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Influence of cooling rate on deformation due to
effective stress in a solidifying alloy
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The relative volume rate at a local volume element, div V4, that is used to evaluate the
deformation in the two-phase zone of a solidifying alloy, is dependent on history of the
effective stress. In a model of unidirectional solidification, the variation of the effective
stress with x-direction or time at the fast cooling rate is larger than the one at the slow
cooling rate. The different relative volume rates due to the inhomogeneous cooling rates
produce deformation mismatch among the various volume elements in an ingot. It is
suggested that accumulation of the deformation mismatch gives rise to thermal residual
stain and stress, and hot-tearing tendency in the ingot. The effective stress may be residual
in the solidified alloy if it is less than the strength of the alloy itself at the fast cooling rate,
and may be relaxed by the deformation of the two-phase zone and play a role in forming
the channel space filled with the unstable flow at the slow cooling rate. © 2000 Kluwer
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Nomenclature

ag constant in Equation 15b

A viscosity constant

bex constant in Equation 15b

b« constant in Equation 15a

Ca local average concentration (wt %)
Cs local solid concentration (wt %)

C. liquid concentration (wt %)

E elastic modulus (GPa)

o volume fraction liquid

Os volume fraction solid

AGys Activation energy of viscosity
k equilibrium partition ratio

m solid-solid contact coefficient
m liquidus slope (K/wt %)

p pressure (kPa)

Po ambient pressure (kPa)

q constant in Equation 15

R gas constant

t

T

time (s)
temperature (K)
Te solidus temperature (K)
T liquidus temperature (K)
Uy volume of an element in two-phase
zone ()
VL liquid velocity in two-phase zone (nT%)
Vs solid velocity in two-phase zone (MY
Vs solid velocity weighing bygs (m s™1)
Xg position of the eutectic isotherm
XL position of the liquidus isotherm
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Greek Symbols
o compressibility coefficient (Nt m?)
B solidification shrinkage

y strain

e cooling rate (K s1)

n viscosity (Pa s)

Pa average density (kg #h

oL liquid density (kg nd)

0s solid density (kg )

o total stress (kPa)

o’ effective stress (kPa)

o effective stress due to elastic behavior (kPa)
os solid stress (kPa)

oy effective stress due to viscous behavior (kPa)

1. Introduction

Solidification shrinkage and contraction(or expansion)
always exist in a solidifying alloy, and may result in
such solidification defects as thermal residual strain
and stress, segregation, and hot tear, which also re-
lated to the alloy composition and the solidification
conditions. Normal solidification processing is carried
out at elevated temperature and thermal residual stress
etc are generated as the alloy is cooled from the pro-
cessing temperature. These defects occur in as-cast in-
gots as well as in advanced materials such as com-
posites [1, 2]. Prediction of thermal residual strain and
stress, segregation, and hot tear is of great importance
for evaluating and designing the various properties of
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materials. Deformation of the two-phase zone duringn the mushy zone is not evident; with decreasing the
solidification results in these defects, and itis necessargooling rate, movement of the isotherms is gradually
to develop models for understanding the deformatiorgetting slow, and the gravity force can change the flow
mechanism. direction and cause the back-flow due to natural [10].
In his analysis of hydrostatic tensions in solidifying Modeling of thermal residual strain and stress and hot-
materials, Campbell [3, 4] proposed that various modelsearing tendency in a solidifying alloy has been carried
for the evaluation of the negative pressures which mayut in recent years. Criteria based on the difference
occur in the solidifying materials which exhibit various in cooling rate between the surface and the center of
deformation modes: elastic-plastic, Bingham, viscousa solidifying ingot and based on the level of tensile
or creep flow. For metal alloys, the solution of the creepstress (normalized by dividing the computed stress by
flow model seems to be more reliable than that of thehe yield stress for the local temperature) were used
elastic-plastic one. The solidification rate was consid+o predict conditions and locations likely to hot tear to
ered since this critically affects both the flow of the lig- form radial cracks [11, 12]. Kinet al. [13] proposed
uid and the creep of the solid, and the very high stressethat solidification contraction, which is related to a lin-
predicted by the spherically symmetric creep model arear coefficient of thermal expansion, for deformation
a direct consequence of the very high solidification rateanalysis of an aluminum alloy is proportional to the
as freezing nears completion in a sphere. The experiocal solidification time; when the same solidification
mental and theoretical studies of solid movement anaontraction was input for all meshes in analysis, the
deformation in the two-phase zone were carried out bycasting did not show inward deformation, while differ-
Flemings and Rosenbeggal [5—7]. The fraction solid  ent solidification contraction with location in the cast-
at which the dendrites form a cohesive network, and aing was input the casting did. It should be pointed out
which the network begins to develop some strength, dethat the definition of solidification contraction is not
pends on dendrite size and morphology, but a numbevery clear, e. g, the relationship between solidification
of studies in different alloys show it to be in the range contraction and solidification shrinkage.
of about 0.1 to 0.2 and occasionally higher. Above 0.2 The purpose of this paper is to investigate the ef-
fraction solid, shear strength increases with increasin@ect of cooling rate during solidification on the thermal
fraction solid, and is found also to increase somewhatesidual strain and stress and the hot-tearing tendency
with increasing strain rate and with increasing grainon the basis of the effective stress analysis. The con-
size. In well grain-refined alloys, strength does not becept of the effective stress stems from a new approach
gin to develop until 0.4 fraction solid. The developing to the local solute redistribution equation [14]. In the
strength of the solid network can cause localized strainfllowing sections, the theoretical models will be de-
with resultant formation of highly segregated regions,scribed first, that includes: (1) the modified local so-
or open hot tears. When metal can no longer mass feddte redistribution equation, (2) relationship of the new
to the hot spot in a casting, the contraction strains pulterm disvg in the equation with the effective stress, and
the solid dendrites apart at this location. If the cast{3) the model for calculating the effective stress. For
ing is well fed, there is now a stage when liquid flow given solidification model, the effect of cooling rate on
between the separating dendrites to heal the incipierdeformation of the two-phase zone will be discussed on
tears, and regions of segregation result. As solidificathe basis of the calculated results under the two cooling
tion proceeds, a time is reached when liquid can naonditions.
longer flow to compensate for the strain. At this stage,
if the strain continues, open fractures result which are
termed hot tears. Alternately, the casting might develo2. Theoretical models
enough strength at this pointto resisttearing. Resistanc2 1. The modified local solute redistribution
to hot-tearing is related to the alloy composition. Min- equation
imum resistance to hot-tearing is found in many alloysThe basic equation for describing the effect of solid
at compositions intermediate between the pure metahovement on solute redistribution is developed on the
and a eutectic composition. Another factor affectingbasis of models of continuum approach to a porous
hot-tearing resistance is grain size: the finer the grairmedia. Assumptions for the original local solute redis-
size, the greater the resistance. tribution equation are as follows [15, 16]. (1) A small
The cooling rate is a parameter that is often used/olume element in the two-phase zone is large enough
to describe the as-cast microstructure, especially ththat the fraction solid within it any time is exactly the
primary and the secondary dendrite arm spacing, antbcal average, but small enough that it can be treated
the solidification rate and temperature gradient acrosas a differential element. (2) There is no movement of
the solidifying interface are the parameters which actuthe solid phase into or out off the element. (3) Solute
ally describe the morphology of the interface growth,enters or leaves the element only by liquid flow to feed
the local solute diffusion, and kinetic processes [7—9]shrinkage. (4) Mass flow in or out of the element by dif-
The influence of cooling rate on interdendritic fluid fusion is merged into the fluid flow. (5) Solidification
flow in the two-phase zone was investigated: wheroccurs with equilibrium at the solid-liquid interface so
isotherms move fast at a large cooling rate such athat there is no undercooling, and the rate of solidi-
greater than 10"°Cs™1, the siphonic force due to solid- fication is controlled only by the rate of heat transfer
ification shrinkage mainly results in the interdendritic and convection within the two-phase zone. (6) the lo-
flow and gravity acting on a fluid of variable density cal temperature and the composition of the solid at the
cannot play an effective role so that natural convectiorinterface are specified by the local composition of the
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liquid. (7) Diffusion in the solid is negligible. (8) Solid by Bear [17] is used to deal with the relation\s$ to

density is constant. (9) No pore forms during solidifi- the effective stress. The term di¢ is dependent on

cation. history of the effective stress acting on the solid phase
The research in this paper is based on relaxing thef the two-phase zone:

assumption (2) and (3), that is, movement of the solid

phase in the two-phase zone , and solute into or out of do’

the element by solid movement as well as by liquid flow divVs = —a i (6)

will be considered. For solidification occurring in each

volume elementtreated as porous medium, where liquig hare o is compressibility coefficient, and’

flow and solid movement occur through and in it, theeffective stress. '

mass conservation equation and the solute conservation

equation should be given as, respectively:

is the

9pa _ V- (oY) 1) 2.2. The effective stress
ot " \Pa The total load of the liquid-solid phase zone is balanced
and by interparticle stress in the solid phase and by pres-
sure in the liquid phase according to Terzaghi's theory
9(paC) ARV (2)  [17.18]. For contact areas of the solid and liquid phases
at paa with each other, there is:
wherep, is average density£g, oL + gsps), 9. andgs
are volume fraction liquid and volume fraction solid, o =(1-m)p+mos (7)

respectively,po. and ps are liquid and solid densi-

ties, respectivelyt is time, V is velocity of the two- whereo is total stressp is pressure, ands is solid
phase zoneC is concentration, an@, is local average stress, andn is solid-solid contact coefficient. The ef-
concentration £9, C. + gsCs), C. and Cs are lig- fective stress acting on the solid phaseis defined
uid and solid concentration, respectively. Combiningas:

Equations 1 and 2 provides a new expression for solute

redistribution under the conditions of all other assump- o' = mosg (8)
tions for the original local solute redistribution equation

except for changing the assumptions (2) and (3) [14]: |, the above equations, a positive pressuex{ 0)

means compression. Similarly, ando’ are taken as
i[aﬁ—div(gsvs)]z— 1-p <1+VL_VT)i& positive in the equations when they are compressive
g Lot 1-k € CL ot stresses.

(3) The effective stress’ is dependent on the solid-solid

contact coefficienin, that is dependent on the volume
whereV_ andVs are liquid and solid velocities in the fraction solid for a certain casting structure such as
two-phase zone, respectivepyis solidification shrink-  equiaxed grain. Whemgs is small such as less than
age & —(pL — ps)/ ps), kis equilibrium partition ratio, 0.2, the solidification of an alloy lies in the stage of
¢ is cooling rate, an€, is liquid concentration. mass feeding, in which there is little contact among the

Equation 3 is a new equation consideringsolid-phase grains in the two-phase zone, @rgkems
solid movement in the two-phase zone, in whichto be zero. With increasing the volume fraction solid,
the term g [0g./0t-div(gsVs)] replaces the one the contact among them increases and the valua of
1/9.(99./at) in the original local solute redistribution is enhanced. Whegs is equal and more than 0.2, the
equation. In the left side of Equation &g, /ot is the  value ofmis:
local derivative that expresses the rate of changg of
with time at a fixed point of the two-phase zone, and m= g 9
. ; : ) ; Os )

div(gsVs) is a new termVs is velocity of solid move-
ment (or deformation) at the point of the two-phaseWheren —2~3
zone, andysVs can be regarded as the solid velocity '
weighted by volume fraction solid at the point. For con-
venience, there is:

For simplicity, the effective stress acting on the solid
phase merely results from situ solidification shrink-
age in the solidifying alloy. So-called situ solidifica-

V& = gsVs (4) tion shrinkage means that the deformation of the two-
phase zone results from not an external load but the
For a two-phase zone treated as porous medium, a voolidification shrinkage itself. Solidification shrinkage
ume of element of the two-phase zonBjisand velocity g can be evaluated with the liquid and solid densities
of the solid network in the element\&. According to during solidification:
the concept of total derivative, there is:
o 1du p=_Lr—rs (10)
divVs = U, dt (5) 0s
that is, the term diVs is defined as relative volume where p, is liquid density andops is solid density.
rate at a local volume element. The method propose®inceg is a volume contraction percentage, the linear
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strainy due to solidification shrinkage should approx- relation of the cooling rates at the ingot surface and
imately be: centerline with dimensionless time that is defined
1 as ratio of timet to the final solidification time un-
y = -8 der the each cooling conditions. For the solidification
3 model of Al-4.5wt%Cu alloy with two-dimension size
The two-phase zone during solidification is generallyof 100 mm(heightix 80 mm(width), the final solidi-
regarded as a body with visco-elastic-plastic behaviorfication times of the plane castings are 84 sec. for the
The incorporation, however, of viscous process into ahill mold and 1245 sec. for the sand mold, respectively.
model of the formation process leads to a great increas€hermophysical properties of the Al-Cu alloy is listed
in the complexity of the problem. For simplicity, the fol- in Table Il. Fig. 2 shows liquid and solid densities of
lowing discussion concentrates on the simple treatmerthe alloy, which are used to calculate the strain due to
that considers the two-phase zone as the Kelvin bodin situ solidification shrinkage.
with visco-elasticity [19, 20], that is: The temperature field and the positions of the lig-
uidus and the eutectic isotherms for the solidification
models are given by [16]:

(11)

os=ny + Ey (12)

wheren is viscosity, ancE is elastic modulus. Substi-

tuting Equation 12 into Equation 8, the effective stress  T(|x|,t) = Tg + M(TL —Tg) (14)
acting the solid phase of the matrix is: (X = Ixel)
L
o' =m(ny + Ey) (13) Ix ()] = 5" byt (153)
3. The solidification models and
The solidification model here is schematically shown in L bet b
Fig. 1, where there are insulated walls on the top and the IXe(t)l = 2 Ext” — @ (15b)

bottom, and a water-cooled chill mold or a sand mold at
each side. The different side molds result in two cool-whereT is temperatureT, is liquidus temperaturdg
ing rates during solidification. Table | represents theis eutectic temperature_ is position of the liquidus
isotherm,xg is position of the eutectic isotherr, is
length of the ingot, andg, b x, bex, andqg are constants
in Equation 15, respectively.

The viscosity and the elastic modulus are mainly de-
pendent on temperature. The temperature dependence
of the viscosity may be described by [21]:

TABLE | Cooling rates at different time and positions

Cooling rate (K/s)

sand mold wall water-cooled chill

dimensionless

time surface center surface center
AG
0.0 1.1 0.0 6.4 0.0 n= Aexp( V'S) (16)
0.2 0.85 0.45 6.3 0.72 RT
0.4 0.76 0.50 6.16 0.90
0.7 0.63 0.55 5.96 1.10
10 0.60 0.58 5.40 2.92 TABLE Il Thermophysical properties of Al-4.5% Cu alloy
compressibility coefficient (N*m?) 1.45 x 107%;[17]
. liquidus slope of binary diagram (K/wt %) -3.4
msulat?d mold partition ratio 0.172
i Pl i liquidus temperature (K) 918.0
: EI . melting point of pure solvent (K) 933.0
! ' ! ' ' latent heat (J kgt) 3.89x 10°
t tty { specific heat (J kgtK 1) 1.04 x 10°
: N - :
= ! il L
= : Pl : =
2 i o 4
=1 B = 13 21 |E € s
o = ! =1 o 1k
s| :8 _El =y g: s
= | Py | = - lequad densiny
= : T : = E 1LlE
S| o it |5 g
: [ : B
! ' i ' ' T 10k
i i ] i =
: H y: : g 17
I I | | i
: : Dox : = sabid density
I T N 1 15 .f‘!,,“'
insulatédd mold
2.3 1 1 1 1 [}
80mm i 5 15 2 ; W 5
higuid compasivien.  wi s Copper

Figure 1 Schematic representation of solidification model of a plane

casting.
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1.00 Using the chain rule and combining Equations 10 and
11, the strain rateyd/dt in Equation 13 can be written
into:

my dpL

AL e 18
050 4 3,08 dCL € ( )

wherem is liquidus slope of the alloy binary diagram,

.23 ande is cooling rate during solidification. It is assumed
for Equation 18 thaps is regarded as a constant and
0.00 i y 1 dpL /dC_ is the slope of the curve in Fig. 2 if the lig-

o8 O'éfr i 04 - 0200 uidus curve is treated as a straight line. Using the above
volume fraction sott equation, the viscous element of Equation 13 can be

Figure 3 Elastic modulus during solidification of Al-Cu alloy. calculated with:
E =17.5GPa at solidus.

normalized Young's modulus

o/ — MMy dou
where A is viscosity constantT is absolute temper- v 3ps dC_

ature,R is gas constant, and Gy,s is activation en- ) ) ]
ergy of viscosity. The viscosity increases with decreasT he strain rate and the viscous element of the effective

ing temperature from Equation 16. The elastic modulu$tress are related to the cooling rate from Equations 18

also has a similar variation with temperature. The vari2nd 19. _ , _
ation of E as a function of volume fraction solid is T Nne relations of the effective stress with the di-

plotted in Fig. 3. mensionless time at the two cooling rates are shown

in Fig. 4. The effective stress at the surface is always
larger than that at the centerline. The difference, how-
ever, between the stresses at the surface and the cen-
terline changes with cooling rate of the solidification
odel. For the sand mold, the difference is small in
g. 4a since the difference of cooling rate throughout

(19)

4. The effective stress distributions

at different cooling rates
Aviscous element and an elastic element are connect
in parallel for the K_elvm modelin Equ_atlons ia gnd 13. the casting is not large. For the water-cooled chill cast-
The response ofth|§ modellto arn appllec! stressis tham]ﬁg, the stress at the surface is obviously larger than that
stress is at first carried entirely by the viscous element

Under the st the vi | tthen def th at the centerline since the cooling rates are quite differ-
naerthe stress, the viscous elementtnen delorms, gy, o4 solidification at the surface occurs before that
transferrmg_ a greater and greater portion of t_he loa t the centerline. Fig. 5 shows the effective stress dis-
to the elastic element [2.2]‘ The mpdel aIOprOXImatelytributions from the center to the surfacerat 0.6. the
represents the_ d_eformatlon bghawor .Of the two—ph_asgtress gradient alongr-direction for the water-cooled
zone of a solidifying alloy, that is, the viscous behaworChiII is greater than the one for the sand mold

is mostly exhibited in the early stage of solidification, )

. , > e Afluid moving relative to a solid boundary exerts a
and the elastic behavior gradually rises as sohdﬁmaﬂoqorce on the boundary. This force results from two fac-
proceeds. Thus, Equation 13 can be turned into: :

tors. Thefirstis shear stress due to viscosity and velocity
o' =0\, + of (17) 9radient at the boundary surface which gives rise to a
force tangential to the surface. The second is a pressure

whereoy, is the effective stress due to the viscous bewariation along the surface that acts normal to the sur-
havior, ando{. is the effective stress due to the elasticface. Moreover, the stress is also resolved into a shear

behavior. force and a normal force, which exist simultaneously
o', kPa o’, kPa
3 3
10 10

10

at the centerline 1
A T 10 T
0.5 1.0 0.5 1.0

(a) (b)

Figure 4 Dependent of the effective stress on dimensionless time at the surface and the centerline of the casting: (a) sand mold wall, (b) chill wall.

at the centerline
L

10
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o’, kPa stable flow at{. — VT)/e > 0 and the unstable flow
3 at(Vp —VT)/e < —1.

10 If the normal strain is only taken into account, sub-

stituting Equation 20 into the left side of Equation 21:

009s .\ ot 00s 1 0Uy
995 Ldivvg) & %95 2 b (o9
(8t+lv S)aT o7 oy aT 2P

With decreasing temperature, the volume of the two-

phase zonéJ, decreases for the most metals and, so
W the termdUy/aT is, as a rule, larger than zero.

When ¥/ —VT)/e > 0, the right side of Equa-

' A 1 .

‘00 o 200 40.0 m;; tion 21 is less than zero, and there is:

center surface

a0s 1 90Uy,
Figure 5 The effective stress distributions of sand mold wall and chill — < = (23)
wall castings along direction. oT Up oT
or

in the solid phase. Shear strain due to the shear stress P 13U
and normal strain due to the normal stress, which are 755 _ 0, and 99s -~ — 2=b (24)
indicated with not partial derivative but total derivative oT dT | Up 9T

in Equations 5 and 6, make the solid-phase deformation . h hat th | fracti lid i
in the two-phase zone complicated. In order to simplify=duation 24 shows that the volume fraction solid in-

the problem, the normal strain is merely discussed heré€ases with decreasing temperature and the variation
f the volume fraction solid due to the solid-phase de-

The effective stress acting on the solid phase may als ) | Hoct le. thatis. th
be resolved into shear and normal components relativ rmation cannot play an effective role, thatis, the term,
/Up(0Up/8T) can not make the left side of Equa-

to isotherms in the two-phase zone, e. g., liquidus an | h he fi ) bl
solidus. The normal strain in the two-phase zone rel!on 21 less than zero. So, the flow remains stable.
When . —VT)/e< — 1, the right side of

sults from the normal component of the effective stress, - . .

Though this assumption should be considered as an ap-auation 21 is greater than zero, and there is:
proximation, the main feature of the solid-phase defor- 5 13U
mation may be emphasized. When the normal strain is 99s + b.o

e (25)
merely taken into consideration, Equation 5 becomes: oT ~ Up 9T

15U Equation 25 indicates that the unstable flow may result
divVé = —%b (20) fromtwotermsdgs/dT and I/ Uy(dUp/dT). Since the
Up ot term 1/Up(0Uy,/0T) is always positive during solidifi-
cation, there are two cases for the valuegf/oT:
For the solidification model as shown in Fig. 1, the iso-
bars of normal stress and contours of constant normal (1) —1/U,(dUp,/0T) < dgs/dT <O, thatis, it is still
strain are parallel to the chill wall (i. ey, direction)  3g5/8T < 0, and this means that the unstable flow in
since the liquidus and solidus isotherms are, in turnthe two-phase zone results from the solid-phase defor-
almost parallel to the chill wall. mation, thatis, only the termyUp(dUp/8T) makes the
left side of Equation 20 greater than zero;
(2) 9gs/dT >0, and the unstable flow can result
jointly from the effective stress and the gravity force
acting on a fluid with various density.

5. Discussion
5.1. Interdendritic fluid flow at different
cooling conditions

Inorder to analyze the effect of solid-phase deformation When the cooling rate is large and the solidifying

on interc_jenqntic fluid flow, multiplying Equation 3 by jsotherm moves fast, thereis notenoughtime to produce
9t/aT guves: the strain if the effective stress is less than the strength
of the solidifying alloy itself. This is the case as shown
(@ +divV§) ot (1—59L30L)<1 VL—VT> with Equation 24. It should be noted that a residual
ot 1-kCoT &€ stress may be leftin the solidified ingot though no strain
(21)  oceurs. With decreasing the cooling rate and slowing
the movement of the isotherm, the effective stress may
The quantity inside the first bracket on the right side ofbe relaxed by the deformation of the two-phase zone,
the equation is always negative, regardless of the valuand plays a role in forming the “channel space” filled
of k > 1 ork < 1. According to earlier investigators with the unstable flow [14, 15]. The velocity distri-
[15], the different cooling conditions of an ingot can butions of interdendritic fluid flow can be calculated
cause three modes of fluid flow in the two-phase zonegn the basis of the local solute redistribution equation,
i.e., stable flow, intermediate flow, and unstable flow,velocity equation, and pressure equation [14]. Fig. 6
which are determined by the value i (— VT)/e:the  shows the calculated velocity profiles in the two-phase

aT
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y=160mm

y=100mm y=100mm
- - ——— R ¢ S S
- - e — ¢ 7 7 7 ¢ v 7 7 7
P s e ARV A O Y4 L A A A 4
P o T e e / ¢ 7/ / / Y /7 /
< T —_ ¢ 11 7 ) e )
P e e ¢ 4 ] ! ! ‘ ¢ 1 L |
P P e f] ¢ [} ] 1 ‘ ‘ s vy
P ] ¢ s v ) ¢ . > > ~
¢ 7 P T ‘. O N L N
7 7 7”7 ¢ . v .~ . S [N - - -
=0 ¢ 7 7 o y=0| * A y=0 - - - = -
x=-40mm x=0 =-40mm x=0 x=-40mm x=0
@ (b) .- (©

0.012mm/s

Figure 6 Calculated velocity profiles in the two-phase zone with: (a) chill wall, (b) sand wall without action of the stress, and (c) sand wall with
action of the stress.

zone of the alloy under the two different cooling con- div\v{ means the relative volume rate at a local volume
ditions, i.e., the chill wall and the sand mold wall. For element. Two neighboring local volume elements of the

the chill wall, the fluid flows counter to the movement solidifying alloy are shown in Fig. 8a. So-called defor-
of the isotherm, Fig. 6a. For the sand mold wall, it canmation mismatch means the difference of the relative
be seen by compared Fig. 6b and c that the effectivgolume rate between the two neighboring local vol-
stress may strengthen the back-flow towards the ingaime elements due to the different cooling conditions.
centerline. No deformation mismatch, on the other hand, occurs
between the two neighboring local volume elements

5.2. Deformation mismatch if thgir relfative volgme rates are eq_ua_l. So, the defo'r-
In order to interpret the season why inhomogeneoudation mlsmatch is a parameter similar to not strain
distributions of cooling rate in a solidifying alloy result PUt strain rate. It can be seen from Equation 26 and
in thermal residual stress, we turn Equations 5 and &19- 7 that the different relative volume rates due to the

into: different cooling rates result in the deformation mis-
/ match among the various volume elements. The greater

divVé = i% _ _adis (26) the difference between the cooling rate distributions,

Up dt dT the greater is the deformation mismatch is. The mis-

, o _, _ match for the model with the water-cooled chillis larger

Fig. 7 shows the distributions of dils alongx direc-

. ; > A than that with the sand mold wall. It is suggested that
tion attwo differenttime. As mentioned above, the terMy, ¢ geformation mismatch give rise to thermal residual

R stress in a solidifying alloy when the mismatch is not
divVe’x10™ relaxed.

10 In Fig. 8a, the deformation mismatch of the two el-

ements results from their different cooling rates. The
relative volume rate is related not to the value of the
effective stress itself but to the variation of the effective
stress with time according to Equation 6. The defor-
mation mismatch produced by the cooling conditions
at every time interval is small, and a part of it may be

relaxed at the early stage of solidification. The forma-
tion, however, of thermal residual stress is an accumu-
lation of the mismatch with time. The accumulation

........ sand mold Wa”
chill wall

0 x starts from the solidification stage. So, the deformation
0.0 200 40.0 mm mismatch both during and after solidification should be
center surface

considered in analysis of the thermal residual stresses
Figure 7 The distributions of relative volume rate at two different di- Of @ material in the solidification processing. If the ma-

mensionless time. terial of the two volume elements in Fig. 8b is different,
5785



allov

alloy

of the isotherm in the direction, and for the sand mold
wall, the effective stress may strengthen the back-flow
towards the ingot centerline (Fig. 6).

4. So-called deformation mismatch means the differ-
ence of the relative volume rate between the two neigh-
boring local volume elements due to the different cool-
ing conditions and is a parameter similar to not strain but
strain rate. It can be seen from Equation 26 and Fig. 7
that the different relative volume rate due to the dif-
ferent cooling rates result in the deformation mismatch
among the various volume elements. The greater the
difference between the cooling rate distributions is, the
greater the deformation mismatch is. The mismatch for
the model with the water-cooled chill is larger than that
with the sand mold wall. Formation of thermal residual
stress is an accumulation of the mismatch with time. It
is suggested that the deformation mismatch give rise to
thermal residual stress in a solidifying alloy when the

(b)

Figure 8 Comparison of unreinforced alloy and reinforced alloy:
(a) the mismatch is from cooling conditions of neighboring elements

mismatch is not relaxed.
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