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Tr45% Al alloy ingot by stochastic model
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Abstract: A comprehensive stochastic model for simulating microstructure formation of T+45% Al( mole fraction)

alloy ingot during solidification process was developed, based on a finite differential method( FDM) for macroscopic

heat flow calculation and a cellular automaton( CA) technique for microscopic modeling of nucleation and growth.

The formation of a shrinkage cavity at the top of ingot was taken into account. The effects of process variables such

as pouring temperature and mold-preheated temperature on the microstructure formation were investigated. The cal-

culated results indicate that the columnar zone is expanded with increasing pouring temperature in the nonlinear way

and the volume fraction of equiaxed zone only slightly varies with the mold-preheated temperature.
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1 INTRODUCTION

TrAl alloy exhibits a remarkable potential for
structural applications in aerospace and automotive
industries at high temperatures. During the last
decade, research and development of this alloy
were focused on a better understanding of the
microstructure formation. Thus, the prediction of
microstructure formation is important for the con-
trol of final grain size, morphology, and the quali-
ty of cast productsm. In recent years, computer
simulation has been used for this purpose!”""'. Cho
et al'' have studied the microstructural formation
and columnarto-equiaxed transition ( CET ) in
squeeze casting of AF4. 5% Cu( mass fraction) al-
1> ' have predicted the columnar
dendritic growth in a flowing melt and solidifica-

loys. Lee et a

tion grain structure formation in centrifugal casting
of AFSi alloy. Gandin et al''”’ have developed a
three-dimensional CA model for the prediction of
dendritic grain structures of a pigtail grain selector
and aluminum-silicon rods. These computerbased
predictive models for linking processing conditions
to microstructures of processed materials, can de-
scribe the major phenomena that control the
process, and are becoming powerful tools in stud-
ying grain structure formation and evolution invol-
ving nucleation and growth of grains'”. However,
the literature on the TrAl alloy is rather scarce.

Motivated by this situation, in the present
study, a stochastic model for simulating micro-
structure formation of Tr45% Al( mole fraction)
alloy ingot is developed. The formation of a
shrinkage cavity at the top of ingot is considered.
The effects of process variables such as pouring
temperature and mold-preheated temperature are
investigated. The calculated results are analyzed
theoretically.

2 COMPUTING MODEL

2.1 Governing equations

First, the following simplifying assumptions
are made in developing the model: 1) the effect of
convection in the liquid pool is not taken into ac
count; 2) the heat transfer is controlled by the
thermal properties of this alloy and any influence of
microstructure on the heat transfer is neglected and
3) all thermal and physical properties are assumed
to be constant.

The thermal transfer equation is

or _ A
Pec, By = AVv(VvT)+ A o (1)
where Qis the density, ¢, is the specific heat ca

pacity, A is the thermal conductivity, L is the la-
tent heat, and ® is the solid fraction.
T he solute diffusion equation in liquid is
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oG and mold materials are summarized in Table 1.
= 2
Ot Dy v( vG) (2) Other parameters used for simulation are listed in
where Dy is the liquid diffusion coefficient and Ci Table 2

is the liquid concentration. The solute diffusion in
the solid is not considered.

2.2 Nucleation model
The Gaussian law is used in the continuous
nucleation model:

(]n — Imax [_ ( AT — ATma' }2]
d(AT) = [ome aTo" 2+ ATS
(3)

where n is the nuclei density, nma is the maximum
nuclei density, AT o and AT w. are the standard de-
viation and the mean nucleation undercooling, re-

spectively.

2.3 Growth model

For the case of columnar dendritic solidifica
tion, the KurzGiovanolaTrivedi( KGT) model"*
is used to calculate the growth rate:

V(:nlumnar = A[m(CO_ CT )]2 (4)
_ D,
A= Wm(k- 1)CoT (3)

I" is the Gibbs-Thomson coefficient, m is
the liquidus slope and A is the growth coefficient.
For the equiaxed dendritic solidification, the model
developed by Nastac et al'” is applied. Thus, the
growth velocity of the tip is described by

where

Vequiaxed = r [QLEML ]
[m(C)Y = ¢ ))? (6)
where (C1)'is the volume average extradendritic

liquid concentration and 0 = 1/ (4T).

2.4 Columnar to equiaxed transition( CET) model
The Hunt-CET model™ is

q +74 | V3
- = 0 349 ﬁﬂl Gl C() Vcnlumnar -
A Nmax
A(ATwx)’ < 0 (7)

where ®-1i is the solid fraction of B-Ti at the per-
itectic reaction temperature, Gi is the temperature
gradient and nmx is not a constant value, but a
function of pouring temperature. For the solidifica-
tion of TrAl alloy ingot, it is assumed that only
when Eqn. (7) is not satisfied and bulk liquid is at

an almost uniform temperature can CET occur'*"

3 RESULTS AND DISCUSSION

The present stochastic model is applied to
simulate the grain structure formation and evolu-
tion of Tr45% Al alloy ingot. The schematic of
two-dimensional ingot vertical section is shown in
Fig. 1,
The employed thermophysical properties of casting

where all dimensions are in millimeters.

Fig. 1 Schematic illustration of ingot and
mold (unit: mm)

Table 1 Corresponding thermophysical data'*”

Property Tr45% Al Carbon steel
M(Wem '+K" 23 46
o/ (Jokg ' K™Y 887.3 527
A/ (kg * m™ %) 3632
P/ (kg m ) 3800 7 860
L/(J*m ) 1.58 % 10°
T/ K 1 802
T./K 1763
T 1943
m -8
k 0.78

Table 2 Parameters used for simulation

Properties Value
Di/(m® s ") 3.5x107°
-3 2x 10’
Pomes (Pouring temperature: 1609 C)
AT o/ K 0.5
AT max/ K 2
Ax/m 1x10™*
AX demen/ m 2x10°°

3.1 Validation of developed model

To verify the results computed from the devel-
oped model, one Tr45% Al alloy ingot with 100
mm in diameter and 280 mm in length was melted
in the ISM apparatus'®! and then solidified in the
metal mold. The casting conditions were pouring
temperature of 1 609 C and mold temperature of 25
‘C. The resultant ingot was sectioned vertically on a
mid-plane and the surface was polished and etched.

Fig. 2 shows both the simulated results and
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Fig. 2 Comparison of simulated microstructures and experimental result
(a), (b) —Simulated results; (¢) —Experimental one

the experimental one. Here, it should be pointed
out that for the experimental sample, the upper
part has been cut out due to the formation of a
shrinkage cavity. While slight discrepancy ob-
served near the bottom of the ingot may be attribu-
ted to the fact that sedimentation of equiaxed
grains in the melt is not taken into account in the
model, the simulated microstructure still matches
well with the experimental one, confirming the re-

liability of the model used in the present work.

3.2 Effect of pouring temperature on microstruc
ture formation

The pouring temperature is an important pa-
rameter that affects the solidification grain struc
tures. Fig. 3 indicates the simulated microstructure
formation and evolution of Tr45% Al alloy ingot
with mold temperature of 25 C and pouring tem-
peratures of: (a) 1650 C, (b) 1600 C, (¢) 1550
Cand (d) 1530 C. As shown in this figure, all
the ingots exhibit columnar structures growing
perpendicular to the chill surface, followed by e
quiaxed grains up to the center of the ingot, and
the volume fractions of columnar zone and equiaxed
zone are affected by the superheat. An increase in
pouring temperature is found to promote the occur-
rence of columnar growth further. It is mainly due
to that the higher temperature gradient at the co-

lumnar grain front minimizes the constitutional un-
dercooling zone, which may delay the columnarto-
equiaxed transition.

A CET map for the Tr45% Al alloy with dif-
ferent pouring temperatures is shown in Fig. 4.
Transition lines ( predicted by the Hunt-model) are
shown for pouring temperatures of 1650 C and
1550 C. It can be noted that with increasing su-
perheat, the transition line moves from the right to
the left, which means that the CET may not easily
occur. This is attributed mainly to the fact that a
higher temperature gradient is built at the solidifi-
cation front and heterogeneous nucleation sites in
the bulk liquid decrease with increasing pouring
temperature.

T he solidification paths for the Tr45% Al al-
loy are superimposed on the map. The calculated
growth velocity and temperature gradient combina-
tions at columnar front position Z. are indicated
on the pathline as squares and circles. At the ini
tial stage of solidification, although the growth ve-
locities are larger near the chill surface, the domi
nant factor in determining CET is the temperature
gradient rather than the velocity. As a result of
this, the columnar growth is favored. As solidifi-
cation proceeds, temperature gradient begins to
flatten, causing the increase of the amount of un-
dercooling in the bulk liquid. Hence, the equiaxed
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Fig.4 CET map for Tr45% Al alloy ingot

growth may take place ahead of the columnar front
and the CET occurs. It can be noted that the CET
occurs in the low-G regime of the map, where the
transition lines are horizontal. It can be concluded
that the decrease in pouring temperature trans-
forms into an equivalent decrease in the tempera-
ture gradient and in the time for temperature gradi-
ent flattening. Both factors facilitate the CET.

The dependence of mean grain size on pouring
temperature is shown in Fig. 5. It is obvious that
solidification with a higher pouring temperature
leads to a larger columnar zone and a coarser equi
axed grain structure. However, it can be noted
that as the pouring temperature increases, the
mean grain size increases in a nonlinear way.

0.11F 41.2
o — Equiaxed grain
s — Columnar grain

1
—
<
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Fig. 5 Dependence of mean grain size on
pouring temperature

3.3 Effect of mold temperature on grain structure
formation
With pouring temperature of 1 650 C, the
mold is preheated to different temperatures, ran-

ging from 50 C to 800 C. Fig. 6 shows the heat
flow from the ingot to the mold as a function of
time for the various mold temperatures. In both
cases, a rapid rise in the heat flow is seen as the
molten melt enters the mold, as well as the subse-
quent drop due to the air gap formation. The lower
the temperature of the mold before casting, the
larger the maximum heat flow. This means that
for the mold with higher preheated temperature,
its cooling capacity may be reduced, which may af-
fect the following solidification processes, i.e. so-
lidification time and cooling rate.

Heat flow/k]

0 20 40 60 80 100 120

2 1 t

Time/s

Fig. 6 Heat flow as function of time for
various mold-preheated temperatures

The connection between the solidification time
and the solidified fraction of ingot is illustrated in
Fig.7. A prominent feature is the fact that the so-
lidification time of ingots for the initial mold tem-
peratures of 50 C and 300 C is nearly equal. This
means that altering the initial mold temperature
within a special range does not have obvious effect
on the solidification processes. It is mainly attribu-
ted to the fact that heat lost in the ingot proceeds

[331. ¢lose to the met-

according to two mechanisms
al/ mold interface, heat conduction into the mold
and cooling by radiation after the air gap forma-
tion. At the initial solidification stage, the former
plays an important role and as the solidification
proceeds, the latter is the dominant mechanism.
Thus, although the mold is preheated to some ex-
tent, a high temperature gradient still exists at the
metal/ mold interface which acts as the strong driv-
ing force for heat transfer, outweighing the reduc
tion in the cooling capacity of mold. When cast at a
mold temperature higher than 300 C, the higher
the preheated temperature, the longer the solidifi-
cation time.

The mean equiaxed grain radius and the vol-
ume fraction of equiaxed zone are plotted as a func
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Fig. 8 Volume fraction of equiaxed zone and
mean equiaxed grain radius as function of
mold temperature

tion of mold temperature in Fig. 8. The mean equi-
axed grain sizes are finer for the lower mold pre
heated temperature. However, it can be noted that
there is only slight variation in the volume fraction
of equiaxed zone. This can be explained by the ex-
amination of the temperature distribution. The
temperature distributions at different time for mold
temperatures of 50 'C, 700 C and 800 C are plot-
ted in Fig. 9. For the three cases, at t= 40 s, the
temperature profile is located entirely under the
liquidus temperature for the first time. In Ref.
[21], it has been indicated that only when liquid is
at an almost uniform temperature can equiaxed
zone be formed. Furthermore, from Fig. 7, it is
clear that at t= 40 s, no great variation is found in
the solidified volume. This is why the volume frac
tion of the equiaxed zone is closely similar.

1560

1520

Temperature/'C
=
[#.4]
o

:

Center line of ingot

1400

1360 . . . .
0 0.5 1.0 1.5 2.0 25

Position/cm

Fig. 9 Temperature distributions at
different times for various mold-preheated
temperatures

4 CONCLUSIONS

1) A comprehensive stochastic model based on
a FDM method for macroscopic modeling of heat
transfer and a CA technique for microscopic model-
ing of nucleation and growth, is developed for the
simulation of grain structure formation of Tr45%
Al alloy ingot during solidification processes.

2) When the simulated microstructure and the
experimental result are compared, good consisten-
cy is observed. The developed model is then vali-
dated. The effects of process variables such as
pouring temperature and mold-preheated tempera-
ture on the grain structure formation are exam-
ined. The higher pouring temperature leads to a
coarser equiaxed grain structure and a larger co-
lumnar zone. With increasing superheat, the mean
grain size increases in a nonlinear way. Higher
mold preheated temperature also produces a coar-
ser grain structure, however, it has minor influ-
ence on the variation of volume fraction of equiaxed
zone.
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