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Abstract 

A comprehensive study on the heterogeneous nucleation and grain growth of Al-

10wt.%Cu alloys inoculated with Al-5Ti-1B was carried out. To further reveal the 

solute segregation stifling mechanism, in-situ near-isothermal melt solidification 

experiments with constant cooling rates and greatly suppressed melt convection were 

realized by in-situ microfocus X-radiography study. The kinetics of heterogeneous 

nucleation and grain growth under the isolated influence of cooling rate and addition 

level of inoculant particles has been quantitatively studied. Moreover, novel image 

processing and analysis approaches have been proposed, to determine the maximum 

nucleation undercooling and solid volume fraction at nucleation ceasing. To better 

understand the heterogeneous nucleation and grain growth behaviors under the in-situ 

experiment conditions, a new grain size prediction model in which both pure globular 

growth kinetics and dendritic growth kinetics including spherical/globular to dendritic 

transition (GDT) has been developed. The quantitative agreements between the 

simulation results and experimental results in terms of grain size, maximum nucleation 

undercooling and solid fraction at nucleation ceasing, have confirmed the validity of 

the solute segregation stifling mechanism for castings without recalescence. 

Furthermore, it is demonstrated that globular growth kinetics is an acceptable 

approximation for grain size prediction purposes of well grain-refined aluminum alloys. 

However, for poorly inoculated aluminum alloys with well-developed coarse dendritic 

grains, an application of dendritic growth kinetics significantly improves the grain size 

prediction power of the model.  
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1. Introduction 

During casting of aluminium alloys, a fine equiaxed grain structure is usually preferred, 

as it helps to reduce casting defects, facilitates subsequent processing and improves 

mechanical properties. Such a grain structure is usually obtained by inoculation using 

Al-Ti-B or Al-Ti-C master alloys [1-3]. An in-depth understanding on the grain 

refinement mechanism in terms of the nucleation potency of inoculant particles, the 

influence of solute and the solidification conditions has been achieved through a series 

of dedicated experimental and theoretical modelling studies [1-29]. 

In the past decades, substantial research efforts have been devoted to developing 

analytical and numerical models to simulate the heterogeneous nucleation behavior 

during solidification with the aim to predict the as-cast grain size in inoculated 

aluminium alloys [4, 5, 8, 9, 14, 18, 20, 21, 24, 30-33]. Maxwell and Hellawell (M-H 

model) [4] proposed the first numerical model to simulate the heterogeneous nucleation 

behavior of inoculated aluminium alloys under spatially isothermal melt solidification 

condition. Based on classical heterogeneous nucleation theory and diffusion-controlled 

spherical growth, their model demonstrated that recalescence caused by latent heat 

release stifles nucleation. The model also clearly revealed the growth restriction effect 

of solute elements on nucleated grains, which provides time for further nucleation 

events to occur. A major progress in the grain size prediction model development was 

presented by the Free Growth Model of Greer et al. [8]. The main difference of this 

model, in comparison to the M-H model [4] and other earlier grain size prediction 

models [5, 30] is that the heterogeneous nucleation of grains was treated as a 

deterministic and athermal process [15], where the undercooling needed for grain 

initiation on potent nucleating substrates was directly related to the size of inoculant 

particles. Similar to the M-H model [4], grain growth is treated as spherical and 

recalescence act as the nucleation ceasing mechanism. The model has been used to 

predict the grain size of standard TP-1 test [34] samples, which are supposed to have a 

close-to-isothermal-melt solidification, and the predicted grain sizes were in a 

reasonably good agreement with the measured results [5]. For such solidification cases 

with recalescence, most of the grain size prediction models followed the assumption of 

spherical growth for the initial stage of solidification [5, 10, 19, 24, 35], and some 
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adopted simple dendritic growth model [36], while only one recent model developed 

by Martorano et al. [33] included both dendritic growth kinetics and the morphology 

transition of grains from spherical to dendritic. In their model [33] the growth kinetics 

for dendritic grains is based on parabolic tip approximation [37], which makes the 

transition from spherical/globular to dendritic (GDT) very difficult and GDT even did 

not happen in most of the solidification cases they simulated. In addition to the models 

following M-H [4] and Greer’s [8] framework, multi-phase field method (MPFM) has 

also been applied to simulate grain nucleation and grain growth of Al alloys [31, 38]. It 

has to be noted that all the models mentioned above, have been based on isothermal 

melt solidification assumption, where the nucleation process stops due to recalescence. 

The simulation results have been validated by different TP-1 type (different molds and 

cooling conditions from standard TP-1 test) castings. However, for most of the 

directional solidification cases, like Direct Chill (DC) casting and unidirectional 

solidification in Bridgman furnace, recalescence may be absent [11, 14, 24]. This will 

make the prediction of grain size by the models described above, under directional 

solidification without recalescence, impossible.  

To overcome such challenge, research efforts have been put into development of new 

nucleation stifling mechanism in the last years. Quested and Greer [14] were the first 

to notice the influence of solute segregation zone around the growing grain on 

restricting further  nucleation of new grains when modeling grain nucleation in 

directional solidification. Within the solute segregation zone, the liquid supercooling is 

reduced, and accordingly the nucleation of new grains needs higher supercooling. 

Based on this finding, they proposed the solute impingement mechanism. For spherical 

grain growth, a fixed relationship between the thickness of solute diffusion layer and 

the radius R of growing grains, namely a thickness of R from the grain envelope, was 

assumed as the reduced constitutional supercooling zone, where no new grains can 

nucleate. For dendritic grain growth, the diffusional composition profile of solutes 

outside the grain envelope was assumed negligible. By such improvements, the model 

could give an improved prediction of the grain size [14]. Based on a quantitative 

analysis of the solute segregation effect on nucleation, in 2011 Shu et al. [20] proposed 

a concept of ‘solute suppressed nucleation’(SSN) and gave an analytical solution for 

calculation of the thickness of SSN zone. However, the SSN thickness was much 

overestimated [12]. At about the same time,  StJohn et al. [21] proposed a similar 
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concept, named as ‘nucleation-free zone’ (NFZ), with a thickness of 
ସ.଺஽

௩
 is the ܦ) ߗ

solute diffusion coefficient in the liquid, ݒ is the growth velocity of grain, and  ߗ is the 

solute supersaturation ratio) from the interface, which is determined by an arbitrary cut-

off of the solute concentration profile in front of the planar growth interface at the solute 

concentration of 1% higher than the bulk liquid. In a recent work, Du and Li [24] 

proposed a new nucleation ceasing mechanism, namely solute segregation stifling 

mechanism, based on more rigorous treatments of the solute diffusion layer and the 

thickness of SSN zone around growing grains. Although based on isothermal melt and 

constant cooling rate solidification assumption, the Du-Li model [24] has been 

validated with a DC-casting 5182 alloy by using average cooling rates estimated from 

the measured secondary dendrite arm spacings. Nevertheless, there is still a lack of 

direct experimental verification on the grain size prediction model and the new solute 

segregation stifling mechanism based on isothermal melt solidification with constant 

cooling rate. Besides, most of the grain size prediction models [4, 8, 24] are based on 

globular grain growth kinetics, the validity of which is still debatable. Furthermore, 

debating on the thickness of solute suppressed nucleation (SSN) zone [20, 24] or 

nucleation-free zone (NFZ) [21, 23] is continuing [39]. 

Until now, experimental studies on grain refinement behavior of aluminium alloys have 

been mostly limited to measurement of cooling curves during solidification of TP-1 

type casting samples[6, 40], differential thermal analysis (DTA) [41], ex-situ 

characterization of grain size of as-cast samples, and investigations of crystallographic 

orientation relationships between the nucleant particle and the grain [26, 42-45]. In-situ 

studies on the kinetics of heterogeneous nucleation and grain growth have been few. 

Iqbal et al. [13, 41, 46] reported a synchrotron X-ray diffraction study on the 

solidification of inoculated aluminium alloys, by which a real-time monitoring of grain 

nucleation and growth was achieved for the first time. However, the main limitation of 

this approach is that only a small fraction of the nucleated grains, which fulfill the Bragg 

diffraction condition, can be detected. It is also difficult to track the growth rate of 

individual grains over time as they tend to rotate in and out of diffraction condition. 

Besides, the determination of maximum nucleation undercooling is not possible in their 

experiments. In recent years, synchrotron X-radiography has been applied as a powerful 

tool for real-time investigations of the solidification behavior of metal alloys like 

dendrite growth, dendritic fragmentation, columnar-to-equiaxed transition (CET) and 



5 
 

grain nucleation [16, 27, 47-55]. For instance, Reinhart et al. [16, 49] studied the effect 

of pulling rate on columnar-to-equiaxed transition (CET) and equiaxed grain structure 

during directional solidification of inoculated Al-Ni alloys by synchrotron X-

radiography. Prasad et al. [27] investigated the grain nucleation and growth in Al-Si 

alloys inoculated with Al-3Ti-1B. However, the gravity-induced convection and grain 

buoyancy/sedimentation is hard to avoid in these studies as a consequence of the 

horizontal beam configuration of synchrotron X-ray source, which necessitates a 

sample configuration with vertical projecting plane [29], complicating the studies of 

the kinetics of grain nucleation and growth. Owing to the recent advances of microfocus 

X-ray sources and X-ray detector systems [56], in-situ studies on the solidification 

behavior of metal alloys can also be achieved with microfocus X-ray radiography set-

ups [29, 57-60]. Since the X-ray beam can be aligned parallel to the gravity direction 

while the thin foil sample can be aligned with its broad surface perpendicular to the 

gravity direction, melt convection effect on the nucleation and growth of grains can be 

greatly suppressed. A near-isothermal melt solidification of Al-Ti-B inoculated Al-Cu 

alloys with a temperature gradient of G~1.5 K/mm was achieved by Murphy et al. [29]. 

By this method, the authors have studied the effects of grain refiner addition level, 

cooling rate and solute concentration on the final grain density and average grain size. 

However, the real-time heterogeneous nucleation kinetics and the nucleation stifling 

mechanism were not explored.  

The solid volume fraction at nucleation ceasing is a key parameter to understand the 

grain refinement mechanism. However, different grain size prediction models have 

predicted very different volume fraction values in large range. For isothermal melt 

solidification with recalescence, some numerical modeling results suggested that the 

solid volume fraction was around 0.02%-0.08% at nucleation ceasing [10, 24], which 

is rather small. For recalescence-free solidification cases, due to the lack of precise 

nucleation ceasing mechanism, the early grain size prediction models have to be based 

on arbitrarily predetermined thickness of SSN, R [7] or 4.6R [10] (for spherical grains) 

around growing grains of radius R, which might give solid fraction of 12.5% and 0.6%, 

respectively, at nucleation ceasing. In our recent model based on the solute segregation 

stifling mechanism, the solid fraction values of a DC-cast 5182 alloy were predicted in 

the range of 0.28~0.55% varying with local cooling rate [12].  Generally, it is difficult 

to obtain the solid fraction data experimentally. Iqbal et al. [13, 41, 46] reported that 
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the grain nucleation process ceases at solid fraction of 10-30%. Murphy et al. [29]  

measured the solid area fraction evolution based on in-situ microfocus X-radiographic 

images for the whole equiaxed grain solidification process of inoculated Al-Cu alloys, 

which is difficult to transfer into volume fraction. Mirihanage et al. [56] proposed a 

method to extract 3D spatial information and solid volume fraction from in-situ 2D 

synchrotron radiography images during columnar dendritic growth. Unfortunately, this 

approach cannot be used directly for polychromatic microfocus X-radiography images, 

since it was based on a monochromatic X-ray source. 

In this work, in-situ microfocus X-radiography is employed to study the heterogeneous 

nucleation and grain growth behaviors of Al-5Ti-1B inoculated Al alloys during 

isothermal melt solidification with constant cooling rates. Isothermal melt solidification 

is particularly important for understanding the grain refinement mechanism and 

validating grain size prediction models since most of the models are based on the 

spatially isothermal melt solidification assumption. However, it is difficult to realize in 

normal casting and even standard TP-1 test conditions [14]. A constant cooling rate 

solidification condition will eliminate the influence of recalescence on the 

heterogeneous nucleation. This is important to reveal the nucleation ceasing mechanism 

of directional solidification, where recalescence is rarely detectable. The influence of 

cooling rate and addition level of inoculant particles on the heterogeneous nucleation 

rate, grain number density, size of nucleation free zone, maximum nucleation 

undercooling and solid volume fraction at nucleation ceasing will be quantitatively 

studied. To better understand the experimental results, a new as-cast grain size 

prediction model for recalescence-free solidification is proposed, in which the dendritic 

growth kinetics and the morphology transition of growing grains from globular to 

dendritic (GDT) during equiaxed grain growth are included. By comparing the 

modelling results with the experimental results obtained from the in-situ X-radiography 

study, the different grain growth kinetics used in the model, and the new nucleation 

stifling mechanism have been validated. 

2. Experimental 

2.1 Solidification experiments 
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The Al-10 wt.% Cu alloy used in the current study was prepared from melting 5N 

(99.999%) purity aluminium and 4N (99.99%) purity copper in a clay graphite crucible 

using a high-temperature chamber furnace. After complete melting, different levels of 

commercial Al-5Ti-1B master alloy were added to the melt at 750 C followed by 

stirring to ensure a full dissolving. After 30 minutes holding at the same temperature, 

the melt was cast into a copper mold of 70 mm in diameter and 150 mm in height. Four 

ingots inoculated with different amount of Al-5Ti-1B (0, 0.01, 0.05 and 0.1 wt.% 

respectively) were cast. To avoid porosity, degassing by Argon was carried out before 

casting. In situ X-radiography samples with dimensions of 50 x 5mm and thickness of  

0.2ି଴.଴ଵ
ା଴  mm were prepared from the ingots by cutting, grinding and polishing. The 

samples and the corresponding sample holders were then encapsulated into glassy 

carbon crucibles for the in-situ solidification experiment.  

The furnace used for the in-situ X-radiography was the so-called XRMON-GF 

Bridgman-type gradient furnace. A detailed description of the furnace and the 

experimental procedure can be found elsewhere [60, 61], and here only the most 

important information is briefly described. In this work, the thin plate samples were 

melted and solidified in a horizontal position, namely, the broad surface of the sample 

is perpendicular to the gravity direction, which significantly reduces the melt 

convection during solidification. By adjusting the input power of the two heating 

elements in the furnace, a near-isothermal melt solidification can be achieved [29, 53]. 

A power down technique was used to control the cooling rate during solidification, by 

which the latent heat released in the thin sample could be quickly extracted by the 

sample holder with a large heat capacity. Due to the efficient heat transfer, constant 

cooling rates can be achieved. During in situ solidification experiments, the samples 

were remelted by heating to 670 C and then cooled down at constant cooling rates 

ranging from 0.05 to 1.5 K/s. To reduce the oxidation of the molten sample, the 

experiment was performed under a nitrogen atmosphere. For in-situ imaging of the 

solidification process, a nominal magnification of 10 was used, giving a field-of-view 

(FOV) of approximately 3600×2400 µm2 and an image pixel size of 1.79 µm. Since the 

actual spatial resolution is a function of scintillator resolution, source size and 

magnification [61], for the present setup the resolution is ~6 µm. Two frame capture 

rates, 2 and 3 Hz, were used to record the in-situ images during solidification. 
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2.2 Measurement of TiB2 particle size distribution 

To extract the TiB2 particles in the Al-5Ti-1B master alloy, a small piece of the master 

alloy was dissolved in a hydrochloric acid for 24 hours, by which the Al phase and 

Al3Ti particles were completely dissolved. The insoluble TiB2 particles were collected 

and washed by ethanol and finally dried.  The TiB2 powders were characterized with a 

FEI Quanta 650 FEG scanning electron microscopy (SEM), equipped with an energy 

dispersive spectroscopy (EDS). Image analysis of the SEM micrographs using ImageJ 

[62] software was performed to measure the equivalent diameter of the broad face of 

TiB2 particles and obtain the size distribution. 

3. Model description 

3.1 Nucleation 

Heterogeneous nucleation of grains on inoculated particles is treated as a deterministic 

process, following Greer et al.’s free growth criterion [4], namely the undercooling 

∆ ௙ܶ௚ required for successful initiation of a grain on a given TiB2 particle is related to 

the particle diameter ݀ by [8]: 

 ∆ ௙ܶ௚ ൌ
ସఊ

௱ௌೡௗ
ൌ ସ௰

ௗ
, (1)

where ߛ  is the solid-liquid interfacial energy, ܵ߂௩  is the entropy of fusion per unit 

volume and ߁ is the Gibbs-Thomson coefficient. 

3.2 Grain growth 

After nucleation, the grains keep growing with globular morphology until the radius 

reaches the stability extrema suggested by Mullins and Sekerka [63]. Afterwards, 

equiaxed grains will attempt to grow with a dendritic morphology, but the transition 

from globular to dendritic morphology can occur only when calculated grain envelope 

fraction ௚݂  is larger than the solid fraction ௦݂ , or the internal solid fraction ௜݂ (ൌ

௦݂ ௚݂⁄ )<1; otherwise, the grains will remain globular [33, 64]. When the grains 

nucleated on the specific size class of inoculant particles at a specific undercooling, this 

class of new grains will be assigned a size class of grains i. 

The growth rate of globular grains ௚ܸ௜ in each size class i, is given by an analytical 

solution as [24, 65]: 
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 ௚ܸ௜ ൌ
ௗோ

ௗ௧
ൌ ஽೗∙ఆ೔

ோ೒೔
, (2)

where ܴ௚௜  is the radius of growing grains in size class i, ܦ௟  is the diffusivity of the 

alloying element in liquid Al, and ߗ௜ is solute supersaturation ratio for grains of class i: 

௜ߗ  ൌ
஼೗,೔
∗ ି஼೗

஼೗,೔
∗ ሺଵି௞ሻ

. (3)

Here ݇  is the partition coefficient of solute element, ܥ௟  is the average solute 

concentration in the bulk melt and ܥ௟,௜
∗  is the liquid concentration at the solid-liquid 

interface of grains in class ݅.  For globular grains, ܥ௟,௚௜
∗   is :  

௟,௚௜ܥ 
∗ ൌ ்ି ೘்

௠
൅ ଶ௰

௠∙ோ೒೔
, (4)

with T is the melt temperature, ௠ܶ is the liquidus temperature of pure Al and m is the 

slope of liquidus line in phase diagram. 

When dendrites develop from growing globular grains, the equiaxed dendritic growth 

model originally proposed by Rappaz [66], Wang and Beckermann [67], and further 

improved by Martorano et al. [33] is applied. As illustrated in Fig. 1, three regions or 

phases are discriminated for each equiaxed dendritic grain cell, namely, solid phase s, 

interdendritic liquid phase d inside the grain envelope and extradendritic liquid phase l 

which is outside of the envelope. It is assumed that the concentration in the 

interdendritic liquid d is uniform and equal to the liquid concentration at the dendritic 

tip ܥ௟
∗. For dendritic grains, ܥ௟

∗ is: 

௟ܥ 
∗ ൌ ்ି ೘்

௠
. (5)

To calculate the growth rate of dendritic grain envelope, ௘ܸ , two different growth 

kinetics of primary dendrite tips are used. One is based on hemispherical approximation 

for the dendrite tip, proposed by Kurz et al. [68-70]: 

 ௘ܸ ൌ
஽೗∙௠∙ሺ௞ିଵሻ∙஼೗

∗

ଶగమ∙௰
ሺߗሻଶ. (6)

The other one is based on the parabolic shaped dendrite tip growth kinetics, proposed 

by Lipton et al. [37] and simplified by Wang and Beckermann [67]: 
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 ௘ܸ ൌ
஽೗∙௠∙ሺ௞ିଵሻ∙஼೗

∗

గమ∙௰
ሺݒܫെ1ሺߗሻሻଶ, (7)

 

ሻߗଵሺିݒܫ  ൌ 0.4567 ቀ
ఆ

ଵିఆ
ቁ
ଵ.ଵଽହ

. (8)

For dendritic growth, the evolution of internal solid fraction is calculated based on 

energy conservation and solute balance. With the recent improvement by Martorano et 

al. [33], the equiaxed grain growth model can deal with globular and dendritic grains at 

the same time, in which a globular grain is just a special case of a dendritic grain. The 

detailed derivation of this multi-grain and multi-phase model for equiaxed solidification 

can be found in the original work  [33], and here only the main governing equations are 

listed. 

Mass and volume balance: 

 ௟݂ ൅ ∑ ௚݂௜
ே
௜ୀଵ ൌ 1, (9)

where  ௟݂ is the volume fraction of the external liquid,  ௚݂௜  the volume fraction of grain 

envelops in class i, and ∑ ௚݂௜
ே
௜ୀଵ  is the accumulated volume fraction of grain envelops 

of N size classes. 

The evolution of the volume fraction of grain envelope ௚݂௜ is 

 
ௗ௙೒೔
ௗ௧

ൌ ௟ܵௗ௜ ௘ܸ ൅ ௟ܵ௦௜ ௚ܸ,௜. (10)

 

Here ௟ܵௗ௜ is the liquid-interdendritic liquid interfacial area concentration (surface area 

of spherical grain envelope per unit volume) for dendritic grains in class i; ௟ܵ௦௜ is the 

solid-liquid interface area concentration for globular grains. ௘ܸ and ௚ܸ௜ are the growth 

rates of dendritic grain envelope and globular grains of size class i, respectively. 

The solute balance in the interdendritic liquid phase (labeled as d in Fig. 1) is 

 ሺ1 െ ݇ሻܥ௟
∗ ݀ ௦݂௜

ݐ݀
ൌ ൫ ௚݂௜ െ ௦݂௜൯

௟ܥ݀
∗

ݐ݀
൅ ሺ1 െ ݇ሻܥ௟

∗
௟ܵ௦௜ ௚ܸ,௜ ൅ ௟ܦ

௟ܵௗ௜

௟௜ߜ
ሺܥ௟

∗ െ ௟ሻ. (11)ܥ

While solute balance in solid grain phase (labeled as s in Fig. 1) is 
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ௗሺ௙ೞ೔஼ೞ೔ሻ

ௗ௧
ൌ ௟ܥ݇

∗ ቀ
ௗ௙ೞ೔
ௗ௧

െ ௟ܵ௦௜ ௚ܸ,௜ቁ ൅ ௟,௚௜ܥ݇
∗

௟ܵ௦௜ ௚ܸ,௜. (12)

 

Finally, the solute balance in external liquid phase (labeled as l in Fig. 1) is 

 

ௗሺ௙೗஼೗ሻ

ௗ௧
ൌ ௟ܥ

∗ ௗ௙೗
ௗ௧
൅ ∑ ൣ൫ܥ௟

∗ െ ௟,௚௜ܥ
∗ ൯ ௟ܵ௦௜ ௚ܸ,௜൧

ே
௜ୀଵ ൅ ௟ܦ ቀ∑

ௌ೗೏೔
ఋ೗೔

ே
௜ୀଵ ቁ ሺܥ௟

∗ െ

௟ሻܥ ൅ ௟ܦ ∑ ቂ
ௌ೗ೞ೔
ఋ೗೔
൫ܥ௟,௚௜

∗ െ ௟൯ቃܥ
ே೎
௜ୀଵ , 

(13)

where  ௦݂௜  is the volume fraction of solid phase in grains of class i, ܥ௦௜  and ܥ௟   the 

average composition of the solid phase of grains of class i and the average composition 

of the external liquid, respectively and ߜ௟௜ is the average diffusion length in the external 

liquid for dendritic or globular grains of class i, as defined in Fig. 1. The detailed 

supplementary relations for these parameters are listed in Table A1 of Appendix, in 

which ܴ௚௜ is the radius of the grain envelope in class i; and ௙ܴ௜ is the final grain radius 

for the grain class i.  

3.3 Treatment of solute suppressed nucleation (SSN) zone 

In the extradendritic liquid region outside of the grain envelope, using a quasi-steady 

state assumption for the solute diffusion field, the solute concentration profile can be 

approximated as [52]: 

ሻݎ௟ሺܥ  ൌ ଴ܥ ൅
ோ೒
௥
ሺܥ௟

∗ െ ଴ሻܥ , (14)

where ܥ଴ is the bulk melt composition, ܥ௟
∗ the solute concentration in the liquid at the 

solid/liquid interface, ܴ௚ the radius of grain envelope, and ݎ the distance to the center 

of grain. Considering the transient growth nature of nucleated grains in the early stage 

of solidification, the thickness of solute diffusion layer ߜ௖ is finite and dependent on the 

radius of the growing grain. It can be determined by using the solute conservation law: 

 

න ௟ܥଶሺݎߨ4
∗ െ ଴ሻܥ

ܴ௚
ݎ
ݎ݀

ோ೒ାఋ೎

ோ೒

൅ න ௟ܥଶሺݎߨ4
∗ െ ݎ଴ሻ݀ܥ

ோ೒

ோೞ

ൌ න ଴ܥଶሺܴߨ4 െ ௟ܥ݇
∗ሻܴ݀

ோೞ

ோబ

, 

(15)
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where ܴ଴ is the initial radius of the grain, ܴ௦ is the equivalent radius that calculated 

from the volume of the solid phase s in each grain when assuming the grains have a 

spherical shape, and ݇ܥ௟
∗  is the solute concentration in the solid at the solid/liquid 

interface. It should be noted that ߜ௖ is an equivalent diffusion layer thickness based on 

the solute concentration profile described by Eq. (14), and is always smaller than the 

maximum solute diffusion length.  

The local undercooling in the surrounding liquid at a distance ݎ to the center of grain, 

∆ ௘ܶሺݎሻ, can be determined according to Eq. (14). Fig. 2 schematically illustrates the 

liquidus temperature profile and different undercoolings of the melt surrounding a 

growing grain. It clearly shows that ∆ ௘ܶሺݎሻ is reduced and thus nucleation is suppressed 

within a fraction of the solute diffusion layer. The thickness of SSN zone ߜௌௌே (distance 

from the grain envelope) is determined by ∆ ௘ܶ ൌ ∆ ௙ܶ௚ [12]: 

ௌௌேߜ  ൌ ൬
∆்೑೒ି∆ ೝ்

∆்ି∆்೑೒
൰ ∙ ܴ௚, 0 ൑ ௌௌேߜ ൑ ௖, (16)ߜ

where ∆ܶ ,  ∆ ௥ܶ  and ∆ ௙ܶ௚  are the maximum undercooling in the melt, curvature 

undercooling and free growth undercooling for specific inoculation particles, 

respectively. 

It should be noted that Eq. (16) remains meaningful only when ∆ ௙ܶ௚ ൏ ∆ܶ and ∆ ௙ܶ௚ ൐

∆ ௥ܶ. If ∆ ௙ܶ௚ ൒ ∆ܶ, the corresponding inoculation particles cannot initiate new grains. 

Meanwhile, the upper bound of ߜௌௌே is the thickness of the solute diffusion layer ߜ௖. 

It is assumed that the inoculant particles are uniformly distributed in the melt, and that 

all particles located within the SSN zone lose their ability to initiate new grains. The 

number fraction of these deactivated particles can be calculated by: 

 ௌ݂ௌே ൌ෍
4
3
ሺܴ௚ߨ ൅ ௌௌேሻ௜ߜ

ଷ݊௜

ே

௜ୀଵ

 (17)

where i is the class number of grains,  ݊௜ is the number of the solid grains associated 

with size class i, and N is the total number of size classes for nucleated grains. Therefore, 

the number of newly activated inoculation particles (thus the number of newly formed 

grains), ∆݊ is:  
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 ∆݊ ൌ ሺ1 െ ௌ݂ௌேሻܰሺ݀ሻ௝ െ ݊଴௝, (18)

with ܰሺ݀ሻ௝ as the total number of inoculant particles in size class j, and ݊଴௝ the number 

of particles in this class that have nucleated grains. 

As solidification proceeds, the solute diffusion layer will expand with grain growth. 

Once the SSN zones around neighbor grains impinge, the nucleation process stops, i.e. 

the so called ‘solute soft impingement’ or ‘solute segregation stifling’. Here ௌ݂ௌே ൌ 1 

is used as the criterion.  

3.3 Model parameters 

The physical parameters used in the numerical model are listed in Table 1. The input 

size distribution of inoculant TiB2 particles in the model is based on the experimental 

measurement, and 200 size classes were applied. The total number of TiB2 particles per 

unit volume of melt, ଴ܰ, per 0.1 wt.% Al-5Ti-1B addition, is determined based on 

tuning of one solidification sequence (Al-10Cu alloy with addition of 0.05 wt.% Al-

5Ti-1B solidified under 0.5 K/s cooling rate) by using globular grain growth kinetics. 

The value obtained, ଴ܰ=2.5×1011 m-3 is used for all simulation cases. To simulate the 

in-situ solidification experiments, constant cooling rates were applied for all simulation 

cases in the present work. The equations in the model were solved numerically to get 

the main variables, namely ܶ߂, ܴ௚௜, Ω, ߜ௖, ߜௌௌே, ௌ݂ௌே, ݊௜ etc. at each time step (10-4 s), 

until the nucleation process is stopped by solute segregation stifling. The grain size ܦഥ 

is calculated from the total grain density per unit volume ௏ܰ when nucleation stops, 

using the following equation [8, 71]: 

ഥܦ  ൌ
0.5

௏ܰ
ଷ (19)

 

4. Experimental results 

4.1 TiB2 particle size distribution in Al-5Ti-1B master alloy 

Fig. 3 shows a SEM micrograph of TiB2 particles extracted from Al-5Ti-1B master 

alloy. Most of the particles have a plate shape with a hexagonal broad face while a few 
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have an irregular plate shape. By EDS analysis, Al3Ti particles were not detected, 

indicating the particles have been completely dissolved by hydrochloric acid. The 

equivalent diameter of the broad face of ~2000 TiB2 particles was measured by image 

analysis and the size distribution is shown in Fig. 4. The maximum diameter observed 

in the present master alloy is around 2 µm while a vast majority of particles have 

diameters in the range of 0.4-1.2 µm. The size distribution can be well fitted by a log-

normal function as indicated by the solid line in Fig. 4, which is in agreement with the 

results reported previously [10, 72]: 

 
ܰሺ݀ሻ

଴ܰ
ൌ

∆݀

ߨ2√݀ߪ
ሺെ݌ݔ݁

ሺ݈݊ሺ݀ሻ െ ݈݊ሺ݀଴ሻሻଶ

ଶߪ2
ሻ (20)

 

where ܰሺ݀ሻ is the number of particles with diameter between ݀ and ݀ ൅ ∆݀, ଴ܰ is the 

total number of TiB2 particles, the ratio 
ேሺௗሻ

ேబ
 is the relative population, ݀଴ ൌ0.77 µm is 

the geometric mean of distribution and σ=0.5 is the geometric standard deviation. 

4.2 Isothermal melt solidification during in-situ study 

During the in-situ X-radiography study, a fixed sample region of each alloy inoculated 

with different levels of grain refiners was used for solidification of all cooling rates by 

repeated melting and cooling.  For each selected cooling rate, the same remelting and 

solidification sequence was repeated at least once in the same sample area. By 

comparing the different series of X-radiography images recorded for the same 

solidification condition, it is found that nearly the same number of grains form in the 

FOV, showing a good reproducibility of the experimental results. Such reproducibility 

also indicates the inoculant particles in the melt are quite stable for triggering 

heterogeneous nucleation.  

4.2.1 Effect of cooling rate on grain nucleation and growth 

The X-radiography image sequences recorded in-situ during solidification of Al-10Cu 

alloy inoculated with 0.05 wt.% Al-5Ti-1B at two constant cooling rates, 0.5 K/s and 

0.05 K/s are shown in Fig. 5. Due to the difference in Cu concentration between the 

liquid and solid phases, the solid grains show a brighter contrast. The formation 
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sequence and the growth of each individual grain can be tracked from the image 

sequences.  From some of the grains, equiaxed growth of primay dendrite arms along 

<100> directions can be clearly seen. Under both cooling conditions, equiaxed grain 

structures were obtained. However, the total number of grains appearing in the FOV is 

much higher for the 0.5 K/s cooling rate than that of 0.05 K/s. The newly formed grains 

turned up nearly at the same time in the two sides of FOV along the Y-axis, showing 

there is no appreciable temperature gradient in the Y-direction. However, it should be 

noted that grains appear slightly earlier in the right side of the FOV, indicating the 

presence of a small temperature gradient along the X-axis. This temperature gradient is 

ascribed to the experimental set-up of the Bridgman furnace used in the study, which 

only allows temperature control along the Y-axis (length direction of the sample) by 

adjusting the input power of heat elements above and below the FOV. Limited by the 

contact between the specimen and the sample holder, the temperature gradient along 

the X-axis across the FOV could not be completely eliminated. The temperature 

gradient along the X-axis can be estimated by measuring the time difference ∆ݐ and 

distance L between the first grains appearing at the left side and right side of the FOV. 

If we assume that the nucleation temperature for these two grains is the same, the 

temperature difference could be obtained as ሶܶ ∙ ∆t, where ሶܶ  is cooling rate. Thus the 

temperature gradient could be calculated by 
ሶ் ∙∆௧

௅
 and has been determined as ~0.2 K/mm. 

This is a rather small gradient in comparison to the standard TP-1grain refining test [73]  

and even lower than the 1.5 K/mm [29] gradient achieved in previous near-isothermal 

melt solidification studies by in-situ X-radiography. It should be noted that by a 

specially designed isothermal solidification furnace with radial geometry developed 

recently, the temperature gradient has been even further reduced [57-59]. 

The evolution of the total number of primary α-Al grains in the FOV and the average 

grain size as a function of solidification time since the first grain is observed have been 

extracted and plotted in Fig. 6. The average grain size is presented in the form of 

equivalent circular diameter of the equiaxed grains, which was obtained by measuring 

the area of the 2-D projection image of the grains. It should be noted that the diameter 

of the grains obtained by this approach is larger than the 3-D equivalent diameter 

calculated from the volume of grains when assuming the grains have a spherical shape. 

As can be seen from Fig. 5 and 6, the number of grains in the FOV increases quickly 

with the solidification time, i.e. decreasing melt temperature, until a maximum value is 
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reached and then remains constant, showing that nucleation stops. This is a direct 

experimental evidence to show that nucleation process ceases even during constant 

cooling rate solidification where no recalescence occurs.  

Under the 0.5 K/s cooling rate condition, a maximum number of 146 grains in the FOV 

is achieved within 4.5s, corresponding to an average nucleation rate of 1.75 ൈ

10ଵ଴	mିଷsିଵ. In contrast,  under 0.05 K/s cooling rate, a maximum number of 30 grains 

were obtained in the FOV at 15.5 s, corresponding to an average nucleation rate of 

1.12 ൈ 10ଽ	mିଷsିଵ. These results indicate that both the nucleation rate and the final 

number of grains increase with the cooling rate. A similar trend was also observed by 

Iqbal et al.[13].  

Nucleation-free zones (NFZ) around the nucleated and growing grains are clearly 

identified in the X-radiographic images in Fig. 5. Some of the NFZ regions are marked 

by yellow ellipsoids. Based on the measured TiB2 particle size distribution, it can be 

calculated that there are around 240 particles with diameter larger than 1 µm in the FOV 

of the in-situ sample inoculated with 0.05 wt.% Al-5Ti-1B. This number is larger than 

any of the numbers of grains formed in the FOV during the in situ experiments, 

indicating that some of the inoculant particles have never acted as nucleation sites for 

Al grains. 

 At the early stage of nucleation, NFZ is due to the lack of highly potent inoculant 

particles (active at very low undercooling) in the region. In the final stage of nucleation, 

due to the impingement of SSN [14, 20, 24] zones around growing grains, all the space 

between the grains become nucleation-free zones. This is so called solute segregation 

stifling of nucleation [24]. It can also be seen that, the average distance between 

neighbour grains and the NFZ areas decrease with increasing cooling rate. This can be 

well explained by the unified nucleation ceasing criterion proposed by Du and Li [24]: 

Nucleation terminates when the changing rate of the liquidus temperature of the bulk 

melt ௟ܶሶ ሺܥ௟ሻ reaches the changing rate of the bulk temperature ሶܶ , ௟ܶሶ ሺܥ௟ሻ ൌ ሶܶ .  

From Fig. 6, it can also be observed that, during the initial stage of solidification until 

nucleation stops, the average grain diameter increases continuously with the 

solidification time. At 0.5 K/s cooling rate, the average grain diameter grows from 34 

µm to 160 µm in 4.5 s, giving an average grain growth rate of 14 µm/s, while at 0.05 
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K/s cooling rate, a 6.6 µm/s average grain growth rate is measured in the initial 15.5 s. 

Therefore, high cooling rate also promotes the initial stage grain growth. After 

nucleation stops, the equiaxed grains continue to grow, but the growth rate is much 

reduced due to the constrained growth owing to the solute enrichment in the 

intergranular regions. This can also be seen from Fig. 5a-6 and Fig. 5b-6, where the 

grains in the FOV have nearly the same size although they have nucleated at different 

solidification times.  

Fig. 7a shows the evolution of the number of nucleated grains as a function of 

undercooling under different cooling rates. Here, the initial undercooling when the first 

grain nucleated in the FOV is assumed equal to the minimum undercooling needed for 

hetrogeneous nucleation on the measured maximum TiB2 particle size (d=2 µm). 

According to the free growth criterion [8] (Eq.(2)), this undercooling is determined as 

0.48 K. It is interesting to see that, when the 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. It implies that the nucleation of grains is just a function 

of undercooling and independent of cooling rate at the beginning of solidification. This 

is because the volume fraction of grains is low at small undercooling, and therefore the 

solute rejection from the growing grains has little effect on the nucleation. This is a 

strong evidence to support the free growth model [8], where the initiation of new grains 

is only dependent of the number of available potent inoculant particles, which have 

sufficiently large diameters. However, at higher undercoolings, the number of grains 

increase much slower with undercooling in the low cooling rate cases. This means that 

the solute segregation zone around growing grains, in terms of reduced constitutional 

supercooling zones or SSN zone, has played an important role to suppress the further 

nucleation [14, 20]. Once the real cooling rate is less than the reduction rate of liquidus 

temperature of the remaining melt in the specimen (caused by the enrichment of solute 

in the residual liquid metal) [24], the nucleation process will stop. Fig. 7b shows the 

final grain density of the same sample as a function of cooling rate. As can be seen, 

higher cooling rate could promote grain nucleation, but it is not a linear relation between 

grain density and cooling rate, which is different from the experimental results of 0.1 

wt.% grain refiner inoculated Al-20Cu alloy reported in Ref. [29].  

4.2.2 Effect of addition level of Al-5Ti-1B on grain nucleation  
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Fig. 8a, 8b and 8c show three X-radiography images recorded after nucleation stops 

during solidification of Al-10wt.%Cu alloy with additions of 0.01, 0.05 and 0.1 wt.% 

Al-5Ti-1B under 0.5 K/s cooling rate, respectively. The corresponding evolution of the 

number of equiaxed grains formed in the FOV as a function of solidification time is 

shown in Fig. 6d. As can be seen, with addition of 0.01 wt.% Al-5Ti-1B, only about 12 

equiaxed grains have formed in the FOV and the grains have highly branched dendrite 

arms. The primary dendrite arms are thin and straight, and the average length can reach 

~1000 µm. For the alloys inoculated with 0.05 and 0.1 wt.% Al-5Ti-1B, 146 and 190 

equiaxed grains have formed in the FOV, respectively. It should be noted that, for the 

alloy inoculated with 0.01 wt.% Al-5Ti-1B, columnar dendrites (not shown here) rather 

than fully equiaxed grains have formed in the FOV when the cooling rate is less than 

0.5 K/s owing to the existence of a temperature gradient. In contrast, with 0.05 and 0.1 

wt.% Al-5Ti-1B addition levels, equiaxed grain structures always formed in the range 

of 0.05 - 1 K/s cooling rate. It clearly shows the strong effect of inoculation on 

enhancing equiaxed grain solidification.  

4.2.3 Maximum nucleation undercooling 

Since it is impossible to measure the temperature of the specimen directly during 

solidification in the X-radiographic set-up, the maximum nucleation undercooling for 

each solidification case has to be determined indirectly. Because a temperature gradient 

only exists along the X-axis, while there is no temperature gradient along the Y-axis, 

the maximum nucleation undercooling could be calculated by: 

 ∆ ௡ܶ,௠௔௫ ൌ ሶܶ ൫ݐ௙ െ ଴൯ݐ െ ∆ ௑ܶ ൅ ∆ ௡ܶ,௠௜௡ (21)

where ݐ௙ and ݐ଴ are the times when the last grain and the first grain shows up in the 

FOV, respectively. ∆ ௑ܶ	 is the temperature difference between the right side and left 

side of the FOV due to the temperature gradient along the X-axis, and ∆ ௡ܶ,௠௜௡ is the 

possible minimum nucleation undercooling to enable free growth of grains on the 

maximum sized TiB2 particles. For a TiB2 particle with diameter of 2 µm, ∆ ௡ܶ,௠௜௡ = 

0.48 K .  

By this method, the ∆ ௡ܶ,௠௔௫ values determined for the alloy inoculated with different 

amounts of Al-5Ti-1B solidified under different cooling rates are shown in Fig. 9. As 
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can be observed, ∆ ௡ܶ,௠௔௫ is strongly dependent of the cooling rate and the addition 

level of grain refiner. ∆ ௡ܶ,௠௔௫ increases with increasing cooling rate and decreasing 

inoculation level. It should be noted that the major uncertainty of the measured value 

stems from the time dealy for identificaiton of the appearence of the grains, which is 

dependent of the image capturing frequence and cooling rate. For example, at the 2 Hz 

image capture frequency applied in the experiment a 0.5 K uncertainty at 1 K/s can be 

obtained. This uncertainty has been included in Fig. 9. 

4.2.4 Volume fraction of equiaxed grains at nucleation ceasing 

To understand the nucleation mechanism, it is important to determine the volume 

fraction of solid grains when the grain nucleation process stops. Since the in-situ image 

only shows the 2D projection of the grains, the relation between the intensity and the 

thickness of the local regions of the solid grains have to be determined quantitatively. 

A theoretical analysis is performed, employing a formalism similar to that used for 

monochromatic X-radiography [56], but modified to account for the polychromatic 

incident X-rays used in the present experiment. The detailed approach is shown in the 

appendix. 

The volume fraction of α-grains of inoculated alloys at maximum nucleation 

undercooling was measured and the results are shown in Fig. 10. As can be seen, the 

solid volume fraction at nucleation ceasing increases with cooling rate. This trend is in 

a good agreement with the experimental results reported by Iqbal et al. [13]. For the 

alloy inoculated with 0.05 wt.% Al-5Ti-1B, solidified at a lower cooling rate of 0.05 

K/s, the volume fraction can be as low as 1.3%. In addition, the solid fraction at 

nucleation ceasing decreases with increasing addition level of grain refiner. To evaluate 

the volume fraction values extracted from the X-radiography images, the volume 

fraction of solid grains at maximum nucleation undercooling is also calculated by 

Scheil equation: 

 
௦݂ ൌ 1 െ ቆ ஼బ

஼బି
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ሻ

, (22)

where ܥ଴  is the nominal composition of solute element, and ∆ܶ  is the maximum 

nucleation undercooling determined in Section 4.2.3. m and k are assumed constant and 
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the values listed in Table 1 are employed. The results are also presented in Fig. 10. As 

can be seen, the experimentally determined volume fraction of solid phase is very close 

to that predicted by Scheil model, especially for high cooling rate (≥0.5 K/s) conditions. 

At lower cooling rates, the measured solid volume fraction is lower than that Scheil 

model predicted. The deviation from Scheil prediction is as expected since Scheil model 

is based on planar growth and complete liquid mixing assumptions without taking 

nucleation undercooling into account, while the experiment is equiaxed grain 

solidification with heterogeneous nucleation and with little convection in the liquid. 

The modelling work by Rappaz and Thevoz [66] and Wu and Ludwig [74] also showed 

that, Scheil model predicts larger values of solid fraction than their numerical models 

for equiaxed dendritic growth in the initial stage of solidification. The experimental 

results of solid fraction extracted from synchrotron X-ray radiography images of 

columnar dendritic growth reported by Mirihanage et al. [56] shows that measured solid 

fraction is smaller than Scheil prediction at low volume fraction ( ௦݂ ൏10%) but larger 

than Scheil prediction when ௦݂ reaches 15%.  

5. Modelling results 

5.1 Modelling the grain nucleation and growth  

5.1.1 Grain size prediction 

Fig. 11 shows the predicted grain size of Al-10Cu alloy inoculated by 0.05 wt.% (a) 

and 0.1 wt.% (b) Al-5Ti-1B master alloy as a function of cooling rate in comparison to 

the experimentally determined grain sizes from in-situ X-radiography. As can be seen, 

the predicted grain sizes based on all the three growth kinetics show quantitatively good 

agreement with the measured values. If comparing the two addition levels of grain 

refiners, one can see that the predicted grain sizes at the addition level of 0.05 wt.% are 

closer to the measured grain sizes than at the addition level of 0.1wt.%. In the latter 

case, the predicted grain sizes are mostly smaller than the measured grain sizes. This 

can be partly attributed to that the input value for total number of inoculant particles is 

tuned based on the solidification condition of 0.05 wt.% addition level of master alloy 

and 0.5K/s cooling rate. On the other hand, this result implies that the number density 

of inoculant particles in the liquid metal may not increase linearly with addition level 

of master alloy, due to the ease of agglomeration of TiB2 particles at higher density [75, 

76].   
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It is interesting to see that the predicted grain sizes based on the pure globular grain 

growth kinetics and the parabolic dendritic tip growth kinetics are almost the same at 

low cooling rates. This is because GDT only happens in the solidification cases with 

cooling rates larger than 0.5 K/s during simulation when using the parabolic dendrite 

tip growth kinetics. In contrast, when the hemispherical dendrite tip growth kinetics is 

applied, GDT occurs in all the experimental cooling rate conditions, indicating that this 

growth kinetics is more sensitive to GDT. As shown in both Fig. 11a and 11b, at higher 

cooling rates (≥0.5 K/s), the difference in predicted grain size by using the three 

different growth kinetics is rather small (less than 10 µm or 3.1%). It means that GDT 

and subsequent dendritic growth kinetics have rather limited influence on the grain size 

prediction at high cooling rates. However, at low cooling rates (≤0.1 K/s), the dendritic 

growth kinetics has a more significant influence on the predicted grain size. As shown 

in Fig. 11b, at grain refiner addition level of 0.1 wt.%, the hemispherical dendrite tip 

growth kinetics may give a better grain size prediction for low cooling rate 

solidification cases with a further tuning of total number of the TiB2 particles.  

5.1.2 Maximum nucleation undercooling 

Since the globular plus parabolic dendrite tip growth kinetics gives nearly the same 

prediction results as globular grain growth kinetics at low cooling rates and closely 

similar results as the hemispherical dendrite tip growth kinetics at high cooling rates, 

in the following parts only the hemispherical dendrite tip growth kinetics will be 

compared with the globular grain growth kinetics. Fig. 12 shows the predicted 

maximum nucleation undercooling ( ∆ ௡ܶ,௠௔௫ ) based on two growth kinetics in 

comparison to the in-situ experimental results. As can be seen, the predicted results are 

in a reasonable agreement with the experimental data. For a lower addition level of 

master alloy (Fig. 12a) and low cooling rates (≤0.25 K/s), the predicted ∆ ௡ܶ,௠௔௫ based 

on pure globular growth are slightly smaller than those based on globular plus dendritic 

growth, while for high cooling rates (≥0.5 K/s) the prediction results are nearly the same. 

At 0.1 wt.% addition level of master alloy, the predicted ∆ ௡ܶ,௠௔௫ values are larger than 

the measured ones. Since a larger ∆ ௡ܶ,௠௔௫ means a smaller grain size, the simulated 

evolution of ∆ ௡ܶ,௠௔௫ as a function of cooling rate is consistent with that of predicted 

grain size.  

5.1.3 Solid fraction at nucleation ceasing 
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Fig. 13 shows the predicted and experimentally determined volume fractions of grains 

( ௦݂) at nucleation ceasing as a function of applied cooling rate at 0.05 wt.% Al-5Ti-1B 

addition level. With both growth kinetics, the predicted solid fraction at nucleation 

ceasing shows a clear dependency of the cooling rate, in agreement with the 

experimental results. The predicted volume fraction based on the pure globular growth 

kinetics are in the range of 0.9%-6.7%, which is very close to the measured values of 

1.3%-7.3%, showing that this grain growth kinetics is more sensitive to the volume 

fraction development of solid grains. It should be noted that the predicted solid fraction 

of grains here is much larger than the predicted results for isothermal melt solidification 

with recalescence [10, 24]. When the dendritic growth kinetics is applied, the predicted 

solid fraction is larger than the experimental results and the difference between the 

predicted and measured volume fraction is even larger at higher cooling rates. This 

implies that the dendritic growth kinetics applied in the present work may have a 

tendency to overestimate the grain growth at high cooling rates.   

5.1.4 Nucleation rate 

The simulated nucleation rates, with a unit of m-3K-3, as a function of undercooling 

were extracted and compared with the experimental results. The solidification case with 

an addition of 0.05 wt.% Al-5Ti-1B and a cooling rate of 1 K/s is shown in Fig. 14a. It 

is interesting to see that the predicted nucleation rate curves show a log normal 

distribution shape and a quantitatively good agreement with the measured results. Both 

the predicted and experimentally determined nucleation rate reaches a maximum at an 

undercooling of ~1.0 K. In the latest stage of nucleation, i.e. in the long tale of 

nucleation rate curve at higher undercooling, the nucleation rate is very low. This is the 

reason that, although the predicted maximum nucleation undercooling is higher than 

that measured (Fig. 12a), the predicted grain size is very close to the measured grain 

size (Fig. 11a). It can also be observed from Fig. 14a that the predicted nucleation rates 

based on the two different grain growth kinetics are very close (the same before GDT), 

indicating that the grain growth kinetics used in the model has very limited influence 

on the predicted nucleation kinetics at high cooling rate solidification cases.  

Fig. 14b shows the solidification case of 0.1 K/s cooling rate for the same alloy 

(inoculated with 0.05 wt.% Al-5Ti-1B). As can be seen, the predicted nucleation rate 

curves show a reasonable agreement with the experimental results. After GDT, the 
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modelling results based on dendritic growth kinetics exceed those based on globular 

grain growth, which means the morphology transition and subsequent dendritic growth 

promote heterogeneous nucleation at this low cooling rate. Besides, the peak value of 

the nucleation rate predicted by the model considering dendritic growth is very close to 

the maximum nucleation rate measured from the experiment. In comparison to the 

higher cooling rate case shown in Fig. 14a, the nucleation rate curves show a similar 

shape in the initial stage of nucleation, but a different shape (without tails) in the later 

stage. The maximum nucleation rate at cooling rate of 1 K/s is also larger than that of 

the solidification case at 0.1 K/s cooling rate, consistent with the experimental result.  

5.2 Modelling the grain nucleation and growth of poorly-refined alloy 

In this section, the solidification cases where the alloy is inoculated by an extremely 

low level of grain refiner, 0.01 wt.% Al-5Ti-1B, solidified under constant cooling rates 

within 0.5-1 K/s were studied. Fig. 15a shows the predicted grain size as a function of 

cooling rate based on three different grain growth kinetics in comparison to the in-situ 

experimental results. As can be seen, the prediction results based on the two dendritic 

growth kinetics are much larger than the globular growth kinetics, and are much closer 

to the experimental results.  Fig. 15b compares the predicted solid fraction of grains at 

nucleation ceasing and the measured values obtained from the in-situ experiments. As 

can be seen, the model based on dendritic growth kinetics, and particularly the globular 

plus hemispherical dendrite tip growth kinetics, predicts much closer results to the 

experimental data than globular growth kinetics. It indicates that GDT and subsequent 

dendritic growth have a great influence on the predicted grain size for solidification of 

poorly grain refined alloys, for which the dendritic growth kinetics clearly has to be 

taken into account in grain size prediction models. 

6. Discussion 

Since recalescence does not happen or is insignificant in most of the directional 

solidification cases, it is important to develop more precise nucleation ceasing models 

to make grain size prediction possible for such cases. This work provides the first 

rigorous evaluation of the newly developed solute segregation stifling mechanism, by 

comparing the model prediction results with experimental results obtained from well-

controlled in-situ X-radiography near-isothermal solidification studies. Based on the 
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quantitative agreements between the predicted and measured grain size, maximum 

nucleation undercooling, solid volume fraction at nucleation ceasing, and nucleation 

rate, it can be concluded that the proposed solute segregation nucleation stifling model 

is reliable.   

Moreover, the good agreement between the model prediction and experimental results 

further confirms the importance of the precise treatments of the solute diffusion layer 

around growing grains. It is worth noting that the analytical solution of solute diffusion 

length like equivalent boundary layer 2D/V [70, 77] or characteristic diffusion length 

D/V [78] for steady state planar or dendritic growth cannot be used in the initial stage 

of solidification, which will result in overestimation of solute diffusion length [19, 20] 

and consequently its effect on nucleation. This is because both the solute diffusion field 

and equiaxed grain growth until the nucleation process stops are generally far away 

from the steady state. Instead, the thickness of the solute diffusion layer should be 

calculated based on solute conservation, as adopted in the present work. Also, both the 

experimental and numerical modelling results clearly show that the solid volume 

fraction at nucleation ceasing varies with inoculation level and cooling rate, indicating 

the big limitation of the assumption of fixed relationship between thickness of solute 

suppressed nucleation (SSN) zone and radius of growing grain when used for grain size 

prediction models. In contrast, the thickness of the SSN zone should be calculated in 

real-time during grain growth according to the solute concentration profile, the local 

undercooling in the solute diffusion layer as well as the size and number of inoculant 

particles. It is too rough to use arbitrary ߜௌௌே values.   

The globular/spherical grain growth kinetics has been widely applied in grain sized 

prediction models of inoculated aluminium alloys [4, 5, 8, 10, 24, 25]. This is based on 

an argument that for the solidification of inoculated alloys, the solid fraction is rather 

low (0.02-0.08% [8, 10, 24]) when the nucleation process is stopped by recalescence, 

and therefore the influence of globular to dendritic transition (GDT) and dendritic 

growth kinetics on grain nucleation may be negligible. In the present work, the globular 

growth kinetics is further tested with isothermal melt solidification cases without 

recalescence, where the solid fraction of grains at nucleation ceasing (measured value 

of 1.3-7.3%) is much larger than the cases with recalescence. The predicted grain sizes 

based on the globular grain growth model are still quantitatively in good agreement 

with the experimental results. The prediction power of the model based on the globular 
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grain growth kinetics should be attributed to the correct prediction of the solid fraction 

of grains at nucleation ceasing (Fig. 13), which determines the thickness of SSN and 

the total number of inoculant particles de-activated by SSN. This is clearly reflected in 

the predicted nucleation rate (Fig. 14) and maximum nucleation undercooling (Fig. 12). 

From Fig. 11, it can be seen that the difference in the predicted grain size based on 

globular grain growth kinetics and dendritic growth kinetics is marginal, which is 

particularly obvious for high cooling rate and high grain refiner addition levels. Since 

the model has been validated for solidification cases with cooling rate as low as 0.05 

K/s and grain refiner addition level as low as 0.05 wt.%, So, from the grain size 

prediction point of view, the influence of GDT and dendritic growth can be ignored for 

well-refined aluminium alloys.   

However, the globular growth kinetics cannot well capture the grain envelope 

development of coarse equiaxed grains. This is clearer for solidification of alloy 

inoculated with extremely low addition levels of grain refiner (Fig. 8a), where the grain 

growth is less constrained by the adjacent surrounding grains and the grains could grow 

freely into coarse equiaxed dendrites with well-developed and long primary arms. With 

such solidification cases, the average dendrite tip velocity of grains until nucleation 

ceasing is much higher than for the well-refined cases, which is far beyond the globular 

grain growth kinetics. This is also the reason that the model based on globular grain 

growth kinetics tends to predict much smaller grain sizes (Fig. 15a). In these cases, the 

dendritic growth kinetics and GDT have to be included in the model. Furthermore, for 

solidification microstructure modelling of inoculated aluminium alloys, which includes 

heterogeneous nucleation, grain growth and even the final eutectic reaction, such a 

growth kinetics is more robust. 

7. Conclusions 

A systematic study on the heterogeneous nucleation and grain growth during isothermal 

melt solidification of Al-5Ti-1B inoculated Al-10wt.%Cu alloys has been conducted 

through a combination of the in-situ X-radiography and numerical modelling 

approaches. 

By in-situ X-radiography experiments, the nucleation and growth kinetics of equiaxed 

grains under the influence of addition level of inoculation particles and cooling rate are 

clearly revealed during isothermal melt solidification with constant cooling rate. High 
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cooling rate and high inoculation level promote heterogeneous nucleation and therefore 

fine equiaxed grain structures. In the early stage of nucleation when the undercooling 

in the melt is small, the number density of nucleated grains is dominated by the 

available potent inoculant particles and undercooling in the melt. At higher 

undercoolings, the number density of nucleated grains is dominated by the thickness of 

the SSN zones. The experimental results also confirm that nucleation process of grains 

under recalescence-free solidification conditions stops due to the solute segregation 

stifling mechanism. 

Besides, novel image processing and analysis approaches have been proposed and 

evaluated for quantitative determination of the volume fraction of grains at nucleation 

ceasing and maximum nucleation undercooling. It shows that both the maximum 

nucleation undercooling and solid volume fraction at nucleation ceasing increase with 

increasing cooling rate while decrease with addition level of inoculation particles.  

A new as-cast grain size prediction model has been developed for inoculated aluminium 

alloys, where both the globular and dendritic grain growth kinetics are implemented 

and the solute segregation stifling mechanism is coupled. For the dendritic growth 

kinetics, both the hemispherical and the parabolic dendrite tip approximations and their 

influence on GDT have been evaluated. The modelling results show a good quantitative 

agreement with the in-situ experimental results, in terms of grain size, maximum 

nucleation undercooling, solid fraction at nucleation ceasing and nucleation rate, which 

proves the validity of the solute segregation stifling mechanism. It also confirms the 

importance of a proper treatment of the SSN zone for grain size prediction models.  

For the alloy inoculated with normal addition levels of grain refiner, the model based 

on different grain growth kinetics show marginal difference in predicted grain size. It 

demonstrates that globular grain growth is an acceptable approximation for grain size 

prediction purpose for well-refined aluminum alloys, where GDT and dendritic growth 

have limited influence on the nucleation kinetics. However, for poorly-refined 

aluminium alloys with coarse and well developed equiaxed grains, and normally grain 

refined alloys solidifying under low cooling rate conditions, it is important to take the 

dendritic growth kinetics into account. It has been observed that the simulation results 

based on the globular plus hemispherical dendrite tip growth kinetics have a better 

agreement with the measured grain size, in contrast to a purely globular grain growth 
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kinetics. In comparison to the parabolic dendrite tip growth kinetics, the model based 

on hemispherical dendrite approximation is more sensitive to the GDT.  
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Fig. 1. A schematic representation of the solute diffusion model for equiaxed dendritic 

growth, in which three regions or phases are discriminated: solid s, interdendritic liquid 

d and extradendritic liquid l and the corresponding concentration profile in each phase. 

 



 

Fig. 2. Liquidus temperature ௟ܶሺݎሻand the corresponding local undercooling ∆ ௘ܶሺݎሻ of 

the liquid surrounding the growing grain. In the figure, ௠ܶ௘௟௧ is the real temperature of 

melt, ௟ܶ
∗ the liquidus temperature at the s/l interface and ௟ܶ

଴ the liquidus temperature of 

the bulk liquid outside of solute diffusion layer; ∆ ௥ܶ and ∆ܶ are curvature undercooling 

and maximum undercooling in the bulk melt, respectively.  



 

 

 

 

Fig. 3. SEM micrograph of TiB2 particles collected from the dissolved Al-5Ti-1B 

master alloy. 

 

 

Fig. 4. Measured size distribution of the TiB2 particles in the Al-5Ti-1B master alloy 

and the fitted log-normal distribution.  

 



 

Fig. 5. Selected frames from the in-situ X-radiography studies of solidification in Al-

10wt.%Cu alloy inoculated with 0.05 wt.% Al-5Ti-1B grain refiner, under continuous 

cooling-down at two different cooling rates, (a) 0.5 K/s and (b) 0.05 K/s. 



 

 
  

Fig. 6. The evolution of total number of grains and average circular equivalent diameter 

of grain as a function of solidification time since the first grain appears in the FOV 

(extracted from X-radiography images shown in Fig. 5). 

 

 

Fig. 7. (a) The evolution of total number of grains in the FOV as a function of 

undercooling for the 0.05 wt.% grain refiner inoculated Al-10wt.%Cu alloy solidified 

at different cooling rates (including 0.5 K/s and 0.05 K/s cases shown in Fig. 6). (b) 

Final grain density as a function of cooling rate for the same alloy.  

 



 

Fig. 8. Selected X-radiography images collected during solidification of Al-10wt.%Cu 

alloy with different addition level of Al-5Ti-1B, (a) 0.01, (b) 0.05 and (c) 0.1 wt.% 

under 0.5 K/s cooling rate and (d) the corresponding evolution of total number of grains 

in the FOV as a function of solidification time. 

 

 



   

Fig. 9. Maximum nucleation undercooling of Al-10wt.%Cu alloy inoculated with 0.01, 

0.05 and 0.1 wt.% Al-5Ti-1B as a function of cooling rate as measured from in-situ X-

radiographic image sequences. 

 

 

Fig. 10. Measured solid volume fractions of grains at nucleation ceasing for the Al-

10wt.%Cu alloy inoculated with 0.01 and 0.05 wt.% Al-5Ti-1B as a function of cooling 

rate and the corresponding predictions by Scheil equation. 



 

 

Fig. 11.  Measured and predicted grain sizes based on three different growth kinetics as 

a function of cooling rate for (a) 0.05 wt.% and (b) 0.1 wt.% Al-5Ti-1B inoculated Al-

10wt.%Cu alloy. 



 

Fig. 12. Predicted and experimentally determined maximum nucleation undercooling 

of Al-10wt.%Cu alloy inoculated with (a) 0.05 wt.% and (b) 0.1 wt.% Al-5Ti-1B 

solidified under different cooling rates. Two different growth kinetics were compared. 



 

Fig. 13. Predicted and experimentally determined solid volume fraction at nucleation 

ceasing of Al-10wt.%Cu alloy inoculated with 0.05 wt.% Al-5Ti-1B solidified under 

different cooling rates. Two different grain growth kinetics were compared. 



 

Fig. 14.  Predicted and experimentally measured nucleation rates of Al-10wt.%Cu alloy 

inoculated with 0.05 wt.% Al-5Ti-1B grain refiner as a function of undercooling during 

solidification under (a) 1 K/s and (b) 0.1 K/s cooling rate. Two grain growth kinetics 

were compared. 

 



 

Fig. 15. (a) Measured and predicted grain size, and (b) solid volume fraction at 

nucleation ceasing as a function of cooling rate for 0.01 wt.% Al-5Ti-1B inoculated Al-

10wt.%Cu alloy.  

 

 



Table 1. Physical parameters used in the model calculations. 

Quantity Symbol Units Value Ref. 

Gibbs-
Thomson 
coefficient 

Γ m K 2.41×10-7 [33] 

Diffusion 
coefficient in 
Al melt (Cu) 

 m2 s-1 4.65×10-9 [25] 

Liquidus slope m K wt.%-1 -3.4 [25] 

Partition 
coefficient 

k  0.14 [25] 
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