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Fluoride Salt Dissociation in NaCl-KCI Salt Flux
and its Effect on the Coalescence of Aluminium

Abvl Svdvkov, Bernd I'niedrich

Effeers of Huoride addirive concenrrarion, remperatire,
aluminium alloy tvpe on the coalescence of alummiom in
galt flux melt were studied for the standard European salt
Mux for alwmininm remelting, based on 70w -2 Nall and
A wa-% KOL The promating power of fluoride increased
as CaF. < Ma AlF < MaF« LiF CaF, addition resulled in s

masimum of coalescence tate ol 1 a2 % Cak | Increase of

Lemprerature acceleraled the coalesconce, “Free™ fuoride
ion is diseunssed as an active component of the salt Mus. The
thermedynamics of the oxide Alm stripping was reviewed.

Kowvwards:

Fluoride — Alumimium - Coaleseence — Flux - Sals

Dissoziation der Fluoridsalze im Schmelrsalz aof Basis voan NaCl und KCL und deren Eimfluss aof die Koslessenz des

Aduvmiminms

Die Einflisse der Konzentration, Temperatur, Art doer
Alummmiumlegicrung aul dic Koalosreny des Alumininms
i Atandardschmelzsalz (70 Masse-% MaCl wnd 30 Mas-
se-n KOOI wurden unlersuchl The Fihigkeit des Flun-
ridsalres, dic Koaleszenz zu hetérdern, steigt in der Reihe
CaF o« Na AlF < MaF < LiF von links nach rechis an. Zuga-
b vim Cal' ) ergab ein Masimum der Koaleszenzeeschwin
dizgkeitbhei 1 biz 2 % CaF , Bel héheren Temperaturen sliee

dic Koaleszenzaeschwindiskeil an.  Freie® Tluoridionen
wrden als die akiive Komponente des Schmelzsalzes be-
trachiel. Der Artikel gibt cine kritische Ubersicht aul die
Thermodynamik der Oxidechichiablisung.

Schifizschabrrern:

Floaridzalz — Adwminium— Schmelsals — Schmelzen

Ruoaleseens

La dissociation des sels de flworide dans le sel de fosion. sur la base de NaCl et KCL ainsi que leur infloence sur la coa-

lescence de P aluminivm

Drisociacion de bas sales Auoradss en el sal de fondido en base de MNaCl v KCl v su efecto sobre la coalescencia del aly-

TAnde

1 Stripping of oxide film of aluminium
in salt flux

1.1 hechanism

In early studics it was sugaested that the oxide Olm ol
aluminitm dissolves i salt Mus with Muords addition,’Lhe
solubility of sluminium oxide is wary low [123] The cxide
film can be stripped also with salt Mux salurated wath alo-
rmaninm dxide |3 4]

According to various authors the oxide film is stripped
mechanically [3,4]. In the first stage cracks are Tormed in
the wwide im and then salt penetrates to the metal surface
and reacts with it forming volatile aluminium halogenides.
Formed gas bublles break the oxide Glm. Thfferont ther-
mial expansion of aluminiem and axide is also supposed 1o
contribute a crack forming [ 7).

Kurmvimcy |1 conmected crack forming with conversion
of =ALD, to ALY, In the air the conversion lempera-
ture lavs Between DIO0°C and 1200 *C [8]. CakF,, MeF,
and AT, can redoee the conversion temperatiee by 100 1o
A0~ Bur Lik MaF and Ma, AIE, had no ellfect on conver-

slon temperaturs [l Tifects of KO and NaCl ware nol
slucdied.

Im the air the erack formartion on aluminium beging abou
507 thoueh at 641 °C no cracks wore ohacrved aftes
A0 min. The crack formation is accompanied by increase of
oxlde film thickness, re-coystallisalion of aluminium, and
gonversion ol oxide film from amorphous o » ALOL

Yo Bavan [5] deubred the formation of aluminium halo-
genides, But a microscopic sludy showed formation of gas
bubbles even al 400 | 7).

The next phenomencon is the oscillation of droplets of one
liguid in another liguid in presence of surface aotive com
punent. The higher the comcentration of the surface active
component the bipger is amplitede of oscillalions which
can lead to higher crack Tormation rate.

1.2 Thermadynamics of oxide film stripping in salt flux

Surny et al. (4] stuclied the oxide film stripping under salt
Mux with 30 % of ¢+ AL, Oxide [m was siripped i spite
of saturation of sall with oxide. According o SuvLcy the
wide film i smripped spantaneeusly it
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and aluminium

Al

Later Ry und Savan |5 Tound that free cnergy A of
oxide film sinpping (Equation 2) is alwavs positive, ie. it
1= not spontaneous:

Al = 7, bor
Sl Rak

il S (2]
Llieearee [2] dertved the Equartion 3 nealecting oxide sur-
face after stripping and asswrning Hlerature data of alu-
TATIWT SUrfEce Lemsion 48 4 surtace tension berwaeen alu-
minium and ahmnininm oxide since alumniom axide on
the surface cannol be avorded:

Wi=r, Vrenin-oeli {';.]

e
AEaT AL

—wZtiag angle Betwoon uxide amd sl

g, TR

+ T, G054

-
Uncarn oblained negative AG, e oxide film stipping &
ST EA ML,

Jorpar & Miker [6] reported a significant reduction of
oxide stripping rale ol lower axyvgen prossures in salt flus
with relatively high Huercde concentrations. They suppuosed
an electrochemical reaction. i which alumimiuam s oxidized
al the anods and dissolved ovveen is reduced to OF ions
it the cathode. LUZASHENED & SLabiovs [B] ohserved &
faster coalescence of aluminium in sal Mux under vasuum.
The sull Mux in their cxperiments was, however, withoul
Aunoride additition. These studies indicale that diftorent
reactioms predominate m salt Tuses with and withour duoe-
ride wddition,

According to Kormvssoy et al [1] the reaction 2 does not
describe the oxide flm siripping. hut the work of adhesion
of Uhe gewacdes film toalumaminm in salt melt.

The work ol adhesion secording te Dupre’s equalion is
a ditference berween Ifres interfacial energies betfore and
alter axide Olm slrippimg:

Wi=W, = f t 4

Crcilz=Rsli
f = free inferfazial encroy sotwoon aluwomiam anmd sl oxide and salt
oxpde and SJlII:II.I'.iUIJI.‘r'r'._ Lo work ool sulbhesion of neide 4o sluminoom

R Daka A

sl

Works o sdhesiom of salr fuxes to exide and of aluminium
o oxicde:

'|l|:|~.':.'l-.i.:-a—"\..| — f [

ke sah T MOl Fal )

Ureade il

l,.:t-'::lqi_-.- Al o Jr“ +f

Cinny
Substitution af the Equations 5 amd & for frec intertacial
energies [ o and £ in Equation 4 results in:

v=Auli
I,.!l-'.ll= |'. '.'l.l_':'.-ﬁ dJo=Sali | '.r\l_r‘l‘:-- ] I:"II:I

Al-Aali g r'hl = r.‘.

According to Gibbs the relationslhip between lrec mierta-
cial enerey and surlace Lension s

»,3%) L __- .:,::..|_¢L:_: firn &iﬁ,}(x Q‘;.
o = 4
el

Fig. 1t Crade Ll slripping ino<all Ao
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(5]
-1
M —frecamface cuespy, o - surfeez cension. T - concentration of compo-

oenl i the Gibbs sorbice, p — chicimcal potonbal ol comzanenl i

Il phases eonsist of pure components, the components are
not soluble in each olher and do not absorb the gase phase,
the free surface cnergies can be substituled by sutface ren-
ELI1E,

Lsing the Young's cquation for wetting (Fiaure 23

i'_I="::-i|l-«.'-:‘i-||.= |-Tl.'l'.i.n-.'u + al-sal cos () II'L'H‘
U.'".I (EE
: a ok
AlLO, T v a

|
Fiz. 2 To Yougs oguation of welling
the following reactions can he ohoamaed:

FRd ETH T 5 AL [
“- 2 I'T'::Ihi_n.' il I:] + 05 I:':lZI:.l:I-' Hal ] L Il:-”

Cihzicke-al g o .
.'ﬁ-' I nU.l\.d.' Al Irl B |-|.l.'l:|::-:-.4||] L I I'-I

From kRouaticns 7. L0 and 11 the fellowing can be al
rained:
T

; — sl temsiare o salt Fux and alominiom, 8, L0,

ci H g, cosl

Clgkiu=il “Lide A

(12)
By B,
walling angles af aide by salt Aux @l and alwriniwm

From abtained equation follows thal a Lvwer interfacial
rension betwesn aluminium and salt flue, better warting of
oxide by sall Mus and worse wetting of oxide by aluminium
promorcs the stripping of oxide Glm by salt Aus, The free
Cibls enerey caleulated by Equation 12 s however al-
ways positive, Le. the oxide filin sinpping i alwavs not
spontanecus. The reason 15 that there = ne method which
lets o direct measurement of sucface tension ol solids, 11 15
measured indivectly with Young's equation {Fquation 9)
The eguaticon 15 valid for spherical droplet and does nat
wonsider the gravity, which changes the Torm of the droplet.
Moreover the Young's cquaton deseribes the surface ener-
gies balance, not balanes of forces. Furthermore the surface
tensien of solids is questioned.

Exizting thermodvnamic deseriptions cannot explain sul-
licienily the aeide Blm stripping due to missing or not reli-
shle data far interfacial energies. surface fensions, wartine
angles and phase transformation in the system oxide-alu-
minium-salr,

2 Dissociation of fluoride additions
in salt flux

Fluoride additans have diffcront effeets on coalescence of
aluminium in salt fux, Free Fions produced by dissociation
of fuaride are sugeesied Lo be an active component of salt

il

]
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Hux, Dnssociation reactions can be found from ervoscopic
data. This dala can be abtained from the corresponding
torpary diagrams,

The dissolution of Mueride additive Hux lowers the lreeving
pevintof salt Aux, According to the Raoull's law the freezing
point depression can be deseribed by

F

.lll_liﬁ Il

(13

AT = froezing point deprcssion (O K orwoscopic constant of Racl-
ECl-miz: 2512 20 mnl B e equimalar mismee and 3707 kLol Tor
the ouxtwre Twl-% Wal and 30wi-% KCL F — woight of disselvad
Hupmae acditive in Tz of KoCl-KC-mis () M, mol mass of
ik ackelitive Cptminly n— oomben of oes proctucend by dissociation of
the Auovide additoc,

Ihe ervoscopic constanl of MaCl-KOL misture can be cal-
culated by the following squation:

BT M,
T 10N

R — gns constante .41 Lol T melting point of Mal-kC - mislere:
the cquunoiar auslure 931K and the 70s1-% Mall -0 w5 KO
= Mal ke M, maoler weight of che BaCl-EOC-misiare: 6605 o'mial for
ciuirnnlar 'i'ni:-:lure'. and B2 for the ouslwre TH w3 Madll-30 wr-
U BT = heat of fuston of the Boatl KO mioors: 2728 kol (o
thes eequirnalar ouixtues and 2064 k1wl Lor the misture 70w i-% Rad’l

Slwl- M KO

i14]

The Raoult's Law is applicd for ideal solulions, i.e. for
strongly dhluted solution when the dissolution enthalpy can
b neglected and thers are no reactions betwesn Nuorde
additive and NaC-K O salt fux,

The number of new ons was calculated for various Hooride
additives (Equation 13) (Tigure 31 This methoed does nol
allow calewlation ol the dissaciation of Quondes which
resull in only one new jon. &g NaF

Tut 12 Supposed dissociaton reactions of Toorides nosalo Qo ased on

Hall-Kl
In :qui:ru::ul,ar_]"l__%;l‘_fi—Kf;J In 0 heneT1-50KC]
ILiF=LiF -+ LiF=Li*+F
Ma AIF, =iNa* + Alb |+ 25 Mz AIF, = AlF~ + 4F + 3Na
CalF, = Cab- + 1+ CoF, = Cab + F
BaF, =Ba* + 2} BaF, =Ba* + 2F

&
'“m____ﬁ TO%: MaCH-30% KO (wE-9%)
E 4 ] i,
2 1““‘“%
1] | AR
34 -
E I k-\-\-:k""-u.__l
= _]5‘:‘ = + CaF,
T * m Mark
L
E \\l:i-— a Ma AR,
R Ltk D TS o LiF
% BaF,
[yt SRS Gl i t A A
n 4 5 17 15 20

Fluoride conce ntration [wi-93]

Tz 2 Effeer of duocides tn sall Qux or coplescones of alwnsiaotin
Perzrece (L] Rore & Barran ]3] FriEses & Uninans [11]
Aupeiion Cxczllent Excellani:

Al Na AR, Balr, WoF,LiIE Na AlF,.  Ne AIF Wl KF

KT, %7, KF .
Ciemmd: Ciaod; Lioand:

Lik. [.‘:Lf"_, EB.FP:'-:[Q.I'J. ANF L LiE

Modorale: Moderare: Fair

Nak. Mgh, NaSilF, AT, CiaF, Mgh,

Suggested dissocialion reactions
numbers are presented in'lable L

based on the caleulacsd

Flugeride salts promote the coalescence of aluminium in
variows levels, Various rescarchers divided flucrides in the
thige groups shown in'Lable 2. but the resulls ate contra
dictomy.

3 Coalescence test procedures

The eifects of various factors on the coalescence kinetics
wre studied in tused quarts cruchles (Figure 41 placed on
the bottom of an electrical furnace with a slope of 20° 1o
the horiamesl plane,

Alter reaching the required lemperature in the furnace.
previgusly prepared 200 shiminivm particles | globules or
plates) were mitoduced into the cructhle with 3 g of mol
Lem salt Hux within 3 seconds by means of a quartz tube
(inside diameter & mm). The number of charged particles

A atdA
- - -
Thermaziemerl |
_uLarz b + '1 ;
o i
¥l
1 i
1 '_.l it -
Quurls croacive | i I
Fumeiy —— ST o ) H
e :.: | &
|I rl
! : ‘ LT‘
T
- -
Fig. 4 Esxpommental setup Jefts and quaite coucble [righty or cmales-
cenie besds
- PECI- KO Burrelar |
R |
&
s |
B —
7 4+ T
= T ——
= x* e O
%o b ¥ ow e CaF, -
LaE m HafF
g *e i Mo AIF,
2| fotter=—nm=—ge-n ,  aLF
» BaF,
"y PR N ; PP Gl i T S ;
0 2 4 £ a 10 12

Fluoride cancentration [wt-%)

Fig. ko Caloulate] mmber of produced siwe ioms for e mivture 70 wt-5 Mol 5wl Kl [left and fon the cguimalar mixtare NaCkEC] g
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was choscn i arder o bring all of them i contact at the
hattom ol the crucikle. Aller & piven coalescenoe time,
the crucible was carefully taken out froo the furnace and
coctled, then the crucible comient was leached with water,
Diried alnmininm globulss were praded v sereening and
visually, Globles of every siee ractiom were counted and
weiehed, Lhe total specific surface area was calenlated as-
surming deal sphericity ol the glebules The coalescenee
progress was cvaluated by the total specific area of the
plobules (lotal surface area of all globoles related oo rhe
total weight of globuales):

o R T N R {13}
A - initial specific aren of charged paricles at timc 1= LA
speccic surface of asinghe globule ale: the comg e aoalescence:k oo
besconee tale odecilzicnl

Preliminary lesls with aluminiom plates have diselosed
a desintegration nto several smaller droplets To avoad
this, aluminium glolules were prepared by melting with
& osalt Aux (coquimolar RaCl-EO] mixturs) withaout duo-
ride additicn. About 5 min alter melting of the sall Mo,
the cructhle was laken oul smd cooled, No coalesoones
wiigs ohearved becanse of short time and salt fux without
Huoride. Comparison lests with eluminiom plates and pre-
pared globules made of not alloved aluminiom (998 %)
did not demonstrate any sianficant difference belween
conlesvence rales, In case of magnesium-containing alloy
(LB — used beverage can) prepared alobules showed
higher coalescence rates than initial alloy, Tor this reason
the lests with UG were performed for platos wirhont
pretreatment, The roral coalescence test procedure is il-
lustrated in Figure 5,

In previows lests in boron nitmide crucikles, coalosecnce of
aluminiom was preventsd by a formation of a solid Jdark
shell an the aluminivm droplets. Probably boron nitride or
an additive m boron nitmde was dissolved in the salt flus

LR
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and reacted with aluminium, forming aluminium nitTide
o boride and resulting in incomplete coalescence. E. goin
sall Mux with 3 % Cul. even after 72 min the eoalescence
wag incomplete, For this reasomn the Boeron nitride coucibles
were chunged Lo guarls crucibles.

4 Results and discussion

The coalescence rate increased with Cal —concentralion
anid reached the highest values ar 1 and 2 wt % (Flaure 4.

0.05 7

e |

;ﬂ. L

= o.o4 4 . 1 L

S | T=830"0 99 Al

' MaZlKCI=T0:30 fwt)

E 0.03 4

1]

]

%]

= 0.02 4

i

E 001 4 T
k!

2 0.00 . bttt b
ke 0 2 4 6 8 10

i R al B
Adhigher comeentralions the coaleseence rate dropped duc
Loy undisselved CaF,ar 3 and L0 wt-% which made the salt
fux melt clowdy, especially the lower parl of the meli. A
decrease of the coalescence tate at 3 wit-'5 Cak, remains
uncxplained: it 1= too bia to explain it by experimental
error, also there was not undissalved CaF, [12]. Thus the
recommenided Cak -coneentration in salt flux based on
T MACT 30 % KOT s about 1-2 wi-% Tor remelting nol or
Low allived alurminium.

Al the same comcentrations the promoring power of Hua
ride additions weakened as LiF =Nal »>Na AIT, ~Cul,
from lell we right (THgare 7).

The reactiens between alumminm and foaride salts pro
mate stripping of exide (Gl and conseyuendy the coales-
cence M rdise of lemperalure mlensifics the endothermie
reachioms hetween s luminium and CakF . a AJE and NaF.
ITe bigger the reaction entbalpy 15, the Figaer the effect ol
the temperature on the cosleseence rans is,

Cradation of alumininm globules at 300 “C during 30 mir
an air resulted in a decresse of the codlescenoe rate (Fig-
uri #, lefi).

Anpther factor affecting the coalescencs rate is the alloy-
ing clement. The Biegest efect has magnesiom, eilfects of
alher elements are small T he enalezconce of elobules macs
of cast aluminium alloy (8.5 % 51, 3.5 % Cu, 08 % Zn
and (.53 % Wy was even faster than that of aluminiom
(9.5 % ) or UBC {111 % Ma, 083 % Mo oand (.23 % 50)
{Figure 81 The coalescence of UKC was studizd on small
plates. | he size of plates was chosen in such a way thal al-
ter melting down droplets with a dismeter aof -1 mm were

ablamed. At CaF, and Na ALF, concentration of 0.5 % no
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codlescence was abserved, The tests were evaluated by
change of form from plates (o alobules, Tnosalt Mo withoot
Muoride addition the form of pant-coated plates was oot
changed st 3l (Fgurs & right).

Feemoving of the paint changed the coalescence rale cardi-
reatlle Tre sanll Mus with 005 9% Ca k) almost all plares tarmed
o glabules within 2 oo, but stll did mol coalesce {Tagame 9,
leM). AL T % Cal, and 830 °C cven atter 3 min there still
wis ot eoalescones. AU S % undissolved Cal', appeared,
but its effect could nol be evaluated due ta missing points
al shorter mes [Fgure 3, right),

126

With Na AlF -zddirion the coalescence was lasler than
with CaF, addition (Figure 10, left ), with NakF-addition the
coalescence was even Taster (Figure 10, right).

Al 5% Cal, the coalescence was almost complete s
Wmin, At 5% of Na AlF, ur NaF UBC-plates coaless
cence was complete within a minute, The difference bee
tween Nab and Ra AR, appears at lower concentrations
Al T % Wal coaloscenee was complere in | min, bul even
with 2 % Ma ALF, the coalescence sl way slower, Soch
coalescence tales conmot he provided with CaF, due Lo ms
lmited solubility in salt ok, The maximal recommended
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NaF-concenrration for remelting of little oxidized LIBC-
acrap s 1% and between 2 % and 3 % in coge of nse of
Ma Alk asa Aluoride addition,

Assuming a complete dissociation of Mak, dissoctation ol
Cal, according wo the reaction CaF,—CaF* 1 F, a complera
dissociation of Ma AT, al B0 °C and according w the
reaction Ma AlF, = AIF? — 4F + 3Na ar 730 °C the coa-
lescenoe tale coe(licienls were plotted on fres Duonids on
concenrration (Figure 11).

The intertacial tension berween aluminium and salt fux de-
pends on the inleraction Petween two mels, which can also
depoend on the free fluerde won concentration. The Hiera-
ture intertacial tension values plottad on the free finoride
iom comeeniralion show a cerlain correlation {Tieare 12).

Basod an the dissooation resctions of Auonde salis the
gojuivalent concentrations were calculated {Tabla 31.

Tab 3 Bguevalcilt soneeotcations o0 vacous fuonds zalt addiioos
rogsrding the cllec oo the coalesocnes el el 23] 70
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5  Summary

In coalescence test effects of Auorice salt, its concentra

ticm, temperature and alloy tvpe were stadicd in the stand-
ard Evropean salt Aux consisting of 70wt %% NaCl and
30wl % KO Comlescence rate coelMcient was ntrodoced
to ovaluare coalescenss tost rosults, The resalts can be sum-
marzed as following:
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AL the same concentrations the promoling power of
Huoride inereases as Cak < Na ALF < NaF« LiF
Coalescence rate increases with fuoride sall concentra-
v, Tncase of Cal, there s s maximum of eoalescence
tate ar L to 2 % CakF.,

An increage of temperaturs from 730 °C o 830 °C in-
creased the conleseence rare,

The coalescence of used beverape can alloy i signifi-
cantly slower than of pure aluminium. To guarantes the
same coalescenos rate a3 pure aluminimm, & “stronger”
Nuoride saltis needed, eg NaF or Na, AlF_ CaF | cannot
ensure & high coalescenes rate due o limited solubil-
iy

In comparison tests with three different aluminium
allows (pure aluminium, cast alloy. UBC allev) pure
alwmninimm resulted in the highest coalescence mate, a
lovwer rate showed aluminium cast allow The lowest
coalescance rate had UBC

The efficiency of fuoride additions directly depenids on
thi “free” Musride ion coneentration, which is produced
[ dissociation af fluecide salt, Bazed on this equivalent
concentrations ol different Muoride sall was presented,

Lxisting thermodynamic descriptiong cannot explain
sufficiencly the oxide film stripping due 1o missing or
nol reliable data for interfacial enerpies, surtsce ton-
sioms, woetling angles and phase transtormation in the
swstem axice aluminivm-salt.
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