function or thedpct's aesthetics. However, different operatiangh
varying impacts on product quality, which might betdirectly measured in the other dimensions. &ebkds
still needed to holistically grasp the connectibetveen technology and the other sustainabilityedisions.
Useful technological indicators for grinding ar@guct quality (e.g. surface structure or roughnggsace
integrity), product performance and lifetime.

3. Boundaries of grinding process analysis

The functional unit of a life cycle assessment nigstiefined clearly and needs to be measurable [10]
Temporal and spatial boundaries determine the tyuhkreof [38]: the inclusion of more data yieldsore
comprehensive analysis with a higher the leveletéidl In theory an omission of inputs or outpstemnly
recommended if it does not significantly changedherall conclusions of the study [10]. Howeveret@luate

the importance of particular data the researchgtrrieeds holistic knowledge of all input-outpueams. This
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is hard to accomplish in practice. Furthermoreivigddial companies can access only limited datagtbe
supply chain. Therefore, a reasonable sustainahititilysis requires simplifications.

Table 1 discusses different boundaries that must be takeder consideration when setting up a sustaingbilit
analysis. Temporal boundary | describes the pesfathta tracking, for example if the process datatie
manufacturing of a single part or of a batch is itmwad, or if data for one week of production isasered.
Temporal boundary Il defines whether only the pratduproduction or whole life cycle is regardedeHpatial
boundary of the analysis can encompass eithergéesimachine or an entire the factory and thus detess the
physical space regarded therein. The operationaidary considers where the indicators occur: frioen t
process directly, from energy production, or froraqucing raw materials for the process and theggner
generation (Table 1). The scopes 1, 2, and 3 foll@vGHG protocol [39].

Before choosing an appropriate boundary the chgdéieimn Table 1 must be considered carefully. Intamhd it
needs to be communicated clearly to outside readeich boundary conditions apply.

The necessary life cycle inventory data, i.e. inputiput streams to the process, can be acquired by
measurements, by theoretical considerations, ext@&snal or estimated data [10]. The chosen apprfwac
data acquisition however affects the result treroasly, as shown by Duflou et al. for the example of
processing energy [40]. For measured data, thefeeability between different process setups istéichand
the measurement can be demanding regarding equipmenime. In contrast, it is hard to accountgacess
variability in theoretical considerations. The dahility of estimated data or data from externabtfases may
be limited and its quality heterogeneous. Databafea do not define the process setup sufficiemtlyich
renders to transferability of data difficult.

4. Case study on conventional dressing strategies

Dressing is important for the technological perfanoe of the grinding process. In terms of economic
sustainability, the dressing process adds non-gtodutime and costs and consumes the grinding \whee

adding to the tool costs. In the case study diszlissthis paper, the data was based on typicahpaters and
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estimations Table 2). This study is limited to energy and residuatemsity because these indicators have
presumably the highest impact on sustainability theg reveal best how choosing different boundary
conditions changes the results.

In a batch production, dressing intervals are bamptimize and affect wheel performance and prodaodime
[41]. In this study, two dressing strategies weyesidered; strategy A entailed dressing after Y& pahile
dressing was performed after 25 parts in strate¢fyi@ 3). The grinding wheel has two wear states: Directly
after dressing, wear behavior is affected mostlyhgydressing conditions; after a certain periotinoé the
grinding process conditions however dictate weaiab®r [23, 42, 43]. This can be explained by theact of

the dressing forces on the grinding tool strucfdd.

Figure3

The grinding machine power is divided into base @owdle power, and processing power. Base poweis
required constantly for the machine control andiamsd to be 3 kW in this study. Idle power is valeatver
time and is consumed in the idle state of the nmectihen grinding spindle, pumps, and drives araingm
Processing power is needed for chip formatiig.(4). For the grinding parameters of this study, the i
power is assumed to be 11 kW. Base and idle poreeadded yielding the so called tare power. Drgssin
power is assumed to be the same as tare poweydeettee dressing process takes place in the maickene
state. Besides, the stationary dressing tool doese®ed an additional spindle and the power foringpthe

dressing tool is neglected.

Figure4
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Figure5 shows energy and residuals intensity for produatipction (temporal boundary 1), one machine
(spatial boundary), and scope 1 (operational boyhd&cope 1 focuses only on resources used igrihding
process, so that the study can be conducted indep#y from the location. Three temporal boundariesre

chosen: Product processing time, batch procestirgg and one week.

Figure5

The longer dressing intervals in B resulted in kiglvorkpiece roughness deviation and more tool ywelaich
leads to a higher probability of scrap parts. Trasslates into lower process capability (e.g. esscyield of
99.85 % for A, process yield of 99.75 % for B). Hawer, strategy B also resulted in shorter batchgssing
time and likely lower grinding costs.

The temporal boundary of product processing tinmimparatively short and thus does account foairert
energies and residuals, such as for machine rampraiptenance, filter mass, or debris mass (Ftgp5ow).
In contrast to longer time periods, however, ohig scope allows to highlight that the processingrgy varies
depending on the tool wear state: The processiagggror strategy A varies between 14.1 — 16.6&d/and
for B between 14.1 — 17.7 kJ/part (error bars o bileft upper diagram). Within the boundaries dfatch or
week, average energy and residuals intensitiekwaes for strategy B compared to A. This resultsrirthe
longer dressing times and higher grinding wheebaoamption for strategy A. The lower average energy a
residuals intensities indicate higher sustaingbibt strategy B. Howevestrategy B leads nonetheless to
higher processing energies for some parts, whigfhtmesult in higher thermal load. This leads tustie
stresses, surface layer damage, and lower workpigaigy [45].

When assessing longer time periods, longer praegsisnes and higher energy intensities per part are
monitored, due to unscheduled non-productive tibesg taken into account (Fig. 2). Thus time-depand

grinding costs are likely to be higher. The residdiam cooling lubricant are recorded in a tempsecape of a
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week (Fig. 5 bottom). Although only one machineassidered, it works with a central coolant suppig
filtration. The flow rate of reused and filteredteacan be changed on the process level, but tter wéake
depends on factory level decisions. Thus, only e@pnd 3 water can be influenced by manufactyingess
settings.

When temporal boundary Il is extended to the protiigccycle, the technological indicator of suréaiategrity
becomes important. Parts produced with strategpgs@ss a potentially higher reliability in the psase and
longer life time. Cracks and mechanical failure rare likely for parts machined with higher gringliforces
and grinding heat (strategy B) [46]. The overalitainability in this case might be better for st A.

5. Conclusion

This paper discusses several appropriate indicatadoundaries for the sustainability analysigrofding.
Grinding technology presents special challengesgdemporal and spatial boundaries because [jpkea at
the end of a production chain and affects the pgbdyperformance strongly. A case study on dressiogved
the straightforward application of relevant susdifity indicators and clarified the challengesatting the
analysis boundaries. Longer tracking times likelguit in more reliable data, but tool wear effexight be
overlooked. A short tracking time can only be agghvith a thorough and detailed consideration lof al
dominant indicators, even if they change outsidéheftemporal boundaries of the study.

Furthermore, the impact on sustainability mightdgerent for the manufacturing phase versus thelevh
product life cycle. This means that the processedgyy with the lowest energy, shortest processimg, tand
lowest costs might not be the best solution fothele product life cycle. Obviously, this will getore
important when producers become more responsibléaéowhole life cycle of their products. More raszh is
however needed on linking product performance toufecturing.

Standards for conducting sustainability analysegrioiding processes are needed and have not yet bee
defined. Research papers on sustainability neetbéoly state the boundary conditions they appiyaddition,

while some initiatives give advice on data acqigsitind life cycle inventory, the chemical compiositof the
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non-product materials and process stability ovegés time periods have yet to be studied [10 - 12].
Furthermore, cooling lubricant, water or other #isgy materials might not be defined by the diseret

manufacturing process, but by factory level deasio
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Nomenclature

aeq = depth of dressing cut (mm)

by = active width of dressing tool (mm)
by, = seat width (mm)

dwo = initial diameter (mm)

dwa = final diameter (mm)

€a, s = energy per product (kJ)

F't= tangential grinding force (N/mm)

Mia, Mg = residuals mass per product (mg)
Puotal = power (kW)

Q' = specific material removal rate (mimms)
Uq = dressing overlap ratio (-)

Vs=wheel speed (m/s)
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V. = material removal (mf

Argy, = radial wear j{m)
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Tablel
Range Challenges
Product processing |The period might be too small to estimate processations or process
= = time capability. Auxiliary and failure times are oftenderestimated. Outliers
g 5 have a big effect on results.
55 Batch processing |The analysis is well manageable, but auxiliary psses have to be taken
8 |time into account carefully. Outliers have a big effectresults.
Week / month / yeal Data specified to single pr¢gioc processes might not be available.

— |Product production | This scope might not displajal €ost of Ownership (TCO) for the
g > product.

@ , , . ,
%—g Product life cycle This scope needs higher anabfést. Data for future product use and
o 3 end of life might not be available. Furthermores phase conditions ang

Q user behavior change the lifetime of products.
= % One machine Some peripheral processes are leftransport, handling, cleaning steps,
2T etc.).
&3 3 |Factory Data might include other manufacturing peses or business activities

o]

) Scope 1 Scope 1 includes direct resources frordifioeete manufacturing proceps.
I ; Scope 2 Scope 2 includes indirect resources framuwuoing purchased electricityy,
IS E= heat, or steam. This data can be obtained fronbdaés based on regional
*g NG averages.
2 8 |[Scope 3 Scope 3 includes further indirect resoustesh as for extraction and
O 5 manufacturing of purchased materials, fuels, eqamnwaste disposal,

3 etc. Some of this data might be available in dateba

Barbara Linke, MANU-13-1055 21



Sustainability Indicators for Grinding Applied tad®¥sing Strategies

Table2

Wor kpiece

Cooling lubricant

Gearshaft seat made of steel 100Cr6 (AlSI52100)

I&iony 4% oil

Start diameter @ =50.1 mm Volume = 20,000 L (central supply)

End diameter =50 mm Replacement after chip mass of 1 tis taken in

Seat width k=20 mm By the time of replacement, 2,000 L of water
were refilled due to evaporation.

Grinding tool Dressing process

Al ;O3 grit (F100) in vitrified bond

Diamond dressinggtil

Dimensions 400 x 20 x 200 mm Active width of draegsiool k= 0.8 mm
Grinding parameters Overlap ratio =4
Wheel speed &= 45 m/s Depth of cut & =10um

Specific material removal rateQ’y, = 2 mni/mms
(MRR)

Movement time of grinding wheel to dressing
position =2 s

Batch size of 500 workpieces

Overrun time of gmgdivheel per dressing
stroke = 0.5 s

Handling time per part=1s

Number of dressingksts needed to restore
wheel profile = integer value (radial wheel
wear/a. ) + one additional stroke
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Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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