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ABSTRACT

The conditions underwhich sclidification cladding can be carried
out are considered, and the heat and mass transfer phenomena involved

in the vrocess are investigated.

Most of the experiments involve the exposure of rotating cylin-
drical probes to liquid metal at various superheats as well as at zero
superheat, and have been carried out using‘lead and tin and certain of

their binary alloys.

The initial chill-layer formed on the probe is reﬁelted only in
the presence of superheat.; The melt back of the chill-layer is suc-
ceeded by dissolution of the probe surface. The rates of chill-layer
growth and melt-back as well as the rate of surface dissolution have
been determined experimentally for various degrees of superheat and
probe rotation speeds. The problem has also been approached from the
theoretical point of view by:

1 ‘ adopting an integral profile method and applying it to

a cylindrical geometry in order to predict the rate at
which metal will so0lidify against a finite rotating cylihd—
rical wall and the rate at which it subsequenfly remelts,
and
| 2 defiving the equations governing the relevant rate cont-

rolling dissolution mechanisms.

This theoretical Qork has involved the development of a model
for unsteady conductive/convective heat transfer in a liquid metal,
and an investigation into the mass transfer procesées-conérAllingnthe
dissolution of lead and tin into 1ea@/tin alloys. ‘The results obtéined
in this work can be used to predict the heat and mass transfer conditions
undér which successful solidification cladding process cén be carried

out on an industrial scale.
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1 : INTRODUCTICN

The idea of combining two materials by ccating one with the other,
to give a composite material, having the mére desirable propefties of
each of the components,‘has obvious attractions to metallurgists and
engineers. In this manner the extra cost of fabricating relatively ex-
pensive allcys can be eliminated; and the savings can be used much more

satisfactorily in other directions.

Brooks has recently highlighted the difficultie.sof cladding by
casting processes.

¥*

Hills and Brooks have shown that the liquid metal must attack
the surface of the solid metal if a bo .4 is to be furmed in this type of

process, either by'iértial melting or by dissolufion.

Streng bonds can only be produced, therefore, under certain specifié

conditions of heat transfer.

Hills and Brooks*have designed an experimental apparatus in which
these conditions can be realized and studied, and have used this appar—b
atus in attempts to bond stainless sfeel to cast iron and a lead/tin
eutectic to lead. They have also used Hill's integral-profile method 10
to predict the heat transfer conditions required to 5ond one pure metal
to anoth&fpure metal. They found however some discrepancies between
theoretical and experimental results; this is thought to be partly as a re-
sult of applying an integral profile method derived for planar shapes
to an axi-symmetrical heat flow situation. They were not able to form a
bond between stainless steel and mild steel because of the high rate at which

the stainless steel was dissolved by the molten mild steel, and because

of the apparently random nature of the dissolution process.

*
Unpublished work



The main objects of the piesent work are to siudy the pre—cladding ,
condit;ons, by investigating:
1 the heat transfer phepomenon occurring during solidification
and meltback of the chill-leyer formed on a cylindrical rctating
substrate when immersed in zcits ai different temperatures,
and
2 the substrate dissolution process that commences after melt-

back of the chill layer under static ana dynamic conditions.



2 Literature Survey

After a brief review of the various processes for the cladd-
ing of one metal with another metal, an introductory review is presented
of the struciturc of cast metals, This is followed by a listing of the
mathematiéal wethods for the prediction of solidification rates, followed

by a detailed presentation of one integral-profile method.

The experimental apparatus used in the work described in this
thesis involves fluid flow and heat and mass transfer in an annular
space between two rotating cylinders. Relevant knowledge about these

processes is reviewed in the final sections of the literature survey.



2.1

Cladding

Increasingly dissimilar materials are being brought together

to solve material problems in all aspects of manufacturing.

Rolled gold and 'Sheffield plate' (silver on a copper

based substrate,) were the earliest examples of claddirng.

Hot pressure rolling or electro-welding, were the pro-

cesses used to Jjoin the coatings to the substrate.

Copper cladding of steel is especially useful for wire

or tube,; and is normally carried out by casting.

<

The ductilities and thermal properties of steel and nickel
are so similar, that nickel cladding is particularly useful for

steel.

Electro-welding, hio% compacting, (rolling or pressing),

or caéting, can be used to bond stainless steel to carhon steel,

but the bond strength ishgcnerally dependent upon the quality
of fluxing. ’

Shepherd a.d Brouis l_have reviewed the major processes

that have been used to produce stainiess clad steels.

'Although not yet widely accepted, lead clad steel sheet,

produced b, roll bonding has considerable potential.

The desirability of obtaining cheap aluminium coating for
mild steel, has led to interest in applying metal powders to the
surface of steel strip, followed by a compaction or sintering

process.

The Elphal process of Bisra has used electrophoresis to
2,3

deposit aluminium from a suspension in methanel.
A parallel Japanese development 4 uses atomized injection

to apply aluminium powder to the steel surface, and to ensure

bonding, after a drying operation, an adhesive of the polymetha-

phosphate type is used.

Jenkins 2 reviewed similar developments for chromium and

zinc, and clearly there may be rapid advancements in this field.



Brooks 6 has recently highlighted the difficulties of

cladding by casting processes.

The work presented here, continues his work by investi-
gating pre-cladding conditions (e.g. surface cleanliness and
smoothness, the influence of different modes.of fluid mat-
erials) and proceeds to explain some of the phenomena

involved.



2.

2

Solidification and its Structures

The structures of the solidified metals are determined

by three major factors:

1 Alloy constitution;
2 Thermal conditions;
3 Impurities.

Metal composition governs the basic mode of crystalli-
sation, end determines whether the equilibrium structure will
consist of a single phase or eutectic grains, or both. The
composition cf alloy is also characterised by the distribu-
tion a”d diffusion coefficients of the solute in the liquid,
and sol%d phases, which- determine tendencies for COnStitU-
tionaiiﬁnder cooling and segregation.

The temperature distribution and rate of cooling in solid-
ifying metals depend on the initial temperature conditions,
and the thermal -rogee: L'*es of metal and mould. Since wide
variations in thermal conditions can occur at various stages
during the cooling of a metal, its overall structure may con-

sist of separate zones with widely different characteristics.

The relative possibilities for nucleation and growth
depend upon foreign particles, or solutes present in the
liquid, e.g. a pure metal solidifies with a plane solid/liquid
interface, and the resulting micro-structure will only show
very thin grain boundaries. When a minute quantity of solute
is present, the solid/liquid interface will show small grooves,
and the resulting micro-structure will show thick cell bound-
aries, (cellular structure). When the amount of solute is no
longer small, its rejection may lead to the formation dend-
rites which can either be oriented in the heat flow direction
(columnar dendrites) or randomly oriented. Where the oriented
phase does not form secondary arms, the structures are called

composites, or fibrous dendritic  structures.
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Figure 2

The relationship between the ratio G/H.and the solute concentration

The ratio /, (where G is temperature gradient, and
R the rate of freezing), 1is a significant parameter, with
respect, both to mode of growth, and to final structure in
solid solution alloys. These successive stages are illus-
trated schematically in Figure 1 and the associated thermal

conditions in Figure 2.

In the present investigation the microstructure of
the solid layer growing on the substrate as well as the
microstructure of the substrate itself have been observed

and considered in relation to these various factors.



The Macro Structure of Solidified Metals

It is generally recognized that three macrostructural

Figure 5

The Different Macrostructural Zones in an Ingot

zones st in one solidified ingot:
1 a "chill” zone ox fine griins,
2 a "columnar zone" containing grains elongated in the

direction of heat flow,
3 a control zone of "ecuiaxed" grains.
These zones are shown shema”cally in Figure 3 andmay occur
in various proportions, depending principally upon the rate
of heat extraction, the amount and composition of the metal,
and the potency of the nucleans present. The metalographic

examination at the neat extraction direction of the lead and

(b) ©

. . / .
The Effect of Cooling Rate on the Size and Shape 'of crystals in
pure metals and intermetalio compounds,
b solid solution alloys and

c eutectics.



tin probes used in this work showed the existeuce of the
"chill" and "columnar" zones. Their significance and
possible causes at the solution interfaces is-discussed

later in the thesis.

In Figure 4, the effect of the cooling rate on the
size and shape of crystals in pure metals, solid solutions,

alloys and eutectics can be seen.

-5
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2.3 ‘ The Theoretical Solubion
cf the.
Problem

of

Heat Transfer during Solidification

. The unsteady state heat conduction problem, which cdeals
with'one dimensiongl heat flow during solidification, or
melting of material, is often referred to as the problem of
"Stefan". This problem has been the subject of numerous
theoretical investigations, which can be divided into two

broad categories.
.

(a) Approximate mathematical solutions using realistic and
elmost realistic solidification conditions, and
(b) exact solutions under cocnditions rarely achieved in

practice.

«f

2.3.1 " Approxzimate Solutiong -

" Two types of approxiﬁate mathematicai methods which can
be used are: _
(2) Numerical “antegr ~*ion cf the equations by finite
difference methods, and
(b)  integral profile technique.
The first method has the disadvantage of being very iengthy
and tediou. to apply, and must be repeated each time a parameter
is bhanged. ghe'uéé of this method is described by Landau 8

and Forster.

~

2.3.1.1 " The Integral Profile Method
A for

Planar Solidification

The integral profile method (sometimes known as the heat
balance integral) reduces the nonlinear boundary value problem
to an ordinary initial value problem, which gives useful sol-
utions quite easily and in many cases leads to expressioqs

which can be solved analytically.

Hills! 10 integral profile solution for solidification

of pure metals has been used in the development of the theory



sresented in Chapter 3, and & full account of ii is given below.

Integral methods were first introduced bj Von Karman
and 'Pohlhauser 1in order to solve non —similar boundary
layer problems in fluid mechanics. 1 Goodman 12 hasAapplied
the 'Heat Balance Integral' to problems involving phase ~hanges,
and to problems involving the heating of bodies under linear
and non-linear boundary conditions. 15 This method was further

14

and fof.

15

used in analysing  the melting of finite slabs
materials with temperature dependent thermal properties.
Some numerical results for the case of a linearly varying sur-
face temperature, and for constant heat flux are presented in

' d
Reference.

Ln integral profilevapproach to the solidification of

17

alloys was used by Tien and Geiger who assumed in their
treatment that the cooled surface remained at a constant temp—
eraturs  below the soigdus throughouf the solidification
process. This unrealistic bouriary condition has been replaced
in a subsequent solution given by the same author. 1€ Koump
and Tien£519 have developed a method involving a time depend-

ent surface temperature.

Schneider 20 considers radiation cooling of finite slabs,
vhile additional comments on, and applications of, the integral

method are presented, in references 21’22.

10 has concisely described

In his most recent paper Hills
a general integral profile solution, which allows solidification
rates to be predicted under a wide range of different cooling
conditions. The method is a generalisation of the integral
profile methods previously developed by Goodman and Hills. 12,23,2

The generaliiation has been achieved by characterising
the layers of solidified metals in terms of two variables,
rather than the simple variable used before, and by formulat-
ing the relevant differential equations, in terms of the heat
flow from the cooled surface, and its partial differentials,
and the heat flux to the solidification interface. Hills'
method has been the basis for the theory developed here, for

cylindrical case, as presented in Chapter 3, and a full account



of it is given in Section 2.3.l1.3

2.3.1.2 ~ Application of Inutegral Profile Method

to Non-Plsnar Solidification

In all the above mentioned papers, in Chapter 2.3.1.1,
with exception of References 21,22 the integral method has

been applied to problems of planar geometry.

Veinik 22 treats several heat condﬁction problems, in
both planar and non-planar geomeiries, under the assumption
that the spatial ‘emperature distribution are polynomial
functions.

25

However, Sparrow in a recent discussion, has indicated
that some inaccuracy is present in the epplication of Goodmans
‘Heat Balance integral approach, with polyromical profiles to

problems involving non-plansr geometry.

Thomas J. Lardner and Frederick V. Pohie 25 analyzed. the
case in which a cylindrical boundary is exposed to a constant
heat flux, and showed the surface temperature to be logarith-
mically dependent on the cylinder radius i.e.

T =T x (1lnr)
. where U=Txr
Their result is,presented in Figure 5 for parabolic and log-

arithmic profiles with the exact solution.

In the present investigatiohs the cylindrical heat con-
duction equations has been used together with a linear profile,
which has been found sufficiently accurate to tackle the

present solidification problem.



Figure 5

A ' : T Surface temperature

thermal conductivity

constant flux

>

radius of cylinder hole

.Ts k

time

U
diffusivity, /?, c-
‘mass density

especific heat per unit mass

b Va2

' Effect of different profile equations for the radial temperature
distribution in an Iafinite medium surrounding a cylindrical cavity

* on the predicted surface temperature of the cavity.™



2.3.1.3, Hills!' Solution to the integral Profile Method

for a Growing Layer of Solid Metal.

o
Hills' solution is presented in terms of two parameters,

the temperature of the cooled surface and the thickness of
the solid layer.. Two simvultaneous ordinary differential
equations are derived for these parameters. The derivation
is discussed here in some detail as it provides a general
illustration of the integral profile method and it forms the

basis of the theoretical methods developed later in this work.

Figure 6 : “ Temperature distribution
~acress 2 layer of solid-
ifying metal under lineax

e heat flow conditions..
]

— (-qt)

et -

X::() . X=t
The above Figure 6 illustrates the growing solid 1ayer; coocled
at the‘surface, x = O, Heat crosses the moving boundary,
x = t from the liquid metal. The temperature distribution
within the solid metal must satisfy the unsteady state heat

conduction equation

k =pc— (1)



The integration of this equation across the solid layer yie.ds
" o g t :
4% x/ . 8 ‘
oﬁ;cgz Y Py & (2)
x

. ¥* ’
~or applying the Leibnitz  integral formula to the right-

hand side,

. %
d o d e 'd/‘ ' iif(\()
k |——]| -k = — .codx - pec —(0) (3
d?’o P P ar’

dx), LI x -
Applying the heat conservation principle at the boundaries
d e T
-k S x| = s (4)
o
and (4o " at - ()
, “k |— |=§, -pH — 5
s dx + ¢ F a7 .

Thus equation (3) becomes
CpEG ., at

.
a

— - Gyt a= //chdx -ped,  — (6)

a7T ° aT[o S ar

The most convenient auxillary function to use in evaluating

the integral in equation (6) ' is' a quadratic polynomial.

. .2
/X X0

6=a +a '—i+a, B —|
(o) 1 i\t/, 2 \At/
The coefficients can be evaluated uéing the boundary conditions

and equations (4), which gives
1

.M a' 2
at [ x a t\/=x
9=e-‘—°—-(— +(9—e+ °)(—) (7)
° k t) s 0 Kk ]

so that the integral becomes

b 1 5 1q.% ¢ )
/ 0 dx= (=0 +-0 -——— (8)
0 3 5 3 6 k

As the integral of an approximate function is more accurate
than the function itself, the approximate integral can be

substituted in equation (6) without great error.

Differentiating the resulting equation and re-arranging

gives

Page 48



1 é;')t 1] at 2 ae_
PH+ —pc ZIQA—QO) -i--—//J — —-—1tDc - +
f al 3 | ar

1 !
- X — == (3, - &) _ (9)

The variables can be most easily expressed in dimensionless

form as
"A . .
% - ]9 o '
oo . . i
t = ———— Dimensionless thickness (10)
st .
* Go . ’
0= —45 " surface temp.  (11)
S/" 7 2
q
§ = —-‘,:;/—3—7; n time (12)
9 pPek.
*x
B _ K | " latent heat  (13)
cBs
) '"
* . q _ .
g, = [T%j n surface heat flux (14)
0
'" o
q
% t
—_— " heat flux from
[éo] o liquid metal (15)

In terms of these variables, equation (9) becomes

*

H + 2(1-0)-1tq [ 248
3 3 dg 3 d4g
1 t*z dq: * %
6 dg _

In general, the heat flux from the surface will be a
- function of the surface temperature, or of time, or of both.

Thus we can write
‘ * * ’
a = f(s, &) (1)
aq, 8¢ & && , a
= t—=1fyg— +f§ (18)
¢ de ag &% ag o




. Re-arranging equation (16) in forms of these partial differ-

entials gives

¥

. 2 o 1 o4y Jat 1 de
H +=(1-6)- —taq ———-—t(4+* ) — =
3 3 ,/dé, € ag

x % 1 % 2

Finally equation (19) gives a differential equation con-
sisting of two variables:

1 Dimensionless thickness of solidified metal

2 " surface‘temperature of the metal.,

‘ ‘Bﬁt in order to solve the above equation, we require
enother equation and this can be derived by considering the
varigtion of ggﬁ across the solid metal layer.

a7

At the stationary surface, x» = O, we can write

[fi‘ - % (20)
dTO d?"

At the moving sur’azce, x = t, the temperature is constant so

we can write

Son - [ 545
— o+, - 1
dTG(t) (21)

Re-arranging this equation and substituting for the temp-

erature gradient from equation (5) gives
1

ae f pE dt @t , (22)
a7l ¥ 47 k

Integrating the heat conduction equation (1) across

the solid layer gives

[c&e] [éo] K [629 Lo ] k %39 (5
JE —_—l — - —_— = — ‘! 23
éT Y Fc é xzj _ [éx?b Pc J é x3 .

Substituting (20) and (22) into equatlon (23) we get

3
dt |pH dt q de k 69
- — E_. .-..-.__.j'..__ ° _ (24)

arfx a7 x| aT pcoéx5

From equation (24) it seems that it is necessary to know

accurately the temperaturé distribution across the seolid

layer. If there is no sudden change of cooling conditions



6o

the value of o would not change very much within the solid
0
layer and, assuming this change to be linear, the value of

6 5e
— 7 will not alter significantly within the solid. The

0 x
integral appearing on the right hand side of equation (24)

is thus given by
f-6 A I o If*
J I rd dax" t /12?210

Differentiating the heat conduction equation equation (i),

with respect to x gives

1 4? @Mp°L 5V Jjr vy >
Substituting equation (4 ) mfc (26) ant) (25) and writing this

equation for x = o

i
o dg*
(27)
dr
thus equation (24) becomes
dt £pH dt g" / ds t dg"
- ~ - - " = 26
d/ *k d7 k j d £ k df (26)

Re-arranging (28) in terms of dimensionless variables and

substituting from equation (18) gives

HiYatV Z,
*
do ]
\de J + gt, 7 j'+ t f« 0,

* 1
d£ 1+t fG

Substituting this equation in (19) we get a quadratic equa-

tion in

dt* _&.\
* Cit*x\ 2 *

at H | + «r - A =0 o (30)

\at ; vds

where -0.=E t 4 + t £Q ) (31)

=P +4 0-0)- 2a"q 77a+e" ) (32
* sz * £, M w

+q° t (4 + t £Q)

A-s - J)Ll-H8g) -3--d (33)

Thus we can write



P ij‘-+4JX!1

*
dt -
it n

. ‘ * o * * * P B .
‘Since q, is less than a4, A and at /&<5 will both be

positive and the positive root of equation (30) is relevant.

| (34)

n

Multiplying both sides of equation (34) with
'
(JP. + 4/\11 + F) te geli

@ a2/t ' (35)
ag Mo+ ﬁ52‘+ 4N

Equation (35) has no irregularities in this form and can be

1ntegrated numerically with equation (30) prov1d1ng algebraic
1

¥
expressions are available for g o’ fé, ﬁé and q qt .



2.4 Heat and mass transfer to rotating cylindérs

Heat and mass transfer between rotating cylinders has been
fairly extensively investigated. These transport properties are affected
very significantly b& the geometry of the flow patterns between the two
cylinders. At low rotation speeds a laminar flow pattern is set up
known as Cotette flow in which,the fluid between the cylinders flows in
a tangential velocity, there being a uniform velocity gradient across
the annular space. When the irner cylinder is rotating and the outer
cylinder is at rest, centrifugai forces will tend to cau;é fluid to
flow radially. This cean result in breakdovn of the laminar Coustte fiow,

and this can strongly affect heat and mass transfer to the rotating .

cylinder. ’ e



2.4.

Fluid Flow
between

Concentric Rotating Cylinders

A considerable amount of work has been done on fluid
flow between concentric rotating cylinders concerning rotation
of both cylinders, or one stationary, one rotating, with
different speeds as well as different directions. A large
proportion of this work considers either a narrow gap, or
non metallic fluids. Most of the fundamental work has been

reviewed by Forfman 30 in his section on rotating cylinders.

Taylor, Al

in a very early paper, showed that above a
critical speed of rotation, the laminar Couette flow breaks
down into a flow consisting of a set of cellular, toroidal
vortices spaced regularly along the axis of the two cylinders.
Figure 7 shows a cross section of these three dimensional

ring-shaped vortexes.

Hagarty 32 has photographed such vortex patterns, using-
the optical property of glycerine and water solutions, and
concluded that there are three modes of flow when the annulus
is very long:

1 When the inner cylinder rotates slowly, all particles
move 1in circular paths concentric with the axis of the
cylinders. This is a form of gouette motion.

2 As the speed of rotation of the inner cylinder is in-
creased, a stable secondary motion develops. Pairs of
ring vortexes appear. In this motion each particle of
fluid rotates simultaneously about the axis of the
rotating cylinder, and about the core of the ring
vortex, of which it is a part.

3 At relatively high speeds of rotation, the vortex motion
becomes unstable, and the motion becomes generally

irregular and turbulent.

Fritz Schultz Gruncw and Hans George Hein 33 used a sim-
ilar technique for examining Taylor Yortices, and showed that
their number decreases with increasing speed. Evidence of
this phenomenon has been observed on the rotating probes of the

present investigation, as ring shaped grooves, wdiich increased
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in width with increasing probe rotation speed.

: Z
Taylor o1 predicted the onset of the instability for a

small gap in terms of inner cylinder radius Rl’ the gap be-

tween the cylinders b, angular velocity s and viscosity ,
in the form 1/2 2/”
R b 9521

Ta?r ' > (36)

which is named the Taylor Number.

In the case of 4 large gap it is convenient to form the
Taylor Numter, not in terms of the inmer cylinder radius R,
but in terms of the mean radius Rm = % (Bl§+ R,). So the

Taylor Number takes the form

1/, 2/
_ R Py 2
T = ” (61))
In addition %o the vortl.as discovered bty Taylor which arise.
when ‘the laminar flow becomes uanstable, Pai 54 observed

vortices that are formed in turbulent conditions as a result
of a secondary flow, at speeds which are several hundred

times the critical speed. (Figure 8)

Recently E. H. Sparroﬁ, W. D. Munro and V. K. Jonsson 5

inves*igated the instability of the flow for the wide gap
situation between rotating cylinders.. They produced critical
Taylor Numvers for laminar instability covering a wide range
of rotational speeds with different geometries.

They used the dimensionless term

4 A2
# 0 | |
. AL | (38)
Y -

as modified Taylor Number. In the present investigation the
different modes of the flow have been considered as one of
the effects governing the different surface patterns of

erosion observed.,
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»2;4.2 N Heat Transfer

between

Concentric Rotating Cylinders

The three types of flow we have seen in the previous
section are the main controlling factors for heat transfer
between rotating cylinders. The simplest problem involviag a
rotating cylinder is the rotating cylinder in an infinite
and still environment, where heat is transferred away from

the cylinder by free convection.

Many authors are agreed on the strong effect of free
conveclion at low rotational speeds, in wisch laminar flow
and heat transfer by conduction prevail. For example,
Anderscn and Saunders 36and.Dropkin and Carmi 51 have come to
the similar conclusions, namely that at rotational Reynqlds
Number bhelow about one thousand, heat transfer is virtuelly
un-afferted by rotation: but bevween 1;000 - 10,000 the

Fal

rotational Reynolds Nuwmber ie ¢ importance.

W. M. Kays and I. S. Bjorkland o8 combined the effects
of rotation, free convection ard cross flow, and formulated
the Nusselt Number by the e~ration ) l/

o : . 5
. 2 2 /
Ny, = 0-135 / (0.5 XN Re t X Re_ + NGr) Moo, / (38.1)

for rotatirg Reynolds Numbers in the fange 2,000 - 45,000.

‘ When N (cross filow Reynolds Number) and N (Grashof
Number) are negllglble compared to Np (rotatlng Reynolds

Number) and for N?r = 0.7, Equatlon(38.1)above reduces to
2/,

Ng, =0.095 N.3 (38.2)

At high speeds of rotation Edmund 59 and then Dropkin and

Carmi 51 showed Nu o Be7 .

40

In a later paper Bjorklund and Kays correlated their

data for the case of the inner cylinder only rotating by the

equation
Nu// e w1/ |
MYu cond 0.175 Mg, ™2 , (38.3)
where N, = Nusselts Number; N = Nusselts Number for
Nu ' Nu cond

pure conduction.



For'Taylor Rumbers between 90'4 2,000, Carl Gazley 4l

considered the convective heat-transfer charateristics of the
flow in the annular gap between a rotating immer cylinder,

and a stationary outer cylinder, using both smooth and slotted
surfaces. His findings indicate that regular ring shaped
vortices result:ih a heat-transfer rate that is even greater
than that with turbulent flow.



2.4.3

.Mass Transfer from Rotating Cylinders

Many workers have investigated mass transfer from
cylinders rotating about their axis especially since the role
played by mass transfer in a solld/ilquld reaction can be
ascertalned by examining how its rate is affected by varying

the speed of rotation of a cylinder of the solid reacting in

‘the liquid. King 42-dissol’ved,rota“bing-cylinders in aqueous

acid using baffles, and found a linear dependence of dissolu—
tion rate with rotational speed. Ward and Taylor 45 have
studied fhe kinetics of the dissolution of a solid copper.
cylinder in liguid lead and bismuth alloy and showed an approx—

imately linear power dependence.

44

in bismuth allowing it to dissolve completely at constant

Jackson and Grace immersed a rotating zinc cylinder.

speed so that the Reynolds Number decreased to zero during
each'experiment; The dissolution dependence was found to be

nearly linear.

Roald and Beck 45 usedvroteting cylinders in a study of

rates of dissolution of nagnesium and its alloys in hydfo—

.chloric acid solutions and found that the rate of dissolution

1ncreased with the 0.71 power of the speed of rotation.
Eisenberg, Tobias and Wilke 46 dlssolved solid organic acids
in different glycerol_solutlons. Using the rotor diameter
as the characteristic length in the Reynolds Number they

found a power dependence of 0.7.

Sherwood and Ryan 41 investigated heat mass and momentum
transfer data from five different sources and showed that .all

the data is close to a 0.7 power dependence on Reynolds Number.

Olsson, Koump and Perzak 48 investigated the rate of

_dissolution of rotating iron and Fe - C alloy cylinders in.

»graphite—eaturated molten iron at temperatures below the

melting point of the solid. They concluded that the rate of
dissolution is controlled by mutual counter diffusion of

carbon and iron in the boundary layer.

In their more recent work 49 they dipped rotating

carbon cylinders in molien Fe - C and came to the conclusion



that the rate of dissolution of carbon in Fe - C alloys is

controlled by the rate of carbon diffusion from the interface.

Both their investigations showed 0.7 power dependence

on surface velocity.

Pehlke, Goodell and Dunlop 20 dissolved steel in molten
pig iron and found that the rate of solution is a function
{of,bath'composition,‘temperature and stirring.

51 ' .

_ Lommel énd Chalmers looked at lead cylinders diﬁsolving~
in lead tin alloys keeping CL—CO:> 0.05 gr. atoms'(qL being
-concentration of the dissolving species of Liquidis Line at
a chosen temperature; Co - concentration of the dissolving
species  in the bulk liquid.) They discovered that dissolution
was independent of rotation speed and thus concluded that the

surface reaction was the controlling step.
52

of iron cylinders in liquid Cu and Cu-Fe alloys at different

In a more recent paper Ohno studied the dissolution

speeds and temperature ranges. Their rate constant is found
to vary with the 0.85 to the 0.96 power of the Reynolds Number,

vwhich suggésted another diffusion controlled process.



3.1

3 4 Theoretical Treatment

Introduction

- The theory may be conveniently divided into two sections.
The first part is concerned mainly with the heat transfer

phenomena and the second part with the dissolution prccess.

In the first section of the theory the dimensionlesé
model of the integral profile method is given and the equations
for cylindrical solidification are derived. These are basi-
cally aprlications of Hills integral profile method 10 to a
different geometry by means of convenient podifications. The
computer solutions for flat and cylindrical geometries describe
the solidification and subsequent melt-back of a liquid metal
in imperfect contact with abflat or cylindrical wall respect--

ively.

b".i; the seccnd section of the thecretical treatment the

different modes of dissoluﬁion are discussed and the

~equations for transport controlled dissolution are

defived.



5.2

Dimensionless Model for a Growing Laver

on a Plane Finite Wall

This model (Figure 9) has been extensively described

by Hills 10 and Brooks =~ and is discussed in literature

survey (pagel9 ).

The resulting differential egquations governing the
change of chill-layer thickness, inside-layer temperature

and wall temperature with time are expressed in dimensionless

terms as
as 2 A : - 39)
—_— - » 39
as e Penia®
at’) 2 at™\
a0 H*(— iq ——}+ 'y ~
-2 - - ag;  °\ag : (40)
d.% . ¥ 1 ¥
. ~ 4+ 5 £
@) [ (o)) /L
x % + \'-——) k
e Yw R as
— = m (41)
5t 5.
where .(1*; " 4 (4 ¥-t*fz ) (42)
*
¥ * ¥ ¥ * *
B = EH +4(1-0_) - 28" q_/(1+t" £ )
+ q*,t* (4 + £ £%) o (42.1)
* s e .
. * * ‘ *
A - 6(a) - ay) (L+1t £5) -3 (43)
¥ 1 ) . ‘
fg and f@ being
1
£o* =3k /(& +3K) (44)
¥ * *
L x 3k (8, -8, )

fé. = - , (45)

X ¥ , % *
YR (R +3k)
Results obtained using these equations will be compared

with those for the cylindrical case in section 6./

* Dimensional symbols are described on page 152 .
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" 3.3 Applicationlof Hi11S'Iﬁtegral Profile Method for

Solidification on to the outside of a Cylindrical

" Probe

Figure 10-

" Heat transfer during growth of a chill—layer on a’

" cylindrical probe.
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As shown in Figure 10 the cylindrical model can °
conveniently be divided into three zones: the probe wall,
the chill-layer. and the liguid conduction layer. Heat trans-
fer in each of these zones is treated separately and a com-

‘plete solution obtained by a combination of the three .

3,3.1 . © Heet Flov in the Chill-Layer

 A'éy1ihdricé1 interface between solid and liguid metal

is considered during solidification (Figure 10) and the un-
~ steady étate heat conduction equation is applied to the grow-
ing chill-layer. The Differential equation within the solid-

ifying metal in cylindrical co-ordinates, is:

[ g2 1 40 g0
_— ]| = 6
€ §2° * r orf ‘0 T (4 )

Multiplying,each side by r,-integrating from r, to Ty and
applying the Leibnitz integral formula to the RHS gives:

(Leibnitz Theorem for differentiation:’an integral‘with‘

moving limits.

b S AU

----- e P -/ af = ghe aa
- ff(x,Y)dX = / — dx + f(b’y)"— = f(a-’.V) —_ )
dy ¢ a dy ax dx
‘ 50 I's | ' rs rs
r—1_1 - [ 9.] + { 9} =
dr |r r L
. o (o] 0
. ) . |
d .
=£-E——j 0 rdr - 0 » s (47)
k [aT . 58 437
0

The first term of equation (47) is evaluated by considering

the cohservation of heat firstly at the solidification front,

T ~ which gives
) n
66] pH dr g

T =T

$v

S

(48)

and then at the cooled inner surface of the solidifying

metal, which gives



. ae N : ,
[r —_ J =i T 2o (49)

Substituting equations (48) and (49) into equation (47)

and re-arranging gives

dr d - 1H L
.r (ipﬂ} Pc@ ) M drr Ordr = —(roé0~rsés) (50)

r
’ (o]

An éppfdximatioh to the integral of the heat content
of the chill-layer is made by assuming the temperature pro-
file to be linear

O{r -r)-06(r -r1r)

o Oalto = ¥) - oyl - 7) ey

(=, - )

This profile satisfies the conditions

Substituting (51) into (50) and re-arranging gives
. B s, ]

- I'S+ I'o I'S—:F‘O d?’

, c o
| pHr + -2-6—- (ro+2rs) (QS-QO)

: " n .
= - (rya, - ra.) (52).
dr on
To get a solution for __ ~  the term — must be evaluated.
d?“ 4T

At the moving boundary
r=1r 3 0 =AGS = constant so that d8 = O

s
hence
&9 $0
,_d[Q(r,T)__/—-—~ a7 4 —=dr =0 o (53)
$r
Thus 660 do 6:rs
. — (54)

87 §r &7

The conservation of heat at the moving boundary » = r gives:
H dr_ " §0
p—=-4) —x— (55)
ar dr :



Substituting (55) into (54) gives

{é‘gJ 1
T rz';

S

ar dr
PR "9

« n
a7

At the immer cooled surface we have

{, 69] . ae,
5T . aT

Assuming

§0 s 0 -
5): [5], v

wvhere - b =

I
wn
I ]o-'
R
-
O«lo,\
i o
. —— e
A
I
—
o
s | o
o1 a°
L

z, rs
. . n
but 40 q
é r k
-n
| 2 144 2
and e 0 _ .l . %

TS k&7 EpbT e

and at r =1
o

6 2@ = - _1; dq’:) _ b
érélr o k a7 -
substituting (6f) into (58) gives

T&e 50 1 (ag {
7 I Pl el o= NN

(o] 8

substituting from {57) and—(56) gives =~

2 W al
T ] ST e SO (-
aT k |dT k a7 k ar

n
- Providing 9, = f(QO,T)

(56)

(57)

(58)

(59)

(60_)

(61)

(62)



calling

éé" . “éi"" '
f) = f,;, and —-ES- = T
Y : So
. i (o]
dq. 1 e
then - —2 = f,;» + o —2° (64)
a7 a7

Substituting (64) into (63) and re-arranging will give

| drsk ? M drs i
a9, FH d_']’ - 9 _c;; - (rs - J:‘o) £ (65)
—2 _ - . 5
a7 ) k - (rs -r) fq

(o]

Substituting (65) into equation (52) gives
2

dr dr ‘ -
Nl . IN=] _A - o (66)
a7 a7 |
vhere () = PzHc (rs + 23:0)(::-S - ro) ' (67)
P‘:[kl—r(rs—ro)fé] L 6pBr_ +
+Pc(roA+ 2':'s)(es - eo) J - g::Pc
(zr, + 2c )z - x,) (68)
A = pe(r, + 2 ) - ro)2 f7’, - 6(1'0(1‘; - I'sd';, )
Lx-(zg-z) 1,7 - (69)
. drs . A - " "
Since Z’-}: is positive vhilst - roqo> - Tiag

— — . —.Qquadratic theory gives the solution of equation (66) as:. .

dr .
— = 2 /A (70)
T [FRaan



3.3.2 o  Heat Flow in the Probe Wall

Figure 11
Heat Flow in the

, probe wali . . The forms of equation for
, . , ,
I & : N n. £ 1 ta -
. : : ; a", f_g and f7, are to be de
| ' Ob; termined by considering heat
' dl flow into the probe wall. If we
: & . ' .
G . : ,yyﬁf . represent the average wall temp-
hy o ! ‘Aﬁf/f' ho ' erature by 6 the midwall temp-
2Fyar, {’//" - : . .
:Eﬁ“ ~ erature, the heat flow from the
C%R dtf#”w¢ ; s0lidifying metal can be ex-
r , pressed in terms of an effective
P f b heat transfer coefficient
-6 e -G o
r : [ O ho, eff:
¥ r : ro l’O X
"o . T | . ,
% = ho,eff (go Qw) ' ) . (71)

and the heat flow from the probe-wall to the cooling medium:

9=~ Brerr (6, -8 _° . (72)

where QA is the temperature of the cooling medium ., The

two effective heat transfer coefficients are given by:

_ 1
ho,eff =
1 ™ - T .
+ (73)
h 2k : .
o W :
hI" eff = 1 r - E (74)
0 rf
—_— +
= _ .. - - -’—j_"::: o . th;.—:'-v . ,-,',,'ka

A heat balance on the probe wall is necessary to determine
the mid-wall température.
Heat gained by unit length of wall in unit time
n
= —a, - 2Tx, (75)



Heat loss by unit length of wall in unit time
n

= - g - 2Z7rr . (76)
Heat stored in unit length of wall
de
_ 77(r20—r§ )_chw ﬁ , (77)
Thus |
de, w o ow
TG = 5 ey 37 = eT gy n, 6 ()

Substituting (71) and (72) in (78) and rearranging gives

Eﬁﬂ -0 To ho,eff (Qo-gw) - T r,eff(gw QA) : (79)
, 2 2y
a7 ;(ro L ) Pw u

Differentiating equation (71) with respect to time

n

dq @ de |
=T Mt | T T T (e0)
a7 ’ ar AT
or, ‘
dq" a0 |
a 1 1
0 0
— =fyr + £, — (81)
a7 T T 947y '
where, obviously
. ' ’ . . .
£o = = Byerr ‘ (82)
' | o, (63)
foro = 4+ h —_ 83
T o,eff a7 , |
or substituting (71) into (83) we get
T, (6,-8,) - (e- )
f' on O eff .(" "“ ,eff V. A (84)

= “o,eff _ ,
T (ro rr.) Pw %



34303, Heat Flow in the Liquid Metal

Brocks 6‘work revealed the invalidity of.treatiﬁg fhevheat
floﬁ from a stirred liquid metal to a solid in terms of a boundary
layer, of constant thicknéss having a constant heat transfer coef-
ficient. The shape of his experimental curves ofvsolidifiéd thick-
ness versus time for different amounts of superheat suggésts that
the heat flux is very high at the‘beéinning, possibly due to un-
steady state heat conduction. - The ﬁeed for a more flexible model
led to the assumption that there is a con&uqtion layer close to the
solidification front whose thickness depénds on time but also on
the speed of rotation of the probe. This conduction layer lies

between T and r; as shown in Figure 10.

The thickness of this conduétion layer was assuﬁed to grow
by‘unsfeady state conduction during the early stages but then to
be-disturbed by the convection currents that develop as the bath of
euteétic metal becomes stirred by the rdtating.pfobe. Once this
happens the conduction lajer is assumed to decay in thickness, app-
roaching the thickness of the imaginary stationary f£film that is’
equivalent to the convective heat transfer coefficient at the sur-

face of the probe.

The heat flux from the conduction layer can be represented’
by the heat éonduction‘formula for heat conduction across unit length

of a hollow cylinder:

. ! b -
q = - 2rsk§3 7 =- 2Tk (OL os) (85)
&# In f&
r
s
L
Expanding 1n-;— and teking the first terms of the series as an
s

approximation



k?T(rL + rs)(eL - GS)
&= - coer ()

Dividing by 277rs gives:

o k(rp + rs)
WL
2r (xp - rs)

) . ('87),

s

This eqﬁaﬁion is used throughqut the model to describe the flow of
heat'across'the conduction layer to the solidification front. The
variation of'é"s is developed by the substitdting the varying '

values of v and v into this equation; The equations from which
the values were determined are developed below. The growth of the

conduction layer is assumed to occur by conduction only, so that

the heat conduction equation within the layer is

k +— — | = pc— 68
(drz r dr P'éT
. aa doe . . s .
Providing (___) = 0, integrating equation (88) gives
dr/ r '

L

-

g L P Ty f...w_”h.drsﬂmu B A R
-0 ) = F. a ' r -0 8
-ty %) G (et 0 s o o] ()
s Ty a7

L

Vhere the temperature gradient at the solidification front has

been determined from equation (87) which gives:

i} ae . (rL + rs) N
5 — — (9, -0) (90
ar 2(x; - ) : .
Ty L Ts’
o, +© \
Assuming an effective temperature -——5——§].for the metal
. . /
between r and r )
_ s L L - i
6. + 6 2 , T
_ L 5 S . rL - rs : (91)
2
6. + 6 dr, © dr :
ordr = ¥ S .4:1‘ Loy @ (91.1)




7\ { ar b T
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dr 1 dr 1y 1 ax

=0 rS 8 (1 - \ GLrL L (1 - + --ean Lo

58 7 5 2| 284 GT

1 drs N
- _ er ‘ . . (92)

> L7s a7 A

re-arranging equation (92) and substituting in equation (89)

gives the differential equation for the growth of conduction

layer. _
er 'kL I"L + IA'sl ’ drs
T T = - -r, == (93)
L 47 PLCLV T = T s d7

Solidification does not start immediately the probe wall
is exposed to the liquid metal in the case of superheat. A short
time will elapse before the temperature of the liquid metal surface

reaches the solidification temperature.

- == -~ Thus some heat must be- transferred-to-the-probe wall before

solidification starts so that 6 will increase.

The thickness of the cooled liquid layer at the moment solid-

ification starts is given by:

!
! =~h (o _eS.)_k(rL+r0)(eL—eS) (94)
T = o,eff ‘s w/ T S
: 2z (x° - 1)
o I o
where rSL andAGSw are fhe values of Ty and ew just before solid-

s s g . . . . s
ification starts. The only unknown value in this equation is © -

which céﬂ Bé'défefmiﬁed-f£;ﬁ“a heét Baiénéé béfween thé cooled
‘liquid layer and the heated probe wall:

Heat lost from the liquid metal
O - &

S R b e L <2



Heat gained by wall
T2 2 ' '
=7 (x o~ T R) 9w’Pw Cu (96)

from equations (95) and (96)

Pr’L i (’-"Ls)2 - (Io)2 (6.-8) (97)

% =

A Pwlw 2 E}'(%Z-{'TQL)]

Putting (97) and (94) and re-arranging gives a cubic

equation of rLS

| 2 2
8z - ar (29?4 (-0 -4 ®) 2%+ (k4042 2h)m =0
(98)

This equation can be solved for r.° using Newton - Raphson method .

L

Once this equation is solved, the value of rLS that has been de-
termined is the value at which solidification starts and which

could also be used to evaluate Gws in equation (97 )

The time 7; when solidification starts can be determined

by integrating equation (93) between r, and r S,

L
drc‘
Considering r, =T, and — = O before solidification starts
. a7
 equation (93) becomes
dr. ki . r +r :
L L

rL = . ° (99)

ar Pl - T - T,

re-arranging and integrating the time dependent term between

0 and 7;:
7’PL C, 5 S . — 2 /‘i'L'S + | 00
S =—§-<L—— (rL - I‘O)(I‘Ii - 31‘0) + 4ro 1n \'—_‘Qr - } (100)

The main differential equations, number (65), (70),(79) and

(93), can be solved simultaneously as soon as solidifying

~starts.



1 The decay of the Cenduction layer

Once .the convection currents are fully built up in the liquid

metal, the heat transfer to the solidification front is given by:

N

4y =ty (6, -9 - . (101)
where hLIQ is the heat transfer coefficient from the liquid to the
probe. |

The effectivé.stationary layer thickness tLIM is very small so.that
fhe effect of the curvature of the cylindrical probe‘can have only

a negligible effect. Thus we can write:

1" kL

94 = TE}_'—H.I- (GL - QS) (101.1)
so that

by = EL—— (101.2)

Lm hLIQ .
The substitution of the 11m1t1ng value_pf Ty = Tyt tLIM into

: n
equation (87) will produce a value of g ¢ almost identical to that

" given by equation (101).

Thus we have a situation during‘the early stages of solid-
ification in which the outer radius of the conduction layer, T
grows as given by equation (93) and then}decays to a limiting
value given by:

T = Ts + 1t :(102)

Lo LIM

An-exact treatment for the. decay.of the conduction layer as the

convection currents are established is extremely complicated, and
certainly beyond the scope of the present treatment. The simplest
approach to the decay is to'represenf'it in terms of an exponential

decay equation:



d.I‘L - Ln0.5 (

L =__"7 (103)
a7 7 1

T, = T~ by

>

where 7 1 represents the half life of the decay process.
< .

TZgration (106) is used to describe the decay of the conduction
layer after a certain time 7’0, prior to which its growth was ass-
umed to be given by equation (94). After 7; then, the growth and

melt back of the solidified layer is given by solving eguationgs

(65), (70), (79) and (103).

For a probe rotating at 60 r.p.m., in lead/tin eutectic the

following values have been used:

7*; =5 secs;
’ 71/é= 6 secs.

By 1= 8500 W/w? °c.

The theoretical lines plotted in Result section have been

deternined using this model.

Other values have been used in determining theoretical lines
relafed to probes rotating at different speeds, and in different
media, These values are given in Table 19in Appendix 5— which
lists all the values used in computing the results presented in

the thesis.

The choice of the values of the parameters, and.the validity

of the model are discussed in Section 7.2.



3.3.4 Numerical Methods of Solution and Computer Programme

The differential equations developed in Chapter3.3. and

be solved numerically using a Runge-Kutta method of integration.

Two different computer programmes are written concerning

planar and cylindrical models, = -

P

They both consist of a main programme and three sub-

routines written in Fortran IV assembly language.

The relationship between the main programme and the

subroutines with respect to both cases are shown in Figure 12

The main programme and subroutine Difre related to the

cylindrical case were developed in the present investigation.

The two other subroutines, Rukut and Step 4 were devel-
oped by Hills (Hills A. w.0?% Pn.D Thesis, University of
London, 1966)

The main programme reads the data and'calculateé the
initial values necessary for the start 6f integration as well
as the corresponding time. All these calculated values are
then written and Subroutine Rukut is called. This subroutine
then calls subroutine step 4, the subroutine in which the
numerical integrations are carried out. Rukut controls the

integration by varying the step length used in step 4.

The original step length and print intervals are read
from the main programme to which the values of the parameters
are returned after integration and written at more or less’
constant print intervals. Subroutine step 4 calls subroutine
Difre in which the actual values of the differentials are
calculated.

The computation is carried out for each experiméntal
system first at zero superheat in conjunction with flat and
cylindrical models. Then it is repeated this time concerning
only the cylindrical model, at superheats used experimentally,
for different liquid heat transfer coefficients and halflife times
dffconduction layer until melt back ig produced at times

comparable to the experiments.
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3.4 Mass Transfer - Dissolutien Process

3;4.1 ' The Nature and Kinetics of the Dissolution Process

The dissolution of a crystalline golid in a liquid in-
volves a dissolution step at the solid-solid iﬁterface, in
which the atoms, ions or molécules of the solid leave their
positions in the lattice and enter the liquid phase, and a
transport step in which the dissolved solid species is trans-
poxrted intb the bulk of the liquid phase. The relative ease
with which these . two steps'occur will vary from system to
system. If the transport steﬁ occurs very much more easily
than the dissolutién stép, the latter will control the rate of
dissolution and the dissolution process is said to be inter- '
face controlled. If the dissolution step occurs the more
readily; the rate of dissolution will be determined by the
transport step and the dissolution process is said to be

transport controlled.

In situations where there is 1little to choose between
the relative ease of the two processes, they will both con-

tribute to controlling the rate of dissolution, a situation

known as mixed control. o e
In addition of course heat will have to be transported
to or from the solid/iiquid interface because'the dissolution

step will involve an exothermic or endothermic heat effect.

It is thus possible that heat transfer may exert some
controlling influence on the rate of the reaction although -

instances where this occurs are relatively rare.

The next seqtion of the work derives an equation
for the rate of dissolufion, assuming it to be mass transfer
T .. 7 controlléd. Equations have not been presénted for inter- -
‘ face control since, as will be seen later the dissolution
processes studied in this work were found to be mass

transfer controlled.
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Typical phase diagram for a Binary alloy

U - , system A/B involving two solid solutions
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Figure 14 . Boundary conditions for transport in 5

liquid with moving boundaries.



Figure 14(a) represents the concentration gradients that exist
before dissolution starts, and Figure 14(b) vhen solid B is
dissolving in liquid A. The concentration terms used on both
tlese Figures has been demonstrated in Figure 1% on a simple
eutectic  system with limited solubility. The mass flux of
B away from the surface is also shown on the Figure l4(b).

It is transported by diffusion and by the convective motion
of the liquid phase stirred by natural or forced convection.
Since species B can be present in high concentrations in

the liquid, analysis of this convection process is somewhat
difficult to carry out. The following simplified approach,

hovever, provides a result of sufficient accuracy.

The simplified approach is illustrated in Figure 14(c)
in which the convective boundary layer in Figure 14(b) is
replaced by an affective stationary layer of thickness b,

b being smaller than the thickness of aotual.convective
boundary layer. Species B is transported across the effective
stationary layer merely by diffusion and by the bulk motion
broughﬁ about by the transport of B itself. Thus we can write:

dacC
n ’ B ¥ f .
n‘:B = = DAB CT = _+. C__“B n,BA e (104)

where

* .

c = mass. fraction of metal B in a binary alloy of

metals A and B

CT = mass density of alloy
DA)B = binary diffusion coefficient in the liquid alloy

A/B at low concentrations of B

-

ng = ‘mass transfer flux of B
( ):.L = value at solidification interface
(- ) = - valuein bulF 1iqid phaséi " . -~ - oo

Equation (104) ignores the fact that the solid/liquid
interface recedes as dissolution taekes place. The effect,
however, is quite small and can be ignored without intro-

ducing a significant error.

Equation (104) can be re-arranged:



" N B 105
n g (1 - c;_._B) =~ Dy Cp . , _ (Log)
%hence ¥ .

'dC* n"
B .. 2 dx . (106)
e (1—0B ) - dyCrp
(¢'3); 0
* n
1-(c.) n . b ; S
In Bb | _F (107)
1 - (C 3) D50
so that
*
D,.C (cy)
Ay = Af L 1n A b (108)

since the liquid phase contains only A and B, Equation

(108) can be re-arranged in the form:

{

(C* )
w  DC - » ),
np = AI])S = le); - (C*ZB) } ——2
' by (C A)b = (CA*)i (109)
since (C; ); - (C;)b = (CA*)b- (CA*)il | (110)

Equation (109) can be represented in a simpler form by de- _

fining the log mean mass fraction of A:

, (CA*)b - (CA%)i

(CA*)ln = (111)
- 1n —_—
so that
D, C
" - AB T . )
I 5(0.) (cp*); - (0g%), (112)
A ‘1ln ,

The value of b can be determined from the limiting



mass transfer situation - that is mass transfer that occurs
vhen the transferred species is present at very low mass

fractions. For. such situations it is possible to write:

n

(0°5)14m = Op Cyp (kQB*)i, iim " (CB*)b,lim) (113)

‘whefe‘ dle is the limiting mass transfer coefficient, and is a

function of the stirring conditions only. Furthermoré, since

¥ . *
CB > 03 CA. — ]
and

| (€¥),, = 1 (114)
£o “hat comparison of equation (113) and equation (112)

written for limiting mass transfer conditions, gives:
o ' AB - _
For non-limiting conditions; then, equation (112) becomes
° 4 : :
AR Um * % o :
" - eee———— - .
iy = (C°p); = (5] (126)
*
.(CA ) In

Equation (116) controls the rate at which the dissolving
species B is removed from the solid/iiquid'interface. If

the dissolution process is transport controlled, (CB*)i,will
be determined by equilibrium conditions.at the soliQ/liquid
interface. For example, consider a situation in which pure
metal B is dissolving in a liquid A/B alloy, Figure {3 showing
a binary alloy phase diagram.

(CB*)b is the composition of the bulk liquid alloy,
and ©, is taken as the temperature at which the dissolution
process is taking @Iace;“fCB*)g‘and (Cg*ji“beingwrespectively,
the solidus and liquidus alloy compositions at that temp-

erature. .

If the dissolution step at the solid/liquid interface
is not rate controlling, equilibrium will exist at the inter-

face. This means that the liquid alloy at the interface will



contain (CB*)L of B and that the surface layers of the solid
metal B will contain sufficient A in solid solution for the
composition of the solid surface to be (CB*)S, These layers
will be continually dissolving so that this A does not leave
sufficient time to diffuse into the bulk of the solid.

. Under these conditions; then, the liquid composition
at the interface is given by the liquidus line, and equation

(116) becomes:
¢ [o] :

n o« Y [ | '
I ol G P (17)

This equation will be used later to analyse transport controliled

dissolution rates.
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4,1 The Apparatus

The apparatus is similar to that originally designed
by Brooks. It consists of three independantly mobile sections
(Figure 15). A photograph of the apparatus is shown on
Plate 1. ' | |

TT ‘ L.L. .S = 1
Nhoass i g
L L,
J S ) :J«E;;?«;
' RA. \
R'i
L
—L\Lf + ] 1 R
2 ;§ F %i Pﬁ. 2»
B R | v
Rg
¥ B ' . -
(1) ~(8)

Figurelb The Apparatus

The furnace
The probe assembly P.A.)
Control panel (C.P)
Lifting and lowering system (L.L.S)
Variacs (V) and Motors (i)
3  The Recorders (R)



4.1.1 The Furnace

The furnace consists of a large austenitic stainless
steel crucible which is powered externally by a 2 kW thermo-
cord heater and internally by a 1 kW insulated, stainless

sheathed heating coil. (Figure 16)

Both of the heaters are controlled by means of Variacs
[V, end V, in Figure (15)_/ |

<

Heat losses are minimized by 100 mm of,vermidulite

insulation.

The alloy is melted and remelted inside the crucible
- vhich has a tilting mechanism to pour out the molten metal

if required.

The bulk liquid metal temperature is measured by a

" stainless steel sheathed chromel/alumel thermocouple.
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The Furnace
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. -— the probes . _-— o = =

4.,1.2 The Probe Assembly and the Rotating Mechanism

The prdbe assembly (P.A) is supported by a frame which enables
the cylindrical probes to be lowered into or raised from the
liquid bath at a constant speed by means of an A.C.Motor (M2)
(Figure 15, Plate 1) ‘

The travel is limited at its upper and lower positions

v by micro switches.

Another A.C.Motor (ML) which is attached to the probe
aséembly and controlled‘by the Variac V3 enables the probe
to be rotated at chosen speeds within the range 0 - 180 r.p.m.
The rotation mechanism used permits continuous, vibration-free
rotation of the probe with cdnfinuous monitoring of up to'

three thermocouple outputs from the probe.

 The mechanism (Figure 17, Plate 2a) originally consfructed
by Brooks (unpublished paper) is supported on a central stator |
(@) by the ball race (a), and driven by a friction wheel
pressed against the mechanism at (g), the side thrust being
resisted by the ball race (b). |

Six copper slip-rings (¢) are bonded with araldite
to an ebonite sleeve attached to the stator. The contact
brushes (e) are cold rolled Cu-Be strips mounted on a Tufnel
block (f) attached to the rotating probe assembly. This bleck
also-acts as the terminal strip for the thermocouple leads
from the Probe to the recorders. The cylindrical, hollow probe
is suspended from the rotor by three threaded rods which
screw into threéded'tubes, integrally cast into the probe
wall (Section 4.1.3). Cooling air can be supplied to the
inside wali of the probe by a 2.54 cm diameter pipe (i)

attached to the stator and positioned concentrically inside



PLATE 1

'The apparatus
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PLATE 2

A close up to the rotation mechanism

A probe just after a chill-layer experiment



PLATE 2



Hede) LI LOLLIOL IalCl all Lhe necoraers

A close-up of the control panel can be seen on Plate 3.

N

The control panel contains an emergency switch-off
system as well as independent switches for operation of the
variacs, lifting and lowering system and the rotation mech-

anism. Heater currents are displayed on the two ammeters.,

~ The thermocouples are conmnected to the recorders via

the panel.
One speedomax type recorder with ranges O 2, 5, 10,
25, 50 and 100 m.v and two Honeywell Elektronik 15 type re-
corders with ranges O 10, 100 m.v are used to monitor the

outputs of the thermocouples cast into the prcbe wall.

A push button on the control panel operates the bhattery
powered 'event marker' which, by injecting a D.C. pulse into
the recorder inputs, enables the exact moment that the probe

enters or leaves the bath to be marked on the recorder charts.



The control panél of the apparatus
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4.2 The cylindrioal probes

Figure 18 shows a section through the hollow probes used in
this work. The probes were froduoed by casting as‘déscribed in the next
sections. They were supported from the rotor mechanism by three rods
that were screwed into -three internal threaded tubes that were cast into
the‘fop of thé pfobe wall. Tﬁree thermocouples were cast in to the wall
-of thé probe as shown in the figure so that = the temperatures of
the iﬁner and outer surfaces of the probe wall could be continuously .
measured during the éxperiments. Probes we manufactured were of commer—
cially pure lead, commercially pure tin and three lead tin alloys, con-

taining 10% tin,and 80% tin and 90% tin.



thermocouple threaded support
rod

threaded tube

6 2nime

Figure 18

SECTION OF LEAD PROBE
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A bottom piece (Figurel9e) fits tightly to the

4.2.1 Pre-casting Preparations

A cylindrical steel mould for casting the hollow cylind-
rical probes was prepared in two halves / (a) and (b)_/ by

machining from a.solid bar of mild steel.
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Figure 19 (a), (b) and (c): o ' &8
Parts of the steel mould. o
(@) wooden core-box

(e) sand core

main body to complete the mould, (Plate 4, 3.)

The hole in the bottom section enables a sand-core ?i

" to be centred in the mould to provide cylindrical

e ’a)
cavity in the probe. (Plate 4 a, b.) (€

___The sand—cores were prepaled in a wooden core—box

(Flgure l9d, plate 4a) from Wlndsor—Rose sand u31ng the

002 process.



PLATE 4

(a) Precasting arrangements showing sandcore as
prepared in a wood-core-box, three steel

connection rods and the stainless steel

mould

(b) The above shown items put together ready for

casting
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4.2.2 Casting of the Probes

- Three hollow steel rods threaded on both surfaces
‘are poéitioned at 120° angles in the top of the mould. After
casting, these enable the probe to be attached to the rotor
assembly by means of threaded rods of smaller diameter.
(Plates 2 and 4). ‘

Three chromel-alumel ﬁhermocouples are carefully
positioned inside the mould for measuring ingide and outside
Awall—temperatures over the main reading section during the
‘ experiments. The core, ( Section #.2.1, Figure!id ) the

' thnﬂbcoupleé and the rods are held stationary by means of

clamps whilst the probe is cast.

The closed bottom part of the probe is cast into

position after the probe is removed from the mould.

A longitudinal section through a lead probe is shown -

diagramatically in Figure ( 18 ).

The stainless steel mould extracted heat very rapidly
from the solidifying probe metal, ensuring that it solidified
" in a radial directibn. A high deéﬁee of directional solidi-
fication was thus achieved in the production of all the
probes,'as can be seen from the micrographs of probe material
shown in Plates 18, 20, 21, 22, 24 and 25.



5.1

EXPERIMENTAL PROCEDURE

All the experiments concerning heat and mass transfer
were carried out on the apparatus described in the previous

section.

The main object of these experiments was to provide
sufficient data to test the theoretical developments and to

give useful information to advance some parts of the theory.

Experimental sequence

"5.1.1 Chill Layer Experiments

These experiments were carried out to determine:

1 the rate of growth and meltback of the chill-layer
on a cylindrical substrate; '

2 the dhange of the inside and outside surface temp-
eratures of the probé wall with time.

BEach chill layer experiment began by melting the
alloy in the bath and preheating it to about 4 - 500.
‘above the selected temperature. Then, with zero power
input the melt would start»to.coolvat.about»l.BQC. <

per minute.

8

In the meantime the probe was screwed to the probe
assembly by means of the steel rods and the thermocouple
leads connected to the terminal block on the rotating

assembly.

Prior to each experiment the bath had to be stirred
by a hand-held, motorized, rotary stirrer because of
the large difference in density of the two component
metals. When the bath temperature had fallen to with-

~—  -n %gato 1?.ofjthe chosen temperature--the stirrer was .

taken out of the bath, dross was removed from the

surface of the melt and rotation of the probe

commenced. (Failure to remove dross from the surface

of the melt gave rise to an uneven probe surface.)

The rotation speed was measured by a hand hold tachometer.
During all the chill layer experiments the rotation
speed was kept at 60 r.p.m.



Each experiment was started by lowering the ro-
rotating probe into the bath. The event marker was
operated just as the probe touched the bath surface,
(and again just as it cleared the bath surface on

withdrawal.)

During the period while the probe was in the melt
the bath temperéture and the probe wall temperature
were monitored continuously. A stop watch was used

to measure the time of immersion.
.5.1.1.1 Zero bath superheat

Before~every}éxperiment with zero bath superheat,
the bath temperature was brought just above its melting

point.,

The first probe was lowered with zero power output

of the heaters into the bath and removed immediately

so -as to obtain the minimum possible fime of exposure.

This gafe about 6 seconds of exposure to the bottom

end of the probe, (the probe moved at gbout 4'cm/sec.

the length exposed wassbout 12 cm.) The exposure time

was then gradually increased for each set of experi-

men{s (in 3~ 6 second . intervals), so that the thick-

ness of theHQrDW\ingchillélayer on the probe could

be measured as a function of the time of immersion.

This measurement was made when the probe had cooled

using a micrometer at various cifcumferential positions.

The measurements were made in a 4 cm wide region start—_

ing 4 cm above the bottom end of the probe, (i.e. mostly

4 cm. below tﬁe melt surface) as this was found to be

a suitable region in which to take a mean reading to

give the thicknesses of the chill-layer at a specific
~—time. (Figuve 20)  ~ |

As Fig . 20and Plate 6 show, erroneously erhanced
thicknesses of solid metal formed close to the bath
surface and close té the bottom ﬁlug. These were due
to the effect of heat flow upwards along the probe
wall from the bath surface, and into the bottom plﬁg

of the probe. Three separate dips were made for each
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main, reading

area (4 cm)

4 cm

CHILL-LAYER

Fig. 20

MAIN READING AREA



chosen exfosure time and éf least nine different measure-
ments were made of the chill-layer thickness for each
such dip. Chill-layer experiments for zero superheat
were discontinued once the 1ayer vas found to have

stopped growing.
- 5.1.1.2 Supefheated baths

Another series ofAexperiments was carried out
with the bath at various degrees of superheat, cylind-
rical rotating lead probes again’ being immersed in

the eutectié lead-tin melt.

The time for which the rotating probe remained
in the melt was progressively increased in separaté
experiments vntil it could be removed with a relative-
1y clean lead surface on which no chill-layer remained
within the area designated in Section 5.1.1l.1 as the

area within which measurements were made.

Thickness readings were taken in a similar way

to those at zero superheat.
5.1.2 Dissolution experiments

These experiments were carfied out to determine
the mechanism controlling the rate of dissolution by’
investigating possible relationships between the rate
of dissolution and : '

1 the rotation speed.of the probe,

2 the experimental temperature

3 the orientation dependence of the dissolution

process. The probes for the dissolution experiments

were identical to those used.in the chill-layer experi-

- ments except that they contained no thermocouple.

Immediately before the experiments, the probes
were machined (Plate 9)., To remove the thin oxide films
films that readily form even at room temperatures,
the lowest possible machining speed was chosen to avoid
as far as possible recrystallisation of the probe

material,



5.1.3

5.1.3.

Prior to each experiment the probes were weighed
and the experiments were started by dipping the probes
into the melt. After the relevant chill-layer melt
back time had been exceeded the probe was held in the
bath for a pre—selecfed period of time after which it
was weighed again to determine the amount of metal
dissolved. Experiments were carried out for a range
of steadily increasing diséolution times. Selected
probes‘were aléd prepared for a macro-structural examin-

ation.

These experiments were repeated for pure lead,
pure'tin,ahdAfor some of.their alloys at different
rotation speeds, different concentration driving forces
and different temperatures. (See Table 9 ). After
each experiment the melt was brought back to the eut-
ectic composition by adding the necessary amounts of
the metal. After every 5 experiments the bath compo-

sition was chemically analysed for Pb and Sn.
Preparation of Micro and Macro Structures
1 Pb -~ Sn in their pure form

To investigate the attack‘pf liquid on the solid
probes as well as the possible orientation dependence
of this attack, samples were cut from some of the dis-
solved.probes so that sections could be prepared through

the surface layers.

Special attention was given to the preparation of
the samples from the pure lead and tin probes since
these materials can be easily deformed. Such deformation
usually leads to immediate recrystallisation which
changes the structure of the materials under investi-
gations. The procedure adopted in this work is as
fol;ows.

The samples were cut out of those probes by a

band saw at the lowest possible speed.

After the samples had been mounted in cold setting



Metset 'IFT! resin, they were hand-ground wet on the
following series of waterproof polishing papers for
the indicated periods of time: _
(i) number: 120, 220 320 (about 20 minutes each)

(ii) 400 © (30 minutes) and

(iii) 600 (60 ninutes).
The specimens were then polished on a wheel covered with
napped wool cloth impregnated with 4 - 8 diamond paste
and rotating at around 40 - 60 r.p.m. until most of
the scratches had dissappeared and the surface of the
-specimens had become bright. (6 - 8 hours.) The same
operation was then carried out using No. 0 - 7 dia-~

mond paste.,

During the course of the fine polishing the lead
and tin samples were etched several timeé. The samples
of all metals were then finally etched to develop their
micrastructures. For the etching of lead two different

solutions were tried:

1 Normal Vilella's etching medium (3 minutes)
16 cm’ Nitric acid (1.40)
16 cm3 Glacial acetic acid
68 cm3 Glycerol '

2 20 cn’ nitric acid (1.40) (10 minutes)
80 cm3 distilled water

The second solution produced the best results, and all
the micro- and macro-sections illustrated in the thesis
have been prepared with this etchant. For the etching
of pure tin the following sclution was used:

5 HC1

— ) 10g Ferric chloride
95 cm3 Distilled water
3 cm3 Alcohol

2 cm



5.1.3.2 Pb - Sn Alloys

The bath material, as cooled.in the air, and the
'growing chill layer of the same composition were sec-
tioned for micro-structural observation. (Plates 5, 7, 8)
The preparation of these micro-structures was not as -
difficult as for the pure metals., The method of prep-

aration used is as indicated on the relevant plates.




PIATE 5 -

Pb-Sn eutectic(bath)cooled in air
':Etchan'b: Acetic acid; Nitric acid; Glycerol = 1l:1:4

\ Magnification: x 40



r>LATE 5



PLATE 6

Chill~layer grown on a Pb-probe under unstirred

‘conditions.



PLATE 6




. PLATE T

Chill-layer grovwth on a Pb-probe from Pb-Sn eutectic

bath under

(i) unstirred conditions

(ii) stirred conditions.

Magnification: x 20.

(iii) ‘stirred conditions

Magnification: x 40.

Etchant: Acetic acid; Nitric acid; Glyserol = 1l:1:4



remail -




PLATE 8

A close up of one of the perturbations on the
growing chill-layer shown on Flate T (top
right-hand corner).

Magnification: x 60

A section taken (normal) through chill-layer
(normal to the growth direction).
Magnification: x 60

Etchant: Acetic acid; Nitric acid; Glyserol = 1l:1:4






RESULTS
Chill-layer resulxs
6.1.1 Chill-layer growth at Zero Superheat

The experimentally measured growth of the chill-
layer on a pure Pb-probe immersed in a Pb - Sn eutectic
bath at zero superheat using a probe rotation speed
of 60 r.pem. is shown by the error bars in Figure ZI
Each error bar covers the range of chill-layer thick-
nesses determined for three separate immersions. The
results are also tabulated in Table 1 which shows the
mean of three thickness readings taken in tnree diff-
erent radial directions at a specific height from the
bottom of the pxobe, readings being taken at three such

heights for each exposure time.

Experimental results obtained by Brooks under the

same conditions are included in Figure 21 for comparison.

Also shown are the results of the present theor-
etical treatment for two different values of the inter-

face heat transfer coefficient.

Figure 22 compares the experimental inside and
outside wall temperatures of the probe with the theor-

etically predicted midwall temperatures.

6.1.2 Chill-layer growth and melt-back in superheated
baths

The experimentally measured growth and melt-back
of the chill-layers on pure lead probes immersed in
Pb - Sn eutectic baths at 186°, 190°,195°> 200 , 210 and
220°C. are shown in Figures 23, 24, 26, 27, and are tabul-
ated in Tables 1 -8 . A probe rotation speed of

60 r.pe'm. was used throughout.

These Figures also show the results of the present
theoretical treatment for an appropriately chosen value’
of the interface heat transfer coefficient. Some theor-
etical results due to Brooks, for similar conditions

are also shown.
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Results obtained at bath temperatures above 220°C
are given in tabular form only (Table » ) since
the chill-layer thickness melt back times at these

temperatures were relatively small.
6.1.3 Microstructural examination of chill-layer

Some microstructural examinations of chill-layers
~ grown under either static or dynamic conditions showed
a globular form of eutectic (Plates 7, 8) as opposed
to the characteristically lamellar eutectic structure
produced in the same composition when slowly cooled.

(Plate 5.)

In an unstirred bath the growth of the chili-layer
was accompanied by the formation of primary tin den—

trites which caused a roughening of the chill-layer.

Plate 6 shows the rough surface appearance of the
probe resulting from dendritic growth of the chill-layer.
The upper of the two chill layers shown in the top
photograph in Plate 7 shows how this roughness is re-
lated to the dendritic structure. The top photograph
in Plate 8, which is .a magnification of the tbp right
hand portibn of this chill layer, shows how each pro-
tuburence of the rough surface is related to an ind-

ividual dendrite.

This dentritic growth was avoided by stirring
the bath prior to immersion and by rotation of the
probe. This can be seén from the lower of the two
chill léyers in the top photograph of Plate 7 , which
has been grown under identical to the upper chill
layer except that the bath was well stirred prior to
the.éxﬁeriﬁent; and the probe was rotated gently o

throughout the experiment.
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Dissolution Results

Dissolution experiments have been carried out using probes
made from the metals specified in Table 9, under the conditions
of bath temperature and rotation speed also specified in this
Table. The weights of the probe before and after each experiment
were recorded and used to calculate a mean dissolution rate, the
total weight loss being divided by the initial cylindrical sur-
face area of the probe in contact with the bath and by the time
for which the probe surface was in contact with the bath. This
latter time was determined as the total time of immersion less the
time determined in the previous section for the melt-back of the
chill layer. The results of these experiments are shown in
Tables 10-16. . No measurements could be obtained for the alloys
containing QO0fo and 9(fo tin since the probes were attacked so rapidly

that they disintegrated.

In addition probes removed from the bath were examined and
photographed and sections were obtained for metallographic observ-

ation. These plates are presented in Section 6.2.5.

Dissolution Rates

The mean dissolution rates listed in Tables 10-16
are plotted in Figures 51 - 55 as a function of exposure time.
Figure 51 shows the results for lead obtained when the rotation
speed of the probe was 60 r.p.m. The Figure shows that the mean
dissolution rates do not vary very much with exposure time, but
increase quite rapidly with bath temperature. Figure 52 shows the
results obtained for lead when the bath temperature was 250°C.
These results show that the dissolution rate increases slightly

with exposure time and very markedly with the speed of rotation.
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Dissolution Results

TABLE

EXPERIMENTAL CONDITIONS FOR DISSOLUTION EXPERIMENTS

Probe Metal Bath Temp. Rotation Speed

(%) (rop.m.)
200 60
220 60
0
Pb 30
230 60
120
250 60
120
30
Sn ' 200 60
120
90% Pb , 230 B 50
1060 - 100
10% Pb 190 60
90% Sn
20% Pb 190 60

80% Sn
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" The results obtained for lead at 120 r.p.m. and at two different

6.2.2

bath temperatures are shown in Figuré 33 .+ The results obtained

at 120 r.p.m. after fairly long exposure times suggest that the

digsolution rate increases slightly at first with exposure time

and then starts to decrease again.

Figures 34 and 35 show that the results obtained for pure tin and

90%Pb-10% Sn probes tend to behave in a similar way to the results for

lead. .
Calculation of Mass Transfer Coefficient

The dissolution rates presented in the pfevious section
have been used to calculate mass transfer rates on the assump-
tion that the dissolution process is controlled by mass transfer

as outlined in Section 3.4.2.

Equation (117) in that section:

" ;{? Y ¥ * ~ '
ny = B O, - @)y 7 ()
(c A) In

can be re-written in the form:

1"

L R 9.;.@ L (Cg)y, - (c];)'bJ L (b)
(Q'A)Ln '

where (CB)L and (CB)b are the mass concentrations of the dissol-

ving metal at the liquidus, i.e. in equilibrium with the surface

of the probe, and in the bulk of dhe Liquid phase .

. g ,o
Equation (b) has been used tq calculate jalues of  pp Sn
from the initial dissolution rates obtained by extrapolating the
lines in Figures 31 - 35 back to zero exposure time, The values

involved in these calculations are set out in in Tableé 17 and 18.
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Values of the C%ﬂﬂnf the mass concentration of the dissolving
metal, have been calculated from the bath temperature using the
lead/tin phase diagram shown in Figure 36¢ This Figure gives the
mass fractions at the liquidus, and the values of the mass con-
centrations were then calculated using the relationship pre-
sented- by W. Hofmann ~ for the variation of the density of lead/
tin melts with composition. The values for (Q#)E for the experi-
ments involving the 107 Sn, JXffo Pb probe were calculated as if
the probe were made of lead. However, the wvalue of dissolution
rate used to calculate the mass transfer coefficient was taken
to be the rate at which lead dissolved from the alloy probe, 1i.e.

gy/Aths of the rate at which the probe dissolved.

Values of (Cqg)” were calculated in a similar manner from

the eutectic composition shown in Figure 36. These values are

(Cpb)b 3.05 g/cmb5 (for 230°C.)

(cgn)b = 4.958 g/emb5 (for 200°C.)

The values of the limiting mass transfer coefficient shown in
Tables 17/18 are plotted in Figure 37 ¢ The Figure also shows
twp theoretical curves for the mass transfer coefficient in the

system. The Figure will be discussed later.
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6*%2.3 Visual Observation of the Probe System

The outer probe surface was visually examined after each
experiment. Typical appearances of the probes are shown in Plates

9 to 17.

Plate 9 shows a pure lead probe freshly machined and ready to
be immersed in the eutectic bath, Plate 10 showing the patchy uneven
attack that occurred when unmachined probes were used in the experi-
ments. All the subsequent Plates show the appearance of machined
probes after dissolution attack. Plate' 11 shows a lead probe that
had not been rotated during dissolution. It can be seen that the attack
on the probe surface has tended to follow the vertical lines of the
natural convection induced flow. Plate 12 shows the surface of a
tin probe after it had been rotated at 41 r.p.m., equivalent to
a Taylor Number of3.2x10”" It can be seen that the attack on the probe
now tends to follow tangential flow of the fluid flowing past the
probe. Plate 13 shows a lead probe that was rotated at 60 r.p.m. mo60
4 .6x10" during dissolution, and it can be seen that the regular
tangential patterns of erosion are beginning to be disturbed by the
more intense motion. Plate 15 shows tin probe treated under the same
hydrodynamic conditions and showing a very similar appearance. A
similar disturbance to the regular erosion patterns is demonstrated
in Plate 14 which shows a lead probe rotated at 40 r.p.m. for
some time and then at 80rpm Ta86= 6.2x10". Plate 16 shows the appear-
ance of a lead probe after a dissolution experiment at 120rpm Ta =

9.2 x 10”. It can be seen that the regular patterns of erosion have
been broken down completely. The pattern has been similarly broken
down in the case of the probe shown in Plate 17* This probe had been
mounted on the rotor mechanism with a slight eccentricity. It was

then rotatedat 60 r.p.m. super imposing a vibratory motion on the
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PLATE 9

A Pb-probe, as machined prior to dissolution experiment
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PLATE 10

A dissolution experiment
carried out with a Pb-probe

| without surface machining



PLATE
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_ PLATE 11

 The surface appearance
of a Pb-probe exposed to a Pb-Sn eutectic bath

under static conditions



PLATE 11
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PLATE 12

iProbe:‘ pure tin
Bath temperature: 200°C.
Rotation speed: 41 r.p.m.

Dissolution time: 180 secs.



PL ATE 12
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Probe: Pure lead
Bath temperature: 23000.
Rotation speed: 60 r.p.m.

Dissolution time: 220 secs.



PLATE 13
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PLATE 1

Probe metal: pure lead

Bath temperature: 230°C.

‘Rotation Speed Digssolution time
(r.p.m.) , (secs.)
(1) 40 80

(ii) 8o ’ - 80



PLATE 14



Probe metal: Pure tin
Bath temperature: ZOOOC.
‘Rotation speed: 60 r.p.m.

Dissolution time: 120 secs.



PLATE 15
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PLATE 16

Probe metal: pure lead

Bath temperature: 23000

Rotation speed: 120 r.p.m.

Dissolution time: 1800 sec.



PLATE 16
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PLATE 1

Probe metal: pure tin
. Bath temperature: 200°C.
Rotation speed: 60 r.p.m.

Dissolution time: 160 sec.



PLATE 17

R |
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regular tangential flow.

6.2.4 Metallographic Examination of the Dissolving Probe Materials

A number of sections were taken through the walls of
probes after dissolution and examined metallographically. Typical
~ macro- and micrographs areshown in Plates 18 to 26. They have been
prepared as outlined in section 5.1.3. élates 18 to 21 show
sections through puré lead probes after dissolution attack at
120 r.p.m. .Plates 18, 20 and 21 show that the uneveness of the sur-
face attack is unrelated to the grain size, grain orientation or to
“ the grain boundaries. Plate 19 demonstrates the problems involved
in preparing micrographs of pure lead. The surface shown in this
Platé had been polished for 4 hours, whereas the other three plates
show surfaces that had been polished for 8 hours. The surface that
had been polished for a mere.4 hours still>showé signs of the falsely
fine grain éize produced by reorystallisgﬁion duriﬁg thgrsawipg of_

the section from the probe.

Plate 22 shows sectioﬁs through a 80%‘Sn ~ 20% Pb probe the
upper section having heen photographed before the dissclution experi~
ment and the lower section after a second dissolution time. The

- overall attack on the surféce appears to have been fairly uniform
except that there is evidence of a mére rapid attack into the inter-

. dendritic eutectic metal. When longer dissolution experiments were

‘ ‘ﬁttempfég wit?nthig_alloy, t?g_proygmﬂisggﬁegratggluthe tottom sgction
ofithe proﬁé'ﬁreaking off frbm the remainder. The breaks appeéréd
to be due to partial melting of the eutectic metal, especially in
euteétic rich regions in the probe. This is demonstrated in Plate 23,
where the upper micrograph shows eutectic dense regions in a probe
of this alloy, and the lower micrograph is taken through the region

of fracture.
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PLATE 18

,Mécrostructure of a lead probe after a dissolution experiment
Sectioned normal to the surface, viewed by oblique

illumination.

Experimental conditions:

Bath temperature = 23000
Dissolution time = 180 seconds
Magnification: X 2.5
Rotation speed = 120 r.p.m.

As above

Magnification: x 10



5 = &SR = ™




- 130 -~

PLATE 19

>

Typical ambiguous structure produced as a result of incomplefe

preparation technigue.

Experimental conditions:

Probe material lead

Rotation speed 60 r.p.m.

Dissolution time

150 seconds

Magnification: x 20

As dbove .
Magnification: x 40



19

FLAILD

—— "

2 et
.'.‘—"

e




- 131 -

PLATE 20

Macrostructure of a lead probe afterra dissolution experiment.

Sectioned normal to the surface, viewed by oblique illumination.

Experimental conditions:

: Béth temperature: 23000
Rotation speed: - 120 r.p.m.

Dissolution time: 120 seconds

Magnification: x 15



PLATE 20
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PLATE 21

Macrostructure of a lead probe after a dissolution experiment.
Sectioned normal to the éurface, viewed by obligue illumination.

Experimental conditions:

Bath temperature = 23000
Rotation speed i = 120 ToPelle
Dissolution time = 160 seconds
Magnification: x 10

As above



PLATE 21




"..153..

PLATE 22

Microstructufe of 80 wt.% Sn,20 wf.% Pb alloy probe before

dissolution experiment. (Sectioned normal to the surface. )

x 60

Microstructure df above alloy after 30 seconds of dissolution time

(right hand side of the picture being the atbtacked surface).

Experimental conditions:

Bath temperature = 19000
Rotation speed = 60 r.p.m,
‘Btchant: T 5% Nital

x 60
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Microstructure of 80 wt. % Sn, 20 wt % Pb alloy prior a dissolution
experiment. | -

(Sectioned normal to the solidification direction)

Magnification: " x 80

Microstructure of the above alloy after 60 seconds of dissolution
time (section taken in the vacinity of the point at which the

probe broke).

Experimental conditions:

Bath temperature = 190°%
" Rotation speed S TL 60 r.p.m. “
- Magnification: x 120

Etchant: 2% Nital
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| Plate 24 shows a 90% Sn - 10% Pb alloy probe after 46 seconds
of dissolution time. The section A-A through the probe illustrates
the approximate region in which sections.were taken for all the micro-
gréphs shown here. The micrograph in the lowerlpicture shows the
surface region,the attacked surface being on the right,hénd side.
Once again, there is evidence of more rapid.attéck into the eutectic
metal. The upper micrograph of Plate 25 shows the surface of a sim-~
ilar probe after exposure to dissolution attack for 6OAseconds. The
more rapid attack in the eutectic regions is more obvious on the
dissolution surface, (éhe right hand face of the upper micrograph).
" The lower micrograph, fresented for completeness, shows a section
parallel to the surface of the probe., Only a limited range of ex-
periments could be carried out with this alloy since, once again,
the alloy disintegrated after longer éxposure-times and at higher

rotation speeds.

Plate 26 shows a section across the ﬁall of a pure tin probe.
The two micrographs at different magnifications, both demonstrate
that the uneven surface attack is unrelated to the grain size, grain

orientation or grain boundaries for tin as it is for lead.

Plate 27 shows the appearance of an attacked 90% Pb - 10% Sn
. probe and a micrograph of the structure of this probe taken parallel’

to the surface of the probe.



A 90'wt. % Sn, 10 wt. % Pb alloy probe after 40 seconds of
dissolution time. %

Experimental conditions:

190°¢.

Bath temperature

‘Rotation speed 60 r.p.m.

Microstructure of section A - A of above probé. Right hand
side of the section showing attacked surface.

- Magnification: x 60

BEtchant: 5% Nital



PLATE 24
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PLATE 25

Microstructure of a 90 wt. <©Sn, 10 wt. ®Pb alloy after 60 seconds
of dissolution time, (sectioned normal to the surface).

Right hand side of the section showing attacked surface.

Experimental conditions:

Bath temperature = 190 C.
Rotation speed = 60 r.p.m.
Magnification: x 60

As above (sectioned normal to the solidification direction)

Etchant: 2%Nital
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- PLATE 26

Macrostructure of pure tin probe after a dissolution experiment,

3

sectioned normal to the surface.

Experimental conditions:

Bath temperature 200°C

Rotation speed = 60 r.p.m.

Dissolution time

il

120 seconds

Mﬁgnification: x 10

As above

‘— _ Msggnification: - - x 15~ . —. .-
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PLATE 27

e

The surface appearance of a 90 wt. % Pb, 10 wt. % Sn alloy probe

after 100 secbnds of dissolution time.

. Experimental conditions:

Bath température 23000.

It

]

Rotation'speed 100 r.p.m.

Microstructure of the above probe(sectioned normal to surface).

Magnification: . x 60

Etchant: | o0 Nital
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DISCUSSION

Introduction

The main object of this project was to establish conditions for
successful cladding. For this purpose heat transfer phenomena during
growth and melt back of a chill layer on a cylindrical substrate and
the subsequent dissolution process were studied theoretically and ex-

perimentally.

Although the experimental results were mostly used to test the
theories involved occasionally they were also used as an aid for making

correct assumptions during the development of the theory.

Theoretical treatment of the heat transfer nhenomena

A comparison of the integral profile methods for cylindrical and

planar cases at zero superheat.

A comparison between the integral profile methods for planar and

cylindrical cases is shown in Figure 38

An integral profile method derived for a plane wall as applied
to a cylindrical shape without making any allowance for the reduction
in area normal to the heat flow direction, showed discrepencies between
the predicted and measured values for chill-layer thicknesses and
wall-temperatures. Figure 38 shows that the predicted chill-layer

thickness is greater than the actual value at all times.

For zero superheat a "correction factor" can be obtained for
each thickness using the solidification front radius predicted by the
cylindrical method (r oI) and a simple heat balance comparison between the

two geometries . For a plane wall the heat balance for any solidifi-

cation front radius r, gives:
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heat released during : heat gained by -

solidification - the wall

! (rsl -vro) = - - Cpp, es(ro - rr) (118)
calling rsl -z, =%

ﬁl - C: PZ >es <ro - rr). | . (119)

Similarly for the cylindrical case

héat.reléased

2 2 2 2 _
P (7l =) = op, o (r -7 - ()
calling rs2 - T, = t2~
b, = Oppw o, (z, -= )z, +x) O (121)
PS H (I‘Sz + I‘o)
dividing (tz) by (tl) we get
B o (rg+ 1) (122)

3 (rs, * To)

or : (» )
r o+
. o r .
th = T 1 = ‘ (123)
(s, * o)

The broken lire in Figure 38 shows correctéd thickness values (P.M.
“corrected) obtained by applying  equation (123) to the results of

the planar integral profile method (P.M.) The values are in good, but

not perfect, agreement with the values actually predicted by the cyl-
"—indrical method_(C.M,)., As would be-expected the uncorrected predictions

of the planar integral profile method give greater thicknesses than the
‘cylindrical method. As the heat balance shows, this is because the

extraction of a given quantity of heat will result in the solidifi-

cation of a progressiﬁely decreasing thickness of solid metal on the

outside of the cylindrical probe., In the cage of a plane wall, there
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would be no such decrease, so that the planar integral profile method

will predict the greater thicknesses.

The theoretical curves in Figure JQ have been calculated using a
value of 2250 W/m2 OC for the interface heat transfer coefficient be-
tween the inner surface of the solidifying metal and the outer surface
of the probe wall. The value of this coefficient is discussed in the

next Section.
Interface heat transfer coefficient

One unknown parameter in the heat transfer model for the growth
and melt back of the chill-layer is the heat transfer coefficient des-
cribing the transfer of heat across the interface between the solidified
chill layer, and the outer surface of the probe. The value adopted in
this work for this coefficient is 2250 W/m'2 oC. This value has been
determined by a trial and error procedure in-which chill layer thicknesses
and temperature variationspredicted by the cylindrical integral profile
method for zero superheat using different values of the interface heat
transfer coefficient were compared with the values determined experi-

mentally.

Figure 21 shows growing chill layer thickness predicted using
the two indicated values of the coefficient compared with the experi-

mentally measured thicknesses.

The predictionof chill layer growth and melt back

in the presence of superheat.

Figures 21 to 30 , showing the growth and melt back of chill
layers of lead-tin eutectic on the lead probe, and the accompanying

change of inner and outer wall temperatures”show computer predictions
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as well as experimental'results. The predictions have been made using
the equations developed in Sections and 3»3*2 for heat flow in
the chill layer and in the probe wall, and the third model for heat

transfer in the liquid metal described in Section M3-3-e

The experiments in which the results shown in these Figures were
obtained were carried out at 60 r.p.m., over a range of liquid metal
temperatures representing degrees of superheat varying from 3°S to

37°C.

The agreement achieved between theory and experiment for the chill
layer thicknesses is remarkably good considering this range of degrees
of superheat. The figures showing how the wall temperatures vary throug
out the growth and melt back of the chill layer show similar good agree-
ment, since the predicted mean temperature of the wall always lies
between the measured temperatures of the inner and outer surfaces of

the probe.

The curves for the growth and melt back of the chill layer in
the presence of superheat are all based on a complicated conduction/
convection model for heat flow in the ligquid metal. This model, and

its development are discussed in the next Section.
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The conduction/convection model for heat flow in

the liquid metal

Figure 39 shows some theoretical curves predicted by Brooks on
the assumption that heat transfer from the liquid metal to the grow-
ing and then melting chill layer could be described in terms of a con-
stant heat transfer coefficient. Brook’s curves are slightly in error
because he used equations describing solidification onto a plain wall
and not onto a cylindrical hollow probe, but the discrepancy between
the theoretical and experimental curves 1is very great indeed. It is
obviously due to an incorrect model for heat transfer in the liquid
metal. The overall heat balance on the solidification and melt back
process 1is more or less correctly predicted since the theoretical
amount of heat absorbed by the probe wall and the total melt back time
predicted theoretically can be arranged to equal that measured experi-
mentally by choice of suitable values of the liquid heat transfer co-
efficient. The shapes of the experimental and theoreti ocal growth and
melt back curves, however, are entirely different and it is apparent
that the heat transfer coefficient that predicts a correct melt back
time provides too little heat during the early stages of solidification
and too much heat during the later stages. The flow of heat from the
liquid metal to the solidification front is incorrectly distributed

throughout the growth and melt back time.

The cold rotating probe is suddenly immersed into the liquid
eutectic bath which at that time is stationary. The-liquidmetal in
contact with the probe will cool rapidly giving up its heat to the probe
and a layer of cooled liquid will form around the probe growing out-
wards from the probe surface. At the same time, the liquidmetal in
contact with the probe will start to rotate with the probe, and a layer

of circulating liquid will grow out from the surface of the probe.
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The rate at which the layer of cooled liquid will grow is determined

by the value of the thermal diffusivity,and the rate at which the layer
of circulating liquid will grow is determined by the kinematic viscosity,
the ratio of the kinematic viscosity to the thermal diffusivity being
termed the Prandtl number. Prandtl numbers for liquid metals are al-
ways considerably less than one because of the high contribution to

the thermal conductivity made by the electrons in the liquid metal.

Thus the layer of cooled liquid grows much more rapidly than the layer
of moving liquid. The initial growth of the cooled liquid layer is
controlled by conduction, and it is conduction that is the mechanism

whereby this layer gives up its heat to the probe surface.

For these reasons, a model for heat transfer in the liquid metal
was developed in which a layer of chilled metal grew outwards from the
probe, giving up its sensible heat to the probe by conduction. Figure 40
shows theoretical curves predicted on this basis for liquid metal temp-
eratures of 180°C and 220°C compared with the experimental results

measured at those temperatures.

The figure shows that this model for heat transfer in the liquid
metal predicts chill layer thicknesses that agree very well with the
measured values during the initial stages of solidification. After
some 5 seconds, however, the theoretical results start to diverge from

the measured values giving increasingly greater thicknesses.

_Obviously the model involving a growing conduction layer predicts
much higher heat fluxes from the liquid to the solidification front
than the model based on a constant heat flow - the temperature grad-
iants at the front are very high indeed being initially infinite.

These heat fluxes inhibit the growth of the solidification layer at

a time when the high temperature gradients in the probe confer on it
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its greatest ability to absorb heat. Thus the heat transfer model based
on the growing conduction layer predicts lower initial solidification

rates than the model based on the constant heat transfer coefficient.

After the initial soldification process however, the thicknesses
predicted by the conduction layer model are greater than the measured
values - the model is predicting heat fluxes from the liquid metal that
are too low. To see why this is, we must again consider the process
occurring in the liquid around the probe. The growing conduction layer
is followed by a growing layer cf circulating liquid. At some stage
the velocity of this circulating liquid will be sufficient to exceed
the criterion for the formation of Taylor vortices. Once these vortices
are formed, they will immediately stir up the liquid and destroy the
conduction layer increasing very significantly the heat flux to the
solidification front. It is for this reason that the measured thick-
ness soon start to fall below those predicted by the model based on the

existence of the conduction layer.

Examination of the measuredof chill layer thicknesses shown in
Figures 40 and 23 for 3°C of superheat (0" = 186) show that the rate
of melt back tends to a constant value. A straight line drawn through

A

the measured values has a slope of -8.2 x 10-" cm/s. A simple heat
balance of the layer of melting metal shows that this constant slope °
indicates that there is a constant heat flux from the liquid metal to
the surface of the probe. By this stage in the solidification and melt-
back process, the temperature difference across the interface between

the probe and the chill layer will have become negligibly small -

the chill layer is effectively insulated. A heat balance thus shows:

n dt
q . PH-& (124)
s AT

The constant heat flux from the liquid can be described in terms of a



constant heat transfer coefficient:

s h'XIQ (125)

Thus the value of this heat transfer coefficient can be determined

e from the slope measured from figures 23 and 40*

t26)
@r-0)
Substituting the measured value of the slope into this equation gives:

(127)

Thus examination of the theoretical and experimental curves shown in
Figure 40 shows that a conduction layer grows initially in the liquid
but is then disturbed by the developing convection currents. These
convection currents eventually give rise to a boundary layer whose thick-

ness corresponds to the heat transfer coefficient value given in equation

126.

The exact mechanism whereby the conduction layer is disturbed and
the convection layer established is extremely complicated. If it could
be analysed, any such analysis is certainly beyond the scope of this
work. The simple approach described in Section 3»3*3 in terms of the
half life of the process is the best approach that can be developed.

The value of the halflife has been found by trial and error. Figure 41
shows theoretical curves predicted for halflifes of 2.5% 5 and 6 seconds.
The best agreement is obtained when the half life is chosen as 6 seconds,
and it is this value that has been used throughout this work for all

predictions made when the probe speed is 60 r.p.m.

The theoretical curves shown in Figures 23 to 29 all show very
good agreement with the experimentally measured thicknesses. This
agreement serves as Jjustification for the appropriateness of the
ligquid metal heat transfer model proposed in this work. Further

evidence for its appropriateness is provided by Figure AZ
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Figure 42 shows results obtained by Brooks for the growth and
melt back of a chill layer of lead/tin eutectic on a stainless steel
probe, rotated at 68 r.p.m. and at 200 r.p.m. The theoretical curve
at 68 r.p.m. has been obtained using the liquid heat transfer coefficient
and the half-life of the decay process used in obtaining the previous
curves at 60 r.p.m. The curve at 200 r.p.m. has been obtained using

the following values:

= 17000 V /i

?2"i =3 seconds
2
This value of the heat transfer coefficient has been obtained from the
value at 60 r.p.m. on the assumption that the coefficient 1is propor--
[] 7
tional to (Re) * . The value of T + has been obtained by assuming
that the time taken to establish the Taylor vortices will be reduced

as the speed of rotation of the probe is increased, following a sim-

ilar power law.
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Dissolution of lead, tin and lead/tin alloys in molten

lead/tin eutectic

Mechanism of the Dissolution Process

Whenever a solid is dissolved in a liquid, the question is raised
as to whether the dissolution step is controlled by mass transfer in
the liquid, or by the actual dissolution step at the solid/liquid inter-
face. As pointed out in Section 2.4.3» a number of workers have invest-
igated the dissolution of solid metals in liquid metals using the
rotating cylinder geometry used in this work. In the main, these workers
have concluded that the processes are mass transfer controlled because
their rate increases as the speed of rotation inceases. Lommel and
Chalmers »~ , however, concluded that dissolution of lead in lead/tin

eutectic was surface controlled.

The experiments on the rate at which lead, tin and lead/tin
alloys dissolve in lead/tin eutectic reported here allow the mechan-
ism of the dissolution process to be investigated. The results of
the experiments show quite clearly that the dissolution process is con-
trolled by mass transfer in the liquid metal and not by any effect at

the dissolution interface. The separate items of evidence for this

. conclusion are discussed in the subsequent sections.

7.3*%2

Effect of grain size, orientation and grain boundaries

If the dissolution of a metal is controlled by the actual dis-
solution step at the surface, it will be dependent on differences in
the orientation of individual grains to the surface. The dissolution
interface will take on an uneven shape as different grains are attacked
to different extents. Dissolution will also occur more rapidly at
grain boundaries than in the middle of grains, further contributing

to the uneveness of the dissolution surface. The external appearances
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of the probes shown in the Plates 12 - 17 show a very uneven attack
which suggests surface control. For this reason, the micrographs shown
in Plates 18 to 26 were prepared to allow investigation of any relation-
ship that might exist between the irregularities in the surface, and

the grain size of the dissolving probe. The micrographs of pure lead

and tin (Plates 18 to 21 and 26) show that the irregularities in the.
shape of the surface are not dependent on the grain size or the orien-
tation of individual grains. Thus the irregular shape of the dissolution
interface 1is not an indication that the dissolution of lead, tin or lead/
tin alloy is controlled by the surface dissolution step. As the next
section shows the irregularities are directly related to mass transfer

in the liquid phase.

The micrographs of the lead/tin alloys, which were obtained after
much shorter exposure times and are presented at a greater magnification,
show that the prime attack was on the inter-dcndritic eutectic metal.

The upper micrograph of Plate 25 being a particularly clear illustration

of this. It is not surprising that the inter-dendritic metal was attacked

preferentially because it merely has to melt off into the eutectic bath.

Indeed, in the highly alloyed probes, the attack was so extensive that

large regions in the probe melted, and the probe disintegrated. Plate 23
* represents two micrographs which illustrate how areas with a high

fraction of eutectic could be very rapidly attacked.

7.3*%3 Morphology of the dissolution interface and fluid flow

The previous section has shown that the uneven shape of the sur-
faces of the probes after dissolution is not related to the grain structure
of the probes. Close examination of the morphology shows, in fact,

that it is related to the flow patterns in the eutectic bath.

Plate 11 shows a lead probe after it has been immersed, in the



eutectic bath but not rotated. It can be seen that the surface shows
vertical grooves broken up by random attack in places. Molten lead

is denser than the lead tin eutectic so that the lead saturated layers
of liquid close to the probe will be denser than the bulk of the liquid
eutectic. Thus concentration driven natural convection currents will
be set up leading to a vertical flow down the probe. It is this down-
wards flow that results in the vertical grooves, the regions of irreg-
ularities correspond to regions of turbulence in the natural convection

flow.

Plates 12 and 13 show respectively lead and tin probes that have been

rotated at 41 and 60 rpm during dissolution. They both show fairly

continuous tangential grooves regularly spaced along their lengths. ghe”™4”
Taylor numbers corresponding to these speed of rotation are f= X nd /
( 41 ~ b4 i

whereas the Taylor number that corresponds to the breakdown of Coutte
flow and the formation of Taylor vortices is 1571 * Thus one would
expect Taylor vortices tobe well established in the liquid melt around

the two probes shown in Plates 12 and 13 e

Figure 43 has been taken from the work of Taylor and shows
in the left hand sketch Taylor vortices as he observed them. The sim-
ilarity between this sketch and the two Plates is striking, and it is
apparent that the grooves shown in the Plates are formed by the Taylor
vortices, increased attack occurring where the vortex flow is inwards
towards the probe surface. The morphology of the probe surface does
provide, in fact, a permanent impression of the fluid motion around

the probe.

Plate 15 shows a tin probe that has been rotated at 60 r.p.m.
The impression of the tangential grooves formed by the vortices still

remains although it has been severely distorted. The right hand sketch



FIGURE 43

' Braking of Taylor vortices at high rotation speeds
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in Taylor’s figure shows how the Taylor vortices Dbecome distorted

as the speed of rotation is increased and the vortices start to break
up. Once again, a strong similarity exists between Plate 15 and the
sketch. It is apparent that the morphology of the probe's surface shown
in this Plate is again providing a permanent record of the fluid flow -

this time of the break up of the Taylor vortices.

Increased distortion of the vortex flow is apparent in Plate 17
which shows a lead probe that had been rotated at 60 r.p.m. and vibrated
during dissolution. In this case, it is the vibration that is further

disturbing the stable vortex flow.

At higher speeds, the vortices break up cumpletely, and the entire
fluid flow regime becomes turbulent. Random turbulent eddies exist
over the entire surface of the probe and give rise to the completely
random erosion pattern shown in Plate 16”which shows a probe that has

been rotated at 120 r.p.m. during dissolution.

Thus the surface morphologies resulting from the irregular dis-
solution of lead and tin probes do not indicate uneven attack on diff-
erent grains due to a surface controlled reaction. The morphologies
are, 1in fact, directly related to the flow patterns existing in the
liquid during dissolution, and are a definite indication that the
dissolution process is controlled by mass transfer in the liquid.

So much is this so that the morphologies of the dissolved surfaces form
a permanent impression of the fluid flow patterns existing in the liquid

during dissolution.

Effect of rotation speed on dissolution rates

By far the most important evidence for the conclusion that the

dissolution of lead, tin and lead/tin alloys in lead/tin eutectic is



mass transfer controlled is contained in Figure 37 * This Figure shows
mass transfer coefficients calculated from the dissolution rates measured
in this work, plotted together with curves calculated from the correl-
ations of Eisenberg, Tobias and Wilke 16 and Kosaka and Minowa 55 -

These +"C correlations have been based on extensive investigations

into mass transfer rates of rotating cylinders involving a wide range

of different systems. It can be seen that the coefficients obtained

from this work fall very close to and mainly between the two curves.

It can thus be concluded that the dissolution processes studies in

this work are mass transfer controlled®
Comparison with previous work

As stated earlier, the majority of workers who have studied the
dissolution of solid metals in liquid metals have reached the same
conclusion as in this work - that the dissolution process is mass
transfer controlled in the liquid metal. The one notable exception
is Lommel and Chalmers o1 who concluded that the dissolution of lead in

lead/tin eutectic was surface controlled.

Examination of reference 51? however, show why these authors came
to a mistaken conclusion. They immersed lead rods 0. 63 cm in diameter
into a eutectic lead/tin bath that was additionally stirred by a large
impeller rotating at a constant speed. They found that the rate at
which the rod dissolved was not dependent on the rate at which it was
rotated. They also observed uneven attack on the surface of the probe -
describing the uneveness as ’etchingll They did not, however, examine
metallographically whether or not the uneveness was related in any way

to the grain structure of the rods.

e It is apparent that the stirring effect produced by rotating

the small rod will be very much less than that produced by the large
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impeller. Any effect on mass transfer rates to the
therefore on dissolution rates, produced by varying
the rod was rotated would be swamped in the overall

by the impeller in the bath.

The ‘etching* effect that Lommel and Chalmers

rod‘s surface, and
the speed at which

effect produced

report as providing

further evidence that the dissolution is surfs.ce controlled is nothing

more or less than the effect of turbulence and fluid flow discussed in

Section 7«2.3« Had Lommel and Chalmers been able to obtain micrographs

of their probes after dissolution, they would have seen this to be

the case.
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7.4 Accuracy of comparison between the theory and the experiments.

7.4*1 Heat losses during chill-layer experiments

A considerable amount of heat was conducted longitudinally along
the cylinder to the portion of the probe which was not immersed into
the bath. The heat which escaped from the inner surface of the probe

was negligable compared with other heat losses.

Starting the experiments 1-1.3°Cabove selected experimental
temperature provided the extra heat required during the first 4 - 10
seconds of most of the experiments necessary to balance the sudden
heat losses caused by lowering the cold probe (room temperature) into
the bath. The ensuing 0.8 - 1.3°C drop in the bath temperature was
recovered by the thermal heater in approximately 8 - 14 seconds, the
heater being switched on as soon as the experiment started. After
the first 3 - 4 experiments full experience was gained in keeping the

temperature in the range + 1°C of selected temperatures.

The extra material at the bottom of the probes and the heat lost
from top of the probes caused accumulation of extra chill layer around
these areas. As a result of this, meltback of the chill-layer took

longer in these areas than it did in the remainder of the probe.
S

Figure (44) illustrates diagramatically the typical shape of

an initial chill-layer growing on the substrate, and its subsequent

meltback.



FIGURE 44

Typical shapes of chill-layer diring growth and

meltback

Chili _ layer f~rowth

Chili _ layer Dack



Exploratory experiments showed that surface heat losses caused a cold
layer to exist at the surface of the bath, this layer growing after

the halt of stirring. But when the probe remained static and

the bath was not stirred, the temperature difference between this layer
and the bulk of the liquid was never greater than 2°C. Further, this
layer did not extend more than 3 cm below the surface. This was
measured with a thermocouple tip being bent at a 90 angle so that

it could lie in the plane of the isothermals, and conduction from the
probe tip was minimised. During rotation of the probe the extent of
this layer was reduced to about cm below the surface, thus being

situated well above the main reading area.

7.4»2 The accuracy of the theory

7.4.2.1 Heat transfer phenomenon

Predictions made using the integral profile method for heat
transfer during cylindrical solidification have already been compared
with the experimental results in sections
These experiments were conducted using lead probes and Pb-Sn eutectic

bath. Good agreement between experiments and theory was achieved.

The errors between successive integrations were always preset
at a half a step length before the computation, and as the entire
method relied on an original heat balance applied to each section in

turn, the largest uncertaintity was in the physical data.

As a result of this the theoretical final temperatures with tin-
lead systems after prolonged exposure were only 1 - 1.4°C greater than
expected. The liquid and interface heat transfer coefficients were
determined by trial and error during computing. Due to the random

nature of this "trial-and-error" technique, the accuracy of these
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values was hard to assess; this being, due in part to different comb-

inations of the variables giving numerically similar answers.

2 Dissolution

The experimental results agreed well with the theoretical results
forecast by combination of the Thomas-Eisemberg relationship and the

theory developed here for mass transfer controlled dissolution.

The power dependence (n) of 0.7 for dissolution rate was found
to be linear between the speeds 40 - 120 r.p.m. for all experiments,
when the results were plotted on a log-log basis. There was a slight
positive deviation of the experimental results from linearity at lower

speeds.

At lower speeds, it is thought that the power dependence (n)
decreases slowly with decreasing speed, until it reaches a value

corresponding to that for natural correction.

Errors of Measurement

7.4*%3*%]1 Thickness

Each individual micrometer measurement was in error by less than

0.02 mm, which is reduced to negligible proportions by averaging.

7.4%3%2 Time

The static exposure time, measured by stop watch, had an uncert-
ainty of 0.4 seconds which was between”4 and "0.4 of the total exposure
time. As the speeds of the monitoring recorders were preset and the
starting and finishing of experiments were marked with the event marker
it was possible to recheck the exposure time values from the charts of

the recorders.
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The difficulty in measuring melt-back' time was mostly a matter of Jjudg-
ment. For this reason the main reading area from several experiments
was observed after removing the probe from the liquid in order to assess

melt-back.

The real exposure times for chill-layer experiments are found
by adding the static time to the two travelling times of that particular

measurement.

This difference changed between 2 ~ 4 seconds for a 4 cm wide
area starting 4 cm above the bottom of the probe (the main reading area).
During the dissolution experiments, as the mainreading area was rep-
resented by the whole portion of the exposed probe the dissolution time
was found by substracting the corresponding melt-back times from the

appropriate exposure time.

7.4%3%*3 Temperature

Although the thermocouples measuring the wall-end temperatures
were bent through 90°, in order that the final 10 mm of their length
lay in the plane of the isotherms in the probe wall, thus removing
errors due to conduction, some conduction losses occurred to an unknown

extend by movement of the thermocouple tip during casting.

It is believed that movement of the thermocouple tip caused the
recorded temperature to fall below the predicted values when the lim-

iting values were approached.
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The sliprings which conducted the e.m.f. from the inside and

outside wall thermoccuples indicated no error when rotating cold.

T.4.3.4

n

i A~ W

Y

Additional possible sources of measurements

Inaccurate reading‘of some physical data.

Error in weighting of the probes.

The excentricity of the probe,

The'possibility of an increased surface area of the probe.

The recorder readings.

The magnitude of these errors was small compared with the prev-

{iously mentioned errors consequently their combined effect upon the

accuracy of the results is thought to be negligible.



CONCLUSIONS

The growth and melt' hack of the chill layer formed when a solid
metal is immersed in a liquid metal can be predicted accurately
by the integral profile method provided appropriate wvalues of

the interface heat transfer coefficient can be ascertained, and

the heat transfer process in the ligquid metal is understood.

The values of interface heat transfer coefficients that are used
in the theory in order to obtain agreement with experiments are

57

similar to those quoted in the literature

The heat transfer process that takes place in a superheated
liquid metal is a complicated combination of unsteady conduction
and developing convection, but it can be analysed in terms of a
single model involving the growth of a conduction layer and its

subsequent decay to form a steady convective boundary layer.

The dissolution of lead, tin and certain of their alloys in
liquid lead/tin eutectic is controlled by mass transfer. The
mass transfer process is dominated by natural convection when
the speciman is stationary and by forced convection when the

specimen is rotated.

The shape of dissolution interface can be very irregular since

it forms an impression of the flow patterns in the liquid.

The conditions for solidification cladding can be predicted

from heat and mass transfer considerations.



APPENDIX 1

An attempt to grow a bonded layer

Brooks has concluded that it is possible to bond two dissimilar
metals by a process which entails controlled surface dissolution
of the piece which is to be clad prior to the deposition of the clad

layer by solidification.

The present work investigated the phenomena occurring both prior

to and during surface dissolution of the probe which was to be clad.

The theory developed during the course of this work successfully
described the heat transfer processes occurring during chill-layer growth,
melt-back and surface dissolution, of a probe whose composition may be

that of a pure metal or an alloy.

The experimental work and theoretical considerations examined
during the course of this work enabled us to make predictions as to
what pre-cladding conditions should exist within the probe. In fact
the theory was developed in such a manner so as to enable the ready graft-
ing into a unified theory which allows not only for the growth of the
chill-layer, melt-back and surface dissolution, but also for the growth

of a clad layer of a dissimilar metal.

Although no actual cladding experiments were carried out, a series
of computations were completed in which clad layer thicknesses were
predicted using the previously described theory to establish pre-cladding

conditions.

The precladding conditions may be summarised essentially by say-

ing that they allowed for 1 mm of dissolution once meltback was completed.



The results of thes: computations have beenr summarised in
- Figure 45 which shows two curves for 3°C superheat and 12°C éuPerheat

respectively.

.Once 1 mn of probe dissoluticn had beeniallowed for, a high cooling
rate waspartificially creafed within the probe. This is achieved by
putting a high heat transfer coefficient (for the heat transfer between
the wall and the cooling medium) into the main program of computations

which when entered the loop resulted in the growth of a clad layer.
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APPENDIX 2

TABLES OF EXPERIMENTAL CHILL-LAYER RESULTS >

™



TABLE 1

e < . “mpmr—

Experimental "chill-layer thickness" results for
"zero" superheat

(Bath temperature: 18%.0°C)

(Probe Rotation speed: 60 r.p.m.)

Exposure Measured mapusure  Measured
Time chill-layer Time chill-~layer
(sec) thickness: (sec) thickness
- (mm) (mm)
7.5 3.06 30 5.40
T+5 2.86 30 5.55
T.5 3.4 30 5.95
12.5 3.69 41 6.36
12 3.7 _ 40.5 5.85
12 3.5 40 5.8
15 4.06 60 6.4
15 4,2 - 60 6.2
15 4.6 60 6.7
20 5:29 100 6.
20.5 4.81 100 6.75
20 4.60
' 120 7.09

- 120 T.11



TABLE 2

Experimental "Chill-layer thickness" results for
w30 superheat.
 Bath temperature = 186°¢

Probe rotation speed = 60 r.p.m.

Exposure Measured Exposure  Measured
Time chill-lgyer Time Chill-layer
(sec) thickness (sec) thickness
(:am) (mm)

5 2.81 50 4.2?

5 ~ 2.51 50 4.05
10 3.2 - 55 3.65
10 3.61 .60 3,25
R 4.09 ~ . 60 ©3.38
15 4.9 70 2.26
15 4.5 70 2.71
20 4T L5 2,03
20 4.85 75 T 2.15
20 ' 5.25 75 2.09
25 . 4.75 . . 80 1.50
25 5.10 80 1.62
30 4.76 90 1.01
30 4.81 90 0.82
40 4.45 100 0.25
40 4.67 100 0.18

Comment: With probe exposure times of 110 and 115 seconds
examination of the probe surface revealed the presence of slight
spiral patches of remnant chill-layer material around the

main reading area. At an exposure time of 125 seconds, all

such phencmena had disappeared, the probe surface being clear.



TABLE 3

Experimental "chill-layer thickness" results for
"7°C" superheat.

Bath temperature: 190°C

Probe rotation speed: 60 r.p.m.
Exposure Measured Exposure Measured
Time chill-layer Time chill-layer
(sec) thickness (sec) thickness

(ram) (ram)

2.89 25 3.03

3.41 25 3.15

2.80 25 3.25

10 3.65 30 2.51

10 4.01 30 2.77

10 4.25 30 3.06

15 4.29 35 1.25

15 3.98 35 1.43

15 3.80 35 1.69

20 4.04 40 1.15

20 4.08 40 0.82

20 3.78 40 0.74
Comment:

With probe exposure time of 45 seconds examination of
the probe surface revealed the presence of slight spiral patches
of remnant of chill-layer material around the main reading
area of the probe. At an exposure time of 55 seconds, all

such phenomena had disappeared.



TABLE 4

Experimental "chill-layer thickness" results for
n12%¢n superheat.
Bath temperature: 1950C

Probe rotation speed: 60 r.p.m.

Exposure  Measured Exposure  Measured
Time chill-layer Time chill-layer
(sec) thickness (sec) thickness

(mm) (mm)

4 2.15 15 3.4

4 2.01 i5 } 3.2§
4 2,17 5 3.6
6 2,25 .20 2.75
6 2.84 20 2,25
6 < 27 2 2.23
10 3,10 a5 1.4%
10 3,04 25 1.54
10 3.25 25 1.98
Comment:

W:.th probe exposure time of 30 seconds examination of
the probe surface revealed the presence. of slight spiral
patches of remnant chill-layer material around the main read-
ing érea of the probe. At an exposure time of 35 seconds,,
all such phenomena had disappeared the probe surface being

clear.



TABLE

Experimental “chill-layer thickness" results for
"17°C" superheat.
Bath temperature: 200°G

Probe rotation speed: 60 r.p.m.

Exposure Measured Exposure Measured
Time chill-layer Time chill-layer
(sec) thickness (sec) thickness
(mm) (ma)
5 2445 20 1,78
5 2.56 20 1.88
5 - 2.20 20 1.91
10 2.80 : 22 1.01
10 2.82 22 .98
10 2.67 22 0.89
15 2.54 26 clear
15 2.63 26 clear

15 2.60



TABLE 6

[y pmar ey

Experimental "chill-layer thickness" results for
127°C" superheat. '
Bath temperature: 210°C

Probe rotation speed: 60 r.p.m.

Exposure  Measured Eipocure  Measured

Time chill-layer  Time chill-layer
(sez)  thickness  (sec) thickness

(mm) (mm)

3 1.125 10 - 1.82
3 0.92 10 1.93
3 0.93 10 1.91
2.08 13, 1.17
6 C1.91 1% 1.11
6 1.78 : 13 '1.28
Comment:

With probe exposure times of 16 and 18 seconds
examination of the probe surface revealed the presence of
spiral patches of remnant chill-layer material around the

main reading area of the probe.

At an exposure time of 18 seconds, all such phenomena

had disappeared.



P T 1

Experimental results of "chill-layer thickness" for
"37°C superheat.
Bath temperature: 220°¢

Probe rotation speed: 60 r.p.m.

Exposure Measured . Bxposure  Measured
Time chill-layexr Time chill-layer
(sec) thickness (sec) thickness

(mum) (mm)

5 1.04 10 0.62

5 0.98 12 0.60
5 O 1.25 12 0.51
J 8 1.42 15 0.1
1.38 15 0.03
1.21 ‘ 15 0.

17 Clear



TABLE 8

Experimental "chill-layer thickness" results for
"4700, 5700 and 6700" superheats.,

Probe rotation speed 60 r.p.m.

Bath Exposure Measured

Temperature Time chill-layer
(°c) (sec) thickness
(ram)
230° 5 0.26
| 5 C.267
5 0.195
8 0.11
0.14
10 patches
10
12 clear
240° : 4 0.1
4 0.12
8 clear
250o 4 clear

4 clear



APPENDIX 3

TABLES OF EXPERIMENTAL DISSOLUTION RESULTS



TABLE 10

"Dissolution Rates of Pure Lead probes in Lead-Tin eutectic Baths.
Rotation speed: - 30 r.p.m. Meltback time: 18 secs.

Bath Dissolution Dissolution

Tgmp. Time Rate 3
("c) (s) N x 10
| (g/cn®.s)
230 . 80 6.12
80 6.25
120 6.21
120 6.38
160 6.43
160 6.29

160 6.35



TABLE 11

Dissolution rates of static pure lead probés in Pb -~ Sn eutectic
baths.

Meltback time: 20'secs.

Bath Dissolution Dissolution
Temp. Time Rate

(°c) (s) N x 107
(g/cmz.s)
230 60 4.58
60 4.67
120 4,52
120 5.01
180 5.10
180 5.9



Illlllllllll"""' TABLE 12

Dissolution rates of pure lead probes in Lead-Tin eutectic bath
at different temperatures.

Rotation Speed: 60 r.p.m.
Meltback . Bath Dissolution Dissolution
Time Temp. Time Rate >
(s) (c) (s) (g/cn“.sec.)
26 200 60 ‘2,01
2.08
120 2.11
, 2.18
160 2.21
2.17
18 220 100 5.25 *
5.31
. 140 535
160 5.29
- 2430
13 230 80 8.72
8.74
.73
- - 140 8.83
8.80
. 8.84
160 8.8
8.84
200 8.7
8.89
8.85
240 - 8.68
8.73
8.75
35 250 60 14.35
14.39
14.%8
120 14.43
‘ 14.49
14.52
180 14.73
14.82
14.84
240 14.37



TABLE 13

‘ Dissblﬁtion rates of pure lead probes in Pb-Sn eutectic baths.
Rotation Speed: 120 r.p.m.
Meltback Bath Dissolution Dissolution

Time Tgmp. Time Rate 3
(s) (°c) . (s)  N§x10
2
(g/cm”.s)
i5 230 120 14.4
120 14.6
180 14.24
160 14.90
240 14.55
246 14.80
300 15.3%2
300 15.98
250 60 - 23.31
60 |, 23.11
120 23.39
120 25.43
- 120 25.18
180 26.65

180 26.48



TABLE 14

Dissolution rates of 90% lead 10% tin probes in lead-tin eutectic
baths. . :

1 Rotation Speed: 50 r.p.m. Meltback time: 15 s

Bath - %ime Dissolution
Temp. s) Rate
(°c) N x 10°
2
(g/cm”.s)
230 60 8.2
60 8.35
100 8.51
100_ 8,62 -
160  8.92
160 8.86
2 Rotation Speed: 100 r.p.m. Meltback time: 10 s
Bath Time Dissolution
Temp. (s) Rate
(°c)- N x 10°
(g/cmz.s)
230 60 13.62
60 13.81
100 14.1
100 14.39
160 14.70

160 14.96



TABLE 15

Dissolution rates of pure tin probes in Lead-Tin eutectic bath. -

Rotation Speed Time Dissolution
W v (=) Rate: N x 107
(r.p.m.)v (em/s) o (g/cmz. sec)
75 5.69
| 75 5.58
30 9.72
120 5.40
120 5¢31-
180 5.91
180 5.95
- 60 6.68
60 6.83
‘41 13.29
180 6.63 ’
180 6.99

The bath temperature for all above experiments was 20000.



TABLE 16

Dissolution rates of pure tin probes in Lead-Tin eutectic bath.

Rotation Speed Dissolution Dissoclution 3 Meltback
W v Time: (s) Rate: N x 10 Time
(r.p.m.) (cm/s) (g/cm .s)
105 9.61
105 9.46
60  19.45 126 9.56 29
120 9.68
180 9.93
180 9.81
60 15.25
60 15.21
120 38.9 100 15.43 18
: 100 15.52
150 15.91
150 16.05

Bath temperature for all the above experiments was 200°C.



APPENDIX

Analysis of Materials and Specification of Materials Used

"LEAD Commercial Purity Pb 99 _.0948
| ' Cu 0.0050
Fe 0.0114
Mg 0.00025
Zn 0.0002
Sn 0.0050
Ag 0.0002
Sb 0.020 »
Bi 0.010
Tin Commercial Purity Sn 99.89
‘ - Pb 0.0310
.. | ca” 0.0292
| Fe . ©.0113
As  ~ 0.0281

Sb 0.010



APPENDIX 5

Physical and thermal properties of Pb, Sn,and Pb - Sn eutectic

and stainless steel.

H 36826 J/kg
es 183 gc Liquid Pb - Sn
c, 217.36  J/kg°C  Butectic
k. 28.57 w/n°c
L 8010 Kg/m3
230°C  0.0226  Poise
P
250°C  0.0215  Poise
c_ 217 J/kg & Solid Pb - Sn
k 52 W/mC - utectic
] 8300 Xg/m>
Cp, 130 J/kg ©
- Solid Pb
- 11300  kg/m®
Koy, 51 W/n°C
Sn 7290 kg/®  Solid tin
Cop 225 J/kg
Cst 523 J/kg )
k (o] . .
St 17.28  W/m'C Solid stainless steel
St 7900 kg/m3
2 2N
System W(r.p.m.) HO(W/mC)  HL(W/m°C) 71/2(8) ’7;(8)
Pb - Probe
Pb-Sn Eutectic bath 60 2500 8500 6 5
Stainless-Probe
Pb-Sn Eutectic bath 68 3135 8500 6 5
200 3135 17000 3 5




Variable

Ta

Ta

S

ol
AB

f1l

NOMENCLATURE
Description

Gap between rotating
cylinders

Specific heat
Mass concentration

eMass fraction of metal A in
bina.ry alloy of metals A and B

Mass fraction of metal B in
binary alloy of metals A and B

Latent Heat

Heat transfer coefficient
Mass transfer coefficient
Thermal conductivity

Mass flux

Initial mass transfer rate

Initial heat flux (=h 0 )
v o s

heat flux
radius

See eq. 36
See eq. 37

peripheral velocity

Time

Angular velocity

Density

Temperature

Mass transfer coefficient
kinematic viscosity
viscosity

Functional expression defined
by Eq. 67

Functional expression defined
by Egq. 68

Dimension
cm

j/kg°C

kg/u?

J/kg
w/m2°C
cm/sec
w/m°C

gr/cm2 sec

gr/cm2 .sec

w/mz. sec
2

w/ﬁ . sec

cm

cm/sec.
sec.
rad/sec.

kg/u?

cm/sec.
2
cm /sec.

g/cm. sec.



NOMENCLATURE (continued)

Variable

r

£f0

o

BO

Description Dimension

Functional expression defined
by Eq. 69

See equation 82
See equation 84
Boundary layer thickness (diffusion)
Interface heat transfer coefficient

Liquid heat transfer coefficient

cm
W/m20

W/mZC



| Ny (u)
Npo- (Re)
NGr

:Pr

NNu.cond

DIMENSIONLESS VARIABLES

Nusselts' number -
Reynolds' number
Grashofs' number

Prandl's number

. Nussdltgtnumber for conduction

Schmids number
See egqg. 10
See eq. 11

See eq. 13

*
h' = h/ho

%
k = k/ks

See eq. 15
See eq. 14

modified Taylor number
See eq. 38

g e L
¥ s

thermal capacity

See eq. 45'

See eq. 44

See eq. 12
Functional expression defined by equation 42
1" N 1] ’ - n n 42. 1

" n" n " ) 45



SUBSCRIPTS

A Air

1 Inner

2 " OQuter

1/2 nalf life

b value in bulk liquid phase

c conduction layer growth

i "~ value at solidification interface (mass transfer)
L value on Liquidus Line (mass transfer)

L,LIQ Liquid metal

L Limiting vaiue

iw inside wall of the probe

m ﬁean

ow outside wall of the probe

r value at inner probe wall

s solidifying metal

t - value at solidification front (heat transfer)

0 initial value or value at solid-solid interface

(probe-growing layer)

eff effective value (see eq. 73, T74)
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