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Abstract. According to the proposed theory, ceramic particles present in molten metal, lose 

heat at a slower rate than the metallic liquid during cooling. Such condition results in the 

formation of a spherical thermal gradient field (TGF) around each particle. Hence, the 

interstitials (low temperature) of such TGFs are the regions to reach the nucleation temperature 

first, owing to low energy barrier than the liquid-particle interface (higher temperature). 

Analytics also indicate that the nucleation rate is higher at the TGF interstitials, than at the 

liquid-particle interface. Such TGF network results in simultaneous nucleation throughout the 

system, resulting in grain refinement. 
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1. Introduction 
Heterogeneous nucleation and the solidification science of metals are being studied for past many 

decades. Heterogeneous nucleation happens by the catalysis on impurities or grain refiners, present 

within or added in the parent liquid. According to Turnbull et al. (1949), the nucleation process is 

aided by a catalyst surface (nucleating substrate) which reduces the magnitude of the energy barrier. 

However, there are considerable limitations with this theory, particularly when the catalytic efficiency 

is high. Cantor (2003) reported that heterogeneous nucleation occurs by dynamic atom by atom 

adsorption process. A relation between the undercooling and melting points of catalyst and liquid was 

introduced to understand its effect on nucleation. Theory of nucleation by adsorption satisfactorily 

explains how primary Al nucleates by the adsorption of excess Ti onto the TiB2 particle surfaces to 

form a catalytic Al3Ti layer (Cantor (2003)). In a different investigation, Li et al (2011) and Zuo et al. 

(2011) reported that intensive melt shearing in liquid aluminium, disperses the oxide particles (γ-

Al2O3), which result in grain refinement. Although the surface energy of γ-Al2O3 is significantly 

high [5] to nucleate α-Al by adsorption theory, remarkable grain refinement was reported by Li et al 

(2011), comparable with that obtained by TiB2 particles whose surface energy is lower than that of γ-

Al2O3. All the theories (Turnbull (1949), Cantor (2003), Li et al (2011), Zuo et al (2011), Hunt et al. 

(2011), Murty et al (2002) and Quian et al (2005)) which try to explain the heterogeneous nucleation 

mechanism consider that the temperature of the substrate to be lower than the melting point of the 

liquid, or the occurrence of an interface reaction between the particle and the liquid. Therefore these 

particle substrates act as potent nuclei for the liquid liquid-solid transformation. However, earlier 

theories did not consider the heat-transfer aspect across the liquid-particle interface. According to the 
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proposed theory, the temperature of the ceramic particle substrates is higher than the melting point of 

the liquid. Hence, the heterogeneous nucleation is much more complex phenomenon as the 

temperature distribution in the solidifying liquid plays a vital role. 

 

This paper discusses the role of the ceramic particles (grain refiners) on the temperature 

distribution in the solidifying liquid and hence affecting the nucleation behaviour, and more viable 

theory is proposed herein. The primary considerations of this theory are (i) no chemical interaction 

takes place across the liquid/ceramic-particle interface; (ii) temperature of the ceramic particle and the 

liquid is same, initially; and (iii) Heat is continuously lost by the system to the surroundings. 

 

2.  Nucleation Mechanism 

Present theory is focused on the nucleation mechanism in a liquid metal containing ceramic particles 

of uniform size with spherical morphology, dispersed uniformly in the liquid. It is known that ceramic 

particles do not wet liquid metal completely. In other words, there exists some un-wetted surface area 

of the particle.  
 

    
Fig. 1 Schematic illustration of a ceramic particle in liquid (a) with poor wetting and (b) un-wetted 

area at liquid-particle interface  

 

Figure 1(a) and (b) depict the schematic of a ceramic particle in liquid, with poor wettability 

(Rhee et al. (1970)). Hence the effective area of wetting (Ae) is less than the geometric surface area of 

the particles present in the liquid. In addition to the poor wetting area, these ceramic particles possess 

lower thermal conductivity (Powell et al. (1966)) than the liquid metal surrounding them. Therefore, 

these ceramic particles which are at same temperature as the liquid (initially) lose heat at a lower rate 

than the liquid following the Newton’s Law of cooling as in Eq.1 (considering simple mode of heat 

transfer, ignoring Brownian motion of the particles and liquid flow): 

 

𝑸𝒄𝒗 = 𝒉𝑨𝒆(𝑻𝒑 − 𝑻𝒊)             (1) 

 

It is obvious from Eq.1 that the heat dissipation from the particle to the surrounding liquid depends 

on the effective area wetted (Ae). Since the heat dissipation from the ceramic particle is relatively 

slower than from the liquid, a spherical temperature gradient field (TGF) is formed around each 

particle as shown in Fig.2. 
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Nomenclature 

 

Qcv Convective heat transfer (Watt) 

h  heat transfer coefficient (Watt m-2K-1) 

Tp Temperature at the liquid-particle interface (K) 

Ti Temperature of the liquid at the interstitials of TGF (K) 

Ae Effective area of heat transfer (area of the particle wetted by the liquid) (m2) 

Tg  Growth temperature (K) 

Tn Nucleation temperature (K) 

∆G* Energy barrier for nucleation 

k  Boltzmann's constant 

∆G  Solid-liquid interface energy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The diameter of the TGF depends on the wettability and thermal conductivity of the particle in the 

liquid metal. For example in liquid aluminium, TiB2 forms a smaller TGF than Al2O3; as the former 

has better wettability and hence, the better thermal conductivity than the later. The diameter of the 

TGF depends on the spacing between the ceramic particles. In other words, the size of the TGF 

depends on the volume fraction of the suspended ceramic particles, which are hot spots. The system 

containing several such particles forms a network of TGFs during the process of cooling, as illustrated 

in Fig. 3(a). Influence of the TGF network on the nucleation mechanism can be analysed as follows: 

The temperature-distance curve shown in Fig. 3(a) indicates the nature of temperature field in the 

stages (I to IV). Each of the points on the curve represents the average temperature (Tj) in the 

corresponding stage, as usually measured by a thermo-couple. The temperature Tj is given by the Eq.2. 

 

Tj =
1

𝑘
∑ Tk

p
𝑘=1    (2) 

The solidification process undergoes various stages as illustrated in the Fig. 3(a). Initially, the particles 

are dispersed uniformly in the liquid as shown in stage-I (Fig.3a). The temperature at stage-I is above 

the melting point (Tm) and the difference between the temperatures of the particle and the liquid is 

insignificant. As the heat is extracted from the system continuously, several TGFs are formed as a 

network is formed (stage-II), as explained above in Fig.2. The overall temperature read by a 

thermocouple at stage-II varies from melting point (Tm) to nucleation temperature (Tn). However, in 

Fig. 2 Temperature gradient field (TGF) 
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reality the temperature Tj may vary from Tp to Tn as shown in stage-II (Fig. 3a). At stage-III, the 

temperature, Tj varies from Tp to Tn.  Since the interstitial temperature Ti at stage-III is greater than or 

equal to the growth temperature (Tg); it is here, in the interstitial of the TGF network, the nucleation 

initiates as shown in Fig. 3(b), followed by growth process. 

 

Fig. 3(a) Schematic showing formation of TGF network followed by nucleation and 

solidification 

John Hunt et al. (2011) proposed that the nucleation occurs at a temperature Tn, which is lower than 

the liquidus. In the present case, the lowest temperature (Ti) prevails in the interstitial regions of these 

TGFs, as depicted in the Fig.1 (b) and (c); where the free energy is minimum. On the other hand, the 

free energy at the particle-liquid interface is higher than at the interstitial, as discussed above. Hence, 

there is a greater possibility of  nucleation in these interstitial regions as soon as ‘Ti ‘approaches the 

nucleation temperature, ’Tn’, followed by growth process. During the growth process, the ceramic 

particles are pushed away by the solidifying front, until the completion of solidification; and this could 

be the reason for finding these particles in the grain boundaries, often (Murty et al. (2002), Jones et al. 

(1976)). 
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Fig. 3(b) nucleation in the interstitial regions of TGF indicated in the marquee region (stage-III) 

 On the other hand, some researchers investigated the ceramic particle-matrix interface; eg., 

interface between TiB2 and Al matrix and shown a mono-layer of Al3Ti at the interface. It was 

reported that this Al3Ti layer was formed due to partial diffusion across the TiB2 – Al interface, which 

aids in the nucleation of primary Al on TiB2 particle (Mohanty et al. (1995)). In contrast, present 

theory believes that Al3Ti mono-layer forms during the last stages of the solidification; as the solute 

titanium present in the liquid is pushed towards the grain boundaries along with the TiB2 particles; 

eventually forming an interface between Al and TiB2. Similarly, present theory also believes that the 

grain refinement achieved by the intensive melt shearing (Li et al. (2011) and Zuo et al (2011)), is due 

to the uniform distribution ceramic oxide particles, thereby the TGFs formed by the Al2O3 particles, 

where the nucleation occurs at the TGF interstitials. Similarly in aluminium melts with TiB2 particles 

in it, the fading phenomenon which occurs when the particles settle-down is due to the localized 

agglomeration of these TGFs. Hence un-even dissipation of the heat and coarser grain structure 

results. 

On the other hand, some researchers investigated the ceramic particle-matrix interface; eg., 

interface between TiB2 and Al matrix and shown a mono-layer of Al3Ti at the interface. It was 

reported that this Al3Ti layer was formed due to partial diffusion across the TiB2 – Al interface, which 

aids in the nucleation of primary Al on TiB2 particle (Mohanty et al. (1995)). In contrast, present 

theory believes that Al3Ti mono-layer forms during the last stages of the solidification; as the solute 

titanium present in the liquid is pushed towards the grain boundaries along with the TiB2 particles; 

eventually forming an interface between Al and TiB2. Similarly, present theory also believes that the 

grain refinement achieved by the intensive melt shearing (Li et al. (2011) and Zuo et al (2011)), is due 

to the uniform distribution ceramic oxide particles, thereby the TGFs formed by the Al2O3 particles, 

where the nucleation occurs at the TGF interstitials. Similarly in aluminium melts with TiB2 particles 

in it, the fading phenomenon which occurs when the particles settle-down is due to the localized 

agglomeration of these TGFs. Hence un-even dissipation of the heat and coarser grain structure 

results. 

3. Experimental investigation 

An experiment was conducted in order to investigate the heat flow from ceramic* to the liquid. 6kg of 

commercial pure aluminium was melted in a clay graphite crucible and was superheated to 800oC. 

Three k-type thermocouples were used for recording the temperature, continuously. (*pottery clay 
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sphere coated with boron-nitride, baked at 200oC for 2weeks and pre-heated to 500oC before 

immersing in to the molten aluminium) The thermocouples were place in such a way that: 

 tip of the first thermocouple was covered by a ceramic sphere (pottery clay) of 10mm dia., 

in such a way that the tip of the thermocouple is at the center of the sphere. This was 

coated with boron nitride, ensure poor wetting of the sphere with the melt. 

 second thermocouple was placed at the surface of the sphere, to record the temperature in 

the liquid-ceramic interface region. 

 third thermocouple was placed 10mm away from the surface of the sphere, in order to 

record the temperature away from the ceramic sphere. 

All the thermocouples were fixed together to a rigid fixture in order to avoid disturbance and were 

immersed at a depth of 80mm from the melt-surface, at the centre of the crucible, and the melt was 

allowed to cool slowly. The temperatures recorded from the thermocouples described above are shown 

in the Fig.4. From the figure, it is evident that the thermocouple away (Tliquid) from the ceramic sphere 

reaches the nucleation temperature Tn first, owing to higher thermal conductivity of the molten metal 

(2.0 watt cm-1 K-1) (Powell et al. (1966)). In contrast, the thermocouples at the liquid-ceramic interface 

(Tsurface) and that inside the ceramic sphere (Tcenter) indicate higher temperatures. This observation is in 

agreement with the present theory, revealing that the ceramic particle present in the melt cools at a 

slower rate, owing to its poor wetting (smaller area of contact) and poor thermal conductivity (~ 0.08 

watt cm-1 K-1) (Powell et al. (1966)). 

 

 

Fig. 4 Temperature profiles obtained during solidification of aluminium (Tcenter - temperature of 

ceramic sphere; Tsurface - temperature at the liquid-ceramic sphere interface and Tliquid - temperature at 

the liquid away from the ceramic sphere) 
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4 Nucleation Rate 

It is well known that the homogeneous nucleation rate given by [2], 

 

     J = Jo exp (
−∆G∗

kT
)  (3) 

Where ∆G* is the energy barrier for nucleation, given by: 

 

     ∆𝐺∗ =
16𝜋𝛾3

3∆𝐺2    and    ∆𝐺 =
𝐿 (𝑇𝑛−𝑇)

𝑇𝑛
  (4) 

From the above equations it can be understood that: Nucleation rate, 

      𝐽 ∝  𝑒𝑥𝑝 (
−∆𝐺∗

𝑘𝑇
)     (5) 

       (or) 

      𝐽 ∝  𝑒𝑥𝑝 (
−1

(∆𝑇)2(𝑇)
)  (6) 

Therefore the nucleation rate at particle-liquid interface (where liquid-particle interface temperature,  

Tp. and ∆Tp = (Tp - Tn)), can be expressed as: 

      𝐽𝑝 ∝  𝑒𝑥𝑝 (
−1

(∆𝑇𝑝)
2

(𝑇𝑝)
)  (7) 

Similarly, the nucleation rate at the TGF interstitial (where the liquid temperature at the interstitial is, 

Ti) and ∆Ti = (Ti - Tn). 

      𝐽𝑖 ∝  𝑒𝑥𝑝 (
−1

(∆𝑇𝑖)2(𝑇𝑖)
) …  (8) 

From Fig.4, it is evident that the temperature at the particle-liquid interface (Tp) is higher than that 

away from the particle (TGF interstitial temperature, Ti).  

Therefore, 

     [𝑒𝑥𝑝 (
−1

(∆𝑇𝑖)2(𝑇𝑖)
)] > [𝑒𝑥𝑝 (

−1

(∆𝑇𝑝)
2

(𝑇𝑝)
)] (9) 

In other words, the nucleation rate at the TGF interstitial, Ji > Jp the nucleation rate at particle-liquid 

interface. This confirms that the nucleation occurs ‘first’ at the TGF-interstitial and not at the particle-

liquid interface. 

 

5. Conclusion 

 

The proposed “Temperature Gradient Field Theory” explains the nucleation mechanism in liquid 

metal inoculated with ceramic particles. According to this theory, nucleation does not initiate at the 

particle-liquid interface; rather it occurs at the interstitial regions of the TGF network. Present theory 

also believes that simultaneous nucleation and growth takes place when these TGFs are uniformly 

distributed in the system; eventually resulting in fine equiaxed grain structure. However, if the 

particles possess good thermal conductivity, wettability and atomic-adsorption at the solid-liquid 

interface, it is possible that these particles trigger the nucleation heterogeneously. 
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