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Abstract

Hot Flape Steiia Compression (FEC) testiog s a thermomechanionl testing method vesd
e gimulate the Seformation condition of industrial rollise. Thermormechanioal processing
{TH=) factors such as the amount of strsln, slrain rate sud tempersture all infivence the
microstruciursl evoluiion. The geometry of the PAT fest samiple and amvil are important
fartors o owder 1o achiove the plane strain condition snd asecptahle atrafo distribution
withip deformed sample Geometrical factoss sush se the breadih ratio (5] relates 123 the
saroplos breadth (k] 4o anvils face widih (v} and this ratio has a eignificant effect on the

[

breadih spread of the saeple. The helght ratic (Fa) mlafee w o the swwples helght (o)
apl thiz ratio has o significant effect on the strain distribotion. Two different geometeic
PSU tesiing confignrations were investigated for thiz study, the one configuraiion had less
Tavoureble georstric ratios with a 3 of 3 and & Ay of © ard the other corfigurstion bad

more favoursble ratios, with the By of 462 and the Hg of 1.5,

This fnvestigaion iz to evaluaie the feadbility of & newly nstalled "MF machinery, the
Gleebis 3800, to sivulaie ibe hot finighing rolling conditions by the use of hol P80 feste
flor the produetion of the can body etock (UBS) alumininm allay AAZIG4. Single het PSO
tests were carried out af tempersturss of 300, 350 and 400 "C st stran rates of 10, 30 sad
100 =sc ' amd widti-pass Lot PST tesis wers carried out to simulate the different rolling
hsses sxperiencet, om the hot fioighing rollicg mill of the production &f the awluminium elicy

AAZIDL, The sirsin rabe, temperasure control, dow strese and misreetruccural flow were
brvessigate to cstablish whether PSC toeting iz frasible on the Gleehis 3500,

'The Gleslble 3800 proved to bs a reliable, credible and reveatabls FEO teating machine for
both geomatrs tusting coadguratices withis its houndaries. The lees favourabls geometric
testing cordition [Bs = 3 sad Ep = 1) achieved betier thermal gradient contral of the
saarple in compasizan to the more gromeiric favowrable configuration [ 2y, = 4.82 aod = Hy
= 1% The geometric favourshle configurstion sclieved consistently snall vei dipnfcant
Figher acourate flow ebress values for cach hot FBO tesiing conditions. The monlti-pass bot
P30 tests that emulated the three pass boi fnianing rolling conditions was not successfully
schieved, and only two multi-sess hot PSC tests can be perforsied sonescuiivily doe to the
Henited amount of material ihat oan be defermed within & laberatory envircoment,
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Chapter 1

Introduction

1.1 Subject of Investigation

The sabject of thie investigation is the thormorechuniosl provessing (TMF) procsdure
requized $o simulate industrisl rolling in sa aboratory enxvironment, thenugh the use of hot
plase straln compression PSOQ) teting. The investigation focuses on the volling conditions
of fhe hot Bpishing .m_J_Jlﬂ;g mill at Fulamwin Limited, with sadicular empliagis on the
alurninium alloy AAS3104 that io veed for the beversge can body stock [OBE)

1.2 Motivation and Background

The hevernge-can sector 8 o massive global industry, producing an estimuted 230 billion
cans per year, with the largest markets in the United States ardz Brzepe 1], Beveage
ackaging option for caybonated

eans over the past few decades bave proven az a resilient pac
goft drinks, alooholic beversgss, vegetable and fruit juices, iced feas and eperzy drinks.
Woridwide, heverage-can production continues o grow accualy by apsowsately 3% 2], In
Sub-Sabaran Afriea, however, the beverage con market hag shown slow initis] developrment,
theugh 1% has sirong futuce preepecte [5). Forecssts sugeest continusl growih over the nexi
few years due to increased local income, improvement of infragiructure and coonomnic gwlh
on the Africun contioent. Fov the worldwide muarket, (ke full slerninium can conslitutes 75%
of the marke:, while She other 25% comsistz of the tir-plated sieel beversge can [1)-



1.2.1 South Africen Beverage Can

The bevsragecan manofacturer for Bouth Africsn sud Sub-Sshsran Alrios e Dovean, &
anbwidiary of the packaging company Nempaz Limited, The beverngs cans produced bu
South Africs sre typically hybrid-type cans that utilise 2 tir-platad sfed sody with an
aluminiune lid, This traditional type of can iz now being spiraded, a8 South Aftics follows
the giobal trend of zroducicg full-aluminiurn bes m“agm CATE. "I”w Ml alumlgicm oan Was
infroduced jnte the Scuth African market paad-2013 | faciore make the shify
ftowards the full-aluminium beversee ran av attractive option. Fireily, the alivoinivn san
is more cort effective than the tineplated sles can. Thie is malnly due to slomindum being
& more stable corunodity thay alee, whica has volatile price Sustuations. Transportaiion.

gostes are also reduced owing So aluminiom being approdmately 60% lighter than stesl, The
move s therelore sconomically legionl, Aluminiumn cape are slso lightwaight and dorroeten
resistant: their axcellont herier protection allows for sapid cooling snd cxtends the shell
life of the product. Another favourable sspect of the aluminium veversge can, sepecially
in light of prowing environmental concerne, {2 that it can be recycled ndefsitely, Lo i also

an ensier product to roopcle, sinee [ s composes of anly one clase of rosterisl: the tin-
plated etee) can found in the Sauth African markes is compesed of & mixiure of matecale,
g the recyelng process more gompliceted aud more rescurce intengive. The Collecs

M.“&n initistive for hevorage-an recycling in South Africa has a large followang. In terms
of recyshug, South Africa corvent'y has s recovery rabe of T2% and le projected to meet ﬁbe
United Nations' target of 75% by 2006 [5]. Collect-a-Cau aims te achieve a recovery rate of
100% within, the nest 20 vears. These targets become more sttainsble with the aluminim
can on she South Africac market, givan S the naturel luteinsis value of aluminiym. The
informal cap-collenting industey i expected to grow, as collectors fry Lo earn 4 living or
supplemeont iacome by selling collected slumivium, and growil in this sector sould inereass
rescovery rates dramatically. T ondar to aid in the eeyeling of the aluminiuss bevsrags cans,
Hularin Limited bas invested BA00C million isto & reﬁzﬂ;h}:«ag, fecilivy, crzaiing & clssd loop
for the life vyele of the slumininm beverags can (6]

Upsrades of the clder atee’-can producsion lines 1o make way for the Taster, mors advensed
alvmninium lines wers implemented to eatisty the growing customer demand. Nampak frat
ungraded ane of ite production lines af its inrgest factory af Bpeings o June 2013, This
ppgraded line can produce up to 3 000 cane per-mimnte, compared §o the & 600 cang-per
minite rate of the older iimplaied steel can Yige [7]. Ae of June 2514, the Springs plunt
hae fully coaverted all of s prodaction Yoes, with &df‘ﬁmmml upgrades plasned for planta
in Cepe lowan, Bosslys [Protocis) and Avgola [7]. Thess line upgraces will sigoificantly
incresse the demand for aluminivm CBS. Hylamin Limited plane io meet the demand for
alaminin OBS by producing losally manufactursd C28.
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1.2.2 Can Body Stoc

Hulagai Limited o South Africs’s aluminium sroduces of send-“Inished produsts, producing
primary extruded apd rolled products. Currently Hulamin produces the can end stock (CEE)
for beversge cans produced by Bevean, Due to Bovean’s revent Stangition fio the production
of Fallalumininm cane, Hulamin iz now producisg alominium CBE as well, dccordivg to
Enlamic's Integeated Asnaal Beport [8], the aluminiers can produstion lines implementad
by Bevcan will incresse the desmand For CBS to 10 000 tous per arnum. Hulsmin has signed
a pilot contact with Bevcan o demonstiate that CBS can be locally produced: under the
terme of $2e conlacs, Hsslamm ie provicing 15 000 tons of OBS by the eud of 2018, Hulamin
hﬁzamrc\a aul a;.a;m.---gsmdlmze.-ma- ‘b}:ia.ﬂ& o ﬁula._zm:ﬂmpmi&ced CES In Turope, (he Middle Zast

The performance of foe Hulamin-procuced AASLD4 CBS during the canmog sperstion
relies chisfly on the proZusiion-process conditione bmposed on shis ailoy during wolfivg, The
aluminionr AAZIN4 C58 endures sxtremsly demsnding peoduction-process condifions, and
stringent eperifications segarding the alioy’s sorface guality and mechanieal propertiss veed
tiy be el to ensire the customens’ setisfaction. Hulamin uses » enple-siand hot rsversing
mill ag shows in Figuwre 20, The worldwide norm during the bot ficishing ster of the
preduciinn of sbiminium GBS & o use taoderm mill configirstion (Figure 2.2} for rolling
posses, Thie -olling techiique veed by Aclemin, however, creates 5 chalienge wher irying
m cﬁmﬁ‘*@u mﬂifﬂ?'ﬁ@mﬁ?@%@ms, m@*&h Ag ﬁ:}t-:«fa, v&ﬁaﬁm of i’ﬂ%i&l‘m*’%ﬁ times heﬁi-m-x-. mmmg s‘:i‘l;i?&i‘s;

p;a.ﬁ:a., & reversing mﬂl '___ms cﬂnﬁ‘f’emm n_r;lfnemma timies, wﬂ;b ike ;:EMQ mﬂﬁeﬁi s, mrmﬂecl far
ench pass, Thess different bnterpase timee alee wifsct the temporsture ab which the plate
i yolled, especially for the leading and tail sdges of she plase. Tempsrstuce, in tur, has
an effect on the microstructure of the walerial, espacisliv on the eryelallagraphic fexhure
orientation of te grsine formed during the biot rolling conditionn. Faving the sorrsei balance
of eryshallographic taxiures i the final product results in minimal saring on the drawa can,

In order to anslyse the effects of rolling, industrial tzisls can be implemented, but ey
are sxpensive and time conruming. They ales intexrupt rolling schedoles, snes they cavse
rolling dewntime. B;ﬂ;:aﬂ.i»:aa-usMgauﬁ:-hz;a hot zolling conditions vis smallecale ‘ahorstory tesin
is thessfors sdvantapsous.
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1.2 Aims and Objectives

The two core ohisctives of this shudy are:

Th evaluste the fessibpllity of simulating the Fulamin hol finishing rolling conditions
for sluminfum AA3104 CBE withio a emall-scule labomatory, by performing hot paare
glesin compraasion (PS0) ;) temting with the Gleckle 3800 thermomechanical processing
{aciity st the University of Cape Town (UCTL. This sbjective iz dealt with in Chapters
A7

. —o luvestigate the microstruciurs]l Sow during the mwltipass bet PSC rolling

sirilatione, This ohieclive & dealt with in Chapter &,

The shove sore chjectives will be achieved throuph the folowing sub-aivas:

e Ta determing the fundamental mechanism of hut 2850 testivg on the Cleeble 3800, and

0 gavge the capabililice of the Glesble 3800 in terine of the temperatirs, sirain, strain
rate and material fow siress.

T determine the impact that the lubricating condition between the 180 samipls and
the snell has on the material and on resulis, as well as which lubricart provides the
moet suitable conditions for sehieving logitimats reulis.

Te detenmioe whether the snviltesseple optimised geometries provids more
favourable results than the stsadssd testhig geomstsy, as well as which geometne
configuration. pest anits hof P8O testing on the Cleeble 3800 thermomechanicsl
machive.

v validate the hot PSC testing of the AARID4 on the Glseble 3800 through &
cotparsbive study with the awvailskble iteraturs, considering the lemperaturs, sirsin,
strain rate, material flow stress snd determined constilctive squaiion of the AAZINA,

i cetermine whathor s muli-pass hot PSC simulation test can be used 10 successfully
cacry ous the thres hot finishing rolling pass schedules at Hulamin,

To determine the effoct that different ssmivlefouwnvil seorietrier have on the
micrastractnzal How of the tot PED sarople and whether the geometr/cally optirdsed
testing condition provides more favowrable regults.




1.4 Limitatiors and Scope of Project

This projsct is chielly comesmed with the bot FEO of aumicium alloy AARLDL procuced
oy Enlarin, The TMP testing mstzix was designed from ibs conditions thet are achisved
on the hot fuishing roliing mill at Hulassio’s rolling plast. This means thal bigh sivain
rateé conditions at bot fnishing rollicg tempamivree are consldered, while PSO al room
temiperatirs or lowsr tomperatures with lower sivain rabes axe sxcluded. Ouly two different
types of PEC geemeisc configurations are studied due jo the Yimited time and maberial
availzble; nowever, these two configurations diaplay differences that are largs encagh io
draw sonclugionz frowa. e fo the limited amount of 4A3104 aluminium alloy svsilable
and the limited information provided of the roling whedles, the mlling simulations are
only simelated from one specific olling scheduie and differsnt rolling cenditione are not
investigated. Further resesrch inio the crystallograpaic nriestation of the PST samples
eould be carried cut, using X-ray diffraction or elociron backscaster diffraction [BBSD).
This resenrch 'y, sawever, beyond the scope of the presany stndy due So the thme constrainte
rpased on the resescher,

1.5 Experimental Approach
In ozder to achisve ita objestives, this szperiment takes $he following approsch;

» Initially hot P8O Seste ave periomced on the Gleeble 3800 with & range of temperstures
snd straiy rates, based on the conditions of the Lot Suishing mill st the Hulamie rolling
plamt; The initial kot P30 teste are used o gauge the capabilities of the Gleeble 3800
58 well ua to differontiste thy diferent types of lubricants that are used a6 the interface
between the snvil and the sample.

e Hot rng comoression tests are conducied to lovestizgate the effect of lubticants on the
misterial dorirg different high tompersture and straln rate conditions.

s A comprehensive set of hot PST tests ars cartiad out on the Glesble 3800 with the
same range of tempersivre snd stzain rales as the nitial hut P80 fests. For these hot
P80 testa, twe cifferent amvil-io-saniple geocetrizs are irwestigated. Owne iz the
standard maofacturess’ recommended gecmetty, waich i the lese geomestrically
favourable configusssicn for TEC lesting, amd She sdher 36 4 modified testing
configurasion that allows for & more geometzicslly favourable confignmation,

e Lending sdge rolling simulated multi-pase kot 780 tests of the AAZIM CBS sre
gomducted cn the Gleeble 3800 Sz oune, twe avd three siwalated passes.



@ Polavised light optica. wicroseopy (FLOM) = carried out on the industeially rolled
AAZINA CBE as well sz the single hot PEC deformation tests and on the hey PEC
sanoples that have been subjected to mulii-pass sirmulated PEC feste.



Chapter 2

Literature Review

2.1  Alwoinium Alloy AA3104

Tas material muder fnvestigation in this report i the slumibnivm allsy AAZ04, whick ke
used for She production of CBS. This alominbug siloey is 5 S X -gerier non-bead treatable
alloy thet i charscterised by its major slement, mangunese (Mah. Table %1 shows the
glemental mwakeup in weight nercent for the tabuleted itsme The XX -series alloyz
provide low 1o mediirs sirengil depending on the amount of work hacdening, formability
and Ligh corosion-resistant properiies. Manganese zalses the reorystalisstion temperalbire
and slso improves the unifonmity of disparsion hasdening [9]. This aide with the control of
the recovery aad recryveisllisation of tie material a8 well as with the faal grair sise and
texture in the snpeaied sheet [14]. The coarse constituens vasuicles snd small dispersions
are formed with the lower soluble dements of fron apd glicon; these comstifusnt paiticles
serve a8 pucleation sitep for resrystalisation. The swall dispervions alse act s cbetacies
sgainyt gradn boundsty migraiion [100. Morcover, magnesivrn v 6 notable alloying element
that bas & smdlar composition smount 5o that of mangansse within the sluminium slioy
AATITA, Magnesivm  supplemenis mangasese by offering  further solid-solution
strengihening and dispersion formaation, this resciting o further improvements in strength
and wark-berdening ratss [11).

Tebie 2.0: Alweinlion alyy 443104 shemical compogiica (wi%) [12}

A4S H

W[ Pe| Gao 1 Mn | Mg @m [T A
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Tor mon-beat frestanle alumisium allovs, 8 temsering desigration system & veed to
descsibe the specific treatments performsd om fhe alley, and these trestmenis influence (he
charecteristice of the final jroduct. The designation syatem comsigte of lettors followed by
atie of more numbers. For the shominivm. alley AA3104, the temoer designation 2 HIZ



The letter after the alloy'eg claszification describes the hasic iewpering condition of the
alloy, where the letter 'H' signals that the alloy s woder the strain-bardening condition,
The first nomber after W4 letiar determines the epevifiv combination of basic onersticns: in
this case (he oumhar 'L zhows that thie alley hag only besn strsin-hardesed, with no
stabilistng or annenling treatment smployed. The second mwmber determives the dagree of
strain hardening used on the &lloy, with the ramber ¢ lndizating that this alloy is under &
special bard condition for & specific anolication [13]. In terme <f is basic mechanisal
propertics, AA3I04-HIS has a modulus of slwsticlty of 68.0 CFa, & tenslle strangta of 260
M7s and an nliimate tensle ebrengty of 290 MFPa [14).

2.1.7  Production of Aluminivm Alley AA3104 al Hulamin Limited

The slurciniuen alloy AAZIC4 investigated bere iv magufactused by Eulamin Timited.
Dusing produciior, the matesial goes thenugh a geries of processes in ordsr to achieve the
fimal dimepsions roguired for the fnal product, iuchiding the desived mschanicsl and
microstructirel festures. Wiret, Fulamiz oelis peimary plg sad rollivg ingete froes local
sneeliers, which comsists of spprevimately one third 2 sseyeied procsse serap from the
plant. The metel is gdw teeated, fltered and re-atlaysd a-gg:mrdf‘iﬁg fie: the alloys saye:c,,iﬁmﬁh@m
s shown v Tabls 21 The meliing furnsce reashes tepernivres from 660-700 ") The
molten metel is ‘Tb@m transferrad to a holding Furasce that sllowe inapurisies to ..ﬂ..a-*l-*l;a o,
Towe suttled, the molten meisl ie skitnmed and cleaned to romove further twpwniiws, The
melten metal is then transferred o waler-cacled monlde fa order te solidify, and 4 18 1, 600
mono-thick direct chill (TG} east iﬂgm iz formmed. The D casi irgcﬁﬁ. 8 sealped o remove
gurface ogider and trapsferred to Serpaces ranging from 550600 T for a dusation bstwsen
4 gngd & honvs,  This procese, koown ze homogenisetion, eachisves s consighond
migrogtroctire taroughout the iagot [13) f%_fI'm.e"' the horangensua heat trastment, the ngot
i ready for TMP Yy means of hot =olling The wollicg provess lovolves plastically
deforming the metal botween two rolls. Folilng sliows for high throughput as well as gone
process: comtrol of the product. The dieh tempersinrs from the homogsnietion process
allows the ingot to be ab & bigh svongh lemperatuze to wadergs hot rolilng.

Het rolling a4 she Hulamin rolling plast undergoss a two-siep process. The first provess
conzisis of multiple pesses through the hot. roughing will, which is alsg known se 5 4-high
breakdewn mill a8 shown iz Figure 2 1s. Thiz Gret process of hot rolling reduces the iogots
thickress by sbont 95% ta £20 o, while the ‘ongth incresses 84 thmes 20 8 length of 4740
mi. This producs [z known s transfer bar. The leading and tsil encle of the transfer bar are
sheared on the ron-out fable while the travsfer bar is en route 30 the hof finighing will, The
second kot rolling process is know as the hot fivishing step and is cerried out ou & ¢high

bet meversing woill with collers and decollers on either slde on the will, as shown ju Figure




Figure 3.5: Schematic of the 2ok rolling process snoonrtersd si Halencin eoling plans, thie ot () voughing
prDGsEs Mai the hob k) Bxizbing miling poocess.

2%, This process is & critics: step i ihe producticon of ©BE, as Yigh tolerances are needed
and temperatiae, rolling soeed, rollizg force, tension, ziraia, etrain vate and inlerpsss fime
are all curefully set aﬁﬁ monitared. Daredul control ik nesded during this process in order to
achieve sdvantageoue microstroctural chiracteriztics for the strineent regnirement of CBE.
Microsteuetural svalution dusing bot roling & further discussed n Section 2.24. The hot
fimiehing procese st Hulamin operstes within o fempersivure range of 380-280 'O, with ths
finsl product gauge ol 2 mm, Omee the fnsal pase haa been conplsted the sheet ie coiled and

removed from the hot ling and allowed to cool o ambiens temparatures for preparation for
£

the eold w5l mmerEhicng,

¢ cold solling process starts st smbient tomperatures, st thie poins the CBE guins &

-ss_éigmﬁcﬁm. amount of work bardenirg dus 1 the moltiplication of diglocations and the general

incresss fn lnternal energy atats within she meaterisl, During the cold mlling operatoon,
tight tolersnoes for the gaoge of the shest cun be achisved, as well ag 8 gw o, suriace finish.

38 temperatures are also raived,

S 1]

bo within a range of 100-140 * 15|, from the adisbatic

hesting and friction of the rolls duting the deformation procsss. The cold rolling process
i 3 singie process in which :mru.lu'::pﬁ passes are carried cut in seriss. The C38 = unewilec,

rolled on jandem mills (Figurs 2.2) :ami then gotled up spain alter the nnliiple consecative
paszen sre performead. For the OBE p o w5 Hnlamin, she cod rolling protess undsrpoos
& 3 pass schedule to & fnal guuge of C.28 o To onder to resulste the mechanical properiics
of the CBE, & @Lm*i terspering heat treatment is adopted after the cold rollicg. 16 ipvoives

g bake at 200 *7 for 20 mingfes.

L
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Eigure 2.2 Tanderm relld

: process witl 5 sbands o colling soills B 4 row.

2.2 Factors Influencing the Microstructure of Alurninium

During Processing

The microstmuciure of a materisl determines how the material bebswves onder loading
sondiiions and covircnments. The industrial procese of a peoduct ie therefore critical in
cetermicing the mechanical characiarisiice of the end prodact, with production procssscs
grectly effocting the micrestructure of the end produst, TM™ uses zn understandiue of
metalirgy o akiese the rost Tavourable microstructuce during the production of &
smaterial, in ovder to gain the vpthosd mechanieal performancs for the material's use.

2.2.1 Deformed Structure

Duting the slsstic deformation of a metal, such a8 fhe wellivg of aluminivm, 8 numaher of
chariges occur within the microstructure. The Internal free enesgy of the wietsl is raised
during the deformation process |16). The small amount of the sergy (L1 used for the
deformation process in siorsd within the microstrusture by dislosation multplcation,
interfsces and wacamcies. Plastic defurmstion oy rolling causes fhe praipe to slungsie
withio the sesterial (see Flgore £1a) snd Chis ceuses a largs inerease n the total prain
bourdary area (thet is, an ncresse in interually stored emergy), Additionsl structu-es are
alse formed within the grain by the aconrnulation of dislovations. Thea sum of the stored
enerey from these defectz creater & Jizrmadynamicelly unstalle syeters, and this anstable
state iz the driving force for the wicrostrusiurel changes that ovsur durng the TMP of the
msterial,  Microstmictursl changss will ccour when the materisl is subjected to an
annealing sondition, 15 » kgh svongh tempsrature for the themmally active diffusion of
stoms thropgh the release of intermal mergy. The mwechanisms of snpssbing allow for Uhess
defects to be either removed or arzangsd inte confgnrations in order io adhieve a lower
iternal energy siaie. There are thrse slages of somesliog recovery, recrystallisstion amd
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grado groweh [17). The catalyst for the annealing mechanisr % the reduction 1o terzal
stored ensrgy, whizh hss a softening ov restorative sffect om the materisl. Further
discuszion on the restorstive offect on alurniniurn is discussed in the Dllowing sections,

2.2.2 Axnnealng Process

The asnealing prossss is & restorative procoss for & thermedynamically unstabie maderial,
It mehicves & stete of erester souilibeiom through the diffusion of atoms within the
material, At room terupersiure, thie @ an extremsly glow process; howsver, the release of
internal ensrey is scteierated by guhjme:%i:@g the msterial to heat and mising the material’s
temperature. The snnealing process canses an incresse in cuctility, softans the material,
rolieves the internal siresses, refines the struciure aud lmproves the told working
properiies. The twe main mechanismos of the annesling prowes are recovery and
saorveialisaticn. Recovery is & precedert o seccyatallisation. These two mechauisms are
vompeting provosses driven by the stored energy fom the deformed stete (16 Onee

recrystallisation hae ocomrersd, further recovery camnot oocur and (s the extert of
retovory depenca on the ease of the recryeiallisation process within the structave. The
sxtent of rocavery Is largely depordact on the material’s stacking fanli caergy (vien] The
vere of the material governs whether dislocatione can dissociate wadily or no T,tm, Fawe
walie for aluminiom is considersd o be high, with a wive of appmmmfwﬂy 170 wfom *
Az g peeclt, alominiur predopdnactly undergoce recovery, with recrysiallisption pot as
emaily achisved,

4 deformed microstristure hae & bigh dislocation demsity, due t¢ the disiocations

ipteraciing and rmultiplying with one ancther and cueing the internal exergy of the

msbarial. Emme@r;;r i the initial vostorative step during the annealing prooesses. The mais
mechanisrm s based largely on the annihilstion of point defects and the resrrangswosut of
dizlocations inte subprains. This :sz sl process is schemadised in Figurs 2.3 The high

i

dislacation density stete (Figrre 2.34] vadergoes zeopvery te form e resovered state (Figize

726} 2ubprsine are formed by the re -&rrm@m&mﬁ of dislocations to form _ns_sw-amglm Erain
boundaces, The grains maintain thelr shape snd the microstrucivral changss ocour on &

small aesie; not visiole by optizal nicroasazy |17]. Evidense of the changes can be obiained
via K-rsy diffraction wod the slectron micrseops, whishk show subgraing arrapging iukoe
networks of Zislocatioas at the subgrsic honndary and forming cellular configurations [9].
Further recovery allows for these sutgraing To gesdualy increwse io size and produce
boundaries that are essensisl “res frorn dislocstion tsoglee [18].  FPhysizal mecsssicsl
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messurament e the easiesi way to measure the exiemt of regovery schieved wilhin &
material as It shows & decronss In the slrength of the material. Muost of the aluminivrm

aliowe bhehave in & similar fashion to ote anniier with seguid fo recovery, alihaugh the
response varies according to the composition of the alley.
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Phgure 3.3 Rooowory proces from & (s) deformed state %0 % (L) recovered shrmchned by the developmend

of subgraling through sunihlation and the macssgens of dsocationn 1€

Dinring the annibilation and reacrangement phass of mvwnty, dislocations gide, climb ang

cross ahity. These mechaniem are ultimaiely determined hy the vgep of the meatorial, hesed

on its compoddtion [1€]. For materials with low vapg, such sg copper, brass aed stainless

stoele, disloeation climb iz difienlt 1o acklove and therefors little revovery oceurs hafors fhe

oasel of recrysiallisaficn 3y contrass, metals sugh ag aluminivm have bigh vapp, making
dislocation clitab saally and rapidly achieved, A significant amonat of recovsry can thersfon
e achieved Lefore the reorysis bastion process,

Eecrysialization

Thie racryeiallisstion of material ovolves the muclention, farmation, sppesrance and infial
growik of & resolvable wpew strsip-free grale structure [13]. Wuclealion #itee S

boundaries. Other micleation uresd can form from the wobilisy ane! growth of selected
suiegrabis that fall inbc Egh-sugled graiv bosndaries. Figuze 44 schematically
demonstrates recryetallisation, The process can e seen microscppicaly, iccleding ¢he
formatior of new graing and thelr sespeciive nucleated prsitione. The recrystalisation
terapesatiuce can be deflned as the temparatuve st which the neferostructure will be 50%
recrystalized in 30 minstes (17 Senerslly, the scorystalisstion tempesaturs is within e
range of between balf and one third of the abwiuie meliing temperatere of the metal.
Feoctors stch as the metal’s pority, prics work and grade ghwe affect secrystalisation Winetics.
laepsities that sre present as 8 moornd chees retard the grain bowndacy wovemert, raising
the racryats tsation temperature of Yas matersial






the vepy, which determines the rate of didlocstion climb and cross slip [16]. For fuce-contred
cubic (FOOY makerials, with & medium to high yepe, sinn a8 aluminiom, deformation by
glip iz the preforsed mechanisn. In metale with low vgez, toe dislocstions dissociate to
form stackiog feulis, snd deformadion by twinoing scoure. The plastic deformation of FOO
slurainine occurs oy orystallographic slip predominately on ke {117} planes and in the

<1182 direction [2()

Curing the plustic deformation of welsls, especislly durng the rolling procees, the
orisntation of individusl graine within & metal will changs relative Lo the dirsction of the
spplied siress. Consequently, deformasion seows om the most favourably orientated slip
sysiem (18], The rofation of the grains during the deformation procese fowards & prafenred
esyaiallographic orentation & kuown as texture. The cryrlalogrephic texiire withis the
mretal ez o strony inSuence on ite meckismical properties, canabog wnisutropic behaviowr, 4
gleong texiursl compenent 0 a matensl will resuld n the strong direstionality of that
material, while & less tundomly distributed texture will not bring shout the same effect.
The deformistion textures of FOO metals are determined srimarily by thelr vope. Deformed
fextures aloo afect the recrystalliesiion kinetics, with nuceasion eosuering srelerentialy
within specific regions of padionlsr orientations. This dycamic resulie in recrystellization
texturss, which have their own preferved orisntation and whilch, in twen, have & significant
efect on the materisls behaviowr. The meeciting fexture of the materlal v bighly
infivential during the forming processes, epecificatly during cupping and desp crawing.

2.2.4 Ewolution of Microstructure Dvring Hot Working

In the processing of & material under hot working secditiovs, the workebility of the msteris)
¥ an imporisas factar. The workability of & material can be identified by the sase with
wnca the material can e formed while remaining defeci-iree. The working loads achieveble
during the forming provess sre reliant on the plasiic flow of the waterial. The factore that
determing the plastic fiow of & waterial are the deformation temgeraiure, the amount of
gteain and the strein rate a6 which the msterial ‘s being deformed /formed. By varyiog one
of these factors; 14 ie possible to qusniify annsaling and deformation as fnctions of TMZ.
The strain rate and temperatnse can be described by 4 singls pararaster known as the Zener-
Hollomaa (2] perameeter [21]. Z % slso known as the tempestere compensated sirain raie
and iz described by the squation:

J;,’ i3 i’
£y N.é—:lr‘l,_

whers € is the strain reie, & & the activaiion of encrgy, 8 & the aniversal gas constand

Thad

- & 13 a ecritical Sctor, considening

and 7' iz the deformation temperature (messuoed in K
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the bulk hot wockieg conditions and the development of the mwerostructure during TMP.
Undemstandivg the microstructural developrment and how i5 relstes o Z during TMEP is
espential fur achievipg the desirable microetractnre withiz the fnsl seoduet,

The pivotsl mechasiame during TMP are dyoamic resovery (DEV) and dymsand
rourystallisation (DEX) The cyosmic vestorstive wechaviem occurs during the
deformation process, in contrast sith stafic regiorative ph@z@mm& a2 discussed v Section
227 There are many fealures thal are common fo ioe stetic peocess, bud the
gimuliancous cperetion of defermation and soening leade o dnﬁ@m;aug@ 1€, Due to the
high vorp ssoocisted with sluminium end ite alloys such as AASI04, dyramic recovery
domginates the dynaric softenivg wechaniss (23] Dusiog hot bulk defonmalion, work
bardering ocours initially dus to the iateractions and multiplicstion of disloestions, The
diglocation density incresses and so (oo dosg the internal stored energy, which in twm,
increases the driving force for DRV Fesovery ensues, ncluding some aocibilation of
dislocations, and fow-angled snbgrans are forswed. This recovery process, sunpled with the
oreation of disloeations from the work bhwdenipg, reswlts in the occuwrrsnce of iwa
compating processes. Af cerbain levele of sirain, the rate of work kardeming snd recovery
achieves » dysamic sgulibrum dee te the constent pererstion sad aseibilstion of
dislocations and thus a stendy dislneation Cewsity je maintaived [18]. Thiz process of hot
deformation can e depictad by the sheps of the fow stress cusve, as seen in Figure 2.8 for
the deforvation of 41-5%Me. The shape of the fow siress curve bere & o typical rezponse
that alursininm slioye undergo daring TME. Fgure 2.6 clesdy shows the indtial wark
hardening of the roaterial nntil it reaches & oriticsl strain, with the strese siendy curing the
resf; of the deformation. Unde: some conditions, sspecially umder 2igh strain rates and
large strains, the curve in Eow stress can deemosse, as the temperstnre of the specimen rises
darivg deformation due to the additionsl heat generated by adiabatic heating during the
wore of deformation 18], The mechanical respouse fram. hat working as depicted by sivess
strain surves provides s reflection cf tae microstructurs of the material.

There are twe schaols of thougrs with rogerd o the svelution of the micrnstrictuss
during dynasie softening of aluminium. The debate over whether aluminiom vodsrgoes
contimaoue dyvsmiv recrpeialisation (ODAX) or DRV bas been topical for the last thres
decader. Une scheol of thonght, wentiooned abowe, holds thss for materials with bigh vgre,
guch 28 sluminior, DRX dese no$ readily occur, and that DRV ia instead t3e preferential
made, The formation of ells of subgraine acts a8 & series of sinks for tue mokils dislocations
from the esse of climb. These cellular subgrsins are continually formed and destrayed during
TM? and, a8 s romuli, the matexial containg equiares enbgraing within the primary alongated
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Figure 2.8: Flow stones curve of A1 $%Mg defrrmed a6 vaticus tercperatores wid ghraly rates 23

graiva [25]. The other achool of theughs is in faveer of CORX. Due to the high sffici

of the dynawds recovery process, new grains are noi formed by classiesl nucieation _
are devslopad by uu*'-",' Q"'J&Tﬁﬂﬂi‘:ﬁ transformation of a‘-u-..tugtajue_- into new gralee withm (he
deformed graln Lf eoiminlasion of dislecations, whtch fhen ahuw«;ﬁ for an incrosse i

f_i'r}“

migorisatation of the h:‘n daries between graing. 7 his resuits i the formstion of high-wngle

H

boundariss ]:, [ hess theories can b ,atl-::::,msrrn@c@:f by Fi , which showe a schematic

¥

of DRV (Figere 2.74) and

y hot working,

Fm i
LET | 5

Figtmﬁ- 2.7 Evolution of the misestructise vodaieoing (o oyoambs revovery and (L] continuouns dymsmic
serryatalisation during hot deformation 24,

2.2.5 Hot Rolling of Car Body Stock

The produciion of the 38 at the Fulamin rolling plant bes been described in Section 2.1.1

This nvestigation is focused on the hot Bnishing procscurs, as the wicrostrustural changes

prcurriag curing this _I%E‘bm.n}lkﬁ' =rocess have 3 large infuence on the final properties and

!;fg_ﬁ-a'j_:jjm snoe of OBES, Thers are two clremmetances 1 whiich & chs LES af the migrosiroiure

duricg the hot fnishing solling process iz expected: during the setusl act of deformation
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by the rolling setior and durieg the time detween rolling sctions; know a8 oo inlurpssy
timas, Deformation oy mollisg cocure in a fraction of 8 second, while $he foferpass time can
rasge ftom & couple of seconds to 4 couple of mirates, r,iﬁrﬁm ing on the rollng schedule and
tyoe of relling mill. Dusing both of these processes, restoration provesses ocour. Juring the
mterpase Limes, siatic recovery, rooryatalsation and graly growth, ss mentioned in Geotivs
£ T

.29, can ocour. During the relling acticn DRV aod//fur DEX can occur snd these reatorative
eﬁecﬁ.& are devendant on tae 2, which & well documented by Jonss o al. [28).

Thie deformation textire seizing during the roling of sluwminiwm O38 producss gradual
eryetalographic rotation of the deformed gradn indo specific odentations with respsst ta Uhe
surface of the malerial spd the dirastion in whick the material is being worked, In a rolled
shest, ihe majoc texiures formed are descoibed in Table 2.2 The relstive strangth of these
tasiires gives Yee to the seisctropie bebaviour of the OBS during the decp-drawing vperation
Shooogh the formation of ears, where more exsgouraies ears resuli from a higher percantage
of individual texture componsnis sesponsible for peeticular eansg locsilons. BEaring demnies
the undulations that sppesr on top of & draws cup a8 E:zﬁ-ghﬁf,ghmed' iz Figuze 2.8,

Table 2.2 Major textioe component Forud rolled alurinivm CBS [16).

| Textuee
i"i:i@'_ﬁémﬁlcib
A < ME

{me,L%
'11.43<ul> ..
gm;dﬁw E

The textures associated with rolling and deformation wre Brass, Copper aud § textures
resuibing in eare alosg 45° 60 the willing direction (BD). When the OBS undergnes
rosryutalization (dypsmic or steile), the new graine frequently develep in orlentations that
differ to that of the principle componenis of the deformed Sexiures [18], These reslozative
textures bave & strong tendercy S¢ form new mrados with 2 cube {100} plase paralls] to the
surfars of the shest and & oube edge parallel to the rolling m‘s’@mﬂm.. In conirast to the
eolling sexiures, 4 ears axe prodiucerd ai the 0° and 80° pesilicns arcund the drawn cup
These are called cube and goss textuces.

Figire 2.8 shows the different ears formed on the cup from ine drawing aperabion, which
is the Bret vrodustion siep tu the production of heveraes cana. The wolling direction depicted

in Figure 2.8 runy from left (o Tighl acrosz the page. The idoa: situadion g to prodoce a
can that xas virdvally no cws, or to minimiss the smovnt of caring trodoced. The desizabie
texture produesd from the hot Knisting rolfing comdition requirss a sitong cube texture o
be formed from recryeialisaiion. The cube texture ducing rolling doss mot disappear; iis
mtensity is only diminished sy the formuation of the rolling textucsr. The cube texture i
found to be wreserved within cube bands in the hot ralled mécrostruciee (18] and this s
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Figuee 3.10; Plans strain compresdon shonatls showiog the sevil and lest sampie w mslabion fo She
evientation, sz well as frmportant veriss sesociner. with the testiog procsiong.

=

represcuiing the typlesl PEC testing configurstion and layont. The plane strain condition s
the diszlacement of the material which iz limited to twe planes, 28 shown n Flgure 210 (ke
plane strain copdition is occmering In the pringiple plazes L asd 3. For this investigation, the
normeal divection (N3] and the rolling dizection (BRI aund lis on the principle plunes | asd
3, reppoctively, shewn by Figese 2.10. PEC testing was oxiginaly doveloped o simelate the
rolling of plate or sirin, as the imposed rolling deformation cioeely relaies (o the plana shrain
condiion [27]. Hot PSC testing has be adopted and is one of the most somnmnaly wsel teste
foe the generation of fow stress dats for 14s use in the simulation of TMP of msterials. Thie
type of testng ie usehul for Sesticg conditions that required 2igh strains, where axisyrametric
compreasion fogh is unsyitable owing fo the strain Hmitation that resulie from barretliog uoder
high strains, In additicn, PSU testing iz atiraciive due 1o the compression of 4 relatively
large volumoe of matediul, thus allowing for suitable microstructursl investigatinns [28].

The PEC testing was frst sugpested by Orowsn [27] o 1843 with the modification of &
exisiing comoression teal a0 thai it conld simulate materal Sow experienced during solling by
iztipading the lateral spread aleng the breadth of the sampls, covurrivg aleng the trangverse
dimsetion (T Fawever, i was Ford [29] whe suscessfully implerentad the testiag fachuigue
determining the cold rolling lnads froms testing copper and carbon steels. Pord recognisec
that the friction aong Ihe breadih of the anvil belped restrict the movement of the material
flow I the TD, and thue ashieving s condition which ie closs 15 the psve strain sondition.
Ford also mvestigated that the initial toolng and testing semple geomettics play significant
rolss which govern the deformation characterislics of the matorial.



2.3.2 Strain Distr-’bution

Dhiring the deformation of & PEC ssmple, the flow of the material within the region bebween
e two aavis i govened Ly the prevailing slip-live foid, A supline faid is 8 two dimensional
vector dagram that shows fhe directions of maximwm shear, identified with the direction
of slip at any poiut sloog the line [30]. Theee elip-line fields realve, causing a network of
slip-limse. Figere 2.1 % the Sret slp-line field conducted by Hill et i [21] and shows the
slip lne feld of a rectsngular block betwoen two pedfestly rough parsllsl anvils. The four
corner points, st the inderface of the matedsl and awvile, in the NI and R plans s where
the plastic zongs will imitinte.

Figure 2.3 &3 Zns fidd for s PO thiat has perferty sougth sufiis loterbune J51).

The strsight lines sve Jdeswn from theso corpers to meet the certre line ai 457 and fhess
limes rapresent the bowrdary between the rigid and plastic regions during comprezsion, Other
giplioce intersect orthogongily and meel the savils normally or tangestially, Each Hne
is sssociated with spother, in 8o much that each iz equal in magnitude and opposite in
direction, in order Go maintain rotaticral equilibriom, Slip-line field theoy has also been
vsed by Gresn |32] to describe solutions for & amonth surface of the savile. These two studies
both fund that the sinlins Solds and the pressore on the anvils are senaiiive S0 geomat-ies
of the samples belght (b} and sovils face width {w) Therefore the geometry of the anvil
and sample beight are important for the determination of the How wiress and ths strain
distribution of the material. Plgure .12 s the seletion of slip-Ene fields onder the condition
of u foictionless surtuse, thie s the most basic solution of the slip-line fizlds. The slip-linge
congist of & serier of straight lives, interescting af mid-thickness of the ssuple and mesting
this anvil surface &t 457, thus cresting a slip [fve feld of crosses, The different ¥ ratine cleasdly
show that & greater oumber of "crosses’ are formed with & Digher T mafbic. Durng & PST
e, the § matio inoreases, thus cosating more ‘crosses” within the maierial, depandivg on
the amount of deformistion. The actua slip-lines or puetio flow of the material duriag & test
can be descibed a8 a winturs bebween she elip line field solutions ae demonsizated n Figure
%11 and those in Figuze 2 1%

%0



wiiln = 7

Py ) %

Figare 2,1%: Slip-lines fieide for & 280 test thad bue a Fictionless loterface.

2.3.2 Geometric Dimensions Congiderations

The use of the slig-line Geld theory has proved to provide faicly good repsesentalion of
the sirein distribution within the test sample wnder going P8C tests (33, 18, 34, 32, 21,
Hawever, the slip-line theory I liaitetions, as it dacs vot take into consideration of sffects
of temperaturs, strain rate and the materiale’ sorativity to strain, Tn practics, these fastors
bave an effect on the strain distnibution and thos, the fow stress durieg the deformetion
pronese, The lieterogeusity of the deformation of sommercial purity alumisiuo sod &L Mg
1M alloys has been studied by Seynon and Scllars (33), where hot P20 tests were performed
al & temperstere of 300 "C and room tempersture, In order o track the strain distnbution
within the material, the tesi samp.es were halved along tos Jongitudinal dirsction {along
the N and RD plans &5 §b). A sguare grid wae hand scribed on the sectiomed Sace and
theo clamzed back together sricr to the besting and deformation. The sualysle of the
distortion of the grid provides information regarding the lvesl strain and the overall strain

distributian of the materisl vader PST testing. Different initisl beighte of the sample (b)
were cheger, thue allewiog for different initial 7 ratios to be tested. From Beyaon and Scllars
|33] work, it was determinsc hab gtrain disiribution ocounred, s localised bands of sirain
and these sirain bands surssponded o thoss predisted by the slip-Fae field Saecry [33, 32
Beyaon and Sellars [32] also concluded that the prier strpin histery had wo effect on Che
discribution of strain nodsr FEO conditions and that » more horeogeaous sirain distribution
in achievable with tests that have a larger § ratio of the samyples. 70 was furlher proposed
that the lnhomogereous strain distribution gave saise to ihe diferences in Bow sheess for
specimens of different T satice, This is & result of the materiais senuitivity to the flow stress
sk the lovalised tioreases In strain rate, which led to varigtiong o the work hardeniog of the
asterial. Powever, these elfects on the fow stress of the materlsl can become less signifizant
under teeting conditions where a Iargsr initial ¥ ratio iz utilised.
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2.3.4 TFinite Element Mocelling

With the advances in rumerical smulations, rwodeltng of hot PSC testing has boen possibls.
Substantisl Anite element (78] aualys's work by Mirza med Sellare |25, 3£, £7] has produced
anglysis information walng the ABAQUE aofiwnre. The modsls allow for hest condustion
within the specimen, the hest penerated within the gpecimer, s well az the keat transfer
frem the gpedimen $o the anvils, Mirsa wod Sellars [35] first carried cul two dimensional
FE modelling in the ND apd KD plane, with perfact nlane strain condigions. iﬁemmaﬂmia‘l
AZ8I 5161 siainiess stee] and sluminium alloy 5052 were tegted and modelles. The P

flow siress tests were carried oul exserimentally. The results were then Msed "«ra%;hié,ate'ishe
*E models for fow sieess, which s In good sgreemsnt with the experimental resuits, The
effects of sample geometry | T maiin woly, lacal deformation within weterial, the material
of the sample, slin-ifoes, ﬁc%&; and strain rais were simulated. & was concluded that the
local strain response during & PEC test wss independent of the material snd the steain rate.
The resulte om the F5 ronde] therefore can be applisd (o gensos P80 tests, The interface
friction hetween the semple and the arvil demaonstrated thet the deformation is very sensitive
to the friction cozditive. This was slee true for the initial ssmples’ 2 watin. The averags
ghradn within the Suite elemente of 10% of the bighest snd lowest valves, bave ghown strong
dependance on both the ¥ ratio sud the friction condition, From a wicreetrustural point of
view these regiens of aﬂexeﬁ-& are of imcmortance. Thie shiows that values of a low £ zativ
mﬁui‘b@ in large shrain rate gradicnts within the sctivated slip-lines.

Dresformation
Aves

=

. o

Figure 215 Sdheonte of s deforued PEC ssrcls, dowing the deformution wea e well s the wesdih
apazading (bl

During the deformation of a PSC tess, there is & cortaln amount of Isteral epread of

the teet samzle. The lateral spresd, or the readth spreacliog (bel, @ depicted in Figurs

T

2% The grester breadsh soresd experienced, the less ihe deformation condition meets the
reqitiremieats for plase sizsin. It s therefors bmportant to keex the bresdth spread to 5
misimrn while pecforming a PSC teet. The initial work by Ford [29] demonstrated thad
the bresdih (b) should be 5 - 10 thmes lacgey thae the snvil face width (w! Understanding
which sooditions ceuse the bresdsh spresding can skl in the optincisation of the testing.
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used ihres dimensions) wodeliag

g 1o s
eting the breadih spresd of

)

s and Sellsre (36

dimensions af
cial Al fﬁ” 316 staiuless & ;w[ and aiunsinium

y 50BZ. Bimilar ¢ repults showed that the effect of the strain

rave znd msteral waz mms'w? v o hhie 'Laf&afi‘;h sprend dusing a PO de:fmm:&t;ﬁm, “hs

glerifizan sswnle m was She 2 tatio snd the effect on
ibe breadth spread. 1t was found thet for the imitial xatio of 2 5. the bresdth spread
increased. expusontinlly with contiuued compresaion of the sumwple. This agrees well with
the ewperimental Eadings of Ford ]ZU’[ . This indicates to achieve a deformation where the

cond’tions resemble those of plane straln, the initisl breadtt (by) should be zs large s

posaible. This i lrue, howsver, L:fm&u._k.&;]b]i thie could cause an isene wh
;'EJ' 4N Jl tf
The FE simulated Sests ane revesled that the breadth sprend dunng i-’

grontes & much higher loag for the PSO testing mach’

a:e:-,ut;;;»-zﬂ. be rescherd

& the maching |

tests iz sensitive to fictional conditicus. [t wae determined thal thers is & systomatic tw.::af

bowards & reduction in seresd with sn incresse o friction valas (1), g2 shown i Figure 2.14.
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Different vontact covditions between She anvil and sasuple are bighly probakls ascurrense
dusing PSC Jue to the actual frictional effects not constant during the deformation peaction.
Mirzs sod Sellare |37| contivued io model seymmaizy from different contact condificoe ab
the anvil and sample interface. 1t was modalled for differont saifamn fictionsl conditions at
the twe inserfaces s we'l as for vow-weiform conditions across the widih of the anvil. For the
frictions) conditions that had & volform kot different condition at (ae anvilsampls intarface

of gach side of the sample, & T° shaped (Tigure Z.188) samnle was formed with the “J
g&mp@ forming towards the interface with the highest friction. A Hm@ﬂ? frictional difference

st the interfaces will cause & more severaly deformed 1 shaped samzle. Asother frictional
cmdm{m was modelled with a wary’og Hictional condition from & Lu‘ugm salue on the one
gide of the anwvil ho a low wlue of the cther side scrose the suvil widih st the sovilsample
tnterface. The same condition wae svplisd io the oftbher sampleanvil interfss, however
the wriatior of fiction wes soting in the oppesite dizection, Resulia from these frictionsl
effecte cansed asypmmelrical defonmation of & *Z° tybe samyie. Results from the derived flow
stress cusves did 1ot have considerable effects comprrad fo symmatrically deformed sarplee,
Howevsr, ouly in extreme cases i thers 8 small redugtion iv the derived flow strese curves, It
was further concluded that the effect couging seymmeirical deformation in praciics s largsly
due to non-uriform lobiication &t the sowvil-ssmple inderface.

From the afors mentionec FE modeling, i must be noted that the effects of saymmetmical
deforsmation on microetrsciural analysis has not beon directly mvestigated. Hecryztallisstion
kinetics and recrustallised grain size are songitive 6 the lozal distributions of strain, strain
rate and temporature and this wil lead to seymmuciny in the microstraciure. This hua
oplioatiore for the quantitative metallographic snalyss of the swmple. Tewevey, Som the
pommputations. sossvvalions, the overall plastic strain across the ceatre of the ssmple hajght
ig relatively small for syocmetncal aad ssyrumetrios] PSU deformations. Thye, 1 12 suggesied
thist somie cave should be taken for metallagraphic intorpretation of seym-neirically deformad
samples that are not witkin the sentre of toe samples helghte. Asymueetsicsn. PO samples
teptnd at VOT Ceontre fur Matorial Fogipeering (CME] bas beeu gtudied by Duckham and
Kouteen [39, 40]. These PSC teete were carrisd out &t room femnperainre on a modided
servo-hiydeaulic { EX%H} universal testing machive, Miceestructural saalysts of shoninivm
alloys Al Mg and ALIMe )Mo was paformed by obse=ing the flow palierns and grain
morpho.ogy weing optics. microscopy. Bulk texturs anaiysis was alse bmplemonted velng
¥-ray diffraction of eniy she mid ssetloz of the deformed samples. Dniring the deformation,
anvil latersl displacement of 1 5% wae chesrved for some deformatione, carsing seyrumetric
BST teste. Under the same conditions that cavsed seymmetrical samples, symomstzical PRO
tente were alsn snoonntered and it wes therafars helioved taat the vary oz frictionsl conditions
was the cavse of the ssvrameirle deformaiion sad the latersl offset of the apvils. Figure 2,18
showa the deformation o & logurithmiz straln of 2.1 for 8 symrnetrical test (Figuse % 15a)
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the initis] and final breadth. Sellace ot sl [42) defined & spresd cosifcient, © which i

Cam
C= ‘*%”iﬁ (2.2)
1 [BY
ko

where br & the sversge Omal sampls hrasdeh, 5 iz the syerage initial pample bresdih, &
is the sverage fimal beight of the sarple, % 8 (e averspe initial sumpls height and the
cacthivient n is 2 coustant. From initial 780 tests Scllars of a). determined = 03, but
further investigasion with hot PEC lesiing of ahumininm alloys by Bhi ot al, [43] revealed
that m = 0.18 provided a much better fit for aluminium eamnples Tubricated with graphifs.
The FZ modelling by Mitsa and Sallare [36] conBrmed these fndings. 7t has bosn suggestod
[41] that for obther pesteriale the cptimmen value of » should be deterrined, nowever if &
consistent value ie used the sffect is emall. B, therefore the instantaneous breadih (.0 is
estimated as:

i B, T
b ¥ s — ""'n'?ii?.ﬁ- i'," o \L
Gt gy |k =85 =L Py ||I| [ SLES
L L iER

where .. I= the inslantaneous beight of the ssmpls, which i= calovlated Trom the
displacement vaives during a PEC teet

'25;—% o K?’ Cﬁlcunaﬁiﬁﬂ @f Stfﬁﬁiﬂ

Determiring the stress-strain curves for PSU tests ab elevaied tomparatures for medium to
higk stzain rates is nsefill in mder to understend the raterisle’ siress-girain characierisiios for

the TMP gonditions. Hot PSC testing provides relisbie data proviced thail testin
are vptimised so that relisble flow sirose duta cun be collested. The caloulation of etrain is

& condibicny

determined by the eqidvalent stialn {23 according to the von Mises criterion. 2y using the
principle divections, a8 temongirated in Tigure 2,10, and arplyivg the von Mises erierion,
then:

dey
bt of) . ¥ P
e v T R . hd 4 = Y ¥ Fin 0
= 5 I_'--_f:'-’»"i ol -1, T Eg =&x) __l‘:n' Eyg E\m--»‘élt
and spivice ¢ = gap; 3= Srps &3 = END
e
W s, =] i 4 3 g e fim g
& i f ot 5 ¥ | i el ]
e = \I Enn = 8vnl +i8rs - gxa) 1 Bxs if el “ 40 ]

whare & i the squivalest stain, <y, 5, sud ¢ are ihe peiociple straing o thelr seepective

planss. exp i the sirsin in the mllﬁmg dizention, evp e the strain in the travsverss direction

and ¢ 8 the sirain in the normal direction. For the idesl plans strain conditicos, g —
FAE il Ern = ﬂ,- them
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However, a5 previously meationed the breadth spreadicg of 2 P8C sanple is significant, so
therefore Bguation 2.6 cots not provide & trus squivaent strain vais of the deformation,
Thie, howsver, can be used for guick and easy estimation calculations ¢ detertnine the
sppraxingte equivalent sizain. The egiivaleot stzaln can be caloulated from the ssseples

height. from the displacement valve of the PAC test and the instantansous breadth value
(Equation 2.9) a2 well as and koowing thet cus — i : v v = kg Exre,
The eguivaleat strain (7] iz thersfors:
g E o L i .
F = = ::L'E"."._"wﬁ R 7 ] - I‘l:i:?ﬁ-_,,:'—-_ ; 12 ?;
.v.-."-.iﬂ

J& must be aoted that sines the cxy is rvelated to the ey from Eoustion 2.3, & feom § can
be defined as:

= o £ o
| TE BTy u?_-.l
=
If't _ I.rt QI
&g iy

For instance if a test was under ideal plane sirain conditions then the term f = % For
the calenlation of the ecuivalent etrain during & P30 lest, the term 7 canmot be caltulated
‘Tue’ by the condral systers. The [ term can ooy be caleulated poet deformation by “offiine’
avalysis, Jencs, & vewinal term, 7 18 therefors emploved for ‘live’ calomlations and it i &2

determingd as 143];

X Ml (2.18)

where w ie the dimension of the fase widih of the axvil, Thie /* term provides an sstiznstion
for the sqcivalent strain dusisg the Tiwe’ PED test. DBy sslimating the eguivalent sizain
during a PEO test by csing f = *‘3; thiz would overesiimaie the oquivalent strain ¥ the
idesl plans sirain conditions were f@-wwvﬁmﬁ Therefore, by vslng the intermediste term,
i, calenlated by Foustion 210, & move realistic factor is achisved. Unoe the FBO tost hasg
been completed, then termm F can be caloulsied and used for further analytical purposes.

2.3.8 Friction Corrections and Caleulations

Friction scting betwsen the snvil-ssmnpls inderfaces reeuls (o an inoresss of the load to deform
the materdsl. Therefore, corvectione of the measured Ivad 15 needed in crdor to delorniine
the flow stress apolisd to the material. The deformation of the swnple causes u pressure
st the anvilsudace lnierface. The sverage instentapeous pressuze (8] experiences af the

b
w



anvil-zample iz therefore: '
e (211}

b
EHIE

]

whers £ e the applied load rasasured by the losd vell dusing & deformstion. The shear fow
stress (&) can be ceduced whether the frictionsl cosdition is eticking, sliding or a combination
of the etickivg wnd sliding triction, During the deformation, there may srise a situation where
the cerdeal vegion of the anvil across ite length fs under the sticking friction condition and
the regions slong the anvils edpe Is wnder siiding friction. The position |2, where there &
8 caanye heiween sticking snd sliding friviion, is caleunlated as [44):

‘," ﬂ. ‘}f{f. ,I 1 .-'?' oh
el l— vald)
L2 s N/ '

where u is the Coulomb friction coefficient, which iz assumed a3 the static value during the
deforroation. The shear fow strese bu tenmg of dze aversge pressure cu the apvile can be
described by one of the three Sotional conditions based on where the sticking and shiding
friction position, Thersfore:

A 22y » w, then sliding fviction s ceraricg, and:

S
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d i > Zzg = 0, Them pariial siicking i ocourring, asc:
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Q> 2z, then sticking Siction is scousring, and:
i W oW

- (2:18)

ox 45 12h%

The ghear Sow strese socnarirg within the material le now serreeted with resseet to type of
frictional cordition thal iz ceolcring within the maisrial,
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wiwmlent stoain, the von Mises criterion iz apslie

Sirsilaly for the calcwation of she eg

(&) s Ll

the exvivalent siress. The squivalent

R CRATT G

.‘P‘er rominal velas [ | ;
7 ghoews ihe Cifferance petween the sversge instanianeous pressure |

-H.i'i-l’._ﬂ. the eccivalent siress (o) plotied againgt the eguivelent strain for & low carbon slee)

It cxn be poticed that sach ourve is sl et

ceformed st 1000°C st & stealy sate -

o raaolve the sorrected

sivabent ﬂcnw atross

fo owisg sach congscalive
wmus for Che pate

Figare 2,17 Flow strass curees of ghe (5] e &
equivaient steess for & low carhor steel tht was d@;ﬁr:n:m\,..f. beyr Bk =
[41].

at 1000 T 4 s girate b

2.3.10 ‘lemperature Considerations

'

lowes gimess waluee due to the esse o n fthe high

Hot deformssiocn ocours st

deformation tempersture, Additions]l hest i& panersiss by laslic deformation during

medians S high stigic rete deformations (> ser'). s resclting in thersual softerdng

durlng the defeemeiion, T i thepsfore bepoziant o record the tempersiure &nd

temperabune chavgss oocirmicg dariag & oS PEC tesl, The temperaturs istories are

resorded by a ¢aeronaeoy 'T'-JE: i deformation zone, wsually

Faor the “er persbiure heafing

thezmoenupls |

, 16 i ;r’m“i ws minimise the tariserstuoc variaiion across the



samples breadih and height, as variations iz temperstare can have a cousiderable effect on
microsteuctural araves.  Tompessturs variations recommended by the Good Practics
Guide for hot PEC are desoribed in Table 2.3 |41], Therefore, good temperatire control s
epzential for reliable fiow strese calculations,

Table %.3: Alowsble tewpersiuss variailons for hot P8O teat [41]

Tennsnalire E—*""-"a?‘.’rjifﬁﬁ;j;;ﬂ-.
Acroas ssmIpls =)
heighit, h 3 +3
Arvoss srmple i i o,
Ereadih, I BOQ < 7o B n &5
Al W i

Deformation of & samnle canses heut to ve gedsrated within the ssrople. The zise of the
raise i tempersturs e dependent on the strain rase helng lmposed on the semple Ao

inerepse v adinbatic heating will aceir with ‘norsseing stran rate and therefons the Testing
condition will not be iscthermal, The adisbatic heativy associated with the deformation of

the ssmple iz considered to ouly ccour &t strair rates gremter thaw ~26 see ', Conditions

with bigh sirain rates <o zot allow time for heal irapsfor te oveour from ithe hot
deformation zone to the colder showlders of the zample and anvils [45], reeuiiing in
localised hesmiing. Thessfore it iz imoortant (o scousbely tocoed She i.&stmﬁmam
teraperatuee for vach etrain measurement of the sample during the PO ¢ A oomplex
thermal wodel hag been successfclly Imolemented by using a finite cﬂ‘n’ﬁémm miedel 2y
Hand ¢t al. [45] for single or multiple deformations. A simplistic approach for determining

\W\

the rsige in Seeaperatire (A1) by adisbatic heating in the deformation sone i

{217}

s
£
b

whers o, is the specific heat of the material sud g is t2e density of the material. From the FE
anslysis by Mirza sad Sellary (87] & mods! wes used to precict she the average and maximun
temparaturs histones within the deformation zone,

Due to the betersgeueous naturs of FEC teutivg, thers are large temperaiure variations in
deformation zone. High localized temperaie regione oocour 'mthm the slip-live as & woeeld of
the lncal formation of strain and ite sseociated siran rate, Flgure 2.18 shows Lhe localised
tempsrsturs rerions that aligning with the 2lip tine Belds ic the FE suvalyds of AIST 2161,
stainless stes] undergone bot P80 teeting 83 & initial temperature of 1000 " to & strain of 1 ak
& strain rate of & wec’. The TB analysiz sgrees with the ensly initisl sxporimental work done
by Onlas and Sellars [34], where they investigated tre strain snd tempersiurs dist=ibution in
kot PEC teste of ATST 3187 stainless gieel. The strain distributicns and the corresponding
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where 1., iz the desired sothermal temporatnss, Th 8 Lhe instanianeses tempersturs
during ihe deformation.

For an equation thai is valid over the eutire range of stiess, the hypaibalis lne relafionsaip
147] best desorihes the characierisiic fow stress curve that deplote the occurrence of dymgris
recavery. he hivperbolic sine relationship spproximates to 5 power law at low stresses and
then tu an expenential law at higher siresses. Therefore:

i

£ = A giah{ow)]” {2.20)

whors 4., o and «' are consbants. Ahalmuﬂgh t o and, v are constants for cach specific ds
point, tl.i'. hm been shown thst @ — = [47]. Thersfore, it is possible io determine o in ferms
for sach dats polsl. By plotting m"“”"" vE In [sink; mﬂ then the slope of the best fit line i
the v value and the Wiercapt & Indy Thus, the constitutive cqiation in can be Jescribed
a&:

[ Y
| Lo W Y ! .
e 1 e T A o~
B I <1 M| (2229
b M T, I :'&'I.‘g ’3

2.3.12 Iahomogeneous Deformation Corrections

The haterogeneonz nature of the PBO tests melies besvily on the samzle-anvil genmatrise,
whire the formation of the the slip-line field sirain relies zeavily on the initial £ raties,
Since the slipYive feld etzain differs for different guometon diwension, variations of ﬁle’: alip
ling field strain and slip-line feld sirain rates lead io differend velues of How siress. Althonga
festiog condisions allow for minimal variaiions of the flow stress values j41], results foom
FZ podalliog have lead to & somection procsduwrs to vegate the effects of inhomogensous
deformation for the staln and strain rate. Xowalski ¢t &l 48] determined an exprsseion from
iheiz FE micdelling to dsterniine the following sxpressicons for Las strain zate distribntion and
gtrain. The slipline Selé strain rate is thersfore [48):

¢ e L
e 7 - SR - ) )
e e T e | Ao ST | it} % 294

T ‘ Tdois, LA W X [ 5 b b
‘t'-‘.'.‘a.‘-v.".‘.-zn L% s ¥

whkere fq.p iz the siram rate currscty in the active sip lne field aud =, is the nominsl
sirain mfha Awry and Byee are oplionised soustants that bave bees determined as 0.8 and
5.2 respeciivaly. The mean eirale rate in the cutrent sitive wiz feld lne can be determined
a5 [41]:

/ 5 c s | =
'EFF:'#TI — -"\3','.' l—!, T, B4 - I Ly

L |8
where m oand moare *ﬁm‘%m’q consterts with the dstermined values of (028 and 5.5
reapeciively, The constant o depends on the seomsles Inidial thickness. Teble 2.4 describes
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Kowslski et al. [48] confirmed thele Sndings with espesimsctal hot PO {esting of

L

sluminium sloy AABDZ for temperstores of 300 C and 400 "0 at nominsl strain rates of
0.5, 3 and 20 2er. 'The optimieed. constants for Eguetions 2.22 and 2.23 are wof matorial
specific and therefore ke sopicatior for determizing corrected mbhormogensous How
stress-strain cnrves can ke applisd fo other materials, Forther corrections of flow siress
curves can be applied S0 the coefficent of Soction {u) velue, sz this value is sssixned
constant during the PSC $mt. The coeffcient of friction can be adjusted mmpiistically with
regpoct o the amount of deformuation. Thiz le particularly uvsefnl whes the cheange of
friction is lszgs and has & noticesble effect on thy flow ghroesetrain corve.

2.4 Technology Strategy Consultants Fxperimental
Review
Techrology Sirategy Oonsultants (TEC) ia a consnltancy firm based v the United Kingdom

wh pravide solytions for the Sechnology needs for manifacturing companies, TS provides
solutione for & wide vaniety of engivosring applicatione, the manvfecturdg of alumminiyrm

i whers TEC specialisss. Hulsmin have otilised the sxrertise of T80 in oeder to provide
solutions for their aluminium slloy AASLN4 intended Jor the produciion of ©38, Work by

BEvane wnd Ricke |49] fropn TEO have Leen sartied out on Hulamir’s aluminiom alloy AA3104
by implementing single kit PSC tasis. Ths pedforriance and validation of this reports hot
PEC testing iz based Som the those resulte. The work carsied out at by Evans spd Bicks

as shewn in Figure 2,149,

24.1 ‘lesiing Conditions for AAIL04

The work by Zvane and Ricks for tae kot FEC testing of sluminium alloy AA3L04 was
pedfermed suly for single alt deformations [49]. The temperative snd sheain rate festiog
madzi emeloyed ghown in Table 2.2 entailed a single deformation test por copdition, totaling
to 3 siagle hot 2SO tesls, The teeting conditions cover & wite rauge of tempersinuras and
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Table 2.5 “ewperatins sns sirein zibe conditions for hot PEC ssis enployed by Svans and Ricks [68].

Strain Ea‘;{. o
. 'iﬁ&'t\if} l
T i 161 i
Temperafurs —=
| opersze 32
40

strain rates that are excountered op the hot fnishing roliicg mill for the prodaction of
aduzeindum alioy AAS1GA, s it iz described in Section 3.2, The PEU testing samzles used
5 Evans and Ricks wete machined frowm the near cenire seciion of the kot rolled AA3I(4
glab produced by Hulamin. The dimension of the aovile and samples are inchided o Table
2.6 and the technical drawrings of the ssmple is included in Appendix A Thess 280 samples
were deformad o a meaximam siraia of - with the beating time G0 reach ths deformaation
temparaturs of ~120) seconde with an additional ~@0 scoonds holding fime. Tumporeture
wae monitored with the use of & slugle themnooouple luseried into she small bole drilled into
the mid point of the deformation zoue on the eds of the sample in (e BRD sud ND -lsne.
Qe the semple was deformed st ite spesific tempsersinm and etrain rate conditian, the
gamle was xomaved and mmedistoly quenched i water. The total tlme for eazh test was
soproximately ~18D seconds.

Tebile 2.8: PSU sovil snd sarsple dimensions wsed by Ewsae and Ricks]a®].

[ Azl face widte | w 15 o |
Samnple lenglh 60
Sampls breadin 51 o |

Title | Symbol | Viive |

(—

7
Sanple teiget. | k| 12 oo
| Breadth matio (2} | Bp 5
Hoghtrato (8 | A | 1%

2.4.% Ugiversity of SheSeld Plane Strain Compression Testing
Machine

The PEC testing macnine veed ab the Jriversity of Shefeld is a purpose build machkine
by Servotest, while the basic thysical yeinciples of PSC i the same a8 epcountered on the
FEO fusting machine 55 IO, Gleeble 3800, thers ure some fusdamental differsnces hetwesn
the twn machines. The mein difference between the two machines iz the hosting svaten
used to reached the deglrad testing femperature of the sample. The Bervotes) machine uses
mduction coiled heating furmacts o order to schieve the described foating tomperaiure of
the tewting sample. There are thwe separate furnaces an the Unlvessity of Bhefleld’s FS0C
testing machine as shown in Figure 2 10s-, whore the fornsce ehown in Figure 2, (35 is where

deformiation iakes place by & single vam that scting in the vertical direction. The Servotest
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Figure 2.2% Frivtion callbrstion corves in Sorme of ¢ for the ring spericren vatic of 6:3:2 (5]

is consistent for She entire deformation sod that material & oot sensitive to the deformation
conditions, such ss factors like sirain rate and work bhasdening rates. Work by Sofscgiu
¢t gl [50] showsd that use of gorwralised calibvation curves ie not purticularly accurate a2
the sslection of materia! and jesting sonditions have different effocts sud calibration curves
should be materisl and testicg conditinn specific io order to determine sccurate friction
sonditions. T'he use of FE analveis can be used to creats calibration curver for specific
material and deformation coeditivng.



Chapter 3

Experimental Development and

Procedure

This chazter describes the ewperonental rouie taken for thie mvestivation. The festing
orocedurs san be split inte two genera. sscticns, the TMF testing conditions perdormed as
bot PBO teste and the microstructursl aralysis. The hot PSC tests wore initially carvied
out on the Gleeble 3800 12 order fo assess the testing perfucmancss. From the resulis aad
eheervations of the initial hot PEC lesting and the ring compression isste, PEOT issting
modifizatione and optimisations were fasther carrisd ont and svalyred. After this, oolsic
pass bet 28C feste were nerformed to simulate the rolliog conditions which are experisnced
on the hot findshing mill st Hulamin, PLOM was carsied out on the TMIP samples and
microstruehiural interpretation follows for the sclected swiplos, A Bow chaxt sumnarising &l
of the experimental tests &2 inclided In Sppendor 3.

3.1 Material

The material uader exarnination in this investization s the alumsiniumm alloy AA3104 provided
by Hularsin i the fore of & transfer ax and strip after the first and third passes on the
hot frishing revergivg rolieg mill, The material nsed o this investigstion b2 from: the plang
rolling trials performed by Hulamin for the development of thelr aluminiom alloy AAZ104
ducing the periode Som Septomber 2011 So February 2012 [15]. The msteral received is
from trial pumber 4 (ot mumber 13/10/C1545] and the somposition of trial nursber 4 is
ghown in Table 3.1. The hemogenisation praciics employed for thiz trial was to pesform s
soak at 560°C tuc four bosrs and fallowed by a con~down 5o 520 O for twa hours,

The plant trials carries out at Eulsmoin during the period from September 2011 to

[
fia g




Table %£.0: Hulamin Rolled ¥rodarsd® aluminiom oy 445104 matedsl composiiion fom plaat toisl
wusnner 4, [15],

S T

Febraary 2012 led @ & genesa) common obserealion reeriing fem the Erichses zapping
tests paciormed by Bolawin on (he oy ARSI afer (he hot Auishing process thai was
perfvrmed with a post lshorabory soussling ben’ treatment of 368 "0 for three houre, The
sopmon ohwervation was (38t soross the widih o Lae eviz, & highe: earing sercantsge 45
fae 0F /30" prailions welative to the rolliog <iection wae fund aé the odges i comparisor
o the middle of the sirip. An exsmple of ooe of (hese fodinge (Thal aumber 54, lot
ruober 2812/ 18047) i ssown o Figure 3.1, The esring results Tor botk of the extrame
ende along she length of the strip kuown as the Teadag edge (LT) sod? tall edge (1'2] are
srown across the widib of the sizip for each end. The esees of the widik of the sirlp are
semoted 82 (ae Jxiver aide (D8} 27 tbie -B0D positior adgs o the operasor side (OF) gt the
800 posifion therelore position 0 ‘s the centrs line siuag the shrip. Tligher perceniage sariag
al 0" /30" posilicne can clestly Se seew st the acger of D8 and OF sad moorte by Eulamin
[85] elec confirm that 4 higher suse texture elso forme at the =dge of the striz, Lhe
formation of the 0°/80° sarxing ong tae width of tae stz can assoust for the formation
and strengtn of the cube texture red durfrg the abosalory swoealing process; tals is in
agrsement witk the Hiterature mentioned o Sacfion 2 2 4

O M 4 M0 ¢ We 40 S0 B0

Figure 81 Sasne varaton sl the sidp widik of the ALTI04 wiie sfier the bot Gnishing rolling
aperation [15],

3.2 HRolling Schedule of AA3104

ssary informstion regsrding U “olliug achedule for slomiziam alley AAZI04 Lo this

imvestigation has Seer summarissd I Trebes 3534 Whe plapoed setey and ext asights of

i



the wicip, the decived recostiony, etraits and strip speeds are tabulsted in Table 3.2, The
true sbrabn in the height divection (ND} per pass is caleclated s

§ Al height

" — o
Chatuig — kel

" N TR Tromd '1‘ W
"\'\ ="IE\='\1R§? B ’;Jg-:ll-lf

The negative valnes for the syagn column d.@ﬁﬁﬁbea %:E;at the strain is undsr compression
load. The total true efrain from pase 1 to pass 2 I8 2.2 and the work roll diameter of She
hot finishing rolling mill et Eulamin iz 710 mm luz.

Table 2.3 Flacned bot solling Baielitng wmil schedule for tcial mumber 4 fr AARI04 15

iy heght [ Belb Beight [ g, Helght _ Stip spest
| fme) | Qom) | U reduction MM m/mic)
Paszl| 20 9§ 0.1 50.5% DIG . 105
| Pass 2 | 4.y 4.5 5 Blbde  0.7% Pl
[Pass 8| 48 10 28 583% 08 [ an

From the information in Table 3.2, the sirain rate for each roling pass can be calonlated.
[hering the rolling proosss, twe Sypes of friction conditions pooys, namely the aticking friction
condition and the sliding Siclion condiion. A practical and sah

actory calenlation to
determine iha sirain rate nnder the siicking ficticn condition can be caloelated as [68]:

q".l

, 3
§ = -' 3 (
s i S,
=V = T ﬂ i = l (3.7

2V Eg = RNy E U R-j #

whete V g the perizheral speed of the work rall, B s the dinmeter of the work roll, ke snd
hy sre the entey and exit heighis reapeciivery for the puss. The strain vate for the siding
friction comdition iz calonlated ag [B4]:

¢ Fal =
) % "’ AR 240 *
Eplidy — —— | —

By |

The strain rate of the sticking friction condiiion is bigher than that of the strain rate wader
the sliding friction coudition. The strain rate for both friction conditions was caleulated for
esch pass duriag the hot relling of the aluminium slioy AASIOL and iz shown in Table

‘:r’ﬁ E.V

Teble 8.8: Sivain mate valoalaiinre for each pass vnder the stickis

v and sliding Shetion eoaditiog.

 Pass | T
ey 7| &
i'pse ¥ 126 i 83

Table 3.4 describes the aim rolling temperaiures on the hot rolling funlshing mill and as
well as the actusl temperainres thsi were rerorded dusing the volling of trial pumber 4 oaing
AKZIGA. The temperatores of $ie T8, middle and TE of the steip were recordad for all thres
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passes, and additional temperatures just for the third pass were recorded wh the 08 and DE
fios the 2B, middle snd TE. It can be noted that there is a thermal gradient acress the width
of the stop with the G8 L22°C on average hotter than the IE, This therual geadient led {0
syspicion about the d*Ference in saring behavionr ae described in Figure 3.1.

Table $.4¢ Aim and actusl todine reciwoed rollizg tempersivres for the not fmishiog mil (18]

| Aim Somperaticos i Pasel | Paasd | Pass 3 |
ek a6 | 20 | 2 & ]

Resordedenline | ¢ | B8 | M8 5oy B
bemporataee D0 | Middle | 884 451 2262; 207 . B
N ! EL3) 37 | 1% | 288 | g

3.3 Gleeble 3800

The Gleeble 3800 & muollizuzpose thermomechanica, fesiing mwachine designed aud
seocvssd by Dynamic Systems moorporated (D3] and it was used to pmmmr_ the TMP of
the aluminiurn alloy AAZI04 by PSC tenting of siegle avd multisle hits. The Gleehle 3800
was commissioned and calibrated st UCT’s OME in Degemher 2011, with the full
operstions cosurming sarly in 2012, The Glechle 380C i & fully lnvegrated digital cloged
nep contre) thormel and mechanical testing sysiem [B7]. The thermal systare smployed on
the Gleebls 2800 otiliser dirsct resistaoce healing ‘n apder fo schicwe the desired
temperature tesiing condition of the asrpies in guestion. The tewpersiures messured
durinz & teet were controled by the vee of a thenmocouple sither welded or inseried into

oy K

the testing smeple, Twp different modules Fgure 5.35) can be wheelec, chaaged and

fitted ambo the Giesble 3&&3&] - for this inweetigation the Hedrawedge I modnle was used.
When the Hydegwocge I module i@ attached, there srs two hydromsechanical ranos
{(borizontsly) opesstivg independently and syrelueseusy o one arether; this allows for
the capazility to perform high spesd deformations with completz Indepsudent contzel of
both sirain and strain rato [38]. The ‘slreke’ ram ig part of the msin unif on the Glecble
3800 ae shows in Figore 3.3, and thie vam iz whai controls She amount of strain that i
needed for the deformation. The 'wedgs' ramw iz shown in I?‘ﬁ_a:ams- A2k and W adjusts to
achicve the desired efraln safe cucing the deformetion. This differs from other machines
uped for deformation tesbing a2 thers ©v generaly only ove stogie e thet ponforms the
deformation activn. The accoleration and Zeceloration with the use of & mﬁkﬁ. TATD I8
noticeable, espacially in high strain rate (esis, and the Cleeble 3800 tries to nsgate this
wihy the use of the Eydiawedge [ module. The contraliog tower in Figure 2.2¢ s where
the digical contrel gystem ‘s houssd snd in additicn the wamual comtrole control of the
wmackine. Figurs 8.3 sa0ws 3 more detalled snvivonment of the festing chamber, with the
iwo ramis acting in the horizontsl direction as shown from lefs to right on the page. Due to
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the strain distribution within the smmple aad the smowct of she breadth spreading of the
qiefmme«. gampls, The recommendsd geometric raiios are degeribied In Table 47 according
¢ thes NPL Good Practise Guide for hot PEO tests

“Table 8.85: Recommended testing genactres for P testing [€1].

TWe_ Uymbcl Seatcasly Peddeo] valis Percisille valis
Freadis vase | P, Bp= B g =)
Heigh ratic By Br= 1.4 1.5
I‘@‘Eﬂ" radic i =+ ) >3

The dimensions of the anvil and sam>ls genmet=ics for F3U teste are described n Figure
2.10, Ths beight dimensions of ihe sample wers messirec bafore and affer the deformadion
wifin the usa of & wicrometer a0 varione locations a8 destribed iu Fgere 3.4 "The initiel
(b} wod fioal (b} heighte of the samwple were caloulated Ef’mm the average of the five beight
seadings pre- (FlguieS.da) and post deformstion (Figure 7.4%). The initial breadth valae (hy)
of the sample wag calenlated similarly with the use of vernier ::a.llmpéﬁm &l the threo described
locations serording to Fignee 3.4(a). The breadth soveas [by) value poal-Jdeformation is just
the one messurement snd it le measared as shows in Fpg“am H41k].

el

Figure 3.4: Mossureroent locations or the 720 sample Tor the breadts and heighi (3] before sad (b) after
defnrmsibion. [41].

3.5 Initial Plane Strain Compression Tests

Imitial preliminary tests wers ﬂ&.r’a?sed cut on the (Hleeble 3800 in wrder to vndsrstand the
basic fundamentals for kot PSO teating on the Gleeble 3800 Thers is no official documented
gtandard oractics for P8O0 testing, however the NPL in the United Kingdom has compied s
Good Practize Guide |41] %o deseribe the best prastics for hot PSC teste “rom strai rates
of 107 o W07 ss2” helow the solidus teraperatwre. The basis and velidativn of the gude
has been supported by canrying oud experuneptal teste on AIST 318L stairless sleel and
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aluminium slloy AASISZ conducted 2t the University of ﬁh@ﬁﬁeﬂd by using the Servolest
PS5 testing machine, Toie nvestigation has followed the Good Practice Guide as clossly
a5 poasible in order {0 mizimise the levels of ancertainly dusing the festing, messusing,
devitioning and spalysis proces

3.5 Tn'tlal PSC Sample Preparation

In prepasation for e loitial PSC tests, sarnples were machined from the provided indusirially
rolled aluminivm alloy &AZINM, The standsrd sample geometre dimengions according to
D8I for PEC testieg are the 'large’ savil zef proviced with ths Gleeble 3800, and these ware

used for the initial ot PSC tests. Tho standaed wooioal gsf_smamr dimensions recommended
v the D8I for the sovl and sarpple are described m Table 2.6, Samples wers machined o

gpecific offentations in relation to rolled sirip so that the RD messured slong the § diznetion
of the saeple, the NI messured along the & direstion of the sample and TE direction of
the strip was measured aong the & direction of the swople. The technieal drawing of the
recommended D8l sample & included in Aopendiz &, By the use of guick and spsy sapapie
mackining and to preserve the amount of the traasfer bar muetarial, tha nitial P30 samples
were moachined from the provided alumiciom aloy st thut had been subected to the frat
pass on the hot fleiebicg mill at Holamin, The Sest psse material slready had & height
dimension of 9.8 me a8 8 shown in the rolling schedule o A-a:vlc 3.2 & helght enlie of 8.8
mm for the initial hot 72C is thought to not sigaifowntly infuence the resulis ag thess lests
were first used as ‘dunery tests’ In oeder io wnderstand the brplications of kot P80 testing.
The sanples were also gliven a light grinding with 1200 silicon carbide [510) wel sandpaper

on & grinding wheel in prder to remove any impurities as well as to Zrovide a consistent
surface Snish. 4 wipe with ethanol snd fissue paper wae used to fu-ther clean Sre anrfaces
f tite saramies firther,

Tshle 2.8: Nominal dimersions veconumended by 381 fur PSC testing,

Al length I A2 wn
Bzvil Zace widih | @ 10 e
Bemple length | | 20 mm |
Samople braadin b S0 mm
" Sample helght h 10 s
Sreatih rain Br | 9
_ Height, . rabio Eg il

¥ tyoe (chromel snd slumel] thermeocousles were wsed to messure and monitor the
temperatre 10 The initial hot 250 fests. Zur these sets of initial PST testa, either one or
fwo Shesmoconzles were used to monitor the sample Serperature. The tbermocduples were

surfsce-welced within five wire widihe apart onte the FSC sarpls with (he voliage range
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from 36-40 V. A soed way S0 tesd if & cuaity weid bas occurred betweer the thermocoaple

ample i2 to tesl whether the (hermospuzle wire can hold the weight of the euepended
BENCLE- ﬁ:am, valy ong thermovoupls car De used 88 the control thermonoaple, sositioning
ol the contrel Shesmoovonple 8 important. The control thermoconpls was welded on the
srface of deformation sone, which = st the uﬁip@m o1 the side of the sanle as showsn
8.5, or teste thal vsed two thermooniples, an acxilisry thermocoupls was seed to provide
additional temperssure information &t & differert ocation on the ssmple. The schemstic
shcwn in Tigure 8.5 describes the locsticn 12 (a2 tests that wsed twe thenmocouples,

Graphite powder wae rubbed coto the cortse: sufaces of the samples in order %
provide dry labricstion for the deforriations. ‘Thred Gard’, & nickel-based wet lubricsss,
was paivted uniformly acrose the sample’s condact sariace ir seme sefectsd iesis, Once the
lubricant and Dermocoupies were attached to the ssmzls, the sarple was oaded lnte t3e
the semple oader snd the sample losder was axiended, The ‘stroks’ ram was extended to
its maximumn extension snd the “wedge’ ram was Sronght to within £5 mm of the ssmplo,
Fusther information regsnding the testing parsmeters is provided in the next saction,

Figure 3.5 Thesnonouple posttione for the iritial bot PEO temte.

3.6.2 Initial PSC Testing Parameters

As pentionsd ia Section 2.4.1 the testicg parameters of this investigation sre bese
work done by Evans and Ricks [49) for Eulamin, sspecially the tersperature avd strsic zste
conditions a¢ these have {he lacges! infuences on the hot PEC testing remulis. The seiected
tencperaiize snd etrain rate condSions listed in Table 2.5 were used ‘o order io cover the
rasge of lesnpesaturss aod sioaly sates of the aluminiom alloy A3 04 that wers found on the
hot Eaisking rolling mill. The three ﬁem;thum conditions were 300, 350 and 400 "7 and the
girain sale conditions were 10, 30 and 100 zex. A glugle ait deformation was performesd pes
each temperature and sizsin rate condition with the use of grapaite powder as the lubricant.
Two additiorsl single kit deformations were perfortaed Sor the condition &8 the texperature




of 300 *C at 5 strain rate of 0sez” snd the temnpersture of 2350 *U at « sirain rate of 30 =
These two sdditional deformaiions were performed vaing the wot nickel-based ﬁuhﬁl%hﬁe Tiﬁﬁ-
heating rate to the deformation feroperatutss was set at 2 "U/sec, and & svak time ot the
deformnition termperature far 45 seronds. Omly two of the Geste had a different soak time of &
slightly lenger thme of 80 secunds. These longer soak tisee were firet used during the iesis,
howeyer ¥ was noticed that & burogenous temperature wes achisved 238y enough and the
longer sosking time was nob necessacy. After the defoemation, the ssmpes were allowed
to sir toal down to room femuosrsture. Each test was perforsmed under vasuwm conditions
within the testivg chawmber of the Glechle 3800 by asing the “oregh vacuwem’ gei.mmg on the
Gleeble 3800 contral tower. The chamber pressure for all teste was « 25 x1IT" torr. The
teating pararmetsrs were recorded for each PSO test by using the testing form hmdfzfied in
Appendiz C.

"he testing parsmetesy such as the type of deformetive, the sample and anvil dimsnsions,
gitain, strain rafe, deformation temperature, hesling rate, sosking fime azd the cooling
metbod ware entered into the computer ;
in the nevassary informiation. The '.qhd” file was saved and a soipd lacguage that controls the
Glesgbls 2800 was created Sompe the *.ohd’ file 1o form the lsngue file kpown a2 o "gsl’ (Gleshie

rograrr: “micksin’ by oreiting s ghd’ and filling

seripth Jangusse). Omnos the testing chamber had reached a sieady stste vacuum wader the
‘rongh vacuwm® condro., tha ‘piay” button on the *wicksin:' program wae prossed and the
rup’ bution on the Glseble control tower was turped on, CUnce the ssanplz bad reached

w cool soough handling temperatvrs after the deformation test, the chambey pressue was
roleased, opened and the ‘siicke’ and ‘wedge’ rams were moved spert $o enable the sample
to be removed, The sample waz then clesped by removing soy remeande of Inbricant and
1ke deformation dimensions were messured and recorded as Ulusirated hy Figue 3.4b.

3.6 Ring Compression Tesis

Ring comoression fesis were carzied out to investigate the frictional offacts and differences
botwear the wei nickel-based “Thred Gard® Inbricant and the dry 00254 moom (0.0) ) thick
Ty : A 3
graphite foll. The dog compression teste were carded out on the Clesble 3800
thermomechanicsl testicg machineg with the Tydeawedss T modale attacked. he T8O
& : g
platen: were wsed, allowing for the wnlaxial commpression, Typlcally these platens are used
for biot pyisymcmeteic compression leete with W:p];m up to-s maxioum dikmeter size of

10mun, The ring compreseions samples used for thiz test wesed tasy typical $:3:2 =atio for
the ODIDEL
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5.6.0 Configu-ation

Liu et al. (B3, 53] sucoessfully carried ous ring compeeseion seste on the Ti-EARAV By using
tae Glseble 1800, & orevioue ganeration of the Gleeble 3800, These {eele were carried out for
& glaes lubricant and & graphite powder mixed with engins ofl. In the work perfarmed by Ld
& &L, & small recess o both sides of the ring sariple was muachived into the sample in arder
to aid by keeping the wet lubricants entrapped betweer (he sareple snd the anvil face. This
was used (o Lt the squessing ont of the Inbricants during the compression. The ssraples for
fhie “ovesiization were machined and turmed from the aluminium alley tracsfer bar AAZ104
providec by Hulamin, Figure 8.6 deseribes the orientaticn of the riug corprsssion samples
with respect to the transfer bar, The dimensions of 1be ring covopression swmzle bave an
O of 1b mm, D of 7. om and & H of § mm. For the ~ing comprossios fests that used
the mickel-based lubrioand, a recess of 0.9 os was wachined iwto both sides of the sample,
girrilar to the sarmples of 1 o6 al. A pormal ricg compression gample was weed for the tselis
ihat uzed the graphite foll. Drawings of both the ring compression tesi samples are mcluded
in Appendis A. Sioce a makimom earple diameter of 10min can be wsed with the existing
TEC-T° platens; & custom anvll ‘eed 25p” wae machived g0 thst & larger sample diameter
sould be used to prevent e samaple o fowing over the scgos of the apvll ‘end o2 during
the deformation, The custom anvil ‘end cape’ wore machined from Bliler K460 atesl. The
techaienl deswizge of the custom cod cups are lncladed in Appendix & The onslom anvil
'end cap’ was designed Lo limit sharp edegss in ovder to avald any sving thet csn ooour
duzing the heating cyole of the test sz chargs builds up and dischurges &) the sharp sdgss,
Fingy Covmpnssslon

‘fransfer faz Semples Meciined fros
ReBter Dar ‘ransfor Bex

Figure 8.0 King compression teet ssmples mechines from She Srangfr bar showing the respective

3.6.2 Testing Corditions

Before any ring compression teste were carried ont, the ring compression test sumples were
annesled ab 400 “C for $hree hours in order to reduce the amannf of sxizotropy associated
with industeial rallisg. The teviporsture snd stralo tate testing conditions Ior the rng
sopspression (ests were the same as ihe temoeratuce and strain rate conditions described in
Table 2.5 and the tnitial P50 tests, 1§ wae planned that for each temmperature and sirain rate
condition; two deformations would occur from s heighi reduciion of hetween 35-60%. The
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heativg rate wae set at 10 "U/sec, with 4 12 gecond sosk st the delormation tempersiire
Higher hratiog rates snd ghortes gsaru&k times, in comparison (o the P50 tests, were chosen du
o the samples boing reladively emall, and as & resull of schisving & bhocogenewe temperatires

ey,

3.7 Moaodified Plane Sirain Compression Configuration

Modifeaiions to the sxisting Yares’ slandard PEC confizuration that iz supplied with the
Gleehia 3200 were performed in rrder to change the sample and snvil dimepsions. These
reodificatinng wore made 4o schieve a sample-anvd configarsiion thal would attaie & botber

PEC teet’og covfiguration eccordisg $o the Good Praciice Guide [41] as shown in Thble
3.5, Owring to the limited working spece available with the existing ‘largh’ PRS0 plateus, the
nonminal values for By and Hy were chosen a2 4.62 and 1.2 respectively. These valuss wers
A valuer with the current “scps’ P80 platen sat,

chosen ia crder to schievs the beet By, and 3
& glight trade-off was nesded in order to achicve the best configusation for both velues, thie
ihie optinaum seometric configurstion conld be met. Fur this new modified conlgurstion, new
prcts had 5 26 made sad machived, As exsloded view of the one sids of the modified PSO
testing confipuration can be seen in Anpendix £, Table 3.7 deseribes the nomins dimensions
that are were used for the modifisd PST iesting convfiguration. Twe sets of the modified
apvils were machined from Bohler K460 sseel. A hardening heat treatment was cacried out

the modified PEC sovils a4 800 17 for 30 minutes, followed by of) guenching. & ‘twrdmsa
of &t lesal 682 BRO (Pockwo)l soale) was achieved during the bardening treatment of the
anvile, The technical drawinge and dirensions of eschk new machined pat thal rt:;gmmwﬁa
the modified PEC coufigursiion are included in Appendiz &

Tablie 3.%: Nominal dimensions for the modified BFSU testing confrarstion.

Anvil lergk
ol Tace wids | w | 13 mm
Smuple length | 1 | 58 mm |
| Faxuple bresdth | L 60 mus |
Sample helgnt © A 12 |
Hreadh 1atic Hi, 482
Heaght ratio Ha 1.3

Validation 2lane Strain Compression Tests

Toe resulte of the initial PSC teste and the ring compression teste made il possible fo
cgtablish a final procedire and & competent hot 720 practics for alnminiuwon sxmples for use
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lemperati-e sod uncer esch stran couditiog, coe of the tegte would wndeize & forced six

quench as the cooldng methkod post delormalion and the other st would vedares & water
qusnsh poei deformation. The purpose of the water sueuch was o “lock o’ the deforoed

microafruciure. A surmmmary of the testing conditions iz showz i Teble 3.5, The
lubrication chosen for all thess tests was the the dry 0.0254 mm thick graphite foill. The
deformation tests thai uiilised the modified confignration made nse of an sddition of
fantalum foll attached acrose the auvil length iu weder o decsass the !‘&m‘i’a Wl temperstare
gracient thai can occur across the breadth of larper sovchwevs. Thotalom bas a lower
glectrical concuctivity, alding in the dsoreass of the thermal gradient acrose the breadth of
the sample. PSC tests performed by Theng [60] on 2 TiAl slloyed based material also
mads use of tantalum foil with the use of a8 Gleeble thermomechanicsl simulator with

satisfactony resails.

Teiole 2.8: Tesitnig conditions and parametere e thie hiot PEC velidation lesiz

Parameier © Unii

Single delormation slrali 18
Deloemation sizain rajes 10,30, 100 ; sec’
Delormastion temperatore | 300, 363, 400 U
| Healing rale 3 | O/zen
| Sosk tims 45 aas
7 Thermoeouples ; 8 » ¥ type
Ix A Urency
| Dooline method ™ 1% Wat#.r&@fm‘ﬁ
e __ Igbmcstion 0.0%54ror0. Graphite Fol |
fu Matenal Alursinivm alloy 2A3104 |
) b ) @t S bl
*‘\&WW s _ i BOXEEXIE | oo I
AnvE: width, .. I
13 |
Number of deformalions per concilion & '
Total arount of hot 250 tegis @

3.9 Hot Rolliog Simulation Tes(s

3.9.L Roliing Interpass Time Calculations

In oreer o sianlate tha rol'ing conditions by using PSO testivg, multiple hit coformntions ate
utilised to represent each 'rer_aimg pass. “he bot roling conditions simulated for these series of
teety were canried oud to gimulate the LE of the Touneler bur prior 10 the hot Bnishivg mill 4t
Eulamin. Due {0 the cature of the reversing mill, varisble in iﬁ-‘?‘}&nﬁ% tiznes are differsnt from
the leading and tall edes of the rolled strip. Calonisied intorpass tiroes for the initial loading
ecge of the transfer bar can be calculated from the solling s@a@ﬂg, Larssding, nnthreacing,
dead time and seb up times durieg the hot Tnlsbleg industrisl rolling et Holarin, For the




thres hot rolling passes expensnced by the aluminiom strip, the lnsding sdes will svpesenos
e ficst paos the sariisst, the second pass the latest and the Third pass the canliset again. The
pass time to roll the material for each rolfing pass in calonlated 88 shown jn able 3.3, By
knowiog the initial length of the transfer bar, the etrip spoed for each pasz and the anoant
of gtzain per pass; these caloulations are posslble. 1§ is sade fo aseume that indusirial ralling
is under ideal plape straiz ronditions, 8o therefore Simgm = “ Fhuigie THE gji’-ﬂ'"'"p iength for

cach pass can be calculated for each pess by knowing that fme strain & — in | 7 . The sbrip
spoed fur sach pass and length of material for sach pass iz calonlnted, as a R aLL-W& far

the rollicg iime S0 be caloulsted, The dead Sime due to the et wp of the hot roling En'shing
mill iz approimately 20 ssconds, while the rethreading and wuthreading jime for sach pase
is spproxioately 20 and 18 esconds, seapectively |53,

Table 3.8 Pasy tne caloalatione on the bt Bolebing solling mll el Solambs for slumdabum alloy AAF104,

Siely Lengin (m}

| Taater Bar | o0 [aF] 1 o

 Tase 1 70 _| 090 503 1C8 @
Fass 2~ [572 | 072 820 370 57
Faan 2 088 | DA 148k “ a7 s

The interpass time exparistos by the L2 can b calouwlated 38 shown by & time breakdown
as ghowe o Table 2.10. The
the LE totsls 188 seconds, while the inlerpass time befween the seoond sod thicd deformation

irderpass thme between the firgt and the secovd deformatinn of

i 55 seconos,

Takbie $.10: Tine calodlations fior the LB of ike sluminiven alloy AAZI0 duzing ihe hob rolling Tnisking

Diapoription =
LB
Tieac. Lot T
L deformation 1
| e . EE
| Thveading & u«th*mﬁxm W
Pass 2 T BT

[ S

LE deformsition
aing & urthreadicg 45

LE deformation &
Lams B 138

3.8.2 Hot Bollizg Sixcusatior Tests

The deformation temperstvres at which the hot relling simulation tozte for the LE were
determined from the iedusitally measursd onlise tempeaiirer ase showst o Table 3.4, The
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nominal lemparaines of ske first it was seb s 358 "L, 340 " for the pocons and 262 °C for
the thind Fit. The tacpasture profile %or ihe full bot solling simalstion tuitialy siaded ai
& beadisg tate of 3 "1 Jees over 120 secowde 5o & Semperabors of 368 "Canc u sosk Sme of 45
seconde was wsec. (o Rllow for 4 bomogsnons tempecatare digtribation within 15e ssmple The
sample was Sher sublacted b Be Gret deforration B sad allowsd o oool a2t 2 w2te o 0,048
T sen aver 432 interpass Gime of 188 seconds 1o the second deforwation Wik tsperatare of
349 “C/nec. 1'e pample was subected to the second deformation hik and il wes allowed to
cocl &5 8 cade of BABT "C lamr over the rherpass time of 35 secoids o the thisd déﬁa:m&ﬁm
temoeratare of 282 "C The sampls was Laen sulsvted 3o the thivd deformation B9t and %
eocling rate of ~ 5 "Cleee sosi the third deformation, Figare 1.9 illustrates a suainary v
mephical representaiion of the TMP of the LE of ¢he sluminime aloy 442104

_ Hilg L Bie %
iﬁﬁ- 1 @5 M/;;Bﬁ&!“ /&,ﬁge@
by

A lnmrg;:;m
%_: 250 - 188 sac
& Memthag e
§= 15 4 e
E 100 f
5@; 'fj"

Ty (2essade)

Figare 3.8: Graphical represetatine of the simulsiion of the TME for the three passss seperianced &y U
LE on the hot fSuishig milliog wil

The deformation testing conditions of esck M5 siviulates the TMP sz experenesd on
the hot Gnishicg sollieg will o8 Hulamin for tie alvminiom slloy AAZ1DE, Therefore the
noringl TMP testing conditions o esch simalates pags were taker from the rollivg
comditions sxpetienced by the indusirial rollicg conciiious. Thble 3.1 presents the zomizal
mechamical sod deformatinn tempersivrs conditicons Jor each kit that simulates sack olling
gass, The P30 tesling genmetric confpurativn need %0 simulste ths hok rolling condilions
exparienced by the LE of the alummivm alloy AAZ104 i L3 modified testing corSeumiion
25 desocbed ix Tazle 3.7, The FSC sample dimeusions, bowsver, for the et roling
slmmiaticn teste are sighily different Fom those used for the modiSed PEC testing
configation se describad T Section 38 Tae sawples leugth valve, | used ln these leste
was et of 8 lesser dimension of 30 mm ie svder to oombal vhe therosl gradiest by
redusing the totzl vedome of material thet neetec S be heated. The length of tae samwple
does ot heve & signifcant, Fﬁ:ﬁs‘t ot the testing eonditives for by 280 testing, sa long as 5
sufficisnt leagth » ncloded iu ibe deformation wone. The sackoical drawing of the sareplos



agzd for kot rolling simslasion tests i included in Appendiz A K-tvpe shenvocouplss were
nsed opce sgaln in erisr to monitor, contral and resmed the teraperature of the samples
doring the simulation. The thermocouple scrargement of the =amples used for the
sirnilation of the roling conditions were cond gﬂu'*'@-j it she same way a5 doscribed in Bextion

5.8 snd Figuee 5.7, however the thermosouple, TS, wae only swrface-welded e s position
msﬁ.g«mi of imbed the therciocouple nte the material and, as & reeult, thermocougle TO4
was not needad.

Tuble 3.11: Nomingd TMP condilions for each deformation Shet frcilasies the ot woiling conditions fe LE
of ahwebndme allme & 85104,

1
Eis . -088 | '__ L?é

Three different tolling simaulation testing comditions were vsed when performing hot PSC
teating on the Glechle 3800 thermomechanival Sssting machine, Under esch relling sivoulation
testing condition, two tesle were performed for repeatabiity purposss; thus totelling six
sironlated waling tests:

Pull Belling Simulation

This rolling sineiaticn was carried out on PRO samples that were machined from the
midthickness of the ‘ransfor bar as filustrated in Pigure 38, The full slmlated TMP for
thess tests was carried out by subjecting the PSC sampls to all three passee that the W8 of
the alomininm allsy AARIM sxnerierced on the het rolling finfshing will &t Hulamin. The
PEC saenple wae subjected o the TME cooditioss as shown n Flgure 2.8 D order {0
simpalate the three passes experienced ox the Loy Exlshing volling mill.

Fizet Pass Simulation

This roling simulation was carried ont ap P50 samples fhal were machined from the mid
thickuess of the transfr bar a2 illustoated o Figurs 3.8, This simulation was to ust perform
the TMP of the first single pass that the LE of the alumivium slioy 1 subjected to on the
bot foishiing rolling mil at Fulamdn. The PSC samiple was hmm:i at & rafe of 3 "L /s over
120 seconde time peziad o reack 2 temnperature of 358 “C. & soak Siose of 45 sevonds ab a
congtant tempersture of 358 "C was utilised in order fo aclueve a homogenous temperature
withio the seople. The swinple was then subjected to the ‘ot 1 deforonation condition se
deacribed in Takle 211 snd slowed to vool nateraly.

- = |



Second sud Third Psss Simulation

Taie rolllng simulation was carried oul on PSC ssmzles that were machived from the
sluminiure alloy AA3L04 that had bssn subjscied to the frel pass on the hot Baishizg mill
at Hularin, This PSC simulation wae to ‘somplete’ $he thres bot rolling conditions by
gihjecting the PROC sample te the second and third TMP copditions that the LE of the
aluminion alloy AA3 D4 expedenced on the hot Suishing rolling woill &t Hulsmin, This
PEC sampls was therelore effectively sulbyectec (o the full TM? dascribed in Figare 3.8 in
order o simulate all thres passes ewperiensed on the hot Koishing rolling mill. Howewer,
the only difference was thal the sample was eublected o no deformaticn at *hit 1° sud anly
the Seating profile was copducted for this condition,

=

ight Optical Microscopy Procedure

2.10 ZPolarized

P

PLOM was used in order w0 revesl the grain sieucture of tha industrially rolled travsfer bar
as well as for the siviz aftor the first and third hot falshing industrial ~ollisg pasves. Selected
PEC swerples from the validation PEC tesis as well as samaples from the rolling simnisied
P2C jests were inveat’gatec. The PSC samples that were investiguted were from the DSI ane
mndified PEC configurations that wore water quenched post deformation and were snbjscies
to the testing conditions of 308 °TF a6 10 sac ', 300 “C ai 100 sae” and 400 “C a6 100 sec

3.10.1 Sampie Frepsration

Sumple prepaxation for the use of PLOM was secticued on the RD and ND plsoes for
both industrially rolled and P20 samples. The sanwples were exiracted with the vse of the
sbragive cuiting wheel — the type of ahrasive whel wsed o soction the samples was the
Struers 10524 cubting wheel. During sectioslug the ssinples were carsfully clamzed and
out i order 4o make mire that s parallel section to the RD and ND planse was obtained.
PBC zareples were sectioned at the midbreadth section of the swrple, ae the deformation
in this seciion chowed the clinsest roscoblance to the idesl plens strain condition. Tigute
311 Iy & schematic Tlvetrasiog where the FLOM ssmples were sectioned form the FSO test
samnine. The DST recorvmended. 280 earnples snd tas Industrially rolled material were both
St wmounted in resin for grinding and polishing. Het mounting wes performsd Sy ssing the
Stuers Lebopresed kot wonunding maching st st 150 “0C st 20 kN with 5 seven mimuts heating
and seven minute coclng eyzle. The temperaturs used for bot mourking is relakivaly low
and therefore it does voi have any significant effects on the microgtruciure of the examines
sampiea, Tre modified PSO testing samples were sob iz zosin by vebeg the cold mounting




method due %o the samples being tao long [>30 o) for the hot mounting machize. Cold

e

wouniiog per 40 mm diameter mowd was made by mixtay seven grame of ‘SpeeiSx’ reelr o

ome gram of "Specills’ curlog sgent and allowed b0 ael Ry 24 towe,
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Figure $.10: PLOM simipls sectioned Born PEC feste enfopize.

3.10.2 Grinding and Polishing

Botk the cold aod bet monnded senples were iy groand with 800 grit 820 watar-oups
of: the ruaoeal grinding wheel ©227, & srooth slavar Svish wes oblsiped ghe m‘:mﬂ;ug.
sud ':«'@Eiﬁhing process for the hol mousted samples usad the Straee avmbones-] autoriatic

peiisher, while the wold monnted sarple were growwd and polished with the neg of tke
el gricding waeel. The palishivg process, lnbricar’, pad and time infervals sre cessribed
iz Table 3.12. Two types of lubricests wers used for the polishicg prodess, the 9 . diamond
paEpension was Jeed ‘or the initisl polsaime stop sed the OF colloudal ailios spapersion was
used for e faal polishing mrocess S order o achizve a mirror-ltke surface on the ssmples.

Mebsle $.13; Grindlug sod pollsaing goovess for aluminium alloy AA2IM,

;_; = ¥ = < ) i o FR S .u_ — T“m \mgm’ — = o R

witED | Yioeoe Fad 5 Luﬁ%&w [Fotoman: | Msoos | Comrmerte |
Grinding .~ 10N | 1200 grit SiC Water | & £ [ Fven aod planar?
Polighing | 1@1‘? Mol ped  Zym suspension § 1 % | Scratches  renest ghep
Polighig | 10N |  MNap pad OUP suppension. | & _E | Soratebes - papest pravioys siep
Pm&mg_mﬁ Hap pavd VWaker b % | boraicues - repest previois ghep

4.10.3 Polarized Light Oplical Miercecopy

[z oraer to reveal the graln strocture of <he s awivum alley AA3.04, PLOM was wsed on the

Hedchers MeF34 inveriad mioroscope. Before PLOM, the sarnples need to be elestronically
snodised by using Barkers resgent. Anodisicg the saorile doposite an &1, anodised aysr
on hie srface of the ssmple. Whe layer formed v aniseirosic as indicated by (he amowst



of thie snodized Yaysr based oo the Sfferent grain ooientations of the suifece o the sampie
With the insertion of 8 usrts b oo oenssiion pleiz Sate the gkt sath a colowr sonteast i
ootained by reveal g the graine based ox their orientsstion,

The sacdising of the & amiaivm sarples ewaled cresbog & solulicn of Barkers resgent
by wrioding & ml of tetrafiuozoboric seid (HBFL) witt 85 rol of distlled K20, Tae slecirtytic
reschion isasiion copwrs wast Sae anodic slumintar ear e @ toiersed rbe Sarkers reagsnt
solution with an alnmintum cathede, The scodisivg mefhed i this byvest gation used twa
techmlgues to create s elestric covaprtion to the slumictnm sacople, The first teche‘ove nsed
wag to palct the sample with silver dag o order o cresle w torasction from the aluminkum
b0 the nositively copascter touge whish ghip the seoople. Nail waraish was puintes over the
gilver dag in crder fio Jnsulate the silver deg from the solution ss culy the alumdsirm needed
saodiing. The sampls was (e ‘sumersed in Ghe Barkers solution by means of tougs. The
oiher lechigue ased to snodies the savrple wae to déll a hols ot the beck o the sseapls
througt e resia up to the mounted sectioned alvrictue, A bapana plug wae ther snugly
fittec and inssried icts the drilled hole v srder to spegie (e wneection b6 the Aluminitm
The sampe would be immersed ‘o the Barkers solution by boding the wive of ke banans
plug juat sc that susdace of tas slumininer swyple wovld be nremad, Feure 311 5 5
schemstic Hutrating the two tecknigues used to saodise the aluminium alloy AAZICL for
Une zveparation S FLOM. Uhe DO power suopy ased to sscdise the st les was setl with
ite voltege outpnt 36 40 V. A cument waoging Bow 0 103 & was cheerved <aring spodis'ng,
The saniple was mmoved fom (he Barkers sontion every 10 secopds apd eneched wader
the mirracane watil tie comrect amount of snodisation sad taken placs in onder 0 revess the
grain straciurs. The fyplowl time range totalled from: 30-80 seconds, Swdes of microg aphs
thst covered the eurface of each ssovole were stored apd later digitelly ‘stitched® togothss
with the use ol aoftware called Microeo® Twegs Comres™e Zditor to revesl the overs!]
eicroatrusinTe of She gumole

Ly Derb
Figwra 300 Avodiuieg techelques gsed to pregace the sswple for PLOM by <ither vaing (8] tongs ko

grip the ascuple or () by irserting & banszs plug nts the ssmple b emme an deidos) coowertion o the
seciiaEves, PEO ssenples,

N
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\pter 4

Results and Discussion of the Initial

sts

Plane Strain Compression Te

This chapter and the subseguent chapies until Thapior 8 discuss the tesulis thet were
obtdiced by the erperimental procedure described i Chapier 5. These cnapions wso show
the sequential developonsnt of the testing procedesee Curing this lnvestigation and how sach
collsction of tests led fo the advancement (o the next progression of tesls. This caapter
gpecifically deals with the teafing results that were determined fn the initial PEC teste.

4.1 Raw Jata

The raw dsis logged for each PSTC fest were the Joroe oxeried orto the sample, jew
displacement (distancs befween the awvil faces), thermocnupls feroperstures, stroks

this raw data valuee were nessssarly nseded for the anslysls (n this investigstion, howevss,
extrs information provided insight intn whether the PEC test was acting cumrnctly as well
a8 to provide additional lnformation for sroubleshvoting In tests that did not run aceording
o expected pesfosmances.

4.1.1 Typics. PSC Test

The heating rats of 1he sarple and the koldivg tempe-ature st which the deformation would
oeour were acceptably achieved for all of the deslrsd mominal japut valves io all the inisial
P80 tests. An example of cne of the fempersture profles during the initial FSC tests
& shown in Figure 4.1, This PSC fest texperatves profile clsazly shows that fhe staady







steep slope of the force cavee) from tue holding foree as the jaws started ¢ ceform the
PSC sacpis, On fuciher deformetion, the AAZIN FSC sarcsle suconmbed o yielding sad
& leas rapic incresse tn Sorce was observed by linesy fashbior during the remminder of the
deformation. Ube displacersert ¢ tie jaw of the syl oeouned ns axpectsd jn s Huear
fasbion, Howevar, there was some varistion »F iae slope of the ‘aw dizplacement & nost
F3C tests, but these vasislions were not consicered sigrificant Shzoughout fte deformation
duration of thess teste. Tturing the delormation, the tempersiure of the msierial withic the
deformation zone incressed (&s indicated by 01 v Figre £3) due o the adisbatic beatiag
from the Bgh sieatn sate compressicn of 028 D30 test s s The larpersiure messurement
of the sexilisry thenmonouple (TO2) showsed sn insiguifican’ vise in tempereture, indicstiag
minimal beat tcavsfer to the shoulders of the sample Similar types of trende ss showo
in Figure 4.2 were observed for all the tests that were deformed wilh graphite powder s
the Lubriceat. The raw cats for eswk ndividual test for (ke deformation are included i
Appendix Tf
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Tigore 4.8: lisw deforwation dste of Lhe PR of she sluiluer aliyy A4S0 with the wet nidkel-based
lubadawes i & oomingl mmmnﬁm Uy miwsda vade of 20 s sl to 8 eiraln of .85

Wickel-based Lubricated PSC Teste

Only twe PEC teats were periormed bty vusing the wel nickel-based lubyicant painiad onte
the surfice of the PSC sampies. Thor dieect compacison purposes, Figure 4.2 i under the
et same testivg condifione 28 sbhowr in Figurs « 2, exoest for the wse of he wet rickel-
based labricant, Yory gwilar fenperatare and sovil “ew resnonses were Eéi}]vet‘iﬁﬂﬁiﬂi io both
tests, prowvivicg evidence of the repeciabiicy of the Gleeble 3800, The s'gaificans difference
betwesr: these two P3( nete wae the fores apomse, evpacially post ylelding of the material
For the tests that woderwen! ceformations oy weing graphite powder ze the lubreaat, &
continged esaiing load io & linear toend was expersrced on the magedal. sowsver, for
the PAC teste that vaderwent deformadions by using the wet wisks' bassd labsicsst, & fae
flalter curve and lower load was sxporienced with a elight minimal inersass i load doring
the deformation and m.hwmﬁ & aimacy gizie wlus coricg farther stages of Uhe deformation,

Thir can lead to the conglusion thel the wet nickel-based lnbricant provider a oy supasior

G2






temoeraiune increase due to the defarmation is also out of synchrcnization witl sespset to
the anvil faw and load values, thus suggasting the raraple inereases in tempersture prior to
the deformation, sad this i& nonsenaical.

4.2 Processed Results

The raw data files for all of the teste wers sxported into an Excel spresdsheel formst for
further analysis and date procesting,. Sioce the mair section of interest of this nvestigation
wns the deformation of tas aluminiom AA35104; jsolating the data rege from the start of
the deformation $ill the snd would provide easier and more conveniert datz o terzren. n
grcer to determine the exact dime of the start and end of the deformation, toe load with
reapect o time for all the tesis waeg inspenied so thal the sxast Cala poinie marking the start
ant vod of the deformution conld be identified  This dam set for the deformation wae thea
duplicuted toio another shest for case of acoess to the specifis dats during the deformetion,

4.2.1 Data Processing Steps
Initizl Calculations

The Srst step to process the deformaiion data was o delerming the height of the sarnple
{k}. This was caloulated by takng the difforzoce betwesn snvil jaw value snd the initisl
sampie height (hgl. Poth these values were correctel due o the linear thermal expanzion
at the specific tegting temperaiwre for the sample and anvil. The lnear thermal sxpausion
cosflicient of alurnininm used in all teste was 954 v/ 0 [14]. The breadth spread
cneffizient (0) for oach test was calcalased by wsing Equatios 2.2 with the velves of by, &,
be and Ry comrscted for the lineas thermal sxpansion of slumininm af the specific testing
condition. This then lead 1o the calenlation of the estimate of the lustantanesus bisadth
(Bimees Dy utilising Squation 2.2,

Bouivelent Strain Caleulation

Sinee the height vainse of the raraple during the deforoation and. us well us the instantaneous
breadth veluse wers dsternined, the ptrain n the nommsl dissetion could be calculated by
uging the squatian eyp = g and gimilacly the sirain in the transverse direction was
determined with rp = i This then allowad for the calenlation of the squiveieot strad

vulug (2% Rt esch dma puint by using Fousiice 2.5 as desceibed In the literature review.




Friction Correction Celeulaiion

An mentioned o the literature revicw, modelling the deformation dats o arder 40 actous
for the inhinence of friction & an woportant fseter. This iz due to Hicticn impacting to a
significant exlent on the load saad, ullimately, the equivaent sizess acling on the material.
In ceder to determine whether the frictional sonditions acting on She P80 samzle wers
sliding, paxtially sticking or sticling, the z value was caloulated by wsing Equation 213,
The value of the Conlomb friction coeficient (1) for the PEC tests tmﬁ: were lubrcsted with
the graphite fowder was calonlated af a value of D1, while in the FSC feste with the wes
mickel bssed Jubricant the chosen wae 0.08. The rewulis of the PRC tests by Bvane and Ricks
149], used graphite dag as the lubricant sod indicated that s vave of 0.08 waz the Coulomb
coeflicient of friction [48], Tf was decidad that the nickel-based lubricant would provide
stmilar lubricating properiies to those of the graphite dag, deoce the value of 3.08. The
valng of 0.1 was decided for dry graphite powder se 15 would mot provide ag good lobricating
properiise a3 the nickel based Iubricart, hence s higher vslue wae chosen for this zst, of PEO
Lemig

Figuation 2,13 was used o calculate the i vabng.  The average instantancous pressure
(i) was then caleulsted using Bquation 2.11 T"rw—- valiue of the widlh of the anvil (w] wasg
sortacied due 1o thermoal expangion at the specils -"'a‘f&iixs.g temperaiure by using the livsar
coefficient of thermal expansion for etesl ge 13 wm fiw G

Equivalent Flow Stress Caleulation

The previously calevlated terms epabled the caloulation of Che equivalent Hlow stress (&) for
esch dats poiot by ueing Bowstion 215, and the F wwue wae calouwisted by using E‘qummm
2.9, A spresdshest for each 5T test was formmolated io order to saloulate fhe significan
stepe nocessary G detercaion bae eqidvalent siiess and sfrain wles Ar ewample of the typs
of layout psed for the formulation of the spreadshest = showr in Table 4.2,




Table 4.1: Zxunpls of bow each term per cala sel hae hesn caloulated in an Excel sproadebest lawoul
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4.2.2 Processed Dals

The precessed veenlts facilitated toe aralyeis of the true sguivalent oivess and strain values for
esch PS5O test. Al the processed ressits for each fuitial FBT fest can be found in Appendix
[, Further investigation could be carvied ouf in order to determine the sizain rate during
the deformation. This wae achieved by findiag the derivative of the epilvalent strain with
paspect 1o tums by using the inbullt sefiwase pacsags on Urigiolab. Ao exsmple of the plat
of the sgvalont airese and etrain rate versus the equ ealent strain can be seen i Figure 4.5
under the deformation nomingal conditions of 300 “C snd 10 sec® for bath the PEL seruples
thit were lubricated with the graphite powder and the wet wickel-basod lubriesns. In sll
the initial PEC teete that were lubricated with graphite powds:, the =teady 2tate fow siress
Wi ;mt eg.fz.abﬂf;@'.hﬁﬁ.. ﬁwﬁher ewrp*mmg that the frictional -zﬁfrm hetween the mmﬂe vl

stross Ja.hws, Since it is common E@r nhmmr W Si&y* to une "‘f;rgw Aynaraie Tecovery dmg_
TMZ, the characterielic zwsdy Sow stress curve wss 201 seen with the graphits powdsr
lnbricated ssoslee. In contrast to this, ‘n the tws P50 feete that were lubricated with the
wit nickel-baged lubricant, the characteristic steady ztate How siress curve was aciiovec.
Thiz clearly confirms that toe fype of lubricant has o significant 'nfluvence on the load, and
thus the eguivalsns stress vaues. Thie can be cleary ustrated by comparing plote of (&)
anpd (B ln Flgure £ &, where bath deformations were ustder the same conditione. This o'y,
suggests thas the mickslbused lubsicant is the more suitable aztion {or hot 280 testing.

The strain rate was determined by deriviee the stealy with ssepect 1o time, but oscillatary
deta fllowing & trend were infrodused into the derived dats, smd this was found to ocour
in all the initial PSC sesty, In order tu =sctiy thie, emoothivg of the stran vate data was
pexrfocmed by ueing the CriginLab software. The best results Sor emoothing the sirain rate
were found by using the Swritsky Gozy method with the poyoomial oxder of 2 snd with
the pointe of window between a value oF Z5-60 in order fo achieve & smocthed curve without
skewing the results. This @ﬁa;i—.ﬂamw data of the strain rete iz also similar in faanion do thas
of the work by Evins snd Bie
10 the logging softwary of the zi&l.-;@é. “he ocscillations as shown by the steain rate for these
guts of tewte huve a far Ligher magitude in comparisen to the vesolt obtained by Bvans and
Ricks. Akother mfvevce oo ths hﬁ'ﬁ&fﬁn&r of the strain rate vecillatione could Se due fo

2, where (b was deemed that those effects vould be due

acise being included in the cats, With tus high Feguercy daie acouisition rates | - 1000
Hz) and a5 well a8 the sengitive mc:&a:ﬂuwf syuipingnt, & very high resalition of dets can be
capture” axd thivs by taking the fret derivative of the staln the apparsnt nolse op the sirain
rabe ia exacerbated. J6 can be seen oy Figure 4.5 thei the emocthed strain rate follows &
gooeral trend during the deformation of the P80 asaope. The srain rete rezpouse duricg
the deformation suggests that i i a0t influenced by the type of lubricsat nsed during the
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Table 4.7 Surmonsry of she foitial BH0 teate fon auerplos thas s lubonsted with grapdiite powder.

Tlen valas
] deformation

Torinel felumrating Ewpasimertal msan vl
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4.2.3 Results Comsparcison

Equivalent flow giress valiss for the fndings of Bvase and Ricks [49] for the aluminium
alloy £.43104 were deterreioed From the average values of the temperature, strain ate amd
fAow #iress over the strain range of 0809, and as a result any transieny effiects would asve
& minimal inflasncs or, the determived valuee. This type of method was slao enplayed in
this investizasion tn order to achieve comparable vesults. ke dnitial P80 teste were ouly
deformed to & lotal strain of 0.85, thus the mesn wvelues were celouister frome 0.8 nndil
thie end of the deformation, and previded escugh information needed for this pari of the
investignifon. It must be noted thst the syuivalent flow stress values determnined for the
initial FEOC teuts lubricated with ibe graphite powder did not reach the sxvecisd ateady
state condition during the PSU test, This thus skews the fow slress resulis for the gasphite
powier lubricsted samples as the ‘ufivense of friciion affectsd the How stress valuss grosaly
and therefore will be iguased for the purposss of tois pari of the lovestigaiion. Additional
ugeful information on the temperstire and shrabn rete valoee could still be investigated ae
well as highlighting tha effect of poorly ubricated PEC tests. The resote of the initial PST
tests are swmmarized in Thbles 4.2 and 4.3 in respect of the P20 testa that were lubricased
with graphite powidsr ané the pickel-based lubrioant, mapactively.

Flow Stress

Froun the resulte s shown in Tablea 4.2 and 4.5 allow a divect compuriscn $o the flow stress
wiugs of the resulie determined by Evans snd Ricks [48] {included in Appecdix ) bus does
not provide & fair pletform for the graphite powder lubricated ssmpies se the flow strese
vaiuer determined sre gignificaatly skewed by the poor lubricating ‘oiiriyce. 1o tae tests
that, wers lubriosted with the wet nickel based lutwicant, sn cveresiimabe of 11,8 MPa or by
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§.5% was achieved under she P8O testing covdition of 300 "0 at & strain rate of 10 see
and an oversstimate of 78 MPa or £.2% was sachieved under the testing covditionz of 350
*C af & strals vate of 30 sec™, Owipg to the low pumber of FEOC teste lubricated with the
web nickel-based Mubricant, it is premature io meke conceete corclumions that Lhe wet wickel-
based lubricsnt sampler achiove similar resulte to those thet Svans and Ricks detormiioed.
Eowever, it can be said that the results of the P50 tesis thet wers lubricated with the wes
nickel based lubricant do to some desres provids evidencs to show that this could possibly
be the casze.

Straiec Bate

The #trsin rate values of the initial PEC feats fared fuivly well vndeor the numinal tesiing
conditiong of 10 and 8) 2ec', with 8 mssdmum difference from the nominal condiion of 0.7
w i tos PSO teste that were tested &t & nomisal strain rafe of 10 sec ©. The PRO tests
that were under the mominal girain rafe condition of 30) 2w’ ghowed thal the maximom
difference from the nominal condition wue 18.9 eer' however by considerizg the mean etrain
vate over the whole deformstion $he mescrmm differerce i reduced %o a more seepectabie

38 s Under the nominal stoale rate testing conditions of 100 seo , & valug pear 160

T8
i
RS

s~ was ot achioved in any of She 280 tests. The aversge irgin rate with ite standaxd

error was 80.8 5.7 sec? for the full deformation durstion. The stroain rabs values Evang and
Ricks datermined in their 780 tests under the nominal styaim rate vondition of 100 g=c " did
oot sasily ackieve valnes egiivalort to that of 100 per, howsver Evane gnd Ricks were able

w0 wikieve strain rates within che range of 83.3-87.7 sec ™ [49..

Temperalure
The temperaturs messurement could ke insccurate due to the fact thad the deformation

of heating in teete that were zublected 5o the strain rates of 30 and 100 sac™ were not
gyachronised to the start of the deforraation. The inciesse i tempersture caused by the
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deformation of hesting can, thereiore, b dirsclly vimpared to the results of Evans and Ricks
[48] in the PSC teste that were subjected to the strain rate of 10 ssc *. The vesulis of the
imitial PSC testz at the nomipal deformation temperatoee of 300 7, recorded temperntims
of 8221 *C and 217.8 "C for the ssonp'es lubrieated with graphite powder amd the wet
nicksl-based ubricunt, reapectively. Both these tesis were under the same thermomeshamical
teating conditions, thes reeulting (n s negligible ¢ifference of 4.5 "C nod averagicg tugether
as 320.0 1, The value recorded by Bvans and Ricks was determined 8 337 "0, thug a 17.0 *0
temperature lower then that recorded by Fvans and Rickd was attabned. The tempersture
remding recorded for tests that were vuder the testing conditions of 350 “C and & zirain
rabe of 10 sec wae 355.8 "C. The valus recorded by Evane and Hicks wnder the same
thermomechanicsl teeting condition was 378 "U, thus & difference of 18.1 "T. It can be seen
that a lower value in the termperature ocours ic both testicg condisione and also by 4 similsy
amnount (272 and 181 "Ch This could be cavsed by percussiov-welc’ng the thermocouples:
onde ke surfacs of the samyple and 1od ingeriing them inte ithe sentre of ihe matenal, a2 this
wonld provide 5 more acourate reading of the tempersters of the sample. Furthe: thoughta
oty the temperature rouding i that valy one side of $he ssmple 5 messured and therefore
there s no confident way of delermining the temperature of the sample on the geometrically
opposite sids and this not knowing f the tamperaturs disteibution b umiform within the
gantple. It is alse not possibls to deterraine & thermal gradient acrogs Jhe pample’'s breadth,

4.3 BSumrnary

The initial PEC teats provided cracial foformation wnd svidenss that FSU lesiing is viablu
on the Gleshle 3800 TMP mahine. The (el conditions mimicked the testing conditions
of the PSSO teste that were pexforwed by Evans and Ricks 48], Three different nowinal
gtrain rate conditionz of 10, 30 and 100 wo were performied s the thres different nominal
temperatares of 300, 350 sod 400 °C on the aluminiye AATI04 OBR samoples. The sewples
wers lubricated with graphite powder i gl the mentioned fosts and an additicral two FEO
tests weve performead by veing & wal vidkel-based Inbricant af the nomieal terpersiure and
girain Tate conditions of 800 *C amd L0 eer” and as well az 350 0 and 30 sec” The results
ghow thas the physics) side of the TMF iz the P3C tests car e achieved, However some
oroslens enconntersd with respect fo the guality, processing and anslysie of the FEO dala
cauzed unrelisble and wisxkpecied resulie owing Lo the nfinence of some elements of the
tasting procedurs an the resulis. The major factor that cuased vufevourable testing remults
was the effect of Hiction bstween the surface of the anvil and swcaple, notably the pooe
lubricating srosesties were cheerved and saused sgnificsnily higa values of the oquivalent
flow girese which rose se the deformadion progressed, followed by an wechayactesietic fiow
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uged the wet vickel-based lnhricant, the sharscteriztic stendy staie flow stres: condition was
achieved, thereby proving thet the Sictionsl conditions under which {he deformating ocours
affecte the fiow stress valus gignificautly. Since only two PSC tests wers cartied sut by asing
the nickel-based I hoeast, & full range of testing conditione was ot ret. However, in (he
S tests that wore pucformed with the nicksl-based bibiicans, fow stzess values similar io
those determined Ly wers achieved This svggests thet PEC teeie on AASIM4 on the Glocble
3BOD can achieve similar results ta those of Bvane and Ridks under the samme nominal Sesting
conditions.

Ancther ares of interest durng the initial PSOC teste was the strain rate condition of 100
s The nowinal etrain rate of 100 sec was nof sucosaslully achieved in all the PS5O tegta
The highest recorded sirain rate was 86,7 ece' over the sieafn range of ©8-0.88 snd an
avarsge straln tate of 808 L3.1 ser wan achieved for the foll durstinn of the deformatinn,
The Gleckle 3800 has displacement spesd rating of 2000 won/fsecond [67], and therelore &
steain rate of 100 sec ' should be an achivvable target. The possible reason for the lower
then exectad dfrain rute conditions can be due to not having & high soough setiieg for
the sengisionty of the m:ﬁ'gm&;e& contzal syeters which costosl the proportional integrsl
derivative {P7I}) controllers af the ‘atroke’ ram epest. The temperature of PED swmpies
achieves socaptable valuce af the desired gomingl teziing tempersturs. Fowever, since only
one gide of $his samnple was messured and controlled erisroaliy 15 is difficuls o say that the
whole semple was ab the specfied temperssure from the one resding of the SheCaocoaple

“he ipitial 280 tests provided s gond understanding of how the Gleeble 3800 performs
under cartain PSC testing conditinng om the aluminium alloy AA3IC4 by producing some
sueonraging resulis as well as lraipht into othier areas for lmprovement, A comstituiive
enuation could not be derived based on thess resu s, bowever, a practicn’ learning experience
of PET testing was achioved. With thig vnderetanding, further improved PEC testing camn be
sehieved i order to produce rspeatable, relishle and confident resuiis for the PRC festivy
o aluminium alloy AA3104,
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5.1.1 Deformed Szmples

Fhgers 5.1 illustrates the iypicsl cifferencs of now the twe labdcante affscted the deformation
ke of the tog compression semples. All $he samoples that wees lubricated with the nickel-
based iubricant, deformed alorg an slongation swg, thus representiag an ellipiical shape
88 depictze o Figurs 51z I all the samples that were lubricated with graphite foil the
sirculer shaps was preserved post-delonniation az shown =y Figuee H.lb. 1t was laterestioe
that the two diffsrently lubricated ring comprassion teste rosulted in two differently deformed
shrpse. There ars two reasons for the difference i the soape of the deformed samiples. The
onte possible explangiion for the irregular shipe of the deformation of the wel nickel-based
lakwicans saoaples is that ooce deformation ocours the lubricant Joes not provice the sume
Inbricating properiiss across the whole interface of the saonple and & bulldbup of fhe lnbricaad
can eazily occur dus to the application provess of painting the lubricant onto the ssmple.
Thie, in tusn, allows for & relative’y low local area of friction, heoce allowing more material
o fow in one particalar Zhesction. As the sacuple continues to deform the wet nickel-hased
lubrigant is channelled aicug the sxis of slongetion of the sample sed this continues o
provide & low area of Sction and therefors allews even more saterial to continge ko Bow
in the ssme diresting, bepce the lvepular deformation of the sample This conrept can
also be curied forward to the explanation for the graztits foil lubricafed sacaples, The
graphite foil is of & corsistent thickoses, allowing for even coverage scross the surface area
of tine semple. Thiz will therefose allow consistent Fictional propertins across the whale area
of the riag compression ssmple during the deformation procsss, which, i twre, sllows for
consistent radial fiow of materisl to ocour durise the deformation, and the cizeular shape of
the sample post-defnrmation iz preserved. The other reason for the twe different sbapes of
the ring corpression ssmples cnuld bs due v ibe inherent anisotropy of the sampls cuused
by the rolling procsse. &lthoueh, o hest {reatmert of 400 *7 for 3 hourg was applied o the
ting enmpresson savpies to suneal the miccostsuctuvs, the anisotroniy offects will siill be
present within the materisl to & cortain degree. The lower fictional condition experienced
in the case of the nicksi-hasad lubricant offors & lesser resisgtance to the swisotzopis behavicur
duzing deformaiion in comparizon to the graphite fuil. Thoe, the lower coefficient of friction
cauzed by the nickel-based lubricant revesls the anisntropic natirs of the metonal, allowing
easier flow of the meterial durirg the sompression with the result that an elliptical deformed
spmrle is formed. The Ioternal dismeter of the elliptizal deformed ring comprsesion sample
was calenlated oy nstog the average measwomente aloog the oagest lnternsl dismeter and
the measurement perpendicular to this messurement. Th's sllowed for an estimation of the
intermsl dizmeter of & sample that retaleed ite croular sheps post deformetion.

Arcther nglicsable difference betwsen the ring compression zemples that were
lubricated with the wet nickel-besed lubrieant aud She grapkite foil wee the differcnce of



the surface finish of the samples. & sooth surface fuish was obeerved in Che sampies that
were lubricated witk ¢he wet aickel based wovicant, whils & more rongh and ‘oreags posl’
type suriane finish was cheorved 1o the graphite foil ssipies. The smooth surface finish &
eviden) us & r:%_u]lﬁ: from the Jower cosficient of friction in the use of the wet nickel-based
Inbsenat.

5.1.2 Frictior Calibration Curve

The results as shown in Flgue 5.2 revesl two distinet groupings of data gathared during
the ring compression tests which wers performed with the wal nickel-based lubricant and
ihe graphite foll. The soatier of dats s too wide v provide suy tengible values for the
ceofficlent of fhiction wnder the spovifc conditions pressmied by bolth groupings of data
representing the graphite foil and wal mickel-hased Inbricens. The treuds derived from the
different teiperssure and etrain rate conditicns can alss vot be determined due to the scatier
of the date. The data co bowever provide 2 magh estimate of what the coefficient of friction
could be for the different lubricanta, The resulls depicted o Tlgurn £.7 indicate thet the
coeflicient of friction values for graphiie foil rangs from ©.0Y-0.16, while the range of valuss
for the wet nickel-based labricant is from ~0.02-0.045.

5.2 BSummary

Ring comnpression tesis were performed on the slumininm alicy 443104 vslng swo different
Inbricarts, & wet nickel-based lubricnnt and graphite foil lsbncant. The lesting cond’tions for
the g sompersseion tests wers set sl the same femneraturs snd sieaio rate conditions that
were need in thg initial P8O tests ‘o order to gaid insight into tie coefficient of Hristion for
both lobricants sader certaln sermperasure and strsin rate conditions. The reaulte chtained
Jed to the conslusion that the spread of data for both rirg compression teste casried out
witls wet nickel-lubricant ans graphiie foil, respeciively, was far too grest in order (o ohiain
values for the woeficient of friction witder epeeific testing conditions. The data thut can be
extracted from the resolts can culy provide & rough estimation rangs for the performence
of the coeficient of friction of the luZricants dog to the ramge of tempesature and strain
eate conditions. The coeficient of Fiction of the wet wicke-based lubricant ravges from
~{,02-0.045, while the roeficient of friction for the praphite foll is from 0.07-0.15. In ovder
o provide more accurste data for the riog comrpressinm teste *1 2 necessary 4o determine
gpeiiiic friction calibrution curves for the AASIN aluminivm slloy vnder these rauges of
bessing nonditions. The geveral riction calibration curves used in thiz tevesligstion did not
provids sccwrate exceeh nformation $o determine the gpeclfic coefiicient of friction under
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certain weeting condilons.

Ag sxpanied, based on tae reeuliz the nickel-based Inzrizand obtsined s lower cosfficient
of friction. i comparisoa to that of the graphite foil, Eowever, ring corypression taste that
were carricd oul with fhe wet mickelbtged lnbricsnt produged nnexpected eliptical

deformed samples. The graphite foil samples prossrved their direcular shape, which led o
wacartaaty ahont whether the aslsctzopy of the rolled AA3104 or the ingonsstency of the
wet, nickel-based lubricant bad caused the wuexpected slipsical deformed swrples. Dased
om these restis, the graphite foil was selected as the safer lubricart in be nged for future
PSC tests in remainder of this tmvestizgation. The grashite ol provides a constant
$hickness of the lobocant aod, therefors, aliows for more counslstent lubricating properties
ducng the deformation of samples. An additionsl sdvantags of graphite foll is that il s &
dry lubricast and therefors o oil burns off st aigh tempersiures in comparizon o the wt
nickel-based lubricant. The graphite fol. allows for easier dlectoical condostion needed for
the direct resistive hesting of the (lechls 3800, The valve of the coefficient of friction for
the graphite foil to be vasd in the remainder of the FEC tests will he & valve of U.08, This
valne of the coefciens of {riction falls within the rangs of values determined during the
ving compression sesis.  Swvame and Bicks vsed graphile dag wilk the coefficient of
lubrication. of (L0 |48, and thus this velue falls in live with the graphite foll as these two
lubricaots are based on siveilar lubsicaiing properties.



Results and Discussion of the Validation

Plave Strain Compbression Tests

Rased from the resultza apd kvowledgs gaived from the initisl PEC teste apd the rivg
compression tezis, a full PEC testing procedurs for two diffsrent ssmpis to snvil geomnetries
was tarried out on the Glesble 3800 in order o soalyss snd validate the pesformancs of the
Glealila 3800,

6.1 Geperal Observations

General physical obssevations made duriag the validstion PSC tests were noted for the DSL

T

antl modified PA0 teeting configurstions post deformation. They will be discusted below,

8.1.1 Deformed PSC Sample Shapes

The shupos of the deforasd PSO samples %r the DI and modified testing conBgueation had
some difersnces. The S0 samyios obtwined from the D8I testing confpuration mainiained
T 0

& symoeiricsl ihape, whers moet of the suonples from the modified PEC tepfing coufiguration
were asymmetrical in thelr deformed ziate, resultivg in & "2 tyoe ssueple. A2 exanpls ol

bhe the ssymraetrizaly deformed *3' type sample and the syremetvizal deformsd sampis
aee illustrated by Figure €.1 for the two differend testing confignmations. The ssyrunetiical
deformaation of the modified sonfipuration samole i dus o the vary'ng fictional comdition
between the sampe and aovil surface and thus resalting o o distorted PSC ssmple. Sivce
the modified PSSO sample bas & larger contact susface area in relption te the D51 configared
samipls, the chances of & varying fricilon condition are highly Jkely. However, a8 mentioned in
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6.2 Raw Data

Thae necessasy raw dats coleciad for the validation PEC tests were the load, the displacement
of the jaw sad all tke themmocouple teadivges with respect to fime, The sizoks position,
m:ﬂge position, power aagle, progremimed femperstiure, siress and strsin dats were alse
collected as sdditions dats in order to make suze that the test was ranning cormectily sud, 4
a mighsp seevrred, % cowld be ensliv troublesaooted Sased on the additionsl dss collected.
The necessary saw data Sor both of the PEC testa toat twwolved ihe D8I configurstion and
the modified conlfguralios can be fousd v Apoendioes G and H, respeciively. The raw
deta desing the deformation of the P’%ﬁfﬁ" tee’ ander the nominal ieeting conditions with &
sirain rate of 10 sac” and temperature of 300 °C for the DSI configuistion and the modified
configurstion can e seen & Figures 5.4 siod £.5 respectively, Figures 6.4 and 6.5 deplet the

typieal PSC meponsss of the DSI and mmﬁed sopfgurations, respectbely.
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8.2.1 Load

The load erperienced on all of PEC validation sseanles desicg she deformation of both the
DST spd modified confgurstions Bllowsd a similer cusve sbsoe as sxperiepced by 1he
initisl P8C tesle that were lobricated with ihe nickel-based lubsicant. This proviced
promisicg iosight, demzustradiog that the graphite foil provides enough lubrisating
properties for PSC tests as & sieady stale ‘oed was achieved alfier yielding of he
aluminicm alloy AA3I0M, This s evident se showr 't Flgures 5.4 snd ©.5. Obviowsly, das
to the larger surface ares of the deformeatior zene of the modified PEC sonfiguralion,
higher loads were esporiopcsd during the deformstion o tompasisen to these of the DEI
sonfigarsiioe. The Gleeble 3800 experiouced no problems by schieving bigher losds thai
was necesessy to deform the aluinium alloy A3104 for the modified configured PEC tests.




8.2.2 IMaplacement

The jaw disslacemons of the Cleckls 380D raeasures the sisplassment hetwssn ihe two faces
of the PSC snvils and therefore the amourt of deformation of the PST sampls can os
measured, From both the DSI and modified FEO confairaboos, nonsistent dieplacerents
of the samples were messured during the deforaation: The Jew digplacement curvee duriog
ike defarmations ali achisved s relativaly slraieht curve, with perkiaps s slight conver shape.
This wae wwpories, due to the ‘siroke’ and *wedes’ ram on the Glesble 3800 weeding to spead
wp anc slow down during the very shord time interval of Jhe deformation (-~ 0.14 zec for
10 s, 0.0 sec for 80 ser! amd ~0.02 sec for 100 sen ) and thiir -esulting “n & slight
comvex shape of the faw displscement. A shmilar response on the Servotest inachine was slso
achiaved in the report compiled by Tvans and Ricks in their 28C testz on the aluminium alloy
AA3104 [48). Thie slight convex on the jaw diaplacement curve is not significant coough for
the scope of this nveet galing, as s reenls, ths jaw deplavenent surve dudiog the deformution
i efiecsive:y linear.

8.2.3 Temperature

The temparatucs mesantements resd from the attached themuocouples fur both PED testing
confipurations behaved elmilarty to that experlenced la the initial FRC teste, The raw dats of
the validation PEC lests showed similar general common behaviour thal wae observed soross
the different testing sonditions. 7 can bs concluded from the rusn'ts of the wodified testing
cunfiguration that the Swo thomaccouples pesitioned outside of the deformation somes (TOR
and TU4) depicted sinvilas readinge with negligible differences between the twe over the range
of testing condifions. % cap wlso be noted that the thewmorcuples situated outelde of the
deformation zone under buth testing conditions remained st & constant teriperature during
the deformation of the alumininw alloy AAR1054. "u both the D8 and medified PRO testing
configurations the embedded thsrmocouple, T2, in the shoulder of the sawple duning the
deformation was 43 v sway fvom the deformation zope. The fuct that the temperatare

i T il i

resding of therocsare TOS venalned constant during the Jeformuation, shows that there
was ne heat transfer from She deformation zone to the materia witkin the colder sheulders
within the 2SO spple greater than 3 mm for all of the nominal temperature and strain rate
cond tioos.

The two embedded Lhermooouples, |
rame allow to determine the thermal gredisnt scross the breadih of the sarple, o e,
alan allowing for & more informed snd reliabls temperature reading of the deformalion zows
withis the saraple. The minimal deluy of thermal responss of the smbedded thermocensles,
VG and TCZ, during the deformation allows for an scoursie teryperature messurements of

'Cl and T2, withiv the deformation zone of the
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the sdisbatic lempersturs rise within the deformation zone under the nomingl sivain rates
of 10 and 30 3o °. Uhe highest nominal strain rate testivg condition of 100 z2=" showed
s #milar respenss to the reqults derived fom the initial PSC teste with the resding of the
adiabatic temperaturs rise occarzing before the siart of the deformation. The temperaiire
dets pointe for these teste also display more of an sngalsr curve s opoosed o the smoother
bemperatuee purves obtained for tests that were wnder the nominsl sirain rate conditions
of 10 and 30 sec'. It is unclear why ths temperature vise acours hefors the start of the
deformation of PEC sample but & poasibls explanation ie that the Shermospuple i reachiog
it2 it wnder the voodual strain rate condition of 100 s . However, from the raw data,
the adisbatic teperptare ise can still be evaluated for the noming? strain tale of 100 ssc ',

6.3 Processed Data

The raw dats revealsd by the validation teste for toe D8] snd modified P30 testing
configurations were processed by we'vg Excel and Oilpiniab, The same cafa procossiog
stops that were utilised fo the initisl PEC teste were followed in order (o determine the
squivalert stresy and elrsin values,

6.3.1 'Lempersture
DS CopSguwration

Toparisznt aspects of the temperatuse values of the DET lesiing condiguration fur the P80 of
the aluminium slloy AA3104 are shown in Table 6.3, The values resd from the Dwrmocouples
100, TOE and TOA at the bogiuning of the deformalion are dapicted in Table 8.2 a8 TO1 pus,
T and T %weq respeciively. These values provide the actual testing fsmperaiires
achisved a5 the stirt of the defurmation, aed thie allows for ingght into the distribution and
homoganeity of the tomperatare within the PST sasnple. The thermal gradient determined
seroes the breadth of the PSC ssinpls ie calesladied fram the difference between TU1 4 snd
Tt 0 and it ie denicied as ' The temmeratuzs of the defonnation zone was esfiraatad
by calewlating the average values of U1 and TO2Z. The swerage value of TOl g and
T T2 provide the defonmation testing temperature 85 the beginnivg of the deformation
snd it is denoted by Tuwy Similar to wast was achieved with the initisl PEC terts, the
average value of the temperature durkeg the deformation wae caleulsted fom the straln
range of 0809 and it ie denoted as Tuzae . Therefore, the adiabatic tompurature change

{ Adisbatic &'17 can be caloulated from the differonee Detwesn Tap o 80d Tapun-




Tebie €.2: Imporisnt calaated wd measured lemperainre valuey for the DS PES testing configuration
8t the beginaing of the deforsation and s well 48 fom §.5-0.8 straiv for the varlons thermmntnuprios.
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Tt zonld be determained from the dats Jresenfed i Tadle £.2 that the average walues fur
the thermal gradient with ite stacdsrd error for all the PEC feste under tse DSI teetiog
corfiguration were 4.1 408 (5 This value provides very prooweing evidence thai thers
was no significant thermsl gradient (maxionm of 1,4% of the nominal testing temperainre)
goross the breadsh of the DSI testing sonfigaration sauple. The sversge thermal pradiont
across the brosdth of the sample sasily fulls within ths temperaturs vaziation of 18 () as
shown in Table 2.5, which iz recommended by the Good Praciics Guide compliod bty the

NFL l4l]. An llusizative represertaiion of the sharting deformstion semperaturss of the
~ £d

semples ne well as She lnvrsssy io tewperature uring the delormaiion s shown in Fipuwre
£.5. Fromw Figure £.6, It car be clesrly zofed that the sumcples vnder the nominal strain
rata condition of 100 sa startivg deformetion teriperatuses did not achieve waned closs &

that of the nominal testing temperstures. This is alsa noted from the raw temperature data
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. Coofiguraiion

Similer to t3e temperaiers resulte of the DEL testing corfgiration, Table 6.4 also provides
importand tooperature values for the modified P80 testicg configuratice. The additional
surface teripesature value of the samipis’s showlders f prawided by thermocouple T4 and
the walie ab the beglunmg of the deformation demotes as T4 The additional
thermocoupls reading Som TC4 for the modificd testing vonfigusation was included <ue o
the modified PEC gamnle 2aing anprosimaiely theee times larger than the TSI sampls. A

larger samzle therefore bas a higher chuace of & hatercyenesus teraperabure distribution as
s resuls of the nature of the redistive healing of the Glechie 2800, It was found that thers s
ne significani temperaiurs diffeonoe betweon the interns]l shoulder measurement of
TR way anid the exierna. temperaiure shoulder measurement of T4 that would canse
alwrrs sboud the modified PAC feste. The aversge value for the thermal gradions across the
sample’s bresdth with ite standsrd error for all fhe med fed FSC testiog coxfigurations is
19.2 £4.0 <% This sverage thermal gradient valve e significently bigher than fhat achisved
i the cuse of the POO touts with the DEL ma;tzg;m fom. Howsver, on closer ingpeciion of
the dats presented in Table €.4 and »{,eru 8.7 it can be seen thad tesh | umder the wominal
festing conditions of 350 “C and 16 s aw‘ as wel as Gext 1 under the nominal festing
conditions of 4&2}3}. “ and 10 sec™ had & grosely lsege thertsl gradiont scross the saoples
breadth of 53.3 "O aud 632 "0, respectively. These two testa sigeificantly skew the sverage
wvalie determined for Lhe ft.hami graciond expurienced for the medified FST teets, and
hence by mot inciudiog Thess walues in determizing She average value for the tharmsal

gradient o fwore scceptace value of 14.3 +2.2 *C was aoiaved, Foweeer, the m;srk oy Miza
snd Sellavs [27] 2z meniioned n the ﬁ'&;m:a&axm % therral g-radmy;t of 20 °C does not
signilicaatly affect the determined fow stiess values of & samls in compansin o a sample
that has no themnsl gradient. The seriss of P30 teete wita the modified confighration
suggest tast the thermal grm‘;.is»m achioved was move Tuerounead Far tests that were af the
nominal temperatore of 400 0. This can lead to & mreater 3 chance of s larger thermsl

gradiont for $he modified P@%L teeting cocfigursiion a8 (08 testing leropersture fncressss,
Edditionally, it was found Shai by being able to maks 3 very good sudace condact befween
the snowple aod aowvil. reduses this sk cossiderasly.

Similarly s¢ deseribed in the reenlts of the J81 configuration that were subjested fo the
noming] sirain rate conditionr of 100 sor |, fhe temperaiure readings started fo rise before
the actual start of the deformation, Al the modifisd 720 confaoumation tesls that were
giblscted te the sominal strain rate of 100 zec” displayed this phenomencn to varying
degress 58 in evident in Figurs €7, Table €9 shows the feroperature wilves si which the
PSSO suanple wus beld pafor 6o the deformnation, thersfore the comrected temperasure values sb
the sominal sirain rale of 100 550 for the modified configuration 280 toste can be caloulated
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Tubile £.4: Lmporiant calcriaen sond mwsswed tenpersdur valuse of the modified 750 terting conliguration
At tae begioriog of the deformation and ss well sa frome (.8-0.9 shrain Yo the vardoue themhostuphes,
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Table 8.5 Holding lemrpursinre
oot condition of 100 Sae”

% 7L To2
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. 043 2894 | 29685
Teat @ | S0 IR ZmEQ
ame o desil | 362 T BAEE [
T T Test 3 | 2840 854 |
“Tesl1 | 4003 4386 42,2
“Tes 2 | 4261 3897 4128

by averaging valass of shemmocouples TOL and TCZ2, The corzacted fornperature values pric
i the deformation thne sow correlats well with the nomingl defarmation tempe=atures for

the teets Lhat were under the nominal sivain vute condition of 100 =

Comparison o Evarce and Hicks

e,

Forther analyse of tae temperatine of the PSO validation tests can be confimued i order
i ponypars repults to those Svans and Ricks achieved for thelr Bucings [49). h&wi on PEC

tests performed on the DSl and modified &:@ﬂﬁgg@;z&fbiﬁ-‘ne.} _'ugﬁt 8.5 comparss the average
temperatire values with their standarc error ag in testz 7 and 2 for the for each specific
pominsl temperaiirs and sirain rate condition over the sirein range of U802, Figure 6.8
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Sigare §.8: Comparison of the DS and modilied P30 teating configireiion o the resylin of Bvany sud
Ricks 49] of %’h& siiabatis temperatues rise of fhe nomine) tesing temperatures of () 300 "0, (h] 363 °C
and {r) 400 "C under the nominsl steain rate covditiong of 10, 30 azd "O0 sec

iGastrates two piesss of information: oue i the absolute teppersiuss value reaches dus to
the adiabatic besiing of the matesial from: the deformation avd ike ofker is the change in
the temperatare from the initisl deformation temperature to the absolvde ‘ampersinre value
achieved, Zaing the deformation, which & the acisbatic temperstise cusngs, Toe sestlis
saown by Evane and Ricke are alzo included in Sgure .8, with the corractes caleuiaied
velues of Uhe lempearature under the 30 and 100 ser ' condition. The corsctad teuiperaiure
yaines of Bvare acd Ricks for the sominal 280 condition of 380 *C axd 30 sec™ and 400 °C
and 30 s a7e ot included as 't was ol reporied by Svans and Hicks '49]. As showa in
Wigre 5.8, the resnlts of both the DST and modified 280 configuration feste farad very well
compaved ‘o ke valvee sodisved by Evacs snd Ricks over sl the testing conditions. This
sllowed for very confdent tempersinre readings for both the D8I and modified P8C teet’ng
sonfigurstions ou the Cleeble 3800 gver the fill vange of the testivg conditicns,

From the ssccuragice results as showa it Pigure 5.8, the tempersiure values obtsined
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Table 8.8 Tempersiurs sompedaoe of te caloulated mean values from the DEL snd moedified corfiguration
0 the tsenits obialned by Evans sad Ricks 45 betwomn (.8-0.0 shrwin.
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fromn Yhe TISE and modified terticg configuiatione are wiry gimilar. The twe different testing
@'mﬁgm'r*— iz and. wl. fmmtgﬂv different g%ﬁ'."ﬁﬁiﬁﬁs &b‘ﬁﬁ?‘%ﬁﬁf& r:l@ nod ;hsi%fﬁ any &Zgﬁ:ﬁmﬁ r:{fsﬁ'
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e‘*m?@%‘zz-.aé; in order t0 schicve a mean value ﬁz@ e?aat{h %T}aﬁiﬁ:‘; nomdnal tesiing e’a@z&diﬁt@h: The

ﬁmu[;;j thm:@m te summam&d in ,;-,-'ﬁ.b;lﬁ M: and wvide 'fur.f ¥ aﬂh@w E_:g VEry COICHSFACIe TE8T JT..,
o those achieved by Bvens and Hicks wsicg the same material oo s differest FEC testing

prRasNI0s.

6.3.2 Stra‘n Rate

The strain rabe responses Sor the validasion FSO testes revesled common jrends for the D50
and uodified -F:s'f«; tests, dependiog on the nominal strain rate condiiior. The fypical strain
race reeponse for the D8I aud modified P8C teoting configuration i shown fn Figure 6.9,
Figure 6.9 showe the typical different sivain rate response of test 1 of the I8l and medified
testing ronfgurations for all of the mmmad sirain ratve a8 the temperature of 380 " The
apecific stra‘n rale response in sach individual FSO test i incloded jn Appendices G and E
for the 28, and modified PSC testing confecrations, respestively. Tor the P50 teste that
bad noise in the derived strain rate zesulfs, smoosthing of the data was schieved by ueing
the Savitahy Golyy method ss meniioned for initial 250 lests iv Chanter 4. During the
validstion PEC tezis, 3% was observed that thore was mo signilicart difference befween the
fhwo testing -:w;:ﬁg,wﬂmm for the stzain rete respopes &g shown oy Figues 5.9 A relatively
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consistent stoaln rats was achieved fror D45 stvair for the PAC tosts wider the nominal

gtrain rate of 10 sec™, Under botk the uominal straiz 1ste conditions of 10 avd 100 ses™,
@ falrly fat strain rate wag achieved foe both testing condigorations as shown In Figume 65,
Under the nominal strain rate conditicn of 30 72" & constant sirain rate was a0t achieved
over Lhe deformstion range for both testivg corfigurations. e $he DT testing confipration
{Figurs G Gc), the strain rate sieadily increnses in & near fashion up uodil & stoain between
1.0-1 1, reaches & masimurn snd thes sieadily decressez ic & linesr fashion il the end of
the deformation. For the modified testing conbmuiration, the elraly rate respunse during the
defarmation shows s st lardy sieady loesr lncrease of the strain rate but owoy until the snd
of the deformetion. This type of responss under the nomingl ehrsin rate condition of 80 2ec™
doee not achieve s constani slrain rate over the fall ceformation range and, hencs, makes
i difficelt o ackievs the achisl desived straln rate fur the PSC test over the sirain rangs
DE-0.9 Towevsr, due to the wslatively consistent sirain rale regponse that is achieved for the
nopingl strain rate condition of 100 sac” this leads to the belief that & more constunt zirain
rate can be achieverd for Che nomainal sizsin rate condition of 33 vec™. The meeponsioility for
this issue lies more with the rontal systeme that are pro programaned nto the Gleebls 3500,
rather than the aciua. physical capabifities of the Clesble 3800,

“he stz rate values from the velidation P80 tedts can have been determined for e TSI
and modified PSC lesting condgirationg gs shown by Table 8.7, n order {0 be conzistont
wita the tegting of the PEC teete of the sluminium alloy AA3174, the mean values of the
strain rate e caloulated over the sirain range from T8 0.8, and ii s dencted oy <60
The aversgs sleain raie over the whaole deformstion range is alse included in thess resulie,
The sverage straic rate that the PSC testing samols were subjonted to the full deformation
durstion hse been denoted 88 f.n.. For the nominal sirain rete condition of 10 20, the
L oo and €0 bave achioved similsr veluss to the desired aominal stoain rate for all of
the mowinsl tewperasere conditions for boin festing conligirstives. 3y teviewing the strain
rise resalts, there i no suggestior that the differont testing configurations have a signilicant
influsnes on the steain rate iwposed ou the FET sampls during the defanmation. Therelors,
ithe average straiz rate with jite standard srror over Che whole deformoation range for both of
the testing vonfgurations under the nominal strain rute conditicn of 10 ss | i 10.4 +0.22
sec | Bimilarky for the pomisal stwa’e rate condition of 30 ges |, Ube average velug of 33
+0.86 s20 wag aghieved over the full deformation and the aversge straln tate of 881 £3.22
sor”’ was achieoved for the noodnal sivals rase conditivn of 100 2ev - Trom these results for

the average straln rates acbieved over the Rl deformsiion range, the nominal strain st
eondition of 10 and 30 sz show thet the expeciments. 2train rale valuse can bo relatively
achieved for the PST jesting of ibe shuminium slloy AAZI0L. Fowsver, vnder the nominal
strain rsbe condition of 100 ssc? the aversge value did oot satisfactorily schieve the desized
strsin rate conditions with the Gleeble 2200, even though & slight improvement (5.5 =)
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Teble 8.7 Strain tate teeulse o7 4he validation P8O tess S the DRI testing onndipuaiion sad the modified
it conbanrabicn.
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on the initial PSC parnples was achisved, Tn comparnizoy 4 the nominal strain raie condition
of 100 sec’ | the strain rates achieved by Fenue and Ricks are 854, 97.7 and 93 zec — {the
average with its standard srror is 9144 421 sec'') for the nominal terperstures of 300,
350 and 400 T wemperivaly [48]. The stzsin raie resulis of Fvane and Ricke showed thad
the measyred sirain rate was infivenced by tempesature durlng the P80 tept, and that the
nominal stzain rats condition of vuly 100 es2 could be schisved zs the aluminium silcy
AA3104 oFers lese zesistance st (he higher torperature, This pheromweron was not chesrved
in the case of the PEC teets on the Gleeble 3800 sud, on ihs confrary an sversge shrain rate
over the whale deformation of 110.6 sue™ wae achieved for test 2 for D8I covfiguration a6
nomingl tomperature of 300 " and 90.5 st for the toet 1 of the medified configuration
af the pominal condition of 400 " st 100 ssc ', Thiz once agaln orowides insight that the
procrammen contralling systems fizurc The af;;m rate is whai limits the Gleeble 3800 at tlie

high strain maie snd thus sugpesting that the strain rate capsbilivies are what limits the
desired strain rate. With this in mind snd Fem these slrain mbe repults cbigined, (his
also shows that measured strain vate velues for 280 testing on the Gleeble becume more
imconsistont ne the nomioel strain rate conditicn incressed
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£.3.3 Flow Stress

The caleulstion of the sywvalent Sow siress values followed the same exleulstion percess
that wes used for the witial PSO tesis in Seclion 4.2.1. The walue of the eocffivient of
Frietion of (.08 based on fhe resulte of thy ring compressicn fesls in Chapter 5 was used for
all the equivalent Bow stress calenlations in the validation PEU feste with the grashite foil
inbricant. The typieal Aow stress curve obtadued from She validation P80 tests for the DEI
and modified configuration in coriparisen {0 the resulis by Evars and Ricks ie flinstrated by
Figure 6.10 [48]. The resulis shown in Figure 6.10 are under the nominal testing tomperature
condition of 380 "U and a slradn rate of 30 sec” . As Figurs 6.10 shows, the stesdy stabe
fiow siress iz ackieved once the alumminlum aloy AA3104 yields as the sirain bardening of the
maiberial equsls the *ate of rpeovery. This typeo of bebaviowr & Indugtive of aluminiur during
TME, and suggests that the material soltening mechanizr i dynsmis recovery, mentinoed
i the lterature review. The Low sivess valoe of the materisl also hae ¢ ssotion that stesdily
declines with further deformation of the material (with etrain  1.0), and this is canged oy
the material temparatnre increasing by 438 “C dueé to (28 delormstion of heating from the
adiabatic tomperatuze vise. It can be seen that there is & awa’] ot siguificant higher Bow
stzess value for the modified PSC testive confizuration in comzadson to that of the D8I
testing configuration. This type beisvivar was obsesved for gl of the validation PRC fests,
Tae flow siress of resuliz Celermined bty Twane and Ricks slsa show the same trend of the
waeyve, however & motanie highee siress value across the shrain range iz schieved. Thiz holds
true for all the validation FEO teste thet were lavestipaied n thiz repory. The sguivalens
flow sizess surves for the DST and modifed test'ng confisuration are inclnded in Appaadix
% aod H respactively.

Sienilar to the method vsed to obtsia the resuliz for the teriperaiure and sirain rate valuss,
the How sfrese from the D80 tesiz lor the TIST and medified configurations wag oalzulated
using the mean valne over $he gtrain rang of J&-0.2. Thie allows Jirech compariann G the
Hlow stress valuse achieved by Evane and Ricks, which are fllustsated by Figure 817 The
specific fiow stress values cver the strain mange of LELY for sach FSC st for the DSI and
modifled testing configaration are includec i Appeodicos  sod B, Evidertially as shown,
in Figure 521, the genersl frend fur both she DB sad modified PEC testing configurations
demonatrates thal the fow stress of the sluminiue slioy AA2104 insreases with & decressing
deformation tempersture and an noressing strain waie. I can also e ssen Ie Figure €.11 that
simiiar flow strose values hotween feets L and 2 nader each gpedific testing condition for the
DEL and modified confisurations ave schieved providing #irong svidenss of repesiasility, The
oy sxcestion to this is the How sluss vesnls from test & of the modified confguation wader

T

ihe nominal conditions of 400 *C snd 100 se¢ ' and thisz is dueto the deformation temperstures
being 420 "G higher than the nomdua)l tomperatare, From the flow stress zoanlts depicied in
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Figure 8.10: Fquivalent fow siress ve. sizaln plok Sor the D81 wod modified PEO tesiing conbgursting
i ompenison o the fow sivess curve ohtained by Fvans snd Rigks [48] under the noenine PEC testing
eondition of 550 T and %) wee

the ﬁmv a‘-”m vEives nb..mmé izzg» Fvane a-x;dl z-iim- EdQ | i compazinon 2 ﬁ;he resyits m‘%ﬁmﬂi
in the PEC tests on the Cleeble 3800 for the tws different testing configurations. e mean
diffesence with its sterdard error Setwesn the DEI ‘esting crafigurstions s 14,1 Z0.8 ¥Fa
{L1.6 +0.7%) less then the fow siress resulls determined by Fvane acd Ricks. Sinlarly the
flow givess regults of tae modifed configuration are 10.6 =12 MPs (7.7 =U8%) lese. The
difference beiweea the DSI and the modifisd PSC test'ce configaretion 16 o1 sverage 5.48
41,2 MPs (2.7 £1.2%) lower. Theee resulte sugeest that Jeterminiog the Sow sirese for the
modifed PSC testing confguration i the better ontion for PSC testing on the Gleeble 3800,

6.3.4 Aluminium Alley AA31D4 Copstitulive Equation

Se fer tbe results and suslysis In this iovestigation for the validation PSC teste only
corspsre the tempersture, strain sate snd flow stress resw’ts individually for the DEI ard
modified testivg coclgurations. Whils compusing esch portion of the TMP of the PEC
testing o abwriciur aloy AAZG4 slows insight to how tkat speciic ares influences the
behaviowr of the maferisl, & full wdemtsading of the maltesial’s bebaviour needs to
combing the ‘Sempersiure, straio rate sed How strese in crder &¢ ackieve & complels
omparion. As the Mlerstars review demcustzates, the strain rate sad tempersinte caa be






Tebie 8.8: Resulis thowing the livesr it that relates the Aow 2trese values to inZ for the DSl snd modifsd
PS8 pomBgurations as well ae reaults of v and Ridks [48].
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linked fopsther 6o fornn the Zener-Folloman paramsisr as shown by Equation 21, The
flow stress values deterriired by the PSC tests for the DST and miodified sonfigurations ure
related fo the Zener-Eollomsn parameier 28 shown in the dbersbors rensw by Sqeetion
2.18. Therefore w combining and rewrrarging Boustioos 2.0 and 218, the following
squation can b formed fo velate the stress value to the Zener—Holloman parameier:

—inA (&:1)
This aliows for sonnd analyeia of $he PET testing date n order to compare tue resulis of thie
DEZ and wodified PEC testing configurstione to the rezulis obiained by Fvans and Ricks
{49], s the strain rese and tereperature values are considersd fox the fow stoess values of

the different FSO teets. The Zener—Holloman paramsizr has therefore been caleulated for
esch of the PAC tesis in the DSI and modifed configuration by neiog Equation 2.2. The

terpersture values used i the calculativs of the Zeve—Hollowun parameter for each 280
test of the DEI and modified coufzuration s the aversge valus calovlsted over the sirain
range of 0,8-0.2 as shown ie Tables 6.2 and 8.4, respeciively, in Bection §.3.1. Similarly, the
sizain rate values used for the DB and mf‘dmeﬁ eontguration sre calowlated frem the values
obtained in Table €.7 in Section & The Qe for the sluminiom alley A42104 for thess

alculations was used ag fhe yf‘rm"‘ﬂﬂv Fale N .@d va.lne of 158 JK /mal [43). The vaiues of inZ
fm'- the DSI and modified configuration are mcluded fo Appendices O wad =, seapectively,
for all of the validation FSC teste.

Fgure 612 is therefors 8 plot of all the P5T test resulis of the DS and modified
configiratior a3 wel' as the resilts determinad oy Evans and Ricks [49] for the fow stress
valuee a8 & function of InZ, A frly good scatter of the Zata poiuta was obtained for both
of the testing configurstions. The geoeral trend of the data poiste for each testing
configuration makes it poesible to St & Unesr regsssion to the dats pointe. The reanlis
obtamed from the lnear fit of the data W A dxe i dvclided im Table 8.8, &s can be geen
from the resulte s shown fn Figves £.12 acd Table 6.8 all thzee o the stralght lines are
sesentially parallel. This is & very aimiﬁqzmﬁz reanlt, a8 it sbows that the change of the Pk;b
tesiing cenditions {deformaation tempersture and girain rsie] remulls i in the same the
thaaps i the flow stress for the D8I contgurstion snd She m@mﬁa& vopfigusation as the
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‘?igura 8.1%: The fow siress valus v (2} pwamsier of aach teai for the DRI and modified PEC tesiing
mfguration and as wall ss the regulis determined by Evane sand Ficks (491,

resutts from Evans snd Ricks coafne,

[ order for the constiftviive egnation to be determinsd tos constants 4 and ' musl
i éﬁ&mi@ﬁ for Fauvetion 8.1, The inveme velus of the elope from the Jlot in Figure
€.12 determines the £ value for each testiog confgurating, wnd this, in twon silows the

determingtion of A, 88 A = 5| 5 % Vipserseer ). Tas souattative equstion for the sluoin ym
alloy can therefore be expressed ae:

'.:.\. ':2; i Jig “1"‘ || z ,_-,-?

L T ) Az (55 (@f i
W Wl
L3 L

Ag showr oy the rescte iv Table 6.9, the material constant £ determived scroes sll of the
PSC testing scenarios schieved very simflar velues. Since 7 is & mater's] constant and by
schievieg very similss walues regardless of PSC testing scenario, $hie provides premising
resifite for the PSC testing om the Gleeble 3830, The caly noticesble differencs befween the
DSI and modided PSC tesling confay =a§;’-'xc.-"a "“m?xa the “vans snd Ricks seswts is (he matesisl
congtant A The difference betweerp the A u the two configursiions can only be explaised
by &h& different dow stress values determines from the different fempersivse and strain ate
PEC testing conditions.

191,




Table 8.8 Feauits of ike diffsrext valuss of the muebarial conntanie of dhe constitrtive e iabio for aluied
sy A63104 determingd by Svaae snd Eicks |48) snd the DS and modifed PEC feating condigreshion.

: A% SCENENT ﬂ(/MPaﬁ ll A (w"**ﬁ |
BEvare and Ficks 0081 X

DET corlguraiion 0.8
Modihed configuration 0,092

6.4 Summary

£ fell and comprehonsive set of 280 teats on the aluminium alloy AAZL04 produced Ty
Hulemin wae carvied ous in order to validsts 1he perforimancs of the Cleeble 3800 for tywn
different sample to snvil geometsiss  Ar mentioned in the litersture rsview, the 280
te@img peomelry playe an fmmﬁwt role in ordsr o schisve a satisfactory and sccurate

G test. The two differens PEC testing configurations wtilised in this ‘nvestigation ave the
mmmgmdcﬂl DSl conlimastive and the m&*dlﬁ&ﬂ PEC teeting confguraticns. The two
different ratics for the geomeiries oo these PSC iesiiay condgurations are the Jy and By,
whers the valuss for the two configurationa are shown o Table 6.10 a8 well as the values
ysed by Fvane and Ricks [49]. The temoserature and strain vete testing conditions for thess
seta of PEC tests were purformed ab tempersiures of 300, 250 and 400 *C0 and &l sirain
taten of 10, 20 and 100 8ec . Two PST testa of a sing e celormation up to the siwain of 1.5

Tebie 8.10; Differoct saeple o movll goomctos ratios for the sy differeny PEC testing confgurations as
well 8y Eving andd Ricks ssiie” (49).

DSl PSC Cosfiguration . &b o0
Modibied P80 Sonfignration 1.2 4.45%
Evars sed Ricka 50 13

were narris aub for eadh tesileg condition for both testing configurediones. Therefore &
sotal of 35 PSC teste (18 tests per P20 testing confguration} were carried ont in the
validation TS0 faste.

In order 4o validate snd prove st the resule cbisined by the (GFleeble 3800 are credible
for the PO testing of the sluminium alloy AAZI0L, the PSC resnits for this investigasion
are compared bo the results chiaized by Svane and Ricks 48] fux the same slominivmn slicy
penduced by Hulamin, Awvalysis of the tenpperature mmﬂiz of the DS testing configirstion
remiited it an average therwal gmm mt of 4.1 £0.B "0 gcrose the FEC sanple’s breadth
and qﬂﬁﬂ&j’ig bthe sversps thermal gradient for the e -mﬁeaﬂ testing configuration i8 18.2
L4.0 C. 1t s clear that she DSL w.a.fsmg_ sonfipueaiion alows for a dighier, reliable and
sonzistent control of ihe lemperatuse distrivution witiic PSU sample. Eowever due fn
less than satisfactory beating of the 250 sampler for dwo of the modified PEC tests, an
acreptable thermal gradien’ is prasibls to achleve (14.2 2.5 ") for the modified PEC tesing
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conbigaration. The severty of the $hermal gradient set-up across Lhe sample’s bresdih on the
effect it bas on the microstructursl evelution iz of concern wod turther investigation should
be comcycted on ihiz possivie efest, Tare with the teglizg preparsiion should be faken
whe cengiderstion when making use of Ghe modified testing configuration to schiove & wary
good surface vonbact between the anvil aod sampls. On the whole, messuremenis of the
adiabatic terperature inorease for bottk of the DSI and madified Sesting configuration was
achisved and the resulis faved very well by achigving similar resulis values to that Evane and
Ricks determined. This combpelling evidencs proves that relishle and accurate temperatuss
recordings of the aluminium slloy AA3104 over the full range of tesmperatiurs aud strain ratz
conditions were achisved while performing P80 teals on the Gleshls 3800,

Anglyein of the strain nete response during the deformation process of the DS and
modified PSC testing configuration did nos chow wny sigrifcant differences bsbween each

testing configuration, ard similar trends for each issling condition were cheerved. 780

tests that were deformed af fhe nominal girain rade of 10 == achieved a good sirain made
response with an aveinge strain raty over the full deformation of 10.4 L0.22 g™ In fie
PEC tests that were deformed si the nominal steain rate of 30 s=¢'' the sverags shain rate
over the foll deformation achieved salisfariory resulis with an awerage strsin rate of 33
+0.88 200", Howewer this Sgure i5 not truly represeatative of the strain rate during the
deformation s & rising erease of the value of the strain rafe was generally folowed from
the stack of the deformaation $ill the end. The 100 sao? strain rate tests did not achisve an
atceptabie nomingl strain rate vslue with the average strain rate of 88,0 £3.22 sz for
beth of the testing configirstions. owever, in comparisor to the reanlts ohiaived hy
Swwes and Ficks the sversge strain rate of 9044 4.2] sec! [48] wae achieved, snd therefore
paly s small difference sxiste on average bebwsen ths resulls on ihe Cleshle 3800 and the

realta obfained by Evans and Hicks for the nominal strain rate fests of 100 ase™

As expected, the fow strese of the aluminicim slloy AAJIN increases with & decreasing
deformastion temperature aod an [nereasiiy strain vate. [ both PSO testing configisations
on the Glesble 3800 repeateble fiow stress valuse weore cetormized, Zowsver, tighter
tolerances of the Sow elrese valves were senfeved with the DEI configeration, This iz e
dirzeet mesuli of the morve comsistent sod tighier lempersiure nontrol of the DSl
sendigeation. Under all the testice vonditions, the flow stress wiiies determined by Evaus
ard Ride proved to de zopsistendly higher tham the resulis determined by the DSI and
modified PEC festing configuration. The medified PEC fssling configuraiion achicved &
amall lut significant Dbigher flow stress value in comparisce to the DS festing
146 =095 less than the

results abiained oy Bvans aud Ricks, where the modifisd tesiing configuraiion ahbiaives an

o

ponfigursiion. The DED testivg configuraiion wae on AVersg

sverage of 77 10.9% lower. The flow stress difforence of 348 402 MPw (27 L1996

&

between the DSl and modified PEC testing sonfipwration can be largsly based on the



different geometzic ratios employed {Hg and 2y} for sach testing configuration.

The Zencr-Hollomen searameter was uiilised to dimectly vompare the efisct of the
{empecature snd sirain rate oo the fow sirese of the sluminiorm alloy AASI0A, (o order G0
combine the temperature and straio valoe for each specife ioellng condition. A linear
relstionship between the Tener-Holloman parsmeter and ¢he flow sirses valnes far both
testing confgurations were chitaived Ly ftling a linear Lest Y cusve 1o the dats sels of Uhe
DET and m@dlﬁed dats, %tﬁ'.. The constitutive sguriion for the alwmininm alley in the form
of £ T:i‘g—;‘;,a ;.' ~ AexpifF) was determined hy wwicg the best fitted lines. Dased on the
resalte of the BSI festiug ¢ %ﬁzmwﬁm m, the sonetitative aguatios for the aluminiumg slloy
AAZ104 i _

LY — 285 x 107 exp (1.055¢) (6.5

Simnilarly, based on the resulis of the modified PEC testing configuration the constitulive
eqiation for the aluminiumw sliny AAZLM =

i 2 M
¢ i w.ggﬁﬁﬂ. I o p
S o =188 5 10" sxp {3.009% ) {6.4)

%

o
The only significant difference betwoen the consfitutive squations determined e the value
of the material comstant. The A comstant relies on the fow siress resulie of sach testing
condition of the different PEC cosfliguraticne. The differemce in the walues of the 5
sonietant determined from the resulis of the DEL and the modified testing condguirstions
can be explained by the different gecmeric veluee smploye? for the Ep and By, and sz 8
result the more gromeisically favoured [rodified PST tesiing configuration) configirsiion
vielded closer flow etrese valuse to those Evane and Ricks achisved in thelr PEC tssta
Eerwevex, the difference betwesn the constiintive squaliors ohinined Ty Evans avd Ricks
snd $he PSC tests on the Gleeble 3800 cannot be based socly on the diffarent swmple to
snvi geomeiric ratioe. Therefore, thore is a systomaiic difference between the FSU test
results achieved by thiv invesbigation and the ZBO test resulte achieved by Evans and
Ricks. “he one wglcel veason for his systematic difference can be the different frictional
eonditions achicved %5 the ssmple and anvil inferface in the twe lovestigatione,
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Chapter

Results and Discussion of Sollin

Simulation Tests

Mu ti-nase 28T teste were carried out on tee alumiium alloy AA2104 for the modifled PEC
testing configuretion ia order to simulate the induetrisl hot roling conditions that oceur on
the hot finishing mill 8% Hulamin. “he results of these tesie wiil be discussed and snalysed
in this chapter. The resulis for each PRC test that einulated the different rolling routes and
conditicne are included in Appencix .

7.1 ‘emperature Values:

The temperaiure messarements for the hot roliing simmlasion teste were suaysoed for the
first, second and third pase shmulations. The temporature measurements of the PSC sample
prict bo the deforrmation was recorded o order to detesming bhe temporabure in the specific
sizulates rolling pass, as woll ss the tempersture of the sample during the defortoation. The
ternparatace of the 280 saupee is cetimated az the sverage valie hotwoen zhemm&:ﬁ‘;ﬁlaa
TC and TO%, while the thermal gradisny scross the ewnple breadth is determived by the
differamee hetween these two walues. The messured teomperatuze of the deformation was
defermined fram the gverage sivaln value from 0405

7.1.1 P8O Sizpusztion of the First Industrial Pass
The termpersiure of the firal asimjissﬂmiﬁ' pass of the indusirially hot roiling of the L3 of the

aluminium alloy A A3 was 358 "C. The temparsture values for the fret pass of the rolling
eipnulation are shown fn Table 7). Zrom these measured temperstnes valozs for the PEC
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test that ouly siznulsted the first pase of the rolling condition, » fairly noticeable thermal

PR

gradizat was present for test § (256 "0, In the P8O lesi '3}1,&'».1; simzisted all thres rollirg

oy

comditions, a vary noticeable thermal gradient existed for bots tesls (47 3 and 31.4 "L As

& resuls, the starting temperature of the semple in both of these PEO faulic ";,é. simulationy

wae not idesl for the simmlation of the firet indusirial sollug eoncdition, with the sxosption
of fest 1 of the PEC t2et that only simulated the frst indusirial condition. The noticeable
thermal gradient would have sn effect ou the fow stress valuse as well a8 the miczpatructirs,
The aversge value with ite standard ersor of the thermal gradient for bath of the PSO Gel
routes thah eacnuntersd the Sret rolling condition was 30.0 AL6.7 "0

Table 7.0 Temperstics meassrement of Lhe simulated Eret mses of S induririsl bos Ddshizg wlling wil
an. the Rleshle 3800 by PRC teste that (a) only gimmlated the foal rolling condition as well s (k) 75O Geste
tim sivnnlated all thees of tha industrial ot rollicg conditions.

) o | T~ Tewp — ———

Heh 280 tedt vonte T{SE,'“” T:f:fifm tiferenes e . o '&”dimmw

(f'-\:"] L ; Ay ¥ s b

_ | ey TUOEEL, { 8 :

I } Test 1' 365.3 | 3pE | 14 3808 | %8
| Test 3| 3070 | 9L 13.0 s | 76
LET Test 1| 36785 | 3102 | 47, 24.7. _FAT 255
mIL;sg w&nm@m et 2 TR 148 “q7en 24

7.1.2 PSC Simulation of the Secord Industrisl Pass

The temasmbos messwrcments of the second simulated coling pass are shown in Table 7.2,
where the values devived from (e PEC test (aat simulated tha sseond and thicd industrizl
rollicg puss conditions as well as the P80 test thet sivulated all thres of the industzial
rolling conditions are shown. The tempsrature of the sacond sirmulated pass of the industrial
hot roling of the LE of the aluscininm elloy AA3104 was 348 "0 The dats we shows in
Table 7.2 incicates that aceepteble temperaturs values were achieved [or both simailated
PS5O testing routss. There s no significant thermal gradisn’ scross 'i;h".n.e. breath of e ssenpls
sod, sg 9 rowalt, the stwting temperature of the sawple was within an sccspialde rangs for
the pominal mllicg temperature. The averags vaus with ite standard eror of tém&.‘tiiﬁt‘itiﬁl
gradtent for both FEO teste thal underwend the second rollipg condition was 7.8 L1.8°

Teble ¥.2: Temporstor mesaucesent of the sonlated seod vass of the ndueivial bod Bniasing roling
woill oo e Gilesble 2800t PSC tete Shat (4] dumulated the second snd thivd rolling condifion s well 52
(5) BSE teste that dmilated all three of the lndustiial hot rolling conditions.

s I-J o :g = i = .':N‘m.-« ”-‘ il B8 fig & AN
ot PO teat movide E,,,#f"m -F'{’“ﬂ' I,ﬂg'fﬂ differimen o ol Ll %ﬁfmﬁ
1 ‘J“ ( Ct gt o BN LA I’f"i "‘:. ") %! ik " I"‘“
SV S e |
g ; ' 4 & 438 | Frdv 3.4
conditions Twtd| 30 | B8 | 02 X AL | TR | 24
) I, 2°9, 39 | Teet 1 | 8400 | %503 | 24 5 WI8 | e | 168
rolieg condition: | Test 2 | 3484 | 3387 ' 83 BT ahe7 | 2112 185
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Y.1.3 PSC Sivulation of the Third Industrial Pass

Table 7.3 demeopstrates the termpurature vaves for the simpulated third pase of the hot
Anighing rolling conditions st Hulamin, The PSC test shet simulsted the second and third
industrial rolfivg condition az well as the FSU test thsl simulatsd &ll three of the indusirial
rolling conditions are described in Tesle 7.5 From these valuss of the wwo PSSO testing
roubes of the sironlated third induetzial bat rolling ps‘s& w, weveptable tewperatuce values

. Tae averasge wvaloe of the thermasl

were obtained within range of the ncensl 262
gragiient with e etandard error for both simivlsded F’s%iu testing roufes of the thind rolling
coudition wag 108 458 "0

Tuble 7.8 Temparatuwe messwement of tha sioulated third pess of e industrial hiot fuishing volling will

o the Fleshie 3800 by P80 teste that () slmulated the sscond aud third polling condition se well g2 [h)
A0 teate that Soeniated all toros of She indy gheial hot rollivg condisions,

' Texp
) TEW e ) L 5 i
Hlot PE test voute st ~lsar difference i ‘@ i

f;i"@ié (c)

(8) 2%, 3 roling | Test 1
mﬁﬂwu& _ _Tast 8 THAE AT
&) 17, 2% 2T T [Teatl | MRS | W95 | 28
mlamgmmdﬁtma [ Test 2 2920 | 2795 | 88 |

7.2 Equivalent Stress and Strain

The PEC test data for sach deformation step of the simulaied roliing passes was uged to
determine the squivalent straes and strain values for thei: reepeciive d.cfﬁﬁnmmﬁ routes and
conditicne. The same trooedwes) stops se sxplained o Section 4.2.1 were followed for each
deformation pass which simulsted the different, ro'ling passes exnorisnoad in the bot fnishing
mill at Eulamin. The vlot of the squivalent stress wnd strain weloss for all of the FSC tests
waich simulated the rolling schieduled preses of s hot firishing mill 56 Hulaoin are shown
in Figure V.1, T cap be seen that there iz a notineable rapge in the flow etress values for
the first sialated pass bul the cther simulsted passes schieved relatively good sgreecnent.
The Sow stress, strain and strain rate for sach simulated roll'ng puss are erplained in this
sastion. 'The flow strese valuer depicted for aach gmuluted roling pass was calormined frown
the mean valuse over the sirsin renge from 0.5-3.4, as the tramsient cffects that inflvence
the PST test have besn miloindsed, and enidectly J.E:,a stendy state Aow stress comdition was
msh for each deformation.
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Figers 7.25 Flow strese curves of the LE of the slominfem alloy 453104 for the PSC tests thet simulats
the respective different passes srperisprsd on e hol Gvisking rolling mill 8t Tulsmin,

7.2.1 PSC Simulation of the First Industrial Pass

Table 7.4 i.ivei-ates the amount »f sloais, aversge straln rete sed the flow stress walues of
the firet simwated rolling pass, Fo ihe two different PEC rolling simuiated rogtes of the
Hrat industrial solling condition, the urain rates schieved avross board schisved acceptable
values (70.6, 19.9, 788 acd 165 see™) within tie nominal sirain rate of 21 sec™, “The
nomicsl totsl etrain welue for the firet rolling pese was 0.7 and the velues of the total stosic
schievad for each teet were slso avoeptabie, with tae exception of test & {straln of 0.68) for
the PBC teeticg condition that simulated “a8% tae frel pass. Fowevsr, Uhe amount of strsin
fior this test was pot widey imacsursse (2.04) and thus did not sffect the mechsuica: testing
proced e glgr ety The reavlis of the flow 2iress values show Shat there i a tange of
14,4 MFa from: the lowsst to highest valie acrose both simuleted P8O testing routes. The
reason for this can be explained by the different starting temperatures of the individual PEC
fents. The average value with s standsrd error for the Jow sivese for all of the PEC tente
that sizanulated the first rolling pase i 196, +2.2 MPs.
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Tehls ¥i4: Stpais rabe. shrain and fow strece valuss of $he gimulated Trah saew of tHe nelutrial b Geidbing
rolling mill on the CHleeble 3800 by RO teslz ikt {a) dmulsied nly tos fivdh soling coocition s well as

=|\'="

1) A0 tests that sivulsted sl thres m’:’ fime frscpmtriead bot poling conditione;

Hot TR0 4est rouls Straln | sdross |
ST | i (MIPm)
) I roling Teel 1 | 186 | D& | 1174 |
comiition Test, 2 | 129 | 0.4 | 1258
ey 1 7% 3T | Test 1| 199 | 065 | 1300
mlmgrmd: ope | Test 2| 185 | 088 | 5L2

7.2.2 PSC Simulation of the Second Industrial Pass

The strain, strain rate und flow stresses are potirayed in Table 7.5 for the simulated PEC
tomts the emcountered the socond tndustrial rolling pess. The PRC tests that mm&gifefm it
gacond aml third rolling moute achisved masginally bigher values of the strain rate (6%.0 aml
B4 peo ! 1o nompaeison to the straln rates for the P80 tegis that simulated all tThres of the
relling soutes (474 and 45.9 pes™" Fowsver, nsiiher of these two P8O rolling sivoulation
mmpg wag sble lo schizve ancspliac,

" for the sesomd hob industrial rolllcg pess. However, toe strain rate values schieved

valnes cloge to those of the sominal straw rate of 7T

were relatively consistent, Thie further confirme that the strain rate coutealling softwaie 1
limniting $he desived strain rute values, The total amount of strain jn all the tesls achisved
an sccuracy of 0.01 4o the nowmingl strain vslus, thus previding sn enroveagisg reselt, as
well Jzirly comsistent valies for the fiow stress. Thie tems from the tighter tolerances
mﬁﬁ\@wﬁ by the teooperaigres walces. The results of the flow sirese valuse indicats thers
i no nuticesble significant difference v terns of the mechanical performancy between the
Mmz“m tar material from the FEO test that simuinted all three of the indusirisl rolling
conditicae sad the industrisl rolled sirip (afier the st industrial pase], which was used for
the PS5 toet thai gimulated the second and thivd zcling route. The sverage valus with ite
stardard error for the Sow stress for ail of (e simulated PEC tests fhas cocouniered the
second rolling pass is 135.9 £0.8 MPa
Tehls 7.8: Sirain vete, girsin and How sireay values of the sboond pass oF the todveidal tol Ruishing rdlng

woill on tihe Gleebls 3800 by FHU tewte that () smunlated the firs sid soend wollivg condition as well a8 (b}
PEC iegle that simulated all theee of ihe industinial bot rollng concitions,

. Plow
ot PEG st voobe Straln | glress ¢
L | (MPs
(a; 2%, 5 rolling | et 1 524 | 071 [ 1881
conditions st 2 BAD 0.75 | 1346
_m,y 1%, 29T 5F st 1 AT A 0.71 | 1330 |
roling conditions [ Jest 2 | 458 | W7d | 1359 |

-
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7.2.4 PSC Simulation of ihe Third Industrial Pass

The values of the sirale. strain rate smd Sow stress are shiown in Thables 7.8 for the third

imanstasl
P50 teste of the third industzial rolling pass did uol achisve the values of the nomiisl sirain

glmulated pess, Disszpointing values of the sirain sate for all the simulated

rate condition of 125 sect The FSO that simulated the seord sud third rolling route wae

amly abls to achieve strain rate [54.8 and §2.1 sec ) values which are eimilar to whet wae
achieved for the pripr sinoulated m:‘md rolling passes (521 and 540 soc'). This suggests
that 3 sirain zade of the order of 80 ese™ 15 the limit for the malii-pess asxmuﬂa 220 rolling
teets, this limit sither belug reached mechanieslly or el m.x jslly. Very poar values of the
simulated third rolling pass of the strain rate (16 and 8.3 sec V) snd sirain (079 sod 0.5) were
achieved for the 230 1t that simulated all throe mﬁhﬂg passes. Tre :--W'plam tion for thie
poor performanes crperenced during this siroulated PO tssting route could be the lmited
&matﬁm of material respsining on the tramafer bar to be deformed in toe last simulated rolling
pass, The PEC sample had aresdy undergone two previous deformations {Sotsllivg to 1.42
strsin m% the rezult that too little msterial remained to be aceurate y deformed. Towever,
fur the PED tezt shat simulsted the seonod and third relling schedule achieved acseptable
values of strain {C.E7 anc 089, The Bow strees values achieved fo- the third rolling pass sre
fwirly comzistent despite the dssppoiniing sirain and sirain rase lesges, however these flow
stress values cansot be repesentative of the thivd rolling pass based on the poos strain ates
achivesd . ‘Uhe average value with its standard error for the Sow strase for all the simolated
PET tests that encountersd the third rolliag pass iz 167.2 +1.5 M2

Teble 7.8 Strain vate, saaio and flow siress values of the ssalated tuird pass of Ghs incusinsl ot ﬁ'xt"smg

rallng méll on ihe ﬂ&mnh. 3800 v PEC tesle bhat (a) wasied the Sret and seoond roling coneition 2
wel 85 (5} PRC wets thiat simalated all three of the Snrhustrial nob ellisg conditions.

Eot T jest rouls o wRES | Btsaln | stress
. | asil | (M=s;
o) 2%, 8% rolling | Test 1 | 548 | 087 | 1678
sond!iions [Tess 3 | 821 | 080 | 1708
{1254, 3¢ Test 1| 15 075 | 634
| rolling sonditions | Test 5 | 0.8 05 | 175

7.2 Flow Stress Prediction

The How stress valoes ostained in the various ST tosts that simclated the different tudustyial
pass conditions can be compared o the predicted Sow strsse values of the aluminium aloy
AA3104 by utilising the conglitutive Ecuafion 8.4 The costitutive equaiion determined
for the alimirium alley AAS104 for the modified PEC testing vonfigeration in Chapter 6
wae uned to predict the stesdy slate fow stress valuss for sach of the simulated FSU passes
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of the rolling simulation.

7.3.1 PSC Simulatior of the First Industrial Pass

“he predicted How strese vale for the first simulated industirial rolling pase of the alumiriven
alley AAZ104 was 121.8 MPa, “he How siress valuss for each P50 test that simuiated the
first rolling pase je compaied to the predicted vaiue of the flow siress as shows in Table 7.7
As the remulie of the first indusirially simulated pase in the FEG teste show, it js ovident
that only the firsi rolling condition achisved a closer value (o the predicted flow strese (4.4
and 35 MPa differencel. This i directly due o these PSSO (eslz naving a losser thenzsl
gradient than the FST teats that simmlated all thres of the lodostrial roll mg RONLEE, s
highlights the importance of achisving 2 low thermal gradient for hoet PEC testing, The
mean difference with s standard error for all the Pcsi‘i toats that sioilated the Gt roling
condition is 2.5 L%.6% [£.50 4321 MPs) bigner than the predicied fow steoss {* 2.8 M)
vaiue, Despite the thermal gradient across the breadth of the sample, the mean flow afress
determodned { 96,0 L3.2 MFa} Sy these teste lp therelore 5 respestable value Jor the frst
imdusirially simmlatﬁd THSE,
Table 7.9t Flow sinsss comparison of the pradioted wvelis of the frd paes for the wdusizial bot fleishing

rolline mgil similated on the Glssble 38@3 Eﬁf PR temie shss (a) sterilated only the Gt rolling soncition s
well 22 {15 B0 teste shat shmalated all three of the indusicial hot olling senditiens,

Fl{w s%zess p;md‘m on {1 MP,au 1218 | i :—“—*—-—-

B s e THBrence o DiSorencs to

Hot PEG test rovbe £ ‘?%f“ﬁm pradiceed. How predlicten fow
DO R olrens (MPa) stress %)

fa) 1 roling Tesi1 | 1174 4,4 Y
mdz;:aan Tot, 2 1953 7, S (R :
® 7 25,9 | el | 3508 | &2 57
soling conditions | Test 2 LT T B 5 )

7.3.2 PSC Simulation of the Second Indusirial Pasa

The procicted fow siress value for the second ralling pase of the aloinivm alloy AAZIN4
way 140,86 MPa, Table 78 digoleys the difference between the predicted fow siress value
sod the siroulated PED testz that underwent (hs second ltc,ﬁjsiz’*ﬁ wiling pase, The mean
difference with itz standard erroy for all of the gimglated PSSO teste ig 4.8 AU 8% (870 2084
M?m lower than the predicied flow strese valae (140.6 MPs). The mean Oow stress of 133.8
=084 MPs in compasison o the predicted value of the mmwﬂl sinazlnted rolling pass i2
aceentable degpide thsse testy not avceptaliy achieviny the decived strain =ate, henes the
lewer mean fow stress valus.
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Teble ¥.8: Flow zivess compsrivon of fhy Fz'%‘[u’t&.ﬂ yalow of she escond saee for the oduatsal bt Ruisbing
wiskling wwill smwﬁaued on the Glesble 3800 by P8O tosie Shat o) smolated the St mod sevond soling
-comdiiinm e wel az (b} FEC teets thet soaated sl thres of tre Indistrial bot rolling condilicns.

[ Flow wicoss predichion (MPa 1408 B
| Flow a*e%xﬁ 'ﬁiﬁ:m;:ﬁ_ o I)rﬁezm@e fo
Eoh 280 tesi, souls e ; prediciad Sow pradicied Sow
a g rezs (MFs) AR q\%‘t
(a) &, &= milng | Tess 1 1821 846 6n = |
comditings = Teet & | 13486 6.0 1 43
E () T 8. g ook 1 133.0 , 78 ' Ed
rolling sonditions eﬂ’ Tees 2 BEe | 7 33
7.3.3 PSC Simulation of the Third Industrial Fass
The predicted fow stress value for the third rolling psss of the sluminium slloy AAZL04

was 1938.9 MPa. Similarly, for tos third wolling pase simulations the difference of How strese

values to the precicted flow etress s depicted in Table V% Based om the poor performance

sxperizeenial smalated How stress values 12 comparis

> simulated thied rolling pess; tas differenze of the

of the strain rates ackisved in tha

L to tha prodicted How siress values
i therefors cousiderably lazge. The mean value with its s*mdasﬂi errar for the difference
betwesn the experimentsl sivaslation How stress values and the pradicted value is 15.2 =0.7%
(316 £1.48 MFa) lower. It can e clearly noted that the PSO fente that slmulste the third
rolling pase da not represend $he third rolfing pase on the Holsmin hot rolling wmill —~ thie ia
duz o the poor porforriance of the reguired straln rate.

Teble 7.8 Flow siress comparison of the reedivied welee of the t2ird pass for She Indnadriad bt feishicg

woling mill simulated on the (leshis BBOU by FHO texts that {s) zimulated the Sret and sennnd wolling
condition se well as (b} FRO teats that slmndlated all thies of the nderial ot rolling conditions.

"Flow stress prediction n (MFs) 1988 - ‘ o
| ' Flisss it | ference to Difference o
Hot PEC sent route ol Pa predicien Aow paedicied fiow
b sivess (MPau) stress (B}
\a} 7 a«m roling westl | 675 ¥4 1a.8
i “ et 2 | L1765 84 iIE
a2 = Towt, 1 1634 | 3.5 i 178
| *ta!l.ﬂg wzd‘m{ms Test 0 870 I | I5E

7.4 BSummary

PSC tests were carmed oub on the Glesble 3800 (u oxder {0 simnlgie the bot frishing
rolling covditions for the LE of the aluminium aloy AASIS4 experienced st Hulamin

Three different P50 rolling sirsaletions sroced ures were carvied vut. The thyes P8O mlling
simulation schedules that were perfoomed were to simuelate 1] jusi the first rolling pess; 2}
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jugd the second aud third passes and 5) ll three of the rolling passes that experisnosd the
ot Suishing miIE at Hulamin. The wommnsl testing conditions to sinmlate the first rollivg
pass was 358 "C &l a sirain rate of 21 seo Lo & sirain u;"’ It where the conditions for the
secsind :e':s-.l;'xx;:g pase were 348 T &b & sirain rate of 77 aed™ to & stvain of 0.72 and the third
girelated volling sondition was 262 *C st 5 etesin rate of 125 =e2° 1o & strain of 0.88. The
interpass time betwesn the first and second passes wae estimated se 158 senonds and the
intaopaen time between the second and third passes was 35 scconds. The 250 simulated
roling ftestz were used o caloulate snd suslyse the temaperatnre, sirsin, sbiam tate and
Heow stress values in order Yo determine if multi-pasy hot rolling copditions could bs mes for
sach industrial xelliog condifion,

Agceptable temperature valuss wers achioved for the 280 simulated tesie in the sscond
and third ml-ﬁng conditions. However, thermal gradients in the PSC roliing temis {average
0.0 287 "C) across the breath of the sawmples caused & concern sbout the relisbility of
the mz_;zf;j;ﬁeﬁ FAC testing configuration as shown by the reswlts of the firsl roling pess
simmalation. K is viecesting to note thad, ouce the PSSO zamipe had bhesn deformed by

& provioss simulated rolling pass, the thermial gradient across the broudth of the samples
(swsraps of 7.8 =18 °C for second pass and 108 456 T for she thivd pusg) diminighed
signilicantly despife of an initial lacge thermal gradient establighed during the seevivusty
simulated rolling deformuation. This can, therafors, be used for Fosure hot BST lesis fo
ensure tight control of toe thermal gradisst — & mmall deforwstion (a8 long as 't dowe nod
sigaificantly infvence the tegt) price Yo heating would reducs this issue. The strain value for
sach simulated pass condition was met with satlslactory rasuite, exoups for thres consecntiva
deformations. This was due o the helght of the ssmals being sigrificantly reduced &y the
‘5%g passes, and thus not scongh materisl remained to be deformed

previous twe sirmulated rol
o thie correri amount of strain acsueatsly. Taese PSSO rolling slimulstion tests ;Tw“ et
& roultipass PSC test with up to those simulated passes totalling to stesie of 2.7 canngd be
achieved on the Gleeble 3800, The strain rate valoes achisved for each rolling sinmlsiion
waz only acceptadly achisved for the fisst rolling condition. The second simulated rolling
condition did net schieve thie required (408 +1.96 sec™) strabn rate of 77 sec’ The third
roling simuiation fatled dismally by wot achisvieg the nominal stzain raie condition of L25
s These resulte suggesi, tost the uppsr mit of the multh pass simmlation teste of the
aluminiura acdoys is of tos ovder of 50 s

The sxperimeertal mean How sivess values for the frut, secoud and third simulated bot
finishing rolling sonditions are 126.1 4.2, 133.9 0.8 sl 167.2 =15 MPr, respsatively. “he
predistad flow siress values for the first, ssoond asd thive wling conditions were calonlated
from the constitutive equation of the alurcinduna slioy dm@rmi:fzﬁd for '.‘;31;&- msmdiﬁﬁé E’QC
configoration. The excenmertal How giress values are 235 =2.6%
+00.7% lower then the procicted fiow siress valves for the first, sy r_f_ﬂ. ad ihmﬁ @Jmumtmi
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rolling conditione, respeuiively. The sxpedusental fow siress values for the frst ard second
rollivg passes provided pleasing resulte with =espect to the predicted values based on the
conetitubive equation. Usszite the wefavourable thermal gradiente in the first sivoulated
tolling test and the lowes than sxpected strain ratss in the second rolling simeelation teet,
the FET eimalstion bot fiviebing moliag texte of the alumininm alluy AA210E were suocessfil
fur the fivst two rolling nesses. Purther optimisation of the FRO rolling simlation teste sxv
thersfore needed in avder o succasslully achievs the full roling schadule and multi-pass FEC
tests greabor than two passes,
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Chapter 8

sults and Discussion of the Polarized

Light Optical Microscopy

The rem sfu.ﬁ‘« derived from the PLOM of the sluminitm alloy AA304 are shown and digoussed
i this chapter, Micrographs of the industrizlly rolled 243104, validstion 28O teats and the
rolling PRC simulation tests wese crented,

8.1 Hulamin Industrially Helled Samples

Ay sevay of micsograpis of the different industiially rolled sripe of the alumdalum slioy
AAZL04 &t Hnlamin were taken for sach of the subssquert indusirial bot fnishing roling
passes in the XD and ND plage. An srray of micrographs has then been digitelly stitched
togathsr with the scftware Microsolt Trags bm‘ummﬁe Editer. Thaee stitched micrographs
are ghown in Figure £.1, showing tre {ransfer bar {Flgure §.)a), the stuiz sfter the Brst pass
{(Fjgure 3.70) and the shest after the third pass (Flgase #,12), The stitched micrographs
allow for ao overall visw of the miceosimuetire of the alwmiciom alloy AASLO4 during the
roiling passes performed on the Hulamin kot Guishing mill

The giniv strociure at the sufeces (+2.5 mm taick) of fas transfer ber bas andergone
recrystallization and graiy growth with ﬁﬁ-w‘ crwne scbioving an equimeed straciors snd the
=hafority of the recrystallised graivs aligumg in the K. The megterial at the centre of ihe
transfer bex s highly deformed with very long sad elongated misrostructurs in the RD
depiciing & Bbrous jype structurs. There is also o surnewnal “Gransifional’ ares (b 3.0 mm
thick) betwesn the Shrous grain structure and She recryzisllised surface grains. Thm ares
did not reveal the grain strocture ag well as the romaboder of the travsfer hur and this area
could be due b & substantial arocunt of recovery, Fowsavar, this cannot be confirmed by
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PLOM and an EBED saalysie would therefore be necssenry to determing she stracturs of the
“bemnsitional’ ares. Since the PEC sumples weed in the valldation PEC test were machined
from the ceutre segion of the transfer ber, he microsiructure of the validation PSC sampls
comsists of the fibrous microstzucturs. The microstrocturs of t30 alnmdnium slloy AAS104
wfter the fiest pass on She ot floishing roliing wmill w& Hulamin iz siwilar to that of the transfer
bar with the fibrewe microgtructure st the centre of the plyte, however, with & more deformad
snd elongated structure. The recrysiallised wrains on the zurface of the irsnsfer bar can now
he seen a2 deformed and slongaied in the RD (vp to a devth of =1.€ mma) ag & resuls after the
first; hot rolling pass. “he 280 samples that simulated the second snd third pass conditions
wiil have the same initinl micrasiructure se shawn oy Figure 815 The third wolling pass on
the het Snishing mill, which woderwent 2 post-avnealing hest treatioent at 366"C for three
houre carried out by Eulamin (3], revealed a microstructure showing recrystallised graing
throughoui 1he whole hickness of the had rolled hesf,

8.2 Validation PSC Sarples

Similarly, an array of misrographs were siltched fogelher in oxger 4o displsy the overall
microstoectice of the deformed validation PEC swnpes. The micrographe of the deformed
‘area of the FEC samples fo the ND and BD plane are shown n Figures 8.2 and 8.3 for the DET
avd modified PSC teiing configurations, respectively. Jigher vesolntion micsographs of the
wadidation P5T test sumpiee ure included in Appendiz ¥, he micrograpbs of the DS] tesiing
sonfguration subjected to the nominsl sirain rate of 10 seo” (Fignooe B.2s and ¢) disnlay
symumeincally deformed saraples and shus a symumeiricsl fow patiern sround the centrs
ling of the sgraple. The PEC smmple Shat wae subjected o the nominal testing conditions
of 300 G and 100 sec” {Piewrs 8.25) reveals a slight ueymesvetties] deformation shat had
faken place wod, a8 such, Shig e ovident from the slightly sevaumsinica. fow paltern of the
mistosirnctire, and ingicaies that more of a bheterogensous strain distribotion within the
spcnpls sxigte, Similazly, iv the modified PO test saniple under the same vominal festing
sonditions (Figire 8.3b) the ssymuetrical deformation How patiern also existe, albeis, & iz
more procinent. J8 s clear that far more strain within thy stivated slip-lines occurred in
the case of the modified PRC sample. Figore 8.3 which Hlustrates the FST condition of 300
*C ot 10 sec’ ales displays & shight ssymmetricsl fow pritern within the deformed arsa of
the modified ST sampe. 16 can be seau. to a lesser depres of Figure £3b, that a fwirly
congistent and heterogenesis band aloag the middle ling of she PEC samples exists in both
DSI and modified PSC testing rondigwrstion.










thie configuration. Thiz type of fouture ‘s, tasrefors, moe desirsble in terms of the abilliny
to repsoduce cangistert miczostrueture. Howsvor s stated fp the liverature review, the
research conducted by Duckham sud Knusten [39] found thet the comparison of ibe
texture of the symmetric and asyrometels deforrred amd  recrystallised  swmples
demonatrated no significuad ‘nfluence on fhe texture evolution when suly the midsection of
the ssmpole wes investigated. This similar cheervation suggests that this conld be the case
for this investigation as well and that the asymmetrical PSC swroples procuced by the
modified 280 testing configueation still allow for credibie iovestigation, However, in order
o ealidate this claim & guantitative compacizon of the texture evolotion betwsen the two
diffsrent FSC  texting confizezations weuld nopessarlly bave G0 by perdonmned
Microstricturs) analyvels, suck as E 380, can perform this study; howsver this ke beyand of
the scope of thie Investigation.

The rorcrographs o2 shown lo Figures 832 and £.3 sugpest that no recrystailization toolk
placs during the deformation. This wae axpected as sluminivm slleys promasnily undergo

dynamiz recovery during TMP fllustrated by the charsnieristic steady stafe resovery flow
gtress corves pooduced ir helow i this Chapter €0 These optlical microstructucal
oheervations provids po evidense thar the P80 testing conditions influence the flow
shructure of the material, The suly (pfvencing aspact on hot 280 testing i= the geomisiric

testing configuration avd whether the samapls has besn deformed symmetnzally or nod.

8.3

Rolling Simulation Samples

The array of micrographs taken of ihe rolling stnulated PSC samplee ln the NI and RD
rlane wexe etitched in crdor o poodese an oversl] micrestructursl evalustion. The
microgranh of the P80 rwlling stmulation test that mimicked the kot Emishing rolling
condition durdeg the first pess i shown in Fipwe 8.4, and the ginugdsted hot roling
condition in ihe second apd third pasees 15 shown i Figure 82 The FSC tesl thes
siroulated all three passes on the hot finishing rolliog mill is shown in Tigure 85, From all
of the different PSC 4este that simulated the different aspecia of the hot finishing rolng
conditions, s relsttvely symanetncs! Jow pattern is poticesble. A restively symumstzical
How petion: e noticesble on examination of all the different PEC teats that simulated the
different sspects of the hot Bnishing rolling condifions. A notiseable asject of the ssmple
of the P50 test that simulated the second and third pass conditions on the hat faishing
mill iz that lusge surfacs grains as shown in Figute 8.1b ave ceacly seenm at the surfacs of
tha PST sampls, shown w Figere 8.5, Thess more noticesble graing highlight the ‘dead
gope’ that exists during PEC tests: thie is the ares betwesn the elip Bne 'crosses’ formed

during deformation. Thers i veoy liltle deformation of the material within the ‘dead zone’
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heterogensity of the strain distribution fx the DI saeple at Lhe starting section of the
deformed area. n the swroples that were deformed szymmetrical v, the asymneinion fow

3y

lines were more promdnent b the modifed 250 zamples as the modified FED swmples hsve
& higher tesdeucy to deforia more ssynronetrically Where FSC ssonples are highly
deformmed ssviemetrizally, the majority of the strain ogours within one of sctivated
slip-linse — She midssction of the sample dees not display the ssme smound of asyromeiny
a8 experienced in the materisl ouisids the middle section of the emwple. It sppears that
there iz Bittle noticenble sigrificart difference betwsen the miorostructurs of the ssmpls of
the D8I and modified PSC samules within the midsestion of the deformed ssmplss
However, 10 is necessary o carry ont forther analysis in order to quantify the differcnces
thel msy exist betwoen the twe different testing configurations. Coseers sboud the
poticenble thermal gradiert snd lower temperatuce sontrol b the modified PSC samples
lesda 1o the bellef that this will alse infuence e micraatmotors and thie 4 different
microstrmtuce S0 eomwperisen to the DEI sample will exist for the same condition. This,
hasweves, will also need 1o be investiguted further., Falily symmetrics. mizrostrustoral fiow
lines were achisved under the different shmulated roling conditions o the 28C roling
ginniation fteste. Jsolated recryetallisation op the surface of the PEC samule outside the
deformation zone ocourred duriag the PEC et that was suljenied 1o the full hot fnighing
rollig P30 stmuolation fest. The recrysialllsation ocenrred during the interpsss time
betweer the zecond ard third eimmlsted relling pass. Further microsiretinra. techaiques
aeed 5o be performed o quantify the microetructuce of the PEC sumples, sepecially the
terture and form of the various 250 tests and aimulations.
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Conelusions

Based frean the literatuse and experimenal work of tals investigadion, & mumbsr of
sonclusions can be made, This investigaiion can be eplit snd viewed s two broad gections,
1) tae hot PO feste of the womiclurn aloy AA3LM cseried ont on the Gleeble 3300
thermomechanical fezting machive and 2) the PLOM observations of the not PEC toeted

sarnlss,

9.1 Eot PSC Tests

#.1." S'ngle Deformation PSC Tests

diffsrent tempezatare (300, 350 and 400 ") and three different steain rate {12, 30 and
100 s ) vonditions. 1 sddition two different anvii and zauple tesiing peoraizies waore
investigaied st the aforementioned tempeoraturs sod steain tate conditionz. The standsed
geomeiris teeting configination recommended by DEI has 8 2y = Band Ep - 1, whers the
modified testicg confguration achieved more favourable festing weomet-ic rafios, with toe
2 452 and Hy 1.3 From shese saries of Sestz, i can be concluded thats

e The tempersture wontyol of the PST sample for both of the DEI awd mwodified I'SO
testing confipuration wroved to schieved asceptable walues for sl theee of the
temperature tosteg condliions. The DL festiap configuration, however proved o
vrovide better jempersture control in compsarison (o Lhe rodified comBguration; as
demonstrated by the thermal gradions achicwed across the samples breadth. The
average Vhermal gradient witk itz siandsyd error achievad for the DSI and modified
testivg configuration is 4.1 40.8"°C and 192 44 07T mspeciively,
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e The temperatnse mesgursmant of the adinbatic temperaiure tise due to the deformation
of heating was suocesefully determined for botk of the testing confignrations for all of
ihe temzeraduie and steain rate conditions testing in this nvestigation, The 28T and

m e.?’
velues were achieved scross all of the tasting nonditinme

od testing geometnies did not affecy the adishatic temmperabume -ise and similar

® ALcceptable, successfl and cepestable straly rate wvalose for both  fesling
cemfiguralions wers ackieved »y PST ferting on the sluminium alloy AAZI04 on the
Gleshie 3800 for the nominal sirain rate condifions of 10 and 30 svo 1t was found
thas there & no significant influence difference between the DSI and medified FSC
testing sonfzurations on the strain rate reeponss.

¢ Ar &vemge strain rate of B8.1 4327 sec © was achieved by the Glsebls 3800 for f22 100
sec” mominal condition, this value ie thersfore the upper limit strain rate coudition
tha! can be schieved for single hot P5D tests of the slominium slioy AARI04

e Hepeatable fow stress values wer obiained for both testiive configoratious over ths the
temperature and girain rate testing conditions. The DSI testing confgu-aiion scpieved
slightiy Detier consistent sxd zepestabls flow sizess values to bhe modified Sesiiag
sonfiguration due to the better temperature control for shis configurasion. However,
the lower temperatore contrel for the modified 28O tets did nod significantly efect

the fow strass ¥seuli, and 7 i acceptable

¢ The modified FEC testing coufigurstion achieved a covsistently bigher fiow strese
value to the DET sonfiguration of the alumininm alny AA2104 for eack Sspsrasure
snd shrain rate festing condition, & small but sigaificantly higher value of 345 =19
MPs (2.7 +1.2%) on sverage was achisved by the modified P8C faating configncation
resulting cioser values to to work of Evans and Hicke [48] This swmall but signifosnt
difference of flow stress valuee Detwser the DS] sod modified PS5O fzeting
configuzation arve of & resuli from the differsot By ard Hp ewmployed for esch testing
sarhey s,

» While the modified PSC iesiing covfiguration achicved more -opresortative flow
strose waloe for the alunginium alley AASLO4, the wse of thiz testing configurstion is
not ag piactical as the D8I testing condpuretion. The temperamenial hebaviour of
b t-z-mgﬁmium- gradient et up across the samplss breadth for the medified PS5O
teating configuraiion doss not provide coofidesce diriog the feeting procedurs,
causing poesible peeded zeleste.  This lesting configuration § thorelore mot
reeommended based on the unreliable thermal gradient contral,

Thfs«
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maderial constant 7 valee determined from bath of the lealing confignrations revealed
no dAignificent difference between the DS and modified FEO testing vonfiguration,
nowever based from the smell but sigoificuwet difference of the flow sfress values
betwean the two testing configarations, & vignifeant differance (37.0%) betwesn (he 4
value i» established,

& "The constitutive equation determived J‘F' tltast'a.ik:milﬂiu m.zﬂuy' AAZI0 determined from
the DEY testiog confignration s & \ --‘i‘f‘i‘ | = 8.5 15" exxp {00950}, and the constitutive

aquasion determined by the modified . P"Zi terting configuzation i3 & "‘LL "é’;‘ \n = 13.6 ¥

10% exp {0.08%0"

e "hko Gleehle 3800 ja a very capable thermomechanical lesling machine for the use of
ity %{3 testy of aluminium alloys. Consistent, reliable snd credible resulis are able o
he extracted with the correct use of the Gleshle S800 within ite boundaries as & PEC
testing machine,

#.1.2 Multi-Pass PSC Test

Wulii-pass PRC teste were peformed n order to simulste difforent bot mlling scheduled
ser of the L of the aberinmmw alloy AARLD4 srpenenced on kot GBnishing roling mill
a.ta Hdlamm Theee stager of mulil paee FSTU teste were carvied oui, where thay shmulated:
just the fres mﬁﬁrg pass, the first and sscond rolling pass und. all three of the volling passes
experiencad on the hot fnishing xolling will 8¢ FEulsmin, The hot rollig PSC geulation
tepte gimulated the Semperature, sirain, simsin rate and injerpass times which are found op
the hiot finishing vl st Bulamin, Fom thess series of lesta, (e following can be concluded:

¢ The nmlti-pass PSC tests vovealsd that the modifed PRC testing configuration is
an incorstant condgurstion in termee of tempersturs reliability mnd coptlrol. While
accepiable thermal gradients were acaieved for the mult nass tests that sumulated the
seeond {average 7.8 11.8°C) and third (avesage 10.8 =5.6 *U) rollizg peas, inconsistent
and wnacesptable values of the thermsl gradient was achioved for the firel simulated
paas (gvarsge 30.0 +4.7 T Eowsvar, the thormal gediont across the saxmples breadih
diminiehes A:agmﬁm&ly with prior deformation of the sample and thus allowing for far
greater and. avcepiable temperaturs coitroel

e Up to two muiti-pass PEC teste can suscessfully delorm the alumivivm alloy AAZIN
o the desired smpound of strain, cither it belag 0 dimulats the first and second pass
{etzain total of 1:42 ) or the second and third [pess etrein total of 78] Due the limited
asncuit of reweining materisl after two multl PRC tests, three raulti-pass PEC teste
cannot be used to succswiully sienilate the full woling deformation schedule {strain

27
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tosal of 2.3} a8 sxporicnced oo the Hulamin ot Exishing solling of the aluminium sllcy
A&EJ.-’LM.

e The tpper linis of the stramm sate for ouulti-pass PBC tests of sk sluminium allyy is
Bl soo-, and 58 5 vesult the straln rate conditinne for the second and third hot rofling
Ainighing pass could not be met. Tt is oot recomuinend o sxceed tho strsin rate of 53
2ect for misdt!-pase hot PEC tests of aliminivm,

o The derived conat’tative squation of the aluminiom alloy A 823104 for the modified PEC
testing coufiguration provides pleasing How stress precictions when scoepiable testing
sonditions are met.

9.2 Polarized Light Optical Microscopy

FLOM was carried out in the BD snd WD srigotation of the 'adustrially rolled slurminium
alloy AAS 0 and Isborsiory defocrmed FSU ssnples in order Lo obtain the overall
mcrmimmtmfﬁ ~spiesentation snd the mioroziroctural Jow of (he investigaied sample.

Frors toe obtaized resulis, the following cam be conzluded:

s Thz modified PEC tesilng configuration yiclde a higher chsnoe hy produciug
seymumstzical PEC tepling saonples, this vesalls in more of & .heﬁw@gﬁmeﬁuﬂ girain
digtribution o the deformed ssmple. Fowsvsr, by only taking the middle contrs
regian into conaideration this effect duse wot drastizally inffnence the microstruciural
Sow of the material,

o The microstrocturs. Cow of the deformed material are all similar o mature abouf
the centrs line and middle section of deformad PST sample tor both of the DSI aad
modified PSC swnplee of the sngls PEC validation teste across all lesting tomperatore
and ghraln rate cnaditions.

e The mlling soidation PSC tests displayed mo avidende of recrystallization within the
deformed area of the PEC sarples, bowever evidence of losalised remrystaliised grains
outside o the deformation area between the shoulder of the sapls suggesis that
recrvetallisation of AABI04 cccurs duriog the inferpess time during the hot fnishing
Tolling mill.



Chaipt&f 10

Future Work and Recommendations

Frorn the results anc conclusions of fhis ‘nvestigation, forther foturs work and
recommendations for hot PBC tesiing on the Gleslie 3800 can he sarrisd mib o oxder to
expand firther testing capabillties. Yo addificn, futuce miceostructural soope i available
based from the initial fndings of thiz investigation,
future work can be casried oatb:

4 s, thaevefors, recorunended that

e Additional testing georaet=ics should be westigated i order to ackizved the best
balance of testing reliablity and faveursble geometric PSSO teating ratios. From this
invegbigation, schisving = favoursble He & more sdvantagestvs them a 3y i
miczostructural anclvsia fg pocformed st balf of the swmples breadih. Jence, an
ipvestipation with Bg valie of € aud 3 Ey value 1.5 should e considerad.

e A farther i depti mizsrostructuzal study on thie tuvestigution’s 280 saruples produced
from the DST and wodified sopfguration shonld be further oveatigatec., It would be
interesting determine s quastitative diforeace betwesn the two testing configurations

Lol |

e 4 variely of differenit lubricants should be ivvestigeted for hot PSU texling and the
sffert each diferent Tubricant kss.

& Automsted software prograimn that processes the selevant PSC dsts poat deformation
and this should be inplemented indo Lie existing Gleehle 3800 s up,

® An nvestigabion imto noroving the high strain rete capabilities (00 see ') for PEC
tezts. Thiz wwestigation should be wvesiigated on the Gleeble 3300 for different
maleriale and geomeiriss.

e An invesligation in order o suscessiully schieve a ihree mnlii-pase hoi finishing 250
rolling chwmletion that schisves sll of necessary wolling conditions that sre
erperiosced ai Hulsmin for the alwmivium alley AAZI04. & oricrostrovbural stody
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can thes e imvestigated o study the effect of the different roliing conditions
(interpsss thoe, temperature, strain rate and siraia) have on the formed fexturss,
The microstroctural study can wzo contiaue o determine what textures are formed
‘on the rolling mill in comparison to the simulated PSC rolliag feate.

e [t s recommended that the TSI testing confizuration should be used as the stsndarnd
PEOC teating vonfewsabion, wtil & more suitable and reliable sonfiguration is davelaped.
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Appendix B: Testing Procedure Flow Charts

Testing Flow Chart:
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Tempersture: 350°C | Strafu rates 30 sec’ | Strain 0.9 | Ceaphite Powder
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Temperature: 400°C | Strain rate: 10 sec | Strain 0.8 | Graphite Powder
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Appendix ¥: Ring Compressiov Results
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Appendix G: DSI Validation PSC Tests
Tempersture: 300°C | Straln rete: 10 ssc” | Stradn 1.6 | Graphits Foll Lubrication
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Teet 2: Water (uenched
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Test, 2: Water Quenched
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Tempersture: 3$50°C | Strain rete: 100 ser™ | Btrsin 1.8 |

Lubrication
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Appendix H: Modified PSC Vzlidatior Tests
Temperature: 300°C | Strain rate: 10 sce™ | Strain 1.€ | Graphite Foll Lubrication
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Test 2: Alr Quenched
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Test 2: Alr Cuenched
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Tempeorsture: 400°C | Strain rates 30 poc | Steain 1.8 | Graphkite Foll Lubrication
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