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EFFEC~~S~P?EP@E~.ANNEAC~NG TEMPERATURES AND TIMES ON. 
THE hlECHANICAL PROPERTIES OF COLD-\VORKED ALUMINIUM 1200 

- D. A. Aderibrjlbe +, and 0. 0. Sowo/e ++ 

Experiments have been conducted to develop temper-anneal i r ~ g  schedu- 
le for con tintrously cait and cold-worked alum ihlurn 1200. By rrsing the 
n~eiharl of graphkal eorribtnatlon of 111e results df tchsile anti cle~p-ctrawn 
Lurd*, II L rl~owsv that a eu#.oftatiru to111 Ilrr=nll!~fihllllfl s t ~ o t l t ~ f o  I I ~ I  i~rikrlri 
i~n~rarl, inipmved mechanical propertb /cum will, r ~ i l l  anncal ing at 
460W For 6 Iloun) can be devetbpcd Tor A1 -1200. 

For optin~urn combination of desired propertics daring dcepdrawing, 
the 75% col'd-worked materlal shotlld be tempcr-annealed .a t  380°C for 3 
hours; the 85% cold:workcd material should be tcmpcr-annealcd at  40WC 
for 2 lraurs while tlie 90% cold-worked A1 -1 200 shoul'd .be tempcranncaled 
at  460% for 3 hours, 

1, INTRODUCTION 
III tllc forming of  metal sheets by various stamping procedures, 111e 

tensile strength, yield strength and forrnabil ity of the n~ atkrials ~rscd are 
amorb~t the most Important characterbtts [ I  1 to be considcred in thc 
dcrlgn and processing of various allays. Thc materials uscd arc expcctcd to 
initially possess sufflclent d~rctllity to deform wlthoitt necking.ot tracking. 
This r6quitement Is generally,ful flllcd by:materlals In the anncalcd mndition 
although with the attendant result .of ,low strength for the formed part. 

, Qne possible way of achieving higher ductibility for a givcn strength 
lcvel Is by tctn er.  anncaling (or partial annealing) as demonstrated by 
IJevgun ct al (2f in thcir study on Curnrnercially Purc Allumii~ium 11 00. 
Here, Devgun et a1 explored thc passiblc range of  mechanical properties 
obtatnablc in commercially pure alumin$m I 100 by partial annciiling aritl 
attempted to construct a mbdcl of the process in ardtr to optimize the 
system. While their regressioq cqcration for the model predir~ed sat bfac tori1 y , 
the ultimate tensile strength in both IongIfuJinaf and transv:rse directions, i t  
is observed that the prediction is not satisfactory for yield slrcss and percent 
elongqkion. Also, lliere was no comparison of the rcla tive imp rovcmer~ t in 
the rnechanlcal properties of tcmper annealed aluminium 1 100 with that o f  
fully annealed alum lnlum 1 100. 

Another thcrmomechanical process for improving the strength of 
cornn~ercialfy pure aluminium is called tcmper roll irig. In this case, the ftrlly 
annealed material b plas tlcall y deformcd in contrast to tempcranneal inp, 
where a l~earily cold-worketl material js either recovery-annealed or par; 
tially recrystallized, Fargc and Williams 13 1 have dcrnonstra tcd that ~ h c  
ductility of the tcrnper-annealed material is always superbr to that obtained 
by temper rotling at  alt strength lewls in 70/30 brass.. 

The present work Is based upon the cffort 'made at improving the 
htkhankal properties of cornmercialfy pure aluminium 1200 by temper 
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annealing at the Aluminium Rolling Mills (ARM), Otta in Ogun State of 
Nigeria. Previr>usly,,. the practice was full-anmaling of cont inuo~~ ly  cast but 
cc~ld-workctl a l u m ~ n i u m  1200 at .460°C for 6 hours. This rcsttlted in a rathcr 
law strength.ur deepdrawn hollowares. The primary objectives was do Jevc- 
lop an appropriate temper-annealing schedule which would improve the 
strt!nngth of deepdrawn alrhninium 1200 wilho~rt impairing ductility. 

2. EXPERIMENTAL DETAILS 

2.1 Materlal 
Contintrous cast Aluminium 1200 sheets obtained from ARM and with 

thicknmscs of 8mm and 6mfi were used as the starting materials. Thc 
awrngo chenilcal anafysls of the rnaterlal Is slrown in Table 1 . 
2.2 Specimcn fireparatlon 

The Alumlnlurn 1 200 sheets were cold-rolled to three different thick- 
nesses of 2n1m [from guage Brnm), 0.9mm and 0.6mm (frbm guage 6mrn), 
to obtain 75% 85% and 90% cold-reductton respectively, The 75% cold- 
worked sheat ( f . ~ .  2mm thick) is tho minimum degree of cold-work given to 
any materfal -at ARM. And, it Is known 141 that a high degreeofcold-work 
reduclion is ngessary to produce a fine grain structure needed to achieve 
good deep-drawing charac tcristics.' The qlum inium sheets were then blanked 
into 60mm diamctcr clrclcs to produce the requlred sptxlrnens for subs* 

, qucnt tcsts. 

Sewn annealing ternpcratures of 22S°C, ~ S ~ O C ,  27S°C, 30Q°C,.3S00C, 
400% and 460°C wcrc selected. A t  each tcm erature and for ezch percents- 
gc cold-rcductian, arrncaling timcs of 1,2,2' ,! ,3 and 4 hburs were uscd. At 
the cnd OF the pr~dctcrmlned time, samples were takcn out of the muffle 
furnace and allowod to cod in Air. 

23 Tensile Testing 
Aftcr annealing, the speclrnens'for the tanslle tests were cut Into strips 

of 50mm x 12mm in accordance with tho speciflcatiorl of ASTM E86ST. 
Tcnsilc tcsts wcrc carried o u t  on an Avery Univcrs J Testing Machlne on each 
of the samples in a dlreetion perpendicular to tlre direction of rolling. The 
straim rate was 0.04 per rnlnute. For each sample the Ultimate Tensile 
S trcngtk (Uf S) and the percentage elongation at  frat ture (E 1 .%) were cafcu- 
tatcd from the stress-straih curw, In order to test for the repraducibility of 
the results, three Idantically treated specimens were tested itnd thc results 
showcd that the maxlmum devJatlan from t l ~ e  mean observation was less 
than 1% for UTS. 

2.4 Deep:Dmvring ~ e s t  (or (=up-Test) 
"The use of tensile-tests alone doas not surface in drawing up and 

annealing schedule because a glwn stren h level In a ~ommercially pure f alumtnfurn material may be ahlewd by ifferent cornbinattons of process 
variables 12 1 - lower temperature and pcrcent 'elongation, require fongcr 
annealing titncs w h i l c  at higher tcmpcratures rclattwly shorter times may be 
uscd. Also, Ihc preferred orlentations in t)ic plmc of aluminium sJtent as a 
result of deformation textures [4!5] may caub  earlng probloms whkh are 
not dcsimble during the fabrlcatton of hotlowares. The 60mm dlametcr 
and occasionally 65mm diameter) + specimens were subjected to deep- a rawinfi tests aftcr appropriate anncalin'g, using an Ertchscn decpdrawlng UNIV
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equlpment. The cuptests on this equipment simulate the saring behaviour of 
the annealed materials beforc aclual industrial drawing to form hdlowares. 

TADLE 1 (a) 
C~IEMICAL ANALYS~S OF ALUM INJUM~- I -~Q 

MECHANICAL P~OPERTIES OF FULLY-ANNEALED 
75% COLD-ROLLWED ALUMINIUM 1200 AT4600C FOR G HOURS 

Ulttmntb Tarrslle 5tm- 
Ult irnatc Tensile S trungth - 86Nlmm2 

Purccnt E tongat ion - 39% 

Pcrccnt Earing - 4.8% 
: #. . 

: c; 

From the cup-tests,"the percent learings of the specimens can be de terminid. 
Thc tests performed on threc Idc~tlcal spwirnens annealed under the same 
conditions dl~owcd that the maximum deblation from the mean reading of 
the cuptests was less than 0.5% 

2.5 Hardness Test 
Using a Webster hardness equlpment, fil~e hardness of the cempcr- 

anncalcd specimen was determined in Kbck we1 I, E. hardness test. 

3. RESULTS AND D~SCUSSION 

3 .l ' Tensile-Tests 
Figure 1 shows the plot of Ultimate Tensile Strength (UTS) and percent 

elongat~on as a function bf annealing time a t  different temperatures for the 
75% cold-to1 led al urn inil ~m 1200 shcet. In general, a t  anneal irig temperaturns 
lower th a11 3 500C, the UTi; decreases with Ineteasing annealing times while 
the corresponding percen e dongalion a t  fracture increases with increasing 
annealing time. Hdwcyr, at  temperatures beyond 350°C, the UTS war 
observed to haw dccrenscd to dboul onehalf the value at 225% while the 
corresponding percent elongation had undergono almost an eigh t-fold 

, increasb (relatlwi ta that at  2250Cl with increasing annealing times. In 
,. 
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parti~ular, after annealing tImcs of owr two hours, i t  ap cars that there is  n'i? 
rigniflcan t difference in the valuer of these-propertics & they are aryrnpto- 
tic with annealhg time) at temperatures greater thap 300°C. Thcse obsern- 
tions are In,agreement with those of Devgun et at1 [2.] on aluminium 1100 
who comludcd that at high temperatures, the anpealing process i s  'wry 
rapid, .. . 

. Figure 2 shows the plot of llardness as a func tlon of percent reduction 
In thickness (Re rce of cclld-work) after anneding for 3 hours at 300°C, 
400°C and 4~0k. In this case, the higher -the deformation (1.a. perccnt 
wd irc tion' the 11 igher thb hanlnem at  fcmperatures of 30QOC ahcl 35f1°C:, 
I lowever there was no sl nificant chang with deformatlrm in the hardness 
Valucs o t  the rnatcrial at i 00% and 46OoC. f his type of behav1lraur could be 
attributed to the fact that tho dcformed 5tructtrrc is unstabtc lhermodyna- 
mkally 51  at the lnwer temperatures during the pcriod of annealin It 
appcarr t 5, a t  e*n when a stablc ilcformation tcxtilre ' n ~ i x '  is  attained at k;i6 
rlekrcc of cold working (i,e, greatcr.than 70%) as poinrcd out by Rladc [6  1, a 
relatively high tcmpcratum is ~~cquircd for a gi*n pcriod of annealing to 
impart a rclatlwl y Ibw didma tinn rlcnsi ty with appraximatcly equilibrium 
concentration of  vacancics on the material. At st~ch' tcmperttures, i t  is  fcasi- 
Ide to envisage that the effect o f  strain liardcning may be at  its lowcst as 
tlcmo~lstratcd for the graphs at 400% of figure 2. 

3 3  Cup-Tests 
h typical result of the cup-tests alrlng with the corresponding tensile- 

tesls For 75% cold-worked nlumihium 1200 shoe t i s  shown in Table 2. In t l~c 
colurnn on perccnt carin#s, i t  can bc secn that tile carlng i s  biggest at the 
IowcsL temperature of anneal (l.c. 2250C) and, in. gcnerat, decreases untll il 
rcachcs its lowcst value at 3QO°C., thcrkaflcr, it riscs again. This typo of 
I~elrdviour an tllc tlavdopment of "cars" [luring dccp-tlnwi~ig i s  similar to 
[ha! ohserwd by Uassef and Ijradlcy [8j  on Cupronickcl sl)wt. 

7':*17le 2 abo haws that for ihc A1 7200, a combinalion of strain harclc. 
ning and partial annealircj could hc uscd to protluce Lhc 1-126, H24 and ti22 
:..el-iss of tempers which rcprcserl t three-q uarr cr hard, l ~ a l  fhard and quarter 
hard coridltions respectiwly. This ohscrvation is in ilgrccmcn t with thc vicws 
r;f Anderson 110 1 id respect or tllc strain-harclcncd Lcrnpers of  the non-luat- 
trc?t.thla aiiows. 

At f tigh ternpcra tures, the caring was obserwd .to be more rantlorn with 
incr~asing time of ahnsding. A similar obserwfion was madc by Sheppartl 
and Zilldi 14 1 who reported that the earlng was more random when Iargcr 
srrbgrain sizes were prodtfccd (ia. a t  higher ttrrrperatuns) and wried lin- 
cilrly with subgrain size as the temperattire c r f  processing i s  reduccd in AL* 
2Mg Jicet, They attributed th Is cffcct to ?he cast o f  recovery processes 
ncc~~ring at d Iffcren t temperatures. 

Figure 3 illustrates the development ot' ' t i l t s '  during dq-drawing of . 
90% cold-worked aluminium 1 200 sl~cct ann* alc.1 st 460% for '1,23 and 4: 
hours. Of interest i s  the rdatiw decrease! In t t ~ c  number of cars with increa- 
sing annealing time a t  this femperature. This obscr.~.~lint~ ciluld be attributed 
[53] to the tend~ncy lo achicw a desirable '*alatl..r bctwecn roll i ~ ~ g  tcx turc 
and annealing (or cube) text ~ v c  in the Altljnir-;tirn ! 200. 
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ANNEALING TEMPERATURE 

Fig 1 a&b: Plot of uf imate tenslle strength and percent elongation as a 
function of annealing time at different'ternparatures for 75% 
cold-rolkd atu~~inium 1 200. UNIV
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2: Plot of ha~dness' as a function of percent reduction in thickness, 
(cold-wark) of A1-1200 after anmeding for 3 )tours at  300oCj 
350% and 4600C. 
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TADLE2:. RESULTZOFTENSILE TESTING ANDDCE-DRAWING 
OF 75% COLD-WORKED ALUMINIUM 120g 

3.3 Metall ographlc Examlnatian 
T l ~ e  rasut t s  of the metalfographlc examination of the specimens (Figs. 

4a' & 4b) rewaled that tho alumlniJrn 1 ZOO is characterised by a fairly pure 
aluminiirm matrix with insoluble constituent particles of lmpuri ty elcments 
(possibly those of silicon and Iron) dotted all over the matrix. In ~ddition 
1l1c rolling direction was easily discernnbte from the preferred orientation o# 
d ~ c  impurity particles. . 
3.4 Annealing Schedule 

In order to draw up the annealing schedule, at a eriwn degree of coldf UNIV
ERSITY

 O
F I

BADAN LI
BRARY



work, lhc rcsulls of thc rcnsilc and cup-tesrs a t  dillc~+u:llt annealing tcnlpcra- 
turcs and time haw to br: combined to 'evo!vc the optimal processing condi- 
tions. Figure S Is a typical graph icai if lustration of the Inwstigilted properties 
of aluminium 1 200 as a function of cold-work and annealing. The annealing 
data are for 75% reduction in thickness by rolling at room tcmperature and 
3-hour anncal ing t!me.' For a giwn degree of coM work and .ang&ding time, 
the critcririn for the selection of the optimal annealing temperature is con- 
sidcrud lo bc that whkh minimizes Wc pcrccnt earihg and the ultimate 
tct~silc srrcn t k  while aiaximlzing tllc pc~rcnt elonkation at fracture. Undw 
Ihcsc corklit f ons, the-annealing ~cmperatura of 38?OC would pfovide a U'TS 
of 9OON/mm2 with percentage earitig of 2.6% )and a percentage *bngatlon at 
ttacturc OF 40% to the matcrhl. The corrcspandlng re%ults for. a fully anneb 
Icd, 75% cold-rolled A 1-1200 at  4 W C  for 6 hnurs (as practised at ARM) are 
UTS, 86p/mmz, pcrccntage elongation of 3946, and eatin of 4.8%. Thus, 8 somc lmprowments In mechanical propertles of A 1-1 2 0 h e e f s  can be' 
act~icwd at  ARM by temper-annealing'lnstead of full ahnealing. If one takes 
into awwnt the lost-savings in eher that would result from the shorter % annealing time and temperature wit out cmpramlsing the .mechanical 
propertiers of the materlal, then temper-anhealing can be considered to be a 
cost4ff~c;tiw prmess for .working A 1-1 200 sheets. 

Plots sfml!ai.' to thhe fn ' ~ ~ g i t r e  5 can' be made fat other degma of'cald- 
worklng of the material, to,establish the appropriate temper annealing =he- 

- d~rlc far an optimal combination of strengtl~ and ductility for the .deep 
drawn material. A summary of the appropriate annealing schcdute for the 
dKfcrcnt Icwls of cold-working in this inwstigation is shown in Table 3. 

CON CL US I0 NS 

On the basis of the mshlts OF this tnwstlgation on the mechanical 
prqjcrties nF continuot~sly cast ,and cold-worked aluminium 1200 that was 
1ami1~p~r nr~nrb;tlrrl, t l ~ !  rnllr>win[: comlusinns can he marb: 

(IrJ I I i~ trtJi;li 1 1 1 ~  l t sc  ui' grapl~ ical curnbi~~aricln or data on mechanical pro- 
perties, annealing temperatures and time, i t .  i s  possible 'to select an 
appropriate temper-annealing schedule that would impait improwd , srrthglh, minimfza,earing, and provide acceptable ductility to A 1 -1 200 
sl~cc 1s at  different: lcvols o f  cold-work used iir deepdrawing of hollow- 
warm, and resdt in significant energy savings. 

(c) For optimum comblnatlon of daslred pro #ti&, the 75% cold-worked 
material should be temper-annealed ,at %OOC for 3. hours; the w* 
.cold-worked, material shoutd _be temper-annealed at 400QC for 2 hours 
wl~ile.thc 90% cald worked. A I 200 shrt&s should be tempor-annaaled. 
at46OW fur 3 hours. 
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Fig. 3: Dewlopment of 'ears' during. deep-drawing of 90% Cold-workd 
At -1 200 sl~cet anncalerl at  460°C for (from lclt lo right) 1,2,3 

* and 4 hours, The drawratio for the top wt is 60133 whitc it is 
65/33 for the bottom set. 

Fig. 4a: As Cast Structltm of A I  -1200 showing Large Undefined Grains. 

Fig. 4b: Phomlcrugraph of 75% Cold-rollcd .and Unanncaled S truc~urc 
showlng Irnplritlcs and dircctionillity of rolling tcxturp 1 O X .  UNIV
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1.3~. 5 :  Pmpcrtics of Al -1 200 as a function of  cold Work and at~nealing. 
Anl~caling L t a  arc for 75% reduction in thickn-a Sy rolling at 
room lcmperaturc and 3-hotrr annealing lime. 
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TADLE 3: SUMMARY OF OPTIMAL TEMPER-ANNEALING SCHEDULE 
FOR 75%, 85% and 90% COLD-WORKED ALUMINIUM 1200 
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