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Abstract

An in-situ X-ray radiographic study on the grain nucleation and grain growth of inoculated Al-10Cu and
Al-20Cu alloys during isothermal melt solidification and directional solidification conditions with
constant cooling rates has been carried out. The influence of addition level of inoculation particles,
cooling rates, and temperature gradient on the nucleation rate and growth kinetics of grains have been
quantitatively studied. The deterministic nature of the heterogeneous nucleation of aluminium grain on
inoculant particles is revealed. Numerical microstructure models have been developed to simulate the
nucleation and growth behavior of aluminum grains and a good agreement between the experimental
results and simulation results has been achieved.
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1. Introduction

Grain refinement by inoculation is a common practice during the casting and solidification of Al and Al
alloys. As summarized in several review papers [1-4], the grain refinement mechanisms have been much
understood through extensive studies in the past decades.

Lots of experimental works have been made to study grain refinement behaviour in inoculated Al alloys,
such as thermal analysis [5, 6], post-solidification characterization of cast samples, in-situ X-ray
diffraction [7-9] and in-situ X-radiography study [10-13]. However, comprehensive in-situ studies on the
heterogeneous nucleation and grain growth under dedicated solidification conditions are still needed to
reach an in-depth understanding on the nucleation kinetics under different solidification conditions
(cooling rate, temperature gradient) and different solute/grain refiner addition levels, the nucleation
ceasing mechanisms, and the grain growth kinetics.

Besides, many numerical and analytical grain size prediction models have been developed [14-28] to
better understand the nucleation and grain growth behaviour. However, most of the grain size prediction
models [14, 16, 17, 24, 26, 29], are based on the assumption of spherical/globular grain growth Kkinetics.
Thus, a more sophisticated model including globular to dendritic transition (GDT) and dendritic growth
kinetics needs to be developed, by which the influence of grain morphology transition on the nucleation
kinetics and predicted grain size can be quantitively investigated. Furthermore, most of the published
models intended for directional solidification [20, 24-26], are still based on a local isothermal melt
solidification assumption. Therefore, new models with a rigorous treatment of grain nucleation on
inoculant particles under the temperature gradient effect during is still demanded.

In the present work, an integrated study by in-situ X-radiography and numerical modelling will be carried
out to reveal the heterogeneous nucleation and growth behaviour of grains during solidification of
inoculated Al alloys.

2. Experimental

The materials used in the experimental study are Al-10Cu and Al-20Cu (wt.%) alloys prepared by
melting 5N (99.999 wt.%) purity aluminum and 4N (99.99 wt.%) purity copper in a clay graphite crucible
using a Nabertherm melting furnace. After complete melting and mixing of the raw metals, different
levels of commercial Al-5Ti-1B (wt.%) master alloy were added to the melt and finally cast into a copper
mold. Thin plate samples with dimension of 5 x 50 x 0.2 £0.01 mm (XxY xZ) are prepared from the cast
ingots by cutting, grinding and polishing.
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The microfocus X-radiography setup applied in the present study, including the XRMON Gradient
Furnace, CCD camera and X-ray source with a Mo transmission target, has been described in detail in
Ref. [30-32]. The sample was aligned in a configuration where the broad surface (X-Y plane) of the
sheet-like sample is perpendicular to the gravity (Z || g), by which the melt convection and grain motion
were greatly reduced. The Bridgman furnace was operated in the so-called near-isothermal mode [12,
28], and also in standard directional solidification mode with imposed temperature gradients G along the
sample length direction (G || Y). Constant cooling rates T, in the range of 0.025-1.0 K/s, were applied
by a controlled power down technique at two heater elements located at two sides of the field of view
(FOV) along the sample length direction (Y-direction). The images were recorded it-situ at a frame rate
of 2 Hz.

3. Model

The numerical model used in this work is an extension to a previous grain size prediction model [26],
now modified to include the dendritic growth and effect of temperature gradient on nucleation. The
heterogeneous nucleation of grains on inoculant particles is based on the free growth criterion [17]. A
particle size distribution is measured as input parameters. Fig.1 is a schematic drawing to show the
nucleation of new grains around one single grain during isothermal melt solidification and directional
solidification. The solute diffusion field and temperature gradient induced inhibited nucleation zone (INZ,
the red region) are rigorous treated based on the local undercooling shown in Fig.1al and 1bl, and
particles can only be active for nucleation in the active nucleation zone (ANZ, the green region).The
detailed model description and mathematical equations could be found in Ref. [28, 33].
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Fig. 1. Schematic drawing showing the nucleation of new grains around one single grain during (a)
isothermal melt solidification and (b) directional solidification. (al)(bl) Liquidus temperature T;(r),
melt temperature T (r) and the corresponding local undercooling of the liquid AT (r) outside the grain
envelope that along the Y direction. (a2)(b2) 2-Dimensional illustration of the inhibited nucleation zone
(INZ), active nucleation zone (ANZ), and the corresponding boundary.
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4, Results and discussion
4.1 Isothermal melt solidification

The in-situ X-radiography image sequences during isotermal melt solidification of 0.05 wt.% AIl-5Ti-1B
inoculated Al-20Cu alloy at three constant cooling rates, 0.025, 0.1 and 0.5 K/s are shown in Fig. 2. Due
to the difference in Cu concentration between the liquid and solid phases, the solid Al grains show a
brighter contrast. The nucleation Kinetics and growth of each individual grain could be tracked from the
image sequences. Under all these cooling conditions, equiaxed grain structures were obtained. However,
as the cooling rate increases, the total number of grains appearing in the FOV also increases.

The evolution of the total number of primary a-Al grains in the FOV as a function of undercooling below
the nucleation temperature (since the first grain is observed) have been extracted and plotted in Fig. 3.
Three stages nucleation kinetics can be observed. When the relative undercooling is small (<~1 K), the
numbers of grains formed in the FOV under different cooling rates are nearly the same at the same
undercooling values. This is because the volume fraction of solid grains is very low at small undercooling,
and therefore the solute rejection from the growing grains has little effect on the nucleation, and the
initiation of new grains only depends on the number of available potent inoculant particles. It is a strong
evidence to support the athermal nucleation theory and free growth model [17], that the nucleation of
grains is just a function of undercooling and independent of cooling rate at the beginning of solidification.
However, at higher undercoolings, the number of grains in the FOV for different cooling rate is different
and the nucleation rate is smaller in the low cooling rate cases. This means that the solute diffusion zone
around growing grains, in terms of solute suppressed nucleation zone or inhibited nucleation zone, has
played an important role in preventing the nucleation of new grains in the zones [20, 24]. In this stage,
there is a competition between grain growth, solute segregation and external cooling. Once the real
cooling rate is less than the reduction rate of liquidus temperatue of the remaing melt (casued by the
enrichment of solute in the residual liquid metal) [26], the nucleation process stops and the number
density reaches the maximum. That is stage three and all the space between the grains become nucleation-
free zones. It can also be seen from Fig.2 that, the average distance between neighbour grains and the
areas of nucleation-free zones decrease with inreasing cooling rate.

a) 0.025K/s b) 0.1K/s c) 0.5K/s
0

Fig. 2. Selected X-radiographic images from the in-situ isothermal melt solidification of 0.05 wt.% Al-
5Ti-1B inoculated Al-20Cu alloy under three different cooling rates: (a) 0.025 K/s, (b) 0.1 K/s and (c)
0.5 K/s.
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Fig. 3. The evolution of total number of grains in the FOV as a function of undercooling below nucleation
temperature for the three different solidification cases shown in Fig.2.

Fig. 4a shows predicted grain size of Al-10Cu alloy solidified under 0.5 K/s cooling rate, as a function
of addition level of refiner, in comparison to the experimentally determined grain sizes from in-situ X-
radiography. As can be seen, the model prediction with considering the dendritic morphology transition
based on hemispherical tip growth have a good agreement with the experimental results, showing the
high sensitivity of the model to the grain refiner addition level. As addition level increases, grain size
decreases. Fig. 4b shows experimental determined and predicted grain size as a function of cooling rate
for 0.05 wt.% AI-5Ti-1B inoculated Al-10Cu alloy. As can be seen, the predicted grain sizes show
quantitatively good agreement with the measured values. It confirms that the present model has a good
prediction capability. Moreover, the solute segregation stifling mechanism and solute suppressed
nucleation zone treatment proposed in the model is validated.
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Fig. 4. (a) grain size of Al-10Cu alloy solidified under 0.5 K/s cooling rate, as a function of addition level
of refiner. (b) grain size as a function of cooling rate for 0.05 wt.% AI-5Ti-1B inoculated Al-10Cu alloy.

4.2 Directional solidification

Fig. 5 shows the X-radiographic images recorded during solidification of 0.05 wt.% AI-5Ti-1B
inoculated Al-20Cu alloy at a cooling rate of 0.1 K/s, with three different temperature gradients (G=0, 5,
10 K/mm) along the Y-direction. By comparing these threee conditions, we can find that for the higher
G condition, the total number of grains is less and the grains become more elongated, and the length of
different primary dendrite arms of each grain is very different. Besides, the grain nucleation front of the
directional solidification cases, as labeled by the dashed lines in Fig. 5b and 5c, propagates gradually
towards the hot side of the FOV. The new grains formed in the nucleation front have the influence of
blocking the growth of previously formed grains behind them by solute diffusion field impingement. For
those grains without new grains forming ahead of them, the grain growth is free to continue, and
accordingly these grains will develop into elongated morphologies, e.g., Grain A and Grain B in Fig. 5c.
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The corresponding evolution of total number of grains in the FOV as a function of solidification time is
shown in Fig. 6. As can be seen, the number of grains in the FOV increases with the solidification time,
i.e., decreasing melt temperature, until a maximum value is reached and then remains constant. During
near-isothermal melt solidification, the evolution of grain number in the FOV is quite smooth. However
the curves of directional solidification, especially at G = 10 K/mm, show a step-terrace character,
indicating that the propagation of nucleation front has wave-like nature. This is consistent with the
finding by Prasad et al.[13, 34]. In isothermal melt solidification, a maximum number of 49 equiaxed
grains is achieved in the FOV within 24 s, corresponding to an average nucleation rate of 2.97 mm=3s~1 .
However, in directional solidification, it takes 94 s and 147.5 s to form only 30 and 18 grains in the whole
FOV for G = 5 and G=10 K/mm cases, respectively. The corresponding average nucleation rate are
0.46 mm~3s~1 and 0.18 mm~3s~1, respectively, which are about one order of magnitude smaller than
that in isothermal solidification at the same cooling rate. The results show that the nucleation rate and
the final grain number is reduced significantly when a temperature gradient is applied, although the
cooling rate during the solidification is the same.

a) G=0 K/mm b) G=5 K/mm ¢) G=10K/mm
0

Fig. 5. Selected X-radiographic images from in-situ solidification of inoculated Al-20Cu alloy at 0.1 K/s
cooling rate under three different temperature gradients G: (a) Gy = 0, (b) Gy=5 K/mm and (c) Gy=10
K/mm.

The grain growth in G=0 and G = 10 K/mm at 0.1 K/s are also quantitively analyzed from the in-situ X-
radiographic image sequences. Each dendrite arm is labeled with a number 1 for grains A ~ F, as
illustrated in Fig. 5. The primary dendrite arm length is measured from the nucleation center of grains,
and the results are plotted in Fig. 7. As can be seen, during isothermal melt solidification, e.g., Grain E
and F, the growth of equiaxed grains stops earlier due to the soft impingement of solute diffusion field
with that of neighbor surrounding grains. However, at G = 10 K/mm directional solidification, grain
growth along the temperature gradient direction towards the hot side of the melt could last a longer time
due to the delay or lack of nucleation of new grains in front of the dendrite tip owing to the temperature
gradient effects. For grain A and B, the growth velocity is almost constant.
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Fig. 6. Evolution of the total number of grains in the FOV as a function of solidification time in three
solidification cases shown in Fig. 5.
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Fig. 7. Evolution of individual primary dendrite arm length over time for several grains selected from in-
situ X-radiographic images (labeled in Fig. 5) in two solidification conditions: isothermal and directional
solidification with Gy=10 K/mm (T = 0.1 K /s).

Fig. 8 shows the predicted and measured grain number density as a function of temperature gradient for
the inoculated Al-20Cu alloy solidified at 0.1 K/s. As can be seen, the model reproduces the
experimentally determined evolution trend of grain number density in relation to the temperature gradient
G. The good agreement between the model prediction and experimental results proves that the proposed
modeling approach to treat the inhibited nucleation zone and active nucleation zone around growing
equiaxed grains under temperature gradient effects is feasible.
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Fig. 8. Predicted and measured grain number density of the 0.05 wt.% AIl-5Ti-1B inoculated Al-20Cu
alloy as a function of temperature gradient for the same cooling rate of 0.1 K/s.
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5. Conclusions

The kinetics of heterogeneous nucleation and grain growth in isothermal melt and directional
solidification of Al-Ti-B inoculated Al-Cu alloys has been studied by in-situ X-radiography. The effect
of cooling rate, addition level of grain refiner, and temperature gradient are quantitively investigated and
revealed. Furthermore, a new grain size prediction model considering GDT and the effect of G on
nucleation has been applied to simulate the grain nucleation and growth and a good agreement between
the predicted results and experimental results are achieved. The free growth concept and the solute
segregation stifling mechanism for grain nucleation have been verified by the in-situ experiments and
numerical modelling.
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