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CONTROLLED SOLIDIF I CATI ON OF P E R I TECTIC ALLOYS

H. D. Brody and S. A. David
Depart ment of Metallurgical and Meterials Englneenng

848 Bened um Hall
University of Pittsburgh

Pittsburgh, PA 15261 U.S.A.

Synopsis

Pb—B 1 and Sn—Cd as models of alloys from peritectic systems have been

directionally solidified under controlled conditions for moderate and high

values of G/R. A variety of microstructures have been obtained. Alloys

which would solidify as two phases under equilibrium conditions, when

solidi fied under conditions of plane front growth at high values of dR . formed

single phase metastable solid solutions of the peritectic product phase. At

moderate values of C/R the alloys have been grown with well aligned two phase

morphologies. However , because growth of the two solid phases is not coupled .

the spacing between phases is much coarser than in eutectic systems .

An ana lysis of the growth cond itions that lead to the observed micr ostructures

is presented .
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In recent years controlled solidifi cation of peritectic alloys has been 
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receiving a great deal of attention and has been a subject of detailed analytical

and experimental studies.~~
5 Much of the recent work was aimed at resolving

the several conflicting hypotehses that have been put forth as to the st ructures

expected on directional solidification of peritectic alloys.
68 Several authors

have discussed the d irectiona l freez ing of perltectic alloys under the

conditions of smell values of the temperature gradient/growth rate ratio

(G,/R) . 6’9 However initial results on directional freezing of peritectic alloys

under conditions of moderate and high values of d/R have produced surprising

results that are not in complete agreement with the existing hypotheses.5

For an alloy of composition C0 between the 
compositions above pure A and

up to CL 
in the peritectic phase d iagram of Figure 1, the freezing process for

small d/R may be described, schematically, as in Figure 2. The temperature

gradient is shown in Figure 2a where x~, 
~~~~~

‘ 
and Xr represent the inst antaneous

posit ions of the liqutdus , peritectic, and effective solidus isotherms. The

effective solidus, as shown in Figure 1, is the temperature where the last

liquid . C~, freezes as the average composition of the cored, often b’io

phase solid reaches C0. In line with previous studies,
1O_U 

the assumptions

are made that the liquid is uniform in composition along an isotherm. equilibrium

applies to the solid/liquid interfsce,* and that there is negligible

und.rcoolirg befor. nucleation of solid phases. Then solid plus liqu id

coexist between x~ and and the liquidus curve may be used to generate

the curve of solute distribution In the liquid within the solid plus liquid

‘The equilibrium interfac, composit ions are given by the equi l ibrium partition
ratio, KUC$IC?, whsre C and C~ are the soi id and liquid compositions given
by the tie lies at the Ye.p.rsfur . of a psrticul*r locat ion. Herein K~ refers -

~ -

- * to the eqisiUbrium between $~ and L and K2 to equilibrium between aid L.
~/r

-

I

-~ - - _-~~~_ —



I

zone, Figure 2b. For low values of d/R the assumption has been made that

diffusion across the mushy zone is negl igible and the tips of the dendrites

are not undercooled due to either constitutional or kinetic effects)°’12~~
4

‘ 
If , for simplicity in sketching. the dendrites are considered to be plates.

Figure 2c represents the distribution of phases. S2 fi rst nucleates at

the per itectic temperature and quickly envelopes S1. Fro m the point of

complete envlopment two phase equilibrium is maintained at two interfaces .

S2/L and S1/S2. In some systems S2 has been found to nucleate and grow

epitax ially on s1)~
5 In other systems S2 has been reported to nucleate

heterogeneously in the liqu id and th ento grow together unti l  it surround s S1.2

In directiona l freezing, nucleation of 
~2 

near Is not considered to be a

difficulty due to the prese nce of previously grown S2 in regions of lower

temperature. Figure 2d shows a volume element taken between two dendrite

arms at a time when the element is at a temperature below T~, and above T~ .

At the L/S2 interface S2 forms by solidification with concomitant rejection of

solute at the interface and an increase in the liquid composition, e.g. at 1’

L(CI~
)...S2(C

~L
)+soluteCB7 (l~

Diffusion occurs across the S2 rim due to the composition gradient in the S2 as

shown in Figure 2e. The difference (C~~—C~ ) increases as the temperature

decreases below the peritectic temperature. As a result of this diffusion flux

solute is brought to the S1/S2 interface. At the latter interface solut e is

incorporated by the transfo rmation of S1 to S2, e.g. at T’

S ~ ( C~) + solute ~B3..iu S2( C.~). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ( 2)

It is by the combination of these two reactions that the p.ritectic trans fo rma-

tion proceeds

-
~~~ 

L + S1.. . 52.......................................................(3)

However, th. rat io of L and S~ that are consumed is not fixed by the phase

diagram , but is determined by the extent of diffusion through the rim. In
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the limit of the case of negligible diffusion In S2 during freezing. no S1

would be consumed , freezing wou ld not be complete u n t i l  the vol ume element

reached the melting point of B, and the last sol id to fo rm would be pure B.

As the temperature gradient/growth rate ratio is inrrea sed, the diffusion

flux along the concentration gradient in the l iqu id , Figure 2b , increases and

the temperature of the dendrite tips, Tt, is lowered below the equilibrium

liquidus , TL. by an amount of 4T which is given approximately by 10
~~

3
DL C

~~ T = TL T
t 

= ._
~~~

_ a (4)

where D.L is the diffusion coefficient of the solute in the l i q u i d .  Thus . S1
first forms at a lower temperature and the composition of the first S1 to form

is increased above K1C0 according to the solidus curve. Also it is more likely

that as Q/R increases, the dendrites will become simpler in morphology and

eventually side branches will not form. (An unbranched rod interface would be

termed cellular by Flemthgs.12) At a sufficiently high value of G/R the

— constitutiona l undercool ing will be sufficient to suppress the dendrite t ip

temperature to the equilibrium solidus. For compositions between pure A and

C1, this condit ion isthe same as that for plane front growth of S1
m1C ~

1-1
~i~G/R

~~ 
DL K 1 

. .• . . .• •... .  . (5)

where m1 (defined positive ) is the slope of the liqu idus curve for S1 at

CL~CO/K . This constitutional supercoo ling criterion for plane front freezing

of S1 is plotted as ~~i in Figure 3.

The condition for supp ressing the 
~l 

dendrite tips below the peritectic

temperature, which is the equilibrium solidus for compositions betWeen C1 and

C2 is given by
mt(C

L
_C

O)
:
1 C/k — . . . . .. . . .. . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . .(6)

This relation is plotted as ~~~ in Figure S.

________________ — a.
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As the diffusion flux across the mush y zone causes an i ru ’rease In the

solute concentration of the dendrite t ips , it also causes a decrease in solute

concent ration of the l iqu id  at the end of freezing. For compositions above

C2. a planar S2/L I nterface wi l l  result when the composit ion at the dendr i te

roots Is C(/K2 and T~ equals the e q u i l i b r i u m  sol idus temperature as in the

constitutional supercooling criterion written for S2
m2C0 ( 1—k2 )

d R  
~~~~~~~~~ k2 

•• •. .~~~~ •~~~•~~~• (7)

where in2 (defined positive) is the slope of the liquidus curve for S2 at

CL C~ . For compositions between pure A and C2 a planar interface between S2

and L can be achieved when values for the metastable e~ctension of the S2
liquidus and solidus are subst ituted in criterion (7) .  In this  region the S2/L

interface would be at a temperature higher than the peritectic temperature.

This criterion is plotted as ~~~ in Figure 3.

Region A represents the normal freezing conditions at small values of G/R.

Here , dendrites of the primely phase , S1, would grow ahead of the peritectic

isotherm and be surrounded by gradually thickening S2 below the peritectic

isotherm, as sketched in Figure 2. For higher values of G/R in region B.

primeiy dendrites or cells of S1 will grow with higher undercoolings at the

tips and S2 will f reeze at a plane front at the peritectic temperature . F ir

higher initial solute content s, in region ~ ~2 will grow with either a

dendritic or cellular interface. For still higher values of C/K In region D

and C, singl. phase material will grow at a plane front. For low solute

contents in region D, S1 will grow. For higher solute contents in region C,

will fo rm. For compositions between C1 and C2 at values of G/R in region C.
- 

- single phase 
~2 wilt grow at the metastable 

~2 solidus even though two phases

would be stable. Since the metaatab le solidus is higher than the peritectie

temperstur~ the requirement for suppressing the formation of S1 would not

be given by criterion (6) but would fall on a line slightly below 1~ in Figure S.
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For simplicity of presentation, the revised criterion is not shown .

Figure 3 represents, substantially , the initial growt h forms un~ier the

assumptions listed a~ove , na mely ,

no und ercooling due to k ine t i c  or curvature effect s

equ i l ib r ium at all solid/liquid interfaces

no undercooling before nucleation of solid phases

perfect mixing in the liquid along any isothermal surface.

However, the structure that first forms would not be a f inal  e q u f l i b r i u m

structure and so changes in structure might occur before the end of freezing.

For example. in regions A and B up to initial solute contents of C1 single

phaae S1 would be the equilibrium product of solidificat ion. Diffusion in

S1 during freezing would result in reduction in the extent of coring in primary

and a reduct ion in the amount of S2 that formed)0 For substantial diffusion

in S1 dur ing freezing, S2 would not form. Similarly in region A, S1 will

tend to convert to S2 by reactIon (2) as a result of diffusion through the rim

of S2. The interface between S1 and S2 might move first in one direction then

another due to the difference in diffusion rate within S1 and S2 and the slopes

of the solvus lines.

In region C for composit ions between C1 and C2 single phase S2 would form

at the metastable solidus temperature, which would be above the peritectic

temperature. After forming, the S2 would cool through two regions of two phase

equilibrium, 
~~~ 

and then S1+S2, where the latter Is the equilibrium phase

dist ribution. If S1 is slow to nucleate and/or diffusion in the solid is

sluggish, metastab le 
~2 expected after freezing would persist to room t emperature.

If were to nucleate and grow sufficient ly below the peritectic temperature no

interferenc, with the liquid/solid interface would occur. However, if S1

nuclast sd close to the interface and diffusion were rapid , the metastable

- 

- 52/L interface could shift to an equilibrium S1/L interface which would be

- 

- cellular or dendritic at these cond itions .

— -~ - - ;— -- -—----
~ 

-
~ _ _ _ _ _ _ _
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Experimental

Alloy s from the Pb—Bi and Sn—Cd system were d i rec t iona l ly  s o l i d i f i e d  at a

variety of dIR values to establish the growth conditions for peritectic systen s

in which d i f fus ion in the solid phases is relatively slow. All samples were

made from pure metals with i n i t i al  pur i t ies  greater than 99.9~~1. Rods of

the desired composition were formed by fi rst melting an alloy of composition

C0 in a crucible , and drawing the molten alloy int o a pyrex tube by means of a

partial vacuum. Before drawing the sample, a 100 micron chromel—alume l thermo-

couple in a 0.1 cm double bore mullite protection tube was inserted in the Fyrex

tube. The thermocouple tip was coated with boron nitride slurry .

Samples were placed in a vertical resistance zone melting and freezing

apparatus sketched in Figure 4. The distance between the heating element

and the following chills was set at 0.5 cm. Gradients of up to 360°C/cm and

340°C/cm were achieved in Pb—Si and Sn—Cd, respectively. At least one zone

melting pass was made before the final directional freezing pass. in the

last pass the solid/ liquid interface was quench ed by switching off the power

to the heater and increasing the water flow through the chills. Due to the

highly oxidizing nature of the Pb—Bi alloy s a special polishing technique

Involving a combination of mechanic*l and elect ropolishing techniques was

developed and used . The elect rolyte consists of 40 ml  of glycerol, 10 ml of
acetic acid , and 10 ml of nitric acid . Sn—Cd samples were polished to 0.01

micron alumina and etched with a solution containing 5 ml of nitric acid and

95 ml of lactic acid .

Pb—Bi Sy stem

As indicated in the phase diagram for Pb—Bi , Figure 5, the peritectic

react ion at 184~C is

— (23.3%Bi) + L(36%Bi)—...(33%BI) .....(8)
-

- ~~ Samples were direct ionally solidified in the zone refining appa ratus with

bismuth compositions ranging from 24 to 35 weIght percent and for values of
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~/R ranging fro m 0.48x106 to 4. 58x106 °C sec cm 2 . Table I l is t s the samples

made and the microstructural observations . Figure 6 illustrates the range of

microstructures observed. Photmnicrographs at the bottom are of transverse

sections. perpend i cular to heat flow. Photomicrograplis at the top are of

longitudinal sections, parallel to heat flow. The longitud i na l sect ions were

taken at the position of the quenched solid/liquid interface.

At low values of G/R, Figure 6a, the ,~ phase leads thefl phase. The

dendrites are branched and are seen to be high ly  plate l ike  at low values of

~/R, note Figure 7. At higher values of G/R , Figure 6b , the ~~ phase s t i l l  leads

the
, 

, but the rods of~~ are not branched and the
,
S appears to fo rm at a

plane front . However, the latter observation is tenuous. If there were a

liquid groove extending below the region where fl fi rst forms, it would not be

readily seen as the liquid and
fl 

in this system are nearly the same composition.

i.e. k2ø~.1. In the transverse section the structure is similar to a

directionally solidified eutectic, except that the spacing is ccm rser. The

spacing between the rods of~~, is 60 microns. At high values of d/R, Figure 6c.

the ~ rods are completely suppressed and
fl 

grows at a plane front. If the

cond itions are close but not sufficient for a planar /L interface to be

stable, a cellular interface develops as in Figure 8.

Figu re 9 sunmmrizes the result s for Pb— Bi . Lines representing the criteria

in equations (5) to (7) are dra wn on Figure 9. These lines are surprisingly

good fits for the boundaries separating the morphological behavior of the

• alloys.

If the solidification behavior of Pb—Bi is in line with the theory

pz’esent.d previously, then the temperature of the ~ /L interface for conditions

of single phase growth at compositions between 24 and 33~ Bi should be above the

peritect ic temperature. Two experiments were run to determine the interface

temperature. In each rod two thermocouples were inserted at a distance of 0.5 cm - -

— - -— —  -
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apa rt. The sample was directiona lly solidified until the bottom thermocouple

ind i cated a temperat ure below the per itectic. Then the sample was quenched .

The distance of the interface from both thermocouples was measured and the

temperature of the interface est i mated by assuming a l inear  temperat u re

gradient in the region of the two thermocouples. The temperatures measured

for Pb—28%Bi and Pb—30%Bi alloys were on a li~’e that is consistent with the

metastable extension of the
fl 

solidus. These points are plotted as (l ’ and

(2) in Figure 5.

Sn—Cd ~~: s~

As indicated in the phase diagram for Sn—Cd . Fi~ure 10. the peritect ic

reaction at 221°C is reported 17 as

£.(0.75%Cd) ÷ L(3.8%cd)—.J’~2.1%cd) (9)

Samples were directionally solidified in the zone melting and freezing apparatus

with cadmium compositions ranging from 1.0 to 1.75 wei ght percent and for values

of d/R ranging from 0.5x105 to l.5xt06 0C Sec cni2. Table 2 lists the

experiments run and the microstructural observations. The range of microstructures

observed in Sn—Cd was similar to Pb—Si with one major addit ional microstructura l.

feature. Figure 11 indicates the range of microstructures that parallel Pb—Si.

Figure lla shows the composite like microstructure obtained at moderate values

of d/R as rods of 
~ 

lead what appears to be a planar interface of . At

high values of Q/R single phase J’grows at a planar interface. Additiona lly.

some samples at high values of C,/R exhibited a banded structure Figures  12 and

13. The bsnde generally alternate between 
~ 

and (and run transverse to the

growth direction, parallel to the isotherma. On occasion a band will consist

of C and (growing side by side.
In Figure 14 the results for Sn—Cd are summarized . The results of

Boetting.r~ are also plotted in Figure 14. With the exception of the region ~.•

of banding the result s are consistent with the theory presented earlier. The - -
- 

-

-
— -~~~~~--‘- — -.-- —
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lines based on the criteria of equat Ions (5) to (7) are not in as good

agreement with the boundaries of morphological behavior as was the case for

Pb-Bi.

The banding phenomenon may have severa l sources . One explanation would be

that the J’/t interface wh ich mi ght be expected would be disrupted by nucleation

o ft  behind the interface. This £ would grow up to the interface and grow

for a short time until the solute builds up to a point to again nucleate 4”.
This process repeats every time ( is nucleated at high temperature. For

higher values of d/R banding is extinguished. This can be explained because

the solidified (cools more quickly to a temperature where~~ will not nucleate

due to the higher temperature gradients.

A theory has been proposed and experiments with Pb-Bi and Sn-Cd have given

reasonable confirmation that peritectic alloys can be directionally solidified

to give a variety of microstructures.

1. At low ‘~a lues of dIR, branched dendrites of the pro-peritectic phase will

be surrounded below the peritectic i sotherm by the peritectic product phase.

2. At moderate values of d/R , simple growth forms ( such as rods) of

the pro—peritectic phase grow with h i g h  undercooling ahead of a plana r inter-

face of the peritectic product phase. The st ructure resembles a eutectic

• composite except it is coa rser.

3. At hig h values of dIR, format i on of the pro—peritectic phase is

suppressed and the peritectic product phase grows at a plane front. For those

composit ions that would be two phase according to the equilibrium phase diagram .

the temperature of the planar interface is above the peritectic temperature and

Is the temperatur. on the mstastabte extension of the solidus of the peritect ic

• product phase. The phase that forms wilL be metastable (supersaturated with

solvent , for k ~ I). Th. pla nar interfice can be disrupt ed by nucleation of

the pro-p.rit .otic phase b.btnd the interface.

- ~~~~~~~~~ — — T1
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Table 1

Composit i on , Growth Cond itions and Observed Hicrostructures in Pb-BI Alloys

C0 C R ~,TR Quenched
wt pet RI °C per cm cm per 0C x sec ger St ructure S/L interface
_________ ___________ 

sec x ~~ cm2x 10 
__________ 

shape

24 220 4.58 0.48 
~

_+$ Branched~~dendrite leading

24 244 2.83 0.86 Rods ofK leading
24 298 1. 39 2.1 K+fl Rods of~~lead ing

26 250 3.47 0.72 
~~+ Branched~~dendrite leading

26 360 2.83 1.27 R~~s of~~1eading
26 350 2.22 1.57 

~~~~~~ 
Rods of~~lead ng

26 255 1.39 1.84 ~ +,6 Rods of ~~leading
26 275 1.39 1.98 dZ+~9 Rods of~~leading

28 200 1.94 1.03 ~~+4 Branched~~dendrite leading
28 260 1.66 1.55 

~+4 Rods ofocleading

28 338 0.83 4.87 4 Plane front if
30 230 4.58 0.50 oC4~~ Rods of~~lead lng
30 283 4.39 0.64 

~~+$ 
Rods of~~leading

30 283 1.67 1.70 
~~

+ Rough interface
30 220 1.02 2.17 4 Plane front 

~
30 226 0.83 2.72 6 Plane front ~9

32 277 4.58 0.60 
~ +ft Rods of ~~leading

32 225 139 1.60 4 Cells of ~
32 275 1.39 1.98 Plane front 15

33 152 5.55 0.27 Rods of~~leading
33 195 4.17 0.47 ~~.ifl R~x!s ofu~leading
33 258 1.39 1.86 Plane front
33 266 2.22 1.20 4 Cells of 4
35 354 5.55 0.64 4 Cells of j6
35 340 4.58 0.71. 9 Cells of ~6

35 255 3,06 1.10 4 Cells of 
~
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r LIST OF FIGURES

- Figure 1 Elastic stress d~stribution in a 38 cm diameter ingot castat 5 cWmln. Numt~ rs ind icate temperature. Arrows ind icate
principal stress ma gnftud ~s and directions. One centimeter
is equivalent to 31 kg/rn (44,000 psi).

Figure 2 Stress distribut ion after plastic flow and creep in a 38 cm
diameter ingot cast at 5 cWmin. Numbers indicate temperature.
Arrows indicate principal stress magnitudes and directions.

- One cent i meter is equivalent to 50 kg/mm2 (70.000 psi).

Figure 3 Effect of casting rate on the temperature profile in 5082 Al—Hg
alloy ingot cast at 7.5 , 10 and 12.5 cWmln.

I 

- Figure 4 Effect of casting rate on the freezing profile in a 38 cm
- diameter 5082 Al—Mg alloy ingot cast at 7.5, 10 and 12.5 cm/mm .
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- Table 2

Composition, Growth Conditions and Observed Microstructures in Sn—Cd Alloys

C C R G/R Quenched
wt p~t Cd C per cm cm per 0C x sec p~r St ru ct u re S/L Interface

sec x l0~ cm2 x l0~~ Sha pe

1.0 241 16.66 1.45 + Rod s of (leading
1.0 230 8.33 2.76 Ba nd ed (~ 

a d  5’
1.0 200 4.58 4.30 Band ed ~ and (
1.0 152 2.22 6. 84 Ba nded ~, and J

1.5 152 16.66 0.90 Rods of ( leading

1.5 234 11.11 2,10 Band ed £. and!
1.5 150 4.58 2.76 Banded ( and j ’

1.5 143 1.39 10.30 5” Plane front cl
1.5 340 2,70 12.2 Plane front I
1.75 82 16.66 0.49 1 Cells of 4’

1.75 251 26.28 0.95 1 Cells o f(
1.75 127 4.58 1.52 ci Cells of ci
1.75 95 4.58 2.10 Cells of I
1.75 179 3.47 5.20 4’ Plane front 5”

•
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Figure Legend s

Figure 1. BIna ry per itect ic pha se diagram.

Figure  2. t4~det for directiona l s o l i d i f i c a t i on of per it ec tic  alloys
a ) .  Temperature distribution du ;ring unidirectiona l solidifi ca-
t i on b).  L iqu id  composition In the solid and l i q u i d  and in
the liquid region c).  I l lus t rat ion  of the sequence of fornat ion
of solid phases Indicating position of the characte-istic
volume element d). Sketch of a volume element considered
In the solid and liquid region e). Concentration profile
along the length of the volume element.

Figure 3. Crit ical (VR vs Co plot to obtain planar so l id—liquid  inter-
face, as defined by equat ions 5—7. Al so shown are the
expected mi crost ruct ure s and interfa ce morphology .

Figure 4. A low temperature vertical zone melting unit showing the
heating and cooling arrangements.

Figure 5. Constitution diagram of Pb—Bi system16 with extended metastable
• solidus . Data point s represent the actual interface temperatures

measured at the solid (plan. front~~ )/tiquid interface.

Figure 6. Typical aligned st ructures showing the effect of (VR ratios.
In each case the top photoinicrograph is a longitud inal section
including the quenched interface, and t~e ottom is a ~ransverse
section. (a) Co~28wt~ Bi; G/R=l.O3xlO °C—sec. per cm , (b) Co~28 wt% ~i; Q/Rzl.55xl~ OC—sec per cm2, (c) Cox2B wt~ Bi; G/R=4.87x10°oC—sec per cm (SOX).

Figure 7. Three dimensional composite photomicrograph showing branched
plate—like dendrites of~~~phase surrounded by fi phase.

Figure 8. Photomicrograph of a q uenched interface which Is cellula r~~(b OX)

Figure 9. Structures of direct onally solidified Pb—Bi alloys and
interfac, shapes as a function of G/R and C0 .

Figure 10. Const itutIon diagra m of Sn-Cd system. 17

Figure 11. Typical longitud inal and transverse photomicrographs shoring
the effect of 4/R ratios . (a) Co—l.5 yt% Cd; (Z/Ra0.9x10 °C-sec
per ~~~ (b) Co.l.5 wt% Cd; WRal.03xl0~OC_sec per cm2 (b OX).

Figure 1.2. a) I4ioto.icrogrsph of a longitud inal section includ ing
the quenched interface showing c phase nucleating and
growing along with ~~phas. without any inte rferenc e with 

- -the planar solid— liquid interfa ce. 
..~,b) Transverse photoaicrogrsph of the same sample.

Figurs 13. Band ing in directionally solidified Sn—Cd alloys, a) Photo—
crograpb of directionally solidified sample (2X) . b) Photo-

aicrogreph of the sss* sample showing alternat e layers of C and j
( BOX) .

-
~~~~~ Figu re 14. Structuns of direct ionally solidified Sn—Cd alloys and

ii*erfto. shapes as a function of QR and C0.
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Figure 2. Model for directional solidification of perit.ctic alloys
a). Temperature distribution during undirectional
solidification b). Liquid composit ion in the solid and liquid
and in the liquid region c). Illustration of the s.qu.nce
of for tion of solid phases ind icati ng position of the
characteristic volume elea*nt d) . Sket ch of a volume
•l.mmit considered In the solid and liquid region c)
Concentration profi le along the length of the volume element .

V _
____ 

:—iii _ - - ~~~~~~~~



T

Single I
Phase I

G/R Planar S, L Single Phase Jc
Planar S~I ©

ods ot S1 b Cellu laror
Followed by Dsndr it lc S

~Planar S~——
,‘ ‘Primary Dsndr ltss of $~~~s~

Surrounded by 
~ 2 d0

C, CI C1•—s.c0
Figure 3. Critical. Q/R vs Co plot to obtain pla na r solid—liquid inter-

face , as defined by squat ions 5—7. Also shown are the
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Figure 5. Constitution diagram of Pb—Bi sy stem~
6 with ext ended met astable

solidus . Data point s represent the actual interface temperatures
measured at the solid ( plane front~~ )/ liquid interface .
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Figure 7. Three dimensional composite photo—
micrograph showing branched plate-
like dendrites ofU phase surrounded
bya phase.
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Figure 9. Structures of directionally solidi fied Pb—Bi
alloys and int erface shapes as a function of
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Figure U.. Typical longitod inal and transverse photomicrogrsph$ showing
the efçect of VR ratios. (a) Co’l.S ~t% Cd; C/RiO 4x105°C.SeC

p r  cm (b) COSI..S wt% Cd; 4/Ril.OSxlO °C-sec per cm (b OX).
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(b )
Figure 12. a) Photomicrograph of a ) ong itudina l sect ion

including the quenched Interface showing
phase nu cl eating and growing along with
phase without any int er fer ence with t)u’
planar solid—li qui d interface .

b) Tran sverse photainf crograp h of th e sam. samp ]t .
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(b)
Figure 13. Banding in directionally solidi fi ed sn-cd alloys.

a) Pholo.acrograph of dIrectionally solidi fied samp l e(2x). b~ J%otomi crogr.ph of ~~. same sample showing
• altsmat, layers of C and ~ (SOX ’)
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SIMULATION or HEAT FLOW AND
• THERMAL STRESSES IN AXISYMMETRIC

CONTINUOUS CASTING

• .1. Mathew~ and H. D. Brody*

Synopsis

Thermal stresses in continuous casting p’ay a role in the development

of casting defect s such as hot tearing, cold cracking . and surface cracking .

Hence , an ability to predict the level of thermal stresses in an i ngot in

relation to the casting conditions is Impo rtant for the optimum design of

continuous casting processes. The model described herein is a f:nite

element analysis of heat flow and the development of thermal stresses in

axisy nunetric continuous casting applicable to the simulation of both ferrous

and non- ferrous alloys. The model is capable of simulating a wide range

of boundary conditions , and the program is simple to use . The model takes

into account the heat flow and displacement s In the axial  and rad ia l  d i rec t ions

in the cast ing and accounts for the tempe rature dependence of material

propert ies. The stress simulation employs a therinoelast i c—plastic creep

analysis and can compute both the elevated temperature stresses and the

residua l stresses In the ingot at room temperature.

The analysis is found to be useful in studying the formation of various

thermal stress induced defects like hot tearing, surface cracking and cold

cracking in continuously cast Ingots . A parameter called maximum normalised

stress (obtained by dividing the maximum (algebraic) stress by the yield stress

of the material at the temperature of the region of Interest ) Is found to

correlate well with the observed relation between the hot tearing tendency

‘Senior R sea~~b Engineer, Metallurgica l Research Labs, Combust ion Engineering. ‘c -
Inc., Chattanooga, Tennessee 37402, formerly Graduate Fellow, Univers ty of .. -

~• Pittsburgh. 
V

•Prof.ssor and Chairman, Department of Metallurgical and ~~terIals Engineering,University of Pittsburgh, Pitt sburgh, Pennsylvania 15261.

V 
— 

-



2

of continuously cast aluminum and the casting rate. The analysis has been

applied to pred i ct the dependence of temperature profile and freezing (sump)

V profi le in the casting on the casting rate. The pred icted effect of the

casting rate on the mold heat flux is found to be consistent with experimental

measurements.

Analysis

• • 1 2 .3V Details of the analysis can be found in the references. Only a

brief description is given here. The heat flow simulation employs a finite

element method to take into account the steady state heat transfer in the axia’

and radial directions in a cylindrical ingot. This makes the analysis applicable

to the study of ferrous and non— ferrous metals like aluminum and copper wh i ch have

fairly good conductivity and are cast at relatively slow speeds. This makes

the axial heat transfer relatively impo rtant in continuous casting of these

alloys. The axial heat transfer is not appreciable in continuous casting of

steel except at the bottom of the mold where the radial resistance to heat

transfer due to the a ir gap makes the axial heat transfer relatively

important .

The model takes into account the variation of material properties with

temperature and can handle both equilibrium or non—equilibrium solidifica-

tion modes . (The results presented in this paper assume non—equilibrium
4-8solid ification.) Hot tearing is believed to originat e in the mushy zone of

the alloy near the effective solidus temperature. The fraction of liquid

which is in equilibrium with the solid at any temperature within the mushy

zone of the alloy and the effective aol idus temperature of the alloy depend

very much on whether equilibrium or non—equilibrium solidification is assumed.9

Th. latent best Liberated during solidificat ion can be Incorporated into the

specific heat or it may be incorporit.d into the enthalpy of the teria l.

- ‘ V .
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The model has the f l ex ib i l i t y  to account for v i r t u a l l y  aU boundary

conditions encountered in continuous casting. This includes, and is not

• l imi ted to. a refractory header at the top of the mold (as  customarily used

in aluminum D.C. casting) and a de’ayed quench . In the mold region where

an air gap generally forms, the position and extent of air gap format i on

can be computed by the analysis. Provision to compute the air gap formed

is very important in the analysis of therma l st resses . The locat i on and

extent of air gap formation have a strong effect on the temperature f ield in

the casting and hence on the thermal stresses, but have only a weak effect on

the sump profile.10

The thermal stress analysis is also an axisymmetric finite element

analysis. It takes into account the deformation in the axial as well as

radial directions in the casting. ( Previous ana lyses11’12 of therma l

stresses in continuous casting assumed a plane strain deformation. A plane

strain assumption is not valid when there are thermal gradients In the with-

drawal directions as in the continuous casting of aluminum.) The present V

analysis takes into account the elastic, plastic, creep and thermal deforma-

tions of the material. The analysis has f lexibi l i ty  to account for the varia-

tion of the material properties (stress-strain relations and creep law) with

temperature. Virtually all boiiidary conditions encountered in continuous

casting of cylindrical ingots can be accounted for in the analysis. This

includes the effect of metallostatic head and mold friction forces. The

analysis computes the stresses in the mushy zone of the alloy below the coherency

temperature. The coherency temperature of an alloy is defined as the temperature

above which the alloy behaves like a liquid and below which it behaves like a 
- 

-

sol id . It has been propos.d14 that the coherency temperature of an alloy

plays a ~or role in deciding the hot tearing sensitivity of an alloy .



I
As the details of the validation of the model are given in references 1—3,

only a brief descri ption is given here for completeness. The heat transfer

• analysis was checked by comparing the model predicted temperature pro files

and freezing profiles with measured quantities (both laboratory and industrial

casting conditions for ferrous and non—ferrous continuous casting were checked).

The agreement was fo und to be very good between the measured and calculat ed

sump profiles and temperature fields. The stress analysis was checked by two

methods. The displacement field was checked by comparing st ress fields

predicted by the model with analytical results for simple, ideal cases (not

continuous casting) where analytical solutions are available. The agree nent

was found to be very good. Lastly, the application of the model to continuous

casting was checked by applying the analysis to the D.C. casting of Al—S i

alloy. The residual stresses in a D.C. cast ingot were measured by Roth.

et al)~
3 The residual stresses and positions of stress reversal predi cted by

the model Were found to be in good •greement with those reported by Roth,

at al. The results obta ined from the analysis are the following:

(A) Temperatures and cooling rates at diffe rent positions in the casting.

(8) Position of the liquidus and so1idua~ isotherms in the casting.

(C) Heat flux from the casting to the mold at different heights in the

mold.

(D) Axial, radial, hoop, shear and equivalent stresses at different

locations in the cast ing.

(E) Principal streea~es and princ ipal planes corresponding to stresses

in (D).

(F) Meximum norumlissd st resses and hydrostatic stress at each ~•

location of the ingot and hydrost atic stress at differ ent locat ions

in the casting. t*ximum nornslissd stress is obtained by d ivid ing

the maximum (algebraic) stress by the yield stress of the material

at the temperat ur. of the location where the st ress is computed .

~V
V

-  ~~~~~~~~~~~~~~~~~
—.—-- 

_ _ _ _ _ _ _ _



1
(G) Radial and axial deformations of the ingot .

(F) Plastic strains at diffe rent locati ons in  the casi ing.

• The analysis  computes the elast ic  st resses in the absence of relaxation a’

well as the stresses after plastic flow and creep.

Application of the Model to an Al-Mg Alloy

Figure 1 shows the magnitudes and direct ions of the ela-~tic thermal

stresses In a 37 cm. diameter 5082 aluminum-magnesium alloy ingot cast at 5 cm./

m m .  (As the casting conditions assumed in the simulation may not be encountered

in actual practice, the example is given only for illustration.) The princip a l

stresses are plotted to scale as vectors norma l to the pr incip al  planes . The

temperat ures at positions where the stress is comput ed are indicated by numbers

next to the stress vectors.in Figure 1. To account for the coherency temperature

of the alloy, the elements above the coherency temperature of the alloy have

been removed from the assembly and proper boundary conditions due to metallo-

static head have been applied . The stresses after plastic flow and creep have

been ta ken into account and are shown in Figure 2. Notice that the magnitude and

direction of the princi pal stresses have changed considerably after plastic

flow and creep. The principal st resses are normal to the solidifi cation front

in the casting near the top of th~ ingot. This is to be expected as the metaUo—

static head act s normal to the solidification front. However, the princip al

planes rotate as the ingot is w ithdrawn and become al igned with the coordinate

axes at lower temperatures. The existence of a neutral plane between the

surface and the center of the casting also can be seen from the stress plots.

It Is obvious from Figu res 1 and 2 that the magnitude of the stresses

change considerably at different locatiors In the casting. However, since

the temperature also changes , the severity of the stresses cannot be obtained

readily through the absolut e str sses. In order to make the stress values more

meaningful , the stress is normalis d by dividing th . computed st ress values

_________  — — ~~V 
- 

V~~~~~ _ VV~~V i ~
-
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by the yield stress of the material at the temperature considered . The

maximum (algebraic) value of this quantity is selected and is called the

maximum normalised stress.

Table 1 gives the maximum normalised stress at diffe rent position ’ in a

38 cm. diameter, 5082 Al—Mg alloy ingot poured at 8.9 cm ./min. (3.5 in./nhin .L

Negative signs before the stress values ind icate compressive stresses. The

axis of the ingot is at the right—haød coiumn of the stress values). The

max imum normalised tensi le stress increases within the mushy zone and reaches

a maximum near the solidus . The peak normalised stress near the solidif ica-

tion front can be related to the hot tearing tendency of D.C. cast alum inum

alloys leading to “centerline” or “star” cracks.

Away from the solidification front, the maximum normalised stress decreases.

However, near the bottom of the casting, it increases again and reaches another

maximum. The peak in the maximum normalised stress at the bottom of the ingot

may be related to the formation of cold cracks in non— ferrous alloys. Some

as cast alloys (for example 7075 aluminum alloys) have very poor ductility

at room temperature. Ingots of these alloys, if the residual stresses developed

during the casting is hi gh enough, will crack during cooling. These cracks,

also, will be symmetric with respect to the - axis of the ingot (since the peak

of the maximum normalised stress occurs near the axis of the ingot). Since

the cracks form after the ingot has been completely solidif ied, the cracks will

be open (i.e., will not be healed by flow of liquid metal).

A third zone where a peak in the maximum normalised stress occurs is at the

surface of the ingot . Referring to Table I, a peak in the maximum norinalised

stress is foutJ to occur near the mold exit, If these stresses exceed the

strength of th. material , surface cracks may form In the ingot.

Table 2 gives the maximum norinstised st ress In an ingot ident i cal to that

in Table I .xc.pt that th. ingot is cast at 10.2 cm./min. (4.0 in./min ).

The effect of increasing the casting rate on the maximum normalised stress V?

— - 
- V _______________
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can be studied by comparing Tables 1 and 2. Not i ce that the maximum normalised

stress near the solidi~-icat ion front of the ingot increases from 1.7 to 3.5

as the casting rate is increased from 8.9 cm./min. to 10.2 cm./min. Thus.

according to the model, the hot tearing (star cracking) tendency of the ingot

should inc rease with increase in cast ing rate. This is confi rmed fro m ind i i ’t r i a l

experience)”5~~
8 From result s of experiments ava i lable to us. the ingot

simulated in Tables 1 and 2 can be cast without  cracking at b.9 cm ./min..

whereas it would exhibit fine centerline cracks when cast at 10.2 cm ./min.

From Tables 1. and 2 it Is also seen that the maximum normalised stress

near Ihe surface of the ingot increases with decrease in the casting rate.

This is to be expected, as the air gap formed will be smaller and the

resultant reheating of the ingot will be less for lower casting rates . It is

also of interest to note that the residual stresses (at the end of cooling

of the ingot ) decrease with increase in casting rate. The residual st resses

are useful in studying the tendency of the ingot to cold cracking. However .

it should be pointed out that coldcracking is infl uenced both by the st resses

and pla stic st rains . The present simulation gives both the stresses and the

plastic strains for use in studying the cold cracking of continuously cast

ingots.

Effect of Casting Rate on the Temperature Profile

Figure 3 shows the effect of casting rate on the surface and center

temperature profiles In a 5082 Al-Mg alloy ingot. The casting rate Is found

to have a considerable effect on the center temperature profile. He wever . - 
V

the surface t mperature profile Is practically insensitive to casting rate.

(These observations are in agreement with measurements of therma l profi le in
15 18continuous casting using thermocouples, etc. ‘ )  Since increasing the casting
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rate is found to increase the hot tearing tendency of a casting, one way to

explain the hot tearing tendency of the casting is to explain It with

re ference to the differences in surface and center cooling rates. B~yson
15

has done this  for A606 3 alloy . He defined a “hot cracking parameter.” the

difference In cooling rates between the center and the surface of the cas t ing.

which he used successfully in explaining the hot tearing sensitivity . Table 3

gives the center and surface cooling rates between the center and the surface

of the casting, which he used successfully in explaining the hot tearing

sensitivity . Table 3 gives the center and surface cooling rates in 16 cm.

and 38 cm. diameter ingots cast at different speeds. The hot cracking

pa rameter is indeed found to increase with increase in casting rate.

However, as can be seen from Table 3, this pa rameter fails to explain the size

effect on hot tearing sensitivity.

Effect of Casting Rate on the Freezing Profile

The freezing profile in a cast ing is very important as this has a

predominant effect on the formation of defects. For exa mple, a long sump in

a casting may give problems with fluid flow induced defects such as segregation.

etc.19’2° The sump depth also has a great effect on the feeding of the
21casting. For example , a bowed Bump may result In the fo rmation of porosity

and associated defects.

Figure 4 shows the effect of casting rate on the position of the solidus

and llquldus Isotherats in a 38 cm. diameter casting. Increasing the casting

rate is found to increase the stamp d.pth considerably . The strong influence of
10 19 22—34

casting rate on the sump depth has been observed by many invest igstors

who by means of techniques such as the breakout method, adding rad ioactive

tracers and pellets, inserting metal rods into the sump . etc., have measured

the stamp d.ptb in continuous castin g. However , the striking feature of

Figure 4 is that with increa se in casting speed the sepa ration between

—
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~ 4 the solidu s and l i qu l dus  Isotherms increa ses . This increases the size of the

mushy zone in the casting. One of the main reasons for the increased tendency

of the cas t ing to hot tea r at high casting speeds is probably Its effect on

the cooling rates existing in the casting and on the freezing profile in the

casting. 
-

Heat Flux from the Surface of the Ingot

Table 4 gives the influence of casting rate on the heat flux from the

surface of a 38 cm. diameter casting. The heat flux is found to increase

with the increase In casting speed . This is consistent with the observations
35

-
, of Singh and Biazek who measured the heat fl ux in the mold of a continu ous

caster at different casting speeds.

Sumn~iy

The ana lysis presented here is useful In studying the formation of

various thermal stress induced defects such as hot tea rs, surface cracks and

cold cracks in continuously cast ingots. The analysis is found to predict

correctly the effect of casting rate on the hot tearing tendency of the casting.

Thus, the analysis can be ‘calibrated’ through experiments to determine

the maximum casting rate at which an Ingot may be cast without cracking. Once

this information is available for typical conditions, the analysis nay be used

to optimize casting conditions taking into account st ress induced defects.

Thus, the present simulation provides a powerful tool to the operators of

continuous casting installations.
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Ta ble I

Maximum Norinalised Stress in a 38 cm
Diameter 5082 Al — Mg Alloy I ngot
Cast at 8.9 cWmin (3.5 iWmin)

(Axial and rad ial divisions are equally
spaced . Axial divisi ons are 2.5 cm)

Maximum normalized stress

1 3.075
2 5.333 —0.698
3 2.913 —0.207
4 1.185 0.489 —0.285
5 0.666 0.608 —0.086
6 0. 567 0.751 —0.305 —0.411
7 0.519 0.794 -.0.925 -0.696
8 0.461 0.798 -.0.595 — 1.578 — 1.376
9 0.393 0.816 0.421 —2.795 —2.255
10 0.312 0.817 0.966 —2.154 .4.214 -.8.348 ~.,
11 0.214 0.816 1.057 —0.708 —6.178 —7.375 ~12 0.149 0.750 0.933 0.401 —3.709 —9.200 .~~
13 0.120 0.688 0.811 1.119 —1.258 —6.839 q.~
14 0.113 0.691 0.829 1.476 0.517 —2.984
15 0.112 0.698 0.838 1.354 1.68 1 -0.263 .~~

16 0.113 0.680 0.871 1.237 1.716 1.517 .~
17 0.113 0.651 0.908 1.164 1.451 1.495
18 0.110 0.611 0.946 1.133 1.330 1.273
19 0.104 0.566 0.961 1.179 1.282 1.160
20 0.092 0.521 0.966 1.265 1.323 1.174
21 0.078 0.483 0.972 1.344 1.472 1.319
22 0.081 0.456 0.991 1.439 1.640 1.552
23 0.081 0.450 1.035 1.542 1.828 1.813
24 o.070 0.458 1.108 1.673 2.035 2.095
25 0.074 0.476 1.20 1 1.829 2.259 2.385
26 0.090 0.503 1.302 2.001 2.494 2.674
27 0.111 0.524 1.387 2.164 2.725 2.957
28 -0.042 0.433 1.438 2.288 2.887 3.216

Bottom of ingot

— -‘~~-— ~~- - -.
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Table 2

Maximum Norinalised Stress in a 38 cm
Diameter 5082 Al—Mg Alloy Ingot
Cast at 10.2 cWmin (4.0 in/mm )

(Axial and radial divIsions are equally
spaced . Axial divisions are 2.5 cm)

Maximum normalized stress

1 1.801
2 3.512 —0.233
3 2.240 —0. 103
4 0.974 0.446 —0.434
5 0.641 0.146 0.515
6 0.534 0.468 -0.456
7 0.464 0.814 —0.979 —0.647
8 0.403 1.004 —1.294 —0.871
9 0.340 1.001 0.062 —1.90 9 —1.610

10 0. 274 0.969 0.954 —3.137 —2.60 6
11 0.208 0.906 1.304 —1.991 —4.635 —9.370
12 0.131 0.859 1.101 —0.414 —6.553 —7.820 .e-’
13 0.089 0.767 1.050 0.731 —4.404 —9.265
14 0.078 0.659 1.030 1.480 —1.637 -.8.439 —
15 0.080 0.676 0.990 2.389 0.729 -4.510 ‘
16 0.089 0.690 0.970 2.341 2. 229 -.0.517
17 0.097 0.688 0.985 1.870 3.465 2.122 .~
18 0.101 1.668 1.012 1.655 2.661 3.304
19 0.098 0.631 1.056 1.541 2.138 1.186
20 0.087 0.581 1.084 1.513 1.947 1.876
21 0.072 0.529 1.092 1.562 1.896 1.802
22 0.073 0.48 6 1.097 1.625 1.97 5 1.893
~3 0.070 0.466 1.114 1.684 2.118 2.081
24 0.056 0.462 1.152 1.757 2.258 2.320
25 0.055 0.469 1.209 1.848 2.402 2.558
26 0.070 0.485 1.275 1.952 2.546 2.779
27 0. 101 0.514 1.335 2.049 2.684 2.976
28 —0.041 0.546 1.417 2.121 2.767 3.146

Bottom of ingot

4
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TABLE 3

Effect of Casting Rate on
Cooling Rates at the Time the Center

of the Casting Solidifies

Casting Surface Center Di fference
Rate Cooking Rate Cooking Rate Between

cm./min. C/sec. C/sec . Center and
Surface

Cooling Rates

16 cm Diameter Casting

10.0 1.84 8.23 6 .39

17.5 2.14 13.40 11.26

25.0 2.20 14.40 12.20

30.5 1.91 18.22 16.31

37.5 2.03 19.79 17.76

38 cm Diameter Casting

5.0 0.17 1.96 1.80

7.5 0.10 2.90 2.80

8.9 0.18 3.14 2.96

10.0 0.14 3.46 3.32

12.5 0.17 3.73 3.56

• 

- - - - - -
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TABLC 4

4 Effect of Casting Rate on the Heat Flux (cgs)
in a 38 cm Diameter Casting

Distance fr om Casting Rate (cny’min)
the Meniscus , 5.0 7.6 8.9 12.7

cm

1.25 22. 33 29 .38 31.54 85 .06

3.75 2. 39 2.48 2 .64 2.90

6. 25 56.92 63.85 67 .59 75.48

8.75 28.39 34.07 36.29 43.35

11.25 21.19 26.32 22.85 33.93

13.75 16.76 21.47 19.39 28.25

16.25 13.71 18.14 16.90 24.38

.
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