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Abstract

In metal forming, friction has a negative effect the deformation load & energy requirements, tganeity of metal flow,
quality of formed surfaces, etc.; however, its efffean be reduced through the use of proper luliscalostly, in industrial
applications, selection of proper lubricant for cifie material is challenging and quantificationrmfignitude of friction at die-
work piece interface is essential. Hence, for ntietalloys, a realistic friction factor is needesllie known and used at the die-
work piece interface for better control of deforioatprocess. Thus, this research, generally, atnres@erimental investigation
of the friction behavior of aluminum AA4032 alloyé selection of suitable lubricant for its effeetiprocessing using ring
compression test and finite element (FE) simulatidvieanwhile, the effect of metal surface condiiand different lubricants
namely palm oil, grease, emulsion oil and dry ctods on the friction behaviour has been evaluatedommercial FEM
software, DEFORM 3D, is used to analyze the flownddtal, determine the geometry changes of the smeciand generate
friction calibration curves. The results revealbdttthe nature of metal surface and lubricatingdd@mns have significantly
affected the metal flow pattern, deformation loaduirement, induced effective stress and straid, ggometry of the metal.
The friction factor at die-work piece is determirfed different lubricating conditions. Among lubaiots employed, palm oil is
found to be suitable and effective for industriasbgessing of aluminium AA4032 alloy, specificallgrfforging. The FE
simulation results are in a good agreement wittettgerimental one.
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1. Introduction

Metal forming processes, such as forging, istneosnmonly used industrial practices by which métabressed, pounded or
squeezed under great pressure into high strength (@emiatin, 1998). During forging process, tr@kpiece is placed between
upper and lower die, and made to deform under tighpressive pressure provided by the power modhenwhe two dies move
towards each other. Mechanical parts obtained girdarging are very common in industrial practiaad they are stronger than
an equivalent cast part or machined part. Thiseisabse the microstructure of the material is cootiis throughout the part,
giving rise to a piece with improved strength clogeestics.
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In metal forming, friction significantly affecthe shape of the work piece as reported by Naessmny and Pandey (1997).
When the workpiece made contact with the die, @aformed mainly under the pressure normal to iikerfiace, and at the same
time the work piece flows in the tangential direntias well. Such tangential flow depends on thatiém condition of the die-
work piece interface. It would lead to higher e@lént stress, which reduces the workability of tietal and leads to premature
failure. Thus, to obtain products with the desich@racteristics, the friction condition on the dierk piece interface is required
to be controlled. As the ease of metal flow is keyachieving die fill in forging, common industriptactice made to reduce
interface friction is to use lubricants. When the tsurfaces are separated by a lubricant layerasperities of the surfaces will
not interact each other, as a result metal caryeffmiv between die and work piece interface. Farthore, proper and adequate
lubrication with a suitable lubricant is essential reduce this interface friction. Rajesh and S#vakash (2013) conducted
experimental study to determine the friction factmder different lubricating conditions. The ressittowed that presence of
lubricant at the interface between the tool andkwmece reduces the friction coefficient. Wogasaleutilized ring compression
test and finite element (FE) simulations to invgsstie the frictional behavior of powder metallurdiéd4%Cu preforms under
different initial relative densities and lubricagiconditions (Wogaso et al., 2014). They showedafisppropriate lubricants has
reduced the interface friction. Shahriari et abD1(2) also conducted experimental study and FE sitiouls to determine effect of
lubricating conditions and temperature on the ifsictcoefficient during hot forging. They revealddt the interfacial friction is
significantly dependent on the temperature and dfgdebricants used.

Most importantly, metal forging introduces plastieformation and an increase in a new surfaca #rat causes most of
lubricants squeezed out, resulting in boundaryidations to be present at critical locations, ewdrere a thick layer of lubricant
is sprayed initially as summarized by Peterson kind (1966). The lubricating condition varies a htiring metal forming
processes. Therefore, one has to consider the mgpckinditions in order to select most proper ludartc Under high pressures and
reductions, the lubricant film often breaks doww @auses poor metal flow and wear of the formirgdstoin addition, Isogawa et
al. (1992) suggested that it is not economicallycpcable or viable to test large number of lubmtsain the production shops,
since any failure in lubrication may result in hugss of money and time. Performance of the lubteaannot be predicted
accurately. This again leads to wrong usage ofdahts and subsequently losses. Therefore, itsergi®l to conduct the friction
measurement test and find the lubricity of the ikedots in a laboratory setup under actual prodaatmnditions.

In contrast to existing techniques of applicatinode of lubricants, it is hypothesized that deafht of friction value for each
material must be known in a given metal formingogsses. Sofuoglu and Rasty (1999) utilized ringpression test to evaluate
the effect of different factors namely material pedies, strain rate sensitivity, and barrelingfioction behaviour and revealed
that the friction calibration curves are notablflienced by material properties and testing conutioand every material
possesses its own distinctive friction calibrattamves. Camacho et al. (2013) also studied interfection in metal forming of
industrial alloys including steel, stainless steelpper alloy, titanium alloy and nickel alloy. Rimompression test was used in
order to determine friction calibration maps foffelient metallic alloys that are typically usedimdustrial practice of metal
forming. Furthermore, the differences and similasitin the behavior observed are evaluated fomalerials. It was concluded
that the importance of using a friction calibratimap for each material.

Nowadays, environmental issues are of greatiitapoe. Lately, lubricants are formulated from higasompounded chemically
active minerals and frequently different types dfliives are used that are not environmentallynttig as stated by Cisson et al.
(1996), and their production process produces senwironmentally hazardous chemical components. Kewehe scientific
world is now looking for alternative lubricants thare more environmentally friendly. Consequenthere was considerable
motivation to find an alternative lubrication meth@specially for cold forging of aluminum alloy&nce aluminum AA302 alloy
is characterized by low coefficient of thermal exgian and better wear resistance, it has been wigsdd for the production of
forged engine pistons; however during forging, stdes traditionally use vegetable oils and shopage as a lubricant (Bay,
1994).

Considering the hypothesized relationship betwaterface friction and material friction calibi@i curves, the overall goal of
this research is to investigate the frictional hetwaand select suitable lubricant for cold workiofgaluminium AA4032 alloy by
using ring compression test and FE simulationscifipally, the effect of surface roughness and icditing conditions on metal
flow are investigated. Through the use of a consarface roughness value, the effect of diffetahticating conditions on the
deformation behavior has been evaluated. Integdedoach of ring compression test and FE simuldtave been employed to
investigate the friction behaviour of the alumin&®4032 alloy metal during forging.

2. Experimental Details

2.1. Ring specimen preparation

For the current research, aluminium AA4032 alloytahevas considered for investigation as it haslgotad range of applications
in major industries like automotive, aerospace|ding construction, etc due to its unique combimatof properties. Chemical
composition of wrought aluminum AA4032 alloy wasaeined using mass spectrometer and depicted ireTabl

Table 1. Chemical composition of aluminum AA403@wl
Al Si Fe Cu | Mn| Mg | Zn Ni Cr Pb Sn Element
84.94| 12.16 0.03 0.8p 0.02 0.98 0.009 0.892 0/0293[00.011] %
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The ring specimens were prepared by machiniagnialum AA4032 alloy metal to standard ring compi@sgeometry of outer
diameter: inner diameter: height ratio of 6:3:2:(248 mm), respectively. A 6:3:2 geometry ratio wakected for the study for the
fact that it minimizes the strain rate sensitiviti the metal as reported elsewhere (Dutton et18199). The required surface
roughness of each ring specimens was imparted wgingolled grinding and polishing techniques faffedent experimental
conditions. The geometry of the ring specimen kefoompression test is illustrated in Fig. 1. Thetstevere conducted on
different specimens for each lubricating and sw@fasughness conditions, and to get accurate resdtsh experiment was
replicated three times.

- &3 24
& 12 mm i

/

S mm
Fig.1 Geometry of ring specimen

2.2. Imparting surface roughness

Metal forming industries traditionally use metavith random surface roughness conditions. Seleaif appropriate lubricant
for the specific surface roughness is not easysTimithis research, different surface roughnefisegaof the metal were prepared
and their corresponding interface friction factasere determined. Based on the result, suitabl@sanfoughness of the specimen
was selected to examine the effects of variousidabng conditions on the interface friction fact@eveloping quantitative
frictional value for AA4032 alloy metal under difémt lubricating condition is a direct demand faetat forming industries. Thus,
to investigate the effect of surface roughnessevalu interface friction factor, roughness valuethefspecimen corresponding to
1.50 um, 2.50 um and 3.50 um ipWRere considered. Roughness of 1.50 um (termediloface roughness) was selected as it is
typical of the work piece finish employed in mosttad forming industries. Further, medium and langarghness values of,R
2.50pum and 3.50 um (termed as medium and higheespwere employed and intended to simulate trectefff metal surface
conditions on deformation behaviour. A comprehemdist of experimental conditions namely surfacegiiness values and
lubricating conditions is depicted in Table 2. Fg2 also shows photographs of ring specimens aifferent surface roughness
conditions.

.Il_,i q_l . 5 Dry_

Fig.2 Photographs of ring specimens with: a) 1.5qunface roughness value, b) 2.5 um surface rosghradue and c) 3.5 um
surface roughness value.

To develop the required surface roughness orspleeimens, a standard flat grinder and differeittsige emery papers were
used. The surface of the specimens was polished dsiferent waterproof abrasive paper of grit g 120, 240, 320, 360 and
380 to obtain the required values. Employing repebatasses of the specimens over the selected @ageeys, the required surface
roughness values of;R 1.50 um, 2.5 um and 3.50 um were prepared. diatain consistence in the values, all grindingspas
were limited to a single direction and equal numb¥aterproof abrasive paper of 380 grit size wasius reduce surface profile
marks created during machining. Lastly, the metisfage roughness was measured with a surface resghester (SRT-6210
model type).

Table 2 Experimental conditions

Specimen | Lubricating Surface roughness
Geometry | condition values (um)
1.50
Dry 2.50
OD:ID:H 3.50
(24 :12:8) | Palm all at 1.5um surface
Grease roughness value
Emulsion oil
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2.3. Lubricants used

Lubricants employed for this study were mainilybased (palm oil), grease, emulsion oil and dopditions. Using the ring
compression test, the performance of these lusaduring cold forging of aluminum AA4032 alloy wasaluated. Selection of
the suitable lubricants with lower friction factfor forging of AA4032 alloy was determined expermtely by examining
dimensional changes of internal diameter (%) arighteeduction (%) of ring specimens. In additioing compression test and
FE simulation approach were integrated to evalfratgon behavior of the metal.

2.4. Ring compression tests

The ring compression test was carried out betweerptrallel flat mirror finished open dies of hydraylress with capacity 3000
kN at a ram speed of 0.25 mm/s. The non-relatednpeters were all kept at constant values. A summiattye conditions used to
investigate the friction factor for each surfacagbness and lubricating condition is depicted ibl&&. To verify the consistency
of the results, three replications were carried under each experimental condition. The height ¢gdn and inner diameter
change of ring specimens with respect to varioufase and lubricating conditions were plotted anchpared with that of Male
and Cockcroft friction calibration curves (Male a@dckcroft, 1965).

2.5. Evaluation of metal flow

In ring compression test, the specimen was asdumdeform in a uniaxial state of stress conditidetermination of effective
stress and strain values is essential, particulimlyforming involving large amount of plastic defeation. After the ring
compression tests were performed, the metal flomabieur including engineering stress and straime stress and strain, strain
hardening exponent and strength coefficient wetterdeéned. The computation of material propertiemely strain hardening
exponent and strength coefficient were made bytattie values of the true strain and true stresshafepresent the plastic flow
of the material.

2.6. Finite element simulations

Finite element simulation of ring compressiost t@as carried out using rigid-plastic deformatinodel. Modeling and analysis
of metal forming processes have been specializgtications, and only a limited range of FE softwavkich is capable of
conducting the analysis. Hence, the selection o&fEvare is one of the dominant aspects of metahiihg process analysis. Oh
et al. (1991) validated the effectiveness of FEusation using DEFORM software for its use in mdt@ming analysis. It is
capable of handling different types of materialstsas rigid plastic, elastic plastic and powderanats. Simulation of bulk
forming processes with FE method is a powerful effiective tool for analyzing the metal forming pesses.

In this study, the FE modeling of ring compresdiest was performed using commercial softwareFO@EM 3D, and the model
is illustrated in Fig. 3. An axisymmetric formulati of the specimen was considered during modelirgre 3D modeling in Fig.
3 represents only one half of the ring specimenukition.

a) b)

Fig.3 FE method modeling of ring compression taybgfore deformation
and (b) after deformation

In the methodology of FE simulation, as suggestethb Rao et al. (2009), the tetrahedral elemegue tyhich reduces the number
of iteration had been chosen and the specimen dgepmes neither too fine meshed nor coarse meshedeby long
computational time and accuracy with unnecessaegigion was minimized. Therefore, a tetrahedraldeddelement of two
thousand in number was selected to mesh the riogey. Selection of friction model is one of theykissues in FE modeling.
Among these models, the one with higher accurasyilisunknown and controversial. However, Ferekhge al. (2004) studied
friction modeling using the physical simulation thgr bulk metal forming processes. Coulomb and @ntsfriction models are
the two most commonly used mathematical modeldriiciion quantification in metal forming processo@omb model is mainly
used in processes with low pressures, whereasagtrfsiction model is adequate for processes whagh effective strains and
pressures prevail. De-Pierrie and Gurney (1974) alesented that the constant friction model is enmalistic than the
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Coulomb’s model in describing and quantifying thear stresses in bulk forming processes. Thereforéhe FE modeling,
constant friction model was chosen for various aefroughness and lubricating conditions sincesiitsplicity seemingly
indicates the material feature of plastic defororati

2.7. Determination of friction factor
First attempt was made to determine the frictiartdafor various surface roughness and lubricatiogditions by measuring the
change in inner diameter and reduction in heighhefring specimens. The properties of AA4032 metaie determined by using
compression test for different surface roughnesklaloricating conditions, respectively. To deterenthe friction factor between

the interface of the die and ring specimen, thatiém calibration curve was standardized into ptbes represent the deformation
in the ring as it was compressed. The frictionhbralion curves were derived by using FE methodwsoft (DEFORM 3D) by

incorporating the properties of material as infAg.shown in Fig. 3, an axis-symmetric model wasateé using DEFORM 3D

which is a commercial software and a product oéftific Forming Technologies Corporation. The siaégang samples are same
as the ones used in experiments. Series of simokatvere run with same setup but different frictiactors between die and ring
specimen. Friction factors were varied between @ &nThe height reduction and inner diameter charajeeach step were
measured and used for the determination of materagderties and geometry changes of the ring spawmrhe values of height
reduction (%) and change in inner diameter (%) wesed to generate friction calibration curves armpped against a Male and
Cockcroft friction calibration curves as shown iig.F4 in which each curve represents a distincuealf friction factor. The

friction factor can be obtained simply by plottipgrcentage of height reduction and inner diamdtange of ring specimen, and
made to fit against Male and Cockcroft frictionibedtion curves.
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Fig.4 Male and Cockcroft friction calibration curfidale and Cockcroft, 1965)
3. Results and Discussions

3.1. Determination of material properties
The experimental result of geometry changes of sipgcimens in terms of outer diameter, inner diamahd height reduction
with respect to deformation load was determinedt®draphs of deformed ring specimens with diffesanface roughness values
and lubricating condition are also shown in Fig. 5.
o B 3

Fig.5 Photographs of deformed ring specimens atura load for various surface roughness and labng conditions a) Dry
condition and b) Lubricated conditions
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It is clearly observed that the deformed spensheurface show different texture for differenblicating conditions. At fracture
detected deformation, it was observed that theraotibn of inner diameter increases with increastné surface roughness value,
whereas, height reduction decreases with incraasleei roughness. This is due to increase in rowsgh(esperity peaks) on the
work piece which restricts the metal flow at the-wdi@rk piece interface. Also, for various lubricaironditions, the inner
diameters of ring specimen lubricated with greasg @mulsion were shown more contraction than timerirdiameter of ring
specimen lubricated with palm oil. This observai®also in agreement with findings obtained by éahd Cockcroft (1965).

The flow stress curves generated from the romgaression test with different surface roughnesslabricating conditions, and
are illustrated in Fig. 6. In the flow stress cugvihere is an apparent shape change in theiregstns with respect to variation in
the surface roughness values and lubricating ciondit On the other hand, initial regions seem tasib@lar. Considering various
lubricating condition, the amount of plastic defation (induced strain level) varies with type dbficants employed ignoring the
effect of specimen’s surface roughness. With pailinhigher reduction in the height (%) is obsenamd it might be due to
introduction of uniform flow of metal during defoation. The general flow stress equation was obtiinefitting the properties

of material, specifically, strain hardening expanand strength coefficient against Ludwik equatian = K&"). Accordingly,
the strain hardening exponent and strength coefficralues for aluminium AA4032 alloy metal is db&ad by taking the average

values for all conditions. The flow-stress equatitthus obtained asg = 678" for the specific material under given
experimental condition. In specific terms, the nl & values are slightly dependent on the loadingddmns. Different friction
loading conditions resulted in variations of n ahdalues which determines the amount of plastiodaétion of the metal. The
result obtained shows that lower frictional coratis resulted in more amount of plastic deformati@n higher values of n.

&

-8 e S LN
I 51 -
= *
[ +— 1.5 pm
.FE' 2 +— 2 5 i
_E.. 3.5 um
% *— orease
= 14 «— gmulsion
palm

Imue strain

Fig.6 Flow stress curve for AA4032 alloy specimdthwdifferent surface roughness deformed at varlabscating conditions

The determined strain hardening exponent arehgth coefficient are in agreement with findingsFafreshteh-Saniee and
Fatehi-Sichani (2006). The determined values arialynased to assess metal behavior in both uniagiadion and compression at
room temperature. The larger the strain hardenkpgreent value, the more the material can deforrmreehstability. Calculated
effective strains and stresses at each deformitamhduring ring compression test for specimens witrious surface roughness
and lubricating conditions is examined.

3.2. Effect of surface roughness on friction factor and deformation load

The friction factor for specimens with differeutrface roughness values namely 1.50 um, 2.50nan3.&0 pm at dry condition
is presented in Fig. 7. It was obtained as 0.38B @nd 0.55 for specimens with surface roughnésgsaf 1.50 um, 2.50 pm and
3.50 um, respectively. It is evident that highéction factor value is recorded for specimen witgher surface roughness, 3.50
pm. This increase in friction factor is the refltthe increased asperity contact at the die-waekeinterface. As the surface
roughness of the test specimen increases, sinskin the magnitude of the surface asperities rsccthis rise in asperity peaks
leads to restricted flow of at the die-work pienteiface. As a result, the interfacial friction tiacbetween the die and specimen
increases further. In addition, it was observed tha contraction of inner diameter was increasét imcrease in the surface
roughness value, whereas, reduction in height wasedsed with increase in the roughness.
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Fig.7 Friction calibration curves for different fare roughness values at dry condition

Figure 8 shows the relationship between surfacghmess, friction factor and deformation load regiment for forging AA4032
aluminum alloy. At the onset of fracture, the ageraleformation load requirement for ring specimiensbtained to be 329 kN,
327.67 kN and 326 kN with respect to specimen’fasarroughness values, respectively.

a) 3307 b) 06

328 4
326 I
324 4 :

5R=153 SR=15 35R=35
Surrface Roughness (pum)

0.53

0.5 |
0.45 I
0.3 v .

5R=13 5R=3235 SR=35
Surrface Roughness (pm)

Load (kN)
Frction factor

c) 330 -

3as8

N l I |
324 -+ T

FF = 0.5 FF=0.53 FF=0.3535

Friction factor (FF)
Fig.8 Relationship between three factors a) efbésurface roughness on deformation lad, b) efiésurface roughness on
friction factor and, c) Effect of friction factoreformation load

Load (kN)

3.4. Effect of friction on effective strain and stress at dry condition

As a result of the relationships identified betwdection factor and specimen’s surface roughndss, clear that metal flow is
significantly influenced by surface roughness d@mens. Hence, induced strain and stress charactee amount of metal flow
between die-work piece interfaces. Specificallg iiduced strain is obtained from the geometry nremsents for each specimen
with different surface roughness. Increase in iediustrain is observed with respect to lower surfacghness value and/or lower
friction factor, and it indicates that relativelyone metal flows at interface between die-work psedaring forming; while the
amount of metal flow in specimen with higher sugfaoughness is relatively low and restricted. Muezp the relationship
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between friction factor and induced effective strand effective stress at 50% height reductiorh®a in Fig. 9a and b. An
increase in friction factor results in increaseffective stress and on the other hand, the maximffiective stress is observed at
lower values of effective strain.

a)
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Friction factor (FF) Friction factor (FF)

Fig.9 Effect of friction on a) effective strain, bifective stress, at dry condition

During deformation, specimens with lower surfameghness and/or friction factor undergo more amof plastic deformation.
This is due to increase in reduction of the matesigh the strain induced which allows metal flowtlvicomparable lower
restriction at the die-work piece interface. Usihg above concepts, effects of surface roughnegsteriace friction, i.e. 1.5 um
with friction factor of 0.5 appears to be suitabdeighness condition for dry forming, as it allowsrem amount of metal flow
between die-work pieces interface.

3.5. Friction factor for lubricating conditions

Figure 10 shows effect of lubricants on inteefddction factor for specimen with surface rougsmeralue of 1.5 um. The
friction factor for the palm oil, grease and emaifsoil lubricants are found to be 0.30, 0.35 artbQrespectively. Further, metal
flow can be easily quantified through measureméntuz strain from the reduction in height of thempressed specimens, and
used as a means to compare the effects of lubrararhe flow of metal. When various lubricants ased, strain increases as
compared to dry conditions which mean the metakuyal more amount of deformation. It is also obsgivethe Fig. 10 that true
strain increases with decrease in friction factafifierent lubricating conditions. While, usinglpeoil as lubricant, the maximum
true strain value, 0.71, is obtained. Similarlythagrease and emulsion oil, the maximum true sisadecreased to 0.69 and 0.68,
respectively. Among selected lubricants, palm ®ibbtained as best most appropriate lubricant fetahforming of Al-alloy due
to its better capability to reduce sticking fordetlze interface. Moreover, the inner diametersing rspecimen lubricated with
grease and emulsions are more contracted tharukititated with palm oil.

3.6. Effect of friction on deformation load requirement, effective stress and strain for lubricating conditions

The effects of friction factor on the deformatitbad requirements for AA4032 alloy during ringngaression test with
lubricating conditions of palm oil, grease and esman oil is presented in Fig. 11. In order to qifgrthe influence of friction
factor on the deformation load, final deformati@ads with respect to various lubricating conditi@ne considered at fracture
deformation state.

Inner diameter change (%)

Height reduction (%0)

Fig.10 Friction calibration curve for AA4032 at i@us lubricating conditions
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At fracture point, the average deformation loaguirement is obtained as 318.40 kN, 303.21 kN28#52 kN with respect to
lubricating conditions, emulsion oil, grease anthrpail, respectively. Comparing the results forfeliént lubricants, one can find
that the required deformation load with palm oibrigating condition is lower. This was due to tletfthat palm oil provides
better capability to reduce the asperity peaksrande metal flow than grease and emulsion duringrdedition. Higher height
reduction percentage is obtained with palm oil lcdamt which can form film to achieve pretty lowctibn factor.

340

320

Load (kN)

300

280

Palm oil Grease Emulsion oil
Lubricating Conditions
Fig.11 Effect of friction on the deformation loagbjuirements with respect to different lubricatimgditions

Figures 12 a & b show the effect of friction tlacon the induced effective strain and stress,sfpecimen with different
lubricating conditions namely palm oil, grease @&mdulsion oil, respectively. In order to quantifyetimfluence of friction, final
stage of true strain with respect to lubricatingditons were considered. The results obtainecémh lubricating conditions are
presented separately, and allow the influenceicidn factor on induced strain and stress to lvestigated.
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Fig.12 Effect of friction on a) effective strain), &ffective stress, for different lubricating cotnoin

From Fig. 12 (b), the maximum effective stressliserved at lower values of effective strain iaadease in friction results in a
continuous increase in effective stress and deereaeffective strain. This comparison was madeath reductions of ring
height. However, considering various lubricatinghditions at fracture, it was observed that the hiergduction increases with
deformation load increases. For lower height radacthe deformation load is low due to restrictinormetal flow at the interface
and consequently, the specimen fractures. In aaargpression test, the deformation load and heightiction are sensitive to
interface friction. In addition, the reduction iright is the sensitive parameter, and therefoneast used to evaluate the effective
stress. From Fig. 12, it can be seen that effediness increases with increase in friction faeted this is a good indication that
lubrication reduces effective stress. For the eionlsil lubricating condition, higher friction famt and relatively lower effective
stress were noted. Based on the result, lubricatmglition has a significant effect on the indueéféctive stress and strain during
forging.

3.8. FE simulations

The load requirement for deformation obtainexfrFE simulations is illustrated in Fig. 13 for sjpgens with various surface
roughness values. To verify the relationship betwfeietion factor and surface roughness furtherdsalork piece were simulated
between two rigid dies. The friction factor valu@stained from the ring compression test (for 1.5surface roughness 0.50, for
2.5 um surface roughness 0.53 and for 3.5 um surfagghness 0.55) were utilized for the simulatlomas clearly evident that
the load required for deformation increases wittréase in the friction factor for all the caseswifface roughness. The result is
in full agreement with the experimental ones.
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Fig.13 FE simulation load requirements with respedtiction factor for various surface roughne$¢a)1.5 um, (b) 2.5 pm and
(c) 3.5 um

Similar patterns of FE simulation results weleserved for specimen deformed under different tattimg conditions. In the
case, previously determined friction factor valt@slubricants mainly 0.3 for palm oil, 0.35 foregrse and 0.45 for emulsion oll
are used in FE modeling. Obviously, the deformatmad decreases with decrease in friction facrfor palm oil lubricant.
Lowering friction factor at the interface, resultismore amount of deformation prior to fracture alfdition, variation in effective
strain with respect to friction factor is determinfr different surface roughness and lubricatingditions and is illustrated in
Fig. 14. The effective strain is continuously desiag with increase in the friction factor for s#ésl surface roughness. This is
due to a smaller surface roughness reduces the eruofdarge asperities. Material has to move owebe able to flow, thus
increasing the amount of strain. The FE simulat&sults are again in a good agreement with therarpatal one.
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Fig.14 FE simulation results of effective straiitharespect to friction factor for various surfaceighness values of (a) 1.5 um,
(b) 2.5 umand (c) 3.5 um

For lubricating conditions, similar patternsregults were observed. The reduction in heighteiases with the use of lubricants
thereby effective strain values increases. Higleforination was observed with the use of palm dirikant at the die-work
interface. Figure 15 shows the effect of frictiactbr on the effective stress obtained using FEulsition for various surface
roughnesses. Further, it was observed that thete#estress decreases with increase in frictiamtofa On other hand, it means
that the effective stress increases with decreaspdcimen’s surface roughness.

In order to verify the relationship between effeetstress and interface friction further with siatidn, friction factor obtained at
various lubricating conditions were used as in trjou simulations. The effective stress decreasiis imcrease in the friction
factor for the selected lubricants.

Fig.15 Effect of interface friction factor on effa@ stress obtained using FE simulation for vagitubricating conditions
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3.9. Validation of the result

The specimen with geometry ratio of standard) iompression test 6:3:2 was considered for mogledie stated in the
experimental procedure, and subsequently deformagist was carried out by using DEFORM 3D softwaiee simulation was
carried out at different friction factor and heigleductions that were obtained from ring compresg&gperiment for various
surface roughness and lubricating conditions. Tifeces of interface friction factor on load requirents, effective strain and
stress at various surface roughness and lubricatinditions can be validated by comparing the satioh results with that of the
results found out by the ring compression experisiand presented in Table 3.

Table 3 Comparison between ring compression tesF&nsimulation results for different friction fact

Parameters Experimental| FE Simulation Mean Error (%)
Conditions Result Results
Friction rgjigtri]én Beff Geif . Geft ofor | Ofor
factor (MPa) eff (MPa) | Oeff Eeff
(mm)
Surface 1.5um 0.50 3.88 1.10 706.40 1.13 706 0.06 2[7
roughness | 2.5 um 0.53 3.79 1.06 709.64 1.11 701 135 417
3.5 um 0.55 3.79 1.02 714.24 1.10 70( 1.9 718
Lubricants | Palm 0.30 4.07 1.18 692.24 1.2% 676.6 2.25 5.9
oil
Grease 0.35 3.99 1.12 696.04 1.19 687.4 1124 4.3
Emulsi 0.45 3.94 1.08 703.30 1.14 693.8 1.35 5.6
on oil
Veer ~ Vi

The absolute mean error was determined using eguasio = 100% where epis FE predicted value and:¥

EXP
is experimental value. Accordingly, the maximum mearor for effective strain requirement is 7.8%l dar effective stress is
3.56% which are less than 10% and within an acbéptange. This shows that the experimental vabfiesig compression test is
in a better agreement with the FE simulation reswihich validates the work. In addition, from theda of patterns of result
variation for both approaches, it is clear from Ttable 3 that for all surface roughness and lubtizahe effect of friction factor
on experimental load, effective strain and stregees well with FE simulation predictions at theafistage of the fracture where
no large deformation happens.

Finally, using the above concepts, effects oious lubricant and surface roughness on interfacton, palm oil is found to be
suitable lubricant for successful forging AA403%oglas it results in reduced deformation load regaent, increased induced
effective strains and stresses and relatively umifmetal flow between die-work pieces interface.rébwer, among the selected
lubricants palm oil possess good lubrication cafighbiith interface friction factor of 0.30. On a¢h hand, Peterson et al. (1998)
correspondingly, justified that molybdenum disutfghiact as a good lubricant with the friction factatue of 0.32 in which
commercial aluminum has been used as base material.

4. Conclusions

Based on the results obtained from investigadibfriction behavior using combined approach ofyrcompression test and FE
simulations under various lubricating conditiorig following conclusions have been drawn:

* The friction factor for forging AA4032 alloy metalas determined for different surface roughnessesand it increases
with increase in the roughness of the surface. Thisainly due to presence of higher surface agppgaks on the
metals which restricts the flow of metal at thesifdice between die-work for specimens with incréaseface roughness
values.

e It was observed that the contraction of inner di@memushrooming, was increased with increase & ghrface
roughness, whereas, the amount of deformation ifheegluction) was decreased with increase in thighoess. As a
result, the smoother surface roughness of the napiaars to be suitable surface condition valuevfmking AA4032
alloy.

e The use of lubricants during forging has reduceddéformation load requirement and effective stegsbincreased the
effective strain which may be suitable for the rieeplilevel of industrial applications.

* Among lubricants employed, palm oil is found to &esuitable lubricant for successful forging of AA20alloy as it
results in a minimum deformation load requirememtuced effective stress and more metal flow betweie-work
pieces.

» FE simulations has provided detailed and effectegults in the analysis of deformation load requiats, effective
strain and stress and geometry changes for diffengperimental conditions, which are in a good agrent with the
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experimental results. Thus, integrating ring corapi@n test with FE simulation is simple and effextiool to evaluate
the friction behavior of metals.

Nomenclature

FE — Finite element

FF — Friction factor

SR — Surface roughness

DEFORM - Design environment for metal forming
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