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Abstract: The evolution of the crystallization front from a planar to a dendritic one as a
function of the Gy /(Rc,) parameter was investigated during the crystallization of Al-Cu
alloys by the vertical Bridgman method. Six series of alloys with different initial composi-
tions of Cu were solidified at different growth rates. A mathematical model for the heat
transfer during vertical Bridgmen crystal growth was developed. The model was solved
using the finite element method. The temperature gradient in the melt at the beginning of
crystal growth was calculated using the obtained model. Discrete stages of the crystalliza-
tion front were identified in the experiments, as the ratio Gy /(Rc) decreased.
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INTRODUCTION

The growth rate and the initial concentration have been identified as important
factors in the crystallization process. These parameters considerably influence the
shape of the crystallization front, as well as the distribution of solute in the crystal.
The classical theory of constitutional supercooling (CS)! is an important tool for
predicting instabilities of the crystallization front arising during controlled growth
from the melt. According to the CS criterion, the planar interface becomes unstable
above a critical growth rate, Rpc, given approximately by:

Gy _ mpeo(l-kp) (1)

Rpc koD,

where Gy is the temperature gradient in the liquid phase, Rpc the critical growth
rate for the beginning of instability of the crystallization front, c( the initial solute
concentration, my_ the liquid line slope in the equilibrium diagram, k the equilib-
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rium distribution coefficient, and Dy the diffusion coefficient in the liquid phase.

As the growth rate increases above Rpc, the morphology of the crystallization
front becomes oscillatorily unstable, then, at appreciably higher growth rates, cel-
lular and, finally, at large velocities, dendritic. In this evolution of the shape of the
crystallization front, it is possible to recognise discrete stages of the substructures.?
Near the critical rate, Rpc, the crystallization front exhibits irregular morphology.

Considering the CS criteria (Eq. (1)), two different groups of process parame-
ters may be correlated. On the one hand, there are crystal growth conditions (G, R,
cp) and on the other, system properties (m, k, Dy ). As aresult of the correlation be-
tween these two groups of properties, a specific microstructure of the solid phase is
obtained. Since the system properties are constant for a defined alloy, it is obvious
that the microstructure is defined by other group-crystal growth conditions. The in-
fluence of the parameter Gy /(Rc() on the microstructure of Al-Cu alloys was in-
vestigated in this study, based on the work of Biloni e al.3-4

EXPERIMENTAL

The crystallization of six series of Al-Cu alloys with different initial solute concentrations:
0.47 % Cu, 1.00 % Cu, 1.40 % Cu, 2.20 % Cu, 2.60 % Cu and 2.86 % Cu was performed according to
the vertical Bridgman method® (Fig. 1). A quartz ampoule containing a graphite vessel was moved
downwards. The experiments were performed in an apparatus consisting of a resistance furnace
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equipped with a synchronized motor with a speed reduction gear. The furnace itself contained two
thermo-couples, one in the heater that maintains the temperature constant, the other measuring the
temperature in the zone where the ampoule is placed. The experiments were carried out within a
range of growth rates from 1.45x107% m/s to 8.71x1075 m/s, under a protective nitrogen atmosphere.

The solidified samples were longitudinally cut, polished and etched. The microstructure was
then metallographically investigated.

Optical emission spectrometry was used for the chemical analysis of the distribution of the sol-
ute concentration along the specimen.

/ thermocouple

7.5mm

\/

During the process of crystal growth, the temperature was measured in the sample and in the
furnace in order to establish a mathematical model and calculate the temperature gradient in the
melt. For this purpose, two Ni—Cr—Ni thermocouples were placed in a modified vertical Bridgman
apparatus connected to a data acquisition system. In this way, the temperature changes in both the
melt and the furnace could be simultaneously monitored. One thermocouple was mounted inside the
furnace (Fig. 1), while another one was positioned on the sample (Fig. 2). A crystallized sample (¢,
=2.2 % Cu) with a defined shape from a previous experiment was used as a charge to exactly define
the position of the thermocouple. The sample was drilled to a considerable depth and the thermocou-
ple was mounted inside (Fig. 2). This thermocouple was continually moved through the furnace at a
rate of R = 8.71x10"° m/s. The other thermocouple, which measured the temperature in the furnace,
was moved discontinually — it was moved 10 mm every 2 min following the lowering of the samples
(the equivalent rate was 8.33x107 m/s).

Fig. 2. The position of the thermocouple in the sample.

MATHEMATICAL MODEL

In order for solidification to begin, it was necessary to attain conditions of
supercooling. The equilibrium temperature of solidification, 7)), was determined from
the equilibrium diagram of Al-Cu for ¢y = 2.2 %. Burden and Hunt® determined that
the interface temperature for the Al-Cu system varied with the growth rate from
653-655 °C. From the data on the measured temperatures of the sample, these temper-
ature values were reached at a depth z ~ 200 mm from the middle of the furnace. At this
depth, the temperature gradient in the furnace was 14.5 °C/cm, according to the mea-
sured temperatures. This value was used to calculate the supercooling of the interfacial
front from Eq. (2), according to the investigations of Burden and Hunt.6
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The data used in the calculation are given in Table I. From the presented val-
ues, m was calculated from the Al-Cu equilibrium diagram, while the values for
K.°D;,7 and k08 were taken from the literature.

TABLE I. Data used in the calculation of AT

G /(°Clem) Dyi/(em?/s)  Rim/s)  m/(°C/%) ko /(%)  KA°C cm)
14.5 22x10°5 145x100  —3.4 0.153 2.20 1.04 x10°7
14.5 22x105  8.71x10°5 ~34 0.153 2.20 1.04x10°7

According to Eq. (2), values for supercooling of 0.6 °C and 0.077 °C were obtai-
ned for the maximum and minimum values of the growth rate, respectively. In the
case of these small supercoolings (this is heterogenic nucleation) and by the deter-
mined “field” of equilibrium of solidification (653-655 °C), a solidification temper-
ature of 653 °C was assumed. It could be stated that the equilibrium temperature of
solidification was equal to 655 °C, and the supposed supercooling was 2 °C.

Solidification mainly depends on the manner in which heat is conducted within a
sample. A model of heat conduction was proposed for the directional solidification of an
aluminium alloy sample. Heat conduction inside the sample, as well as heat exchange to
the environment was observed. Axial conduction could be neglected compared to radial
conduction. A general differential equation which describes heat transfer can be given as:

Z +RV)T =aV>’T ©)

where R is the rate of crystal growth, T time, 7 temperature and « heat diffusivity. If
it is assumed that the heat flux of the interface is equal to the vessel-air flux, the
equation could then be written as:

O =0, (rcj (4)

T's

where Q,. is the sum contribution of radiation and conduction-convection through
the air boundary, 7., the outer radius of the vessel, and r the inner radius of the vessel

QrC =4y, Pr, &)
The heat flux of radiation is given by:

4 4.7
Py, =0(aegpTE —age T )L (6)

Tg
where o is the Stefan—Boltzman constant, a the coefficient of absorption, ¢ the emi-
ssivity. The indices s, ¢ and E are related to the sample, the vessel and the environ-
ment, respectively, while 7 is the inner radius of the furnace.
The heat exchange of conduction and convection through an air boundary is
described by the following equation:
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g _Ky-f-Tg -T) (7)

Te -ln(’EJ
re

where /s a factor related to the distribution of convection. The distribution of convection
and conduction can be estimated in a satisfactory way and this factor is usually equal to 2.

The differences between the temperatures inside the furnace and inside the
samples were measured, and they are presented by polynomials which were ob-
tained by regessional analysis of the measured temperature changes. The measure-
ments were carried out at a lower speed of 8.71x105 m/s. The polynomial
depndencies are given by the equations:

T, =766.6869 — 0.14909z — 0.0219922 + 3.92989x107523 + 3.86778x1078z4 (8)

T, = 824.8249 — 0.26392z + 0.011222 — 1.13145x107423 + 2.10979x107z4  (9)

where 7}, is the temperature in the furnace and T, the temperature in the sample.

SIMULATION RESULTS

Changes in the temperature field of the sample during solidification were deter-
mined by solving the defined differential equations. If there is a temperature change in
the centre of the sample for a sufficient period, a value comparable with that from the
experiment is obtained. The comparison of the experimentally obtained temperature at
the top of the sample and that calculated by the model is a crucial comparison between
the experimental data and the results of the model. Some modifications of the pre-
sented mathematical model needed to be made. As the model implies only heat trans-
fer, but does not describe phase transformations, it was assumed that the phase trans-
formation was another heat source. Also, a delay coefficient of 1.07 was included in
the calculation, which enabled a better interpretation of the results (Fig. 3).9

These improvements enabled the application of the model with satisfactory
accuracy to estimate the temperature changes in the sample. The temperature gra-
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dient in the sample at the beginning of solidification, G| = 10 °C/cm, was calcu-
lated using the improved model. The changes of the temperature gradient in the
sample at the beginning of solidification are presented in Fig. 4.

The temperature profile along the sample during the experiment could also be
calculated, as shown in Fig. 5.
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RESULTS AND DISCUSSION OF THE INVESTIGATION OF THE MICROSTRUCTURE OF
THE SAMPLES

The critical growth rate for the beginning of instability of the crystallization
front (Rpc) was calculated using Eq. (1) with the new G, calculated by mathemati-
cal modelling. The results are presented in Table II for each of the six series. The
data used in the calculation are presented in Table III.

The published experimental datal0-14 indicate that the shape of the crystalli-
zation front changed at higher growth rates than the calculated Rpc. One of the rea-
sons for these difference is real convection, which was not considered in the theo-
retical CS criterion. The calculated Rpc is the critical rate for the beginning of os-
cillatory instabilities of the shape of the crystallization front. This phenomenon
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was very difficult to observe by metallography. The connection of cells was as-
sumed as the beginning of cellular growth in this study. This assumption was
proven!S at the experimentally obtained growth rates Rpc¢*P by investigating sol-
ute segregation. Rpc*P is also presented in Table II.

TABLE II. Calculated (Rpc) and experimental (Rp**P) values of the growth rate (m/s)

co (%) 0.47 1.00 1.40 2.20 2.60 2.86
Rpc/(cm/s)  2.48x10°  1.18x107°  834x10°  533x10°  4.52x10°  4.07x10°°
Rpc®P/(cm/s) 1.75x103  1.75x103  8.71x10*  4.35x10%  4.35x10%  4.35x10™*

TABLE III. Data used in the calculation of Rp¢

mI°C/%) Dy /(em/s?) ko® GL/(°Clem)

-3.4 2.2x1073 0.153 10

The parameter G /(Rcg) was derived for the all experiments and is presented
in Table IV. The same values are presented in Fig. 6 with the corresponding micro-
structures. It is obvious that the crystallization front changed from a planar-to-cel-
lular-to-dendritic structure as the Gy /(Rc() parameter decreased. For this Al-Cu al-
loy, the crystallization front is planar until the Gy (Rc() parameter reaches a value
of 35000. Morphological instabilities were obtained at lower values. A similar
microstructure corresponds to certain ranges of Gy /(Rcg) values. Rpc®*P values in
the range of 12000 — 5500 were determined for all series.

TABLE IV. Values of the parameter G/(Rc,) expressed in (s °C/cm? %)

co/% — RAcm/s) 047 1.00 1.40 2.20 2.60 2.86
1.45%x10°4 146808 49285 31380 26538 24126
2.90x104 73403 15690 12062
4.35x104 48935 2300 10460 8846 8041
8.71x10°4 8.204 4417 4003
1.75%x1073 11892 5589 3.991
3.48x1073 2.053
4.35x1073 4893 2300
8.71x1073 2443 1148 820 521 442 401

It is possible to observe the gradual transition of the shape of the interface
from planar to dendritic in Fig. 6. These results are in agreement with the investiga-
tion of Audero and Biloni.3-4 It is now possible to correct and govern the process of
crystal growth by the interaction of the parameters growth rate, temperature gradi-
ent and initial solute concentation.

CONCLUSION
The results presented in this paper contribute to the investigation of the influ-
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ence of the solidification rate (R), temperature gradient (G ) and initial solute con-
centration (c) on the shape of the interface. The crystallization of six series of
Al—Cu alloys at different crystal growth rates was analyzed by the vertical Bridg-
man method.

A mathematical model for calculating the temperature profile inside the sam-
ple using the results of the vertical Bridgman method is shown. The mathematical
model was solved by introducing appropriate assumptions which enabled the de-
fined equations to be solved by the finite element method. The heat of emission due
to phase transformations was taken into account by introducing a heat source in the
sample. Also, a correction which took into account the delay in the measurement
during the experiment was introduced.

The G1/(Rcp) parameter was created for all the experiments and the depend-
ence of the shape of the crystallization front on this parameter was investigated. It
was observed that the crystallization front changed from a planar-to-cellular-to-de-
ndritic structure as the value of the Gy/(Rcg) parameter decreased. A similar
microstructure was observed for similar values of the G /(Rc() parameter. That
means that it is possible to create the desired microstructure by combining the
growth parameters within the Gy /(Rc) factor.

Nn3BOJ

ITPEJIIA3 CA PABHOT' ®POHTA KPUCTAJIIN3ALMIJE HA RhEJIMJCKHU 1
JEHOPUTHU PACT KOJI KPUICTAIIM3AUWIJE JIETYPE Al-Cu

BECHA PAJIOJEBUR!, AHIPEJA BAJTUNER L, CTOBOIAHKA HUKOIINEZ i ATIKCAHIIAP
TOJTYBOBUR2

1 Texnoaowko-metmiarypuwku ¢axyaitieiti, Kapnezujesa 4, 11000 Beozpao u ZI/Ich_tuthyLﬁ 3a gusuky,
a.ip. 68, Ipezpesuua 118, 11080 3emyn

Y OKBHpY OBOT' pajia UCNHMTHBAHA je TpaHchopmalnyja (PpoHTa KpUCTATU3aLUje Of
PaBHOT Ka ICHAPUTHO] CTPYKTypu Kao (yHKIuja napamerpa G /(Rcy) Npu KpUcTaau3anuju
nerype Al-Cu MeTopioM BepTuKanHu Bridgman. Y TOM 1u/by U3BE[I€HU Cy €KCIIEPUMEHTH Ca
LIECT cepHja y30paka pa3InuUTUX IOYETHUX KOHIEHTpalyja U pa3InuuTUM Op3uHaMa pa-
cra. M3BefieH je ¥ MaTeMaTU4YKU MOJEI Ipoleca pacTta KpUcTajga METOAOM BEPTUKAIHU
Bridgman kopuirhemeM MeTOfie KOHAaUHUX ejJeMeHaTa. Ha ocHOBY MaTeMaTHUYKOT Mofena
U3pavyyHarT je TeMIepaTypHHU I'PaJujeHT y PACTOIly Y TPEHYTKY Kajia 3all0unibe pacT KpucTa-
J1a. Y OKBHUPY €KCIIEpUMEHTAJHOT OIICETa ca CHUXKEHEM BpeHocTu napamerpa Gy /(Rcy) no-
J1a3M 710 MTOCTENEeHOT pa3Boja (PpOHTA KpUCTAIN3alje TI0 eTanama.

(ITpumibeno 9. pebpyapa, peBupupano 24. maja 2005)

REFERENCES

1. B. Chalmers, Growth and Perfection of Crystals, John Wiley & Sons, New York, 1958, p. 64

2. D. Venugopalan, J. S. Kirkaldy, Acta. Metall. 32 (1984) 893

3. M. A. Audero, H. Biloni, J. Cryst. Growht 18 (1973) 257

4. O. Fornaro, H. Palacio, H. Biloni, 71999. TMS Annual Meeting & Exibition, San Diego, USA,
Proceedings TMS, 1999, p. 119



312 RADOJEVIC et al.

5. V. Radojevi¢, A. Val¢i¢, S. Nikoli¢, J. Serb. Chem. Soc. 60 (1995) 33

6. M. H. Burden, J. D. Nunt, J. Cryst. Growth 22 (1974) 99

7. A M. Nazar, M. Prates, J. Cryst. Growth 55 (1981) 317

8. L. Kuchar, J. Drapala, Hutnicke listi 7 (1985) 498

9. D. Davidovi¢, V. Radojevi¢, R. Jan¢i¢, Metallurgija (to be published)

10. V. Radojevi¢, A. Valci¢, S. Nikoli¢, Science of Sintering 30 (1998) 71
11. V. Radojevi¢, A. Val¢i¢, S. Nikoli¢, A. Milutinovi¢-Nikoli¢, Advanced Science and Technology

of Sintering, Kluwer Academic/Plenum Publishers, New York, 1999, p. 611

12. V. Radojevi¢, A. Valéi¢, S. Nikoli¢, R. Janci¢, A. Milutinovié-Nikoli¢, First International Con-
ference on Inorganic Materials, Versailles, France, 1998, Proc. of Abstracts, C 04

13. V. Radojevié, A. Val¢i¢, S. Nikoli¢, A. Milutinovi¢-Nikoli¢, Materials Congress 98, Cirencester,
UK, 1998, Book of Abstracts, p. 49

14. V. Radojevi¢, A. Val¢ié, S. Nikoli¢, 1% International Conference of the Chemical Societes of the
South-East European Countries, Halkidiki, Greece, 1998, Book of Abstracts, I, PO 353

15. V. Radojevié, A. Valéi¢, S. Nikoli¢, Mat. Lett. 52 (2002) 248.



