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LB LhoT

A brief review of trs petocds svelil-ble fer tire ctudy of
the eclisificuation of petale ie przesntsd ard dlscusesd,
alco~ witiy & review c¢f tiie rcst rescent publivrned litersturs
cn the sclidificaticn procase,

I'ne therm3l zpalvels techinlinoue wae ue~d to stuly tas

effect O tirpiralLre sr

[

GSlent on tre sclidificztion ¢f
alv laun-corner alloye castlih zreen sznd rclde.  Alurinua-
corp=r &lloys contz.along froo 1 to 4% copper were meltzd in
& blzh-frejusucy indu-ticn furncez -nd c-st 1Intc norizontzl
bars, cue incht in dlareter and twelve inches lcens. Contl-
nuoue ccclling curves wer: re:corded 1n w1t castinze with &
Ylzh-speed rscorder,

Studliec of tue nzcrostructure of tas kore were
2114l

correlsted itn tnre

ct
m

»

‘tcation 1nder ¢nd pourino temp-

©

erature, The X-rey analysis techiniouve ves ueed tc study the
sxtent of mecro-gerrz2rztion 1n a rnunkber of s<lected test tars.
It vwae stown that a larve sclidificstion 1lndex favors
tieg forratlicn of zn equl-ax=d structur=2 and & eoall s=clia-
i1flcation 1ndex favers tne fornation of the coluwner
structure. a-rey Jifir-ction znalyeie Jd1d not reveal any
Triess mecro=serrevaticn in sany of the czet barse uauisr tae
ccuditione uvesed 1o tols excericznt. lue €xlstecvecs. of aon-
éculllbriun esutzctlic vezs detecied ©y tnernel mozszurauect in
all eczetinze contelnins rore then 1.92% covuer in tale

igvecti-ztion.
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INTRODUCTION

The practical 1mportance of the phendomwsua of sclid-
1fication muet nava beecn recognlzed for a very long time,
I'ne differencs betweea lce and watsr, for exarpls, has had
a profound influeace ca the nilstcry of maniind and the
evclution of suclsty. The posceibllity of welting a metal
and allowlng 1t to frecze in a nold to a deslirsd shave has
been an cscential ingrsdient 1o cur muesiery of the art of
sraning mstals for thcusands of years.

I'ne importance of melting and freeziag as apnlled to
wetals and alloys has been so zreat, 1in fact, that empirical
solutions have bsen found for the multituds of practical
problemg that have arissn. Tnls aprroach has been 80
successful that relatively little attention has been
directed to arriving at an understandinz of the fundanentals
of tne process. 1ln 1924 tne British non-Ferrous Metals
Research Assoclation bezan a lcnz-term study of the solid-
fication cf castings.

I'he basic problem, to which this tnesls 1s devoted,

18 tnis: A mass of ma2tal of kuown chemical ccmposlition,

is melted, h=ated to & z.ven temperature, ani allc.ad to
801lidify 1n a 7rezn sand mold., Wwrat afiect will the
resuiting temperature agr=dilent hzve on the Jistribution cof
tne chemical elsnznts and the shane of the gralas formad in

the castine?
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HISTORY

The effzsct of th2 siructure assured by mcst alloy
castinss at ths time of sclidificaticn nerelsts throushout
it's 1ife. 1TIne nicrostructure nay be altsred by heat-
treatment, 1t th2 alloy 1s of a sultzble cconstltution to
respond to suc: trsataent, but tre unacrostructure of a
casting 1s rarely affected Dby heat-treatment.(l) This
feature plays cn lmportant part 1o the behzavior of the cast
article in service.

So0lidiflcation is a process of nuclsatlion and zrowtn.
Tne rate of golidiflcation of a cast article is the result-
ant of the rate of nucleation and the rate of growth. The
rate of 2rowth at hizh termperature 1s very hlzh and the ra.e
of nucleaticn 18 low; at low terperature the revarse 13 true.
Therefors, at a hleu terpsrature few nucl=2l have a cnrance to
forr befeore tnz rapld raise zrowti has completed tne freezing
process. luus tne figcal structurs is cozrss-grained. AL
low tsuperatures, nany nuciel foram bsfore the frecziag
process le corpleted ani tnz resultins structure 1is fine-
3rainad.(2'3'4) If the rate of cooling is hizh, as 1o a
metal mold, fresziang wlll occur at a low tesperature, and a
flaoe-gralced structure is formed. If tne rates of cooline is
low, as 1n a sand wold, treszln~ occurs at a hizh temperaiurs
and a coarse-zrala structure 1s foraed.

Considerable prosress has been made 1o rccent yesars
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toward an uvnierstandine of the solidification of m=stals.
Cralm=rs, wiaerard snl tneir co-warxers(B'g) have done
coneiderable resszrcn rezardine supsrcovlicz, deundrltic
freeszing and trhe solld-1liguid 1ctserfzce 1n alloy systens.
R.w. Ruddle anrd nuls co-wuraers 1o mngland have conductad
experirsnts relatineg to ths solldification of castines,

in 1,50 R.a.Ruddle!7) made a survesy of the litarature
rclatine to the solidificuation of castinrs and tov wmethods
of controllinz sclidification. Ruddls's r=visw 1s divided
Into two ssctiong., Tue flret covers tre z-neral w.ork which
nas been done towaris the apcrlicatioa of scizntific orin-
clnl=se to tne prcduction of castings and inzots. The second
rart 1s conceransd with s tTore fundamental study of the
solildification rates of czsgtiause and the methwois available
for the investiratlon of solidification rates.

Ine fundameantal prianciples of soiidification of metals
in wolds can be investizated in four ways: 1. by mathe-
zatlical analysls; 2. by elactrical analogue; 3. by "pour-
out' methods; 4. tarouza tsipsrature r2asurements takea in
the solidifyine casting and 1in tre wold.

The matuenztlical aporoach to tue problem oecom2s
exceedingly difficult and often inscluble 1f all the factors
affectina trie sclidificatlion phencrene are con:.idered. Even
1f sinplifying assurovtions are made, the eguations are only
scivable witn 7reat difficulty. 1In adiition, the matiecatical
mztnod reijulres muct data cooncernluz tnerzal propertlss at

hig- terperature and espscially in the 1liguid state. Ihe



data are very m=ager and much of the lanforratlon which 1is
avellable 1g of doubtful rsliabllity at the presznt tloe.

The elactrical-analoeue osthnod is the naweet metnod of
solving nesat-flow oroblzre. Inils m2tnod 1ls not as restric-
ted in its application ss Lh2 aatnsasticuel aetncd. Lowever,
it also requlires kaowledee of much unknown data. The maln
difficulty with both methods 1s that they are unable to
provide 1inforxation concernine the behavior of an alloy
between the liquidus and the solidus tempsrature. Inls
information 1s essential for & complete understandling of the
factors involved in the solidificatlon of metals. Tnis 1s
espaclally true of non-ferrous alloys, where tne freszing
rangss are larze and the pouring temperatures are low.

A good deal of practical work on the solidification of
steel and cast iron has been carried cut in receat years
usinz the "pour-out" technique. Tnie method is of limited
value bacause 1t enables one quantity, the rats of skin
forzation, to be mesasured. Ite application to non-ferrous
alloys having long freezine ranzse would yield little
1nformation, since the fornatlion of a =0lid skin talss place
at some unknown polnt ktetwesn the ligquldus aand tue solidus.
The results of sucin invazstizations throw no lizht om th2
bezinning or end of solidification. Bochvar and Kuzina (€,
have shown experimentally that tns solid skin left 1n the
10ld will contaln coansiderable 1liguid in aluminum-copper
&lloys. A furtrer objecticn tc tonls mstnod, 1is that 1o

many alloys it may not work at sll. auaslcszr (9) exeninsd



& numb:r of alumiuum alliys, but Las un-ble Lo oc.aln swtls-
‘ictory scliu shills. Iae "peur-cut" metrod 1s w cruds
metitod of ilnvecstizatlon wns it may yileld misl=udinz results.
I'ie mes. ursr<ut cf Ls pzrature 1in Lz weltzl sud in the
xcld 1s @ mucn mora veraatilz: rethcd snl offers & number of
gdventaTes Cver the ratncicz 2-.scriced wbove. Thles methed
r=guir=2gs a2 minigur of tizh-lsisrsture Jdata, «nd caables the
oro-ress of both tne bezinnin? «nd tos nd of sclidliflcaticn
Lc be followa2il., 4t alsc chows the bSaneviar in the zine where
cciliiflcatlion 1e¢ t:ginz gluce., TIsrviraturs at varicus golials
in the castine xnl ths mcld can bs rsusured at ths sauna tire,
Lhue,‘permittinq the calculation of thz tempearuturs Frudient
existing 1la botn the casting znd the neld., Ine tampsratura
rmeuwsurerzatbt ocetnod e tha psst tezchuljue for the lavecstlzation
of eclidificaticn ia non-ferrvus allcys., 1Thls neticd haed

not tzseu us2d sxisnsively prior to 1550, Sowme results huve

been publieired by Sri~ss in3l Gezelius,(l“)Baker,(ll)
192
Chvcrinov,\l )and others.
, , (1z) . . .
In 190 Ruddle Tadle & prelirinary study of tns

solidification of suvar-pure aluminum waod aluziaoum alloys
Ctnt;ininz 4, € and 30% corner usin? the terperature m2asure-
ment techniaue., he+ reported thet svrpar-purlty slumloum
sclidified by skin formaticn and 4% conper a2lloy solidified

1n & "pasty" wanner. Ha was unailas to dsterrine toe metnod

of eoiildification of tne 3U% ccener ailoy. Ruddle calcul-
let.ed Lrne golldification timee for @lucinum alloye usiug Cnvor-

~ ! g Is . [ P oo oy - e v )
1ncv's forrula sl Pluad Ltoal taey conpared favorabiy with the



axperlo=2ntal data., Cavorinov'e formula 1le exprassed as:
T = (V/54)%/12

I' = freezlonz tine, nours; V = volure; TA = surface area;

and M = coasteant.

A correlation of teusile prcpertles of alunioum alloy
plate castinze with temp2rature arailects durlng solidificat-
1on wus also publisnsed by Ruddle 1o 1950.(3 ) He reported
that plates havine ths steepast temperature zradient had
coneld=rably suparior tensile croperties. This was the case
obtained in his ¥ 1nch plate. H: also concluded that plates
talcker than y iach could not be soundly cast whea rapidly
poured, revariless of tne gsize of the fe:zdar eaployed.
Ruddle 314 not discuss the affact that mizat be due to
varliaticu of zraia slzse,

Cibula and Rudile (4) rade a study of toe effect of
grein slze on the tensile croperties of cest aluninum allcys.
Tre zrain size was varisd in a 4}% aluainum-copper alloy by
varyine the pourine tespserature of tne casting. Ine'tensile
oror=rtiss of this alloy were found to lncreass marxkely with
AQecreasse in 2rain-cize.

Londic and Shutt(la} investizzted the macrostructure of
Super-pure &nd contserclislly pure alumlinunm using the tecper-
ature zasur<sinzat nzathcd. They found that with subpszr-pure
&lunloun, th2 ounber of zrzins 1o the cest structure wus
1ud=pendzat of tne Jegres of superaneaticz. With ccocmmarcizlly
Pure aluniaun, é Zr2ater nurber of crys.zls of differaat

Bnapes 1a the same castlng were obtalned over & narrow range



of superneatins tecperzture. Iney also showsd tzazt oo
supernieatinz Lne comrerclally pure «lumlour to 950~ ¢, and
holdine the n=2lted mezal at a teopsrature closz to the
1lisuidus terperature, cecus=2d & fine-grain structura to
apoesar 1o tre custionr, Tioey concludzd tnat a&an lncreased
rate of coclin? refines the columaar structure of purs
Tetals and 10difles the egul-axasd structu.e of impure metal,
first, 1noto a partly columnar andi partly egqul-ax=d structure,
and secoadly, at still «l+bher rutes of coovlinz, intc a
wrolly columnar structure, Measurerants of undercooling
enowed that aay srsin refinasment of a pure ometal with
lncreased rates of coolinz is zcconpanied by an lncreased
derrez of uadercoclinz., The feroatioa of equl-axed struct-
ure was found to be primarily 3jue to tne present of alloy-
lng elen=znts.

Bisnop, Brandt, aand Fellini{lS) investizated the
solidification of steel ingots usinz tliermal analysis. Tney
were able to determine trat solidification in a stesl luneot
proceedes in a wave-li.e faghlon 2t rates which wers deter-
7in=2d by t-= carbton level, superiest, and mold thickaess.
They s-owed tnat luc:easin? supernsat produces a general
coarsenlng of the nacrostructure. Trey concluded that the
classic ra2lationerip, thlckuess = a constant timss tne
square rcot of the time, applies only to tiaz first stzoe
of golldification.

winsgard and Chalze:s(1%) discuscad the meccaulst of

super-coclin? and dendritic freezine in alloy systers in a
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publication 1o 1653, Trey ware zble tc s cw that super-
coclicz nay result from the cauricnaoesnt 1n tne colute of the
liquid lmmedlately ahs=ad of the advauclne sclid-liquid
interrac=2. They propcsed that deadrites 1o inzot structure
are produc=3d as a result of constituticnel supercocline and
that dendritic esul-axed zone in the ceanter of inzots ls
& result of nucleation 1n a lesres constitutionally euper-
cooled rezicn. |

Morris, Tiller, Rutter, &nd ﬁine2urd( 6) investizuted
the conditione feor dsndritic growth 1n alloys of lead
contalnineg from O.2%% to €% tin, usinz the thermal &nalysis
technlgua. It was shown trat denidrite forpation is fzvored
by a rapld rate of sclidification and & lcw teuperaturs
gradient. Tnre results indicated that the factor controlling
tre bexlnning of dendritic erowth 1s tre retlo of the rate
of eolidification to tre terpesrature zradient.

w-en an elliocy s511difles differeacss in chemical
ccmoosition may occur cn =ither 2 csnall cr lerze scale, 1If
wit-ln the individuval crystals or srelns, it is called
nlero-segrezition. OSeIresution nmay bz obgerved on qulte a
large gcale witnln the mass of solii metal, the composition
on the outslde, for lonstance, beline 72uite differant from tne
center of the mwuss. Ion tils cr.se, the dificsrz.ce in coep-
ositlon 1s ref:rred to as mzacro-ssrrezztion.

Searezution can cccur only in cast allcoys tnat solidify
Over & rente of temoversture, with a differeace 1n tne

Conposition of the liguid eand the s0lid wit in thie ranze



uriler non-zqullibriur therral conditions. Ideal conditions
ares 3ifficult to oroduce in a labcratcry ana are nsver
atteined 10 a metallur-ical castinz opsration. In practice,
t:1s means the central portlion of the crystsl coatzins a
differ=20t prooortion cf the solute atons than 1e vreseat 1in
the outer parts of the crystals. If diffusion had taken
vlace- as 1t would under strictly equllliblum conditioans of
coolline- tnis gr:zdient would nct exlest., All castin-zs
exhiblit one or nore forms of mlcro-eeqrezation.( A) Michael
and Bever(17) hevs recently stown that the copper content
variss vwitunlo the 1ndividual dendrites forecesd in alloys cf
alurlaue coatelining froo 2% to ©% covocer usinz ths radio-
Frephic tecanlique.

Macro-sesreratioa nay be 80 2ross that it ie readlly
vislible to Lnhe naked eye. TInls form of sezrer=tion can be
readlily observed in large insots, Very little intorzation
has been reported concecning thles type of sszresution 1n
Castinvs.

hotable among the mathematlical studles of szorezation,
lg the racent wor. of Pfann on zone—meltinq.(le) In a
Publicatica in 1944, Iiemﬁ}%%nflrmed als matrnerstical
&nalysls usin? radloazctive antimony. iz ghowed that there
was & snarp decrease i1u conceutcration av eac. rauoselt
boundary and &an locrease in cornczatration 1a the last rezion

to fresze,

Killatly, Taylor, and wlne:anigo) investizated

ssgrezatlion durilne cesting of l=szd-antiscny allcys, using



redlozctive actimony. They ware able to show tret Iravity
gecrezrztion 1s zinlnized by fast coocllinz rates,

- 521) ,

ninezard lanvestizated sezzrszaticn 1o brouze using
radicactive techtinli~ue and found that the outsiie of sgall
castinzs weres hizh in tin when nade tc solidify frcn outside

ivwvard.
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P=CCLDURRE

The Alurlnur-Coprer Allcys usel 1o tnle exvesrim2nt ware
rzie fror hion-purity aluriour of §9.¢%9% % purlty, aud

electrclytic conper of 99.5S% purity. 1Ihe &alloys wsra pre-

pared fronm & 57:33% aluminuun-copoer hardener rads from the

above materisls. Spectrosraphic analysls showed & very

sliznt trace of munvancse, & truce of silicon, a trace of

iroa, and nore tnan a truce of masoeslum. opectrozrapnie

analysls on two of tre caetl bars snoansd that ths amdunt of
tr.e above elarnz=ntes did not lacrease 1ln the alloys under the
c:-sting ccudltions used 1n t-ls exceriment,

A 20 A.4, Ajax nlzn-frequency 1nducticn furnuce wzs
used to melt all of tiie h2ates poured in tils 1nvestlzation.

The alloye vware melted in a 12 n.und ma¥nesia crucible and

Cacst 1nto herlzontal tars, 1 iceh 1o dlameter and 12 inches

loanea., Risers 1 inch in dlaneter wece placed at 2zch ead of

T he bar. 1Iha2 castinze were poured dirzactly lntc cne of tlecse
r issrs,

Tre 2rsen sand molds were aolde from Tennessee bank

sand blended witn 41% Cltewa sillica gwad. Ihe curves shnown

1n the ap:sndix w-3 consurversd by mecsuriug tne poyslcal

©rcocriiss of varlous percentsazes of lzanesssdle ss0d aud

N

8 1lica sand. Ihe 29:4]1 mixture wae sel=scted because 1t I=ve

L ha naxinur streavth witth r=latlively hi-h perneabllity. The

21 =9e zuailyeics of Lhe isnnssces sz2nd and tLhe blendsd esud is

S © own in Takle 1. A moisturs determination wss made pricr
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to the preparation of each mcld and mainteained betveen £ &and

5%
The thermocouples were placed with the hot-junctions in
tte center of the mold cavity at the perting line, as shown

in ficure 1. Thece thermocouples were ccnstructed from 22

Filoure 1. Mold and thermocouple

Tzge chromel-alurel wire and were celibrated with pure zinec,
tin, high-purity alumiour, and =2lsctrclytic copper. The

X =gults are ehown in Tgble 2. A test bar of hizh-purity

2 lurinur cagt in a zreen sznd mold encwed the terperature

X eadin~ to be €C F, hizh. All thermocouples were used with-
Sut protection except heate T-12€A, T-127B, and I-128B. heals
I'<17cA veas costed vith a vesh of elundur ¢nd heats T-1276 and
T'-126B hed & thin silica tube covering all the couple, excent
& bout 1/16 of an inch at the hot juncticn. I[hese hsats show-

= A that the couples zave readinze with unprotected thermcccu-



ples. The unprctected couples e:ve a norae rzpld reading -—nd
. (21)
were us23 for trils reacon. A,B. Michael has nleo siown

thlis to bs true 1n aluninum-copuer allcoys ¢f the corposition
used 1n the experlment.
Continous cocllinz curves were recocrdsi in the ciel tegt

bare with a Erown hieh Spe=d Zl=ctronik Recorder. Tine cecst-

C
=
™M
o))

inz terperectivr: vas nezc i tre crucible Just pricr tc
pcuring vitto & choronel-glurel tro=rrccounle znd & pertable
rotentioneter.

banples 1 incn lcne vere tzuen from ecch ber, adjeczat
to tke thsrricouple and the teginnins and end cf freezinz
terpesrztures neasured for conmpsrison witin the meacurerents
tahen 1o the custing, These nmeesurensnte w=re gzde with the
rrevicus deccrived reccrder, and a_2 K.a. Level high-freq-
uency furnsce usine 71:zed porceleln crucibles. These
resulte zre grown in Table 4,

Sanrples ¥ inch lon® were tewen froo the cssting
zdjzcent to tre thergocounle for macro-=xanmination, and X
rey diffraction arnalysie, Zzch sanple wee then narced on

the top side sc that 1ts wealiticn in the meld could be

[N
(&)

1d=ntified. Turniase wers teren from the fuce cf Lbe bar
adjzcent to thie sarple for crnericzl &nalycls.,

Ine gernnles were zround cn @ cslt sander and 1/0C
pzoer, then mollered with leviseted slurina powder., A

by

1ixture of 1l¢ rl., cf HCl, & ol. of tir., 2and ¢% npl. of

d1ietilled weter wze veed to 2tclh all sauplze for cecro-

exsninaticn, and Keller's ete ves used for mecro-cxamnina-



tion. PFPhoctormacercgravhs were tekean cof selected sanmplses
and avre ghown 1in the discussion.

Fine irillinze war= teznen with a 1/1% iac: drill
pervsndicular to the fzce cof eclected spsclacens at Lus
followlar positicns: 1/16 inch fron thne mold-metal luterface
et the cottowm, top, slde, aund at the czanter of the teet
soecinens. A few szmples vere taken from the half-radius
poeition btetween the top &nd center of the sznples, Tne
dArilllin-s wers pliced in & © mr. pyrex tube, evscuated and
s ezled., All X-rsy eanples wers given & 2 hour sclution
t rezetnent at IOCOOF, and guenched in a bteaker of water upcn
r egovine froom the furneace. The drillines were ramcved from
t tie pyrex tube, and dried in 2n erlenneyer  flacsk, usine
vacuumr and hest, beinz careful not to neat the flask above
tand-touctinz tenperature,

X-Ray diffracticn patterns wsre cbtalned of the flllngs
WL sing & Vac Arkel Cenere end unfiltered ccpper rsdiation.

L' bhe positicn of ths diffrasction lines for the 422, £11-323
r sflecting planes were mezcsured with a Fnillics Convaretcr
Tor Keiand Kgpradiation, Tre lattice constants were
Calcuvlated for each plane and corrected by extrepolatica.
An exanple c¢f the extrapolstion curves 1s shiown in the

A pnencix., The coprter content of the sarcls wzs d=termlined
fron the curve stown in trhe avpendix. Tohis curve wes
CoOnstructed from lattice varzreter nezcursrznts zs described
A tove for tigh-purity alurinun, test bar T-11F contzining

C .90 copper, Lest bar I-1212 ccntainine 1.53% copper,



test bar T-13%5 coatainint 2.5Cx coprer, test bar T=4F% cout-
ainin7 3.01% coover; and e high-purity aluminum covper alloy

containing $5.05% dluminum =nd 4.€%% copver suppli=d by tne

Alunmioum Cormpany of America.

Unhemical analysls wae perforned ueinz the followlng
A 2 to ¢ cremr sanrple wae diessclved in

e lectrclytic metnod.

& mixture of 200 C,C, of jletilled water, 10 C.C, of EkC1,

20 C.C. of HROB. Apcroxinatsly 2 C.C., of Hp S0, per sram

o f szrple was sdded, and tne eolution evaovorated to fumee of

5303. Tre residue waes then dissolved in distilled water with

3% HNO3 and 3% Hp SC,, and

Cc hecxed with an gsluninum-conrer alloy supplisd by the U.S.

electrolyzed. The method was

Burecu of Stunderds end fcund to be within 2% error.



DISCUSBION

Hish-purity aluninum and electrolytic copper was ucsed 1in
t hies 2xpericent tc minimize the affact <of reciducl elenents.

Kcudic and Ehutt(lm

have deronstrzted that ninor impurities
may coanpletely cutweleht the therpal fzctcrs in contrclline
nucleation durine eolidiflqatlon. The possibilillity of
oxr-oduclineg fins-srained aluﬁ\\i;xun alloy caetinge, by additions
c £ cerall ouantiiles of certzln slenrents to the melt hae long
teen zncwn, I[Ye results of the snsctrcerepnlc analycle saow
t 22t there was no pick-vp cf undecirzble =l=nsnte under the
castine conditicns us=d 1n this luveetization.

The tegt bsre ueed in trnis work were deslapned &0 that a
zone in the c-atzr of the casiing would represent a "ceol-
infinite" ceetinz. in the "semi-influits" zone, all of the
heat is lost in the direction of the eglde surfeces. I"elliﬁz)
Na s ghown this to b2 trne cacse 1o sirilar bare cast in steel.
Al1l trermal measiren snte, m=cro-scecimens, A-ray eamtlese, aad
Clienicel aznalyses were taken frco thils zone.

Teble V 2lves the ccnrceitione of the cust bare and the
Limes of s 1idiflcation. The ccoling curves are shown 1o the
& v rendix. A close observatioo of the ccollng curves raveal
Lhat tre recorded liquldus &nd e0lidus tervaraturcs sre
lnconsietent end io scue cases “lzher thao the solidiflcaticn
temper-ature of pure alurinum. Frior calib:ation of tha

L'~’1‘~'>r‘lr;ucouple wire and recorder, indicaied ttat tre mexlour

Lag Derature deviatioa srould not ve nore tnan €° F, 1lhe



rnaccrder‘was e continuove tzlanclinT lnstruscent and was
Calanced nanually prior tc each oreraticuo.
IThe interpr=tation of the data wae based on the sclid-

1 ficetion index tLc eliminate tr=2 abcve menticn:d veriation
1 n terparature mescursnente in 2ll tae elloys, esxcept tans 1%
c opper alloye., The solidification index is defined ag tre
A i1fference between tne observed liquldus and sclidus temp-
e« xraturee, divided by the totel time of solidlficatiocn. This
1 ndex has the ilosneione of a coolinz rate, but also reflects
a ny isctresrmal part of the solidificetion prccess. dany of
T ke other variacles in the casting process wlll exert &n
1 nfluence on the solidification index. An lncrease 1in
ourins tenveraturs will cause @& iecrease in the solidificatlion
1 ndex dus to an lucrease in the sclidification time. Any
C hanzes in the nold material that affect its thercal prop-
arties will be reflected in the sclidificsticn index. An
1 ncreeee 1n tne therral conductivity cf the sand will cause
& n lncrease in the e-lidification inlex., TIhe structure of
Test bar T-137 18 an exarpls cf the influence of gcome un-
K cown variable on tne sclidification index. Thies bar
containeg ejul-uxed and cclunner 7reazins, wher=as bar T-133
pcured from 13000_F. contaius all colunner <rains. 1f the
structurse are interpreted on the ptasle of solidificatlion
1ndex instesad of pouring temp:zrature, the duplexed structure
would be predicted for trle bar,

Cooliane curves viere detercined frcm & renelted sanvle

Tf ezch bar tc sec 1f the terpsrature measurerents would be
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more consistent under different ccnditions. Lamples cf nlan-
curlity aluripun were run at varloue intervaels, 8o that

corrections cculd be rads tc th+ record=d values. 1lhn

€]

corrected valuss and the nsasurercents recordzd iu the mold
e r= shown 1n Tabls 1V, Cocling curve deteroclinations for
@& lucinum indlcated that tne cheracteristices of the thern-
O ccouple did not cnange 1n &ny way that could explelin the

& bove conditions. The inconsicetent tenprrature meacsurenents

’1‘]

pceared to bs due tc instrumental difficultles, but cculd
not ke vertfied.

Ine horizontal pcrtion of the cocling curve at the
1 1quidus, wes cbserved in the allcys cast urnder the cond-
1 ticne used in tnle exveriment. MNMichael and bavsr(17)also
O bsesrved tniae herli-ontal in treir investization of alurnioun-
C Onpnper alloy. They suvgegted the observation nisht be due
tc a trausient balance et the thernoccuple bead beatween the
@ vclution of the h2at of golidification &nd neat lorees to
L th2 surrcundinzse, Rudﬁle(lB) invesgti~ated tt2 sclidificetion
O £ &alurninun alloys containine 4% coprer and concluded that
0% of the metal sulidifies in the first 16°C. of tane ireez-
1 ns rauve in & £ inch cylinder.

The coclineg curvee for all &llcoye contelininz more than
L e coppsr, hive an srrect ot arcrcxicately lOlOCE, which
18 the tenperaturse of the eutec.lc resctica. lue zutectlc
Fimlt incr=eeed witn cooper content. lhe photonicrocraph
E ) Floure 2 gshowe sutectic 1n tne 2rsin boundries of the

2.£2% cooper alloy. Nichael and Eever,(l7)recorted



observing the eutectlc halt in 2% ccner alloys under

c
3)
similar ccoline raetes, Mondolfc' ~“‘reports thet Lhe maxinum

N

& nwount of conter that can bs teld 1o scluticn 1n eand cast
& lunipum-copper alloys 1s 2.5% 3t tnie eulectic tsaperaiurs,
Threse dauta susgecst thet even les:s coprszr rlzat te neld ian

solution in cucsting,

Flzure 2 Lest Bur 137 Z2.E2% ccnner 500X

Ihe precence of tnhe eutsctic due to non-equllbrium
ccndliticns Jdurline subsejuzsnce heat treatnent, may cauce
partial meltinz in tie boundries of an alloy, whlca acccrd-
inz tc tus puase dlarranm, shculd be a c0lid scluticon favinz
a bhicher e0lidus tenperstvre. 1lu th: cace of the hconosan-
1zaticn for ase-hardening, tne time requl:ed for sclution
trzatnent would be zuch longer and at a lower terpsrsture,

I'ne pracence cf tne eutectic in the 2raln boundriczs,
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mil=ht possibly have scne subtle affects cn ths physical
provsrties, and ths feedline of castineg duriae solidificatioun.
A non-egullibriun dlszran 1g conetrvcted from trese data
zn4d srtovwn in the avp:=ndix.

Taz 1luflusnce exerted by copr:sr cn tine ciclsetlion rate
cz2ri be obscrvad from trne vrotoracrcrrzod in Filgure 3.

Tre 1% and 2% corper bars cshcw & trace of columnar structure

A

acd tane 2% aud 4% conper bars are all =zgul-axed wnzn cact

S

froor 126C%F., It ie svideut toat a erallsr eclijificatiocn

1 ndex is requir2d to prcoiuce &« czlurnar soructure with

1 ricrezelnz coppaer coutsnt., Tekle V g:coe the rzlution

b <stween copuer content, tre golidification index, terp=arature,
& rid tre nszcrcestructurs.

lue effect tiet cccling retl: exerts on thz structure of

v
0
mn
c*
-
3
9

cen &¢lso ke seen from tre ponctonecrorrapn &g sto-n
1n Fizure 3. Test bars that contain sjul-wxed and colunnar
Iralne always have the egul-axsd eiructure in tne core elde
S I Lhe castlne., TInis part of the rold ves absoroed lisat

from the first netal enterinz the ncld end b

mn

a low

M

r

Q<

C Colineg rate., Tric lovier cocliue rete lo tie top of the

" & jd, eccounte for tbe cbeervsd durlex structure 1n toees

g,
Tebles V cuntarizes trne eclidiflication index measurswsuic.
L -¢ results ladicute tunat s large sclidificaticn lader favore

‘in ezui-axed structure aznud w cuell sollaiticaticn 1ndax
Lovorse Lhe ozlusuar structure. Irner: anpsars to bs a

Lrezesition eclidlfiecstion index, wrich rust be excezxd=id to



produce the equi-ax2d structure. This relztion 1s sbown in

the curve 1o the acvendlx. Tris 18 1n avrecsment with thne

4
conclueions of kondic and Shutt,(l )t.hat. an increased rate cf

cooling modifies the squl-axed structure of inpure metals

1nto a partly columnar and partly equi-axed structure, and

at stlll tlzher rates of cooline into & whclly columnar

8 CTructure,

1%Cu .

127&°F 1300°F 13250F 1350°F

1250°F

Fieure 3. 3/4 actual size, cope on the left side.

The determination of the compositions of esarples by

lattice constants is a precice method. I'he mstuod offers an

& ddlticnal advantaze in trat it requires = very small sample,

On the crier of a9 fzw nillizrans. te metricd of elimination

OFf systenatic srrcrs by extrapolaticn 1s simple znd effective



n)
wm

in back-reflesctinz causras, such acg used in tales lovestizuarion.
The values of © obtained in thie e¢xperimsnt, were batueen 450
end GO dzorezs. Tirle 18 the rance where eztrapclatione are
best. Thue recults of lattice mezcsurerents cn aQlsh-purity
alurlrnun coaparzd f:zvorably with ttre velves pressnted by
Barrett.(ga)

Table VI sumn=rizes the resulte of the X-ray difiract-
lon analysls tazen for studles cf nacro-szzrevstion.
oxzminaticn of tne data cnow: evidences of sezrezation, but
does not revezl muy p=rticular pattern 1o r<latlon tc allcy
content, pourlnz tLerparature, posltion, cr tne structure.
Tse maximur varistion was C.40% copner in the 1 and 2%
copper alloys cast from 1300°F, and 1350 F. resvectivzly.
Tést bar T-140 poured frcn 1540°F., and havine a colusoar
structur= showed 0.31% maximum varlation, whereas test bar
T-143 cast from 1300°F had 0.2%% maximun variation.

The photomicrozravh stown ln Fisurs 2, rsaveals that
larce anrounte of scegr=~ation did tzze plzace cn a micro-scale
not susceptible to X-ray anslysls. Tre daru area =djaceut
to the 7rain boundriss znd the axisteance of the sutectic in
the bounaries, are evidance that ths liguid near thse advanc-
1o Interf:ce 1s enrictred in csolute, 1o tnls cuses coupper.
Tre last netal to s0114ify liee in & rezlcn between thea
801131fylng dendrites and has the corpositicu of tre
alurinurc-copoer autsctic.

I'te axistesce of the =2utectic in &all revicns of true

cact bar, explalns ttus srall arount of mscro-seIrsrutlicn
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detecied by A-ray znalysls. Tne drillinzs taven for a-ray
asalysle contzin both hieh &nd lcw concentraticns cof coppear
2nd the lazttice d-termination 1s the svarzve of botn the
slzh 2a3 lcw concentration. Ths X-ray samolse were
romozenized at 1COCPF for 2 hours Lo elimianate scesrszzation
withio ths individual sacple.

Calculations of the solldificetlon constant¥ used in
Chvorinov'suz ) methcd of calculatine freezinz tlmes of
castines were nade for the two percent copcer allcye poured
fron various teruperatures, The rslation bstweea tne solid-
1filcation constant and Lhe oouring isrperature ie szown in
tre arcendix., Spot chacke of selected oars of nlsher copper
ccntent 1ndicate that thesse constzante can be ueed to
calculata the freezing timeg for all the caetings poured
in t-ls erperirent. The maximum difference betwsen the
and the observed times wss on the order of
5%. Pellini reported that the freezing tine of steel
castlongs cua: be celculated with @ nWlzh Jeer=e of precielon
vgint Crvorincv's foraula. Pellini's maxinun deviation was
1% at hizh pouring te-peratures. ITne rzsults of tnils
exreriment sugrest that Cuoverinov's forcula can be uged to

calculate the frezzinz tines of alurlnum-ccpper alloys,
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CCNCLL . 1ICNS

The X-Ray diffrection stivdlies r=svezl. evidsuce that
nacro-gzerevation does take place in sand cast slurinum-
copeer glloye. TIine =vidence indicactes that the seoregation
does not fcllow any particular pattern in relation to the
allcy content, pourlng terperature, or structure.

Exaninatlion of scme of tte alloys reveals trat seg-
rezzticn di1d take plzce on & micro-scale. Micro-examination
alsc revealed the presence c¢f the alumicum~-copper eutectic
in the 2rein boundries ¢f the sarples exzrined.

Trhe trernal errest ascociated witn the gluminunm-
coprer eutectic vae elgo obcerved in all allcys hevinz a
copper contsent ore<ster ttan 1.53%. Ihe existegucs of tae
ncn-saullibrium eutectic miznt possibly'alter industrial
hezt-treating bracticns of sznd caet aluoinum-copver alloys.

It was concluded thet & larze sclidiflcatios inlex
favors an equl-sxed structure, and & sowller sclidiflicaticn
1njex favers & columpnar structurs. Ine observations
suzTest thsat & traneition coolling rate exists fcr the
fermation of the equi-axed and colunner structures., It
&lsc varies witr copper contanpt.

Macro-=ranrinaticn of the aluninum-coprcer alloys
inveetio=sted 1n this exvsrinent, snowed that zn increcace
1n coonzr contsnt lncrezeed the nucleztion rate in thece
zlloye.

Calculations cf Chvorinov'e sclidification constante
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were m=zde for ths two percent alloys frcm various pouriuw

tenpersturez., The eclid.flcaticn constant decresszs with

increasing oourinr texgercture,
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RECCMEENDALLCNS FCX Fullidn STUDIES

The crystal structure 1s lnpcrtant with respect to the
physical properties of metals, but vreceznt knowledse of this
gsublect 18 1n & rudimantary stats. The nucleaticn of sclid-
ificaticn 1n allcys has rscelved only scant sttention and re-
quires furtner experimental «nd theoritical treatment. OStudies
sfiould be nmade on the doctorate level ccncernling the nucleation
r#tes, and the rete of erowth in allcye by a therrodynanmical
treetment or some othsr cclentific method.

Ihe existence ¢f the non-ecullibrium eutectic 1n the sand
cast sluminum-copoer allcys could pcsslbly exert some prcfound
effacts cn tn=2 hezt-trsatment of these alloys. It 1s recom-
rended that future research to be conducted to deteruine what
effect it mieht have on the teoperature, and tim= regulired to
gclution treat these alloys for age-hardsanlnzg and the effect
it mioht pcseitly exert on thelr physical properticzs.

Additicnal experinents are &lsc reguired before any def-
irite coanclusions can be ngde 2e to the existence of 2 truns-
1ticn solidification index for the fornmetion cf the ecgui-zxed
and cclumnar structure,

I'he calculation of the freezing tine could bs vary valuaktlas
to industriel coerations. This type of inforoation could be
Used to deterrine shake-cut cycles for sand castines, perman-
2nt nolds, and dle-castinz. Thie lafcrretion migat be ussful
ln the new continviue casting process. For these resscus,
2dditicnal reszarch would bs desirsble, ccancsrnice the varia-

t1on of ths sclidification constant with various ccoliuz rates.
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Table 1.

Sleave
No.

6
12
20
30
40
=0
70
100
140
200
270
Pan

Table 2.

Materlal

Zinc

Tin
High-purity
Aluminum
Copper

DATA

Sand Analyslis,

Tennsssee Sand

Srams %
0.0CC 0.00
0.37 0.7T4
0.15 0.32
0.CE 0.15
0.08 U.15
0.07 0.14
0.16 0.38
1.99 3.98

15,47 32.94
11.07 22.14
3.91 T7.82
2.77 .4

Recorded Freezing
Temp. Dez. F.

7€7.0
450
1220
122c%

1977

Blended with 41% Cttawz sand

Sruas %
C.CCOo C.CO
0.02 0.05
0.03 v.08
0.£85 0.23
21.29 £7.40
1.83 .57
3.12 8.42
8.40 22.62
1.4%5 3.54
0.81 0.22

Celibration of Thermocourle wire and Recorder.

Trus Freezine' Differ:=nce

Terp. Dez, F, Dez. F.
787.3 0.3
449, 4 0.6
122C. 4 “0.4
1220.4 £.0
19€1.4 =4,5

' A.S. M. Handbock.
¥ 3reen Sand Mold.

Table 3. Variaticn 1n the Freezinz Temperature of Hieh-
Purity Aluminum with the Operatinz Iinme of tle
Recorder,
Hours of Cp=sration Freezirz Tenverature
Dezresses F.

C.C0 1220
0.50 1228
1.C0 1233
1.00 1233%

¥ New Sanple of High-Furity Alurlnur.
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Tatle 4. Deternrination of Ligui_us and vollidus tenpercturss
in oreen send wmclds ond renelt:d sanples from the
sune Cczstinw,

Sample Castlnz Terrerature Renelt Teup:=rature
No. Liguidus So0lidus Liquidus Solidue
Deg.=, Dez.F, Dez,F. Dez,F.
T-11% 1230 1219
T-114 1218 12154
T-113 1228 1215
T-112 1237 1213
T-110 1222 121
T-111 1222 1216
T-1212 1213 1010 1215 1015
T-1210 1221 1018 1218 1010
T-1211 1221 1018 1215 1012
T-129 1219 1018 121 1012
T-125 1218 1018 1211 1010
l-124 1220 101€ 1217 1015
T-123 1217 1020 121% 1015
T-121 1222 1020 1209 1010
Ir-128 1217 1012 1212 1013
T-120 ' 1222 1028 1208 1008
T-122 1219 1021 1207 1007
T-127 1212 101%& 1210 1015
T-136 1205 1015 1209 1014
T-137 12C8 1009 1208 101C
T-135 1219 1028 1202 1010
T-134 1219 1033 1200 1010
T-133 1223 1031 1200 1013
T-132 121€% 1028 12C0 1010
T-147 120%& 1020 1199 101C
T 145 1220 1028 1207 1010
T <144 1206 1022 1195 1010
T <143 1206 1c22 1198 1012
T <142 1213 1033 1187 1012
T -141 1218 1032 1191 10C9

T ~140 1213 1033 1199 1008



Tatle &,

Sanple
No.

T-115
T-114
1-113
T-112
T-110
T-111
T-1212
T-1210
T-1211
T=-129
T-125
T-124
T-123
T-121
T-12¢
T-120
T -122
T -127
T-135
T -137
T -145
T -13¢
T -147
T ~134
L ~133
T <132
T <140
L <143
L' <144
L —~142
T <141

Summary of Data,

Cnecicel
Analyele
%

0.G0
0.94
1.08
1.06
1.12
1013
1.53
1.53
1.2€
1.76
1.7¢
1099
2.00
2.C0
2.00
2.01
2.03
2.14
2.50
2.52
3.01
3.09
3.18
3.27

Moisture
of Mold
%

e o e e o o o o

AU AN AT WA AN NN ANAAN
L] ] L] [ ] [ ] L] o L ) e

COVWUNCOCNMOMOMO E~I~JVANN DAPLTOO NN NWNMULI VN 0O

YOV OO

Pour. Temp.

Davpreeg F,

1325
127¢
1400
1300
1250
1500
132¢
1275
1300
1300
1450
150C
1400
1300
1550
1250
1350
14C0
127&5
1325
1275
14C0
1328
1250
1250
1300
1540
1300
1450
1350
1250

Solia.
Index
Dez/Cac.

~NODMOOEH -

OFOOOKFKFFKF
O\ (DG N O\ DN \O N

1.13

-
N YeXe)
N0 O

1.09
1.05

Structure

Solumnar
Duolex
Colunnar
Duplex
Duplex
Columnsr
Cclumnar.
Duplex
Columnsar
Cclumnar
Columnar
Columnar
Colurnar
Duvlex
Colurnar
Duplex
Columnar
Cclunnar
Duplex
Duvlex
Duplex
Columnar
Coclunnar
Columnar
Equl-axed
Columnar
Columnar
Duplex
Columnar
Columnar
Equl-axed
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Table ~. X-Ray Analysis.
Sarple Crexiczl Copper Content by X-Ray Auvalyesls
No. Analysie Tcp BScttom Center Side § Icslition
T-112 1.C9 1.20 1.0¢8 1.27 1. 45
T-lgl 2.00 1094 1-94 1089 1098
T-122 2.03 2.C8 2.25 1.8¢ 1,68
T-129 1076 1075 1070 1072 1.80
T-14C 3.€1 3.54 3.EE 3,88 3.94 3.3
T-143 3.93  3.6¢ 4,00 4,1¢  4.c8  3.88
Table 7. Lattice Ccastants
Sample Caemrical Lattice Constant
NoO. Analysis Kx Unitgs
1131 gn-Purity ©.000% Cu. 4,0422
A1 uninum
T ~11¢ C.£7% Cu. 4,0407
I -1212 1.3 %Cu. 4,0392
T -135 2.50 %Cu 4,0370
T —1ie 3.01 %Cu 4,0351
4,89 %Cvu 4.0318

A _ 3
fii.gn—purity Aliuminum Allcy supclied by ths resezrct Laboratl-

Sy of the Alurioum Company of America.
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COOLING CURVES
TIME - TEMPERATURE
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COOLING GURVES

TIME - TEMPERAT<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>