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Abstract

An analytical model was developed to evaluate tifisénce of initial grain density over the chill gme texture formation
during directional solidification. The model is lkdson competitive grain growth mechanism. The Bw%Cu alloy was
used in a directional solidification process tafyethe accuracy of the model. Two different nu¢iea densities over the chill
plate were produced using various water flow ratethe cooling system. Cooling curves of the altwying solidification

were monitored using thermal analysis. Optical o8copy and image analysis were used to analyzgr#ie structure of the
solidified samples. Also, the cellular automatanité element (CAFE) method was used for numerigldations to comprise
the results of the present analytical model witmartical simulation. The results showed that theement of the nucleation
undercooling would ease the formation of well-oréeh<001> texture in the starter block. Experimeatal numerical data

were in good agreement with the results of anay/fivodel.
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1. Introduction

Elimination of high angle grain boundaries is the
most effective way to improve the creep resistarice
directionally solidified gas turbine blades for hig
temperature applications [1-3]. On the other hand,
producing <001> texture parallel to the longitudina
axis of the blade is favorable to reduce thermal
fatigue as a result of lowering the elastic modole
Nickel base superalloys [4]. Bridgman method is
usually used to produce directionally solidified
samples. It produces a uniaxial thermal gradient to
encourage the columnar growth of dendrites with
preferred <001> orientation in the opposite of the
heat flow direction. Producing of a well-oriented
structure in directionally solidified turbine bladés

as a result of competitive growth mechanism. Is thi
mechanism, well-oriented dendrites grow over the
mis-oriented dendrites and so suppress their furthe
growth [5,6].

A pigtail crystal selector is mostly used to proguc
single crystal turbine blades in industrial
applications. It consists of two main parts; atstar
block which produces a preferred <001> texture as a
result of competitive growth mechanism and a spiral
part which select only one grain by blocking and
branching phenomena.[7-10] Performance of starter
block in the production of near <001> texture isyve
important to produce well-aligned directionally
solidified and single crystal blades. So evaluatbn
parameters affecting the performance of this gart i
important.
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Many investigations have been conducted to study
the mechanism of competitive growth of two
neighboring dendrites using bi-crystals and/or
transparent physical models [11].

In the case of a starter block, there exists maaing
which take part in the competitive growth and the
situation is more complicated.

Although numerical calculations using Cellular
Automaton-Finite element (CAFE) and phase field
simulation method are applied to predict the
structural changes during directional solidificatio
[12-15], these methods consume long time for
modeling of the process.

There is few or no engineering model to descrilee th
effective parameters on the texture formation m th
starter block, specially the effect of nucleatiamelic

on the chill/melt interface.

The model proposed here is an analytical model for
the determination of the effect of nucleation dgnsi
on texture evolution taking place during directibna
solidification  of multicrystalline<100>dendritic
structures.

The objective is justified if one needs a rapid
computation or a solution to compare with numerical
simulations.

Using the analytical model, one can control texture
formation in directional solidification and single
crystal growth process.

The results of the present model were compared with
experimental data as well as the results obtaireed f
CAFE module which frequently used for simulation
of solidified structure in directional solidificat
process [12,14,16].
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2. Materials and Methods
2.1. Description of Analytical Model

In order to evaluate the effect of nucleation kicget
on texture formation, here we describe a 2-D
analytical model. During the initial stages of
directional solidification using Bridgman technique
heat is mainly extracted through the water-cooled
chill. Therefore, heterogeneous nucleation would be
occurred on the melt/chill interface and equiaxed
grains will be formed rapidly on the chill plateeito
high undercooling imposed by the water-cooled chill
Columnar dendrites then rapidly grow from equiaxed
grains in the opposite direction of heat flow. As a
result of growth anisotropy, <001> is known as a
preferred growth direction in cubic metals. So,
dendrites which are well-aligned to heat flow
direction grow easier [5,7]. Therefore, as a restilt
competitive growth mechanism in the starter black,
texture close to <001> is formed due to blocking of

As shown in theError! Reference source not
found.., the distance between neighboring grains is
defined asdi. For a uniform grain distribution over
the chill, 3; is related to the number of grains on the
chill and in the case of a starter block with anuiger

of D, it can be explained as Eg. (2):

D 1

"~ Dnpry  nam

i Eq. (2)

It can be concluded from Eq. 2 that the distance
between chilled grains, is reversely related to the
nucleation undercooling.

As seen here, by increasing the undercooling,
nucleation density will be increased and, therefore
based on Eq. 3; will be decreased.

After the nucleation of chilled grains, columnar
grains will grow in the opposite direction of héatx
extraction from the melt.

As mentioned before, grains with preferred growth

misaligned dendrites and branching of the secondary direction parallel to the heat flow direction wile

dendrite arms of well-aligned dendrites[5, 11].

A continuous distribution of active nucleation site
over the chill plate has been explained using a
Gaussian distribution as a function of undercooling
(AT), as describe below Eg. (1) [15]:

AT dn

nan =y g d(aT)

Eq. (1)

In the later equation, distribution of nucleatidtes,
dn/d(AT), describes the grain density increase, d
which influenced by an increase in the undercooling
d(AT). Therefore, density of active nucleation sites a
a given undercooling, (t), can be given by the
integration of the distribution above.

For simplicity, the model is described in 2-
dimensions as schematically depicted Enror!
Reference source not found.In two dimensions, we
suppose that i is the linear grain density on the
surface of the chill. So the number of nucleatitess
at a given undercooling is given by integratioritef
Eq. 1 from zero to the given undercooling.
Undercooling on the chill is induced by the meliiich
interface heat transfer coefficient (IHTC).
Therefore, initial number of grains on the chill
surface is influenced by IHTC which is induced by
the water flow rate in the cooling system.

pigtail

Starter Block

Chill

Fig. 1. Schematic lllustration of the two Dimensional
Analytical Model.
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more consistent. Because of the random nature of
nucleation process, each grain has a random
orientation with respect to the horizon. As a resfil
four-fold symmetry of dendritic structure, in 2-D,
dendrite orientation with respect to the <01>
direction varies betweent4 andn/4.

Therefore, each grain has a deviation from <01>
direction, defined a&6;as schematically is shown in
Fig. 1.

It is supposed that grain orientations vary bynlthe
range of #/4 andn/4, and so, there exist ninety
different orientations. So, the number of grainthwi
misorientation less thame to A6 with respect to
<01> direction, can be estimated as a probable
expression Eg. (3):

A

50 @D = Mae(am) Eg. (3)
At which, menm is the linear grain density of
nucleation sites which have a misorientation from
preferred <01> direction lower than6. By the
combination of Eq. 2 and Eq. 3, the distance betwee
grains having a deviation fromA® to A6 can be
calculated using Eq. (4):

1 90

8iae) = Eq. (4)

Nag @T) - Ae.n(AT)

In the case of two converging dendrites, Zhou et al
[5] reported that the primary trunk of well-aligned
grain stops the growth of misaligned grain.

So, as shown in Fig. 2., the height at which
misaligned dendrite will be blocked by a well-akgh
dendrite, h, can be expected as Eq. (5):

h = §; tan (% — AB) Eq. (5)
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Fig. 2. Geometrical Situation of Two Converging
Grains Used in the Analytical model.

In fact, h can be explained as the height at which
dendrites with misorientation greater thAfi have
been overgrown by the well-aligned dendrites. b th
starter block with a grain distribution densitympir),

this situation can be explained as below Eq. (6):

G-

As seen in the equation above, the height at which
texture with a deviation less thatd is formed,
depends on two main parameters; the undercooling
which affect the active nucleation site densityd an
the deviation angleAd. As expected, the less
deviation from <001> occurs at a higher height from
the chill. Also the model describes that increasirgg
initial grain  density, which means higher
undercooling, would lower the height of preferred
texture formation.

In the case of three dimensional competitive grain
growth, growing dendrites are more constrained in
comparison with two dimensional growth. Therefore,
the height of texture formation may be equal to or
lesser than the expression on the right hand dide o
Eq. 6.

90
< ———1tan

< Eq. (6
T a. (6)

hae

2.2. Directional Solidification

To evaluate the present analytical model,
experiments and numerical simulation using cellular
automaton-finite element method (CAFE), was used.
The directional solidification process was caried
using laboratory vertical Bridgman type furnace.
Pure aluminum and copper (>99.9%) were melted in
an alumina crucible in a resistance furnace toypced
Al-3wt% Cu alloy. Then the melt were poured in a
zircon mold which was mounted over the water
cooled copper chill and heated up to 800°C in tite h
zone.
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Heat extraction from the chill is controlled by tinge

of water flow rate in contact with copper chilhasll

as interface heat transfer coefficient between
melt/chill.

Therefore, undercooling of the melt at the integfac
of the chill/melt depends on the heat extractiamfr
the chill as well as heat input from the furnace.

To produce different nucleation undercooling, water
flow rate was controlled in the cooling system.

Two different conditions were produced with
different cooling rates, which produced differeatih
transfer coefficient.

To achieve a uniform temperature distribution ia th
melt as well as steady state condition, ceramiacdmol
was held in the hot zone for 30 minutes before wate
cooling process starts and then it has been withhdra
from the hot zone at the constant rate of 3 mm/min.
Increasing water flow rate increases undercooling o
the melt in the chill/melt interface and accordiog
Eq. 1, the nuclei density will be increased.

Variation of temperature at a point near the ahiglit
interface was measured using a calibrated K-type
thermocouples and the results were recorded using a
data acquisition apparatus and thermal analysis
system. Solidified samples then were cut, polished,
and chemically etched with J®-HF solution to
reveal the macro grain structure.

2.3. Numerical Simulation

2-D Cellular Automaton method was used for
numerical simulation of the nucleation and growth
process. Accuracy of cellular automaton calculation
depends on the accurate determination of the
temperature distribution in the domain during the
process.

While heat extraction through melt/chill interfaise
dominated, interface heat transfer coefficient (@GJT
should be set to accurate value of numerical
simulation. So, interface heat transfer coefficieht
melt/chill interface was measured using thermal
analysis followed by finite element inverse modglin
Because the contact situation of melt/chill inteefa
varies by temperature, IHTC varies with temperature
during cooling.

To calculate the variation of IHTC with temperature
thermal history of the melt was determined using a
calibrated thermocouple. Then finite difference
inverse calculations were used to determine the rea
IHTC. Variation of IHTC versus temperature is
shown in Fig. 3. As it is shown, where perfect eoit
between melt and chill exists, IHTC value is high.
The IHTC were decreased gradually as a result of
imperfect contact between solidified portion of the
sample and chill. The same results were reported by
other investigators. [14] IHTC for sample C1 is
higher than that of C2 particularly at higher
temperature, which the contact between melt and
chill is perfect. It is due to higher water flowtean

the cooling system.
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Fig. 3.Variation of interface heat transfer coefficient vs
temperature calculated from inverse modeling.

3. Results and Discussion
3.1. Cooling Curves

Variation of temperature versus time at a poirthin
starter block near the interface of the melt/ctsll
depicted in Fig. 4. for two specimens. As seemig t
figure, to reach a steady state condition and umifo
distribution of temperature in the melt, the samiple
held in the furnace while there is no water flowthie
chill. So, at the initial times of the process, the
temperature is constant for two cases. At a point
which is marked using a black arrow, water cooling
is started. After the water cooling is started, ritedt
was undercooled at a high rate as a result of heat
extracted from the water cooled chill with a high
value of interface heat transfer coefficient betwee
the chill and melt. As expected, as a result ohéig
heat transfer coefficient between chill and melt,
especially at higher temperature, for the sampth wi
the higher water flow rate (sample C1), the cooling
rate is higher than the other.
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Fig. 4. Cooling curves for two samples C1 and C2 a

point near chill/melt interface; the arrow shows thre

start point of water flow in the chill.

0 100

The higher cooling rate of sample C1 at the begigni
of the nucleation process will cause the melt &zhe
greater nucleation undercooling in comparison with
sample C2. As seen in Fig. 4., at a constant tihee,
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temperature for sample C1 is lower than sample C2.
So, it can be concluded that undercooling increased
by increment of the water flow rate in the chitlid

due to higher heat flux extracted from the melaat
higher water flow rate as a result of the high€FC

for sample C1 (See Fig. 3.). Cooling rates in #rege

of the beginning and the end of nucleation process
were determined to be 4 and 2.4 °C/s for samples C1
and C2, respectively. As supposed in the analytical
model, for two cases described later, the effect of
thermal gradient and isotherm velocity on the growt
of dendrite was neglected. As shown in Fig. 3, at
lower temperatures (below 500°C), interface heat
transfer coefficient for the two cases are alntiost
same.

Therefore, as shown in Fig. 4., the slope of caplin
curves for two cases are the same in this temperatu
range. It is because that, in this situation higat fs
mainly controlled by radiation in the cold chambér
the furnace and heat extraction from the chillas n
dominated. It may be concluded that thermal
gradient and isotherm velocity are almost same for
two samples. So, the effect of thermal gradient and
isotherm velocity on the dendritic growth and tegtu
formation will be neglected to some extend.
Nucleation undercooling was calculated from the
difference between nucleation point nfT and
minimum nucleation temperature () determined
from cooling curve and with the aim of the first
derivative of temperature versus time. The nuabeati
point (Ty) is the temperature at which a great raise
starts in the derivative curve. The position of
nucleation point () and minimum nucleation
temperature (#in) is shown in Fig. 5.

The value of nucleation undercooling for Al-3wt%Cu
alloy (ATn=Tn-Tmin) is determined to be about 4°C
and 2.5 °C for sample C1 and C2, respectively.

860
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Temperature (C)

-2.5

100 150 200

Time (s)

250 300

Fig. 5.Cooling curve and first derivative of temperature
versus time in the range of 650 — 660 "C form Al-
3wt%Cu alloy.

3.2. Grain Structure of Solidified Sample

Optical micrographs were studied to evaluate the
effect of undercooling on the solidified structwfe
the starter block. The grain structure of the etart
block at the longitudinal cross section is illugtichin

Fig. 6. As shown in this figure, for sample C1, the
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initial grain number at the bottom of the startkerck

is higher that sample C2. As mentioned previously,
is due to the higher cooling rate for sample Cle Th
higher cooling rate for sample C1 caused finer
columnar grains which means lower distance

misorientation from <01> direction. Based on the
analytical model, increasing the nucleation
undercooling increases the grain density and
therefore the distance between the grains will be
decreased. Based on Eg. 6, the height at whichgyrai

between neighboring dendrites such as schematically with preferred orientation grow over the non-
shown in Fig. 1.

Fig. 6. Grain structure of the starter block in
longitudinal cross section. a) Sample C1: 4 °C/s
b) Sample C2: 2.4 °C/s.

3.3. CAFE Simulation

Cellular automaton-finite element (CAFE) method

was used to verify the calculation results of the

analytical model described in the previous section

Two different situations for samples C1 and C2 have
been developed as described previously. The
simulated grain structure of the samples is shawn i

Fig. 7. Simulated grain structure of the starfeck

is the same as the structure of the experimentally
solidified samples shown in Fig. 6.

Fig. 7. Simulated grain structure of the starter bbck. a)
C1:4°Cls b) C2:2.4°ClIs.

Variation of simulated grain misorientation from
<01> direction and grain densities are shown in Fig
8. and Fig. 9., respectively. It is important taenthat
numerical and experimental results are in a good
agreement with analytical model. As seen in Fig. 8,
increasing the undercooling decreases the
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preferred ones, will be decreased. It should be
mentioned that, the height of preferred texture
formation has been increased for sample with lower
cooling rate as a result of lower initial nucleatio
sites.

50
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Fig. 8. Comparison between CAFE simulation results
and calculation of the present model for samples Cand
c2.

The number of grains will be decreased by incregsin
the height from the chill as a result of compeétiv
growth mechanism (Fig. 9.). At the beginning of the
process, grain density decreases faster in theafase
higher cooling rate (sample C1). In this case,
undercooling on the chill plate is higher and,
therefore, the number of grains at chill/melt ifaee
will be increased. So, according to Eq. 2, theadise
between initial grainsy;, decreases. Therefore, based
on the Eq. 5 misaligned grains will be overgrown by
the well-aligned and suppressed at a lower height
from the chill.

45

40 — —Analytical model for sample C2

35 —Analytical model for sample C1
a0 4 Experimental results for sample C2
m Experimental results for sample C1

25 % CAFE results for sample C2

20
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Fig. 9. Comparison between model calculations,
numerical simulation and experimental results for
variation of linear grain densities versus heightfom the

chill.



Journal of Environmental Friendly Materials, Vol.Nb. 2, 2018, 43-48.

4. Conclusions

Based on this investigation, conclusions can be
followed as:

1. A simple analytical model is derived from the
physical concept of competitive grain growth in a
starter block. It determines the effect of nucleati
undercooling on the texture formation and veritigd
the experimental and CAFE simulation results.

2. The model described that the height of <01>
texture formation during directional solidification
depends on the nucleation undercooling, and
therefore, nucleation sites as well as the dewviatio
the grains from <01> direction.

3. Based on the simple analytical model, it can be
concluded that the preferred texture formation and
decrement of grain density will be encouraged ley th
increment of initial nucleation sites caused by
nucleation undercooling.
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