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' EFFECTS OF TITANIUM AND BORON
~ ADDITIONS ON THE MICROSTRUCTURE AND
MECHANICAL PROPERTIES OF ALUMINUM CASTINGS

ABSTRACT

In this study, the prodﬁction of &arious master alloys
(Grain refiners) and their effects on the mictostructﬁre and
mechaﬁical propertiés Qf aluminum alloys such as Etial-7(1070),
Etial-5(1050) and Etial-60 (6063)rare.inyestigated.’ :

A brief review of the grain refinément processés-and £he |
theory of the master alloys are presented together with the |

effects of inoculation on the solidifying structures.

In the experimental work, AL-5Ti-1B master alloys, which

are also called TIBOR,fhaVing block-like and flake-like structf

ures are produced and added inﬁo various kinds of aluminum as
grain refiners at differenf temperatﬁres,-holding times'and

impurity degreeé. The mechanical-prdberties”are determined th;o
ugh tensile and hardnesé testing. The resulting microstructuré{
ére studied in detail to revealsthe effects of produced masterj

alloys on grain structure of aluminum castings.

Finally; the obtained grain size, ultimate tensile'strengﬁ

yield strength data are correlated to the increasing casting
temperature, holding time and the order of addition of the allq

ing elements.
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Bu calismada, cesitli &n. alaslmlariﬁ (tane incelticilerin)
diretimi ve onlarin ETIAL-7(1070), ETIAL-5(1050), ETIAL-60 (6063)
gibi‘aluminyum alasimlarinin mekanik &zellikleri ile mikroyapis:
ﬁzériﬁe etkileri‘inceienmistii;;>‘ |

Tane incelthé yontemlerinin k;éa bir ozeti ve bp-alaslmla—
_rain teorisi, katilasan yapilarda asilamanin etkileri ile bera-

ber sunulmustur.

Deneysel gallsmada, bloksal ve ignesel mikroyapiya sahip
TIBOR olarak da adlandirilan ALSTI1B &n alagimlari liretilerek
alﬁminyumun cesitli tiplerine'tane inceltme amaciyla farkli si-
_qakllklardé, tutma silirelerinde ve safsizlik derecelerinde katal-
bmlstlr. Mekanik &zellikler cekme ve sertlik deneylerinden belir-
lenmistir. Elde edilen mikroyapilar, lretilen 6n alasamlarin ,
"aluminyum-dékﬁmiérinin tane yapilarl Uzerine étkilerini aglkla—
mék igin alentlll bir'sekilde incelenmistir.:

Sonugta;‘tane boyu, cekme mﬁkavemeti, akma mukavemeti ile
artan dokim 51cak11§1, tutma zamani ve alaslﬁlama elemanlérlnln

ilave miktarlari arasindaki iligki sunulmustur.
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1~ INTRODUCTION

The idea of imﬁroving.the qualit? of cast metal
either by chemical or mechanical means is a very old one.
Certain properties of mgterials depend directly upon the
size and.distribﬁtidn of grains ﬁithin thé materials. Fine
grain metals may be produced upon solidification frbm the
melt in éeﬁeral'basically differentIWays, i.e uée;f © of

master alloys, mould coating or by electromagnetic stirring,

oscillation, rotation and vibration |1-3}. .

In the présent work, first aluminum—titanium—bdron‘
master alloys are produced, then the effects of additioﬁ of
master ailoy into the casting,ére investigatéd and the imp-
.rovementsibrought to the mechanical préperties and

microstructure of the alloys are stated.

It is weil-known that addi;ion to a molten aluminium‘
of an aluminum-titanium-boron master alloy-&hich will.pnﬁbte
éraih—refinemént on‘alﬁminum and aluminum élloy castings
. without introducing other noticable aiibying effects will
result in»imbroved:mechanical properties andbsurféce finish

“in the aluminum and aluminum alloy castings. Further, the



use of suitable grain—refining mastervallOyslcan permit a
radical increase in Castiﬁg speeds. Grain-refining inqnﬂants.
.commonly used in.the aluminum industry are master alloys |
containing titanium plus-bqroh’[4;8|..Grain refining addi-
tions are used mainly for two reasons : to obtain a fine /
unifofm graih structure and to reduce the fqrmation of

center cracks |9].

The‘need to.refine east grain eiZe of rolling blocks
and extrusion billets has been univefsally acepted for over
two decades. Early investiéatiens'established that the intro-
'dudtionvof small amounts ef‘titanium as a high purity aluminum-
titanium‘maetefealloy effected graih refinements ; @ practice
which exists today. furﬁher’wbrk discovered that titanium |
-incombiﬁation Qith'bOron eignificantly enhanced the nucletion
‘process at greatly reduced levels ef_addition |7]. This led
to the development of a high-purity aluminum based master
alloy Tiborbconﬁaining 5 % titanium,,l % boron, a ratio‘.
found to be most effeetiQe'as a refiner. Tibor, becasue of
its superior grain refining performance, plaYed an important
part in achieving production of the lerger sheet rolling
ingot and extrusion billet now beiﬁg demanded by the aluminum

industry.

At present, there is reallv no theory for producing
fine grains. In fact, the basis for all procedures can be
stated very simply ; produce a nurber of grains sufficient

to interact with each other before any appreciable growth of



these individual grains can occur |1].

A ternary AL-Ti-B alloy in common use 5.pct Ti and
1 pct B, has two crystalline intermetallicvcompouﬁds-prhmwily )
discernible in the microstructure, naﬁelly small crystalliteé
of titanium diboride_(TiBZ)'and larger crytals of aluminides
(AL3Ti). The TiB2 particlesvare typiéally sized about 0.5~
2.0 ym in diameter, énd located mainly at the dell'boundéries.'
The size distribution and ﬁbrpholbgy.of the bdride pérticles
are independent of the formationrtemperature |5|. The AL,Ti
particles are typically sized about 54100um in_length. The
size,distribdtibn and the:morphology of the aluminide (AL3Ti)
particles are dependent,on the‘formation»tempe:ature.'AL3Ti
crytals can,ekhibit seve;él different morphologies and show
marked variation in size. Aluminide particles, in alloys
vwhere the titanium is addedvat high temperature ;- have a
needle like appearance, are'called’"flake—like“, Crytéls;
Ti crytals formed at a 16w tempefature are more compact

3
than the flake-like ones and are also smaller. This type of

AL

Ti particle is called as "blocky". Quenched alloys have

s
small AL3Ti crytals of a third morphology, namely the "petal-
~like" type. A

Tﬁere have been many papers.-written aboﬁt the mechanism
of grain refinement of aluminum by adding AL-Ti-B master
| alloy. It,is'currently'accepted that A13Ti‘crytals are
responsible for the nucleation at‘concentrations above 0.15

Wt % Ti (peritectic point)  via a peritectic reaction



3 _ aAi). For hypooeritectic compositions, where

the A13T1 phase is not stable (Concentration of titanium lS

(Lig + TiAl

less than.O.lS Wt & Ti), there are two main theories advanced

to explain this phenomenon :

1) The "boride-carbide theory"-

2) The "peritectic reaction theory".

More information about these threories will be given in

chapter 1IV.

Grain refining efficiency of the master alloy can be
explained briefly as foiioWs ; surviving aluminides- (A13Ti)
particles nucleate the aluminum grains via a periteetic reac-
tion. The peritectically'nucleated grains generally remain
vety tinys After nucleation, these new-grainslsurrounded by
Aliquid of aluminum can act as heferogeneous sites on -which
the primary phase (aAl) will nucleate when the temperature

gradient becomes suff1c1ently small.

As the microstructure and mechaniealvproperties of
the studied inoculated aluminum alloys with‘tibor were inves-
'gitated,'it was found that the inoculated ingot castings
cast with different temperatutes, holding times and addi-
tien rates presented an improved tensile stre:gth, yield
| strength and elongation data for EtialfGO (60€3) aluminum
alloy. Also, decreasing grain sizes were obtained by using

tibor as ineculation reagent for all of the types of aluninum



alloys (ETIAL-7 (1070), ETIAL-5 (1050), ETIAL-60 (6063)).

In the follbwing chépte?s, in éhapter II.and IIT a
briefAreview'éf the grain refinement_and ternary Al-Ti-B
“‘master allbys will beAgiveﬁ. Nex£, the mechanism of grain
refinement of aluminum castings inoculated with Al—fi4Br
master alloys and the results obtained in previous studies
will be presented. Inhchaptef \Y experimental work of the

present study will be given.



11 GRAIN REFINEMENT

Certain properties of materials depend directly
-upon the size and distribution of grains within the materials.

Fine grain metals may be produced upbhlsolidification from

the melt in several basically different ways |1] ;

- The rate of grain nucleation can be increased

by wvarying the-thermal conditioﬁs of freezing,

= 'The nature -and morpholegy of the solid-iiquid
interface can be manpipulated, thereby altermxr the kind and

distribution of growing crystallites,
- Nucleation can be promoted by special

concentration variations and inoculant.

There is -really no theory for produciag fine

grains. _In.ffact, the basié for all procedures can be stated very



“simply ; produce a nuﬁber of grains sufficienthto interact
'with each other before any appreciable growth of thesevindi—
vidual gra‘ins can occur |1|. The many attempts to acoompllsh this

goal are shortly dlscussed below.
2.1 Variations in the thermal Environment :

The production of fine grained material by4an interac-
tion of heat and- fluid flows with both nucleation and growth
mechanism~will be discussed in this section. There are two

basically different ways of proceeding.

l; .If the rate of heat flow is suddenly ma@e'very
'high.by surrohdihg'the'molrenimetal'withva sink of infinire
heat capacity, the liquid is very'quickly uncercooled.-The
number of nucleation centers increases while the size of
'these centers decreases (the hUmber of atoms in a center
typlcally belng less than 200) 1,3}, and nucleation takes
place- almost catastrOphlcally everywhere in the Llould
Techniques:such as,splatrcooling,'slab‘and»dre casting, and
the application of chills utilize this}approach (wirhfmqung
efficiencj_accordingrto melt size) in'order_to change the

nucleation rate.

. 2- The other approach to increasing the number of
' grains is based on.dentrite morphology during growth rather
- than on any aspect of the vorocesses in nucleation. The lateht

heat productlon durlng extremely fast growth veloc1t1es is



large and mayvremain sufficiently localized to remelt and
detach the neck by which‘seoondaries and higher order dentrite
branches_are attached to each other. These detached dentrites
then either melt or reattach themselves to,the'gro@ing soiid.
,,inAthe latter.instance, they will'be misoriented in the

- process and a spectrum of grain orientations will result.

2.2 Interaction with External Fields :

The advantages of field induced grain refinement are
easy application and the low segragation in relation to

solute-—induced grain refinement. |1|

It is easier to obtain_grain.multiplication from
existing sources than to increase nucleation rates, since
existing solids can be easily fragmented by an external field
.apolied t0‘the eolidifying system;'New-solid-must arise
prlmarlly through the detachment of dentrltes from a solid-
llquld 1nterface. When portions of solid are detached they
will remelt if the temperature is too high, and thus a close
control over the thermal environment is necessary to create
- extensive sources of new grains. Also if the gro&th rate is
rapid,-detached detrite bits will not haveAsufficient time
to grow to a macrosoopic,size and they will be incorporated

or occluded by the growing s/L interface.

Dentrite detachment can occur naturally in any system



ﬁnder the action of natural convection which is generally
preseht and by the Separation pf_fragments,'from the top
 surface and elsewhere, -due to density differences between
solid and Liquid. Wheh'these'natural sources are prevented
from operating, ingot structures are usually eomposed of

long columnar grains. To inerease the natural forces, some
method of providing fofced fluid motion is needed,. end thie
can be accomplished by mechanical vibration |1,2|, alterna-
ting magnetic fieias, electric,magnetic field interactidns,-
0501llatlon methods, and ultrasonlc fields, In general vmllev
detachment is obtained with all of these external flelds,
maximum grain refinement is obtained when the detached
-dentiitesvare»removed from their position near the 's/1 inter-
fece ﬁq be redistribUted throughouf a iiéuid near‘its melting

point.

2.3 Variations in Coneentration :

The chemistfy ef nucleation can be»cohsidered in two
different ways. |1]
if The nucleation of‘grains mayvtake place in a natural
manner in alloy systems,whefe‘it is necessary to examine how
fhe kind and quality,oﬁ alloyiné elements affect solidifying
structures. |
2~ The‘nucleation of grains can-also be promcted by chemical

additives not necessary as alloying elements.
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- One impqrtant featureiis.that when ﬁo purposefully
added nucleants afe‘éreseﬁt in a liquid; grain structure is.
an inherent propert§ of the heat flow‘and the alloy ; when

‘purposeful nucleants are p:esent,'grain structure becomes a
fﬁnction‘of the»heterogenedusly added nucleatiﬁg materiéls.The'
* ‘temm purposeful is uged since it is évident-that nucleation
in alloy melts occurs heterogeneously and when no in0culant§
are purposefully adééd, nucleation must take place on some
impurity or substrate of which we have liftle knowledge.
However, whéﬁ pu;poseful nucleants of inoculants are |
externally adaed, their properties can at least be semi-
) qdantitatively descfibed..Thaﬁ is,éveh though there are no
exact theories to'predict fhe efficacy of a given inoculents,
¢§:t§in prescriptionS'canvbe catologued. By the way, the
efficacy 'of the titanium- boron on the aluminum castings will

be discussed in the next chapters.

It was hoted earlier and must now beé emphasized,'just
how important it is to prevent the growth of grains in the
general heat flow direction; This-caﬁ only be accomplished
by.ihhibifing and blocking éolumnar growfh with grains which
have either been seperately preserved or freshly nucleated

ahead.of the solid-liquid interface.

When molten metal is cast into an ingot mold, crains
may nucleate ahead of the solid-liquid interface when the
temperaturé gradient reaches a critical value depending upon

the solute concentration. We may thus expect a portidn of an
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ingot, to be finer gfained and equiaxedband'a propbrtionvof
which is coluﬁhar,'the ratio of thé two being a function of
the thermal coﬁditions as‘weli/as'the alloy concentrétion.
No_compléte theory for the natural formation of equiaxed
'graiﬁs_has been deﬁeloped. However, several descriptions and
_hypotheses have been out?linea and ahy or all of dentrité
détachment, constitutionél‘supercooling and héferogenéous
‘nucleation at crulble walls may be important depending on

the thermal and constltutlonal nature of the system.

The addition of inoculants has béen one of the oldest
ﬁethod to obtain fine}giain metallic strﬁctures through so-
lidification, and éOmmeréial grain refiners are now available
fof most alloy~systems. Epitaxy, low disregistry and high
s/l'inteffacial energy between substraterand solid are
necessary attributes for é‘goéd inoculant Jll. In addition, -
tdehsity differences between the substratevand liquid should
be minimized in order to preVent settling.of thé inoculants,
'which must be solid at the sélidificaﬁion temperature of the
liquid. A typical example can_belafforded by the addition of
Titanium and Boron to aluminum whiéh they must be added into
the liquid aluminum aé master alloy of Al-Ti-B in order to

obtain more effective grain refinement.

A term called the disregistry, &, may be defined as

3 , a_>a

s o 0”28 where, a  and a, are lattice paratemers.
. ‘ , o

B
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'The spacing between the
dislocations, D, is related.

to the disregistry as

_ 0 _ o
»{ GB hf- P | b P'Lottnce ag
: : it # e D = when D becomes
,4 4 r , IoCLutHce 8
. . ‘ -sufficiently small one

oy
°ocL‘~l|
| &— %% 4 o ~ obtains complete disregis?ry

across the boundary and

hence an incoherent boundary.

Modifiers are another important fype of inoculant
extensively studied, as in the Al-Si system.'Additions‘to
the melt are requiredrto ihhibit the growth of lonq Si needles
and S and P are typically employed for this effect. These
elements adsorb on the growing interface affectingvﬁhe s/1
interfaicial energy balance df the Si in the éutectic, which-
must then repeatedly nucleate (giviﬁg.in effect a very fine

grain size), forming avglobular network rather than the

needle growth form |1|. As with the choice of an effective
inoculant, the suitability of a given'modifier can only be

determined by painstaking experimental verification.

An impdrtant feature of inoculations is that there is
a thermal envifonmental critical for ﬁaximﬁm efficiency
because nﬁcleation is a proceés:OJ#Etﬁjye“with-the growth
from an advancing s/1 interféce. When the size and number of

grains are sufficiently high, extension of any columnar

 growth will be inhibited, and an ingot will be composed of
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. fine equiaxial grains. However, if the complexes in the melt
do not have sufficient time to-act, any interface front will

merely incorparate the small grains.

Finally, it is impertent to ﬁote the best ways in
which inoculants may be added to a melt. Actlve elements may
be introduced in combination w1th a dlsper51ng agent whlch
‘becomes gaseous on contact with the melt, because umhsgaxed’
solid may have inSuffieient,time_to dissolve before freezing
commences. (in many cases, however, the active‘elements are
so reactive,lthat vaporization occurs, and the effect of the
inocument fades. )} Active ingradients are often added es'a
wash orfeoating to the crucible in which freezing to take
place so that the=turbulan¢e of pouring can remove portions

of coating to react with the matrix_elloy.
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111~ TERNARY AL-Ti-B MASTER ALLOYS

The grain refinemeht of aluminum by the addition of
Titanium and. Boron has attracted so. much interest over the
yéars. Wthavé dealt with?ﬁhe practiéal aspects of grain
- refinément, andvtried'tO‘explain,theoretically the mechanism

by which grain refinement 'is accomplished by:the'elements

that are added; Todav the most common way tougrainhrefine Ll

aluminum is by adding Speéiaivmaster ailbYs, but with the
exception of SOme“descripﬁions in the;patent literature
'practicqlly notﬁing has been written about the production of
such master alldys for proprietory’reasons; The theorétical,
or the practical problems in grain refinement can be studied
‘fruiffully with the whole sequence of events during the
production and processing df'méster ailoys,'their subsequent
diiﬁtion-and4contact time}'ahd theunucleation and growth
'phenomenavocéuring in the éluminum alloy melt are all seen

in one context.
3.1 Al-5Ti-1B MASTER ALLOY (TIBOR)

Titanium in combination with Boron significantly

enhances the nucleatiOn”proceSSIat greatly reduced levels
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»of addition. This led to the development‘of‘méster alloy
Tibor.based on commercially‘pure (99.7 & ) aluminum. Tibor
_contains 5 % TitaniUm; 1 $ Boron and excess aluminium. This'
ratio (Ti : B ='5) is found to be most éfféctive as refiner
|4-7|. Tibor, becaﬁse of its supeiior‘grain.refining éerfor—
mance plaYs an important part,in.achieving~production of the
larger shéet_rolling ingot éhd‘éxtrusioﬂ billet, now is

demanded by the aluminum industry.

A ternary Al-Ti-B alloy in common use conﬁains 5 pct
Ti and 1 pct B, and has two crytalline infermetallic'cu@xmnds
primarily discernible in the micfostructure,namelly small
crystallites of titanium aiboride (TiB2) ahd larger crystals

of aluminides‘(A13Ti);~The~TiB' particles are typically

2
‘sized about 0.5~2.0 microns in diameter, and located mainly
at the cell boundaries. The size distribution.and the

morpholog of the boride particlés are independent of the_ 

formation temperature |5].

While the size and morhology of the boride particles
seem to vary very little, this is not the case with the

Al,Ti crytals. A13Ti crytals can exhibit several different

3
morphblogies'and show a marked variation in size. The_Al3Ti

particles“are typically sized about 5~100 microns in length.

Aluminide particles, in alloys where the titanium was
‘added at a high temperature, have a needle-like appearente,

bﬁt are reélly plates, as can be seen in the lower left-hand
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corner of Figure l. These particles are calied “flake—like“
cystals |5|. The flake- llke aluminide crystals are typuxﬂly 2

sized about 50~100 microns in length

Figure 1- Typical Microst:ucture in master alloy .where Ti

was added at high téﬁbéiature |5].

Al Ti crjtals formedrat a low temperaturé are more

3

: compaét thah the flake-like ones and are also smaller. This
type of Al,Ti particlé (figure 2) is called as "block-like"
crystal |5|. The block like aluminide crytals are typically
éized about 5¢30amictons in'ienéth. The blocky form of
aluminideé is dominant in the bihéry Al-Ti alloy and roa

" type of ternary Al—Ti?vaaster alloy.slngOt,type térnary

Al—Ti—B master alloy contains almost completely flake-like

crystals.
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Typical microstructure in master alloy where Ti

was added at low temperature  |5].

.Quenched alloys have small Al3Ti crytals of"a third

morphology,

the typical

Figure 3-

'Typical microstructure in gquenched master

namely the "petal-like" type |5|. Figure 3 shows

microstructure of the petal-like crystal.

alloy

5],
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A13Ti~ofytals.found ih:the méster alloYs can exhibit
quite different morphoiogieé,.depenoing on'thé_conditions
under whichathey hévé formed, and that three main types of
crytals cdn be‘distihquisﬁed :.tho;e with "block-like",

" "flake-like", and ﬁpeta14likeﬁ aluminide particlés. Since it
is demonstrated that the morphoiogy of the aiuminide crytals
- seems to influenCe‘the optimumigraiﬁ~refihoment via the.
optimum contact time i it is iﬁpoftant to know £he.conditions
causing the éhapes of these three types of‘aluminide particles
in the master alloy. Table I reported byuL.Backerud et.al.
l5|;shows the compositionl origin, and aluminide morphoiogy
V’of the different types of the master alloys; Although,ian
important data is given in Table I about,the production of
master'alloys.but there is not any ihformation“about the
conditions of the.commercial"maéter alloys containing 5 pct

Ti, 1 pct B ahd:eXCess‘aluminuﬁ due to proprietory reasons.

Table I. . Composition, origin, and aluminide

morphology of the Master allovs |5].

Desi‘gnétjon Concentration Wt% i?mggg?jﬁqre"at Cooling Rate A]umini.de' (AT3T'1' )‘
B T o R ks™! Morphology |
G 0.4 2 900 0.5 Flake-1ike
H 0.4 2 750 0.5 Blocky
0 0.4 | 2 1000 Quenched | Petal-Tike
0 X(ingot) | 1 5 O o | Frake-tike
I *( Rod ) ] 5 1 o . Blocky | J

- *Commercial Master Alloys.
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In the present‘study, Al—STi—timaster alloy centaining
_flake-like aluminide crytalsfis,bbtained by the eimultaneous
adddition of the salts (K,TiF ahdlKBﬁ‘) into the liquid
aiuminum (99.7 % ) at 900° w1th ~0 6 Ks l1cooling rate.
Al1-5Ti-1B master alloy contalnlng block -like alumlnlde
crytals is obtained by the simultaneous addition of the salts
(K,TiF, and KBF,) into the liquid aluminum (99.7 %) at 800°C
‘with ~0.6 Ks™! cooling rate. | |

From the Table I, following results are claimed H

a) Flake-like aluminide (A13Ti) crytals.are'obtaimed
at high temperature and moderate ceolihg rate
T’At4low supersaturation or at liquid temperature|.

b) Petal-like aluminide (A13Ti) crytals are obtained

| at-high temperature and high coolingtrate.‘ A

c) Block-like alumlnlde (A13T1) crytals are - obtalned

at low temperature and moderate cooling rate |At

high supersaturat;on | .

3.2 GROWTH BEHA_VIOUROF THE ALUMINIDE CRYTALS

Alumlnlde crytals eXhlblt quite different ‘growth
behav1our, dependlng on the condltlons under whlch they have

formed. The follow1ng can be said about the growth_behav1our

of aluminide crytals.
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3.2.1 GROWTH BEHAVIOUROF THE FLAKE-LIKE ALUMINIDE CRYTALS.

Wheﬁ'all the titaniﬁm is.ih liquid solution before
qooling and the dodling_rate’is_modefaté, the gréwthlis
’ controlled b& léng—range diffusion and_is dentritic (Figure
4a).vThe,den;fite arms érow in <110> directions; Growth is
restricted in the | 001 directions, so the crytals are
almost.two-dimensionai;‘but occasionally é new layer can
nucleate. on the (001) plane. This second layer has the same

growth behaviour as the first one |s] .

(c) a-

Figured- Schematic drawings of'Al3Ti crytals with different

'Morphologies,wshoWing’boundary planes |5].
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la) flake-like ;. (b) petal-like ; (c) block-like

'3.2.2 GROWTH BEHAVIOUROF THE PETAL-LIKE ALUMINIDE CRYTALS

If the éébling réte is high or the tiﬁéniuﬁ conceéntra-
~tion low; anofher growth mechaniém starts to operdte. Under
jthesébconditions £he titaniqm_concentration at»fhe edges of
.a growing plate wili soon'be.very 1ow and growth will 5e
reéarded. Tﬁe témperétﬁfe will drop andLat.some undercooliﬁg
'tyinning of‘the crytal will occur with the é-axis of_the'new'
crytal prepehdiculaf to_the‘c—éxis of the old one. The new
.crystal can groW~until titanium is,again depleted_ét the |
,édges,énd*thus gfowth will proceed by repeated‘twinning;:
ThiS’growtﬁ mechanism results in the petal-like Crytals

shown in Figure 4b |5].
3.2.3 GROWTH BEHAVIOWROF THE BLOCK-LIKE ALUMINIDE CRYTALS

‘_If superéaturation is very high, frequent pucletion'
of new layers on the {001}.planés can occur. Ohée nucleated,
a layer will spread by iatérai advénée of the step bpunding
_ theHAayer..The cryﬁaléiare faceted and show well deveib?ed:

7001} and {011} surfaces, as shown in Figure 4c |5].

" Finally, master alloys containing mostly block-like
aluminides are associated with short optimum contact times,

‘while master alloys with mainly flake-like or petal-like
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crytals need a longer conﬁact time to develop maximum -grain

- refinement |5,6]. R . ‘ -
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IV- THE MECHANISK OF GRAIN REFINEMENT OF ALUMINUN

CASTINGS INOCULATED WITH AL-Ti-B MASTER ALLOYS

It is well known that'additioh'of Ti produces grain
refinement in aluminum alloys. It is'also well estaslished
that additions of Boron of Titanium-bearing alloys enhance’

the grain refinement |7].

There have peen_paperé writteh'abouf the mechénism of
gréin'refinément of aluminum by adding Al-Ti-B ana Al-Ti-B
méster alloys. It is cu;réhtly accepted that A13T; crytais»
are responsible for the nucleation at concentrations above
0.15 Wt % Ti‘(Peritecticiéoint)Avié a peritectic réﬁctioh
(Liqﬁid Al f TiAl3,—— dAl) (See Figure 5). For hypoperitecﬁic
compositions, where the AlSTi.phase is:nqt stable; (qohcentra-
tion:of Titaniuﬁ is‘less than 0.15 Wt %;Ti)'there afe twé_

main theories advanced tovexplain this'phenomencn;:

1) The "Boride-carbide theory"

2) The "Peritectic reaction theory"
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FigureIS—rvAlérich section of phase diagram for Al-Ti

éystem |10].

4.1 THE "BORIDE-CARBIDE THEORY"

Cibula |11| has shown that when carbides of.Tiband
borides of aluminum and Titanium are present in aluminum
alloys, pronounced gfain refiﬁement is proaﬁCéd'throughu-
nucieation. The main_arguments for;the-nﬁcleation being dﬁe

to the-carbidesﬂor-borides are :

1) The carbides and bofideé are very'sﬁéble (have
rbvery'high ﬁelting pqints) (see Table II). The TiB, particles
are insoluble and are distributed evenly throughout the melt.
‘The»TiAlB\phase,ihowever, is soluble and quiékly’dissolves.
in thé melt. The ¢ombination‘bf TiB, particles and the

.Aexéess-dissolved Ti from the\TiAl3,»is essential for a good
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grain reﬁining effect‘
) 2) The atomlc spac1ng in the close packed planes of

the borides are only a few percent dlfferent from the corres-‘

pondlng spacing in’ alumlnum

Table II. Properties of boride and aluminide particles

Melting Density Crystal Lattlce parameters
Point (g/cm3) Structure a . C N
(°c.) N @ (2%
AL 660 . 2.7 fcc  4.050. -
TiB, 2850 '~ 4.38  Hexagonal 3.0311 3.2291
alB, - 975 3.16  Hexagonal 3,009  3.252
TiAl, 1340 3.36 Body Centered  3.86  8.68 -
' » " Tetragonal '

4.2 THE "PERITECTIC REACTION THEORY"

- The peritectic reactionvtheory is supported by

. The boride theory suggests

ﬁondclfc | 7] andlBackerudv|4;5
_,vthat"Tj._B2 nucleates aluminum, and that the A13Ti particles in-
‘the master alloy used dlsolve rapidly to-create constitutio-
nally favourable growth condltlons for the alumlnum gralns
However, the peritectic theory assumes that surviving A13T1'
particles nucleate the aluminum.grains via a peritectic reac-
;tion‘ﬁmhe role of the borlde crytals would then be to mxﬂeate

the alumlnlde crytals or to stablllze them by varlous

BOGI\l\(\ UNNERS\TES\ FUTUPHAE
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meChanisfs.The'following,series bf_events'proposed by

Backerud_gplains the grain refining mechanism when TiB2 par-

ticles are added to an aluminum melt|4]| :

1) TiB, ¥ AL —(Ti,Al) B, t Ti
2) Ti't 3Al A13Ti |
3) Al,Ti t Liq. S Grq |Peritectic Reaction

4.3 SOURCE OF GRAIN REFINEMENT ACTION

4.3.1 EFFECTS OF TITANIUM

_Experience has éhownathat,,of all thé solute:elements
addea to commerciél‘or pure aluminum singiy, the most
effgctiveiin grainbrefiﬁement actidn-onicasting'is Titanium,
though there is.little accbrd abouf the mechanism involved.
’rThe influence of Titénium'on)the:nucieéﬁiOnjof aluminum
vcrytals.haé been'argued to be due tbvéither_to

1) a form of constitutional supercooling,or

2) itS'presehée in effective 'heterogeneous nuclei.
1) Solute Titanium :

 Moriceau |12| claimed that the grain-refining
ieffeciency of solute-Titanium-was due tb‘its power tc;reétrict
the growth of previously nuciéatéd-érYtailites of aluminum,
and'(froﬁlﬁhe reievant part of‘the binary phasé—diagram _
Al—fi).he cited asvipdex‘of this power the product (Solute

distribution ratio x Slope of Liquidus). This index is useful
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‘»in quantifying effects due to_constitutlonal supercooling,'
and_in‘aluminum is highest.for solute Titanium.'However, in
dilute solution, thls kind of 1ndex has much more relevance
for. eutectlc systems (e g Al- Cu) than for perltectlc systems
(e.g. Al-Ti) because the maximum extent of the constitutional
supeICOoling feasible,»being roughly related'to the-differen-
‘ce in com0051t10n between the alloy. used ‘and that at the |
lower end of the relavant llquldus ‘is. large (for- eutectlc

systems) and very small . (for perltectlc systems) .

ATo tahe a quantitative example | ‘after allow1ng for
1nsoluble Ti it may be accepted that in commerc1al grain-
reflnlng practice a typlcal concentratlon of dlsolved Tltanrmn.'
may be 0.002 pct by mass. By reference to the blnary system
Al Tl, from which the quantltatlve reference points 0.0 pct
Ti, 660°cC (Melting point of pure-aluminum) and 0.15 pct Ti;.
‘665 Cc (perltectlc p01nt) are taken and. from Henry s -law  the
maximum elevatlon of the llqulds relative to the free21ng
.p01nt of pure alumlnum, which is all that is available for
ZCOnstltutional supercoollng, is seen'to'be only about|665

-660) /0.15]|x0.002 °K, equal,tovabout_O.Q7'o

‘This presumably ineffective level is to be compared
with the sometimes tens of Kelv1ns of constltutlonal
'supercoollng whlch can occur in uncontrolled corlng of dllute

alloys of eutectlc character.,of course, normal supercooling

can still occur.
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It £herefore seems likély‘fhat, at these Véryilow
levels of Titanium a&ditioh,»eVéﬁ_élléWing for sbme excess
- of Titanium over tha£ required for_stoichioﬁétry with boroﬁ,
the effect of éonstitutional~supercopling by solute Titanium’
v_ ‘will add only a negligible amounf.dfvgrain refinement by
restriction of grain growth. In ény Case ,all.Such
supercoblihg effects can'dperatékdnly/as a secondary process
which is wholly'deééndent'on prior succesful nucleation |61 .

2) Hetergeneous Particles containing Titanium

The argument,supporting the theory of hetergeneous
nucleaﬁionris.more popular_than the COngtitutional
'supercodlingveffeét‘of-solute_fitaniﬁm; But.thefe'is'nO'
consensus even a$ toAthg’identi£y16f.the effective nUcleanfr
of_about'why a'particulaf nucleant should be effective. The
ﬁwo main'séhoéis'Of thought ‘about -the mechanism of'rﬁxﬂeation
are, 1) the'Peritecfic‘thedryfahd}Z) the boride'theory whiéh

" are described above. .
.~ 4,3.2 Effectsof Boron

The better grain refinement produced by addition of
boron to aluminum-titanium alloys is,nbt due to nucleation of
aluminum,byjborides,vBoron produces two effects |71

1) It expands the field of orimary crytallization
of TiAl;'to lower Titanium contents by reducing the solubility'ﬁ

3
of Titanium in Liguid aluminum. This results in grain
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refinement at lower Titanium contents.

2) Béronralsb steepens the slope of the liquidus.In.
the liguid'there are many_soiid’parti¢les which can nucleate
“TiAl3'at different gpderéoolingsT If thérliquiduswline is
#elatiyélyﬁflat as .shown in Figure 6a; a-sligh£ undercooling
(ATA) produceS‘é_pronOUnced supersatufation(x),‘Whi¢h>leads
to nucleate on the évaiiablé heterogeneous gentéts, If the
1iquidué-is ﬁeryiéteep,-as in Figﬁre éb, ﬁhe same éupeféaﬁurée
tion requires a much larger undercooling (ATB)that permits
nucleation'nét only on the'same_centers, but also on mahy 
"Other_centersthatact at higher undercooiing. In addition,the

‘time to cool frpmpthe.température]at-which TiAl -is nucleated

3

to. that at which aluminide (Al1,Ti) nucleates alumiﬂum‘is.:

3
-longer7inicase(a) and much coagulation and growth of A13Ti.i'
barticlés takes place, further redudingvthe number of nuclei.

' This explains the more pronounced grain refinement, as shown

in Figure 7 4, that is obtained by boron additidns_[?lJ
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“AT_ ; (c) Effect of Boron addition on the liqﬁidus:slope}‘

B
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From the Figure 6c,_The'following”results are obtained ;
1) At temperature T, ; a) with Boron (Sunersatdratio* X 1)

b) w1thout Boron(supersaturat onXl)

e

Slnce supersaturatlon (X ) is greater than X, due

1
‘to boron addltlon the nucleatlon rate of Al Ti part1cle= is

3
, greater in castlngs with boron addltlon than castlngs without
boron addition. - | | | |
Zf At temperature T, & - a) with‘B (Supersaturation X; )
| b) without B (There is no
| supersaturation,vall Qf the
"é_alloyfis in eatﬁrated liguid

'state)

'a).with B (Supersaturation X

3) At temperature T 3 )

37
'b) without. B (There is no
supersaturation, alloy is in

Liguid State)f'

_The eupersaturatidn:(xé)eof'the}alley‘wrthbBerea.at_
'temperature T3 is equal te the supersaturation (X ) of the
talloy w1thout Boron at temperature Tl’ butlxﬁeruxﬂlnqAT of
the alloy with Boron is greater than underooollng AT of the glloy
w1theut Boron. ’
4)‘At teﬁperature T, - a) withiB (Therefisgno

o o supersaturation, alloy is

eaturated Liquid state) - |
b) without B (There is no supersaturation,

alloy is in Liquid state)
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- Figure71_ Effe¢t of Ti—B.ratip_on grain size,‘All,sampleg B

natural'size.'(a).CoatSe(C),?Q,OO'pct; Ti, 0.06

pct B ; (b)-CQarSeiKC), 0;04,pct,Ti{OJM:pCtlij(c)

-e

Medium fine: (MF), 0.10 pct Ti, 0.025 pct B

-

(d) Very fine (VF), 0.12 pct Ti, 0.022 pct B-

-

(e) Very fine (VF), 0.15 pct Ti, 0.001 pct B

(£) Fine (F), 0.20 pct'Ti, 0.00 pct B |7].
4;4~Grain Refininngffec£S‘ovabride and Aluminide Particles

In order torthrow more light on the mechanism of
grain refinement of aluminum by adding»Al—TiEB master alloy,
the effects of each particle (TiBé, TiA13)'will'be explained

below._
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~4.4.1 Grain Refining Effect of Boride Particles

Aleland TiB2 are isomorphdxswith latticehparameters

‘a = 3.009 °A, ¢ = 3.252 %A, and-a = 3 011 °a, c = 3. 2291 °n,
' respectlvely A ternary (Al T1)B phase where aluminum atoms

have replaced Titanium atoms randomly in the TlB2 lattice

would show cell parameters somewhere between the values for

pure AlB, and pure'TiBz;
Holding~the'diluted master’alloyfsamples for prolonged
~ti$es’does nOt'ghange the lattice parameters'of thelTiBz
phase;-HOwever,_a‘careful examination of~the diffractograms
"shows’ that the samples taken 1mmed1ately after dllutlon(short
holdlng tlme ~3 mln) all contain small- amounts of the AlB2
phase and that the dlffractlon peaks obtalned from the T1B2
phase are.broadenedrtowards the AlB2 51de, 1ndlcat1ngrthat
some (Al Tl)B2 phase is also present After a holdlng time of
3 h, all traces of the AlB dlffractlon llnes “have dlsmxxﬁred

fyand the TiB llnes have become sharp in all cases. These

2
therefore 1nd1cate that no stable’ (Al T1)B phase, where
Titanium‘and aluminum atoms‘are randomly interchangeable,
exists|5]. The occurence'of (Al,Ti)ﬁ and Ale.phaSeS'in
Al- Tl B master alloys 1s a result of the order and the way 1n_
whﬁch the alloylng elements are added and the tlme allowed

- for the reaction to be completed. After some holding time all

“boride particles seem to convert into TiBz‘phase,

-
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The great majorlty of. the partlcles in all master
alloys 1nvestlgated con51sted of hexagonal crytals, so.
single and’ some tw1nned (see Flgure 8 and 9). The s1ze of

these crytals varled between" 0. 05 an 3 ym |5[.

Flgure8— T1B2 crytals of , Flgure9— Twinned TlB2

hexagonal morhologylS] - crytals !5

The‘eleotron—diffraotion patterns and kefay spectra
"from extracted partlcles showed that ‘these were malnly T1B2

All borlde crytals exposed the same boundary faces,namely

£100} and {001}. ‘The twinning ofvTviB2 crytals gives.risevh“

to re-entrant grooves of‘600,90O and 120°. According to the.

classical theory of heterogeneous nucleation, these grooves

should be preferred sites for nucleation, if nucleation does
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_start on borlde partlcles. The other 1mportant effect of

TlB2 partlcles can be explalned as the follow1nc way ;

An_aluminide (AléTi) phaserslowly develops around
' boride partic1es I tltanlum atoms in the T1B2"phase are -

substltuted by. alumlnum atoms.

|TiBy AL —— (Al,Ti)B, + Ti]

The titanium atoms rejected from the T1B2 phase

' -would create a layer around the borlde partlcles w1th a -
hlgher tltanlum concentratlon than in- the surroundlng melt,_

80 that the Al Tl phase could form or surv1ve at least for

3
.a llmlted tlme at the surface on the T1B2 phase, even in

ﬂihypoperltectlc alloys (<0. 15 wt % Tl).

|Ti +3A1 ——— AAl3'Ti |‘ .

'Such alumlnlde (Al Tl) particles'were Observed tovdevelop"

: durlng a holdlng tlme in the melt of a few hours {5‘

. After loné holding time; as‘used_by,Morimune et al.
N the ternary boride phase (Alg 06 0 94)B must be
:completely developed and no transport of tltanlum atoms
from the 1n51de of the borlde partlcles can occur. Under
these condltlons the alumlnlde phase must dlssolve agaln as
"~ it 1is not thermodynamlcally stable at the low concentration
level employed. The final result of this process would beé

boride particles with an ordered, aluminum-containing structure.
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4.4.2 Grain Refining' Effect of Aluminide Particles

Alumlnlde crytals have body- centered tetragonal

(bct) cell structure and lattlce parameters a = 3. 86 and
0 - .
='8068 A (Ti atoms»at 0,0,0 etc; ; Al atomslat 0,0,1/2,

_etc., and at:0,1/2,l/4.etc5)aIS};_(See Figure 10).

‘The existence .of a preferred orientation relation-

ship betwéén‘*””*

A13T1 and Al suggests that the alumlnlde crytals (Al Tl)
~have been actlve as: substrates for the nucleatlon of" alumlnum
fln the alloys produced by u51ng tlbor (A15T11B) master alloy

f'addltlon The orlentatlon relatlonshlp found in the two

;‘?structures of TlAl (bct) and Al(fcc) can, within experlmen—

tal error, be expressed as (Oll)Al3T 1|(0l2) [010] 13T1

. \_‘-\--‘[0”10]_'A1 or (OOl)Al3Tl [10010) 5 5 [Olo]Al JTi ||[0101Ai

OTi Atom

® Al Atom

.‘Figurelo- Body—centered—tetragonal A13Ti 1atti¢e,structure.
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A13T

The atomic distributions in the (011) L and:
Z(Oléﬁ“i'lattiCe5planes‘are“sinilar (See Figure. 12 a and

14-a)‘ A comporlson of the atomlc dlstrlbutlons in the

(OOl)Al3f: and (010)Al planes also shows a goodcna&alhxﬁap—.i

l»hlc match between these planes (see Flgure 12 b and 14 c)

‘ The linear dlsreglstrles shown below 1mply that -

the surface energy between (011) - and (012) on the<xm

Al 3T

~hand and (001) and (010) on the other, are. low.

A13T

VIt should be noted however, that the (001) plane is

Al3T1
ioccupled by both Al and Ti atoms, whlle the (Oll)Al3T1’

7rsurface is occupled by, three succe551ve layers of - Al atoms
hwhlch can be regarded as somewhat dlstorted (012).Al lattlcev

- planes,'see Flgure ll Nucleatlon of alumlnum on the

'(011) L surface then merely requlres the contlnulng

, A13T _ ‘
"growth of thlS ex1st1ng dlstorted alumlnum lattlce. Thus,.

»from a crytallographlc p01nt of v1ew, the block llke A13T1'
l.crytals Wthh exhlblt {Oll} planes should be very sultable,’»}
‘and probably more eff1c1ent than flake—or petal- llke'

,crytals, as”substrates for,heterogeneous nucleatlon of

. aluminum.

The ba51c difference between the nucleatlon by
the two types of crytals (Alumlnldes and Borldes) is that,
rwhereas TlAl3 can nucleate aluminum solid solutlon w1thout»
undercoollng and in most cases '( through- the perltectlc

reaction), at;temperatureS'above'the freezing point of
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‘ require some undercooling below thevfree21ng p01nt of
aluminum to nucleate it. Nornal 1mpurities tend to nucleate
aaluminum with' very limited undercoollng, thus the borides
 have little or no chance to be: effective nucleants‘|7| The
1peritectic reaction fac111tates grain refinement by insuring
nucleation of aluminum by TiAl3 before the normal impurities
-.can act | |

ALITL Bl — oy

(?eritectic”Reactionl
The follOWing result is claimed from the above

discuSSion-;‘Surviving.aluminides (AlBTl) particles nucleate«

the aluminum grains viafa‘peritectic reaction;rThe peritec— ”
v;ticallyAnucleated~grains generally remainjveryltinil After

i' nucleation, these new grains surrounded by liquid of
ﬂaluminum can act as. heterogeneous SlteS on which the primary
'phase (aAl)' w1ll nucleate when the temperature gradient

becOmes.sufficlently small. An important feature.of peritec—_

.:ﬂtic'nucleationvis that,the-nucleated:grains are formed

“inside the melt, and'an otherWise uncontaminated or clean
-'interface is exposed for nucleatinc the matrix phase (a INE )
and thus to the equlaxed zone. The occurence of equiaxed

zone 1n the SOlldlfled structure causes the grain reflnement'

of aluminum castings.
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-1ree succe531ve layers of Ah;mlnum AtomsffOll Planes

& —

e i i — e B o e

.- Figure 11

Aluminide (A13T1) structure, show1ng some of

the {Oll‘ lattice planes (0 Ti atom ; @ Al atom):



There are fwo‘Ti atoms in an aluminide (Al

Aluminum Atoms : 4 x (1/4)

There are six aluminum atoms in an aluminide (Al

40

Titanium Atoms : 8x (1/8) = 1 at the corners

Clx 1 =1 at the lattice center

3Tij lattice

1 at the lattice edges

10x (1/2) 5 at.the lattice surfacés

3Ti) lattice

‘Ti/Al = 2/6 = 1/3 == Al.Ti

This lattice structure correspoﬁds Al

3

3Ti molecular structure.

o Ti atom ) )
¢ Al atom |

a
(a)

Figure 12— Different planes in A13Ti lattice.

For

(). (011) plane ; (b) (001) plane (c) (010) plane

0 .0

Bct A13Ti Lattice ; a = 3.86 A ; c=8.682A

From Figure 11 and 12 (a) ;

Al

3

iDistance between atoms on the diagonal of {011} planes of

_ o 0
Ti Lattice is 5.1269 A in length (x).

From Figure 12(b) ;

Distance between atoms on the diagonal of(001) plane of AljTi
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Lattice is 2.,7294 A in length (y).
From Figure 12(c) ;
Distance beﬁween.atoms on the diagonal~of'(010) plané of

v 0 . _
Al,Ti lattice is 2.9041 A in ‘length (z).

‘Aluminum Lattice Structure (Fcc)

NI
/

x L—>(012 ) plane

Figure 13 - Face-centered-Cubic Aluminum lattice structure.

a - | ’
(1) -

Figure 14 - Different planes in Aluminum lattice.

{c)

(a)
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“(a) .(012) plane ; (b)(001ljplane (c) (010) plane

For Fcc Aluminum 1attide'; a=4.050 2

From Figure 13 and 14 (a)

.Distancé bétWeen_atomS oﬁ'thé diagonai of '(012) rvlane of Al
Lattice is’4;9602'£ in length\(x)ﬁ B o

.‘From Figures i4(a) and.l4(b)

'(010)’aluminum piane is the same as (001) aluminum plane.
Distance between atoms on the diagonals of (001) and (010)
planes of aluhinumvléttices are 2.8638'£ in.lengths (v and

z).

‘ The Linear disregistries between aluminum and aluminide

(Al,Ti) lattices are given below

3
a) Between the atoms on diogonals of (012) aluminum planes
and {011} aluminide planes ;.

iOO){(5.1269—4.9602)/'5.1269': 3.25

b) Between the atoms on short sides of (012) aluminum planes
and {0ll}aluminide planes 7%
100 x (3.86-4.050)/3.86 =_4.9223

c) Between the atoms on sides of (00l) aluminum planes and
(001) aluminide planes ;
100x (3.86-4.050)/ 3.86 = - 4.9223

d) BetWeen‘the atoms on diagonals of (001) aluminum planes
and (001) aluminide planes ;

100 x (2.7294-2.8638)/2.7294 = -4.9242
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e) Between the -atoms’ on- 51des of (010) aluminum planes and
short s1des of (010) alumlnlde planesj;

lOO X (3.86-4. 050)/3 86 = —4.9223

f) Between the atoms~on sides of (010) aiuminﬁm'planes aﬁd"
long sides of (010) aluminide planes ;__4

1100 x (4.34-4.050)/4.34 = 6.6820

'g) Between the atoms on dlagonals of (010) aluminum planes
and (010) alumlnlde planes ;

100 x (2.9041—2.8638)/2.9041 = 1.3877

4.5 Results Obtained By The Previous Workers

Detailedstudies_:elated to the grain refinement of
aluminum and production of Al-Ti-B master alloys were perfor-
medby L.Backerud, L Arnberg, H.Klang’|5| and by G.P Jones,

J.Pearson|6|, and by J.A.Marcantonio, L.F.Mondolfo |7 .

L. Backerud.|4,5[lstedied a éreat number of Al-Ti

and Al-Ti-B master allofs.varjing parameters such as the
order of eddition of trhe alloying elements, the relative and
vabsqlute amounts of titanium and]boron,;the temperature_of
'addition,.the hoiding time before_cooling,‘and the cooling
~rate._TaBle III shows creparation of binary Al-Ti and ternary
Al-Ti-B master alloys kv eddiﬁiqn_of saits (KZTiF6 anc KBF,)
at different tempefatures. Samples A-C were made by sinulte—
' neous addition of the salts at different temperatufes and in

amounts that gave titanium and boron concentrations of 0.88
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and 0.40 wt %,'réspectively; The concentfatioﬁ'ratio Ti/B

corresponds to the stoichiometric ratio. in the CGmPOund TiBZ

and these alloys are called as stoichiometric alloys. -Some

binary Al—Ti-(D and E) and tefnary Al-Ti-B (F-H) alloys were

also made by adding salts to liguid aluminum at-different

temperatures; Samples Qi and Qé were prepared by adding KBF4;

at 7500C(.raising the'temperatﬁre to 1100°C or éoooc;.and
then adding the titanium. After the addition of the salts,
samﬁles Ql and Q2 were Quenched.on-a cold cbpper plate. Two
commércial master alloys éiven in Table III ére de§ignated

I.and J and are of the rod and ingot £ype, respectively. The

~addition temperatures of the salts are not given in Table III

for these two commercial master alloys.
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TableIII—~Prepartlon of binary Al- Tl and Ternary Al- Tl B-

master alloys by addltlon of salts at clfferent

;,temperatures.

5]

Q2 quenched

ATToy 1 addition T addifiqn Concentrationt s
'de51gnat10n temperature,oé< temperature, C Ti B
a 750 750 0.88  0.40
B 900 900 0.88  0.40
C 1100 1100 0.88 0.40
D 750 | 2.0
E 1100 2.0
F 1100 1100 2.0 0.4
G 900 900 2.0 0.4
H 750 750 2.0 0.4
I (rod)” - ~ 5 1
J (inéotﬁ - - 5 1
0, quenched 1100 750 2.0 0.4
1900 750 0.4

XCommercial.Ma;ster Alloys.

L. Backerud tested the eff1c1enc1es of all the master

,alloys as graln refiners of alumlnu” and the time characte-

ristiés, i.e.
contact tlme, were determined.

graln-reflnement

the change in grain-refining potency with

Table IV shows the results of

test for samsles grain reflned with diffe-

rent mastef_alloys and solidified after different contact




‘times. Each master“alloy“waé teS£ed'as a grain refinef;by
'qdding master alloy to .60 g. pf molten aluminum (99f7 )
in a gréphite'crucible at 750°C. The melt was stirred»Qith
a graphite rod for 2-min»immeaiatelj'after addition ahd4

1

allowed to stand andréobl at‘a rate of.0.5 Ks~
The conéentrations éf Ti and B weré'Q.OB and 0.006 wt. %,
'_‘respectiveiy. In same cases a Sﬁoichiémetric alloy.was added
to aluminum at 7SQ°C, in an amount éorreéponding to the
sameAbo:on‘[cqncéntratioﬁ of 0.006 wt. % (0.0132»Wt Ti),

and held at this temperature for 5,30,60,0r 120 min before
.a binary Al-Ti alloy was added'to give a £otal titanium
ééncentration of 0.03 Wt %. In other samples the stoichicrmetric

and the Al-Ti alloys were added simultaneously.



47

‘TableIV Results of grain-refinement test for samples'grain
refined with different master alloys and solidified

after different contact times |5]

Sample Master A13Ti - Contact time, min Grain
Number alloy Mqrphology . TiB2' A13Ti» refinement
added : ‘ (See Fig.15)
1 A cee 5 ... 1
2 A cen 60 - 1
3 B . ee 5 cen 1
4 B cen , 60 cen 1
5 C . 5 ces 1
6 e eee .80 . 1
-7 A+D - Blocky 110 5 4
8 AtD Blocky 35 5 4
9 AtD  Blocky 65 5 4
10 AtD Blocky 125 5 4
11 C+tD Blocky 10 5 4
12 - CtD Blocky 35 5 4
13 C+iD Blocky - 65 5 4
14 A+D Blocky 125 5 4
15 AtE  Flaky 10 5 2
- 16 AtE Flaky 35 5 2
17 AfE . Flaky 65 .5 2
18 AYE . Flaky 125 5 2
19 D Blocky .o 5 -4
20 D Blocky o 60 1
21 E Flaky . 5 2
22 E Flaky . 60 1
23 - A¥E Flaky 5 "5 3
24 AYE  Flaky ' 60 60 3
25 AtE Flaky - 120 120 2
26 A+D Blocky 5 5 5
27 AfD Blocky : 60 60 2
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'ggaple'-Master 'A13Ti ' Contact time, min Grain
Number alloy Morphology ~ TiB, E Al.Ti refinement
added : - - ‘ : ~__ See Fig 15
28 AtD. Blocky . 120 120 1
29 °F Flaky = | 5 5 2
30 F Flaky 30 30 3
31 F Flaky 60 60 4
32 F Flaky - 120 120 4
33 G Flaky _ 5 ' 5 2
34 G Flaky 30 30 3
35 G Flaky 60 60 5
36 G Flaky 120 120 5
37 H Blocky 5 5 6
38 H Blocky 30 - 30 "4
39 H - Blocky 60, 60 3
40 H  Blocky 120 120 2
41 T Blocky 5 5 6
42 I Blocky | 30 30 5
43 I Blocky 60 60 4
44 I Blocky = 120 120 3
45. J Flaky 5 5 3
46 J Flaky 30 30 4
47 J Flaky 60 | 60 6
48 J Flaky 120 120 6
49 0, Petal 5 5 3
50 . 0 Petal 60 60 5
51 Q, Petal 5 , 5 3
52 0,  Petal 60 60 5.

Summarizing the grain refinement results from Table IV, the

- followings emerge ;

a) grain refinement can not be achieved by using a

étoichiometric alloy (sampie 1-6)
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b) thevgrain‘fefinément ié iﬁdepeh&eht;of:the téméefétufe at .
which the boride -particles fémed,(samplés 7-14)

"‘c) the grain refinement is éléb“inAependentiof the contact

_ .‘ time allowed for the the TiB, crytals (this.statement is

7 verified by samples 7-18) |

d) the grain refining efficienéy dédreases with contact time

' for the addition of binary Al-Ti mas‘ter alloys, as well |
as for the éimﬁltaneous'addition of a stoichiometric and

~an Al-Ti master alloY1"irrespec£ive of the morphology of
the AlBTi crytals (samples 19-28)

e) the grain.refinement improves with contact time when
ternary'Al?Ti—B master ‘alloys containing flake or petal-
like éluminide‘partiCles are used whereas it is reduced
when Al-Ti-B master alloys with blocky Al.Ti crytals are

3
added (Samples 29-52).

- Figure 15 - Grain refinement scala, natural size|5].
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G;P Jones and J. Peétson |6 studied the development
of‘grain—refining tééhniques for the_casting of aluminum énd
the,results achie&ed using addiﬁions of férnary:Al;Ti—B master
alloys were desciibed. They Qb;ainéd.grain refining cuf&es :
and investigated master alloy charactéristics, A typical grain

refining curve is seen in Fig 16. A typical grain refining

curve has two distinct sections : after addition of the grain

refiner, the grain—siée initially decreases with time (the
line AO), reaching a minimum—the fultiméte grain-size"-at 0.
The time to reach thiS'péint is generally referred to as the
"cdntact—time" of the grain—refiner. After this, further

| holdiﬁg gi#és only increasing grain-size, thé upward line OB

indicating the phenomenon known as "fade".

N [
3 8
} . 1

N
[=]
o

Nominal grain size in cast metal {ym)

i
Optimum
contact
tme

1 P S B 1
.150 . 1 10 100
Holding ime (mun) . )

Figure 16- Typical form of grain-refining curve |[6].
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Figure-17 ;hqws tﬁe :esults usiné three'diffe£ent typeé of
grain-refining additive, all used'rétes which prodﬁce.the_
same increase’ih the titanium cﬁntent of the bﬁlk melt,
namely 0.005 pct. The additives are the salt mixture of .
K,TiF. and KBF4 in_ﬁablet form, an Al-6 éct'Ti binary'méster—
alloy, and. the ternary'méster alloy Al-5pct Ti-lpct B. From
the Figufe}l7, relative positions of the curves show not only
that the ternary alloy is superior to the binary alloy,
revealing that boron hésla‘very significant effect on grain—-
refining pefformance, but also that the ternary alloy is
superiof to the salt mixturé)evén though the mixture hﬁxammes
bdﬂltitanium and boron into . the melt.‘The £ernary Al-5 %
Ti-1 % B master-allby is usually about 4 or 5 times more
efficient than a binary Al-6 pct Ti masterjalléy, or salt
tablets. They presume -that the nucleant particles formed'

from the salts might either be not active as those interuced

by the master-alloy, or are'perhaps much larger and

-

conSequéntly present in fewer numbers |6
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¥
/"
l99-7% Al 720°C|
5004 S
- N ,/
EquNabntAddMon RmeiOOOSKTq
o T ;
KaTifg | .
aool-@ -+ kBF, /
BN o A
. ‘\\ ,r{ ) . '/
e AT N Tablet a
A 5 Va
N
St ~Binary master ||Iuy /
.£ 300}~ SN
)
]
£
£ A
g |  _accepancelevel . __/___
260 -
(©)AL-5".Ti-¥ B\ Ternary master alloy
1 . i 1. M
o 1 10 100
- Holding time (min)
Figure 17 - Comparison between different grain-refining

agents at equivalent addition rates [6].

J.A. Marcontonio and L.F..Mondolfdl?l investigated the
.effect of boron dh the grain refining performaﬁce of master
alldys (Figure 7). They showed that, thevadditionlof boron to
3aluminum—titanium alloys expéhds:the fiéld of primary |
crystalliéationﬁof TiAl, toward lower_titénium contents and
steepéns the liquidus and in equilibrium conditions;pnmxmmced
graln reflnement is found only in alloys in which T1A13 is

' prlmary and nucleates the aluminum solid solutlon before

other impurity can act.

Many Workers have dealt with the practical aspects of
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- grain refinement, soﬁe of them ﬁa&é'triéd to eXplaih
theofétically fhe mechanisms by'ﬁhich grain refinement is
'i-accomplished by the élemgnts thét‘are ;dded. Fbr proprietory
‘reasons, practically nothing has Béeh written about fhe R
production ofbcommerciai masfer}alloys with the exception of

some descriptions in the patent literature.

In this study, the pfoduction of commercial master
alloys (Al5TilB) is performed and their grain refining effects
are observed on different types of aluminum castings. In the

next chapter, experimental studies will be_given‘in detail.



V. EXPERIMENTAL WORK AND RESULTS

5.1 Apparatus

) Experimental studies were‘performed in thé laboratories

of ETIBANK Seydigehir AluminumAFactory. For melting process
eléctricalrreSistancé furnace was uéed (Figure 18)..In order
to keep. the tempéréture constant during the production of
master alloy and addition of ‘the master alioy into the casting,
gome changes were made onto the.lid’of the furnace as shown .
in,Figufe 19, As containér'graphite crﬁdﬂﬂes aﬁd for stirring
giaphite rod were uéed. The temperaturé-at.the center of the

sample was measured with‘a'chromel/élumel thermocuple and the

copling curve was recorded graphically (See Appendix) .

"FIGURE 18. Electrical Resistance Furnace.
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FIGURE 19. Schematic drawings of the resistance furhace
and equipments used in melting process.

1 - Salts 11~<2Tir6 _»+ KBF4 |

2 - Salt feeder (Cr-Ni Tube)

3 - Resistance Fufnace

4 - Stirring Tubé“\

5 - Bearing

6 - Firebrick Lid -

7 = Graphite Rod |

8 - CGraphite Crucible and Liguid Ailoy
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Chemical'analyises were perfbrmed with'spectral Quanto- )
meterA(sge Figure 20). For grindiné probess ofbthe SpecimenS.
KNUTH-ROTOR instrument was used. Electrolytic polishing and..
4étching were carried out By Leétropbi inst;ﬁment (See Figure

21) |

FIGURE 21. - Lectropol (Electrolytic polishing and etching
’ ~ machine). :
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Brlnell hardness numbers of the spec1mens were measured

with Karl Frank GMBH 1nstrument (See Flgure 22) Vickers

hardness numbers were measured w1th Wolpert hardness inst-

rument 1n I.T.U. Laboratorles. For tension tests,"Pruf und

_Mess MFL systeme 1nstrument was used in f.7.0.

FIGURE 22—Karl Frank GMBH Hardness 1nstrument

The microscopic examination of the specimens and taking
microphotographs were carried out by using optical micros-

cope (see Figure 23). . i

FIGURE 23-Optical microscope.
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5.2 EXPERIMENTAL TECHNIQUE
5.2.1 Master Alloy (Tibor)'Preparaﬁidn

The mastér alloy AL-5Ti-1B is pre?ared by_uéing a commer-
cial grade.9§.7%‘purity aluminum (ETIAL?); §hémical analysis
\ of which is given in Table V, suppliéd from seydisehir Aluminuﬁ
Foundary‘and thersalts of'potassium heiafluorititanaie}(K2Tif6)v
~ and,potassimborofluoridé (KBFé), with.purities of 97%, imported-

from Fluka Company in Switzerland.

- TABLE V. Chemical Analysis of the used aluminum alloys

Chemical Analysis (wt %)
Element — _ - I
ETIAL-7 . ETIAL-5 ETIAL-60-

Fe - 0.133 - - 0.267  0.235
si 0.045 0.067 0.421
Ti 0.006 0.007 . 0.006
Mn -~ 0.000 0.007 0.034

gn  0.012 - 0.020 ° 0.007
cu 0.000 - 0.008 . . 0.114
mng . 0.002 ~ 0.003 : 0.521
Ni - ~0.000 0.005
Pb © 0.001 0.016  ° 0.006
sn 0.000 0.007 - 0.003
cr 0.000 0.007 0.003
v © 0.009 - | 0.005
B ©0.000 0.001 0.001

 *  ETIBANK TSE - U.s.A

ETINORM ' TS-412 _AA
ETIAL-7  AL99.7 1070

ETIAL-5 AL99.5 1050

ETTAL-60 AIMgSi . 6063 .



59
The lnformatlon on the Al -Ti-B equlllbrlum dlagram is
scanty The blnary diagrams for alumlnum—tltanlum and alumlnum
boron are reasonably well established. In order to make the’

problem easy the attention was focused ‘onto the binary aluminum-
titanium phase dlagrams (Flgure 24)

Al-Ti  Aluminum-Titanium

~crold Mergohin Weight Percentoge Titanium

FIGURE 24-Al-Ti phase diagram |13].
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The generally accepted phase diagram for aluminum rich
Al-Ti alloy is shown in Figure 25 [14|. At 665°C AT is equal
to 4.9°C and peritectic point is at 0.15 wt % Ti. Titanium
séiubility in the solid is 1.15 pct Ti. The hyperperitectic °
solubility of TiAl3 in the liquid is gi?en by the relationship:

log,,pct Ti = - 3996/T + 3.435

where T is the absolute temperature.
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1000 —ey
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) Le¢ TiAl, .
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FIGURE 25-The éiuminum;rich side of fhe Al-Ti phase
diagram |14].

Figure 26 |l41 shows the Al-B binary phase diagram on

ithe:aluminum—rich éide. It shows the eutectic composition of

1 0.022 wt pct at'659.7OC (Liquid » solid + AlB,) . The hypereu—b

tecticléolubility of AlB2 in weight percent can be represented

by the equation

log oot B = - 5255/T + 3.975

where T is the absolute temperature (°K)
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Flgure 27|l4| shows the ternary Al ~Ti-B system at 666 C
(,T = + 5.9 C) Heavy lines show compos1tlons of the equlllb—
rium phases. Thin Llnes are tie llnes between phase flelds.'
leuld alumlnum dominates ‘the- lower left—hand corner. In the

' absence of boron, titanium may be'added to 0.15 pct Al3Ti
crystals appear. This corresponds to moving from left to rlght

. along the bottom of the flgure At this tltanlum content boronv
may be added up to 1.32 ppm, where TiBy w1ll form. This com-
position is monovariant: a liquid metal solution containing
0.15 pct Ti and 1.32 ppm boron, solid TiB; and solid TiAlj

may coexist with one another at this temperature. Continulng
to increase boron; the liquid compositlon moves toward the

- upper left. Finally, (A1, Ti) By ‘beginS‘to form and the

liquid composition line first curves, and then flattens out as

the (Al1,Ti)B, composition becomes close to the binary AlBs phase.

As one goes to~temperatures'below the peritectic, solid
aluminum starts to appear as shown in Fignre-28[14 . As the
texperature decreases, thelsolid phase field grows at the ex—q
' pense of the liquid, until it movesboff the scale of the plot .

LOG Wi % T

(Figure 29|14]).
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5.2.2 The Production of Master Alloys

The master allqys were prepared on a laboratory_scale
(150-300 g. -samples) using resistance furnace and,graphite
“crucibles. The starting materials were aluminum (99.7%) and the

salts of KpTiFg and KBF, (purity>97%). . - | ‘

'Carefully weighed amounts of aluminum were melted in grap-
hite crucibles by the use of an electric resistance furnace and
then the needed amounts of K2T1F6 and KBF4 salts were added
simultaneously into the molten aluminum and stlrred for dlfferent

holding times with a graphite rod.

Each sample was then carefully removed from the furnace,

placed in a hole (just adequate for the mould) in a firebrick

-1 .
and allowed to cool at a rate of %O.SOKs .. In this way a
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- ;eproducible“cooling rate of'abproximately-O.S OK’s-;l was -
,obtéined. In some éases, after the sampleé-were remo&ed‘from
the furnacé,_they»were solidified into the steel mold or iﬁ
bgraphite‘crucibles in air with.hiéh coqling.raté. : |
General’pr00e5ure to prepare the'maStér alloys
a. Melting of the aluminum (99.7%) at different
£emperatures L
'b; Simultanéous addition of the salts (KjTiFG and KBF45
into molten metal. |
c. Stirring‘of the mixtu;e of Liquid aliminum aﬁd salts
for diffe;ent holding”times.
a. Careiuliy rémoving from the furnace and'placihg in a
hole in a_firebfick, | |
e. Solidifying of the master alloy at-different cooling

rates.

Experience has.shown that-optimum grain refining propef- f
tiés,ére obtained using master alloysAwith a titanium:'boron
raito of abéut apprdximately 5:1. Because of this reason,.  the ?
master alloys.with v5% Ti, ~1 %B were preparéd, varying pa-
rameters such as the order of addition 6f the.ailoying ele—. 7’
- ments, the.teﬁperature at addition, the stirring time before

cooling and cooling rate (Table VI).



TABLE VI. The preparation of ternary Al-Ti-B master alloys

Casti Stiri di i
ample ting llrlng Ingredients (gr) Analysis g o:aieication (A1m3IUJl)'
arber \ Tenp. Time Al K TiFg = KBF4 Ti% B% Morphology
- (°c) (min) ' - - |
1L 900 - 7 150.73 40.66 18.3 5.38 0.4 in firebrick = Flake-Like
2. . 900 5  150.73 40.66 18.63 5.01 0.75 in firebrick Blody
3 900 10 150.73 40.66 18.63 3.38 0.5 in firebrick Flake-Like |
a . 900 10 150.73 40.66 18.63 5.38 0.7 in steel Mold Flake-Like
in air

5 900 5  188.42 50.83 23.29 4.97 0.9 in grarhite Flake-Like
6 900 4 150.73 40.66 18.-63 5.09 0.6 in firebrick Flake-Like
7 9500 5 150.73 40.66 18.63 5.21 0.4 in graphite_ Flake-like,

- Grucible in Blocky

air ' '

8 900 5  150.73 40.66 26.09 4.97 >l 1In frebrick Flake-Like
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Sanmple CastingStirring"

‘Chemical

81.97

. o Ingredients (gr). Solidifi- Aluminide
Number ~ o _ mpalysis . catlon gy
o N _ . , ,
("C) .(min) - Al - K,TiF, KBF, Ti% BS% Morpholoov
9 .80 5 150.73 40.66 18.63 5.40 0.3 In firebrick Blocky
10 80 7 150.73 40.66 18.63 5.21 0.5 " " Blocky
11. 80 10 150.73 40.66 18.63 5.45 0.6 " " Blocky
12 800 9 150.73 40.66 18.63 5.15 0.9 " " Blodky
13 800 4 150.73 40.66 18.63 5.67 0.9 " " Blocky
, , Flake-like,
14 900 5 150.73 40.66 22.36 5.38 0.6 " " ~ Blocky
15 800 - 7 150.73 40.66 22.36 5.47 0.3 " " Blocky
| , Flake-like,
16 850 5 150.73 40.66 22.3¢ 5.38 0.7 " " Blocky
17 80 9 30l.46 81.97 40.98 5.25 0.82 ‘"asbestos  Blocky
18 900 10  301.46 52.16 5.07 0.80 " Flake-like
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5.2.3 Master Alloy Addition Into The Castings

In order to be able to dlscrlmlnate between moderately
efflclent and hlghly—eff1c1ent addltlves, the prepared master
alloys are requlred a reliable grain-refining test, not only
' for routine quallty control but also for research into the

productlon of more efficient grain- reflnlng master alloys.

Grain refiners (master alloys) are generally tested
at different rates of addltlon, at various tltanlum and boron
contents, at dlfferent temperatures for different contact
'tlmes(See Table VII ). The test level is calculated to increase
the titanium and boron content of the bulk alloy by approximately

0.01 wt g and 0.002 Wt % respectlvelly.

In the testing of master alloys about 500 g. of
commercially pure aluminum ingots (99;7 pct Al) are melted in
the graphite crucibles by using an electrical resistance furnace
whlch is held at dlfferent temperatures. Master alloys are

~also added into ETIAI#5 and ETIAL-60 aluminum alloys.

The smaIESh part of ‘the master alloy (~lg). to be tested
is placed on the surface of the aluminum melt, immediately
plunged under the surface and stirred with a thin graphite
rod for 2 min. After the stirring, melt is allowed to stand
for various contact tlmes in the furnace, and then removed
from the furnace, poured into the steel mold from the‘graphite

crucible, solidified in cold water in a quench tank. After the
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test samples were chilled, metallographic-examinatioﬁ, hardness

tests and tension tests were performed. .

General procedure of the master alloy addition into the castings:

a-

Melting‘of'the aluminum (ETIAL 7, ETIAL 5 or ETIAL 60)

at different temperaﬁurés.
Addition of the master alloy into the molten aluminum.

Stirring of the mixture of master alloy and molten aluminum

with graphite rod for.2 min.

.Allowing to stand the melt for various contact times

(1,5,10,30,50,120'min ) in the furnace.

Cleaning tﬁevslag from the surface of the molten metal.r
Carefully removing the cruéible from the furnace. |
Pouring.into‘the steel mold from the graphite crucible.

Solidification of the moltén metal by quenching in water

tank.
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TABLE VII- The castings inoculated with master alloys at dlffe.reﬁt
tenmperatures and holding times, gram size and Brinell hardness

test results.

iﬁiﬁ Concentration Casting ' | Holding gﬁﬁﬁegngSS
' . Temperatu- Tir_ne Size 5

WesTi| We$B|re °c) |WR) | (m) | (Kg/Am)
1 0.016 | 0.001 | 700 1 450 24.4
2 0.014 | 0.001 | 700 5 403 | 24.6
3 0.015 | o0.001 | 700 10 319 | 24.6
4 0.015 | 0.001 | 700 30 | 333 24.4
5 0.015 0.000 700 60 510 23.2
6 0.015 | 0.000 | 700 120 478 26.9
7 0.014 | 0.001 | 740 1 348 23.6
8 0.015 | 0.002 | 740 5 | 204 24.2
9 0.016 | 0.001 ‘| 740 10 333 25.0
10 0.015 | 0.001 | 740 | 30 283 | 23.4
11 0.014 | 0.000 | 740 - | .60 306 | 26.4
12 0.015 | 0.001 | 740 | 120 510 26.1
13 0.013 | 0.001 | 780 1 547 24.6
14 0.017 | 0.002 | 780 5 364 - 23.0
15 ' 0.022 0.003 780 . 10 247 23.6
15A 0.092 | 0.008 | 780 10 | 174 24.2
158 . | 0.015 | 0.001 | 780 10 273 26.4
16 0.0017 | 0.001 | 780 30 | 450 22.2
17 0.017 | 0.001 | 780 60 510 22.6
18 -|0.015 | 0.000 | 780 120|850 | 25.0
19 0.014 | 0.001 | 720 10 333 23.8
20 "1 0.014 | o0.001 | 750 10 547 23.0
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sample’ Concentration - Casting Holding| Average . |Hardness
Number Tempera- | Time Grain |{BHN

| WER T Wt B |ture(’C) | (Min) | (m) (Kg/m®)

21 0.018 | 0.000 800 10 | - 23.4

22 0.017 | 0.002 720 1 364 24.2
23 0.013 { 0.000 1720 5 403 23.6

24 0.016 | 0.001 720 30 | 425 $25.1

25 0.015 | 0.000 | 720 | 60 | 510 24.8
|26 - 0.016 | 0.000 720 | 120 | 450 23.4
| 27 0.019 | 0.004 720 1 478 27.4,
28% 0.015 | 0.003 720 5 638 28.2

. -29% 0.016 | 0.003 720 10 333 28.4
J 30% 10.013 | 0.002 720 30 | 294 28.9
3 31% 0.013 | 0.002 - | 720 60 383 26.4
_o32% 0.014 | 0.002 720 120 403 27.4.
33%% 0.015 { 0.002 |- 720 1 237 41.5
34" 0.018 | 0.00 720 5 | 172 39.8

8 | 35% 0.021 | 0.003 720 10 140 42.4
2| 36 0.014 | 0.002 720 30 | 160 37.7
B 37 0.016 | 0.002 | 720 60 200 39.3
— ] 38 0.017 | 0.004 720 120 | 223 38.5
39 0.023 | 0.002 720 10 273 25.9
40 £ 0.027 | 0.003 720 10 333 24.2

41 0.039 | 0.004 720 10 | 225 24.6

42 0.069 | 0.006 720 . 10 178 24.6

421 0.010 | 0.000 720 10 306 25.2

| 43% 0.019 | 0.003 720 10 283 27.9
44% 0.023 | 0.003 720 10 383 27.4

1 g5% 0.030 | 0.004 720 10 225 27.1
5| 46" 0.074 | 0.010 720 10 | 239 28.5
;E 46n* 0.012 | 0.002 720 10 364 26.9
468 0.033 | 0.005 720 10 201 26.1
47 0.019 | 0.002 720 10 201 39.3
48" 0.026 | 0.003 720 10 191 38.9

8 | 49 0.056 | 0.007 720 10 |159 38.1
2| 49 0.028 | 0.002 720 10 207 37.3
RERIPNE 0.042 | 0.004 720 Sl |19 41.5
" 50AXX '0.011 | 0.001 720 10 264 37.6




ETIAI~7
ETIAT~5

ETIAL~60
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P e e e
NabeT g mi [we s B 7§53§e | (o) S%isl A
51 0.012 |0.001 700 1 696 24.6
52 0.012 |0.001 700 5 450 24.6
53 0.012 |0.002 700 10 364 24.8
54 0.013 |0.001 700 130 425 25.0
55 0.011  {0.001 700 60 | 294 24.2
56 0.014 |0.001 700" 120 294 25.7
57 0.014 |0.002 740 | 1 510 23.8
58 . 0.011  }0.001 - 740 5 294 22.6
59 0.012  |0.001 | 740 10 348 123.8
60 0.011 |0.000 740 30 403 22.2
61 0.011 |0.001 = | 740 60 332 22.6

62 0.010  |0.002 740 1120 403 21.3
63 0.013  |0.000 780 1 450 23.2
64 0.012 |0.001 780 5 383 23.0
65 0.012 |0.001 | 780 10 425 23.0
66 0.011  |0.001 780 30 273 24.2
67 0.014 |0.002 | 780 60 283 23.8
68 0.010 |0.001 | 780 120 383 21.4-
69 0.012  [0.001 | 720 10 510 22.6
70 0.010  |0.001 750 10 450 22.2
71 0.011  {0.002 800 10 383 23.4

-
72 0.006  |0.000 720 - - 24.2
73* 0.007 [0.001 | 720 - - 25.8
74°*  |o0.006 [0.001 | 720 - - 40.6
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'ETIAL-7 aluminum is used in samples (1-26,39-42A,51-71)
x ETIAL-5 aluminum is used in samples (27-32,43-46B)

xx ETIAL-60 aluminum is used in samples (33-38, 47-503)

The samples (1-50A) are inoculated with mester alloy (17)

which has block-like allmd.nides“(AléTi) , and the samples (51-71) are
inoc_:ulated with master alloy (18) containing flake-like aluninides (Al3Ti) .
The samples (72-74) are cast without the addition of master alloy. .

All of the samples are quenched in steel mold inserted in water.




73

5.3 Metallographic Examination

5.3.1. Metallography Of The Master Alloys

The-chiiied test samplés were cﬁt 1ongi£udinaiiy'from
half pért.'On meqhqnical polishing, emery papers of increasing
fineness were used and this was folloWed'bQ polishing with
alﬁmina_paste;-washing‘in Qater, and finaliy drying in a steam
of air. The diluted hydroflouric aéid (0.5 ¢ HF) waé used as
- the etching reagent. Finally,athe microstructures of ﬁhe master

' alloys were investigatédAin detail under an bpticallmicroscope}

and the micfophotographs were taken by using a camera (See

Figure 23).
- 5.3.2 Metallography Of Castings Inoculated With Tibor

The chilled castings (-500 g.-samples)-were cut horizontally
. from the half part and carefully ground and polished. After
careful.polishing process, macro‘etching was carried out with

the mixture of various diluted acids with following compositions:

Hydrochloric acid (HCL)

- 60 2
Nitric acid (HNO4) - = 30 %
= 5%

Hydroflouric acid

- o\

Water (H20) | = 5
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Finally, the macrostructures of the castings were investigated
in detail under on optical mi:roécoPe,.and the photographs
of the grain structures were taken in natufalbsize scala.

(Figure 41-43). .

After the macro etching of the castings, micro etching’
was carried out for miéroscopic examination.of the grain
structure. Small parts were cut from the horizéntél half part
of the chilled castings (See Figure 30). Ail of the specimens
| r”‘_“‘\ o ‘were subjected to wet grinding
- on Knuth-Rotor ihstrument‘up to
gfain‘lZOO. Specimen surfaces
of 1 cm2 were polished

electrolytically for subsegquent

anodic etching. This is the method
‘\~___—J stated by L.J. Barker |15 |for re-

Figure30- Specimen for . velation of the structure: By

microetching (Shaded area). znodic oiidation in an agueous
solution of boron fluoride acid,
'.an‘optically‘anisotropic oxide’
layer is formed on the surface
of the specimen.
The combihation.of an electrolytic polishing process
and electrolytic etching described below significantly reduces

the time required for the precaration of a specimen.

After the wet grinding of the specimens,electropolishing

‘was performed. Typical condizions for electropolishing are
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‘as follows!15].

Electrolyte : 62 ml perchloric acid (70 &) 700 ml
ethanol, 100m1"2—butoxyethanol (also known as butly'cellosolve'

and ethylene glycol monobutly ether) 137 ml distilled water.

Current density : 3.85 amp. per séuare centimeter

{about 40 Vv dc),.(Specimen is anode) -
- Time : 20 sec

Remarks : Rinse in warm water, dry in warm air. To
~prevent or minimize overheating of the'specimen, polish in
10sec. intervals, allowing it to cool dufing_“off" perioas; .

After the electropolishing of the specimens,electroefching

vwas performed with exchanging of électrolyte. The electrolyte
used for etching and anodizing respectivé1ly consists of
’bofon fluoride acide (HBF4) and distilled water mixed in the
portion 1:20. Approximéte working temperatu:eé of the
electrolytes a?e 18-20°C. By continuous operation heat is
generated, but this may be avoided by connecting the cooling
hoses incorporated in the polishing table‘to a suitable cooling,
liquid supply {(water was used).'Typicai eleétroetching condi-

tions are as follows :

Electrolyte : Boron fluoride acide (HBF4) and distilledA
‘water mixed in the‘p:oportion_lizo.
Voltage (V) : 10~15 V dc. -
Tire i 90 sec |For 99.7 % Al|
| B 120 sec lfor.99.5 $ Al and Etial 60 Al]

Flow sething : 6 7
Polishing Grade : 4
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Remarks': After etching, the specimen is rinsed in
running water and then drled The spec1men surface should not.

be dried by w1p1ng as thlS may damage the oxide layer formed
by etching.
After ege\electropolishing'and eiectroetching processes,
» microscopie examination was‘performed by using,polarised liéht,n
and mirophotographs of the grain structure of the specimene

were taken.

" After taking the micfophotographs of the specimens,

average grain sizes were measﬁred by using "Lineal Intercept

(or Heyn) method"|[16|. In this method,-estimetion of the
grain size is performed.by counting the number of grains
1ntercepted by one or more stralght Lines sufficiently long
to yleld at least 50 1ntercepts. It is often desirable to ' G
select a combination of test llne length and magnification |
such that a singie test will yield approximately 50 intercepts._}
One such test will nominally aliow estimaﬁion of grain size
to the nearest whole ASTM size number, at the location tested.
. Additional lines; in a predetermined arfay, should be counted

to obtain the precision required. This method explained above

is called "Lineal Intercept (or Heyn) Methogd".

An "Intercept" is a segment of test line overlaying
oﬂe grain. An "intersection" is-a\point where a test line is
cut by a grain boundary. When counting intercepts, at the end .

of a test line which penetrates into a grain are scored as
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half 1ntercepts. When countlng intersections, the end p01nts
of a test line are not 1ntersectlons and are not counted
except when the end appears to exactly touch a grain boundary,
- when'l/2 intersecfion shouid be scored. A tangential intersec-
tion with a :grain boundary.should be scored as 1 inﬁerseétion.
»An intefsection_appa:ently coinciding with the junction'ofr

3 grains Should be scored as 1 1/2. With irregular gfain
shapes, the test line may generate two interseétioﬁs.with
different parts of the same grain, together wiéh a third
intersection with thé intruding gfain.»The two additional

intersections are to be counted.

Average grain sizes of the castings obtained by using

HeYn Method are given in Table VII.
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' 5.4 Tension Tests R

'The tést bars, which_were“removed.from the mid slices
}provided~by l&teral sectioning ofiingots,‘we:e machined dowh,
to the £en$ionvtest sbecimens»and subseéuently pélished té
prevent the probable surface defects produced dﬁring machining
(see Figqure 31l.(a)and 3l(b».bTension tests were pérformed at
room temperature and tensile testing machine was used dﬁring
utenéién tests. The dimensions of the test specimen are given

in Figure 32 |17].

2cm

SPECIMEN

b etm
TEST BAR

MID INGOT SLICE

TENSION

(

7 ¢cm

(a) , o (b)

Figure 31- Test specimens obtained from ingot castings.

{a) Vertically cut (b) Horizontally cut
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- Figure 32- Dimensions of the circular section test specimen

|17].

’ mm
GFGage leﬁgth . 25.0 + 0.10
"D-Diameter ‘ . : : 6.25 = 0.12
R-Radius of fillet | » . 5
A—Length of reductibn section : 32
B-Length of end section — _ S 12
C;Diameter of ehd section ' . : 11.25
E-Length of fillét'sectiOn | | ': 4,33

L-Over-all Length = . 64.66
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5.5 Hardness Tests

Vlckers-Brlnell hardness—tester (Flgure 22) was used
durlng tests. Brlnell hardness numbers of the specimens were
: measured at 31.5 kg load_w1th‘2.5 mm,ball dlameter (Table VII).
Vickers hardness numbefs of the specimehs (33-38,74) were

measured at 10 kg load (Table IX).

Specimens for hardness tests were obtained from the
mid slices of the laferally sectioned ingots (Figure‘3l b).
The specimen surfaces were machined to provide parallel surface

for correct testing.

The Brlnell.lmmdness number (BHN) is expressed as the.
load P divided by the surface area of the indentation. Thls is

expressed by the formula,

2.2
BHN = P/ (7D;/2) (Dy- ¥D1-d% )
where P = applied load, kg
Dl = diameter of ball, mm
d = diameter of indentation, mm

I+ will be noticed that the units of the BHN are kilograms

‘per square milimeter.

vThe Vickers hardness test uses a square base diamond
pyramid as indenter and Vickers Hardness Number (VHN) is

defined as the load divided by the surface areaIOf the
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_indentation which ‘is calculated. from microscopic measurements

0f the lengths of the diagonals of the impression.

| 2° “ |
VHN = 1.854 pP/1, where. . P = employed load, kg

. L = (dlfdz)/z ‘
' di = diagonal Length
d, = second diagonal length

5.6 Experimental Results

5.6.1 Results of Metallographic Examination

a- Microstructures of the master alloys

Figufe 33 shows the microstructure &f master alloy 18
that is prepared byfthe'simultaneous addition of the salts
(R,TiF . and KBF4) into the molten aluminum (BTiAL—7) at 900°C
ana is stirred wifh a gfaphite‘rod for 10 minutes. The master
alloy‘18 is then carefully removed from the furnace,placed in
a hole (just adequate for the mold) in an adxxtosAand allowgd
to cool. In this way a reproducible cooling rate of -0.60 Ks'-1
is obtained. Master'alloy 18 obtained undef thésé conditions
shows the long needle-like aluminide (A13Ti) particles interior

of the grain, and boride particles (AlBZ, TiBz) located at

the grain boundaries.
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Figure 33- Mlcrostructure of master alloy 18 magnlflcatlon
165 X, 10 mlnutes stlrrlng'tlme, 900 C castlng

tempetature, ~0.60 Ks B cooling rate.

Figﬁre 34 shows theAmicrooﬁruoture of.master ailoy 3'thattis»
prepared by-the simultahéous addition of the salts (K,TiF,
andIKBF4) into the molten aluminum (ETIAL 7).at 900°C and is
stirred with a,graphite rod for 10 minutes. The master alloy
3 'is then carofully.removed'from_the furnace, placed in a
hole (just adequate for the mold) ingo‘firebrick and'allowed
to cool. In this way a reproducible cooling rate of 0.65°ks ™t
is obtained; Master alloy 3 obtained under these conditiens
shows flake—llke aluminide cry*als interior of the grain, and
boride particles (Ale, T1B ) located at the cell boundaries.

Flake like aluminide crytals, of the master alloy 3 is shorter

than the flake-like aluminide crytals of the master alloy 18.




Figure 34- Mlcrostructure of the master alloy 3, magnlflcatlon
165 X ‘10 mlnutes stlrrlng tlme, 900 C castlng

- temperature,~0.65 KS'l cooling rate.

Figure 35 shows the microstructure of master alloy 4 which is
-prepared by the simultaneous addition offthe saits into the |
molten alumlnum (Etlal 7) at 900°C and. is stlrred with a
graphlte rod for lO mlnutes. The master alloy 4 is then
"carefully removed from the furnace, poured into a steel mold
‘and allowed toAcool. In this»way high cooling rate is obtained.
Mastér'alloy 4hohtained under_these conditions contains emall
well- dlspersed boride particles and short, thln aluminide

partlcles distributed throughout an alumlnum matrix.
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Figure 35- Microstructure of master alloy 4, magnification 165X 10
‘minutes stirring time, 900°C casting temperature, solidifica- |

“tion in steel mold.
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Figure.36-shbws_the miérostructufe of: master alloy 6
which.is prepéfed by the Simultqheous;addition of ﬁhe salfs
into the molten aluminum (Etizl-7) at 900°C and is stirred
wiﬁh a graphite.rod for 4 ﬁinu£é§} The mastér‘alloy é is then
Carefully_:émoVed‘from then furnace, pla¢ed in a hole (just
adequaté for the mold) in<a.firebrick éhd allqﬁed_to cooi
with ﬁhe_cOoling rate 6f 0;65.0Ks-l. Aluminide,particles have
'a'neédle like,apbearance, Eut aie teaily plates, as can be |

seen in the iowei‘right—hand corner of the Figure 36.

Figure 36- Microstrtcture of master alloy 6,omagnif%cation
165x,4 minutes stirring time,-900-C casting
temperature, .0.gz °Ks — cooling rate.
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Figure 37- A typical mitrostructmre in master alloy where
salts are added at high temperature (900°) .
(Etching is performed electrolytically)

A typical microstructure in master alloy containing
flake like aluminide particles is shown in Ficure 37. The
other microstructure photographs of the Flake-like master

alloys obtained in the present study are given in appendix ;

The microstructure of master alloy 17 is shown in Figure
38. It is prepared by the simultaneous addition of the salts
into ‘the molten aluminumr(ETIAL-7) at low temperature of
SOOOC and is stirred with graphite rod for 9 minutes. It is

then carefully removed from the furnace,placed in a hole (just

adequate for the mold) in an asbestos and allowed to cool

with the cooling rate of 0.600Ks-1. Master alloy 17 obtained

under these conditions shows the block-like aluminide (A13Ti)
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particles and the small boride particles located mainly at
the cell boundaries. Block-like aliminide particles are smaller

and more compact than the flake-like ones.

Figure 38- Microstructure of master alloy 17, magnification

165x,9 minutes stirring time, 800°c casting

'

temperature, 0.60°Ks ~ cooling rate.

Figure 39 shows the microstructure of master alloy 12 which
is prepared by the simultaneous addition of the salts into
the molten aluminum (Etial-7) at 800°C and is stirred with

a graphite rod for 9 minutes. It is then carefully removed
from the furnace, placed in a hole (just adeguate for the
mold) in a firebrick and allowed to cool with the cooling
rate of 0.650Ks-l. Master alloy 12 obtained under these con-
ditions shows the block-like aluminide particles and the

small boride particles located mainly at the cell boundaries.
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Block-like aluminide particles of the master alloy 12 are |

smaller than the aluminide particles of the master alloy 17.

Figure 39- Microstructure of master alloy 12 magnification
165 x,9 minutes stirring time, 800°c casting
temperature 0.65°Ks_l cooling rate.

The other microstructure photographs of the block-like master
alloys obtained in the present study are given in appendix.
Figure 40 shows the microstructure of the master alloy which
is imported from the Kawecki Billiton Company. This master
alloy contains small well-dispersed T132 particles and larger

TiAl3 particles distrubuted throughout an aluminum matrix.
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Figure 40- Microstructure of the imported master alloy
containing block-like aluminide particles,

Magnification 165 X .

b- Macrostructures of The Castings Inoculated With Master

Alloys

Figure 41<a)shows the macrostructure of the sample 72
which is cast without the addition of master alloy into the
Etial-7 aluminum at 720°C. There are columnar grains near
the mold wall and are coarse equiaxed grains at the center

of the ingot.
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Figure 41+b)shows £he macrostructﬁre of the'samplé.9
Which:is'éaéﬁ“With‘the addition of the mésterhélloy=l7 intp
ﬁheAEtial-7'aluminum at 740°C £emberaturé'fdr lb minuteé__
hé;ding(timé. The effecﬁ'pf_inopulation'with maéﬁer alloy 17
is~obsérved in tﬁis Figure 4lﬂb)nTheré‘afe chplétely fine
egﬁiaxed grains throughout‘the ingot. As ﬁhe hbiding time
liﬁdfeases the siée‘of_ﬁhe eQuiaxed gréins inéreaSes andvnear
the mold wall small-columnar'éréins form as shown in Figurg

41(c) for 120 minutes holding time at 740°C.

(a)

(b)
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: Fiéure 41- Macrestructures of the ﬁtial—7 castings;

T maghification 0.9 X, . '
(a)Samble 72 is cast without'master alloy additionjy’
(b)Sample 9 is cast with'the addition of master
alloy 17 at 740 c, 10 mlnutes holdlng time ;
(c)Sample 12 is cast w1th the addition of master

alloy 17 at 740 C, 120 min. holdlng tlme

The macrestructures of the Etial-5 castings are'sh¢wn in
Flgure 42, Figure 424a)shows the sample 73 Wﬁich is cast
w1thout the addltlon of master alloy 1nto the Etlal 5 alumlnum
at 720° C There are columnar gralns near the mold wall and

are mainly‘coarse equiaxed grains at the center of ingot.




Figure 42-
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Macrostructures of the Etial-5:castings, magnifica-

-tion 0.9Xf(a} Sample 73 is cast without master

alloy addition ; (b} Sample 29 is cast with the
addition of master alloy 17 at 720°C, 10 minutes
holding time ;(c} Sample 32 is cast w1th the
addition of master alloy 17 at 720 °c, 120 min
holdlng time. :
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‘ Figure.42(b) shows'the macrostructure of the.sample 29 which
is cast wit th the addltlon of the master alloy 17 into the
~_Etial-5 alumlnum at 720 C temperature for lO mlnutes holdlng
tlme. There are completely fine equlaxed gralns throughout
'the 1ngot The macrostructure of sample 32 cast w1th the
zaddltlon of the master alloy l7 into the Etial- 5 alumlnum at .
'720,C temperature for 120 mlnutes holdlng tlme is shown in |
Figure 42 (c). The sample 32 has larger equlaxed grains than

the sample 29 due to 1ncrea51ng holdlng time.’

The macrostructures of the Etlal 60 castings are shown in
Flgure 43. Flgure 43 (a) shows the sample 74 which is cast
w1thout the addltlon of master_alloy at 720 C. There are
partially columnar grains, the lengths of which are smaller
, than the lengths of the Etlal -5 alumlnum, and are course
equlaxed grains at the center of the ingot. Flgure 43 (b)
_shows the sample 35 cast with the.addition of the master alloy
17 into Etial—GO'aluminum at 720°C temperature for iO minutes -
holdlng tl e . From the Figure 43(b) completely very fine
equlaxed grainsrare seen throughOut the ingot. The size of the
equiaxed:grains in Etial-60 castings_is'smaller than the others
(Etial-5 and Etial-7). The finest equiaxed grains are obtained
by inoculating the Etial-60 aluminum at 720°C temperature with
10 minutes holding time. The 51ze;of the equlaxed grain
increases with increasing holdlng time, Flgure 43(c) shows the
macrostruczure of the sample 38 cast by the 1nocu1atlon of
master alloyv 17 at 720°C-temperature‘for120 minutes holding

time There are greater equlaxed gralns than the sample 35

throughout the ingot.
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ure 43-

(b)

Macrostructures of the Etlal -60 castlngs,

magnification 0.9X ,(a) Sample 74 is cast w1thout
master alloy additionj ;(b) Sample 35 1s cast with
the addition of master alloy 17 at 720°C, 10
minutes holding time ;

€ ) sample 38 ‘is cast with the addition of master
alloy 17 at 720°C, 120 minutes holding time:
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c- Microstructures Of The Castings Inoculated With Master

Alloys

Figure 44 (a) shows the microstructure of an alloy Etial-

~

7 ingot cast without addition of a master alloy ; this ingot
has a fine dentrite spacing and narrow columnar grains. By
contrast, in Figure44(b) which shows a section from an alloy
Etial-7 ingot cast with the addition of master alloy 17 at
720 C for 10 minutes holding time, the dentrite structure is

somewhat coarser but the grains are much smaller and are

equiaxed.

Figure 44- Microstructures of the Etial-7 Castings, magnifica-
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tion 40.5X (a) Sample 72 is cast without addition of master
master alloy;b) Sample 19 is cast with the adéition of master

alloy 17 at 720°C, 10 minutes holding time.

Figure 45(a) shows the microstructure of an alloy Etial-5

ingot cast without addition of a master alloy ; this ingot

has a fine dentrite spacing and narrow, long columnar grains.
ﬁy contrast, in Figured45(b) which shows a section from an

alloy Etial-5 ingot cast with the addition of master alloy

17 at 720.C for 10 minutes holding time, the dentrite structure

is somewhat coarser but the grains are much smaller and ‘are

equiaxed.

(a)
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Figure 45- Microstructures of the Etial-5 Castings, magnifica-
tion 40.5X (a) Sample 73 is cast without addition
of master alloy;(b) Sample 29 is cast with the

addition of master alloy 17 at 720°C, 10 minutes

holding time.

Figure 46-(a) shows the microstructure of an alloy Etial-60
ingot cast without éddition of a master alloy ; this ingot
has a fine dendrite spacing but wide columnar grains. By
contrast, in Figure46(b)rwhich shows a section from an alloy
Etial-60 ingot cast with the addition of master alloy 17 at
720°C temperature for 10 minutes holding time, the dentrite

structure is somewhat coarser but the grains are much smaller

and are equiaxed.
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Figure 46- Micrbstructufes of the Etial-60 castings, . -:
‘ magnification 40.5% (ay Sample 74 is cast without
addition of master. a110y (b Sample 35 is cast
with the addition of master alloy 17 at 720 C,
. - 10. mlnutes holdlng time.

After #he estimation_of“the average graih sizes by using
Heyn method{ grain refining curvés are plotfed.bThé grain
sizes which are given in Tablé VII are plétted againSt holdihg
time. The effects of various paramétefs of grain refining
efficiency,_such as temperature, other alloying eleménts and

type of master alloys are investigated in detail.

Figure_47'shoﬁs the effect ofrholding time on grain
refining performance of the master alloy 17, containing block—‘
like aluminide particles, added into Etial-? aluminum castings
with the addition ratebf approximately 0.01 % Ti. From the
éréin refining curves of the inoculated castings, these are
observed ; aftef addition of the grainrrefiner, the grain.
sizé initially'décreases with holding timé,.;eaching a minimumr
(the ultimate grain.size), after this,further holding increaSes
grain-size. Maximum improvement in grain sige is obtained -
 approximately at 10 min holding time. In the Figure 47-(b)
and (c), the grain.refining curves show humps. These humps

‘may lay out due to experimental or measurement errors.
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Figure 47-
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Figure 48 shows the effect of holding time on gréin ?efiniﬁg
performance of the master alloy 17, containing block-like
aluminide particles, added into Etial-5 and’ Et‘ialv-GOI aluminum.
castings at 720 C with the addition rate of'apébximatelly

0.01 % Ti. The grain refining curve bélonging to Etial-5
‘aluminum castings is shown in Figure 48(a). From this figure,‘
after the addition of master alioy‘l7, thé grain sizejinitially

decreases with holding time, reaching a minimum at 30 minutes,.

_after this, grain-size increases rapidly with increasing

holding time. The grain refining curve of Etial-60 aluminum -
castings is shown in Figure48(b). From this figure, after the

addition»of the grain refiner, the'grain-siée initially .

decreases'with_holdingAtime,‘a minimum at 10 minutes, after

this holding gives increasing grain-size.

N
] [ 1t 1 100 | 1 1 L 11
im 5m10m30mih 2h 6h ' im 5m 10m30mi1h 2h  6h
HOLDING TIME : ' HOLDIP(\I‘;)TIME

(a)

i - Effect o .. :
Figure 48 of the master alloy 17, containing block-like

aluminide particles,added into molten aluminum

f holding time on grain refining performance

at 720°C with the addition rate of apgroximatellyo,01:

(a) Etial-5 castings ;(b) Etial-60 castings
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?igure 49 shows the effect of holding time on grain refiﬁing:
- performance of the master alloy 18, contéining.fiake-iike
‘aluminide particles,'added into Etial-7 aluminuﬁ'éastings
with fhe-addition rate of approximately 0.01 % Ti. Figure 49(aX
~ shows the grain refining curve of Etial-7 castings inoculéfed
with master alloy 18 at 700 C. From this Figure, afterjthe
addition of master alloy, the grain size decreases continuously
with holding time, and shows a hump at 30 mingtes, affer this,
further holding gives decreasing grain-size..Figure49(b) shows
the grain refining curve of Etial-7 casﬁings inoculated with
master alloy 18 at 740 C. After thé addition of master alloy,
the grain size decreases rapidly with holding time, it begins ;
- to increase after 5 minutes to 30'minu£es-and then»grain size
decreases with holding time and after 60 minutes holding time,
the é&ain size again increasés with inreasing holding time.
‘Finally, figure49(c) shows the grain refining curve 6f Etial-7
castings inéculated with master alloy 18 at 780 C. Froﬁ this
figure, after additioh of the master.ailoy, the grain Size
decreases contihuously~with'hblding time, and shows a hump

at 10 minutes holding time, aﬁter.this, grain size decreases
rapidly with holding time, reaching a minimum (the ultimate
grain size) at 30 min holding time. After‘30.min holding fime,
further hLolding increases grain—size. From fhe grain refining
curves o= ﬁhe.Etia1-7 castings inoculated by master alloy 18
coﬁtaining flake-like aluminide particles‘show maximum »

improvements in grain size with increasing holding time.
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Figure 49- Effect of holding time on grain refining performance
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the addition rate of approx1mately 0 01 % Ti.
(a) at 700°C xb)at 740°C i () at 780°¢C

of the master alloy 18, containing flake-like aluminid
particles, added into Etial-7 aluminum castings with
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‘Figure'SO shows the>effeet of alloy'comﬁositién on.grain
refining performance of the master‘ailoy 17, containing
block-like'aluminide particies,‘added into ingots with the .
addition rate of approximatelyVO;Ol & Ti at 720_C.'Maximum
grain refinement is obtained by using Etialf6OIaIUminum alloy
the composition of which is given in Table ¥ . The grain
refinementbef Etial-Sraluminum-casfings is more successful

than Etial-7 aluminum castings.
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Figure 50- Effect of alloy composition on grain refining
performance of the master alloy 17, containing
block-like aluminide particles, added into ingots
with the addition rate of approx1mately 0.01 & Ti
at 720°cC.
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Etial-7 aluminum alloy

[ . Etial-5 aluminum alloy
beeesseen «. _Etial-60 aluminum alloy

Figure-Sl'shows the effect of»tempera£ure on grain refining
.perforﬁanée of the master alloy 17, containing bléck-like
"aluﬁinide particles, added in Etial-7 aluminum ingots with

the addition rate of approximately 0.01 & Ti at different
tempe:atures; After adéition_of the grain refinef, the grain
éize initially deéreases_withbholding time, reaching a minimum
at approximately 10 mih. , at different temperatures’(700°C,

| 720°c, 740°c. and 780°C),after this, grain size increases

. rapidly with increasing holding time, especially at 780°C.
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Figure 51- Effect of temperature on grain refining performance
- of the master alloy 17, containing block-like’
aluminide particles, added into Etial-7 aluminum
ingots with the additon rate of approximately
0.01 & Ti. "
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F;gure_52 shows the effect'of‘tempereture on grain refining
'performance of the master alloy 18, confaining flake-1like
aluminide particles,‘adéed into Etial-7 aluminum,ingofe with
_the-addifon.:ate;of approximately 0.01 % Ti at different
temperatures. After addition-of the grain>refiner, the grein
size contlnously decreases w1th holdlng time at 700°C. For

the temperature of 740 C and 780° C, the grain size initially
deqreases with'holding_time, reaching. a minimum at one hour
(for 7460C)'end at 30 min.,(for 780°C), after this, greiﬁ size

increases rapidly with increasiné holding time.
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Figure 52- Effect of temperature on grain refining performance
of the master alloy 18, containing flake-like
aluminide particles, added into Etial- 7 aluminum
ingots with the addition rate of approximately 0.01%"
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Figure 53 shows the effecttéf'alloy éoméosition on grain

. refining performance bf 5/1 TIBAL mastertalloy éroduced,byv
London and chndinavian Metallqrgical Co Limitéd in‘England;
This master allby‘is addeé'iﬁto'min‘99.7 % Al“corresbonding
to Etial-7 aluminum allpy andﬁailoy'60§3 corresponding to.
Etial-60 aluminum alloy at 720°C with the addition rate of
0.01 % Ti. After addition of the.grain refiner, grain-size
initially décreases with ﬁolding time, reéching a minimum at
'~ approximately 10 min holding tiﬁe, after this, grain size
increases w1th 1ncrea51ng holdlng tlme for both of the alloys
~(6063 and 99.7 % Al). From the figure, the grain refinement

of alloy 6063 is more succesful than min 99.7 % Al alloy.
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Figure 53- Effect of alloy composition on grain ‘refining t

: performance of 5/1 TiBAL master alloy, containing
block-like aluminide particles, added into alloy
6063 and min 99.7 % Al 1ngots with the addition
rate of 0.01 % Ti at 720°C .
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.~ Figure 54- Comparison of the grain refining performance of
the master alloys. o

-——=-- Etial-7 alloy Results obtained in this
———— Etial-60 alloy  Study _ ‘
MIN. 99.7 8 Al Results obtained by 1SM (London &

eeev.. Alloy 6063 Scandinavidn Metallurgical co limit¢

The comparison of grain>refiniﬁg performance between master
alldy obtaingd inkthié study and master alloy obtaiped by the
previous workers'is shown in Figure 54. The grain refinement
improvement of the 99.7 % aluminum castings by usihg‘the master
alloy 17 produced in this study is’lessﬁthén the master alloy
produced byrthe previous workers. The element contents included
ih}O.B pct of the 99.7 % aluminum used by previous workers: for

testing the grain refining pefformance of master alloy are

not published. The difference between chemical compbsitions
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pf the commercially puregéluminum ﬁay be the réason'for
différence in grainfsiies between tﬁe‘breséﬁt stﬁdy-and
previbus studiés; | o
| ‘?his}unknbwn'portion-of aluminum used.by -t

- the other.workefs méy increase the nucleation rate causihg
'.graih refineménf.,The differences may also be due to the
expérimental'br measurementAtechiques. In the present study,
grain size measurements are performed near the mold wall due
to preparation.of tensile test specimen from the center region
of the ingot. Grain size generally beginsvto increase near
the mold wall for 99.7 % aluminum ingots. this may be the
cause for,the'greater grgin size in the'?resént,study than

the previous studies.
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For the Etial-60 aluminum alloy inoculated with the

master alloy 17 containing block-like aluminide barticles

‘and without inoculation, seven tension tests were performed

by loading the specimeh7monotonically'until“failure.‘During

- loading the load vs. displacement was recorded graphically.

.The results obtained from tension tests are given in Table VIII.

TABLE VII- ULTIMATE TENSILE STRENGTH, YIELD STRENGTH AND %

ELONGATION DATA FOR ETIAL-60 CASTINGS -

&m@le

Casting Holding| = UTS YS % Elongation| Average
| Nuber Temperatﬁre Time (MPa) | (MPa) Grain Size

(°c) _ (Min) (um)

74 - 720 - 130.4 | 17.1 14.4 -
33 720 150.9 | 39.2 32 237
34 720 5 '157.9 | 36.7 28 172
35 720 10 163.8 | 61.8 24 140
36 720 30 155.9 | 53.9 25.6 160
37 720 60 154.9 | 45.1 28.4 200
38 720 120 154" |31.4 29.6 223

Figure 55- shows the load-elongation anﬁ étress—strain curve

of the sample"74TWhiCh is cast without the addition of master

alloy at 720°C.
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stress-strain curve”bf the sample 35 ﬁhich is casﬁ with the
addition ’of_ master alloy 17, containing block-like aluminide
'*'particles,,at'7299C: for 10 ﬁip holding time is'shéwnﬁiﬁ | |
 Fi§ﬁre 5§;iThéjiﬁprovehents in-thé sfféhgthfbrdpérties:indiéate
-fthe”éffectS-éf master alloy‘additiOh on the Etial-60 aluminum
alloy ingots; Stress-strain Curves of fhe other samples are
| given in appendix. Yield and ultimaté tensile stress of
Etial-GO aluminum;castings as_a‘function of - the éréin size are

shown.in Figure 57.
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Figure 57- Yield ané Ultimate Tensile stress of Etial-60
aluminum castings as a function of the grain size.

From the Figure 57,ultimate Tensile Stress and Yield Stress of
- the Etial-60 aluminum éastings show in;reasing tendency with
aecreasing'grain size. The determination of the yiéld strength
of the specimené is quite tedious, and dependent on £he
sensitiviéy of the tension test instrument. Because of this

reason the yield strengfh data obtained in the study does not -

indicate a high accuracy.
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5.6.31.Results.of The Hardness Tests

Seventy-eight hardness tests were'ﬁerformed for eécﬁ

. group of alloys inoculated with master 5110ys_containing block-
1ike and»flake—like-aluminides, and three hardness tests were
‘made for each group of alloys (ETIAL-7, ETIAL-5,ETIAL-60)
which were not inoculated with master alloy. The résults of

the BHN tests are ¢iven in Table VII.

Secondly, seven hardness tests were carried out for the
Etial-60 aluminum'castings inoculated by the master alloy 17
containing block-like aluminide particles. The results of the

'VHN tests of the seven specimens are given in Table IX

TABLE IX- Vickers Hardness Test Results at 10 kg. Load

Sample | Concentration Casting - Holding Hardness ]
Nurber | Wt % Ti| Wt & B Temp. . Time VAN
Cc) | (4in) (kg /)
74 0.006 | 0.001 | - 720 = 39.7
33 0.015 0.002 | 720 1 | 436
34 0.018 : | 0.003 720 5 | 430
35 [ 0.021 | 0.003 720 10 43.1
36 0.014 | 0.002 720 - 30 41.4
37 {.0.016 0.002 | 720 - 60 41.0
38 0.017. 0.004 720 120 ' 40.5
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VI, DISCUSSION

6.1 On the Master Alloys and Castings

Metallographic’ éxamination of the master alloys showed
that the boride (TiB»ALB,) particles Qere locéfed mainly at £he
cell'boundaries. The.siZéidistributionAand the morphology of
the particleS»wére indépendent of the formation témpérature
(800°, 850° or 900°C). Boride particles of the master alloy 18
_iﬁtq which the salts of K,TiFg and KBFy weré added at high  tem-
_peraturé (QOOOC) were locaﬂed completely at the.ceil boundafies
(Figure 33). Although the master alloy 17:were prepéred by
~adding the salts at 1ow'temperature (800?C), again the boride
particles were located mainly at the cell boundaries (Figure 38).
While the sizé andvmorphology'of the boride particles seem to
vary very iittle, Aluminide (A13Ti) particles can exhibit di-

fferent morphologies and show a marked variation ‘in size.

~

' - Aluminide particles, in the master alloys where the salts
of KzTiFG'and KBF, were added at high temperature (90000),have
a-needle—likeiappearance (Figures 33-37). Aluminide particles'
formed at a high temperéture, low supersaturation and moderate

1

cooling rates (0.60 “Ks~ or 0.65°ks™Y) have a needle-like

appearance, but are really plates as shown in the lower rihgt-
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‘hand eorner.of the Figure 36. These particles having a needle-
like appearance are called "Flake-like" crystals;’At these
conditions, the growth is controlled by’long—range diffusion
and is dentritic IS[, The ‘dentrite arms grow in K110% direct-

ions.lGrowth is restricted inthe- [001] direction, so the
crystals are almost two dimensional; but‘a new layer occasi-
onally cap.aucleate on»t?e_(ooi) plane, This second 1ayer has
the same growth behaviourras the first one. The flake—like
Al3Ti particles forming ih the ﬁaster alloys proauced at the
present study are tYpieaily sized about 50-200 microns in
length.

_Alumiﬁide particles, in the maeter alloys where the salts
of KéTiFs andiKBF4 are added”at iow temperature (800°cC) , have
a block-1like appearance and are more compact than the fiake—
like particles and are also smaller as shown in Figures 38
and 39. At»’ﬁh‘e conditions of low temper‘a\ture- _(8000C),vhighb

_supersaturation and moderate cooling ra#es (0.60°Ks-l or

0;650Ks-l), frequent'nueleation ef hewllayers of the aluminides
on the {001} planes can bccur.’When‘a layer nucleates; it begins
to spread by 1ateral advancerof the step bounding the layer.
Nucleated layers.can net grow continﬁously due to the decreasing
temperature; Because of these reasons, block-1like particles |
show well develoéed {001} and {011} surfaces and are smaller

and are more compact than the flake-like ones. The size .of the
‘block-like particles increasee with decreasiﬁg.cooling rate.
This is shown in Figures 38 ahd 39. Master alloy 17 shown in

Figure 38 is chilled with the cooling rate of 0.60 OKs_l and

master alloy 12 shown in Figure 39 is chilled with the cooling
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rate of 0.65 ksl Master alloy 17 has greater black-like
' particles than the master alloy 12 since the particles of
master alloy 17 are hold a long time by means of the low
cooling rate for Qrowth. The bieck4like particles in the
master ;1loys produced in the present study are typically

sized about 6-60 microns in length.

The addition of the master alloy 17 containihg blocky
Al3Ti crystals éives aAbetter grain.refinement after a short
contact time than the addition of the master alloy 18 contaf‘
ining the flake-like Ai3Ti crystals. The'graih refinement
decreases with‘increasing contact time when AL-Ti-B master al-
loy 17 containing blocky aluminide particles is_used (Figure
47) . The grain refinement improves with increasing contact
time Wheh ternary AL—Ti¥B masfer alloy 18 containing flake-

like aluminide particles is used as shown in Figure 49.

Since blOck-like aluminide particles‘are.more compact
and smaller than the flake—like4ones, the block—liké aluminide
particles dissolve more readily thaﬁ the_flake-like‘ones. If
the tefnary AI-Ti-B master alloy 17 containing blocky Al3Ti
crystals is held for a prolonged contact.time, there would be
a deéreasing number of surviving Al3Ti crystals, and conse-
quentiy fewer nucleétingisites. Because of decreasing nucle-
ating sites, fading in grainirefinement océgrs with increasing
bholding>time. » : , |

Ternary AL-Ti-B rmaster alloy 18 containing flake-1like AléTl
particles gi&es a better grain refinement with increaéing con-

tact time when diluted to hypoperitectic composition (the
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addltlon rate of tltanlum is less than 0. 15 wt %Ti). This
1mprovement in graln reflnement is due to the dlSlntegratlon
iof agglomerates of borlde partlcles (T1B2 and A1B2) and alu—'
minide partlcles (A13T1) durlng'me contact time. Because of

increasing nucleating sites, improvement in grain refinement

‘occurs with incréasing‘holding time for the master alloy 18.

The effect of addition temperatures of the master alloys
~added into the castingé must also be considerea in one context
with the effect of'holding time. If the aadition temperature
is very high, aluminide particles dissolve cbmpletely, and

the master alloy‘used loses the grain_refining effect on ther
castings. This is ShOWn'in Figure 51 and 52 that gréin refin-
ement effect'of each master élloy decreases rapidly at high
addition femperatures (740° éﬁd 7800Cj and long ﬁOlding times

(60 min and 120 min).

6.2 On the Relationship Between The Grain-Size and Mechanical

Properties

Thef§ériation of tensile strength, yield strength and 
' elongation, due to the addition of the master alloy.l7, depen-
dingvoh holdihgvtime and casting temperature is seen ffom the
-Stress—étfain curves of the ingots given in Figure 55 and Figure
56 .and the experimenfal data giveh in Table VIII.

: i _ v
As the effects of the master alloy 17 addition in to the

Etial-60 aluminum castings are considered, it is observed that

~ the maximum improvements 25% in tensile_strength and 261% in



119
yield,Strength'are obtained at 10 min. holding time, The
méximﬁm'improVement.122% in elongation is obtzined at 1 min.
.holding time. Experimentalrresults show thét the stréngthAof
castings inoculated by the master alloy increases as‘their.
'éréin sizé is refined (Figure\S?X. This strengthening, which
is generally presﬁﬁed to be dué to the direct influence_of
the grain—sizq’refinément'itself,Vis demonstrated by perfor-.
mingndiffeiént mechanica1~prépertyrmeasurements such as UTS,

YS, % eldngation.and hardness.

Thefe is not any fully developedAtheofy which is quanti-
tative in every detail for the,influence.of grain.size on the
strength. The most advanced theory which has begn proposed
for thé sﬁrength is oﬁe that attributés the influenqe of grain
‘size to the stress ¢oncentrating character of indiﬁidual slip
bands being driven by the shear component of an.applied-stress,;
| 18] . | o

This theory bﬁilﬁ on the no£i6n that the»grain-bbundarieé
of a pOlycrystai'nopmélly act as méjdr barriers to the pfopa—
gation of the,diSiééétion slip and-tWinning processes which
.opérate within the gfain volumes . Oné ofba number of models of
the stresé—éoncentrating'chapacter of a slip band gives a shear
stress (c),‘dependence on‘siip band length or average grain
diameter (D)'fothe form | 18]

-1/2 - !

;'=CO+kSD (1)

where, g5 = the shear stress required to cause slip to occur

i the absence of a grain boundary resistance
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kg = a'measure of the stress concentration which' is
generated at the tip‘of a slip bend. |
':The'yield stress must be achieved withinAvirtually:aU"ef-ﬂﬁ
: grainsrofrthe‘material and on sufficient deformation systems
within eaeh‘grain so that local continuity ofvplastic‘strain
is maintained between grains, during bulk deformation of a
polycrystal. This consideration involves theeceleulation'of
an average orientation faetdr, m,bwhich is wmequired to trans-
form tne operating shear Systems within theegrains onto the
coordinate system of the bulk strain tensor. Because of this
eonsideration,'tne value of ¢ in equathn (llvnas'been rela-
ted to the externall§ applied stress (o)‘td the following

relation

0 = mZ¢g . - FA . (2).

by‘assundngthat each grain within . the polycrystal undergoes
the same,strain as the bulk materiel. Value of m has been
computed for face-centered cubic (FCC) structures as m=3.1

|18

The foregoing description shows that two main ideas are
required to undérstand»even in a simple way the‘pr6cess.ef
plastic yielding in a polycrystalline agéregate.

.é) Internel_shear stress chcentratiQns are necessary for-
individual sllp‘bands to break out of the conflnement presented
by the grainSVSuerunding their own grain Volnme, as represente

in equation (1),
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zb) and these shéar stress must be relatec tothevapplied
stress through consideration of maintaining contindity of
strain'withinlﬁhe'material; as represented.by«equation(Z)f

A combination of equation (1) aﬂd (2) gives»the stress-grain
size relationship [18] . -

¢ =m ¢y + mkg D /2 (3)

.For yielaing,A;Q should be taken as thé resolved shear
stress for plas£ic flow ih a single ctystal unaergoing defor- -
mation on multiple shea; systems. This_sfress is usually
slightly greatér thah the ériticél resolved shear stress for
the onset of plasti¢ flow on ohly-oﬁe déformation system of

a single crystal..

As a result of the tension tests of the aluminum castings
inoculatéd by.the master ‘alloy (17), it is shown that tﬁe |
grain refinement of the ¢astings significantly effects the
ﬁltimate tensile strength (UTS) and yield strengthKYS) proper-
ties. Also, high improvementé in-ductility measurements
(elohgatidn) indicéte the large‘extent,to which the,inoculated
castings can be deforﬁed,without fracture in metalworking
operations'such as rolling and.éxtrusion.

The vafiations of the hardness vaiue of the inoculaﬁed and
not inoculated alloy castings with increasing holding time,
casting temperature, addition réte of fhe‘master alloy, type

of master alloy and the kind of aluminum are shown in Table VII

and IX.
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From the examination of'thoée illustrated data, it is

. bfedicted that some of the inéculated ingbts of ﬁtial-7 and
Etial;GO-aluminum with block-like master alloy 17 or flake—‘
 like master alloy 18, exhibit a“smali improvement in BHN.
Conversely,the decreasing tendency in BHN were,obsefved in
some bf the castings inoculated with master alloys especially
including flake-like particlé% (Table VII, samples,51—7l$.The
increasing tendency-in BHN were observed in Etial-5 éluminﬁm
castings'with thé addition of master alldy (Table VII, samples

43-46B; 27-32).

The BHN of the cast alloys inoculated master alloys were
not systematiéally effecﬁedvby thé incfease in casting tem-
perature, addition rate and holding time. Therslightly‘incre—
ésing tendency in VﬁN Gith'thé addition of master alloY'l7>

was seen ‘in Etial-60 aluminum castings (Table IX.samples 33-38) .

As a resﬁl? 6f the hardnessvtésts.performed'in the presént
vstudy, it can.be.qlaimed’that, the grain refinement of aluminum .
castings by using master élloy,produced in this study, doeé'not
effect'significantly thévhardness,of,the material, This is a
good result, since "in general, Hardness usually implies a
resistance to deformation, ahd for metals the property is a
‘measure of their*resistanceAto permanent or plastic deformation"
TlQ[Q The master alloys essentially are used in the production
of ingots, ex£fusion biliets and sheets for fabricatién and‘.
chesé products are used in metalworking operétiqns such as
rolling and extrusion in order to obtain foil and various pro-

file. The ability of the metal to flow plastically before

fracture is an important factor in the operations of rolling
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and’extruSion. ,

Flhally, there is no 51gn1f1cant effectin hardness
value of the castlngs 1noculated with the master alloys pro-—
duced in the present study and this implies- that produced
master alloys can be used in extrusiOn billets and rolling

slabs.
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VII. CONCLUSIONS

The effects of ternary Al-Ti—B-master alloys (Tibor) onl
microstructure and mechanical properties of aluminum castings
were determined. The effect of inoculation with master alloy
on solidifying castings has been explained by mainly two the-
ories fa. Boridei Theory,‘b. Peritectic‘reaction theory"vpre-.
viously The boride‘theory can not explain the experimental
results obtained in this study. The peritectic reaction theory
w1ll not give a general explanation of the grain reflnement
results 1f some mechanism by which the number of aluminide par--
ticles can increase with contact time 1s not considered in the

case when master alloy w1th flaky crystals is used.

The morphology of Al3Ti has a marked influence on“the grain
refinement-contact time characteristic of a master alloy. Block-
~like alnminide (Al3Ti) particles show good grain refinement
‘after a short contact time, but the ‘grain refining ability fa-
des rather quickly as the contact time is increased. Master al-
loy containing flake—like‘aluninide crystals shows an increase

in the grain refining ability with increasing contact time.

o Block -like aluminide (Al3Ti) crsytals in the master alloy

are obtainea at low temperature (~800 C) and moderate cooling
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rate (v0.6 KO/s). Flake-1likeé aluminide (Al3Ti) crystals in
the master alloy are obtained at high temperature ( 9OOOC)

and moderate cooling rate (v0.6%K/s) .

" The graih refinement of alumihum castings inoculated'by
tibor effects significahtly the ultimate tensile strength
(UTS), the yiéld:strength (YS) and elongation (e) properties

of the aluminum castings.
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Microstructure of moster alloy 5, magnification 165X, 5 min
'stirring time, 9000°C casting temperature, solidification in air.

Microstructure of master alloy 7 magnification 165X,5 min.
stirring time, 900°C casting temperature, solidification in air.
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Microstructure of mastér‘alloy‘8,_magnifiCation 165X, 5 min.
"stirring time,'QOOOC casting temp., solidification in firebrick..

Microstructure of‘gaster alloy 9, magnification 165X, 5 min.
Stirring time, 800 C casting tem., Solidificaticn in fibebrick.
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_Midrostructure of master alloy 10, magnificatién iGSX, 7 min.
stirring time, 800°C casting temp., solidification in firebrick.

Microstructure of master alloy 11, magnification 165X, 10 min.
stirring time, 800 C casting temp., solidification in firebrick.
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»Microstrﬁéture of master alloy‘i3, magnification 165X, 4 min
'stirring time, 800°C casting temp., Solidification in. firebrick.

Microstructure of master alloy 14, magnification 165X,5 min
stirring time, -900°C casting temp., Solidification in firebrick.
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Microstructure of masﬁer allby 15, magnification 165X, 7 min
stirring time, 800°C casting temp., -solidification in firebrick.

Microstructure of :asfer alloy 16,:magnification 165X, 5 min
stirring time, 850°C casting temp., Solidification in firebrick.
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