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Abstract 1 

Melt processing offers a cost effective method for producing metal matrix 2 

nanocomposite (MMNC) components; however, the influence of nanoparticles on the 3 

evolving microstructure during solidification is still not well understood. In this study, 4 

the effect of SiC nanoparticles on α-Mg dendrite evolution in a Mg-25Zn-7Al (wt.%) 5 

alloy was investigated through 4D (three dimensions plus time) synchrotron 6 

tomographic quantification of solidification experiments conducted at different cooling 7 

rates with and without nanoparticles. Key features of the solidifying primary α-Mg 8 

dendritic grains were quantified, including grain morphology, size distribution, and 9 

dendrite tip velocity. To obtain the high-contrast tomography dataset necessary for 10 

structure quantification, a new image reconstruction and processing methodology was 11 

implemented. The results reveal that the addition of nanoparticles increases grain 12 

nucleation whilst restricting dendritic growth and altering the dendritic grain growth 13 

morphology. Using LGK model calculations, it is shown that these changes in 14 

solidification microstructure occur as a result of nanoparticle-induced restriction in Zn 15 

effective diffusivity ahead of the dendrite tips, reducing tip velocity. The results both 16 

suggest the key phenomena required to be simulated when numerically modelling 17 

solidifying Mg-based MMNC and provide the data required to validate those models.  18 

 19 

Keywords: Metal matrix nanocomposites; dendritic solidification; nanoparticles; 20 

tomography; iterative reconstruction 21 
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1. Introduction 23 

Nanoparticle (NP) reinforced light metal alloys, commonly known as metal matrix 24 

nanocomposites (MMNCs), are gaining interest for transportation, aerospace and 25 

defense applications due to their low density and high specific strengths [1, 2] relative 26 

to non-reinforced alloys. The strength enhancement results from the combination of 27 

precipitate strengthening and grain refinement, depending on the type of particles 28 

including SiC, Al2O3, TiB2, Y2O3 and AlN [3-7]. MMNCs are of particular interest for 29 

near-net-shape castings where the solidification microstructure plays a key role in 30 

determining the final microstructure and thus the in-service mechanical properties of 31 

components. 32 

In recent years, great effort has been made to explore the influence of NPs on liquid 33 

metal processing, solidification microstructure and mechanical behaviour [1, 2, 8-13]. 34 

Observations of the post-solidified microstructure containing NPs revealed a much finer 35 

grain structure than their NP-free counterparts [9, 11, 14], suggesting a grain refinement 36 

effect. In one study, the size of Mg grains decreased from 110 µm in the NP-free alloy 37 

to 30 µm in samples containing 6 vol.% SiC NPs [14]. A second study showed that the 38 

dendritic growth was restricted when TiC0.7N0.3 NPs were added to a Sn-Al alloy, 39 

leading to a fine microstructure [15]. Other interesting effects, such as the modification 40 

of the dendrite’s surface via NPs, have also been documented [16]. These observations 41 

were supported by theoretical analyses, suggesting that densely packed NPs may block 42 

solute diffusion during solidification [17]. Furthermore, particles ahead of the 43 
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solid/liquid interface might be pushed or engulfed, depending on many factors including 44 

the dendrite growth velocity, interfacial energy, particle size, and particle thermal 45 

properties [18-20].  46 

In situ studies of the effect of particles on evolving dendritic structures, through 47 

direct experimental observation, are limited [16, 21, 22]. One early study [21] examined 48 

particle-interface interactions in a transparent organic system, showing that the particles 49 

influenced morphological transitions, such as dendritic-to-cellular, and caused dendrite 50 

tip splitting and hyper branching. Due to the advent of 3rd generation synchrotrons, time 51 

resolved studies of structural evolution in a wide range of metallic materials are now 52 

possible, through either 2D synchrotron X-ray radiography [23-27] or 3D synchrotron 53 

X-ray tomography [28-36]. Recently, this last method has been used to investigate the 54 

effect of nanoparticles on solidification microstructure development in Al alloys to 55 

reveal dendrite growth mechanisms in fcc crystal structures in the presence of NP’s [16, 56 

22]. Although 2D radiography provides faster imaging acquisition speed, 3D 57 

tomography provides better structural detail while still possessing reasonable temporal 58 

resolution. For some cases where the microstructure is very complex, such as hcp alloys 59 

[37-40], 3D tomography is required as the sample geometry for 2D radiography, being 60 

very thin, restricts growth. 61 

In this work, the influence of SiC NPs on the nucleation and growth of α-Mg 62 

dendrites during solidification is investigated in a Mg-Zn-Al alloy through fast 3D 63 

synchrotron X-ray tomography. The effect of NPs on the dendritic growth is examined 64 
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for two different cooling rates, 3 and 12 oC/min. The difference in dendrite nucleation, 65 

growth, and morphology, is contrasted with and without NPs, to reveal the impact of 66 

NPs on the microstructure during solidification. It is noted that these experiments are 67 

designed to study the microstructural evolution under the influence of NPs, and not to 68 

directly observe the NPs themselves. Analytical modelling is then performed to develop 69 

appropriate theoretical ideas that explain the influence of NPs on dendritic growth in 70 

Mg alloys. 71 

 72 

2. Materials and experimental methods 73 

2.1 Sample preparation 74 

Model magnesium alloys, Mg-25wt.%-Zn-7wt.%Al (NP-free, or containing 75 

~0.7wt.% SiC NPs), were used in this study. The alloys were prepared by combining an 76 

AZ91D (Mg-9wt.%Al-0.5wt.%Zn) (or AZ91D containing 1wt.% SiC NP1) alloy and a 77 

Zn ingot (99.9%) in a steel crucible, and melted under argon gas protection. Zn was 78 

added to improve image contrast during synchrotron X-ray tomography [29]. Ultrasonic 79 

treatment was applied to the NP-containing alloy to break up any agglomerated NP 80 

clusters and homogenize the chemical composition. The ultrasonic treatment was not 81 

applied to the NP-free alloy. In both cases, the melt was then cast into a preheated mild 82 

steel mould [10]. Finally, small cylindrical samples of 𝜙~	1.2	mm were machined 83 

                                                
1  The processing procedure creating the original AZ91D alloy containing SiC 
nanoparticles (average size: ~40 nm) is described in ref. [9]. 
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from the casting for the synchrotron solidification experiments and encapsulated 84 

following the method described in ref. [28]. 85 

2.2 Synchrotron solidification experiments 86 

The in situ synchrotron X-ray tomography experiments were carried out at the 87 

Diamond-Manchester Beamline (I13-2) of the Diamond Light Source (DLS, U.K). 88 

During each experiment, the sample was heated up to ~ 30 oC above the liquidus 89 

temperature and held at that temperature for 20 min (10 min for the NP alloy in order to 90 

minimize NPs agglomeration). Then, the sample was solidified by applying a prescribed 91 

cooling rate. In total, 4 experiments were performed on 2 alloys (NP-free, NP) and at 2 92 

cooling rates (3, 12 oC/min ).  93 

The tomography scans were recorded during solidification using a pink beam 94 

(energy range 15-30 keV) and an imaging system composed of a 4× objective, a single 95 

crystal CdWO4 scintillator, and a PCO Edge 5.5 CMOS camera that was binned to 1280 96 

× 1080 pixels, resulting in 1.6 µm/pixel. For each scan, 1200 projections were acquired, 97 

each at an exposure time of 12 ms, resulting in a scan time of 14.4 s. Note however, that 98 

the scan-to-scan cycle time was 36 s, due to a time delay needed for system 99 

re-initialization. The 36 s cycle time corresponds to 1.8 and 7.2 oC, respectively, for the 100 

cooling rates of 3 and 12 oC/min. Accordingly, the error in temperature for the features 101 

in each tomographic image is assumed to be the same value. 102 

 103 

 104 
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2.3 Image reconstruction and processing methods 105 

Due to the complexity of the images, multiple reconstruction methods were tested. 106 

The collected tomographic data was initially reconstructed using a conventional Filtered 107 

Back Projection (FBP) algorithm [38]. However, the reconstructed images obtained 108 

were of low contrast, noisy, and contained severe ring artefacts; therefore, they were not 109 

suitable for segmentation and quantification (Fig. 1 (a)). To overcome this restriction, a 110 

model-based iterative reconstruction (MBIR) algorithm was developed, based on the 111 

Group-Huber data misfit method. This technique significantly improves segmentation 112 

while minimizing ring artefacts (Fig. 1 (b)) [41, 42]. Additionally, 3D edge-preserving 113 

regularization was used to stabilize convergence and further improve the signal-to-noise 114 

ratio of the MBIR algorithm. The regularization consisted of two terms: total variation 115 

(TV) semi-norm and a higher-order Lysaker-Lundervold-Tai (LLT) penalty [41]. The 116 

TV-related sub-problem was solved using the Split-Bregman algorithm [40] and the 117 

LLT-related 4th order partial differential equation was minimized explicitly. The convex 118 

combination of two solutions was taken in order to achieve a piecewise-smooth 119 

reconstruction. Note that the piecewise-constant solution obtained using the TV-term 120 

alone is not suitable for this data. When using TV regularization alone, the 121 

reconstructed dendritic branches have unrealistic saw-shaped surfaces, Fig. 1 (c). In 122 

contrast, an averaged combination of TV and LLT penalties led to segmented data that 123 

are locally smooth and better fit the physical expectations of the data, Fig. 1 (d). The 124 
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mathematical details of the implementation of this new reconstruction technique can be 125 

found in [43].  126 

After the image reconstruction and pre-processing, the dendrites were segmented 127 

using a global threshold value. The data was cropped to a small volume and analysed 128 

using the Image J and Avizo@ (Thermo Fisher Scientific, USA) software tools. 129 

 130 

3. Results and discussion 131 

3.1 General microstructural observations 132 

Fig. 2 shows a series of two-dimensional longitudinal slices at different 133 

temperatures for each of the four experiments. This series of images provides a general 134 

overview and comparison of the microstructural characteristics resulting from the 135 

addition of NPs as a function of cooling rate. (Note, Tl denotes the melt temperature 136 

immediately prior to the first nucleation of solid.) From this series of images, a number 137 

of salient observations can be made. First, the general size of α-Mg grains in NP-free 138 

Mg-25Zn-7Al, Fig. 2(a-d) and Fig. 2(i-l), was larger than in NP Mg-25Zn-7Al, Fig. 139 

2(e-h) and Fig. 2(m-p), for the same cooling rate. Thus, a significantly finer 140 

solidification microstructure was obtained through the addition of SiC NPs, indicating 141 

enhanced grain nucleation. Second, the faster cooling rate of 12˚C/min also led to a 142 

finer grain structure in both the NP-free and the NP alloys, Fig. 2(a-d) and Fig. 2(e-h), 143 

as compared to Fig. 2(i-l) and Fig. 2(m-p). Third, the shape of the NP-free grains 144 

appears to be dendritic, while the shape of the NP grains appears to be more globular. 145 
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Finally, the α-Mg dendrites appear to have nucleated heterogeneously, either on the 146 

oxide skin of the sample or on pre-existing pores (black regions in Fig. 2) within the 147 

melt (which most likely have an oxide at their surface). After nucleation, the dendrites 148 

that nucleated on the sample surface grew towards the centre because of the presence of 149 

a small thermal gradient between the “cooler” wall relative to the interior of the sample. 150 

However, the thermal gradient was not quantified. Dendrites that nucleated in the 151 

interior of the melt grew in all directions, forming very complex equiaxed branching 152 

structures. All of these details are examined further in 3D, below. 153 

3.2 Nucleation mechanisms 154 

Fig. 2 qualitatively suggests that more grains formed in the NP alloy than in the 155 

NP-free counterpart. However, 2D cross-sectional images can be misleading, especially 156 

in Mg alloys, where a hyper-branched dendrite can be cut multiple times by the 157 

cross-sectional plane; nucleation mechanisms are better examined in 3D. Fig. 3 shows 158 

the 3D evolution of dendrites during solidification for the NP-free and NP samples at 159 

the different cooling rates, as seen from the top of the cylinder. In these images, the 160 

dendrites were analysed from a small sub-volume (φ(1.1-1.2)×1.4 mm3) and 161 

individually colour-rendered. Examining first the image of NP-free Mg-25Zn-7Al 162 

cooled at 3˚C/min, Fig. 3(a), it can be seen that 24 grains were initially observed to 163 

nucleate heterogeneously on the oxide skin of the sample wall, growing inwards. Upon 164 

further cooling of 1.8 oC, Fig. 3(b), 14 more gains nucleated, including 4 grains 165 
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completely within the interior of the sample. It appears that these 4 dendrites nucleated 166 

from the surface of pre-existing pores within the melt. Only 3 more dendrites nucleated 167 

at temperatures below Fig. 3(b). In comparison, 109 grains in NP Mg-25Zn-7Al were 168 

observed in the first tomogram cooled at 3˚C/min (Fig. 3(d)), and they nucleated both 169 

on the sample surface and within the melt. In the second tomogram, Fig. 3(e), 1.8 oC 170 

lower in temperature, 148 additional grains were observed. Only another 10 grains 171 

nucleated with further progression in solidification. 172 

At the faster cooling rate of 12 oC/min, Fig. 3(g-i) and (j-l), similar phenomena were 173 

observed, i.e. more grains formed in NP than in NP-free alloy. Specifically, 48 grains 174 

were observed initially in the sample, while almost 300 grains were observed in NP 175 

Mg-25Zn-7Al. With a temperature reduction of 7.2 oC, the number of grains increased 176 

to 136 and 814 for the NP-free and NP samples, respectively. The significantly larger 177 

number of grains as compared to the 3 oC/min case is due to the faster cooling rate. 178 

Supplementary Fig. S1 directly identifies the nucleation location, i.e. on the sample 179 

surface or within the melt.  180 

Each grain was further analysed to determine the location of the grain centre relative 181 

to pores/oxides within the sample. For the NP-free alloys, it appeared that the origin / 182 

centre of all grains was in contact with a pore or oxide. For the NP alloy, ~5% of the 183 

grains nucleated directly in the liquid, without being in contact with a pore. This 184 

suggests the one nucleation mechanism is on oxides either in the melt or even more 185 

prevalently on the surface of pre-existing pores. 186 
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The observed fraction solid, calculated directly from the tomograms, is given below 187 

each image in Fig. 3. There appears to be a discrepancy between the temperature and 188 

solid fraction in the faster cooling rate case, Fig. 3(g-l), as the calculated solid fraction 189 

value is not large enough for the given temperature below Tl, and in some cases is 190 

smaller than the corresponding value for the slower cooling rate change. This issue is 191 

attributed to a larger temperature error at the higher cooling rate, as one scan covers 192 

7.2oC. 193 

Fig. 4 quantifies the evolution in the distribution of the volume-averaged grain 194 

diameter from each tomogram given in Fig. 3. It is seen that the peak position for both 195 

the NP-free and NP samples shifts to the right as cooling progresses and the dendrites 196 

grow, as expected. Differences between the NP-free and NP samples are also visible. 197 

Specifically, the peak frequency for the NP-free sample cooled at 3 oC/min only 198 

increases slightly (red curve in Fig. 4(a)), and then stabilizes afterwards (black curve in 199 

Fig. 4(a)), whereas the curves for the NP alloy become much wider as solidification 200 

progresses, with an increased value at the peak. This suggests that growth may be 201 

restricted in the NP containing samples, allowing greater undercooling to achieve in the 202 

remaining interdendritic liquid and activating more of the heterogeneous nuclei there.  203 

The data shown in Fig. 4 was also used to quantify the overall volume-averaged 204 

equivalent diameter of the grains cooled at 3 oC/min as a function of temperature below 205 

the melting point: 78±21 µm, 109±24 µm, and 184±31 µm for the NP-free sample, and 206 

50±7 µm, 61±14 µm, and 93±26 µm for the NP sample, at the temperatures shown in 207 
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Fig. 3(a-c) and Fig. 3(g-i), respectively. Similar trends were observed in Fig. 4(b), for 208 

the cooling rate of 12 oC/min, i.e. the volume-averaged equivalent diameters of the 209 

grains are 56±10 µm, 88±28 µm, and 99±35 µm for the NP-free sample, and 42±7 µm, 210 

52±12 µm, and 62±14 µm for the NP sample at the temperatures shown in Fig. 3(d-f) 211 

and Fig. 3(j-l), respectively. Thus, the average grain size is on the order of 50% smaller 212 

when NPs are added to Mg, for the same cooling conditions. The measured data 213 

presented in Fig. 4 agree well with the qualitative observations presented in Fig. 3. This 214 

reduction in grain size has been demonstrated to result in an improved mechanical 215 

properties, as reported by previous studies in similar Mg alloys [1]. For example, Jia et 216 

al reported that when the average grain size in AZ91D alloy was decreased from ~ 152 217 

µm to ~102 µm after adding 1wt.% SiC nanoparticles, the yield strength was increased 218 

by ~100% [9]. 219 

The results given in Figs. 2-4 clearly show that the presence of NPs has a strong 220 

influence on grain size, and hence grain nucleation and growth, irrespective of the 221 

cooling rate. In melt processing, NPs tend to agglomerate into large particle clusters 222 

with various sizes due to their high surface energy [18, 22, 44]. Greer et al. [45] 223 

suggested that heterogeneous grain nucleation is inversely proportional to particle size, 224 

hence it is possible that agglomerated NPs might be more effective nuclei; however, 225 

these NP clusters are probably not crystallographically aligned and hence the argument 226 

of Greer et al. may not be applicable to them. Although individual particles have been 227 

found at the centre of grains, strongly indicating that they act as effective nucleation 228 
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sites [11], clusters were found to be pushed by the primary dendrites [22].  229 

The above results suggest several possible hypotheses as to why the addition of NPs 230 

causes such a significant reduction in grain size: 231 

1. NPs act as a direct heterogeneous nucleant, either individually or as clusters; 232 

2. NPs increase the formation of secondary phases that act as nuclei (e.g. oxide or 233 

other phases); and/or 234 

3. NPs reduce solute diffusion and hence increase the solute growth restriction 235 

effect. 236 

To support hypothesis 1, prior authors have demonstrated that SiC particles show a 237 

low lattice spacing disregistry of only 4% with respect to the primary-Mg phase on their 238 

close packed planes [46]. Recent studies in the Mg-Al [47-50], and Mg-Al-Zn [4, 9, 51] 239 

families have also demonstrated, via optical metallography, the efficacy of SiC 240 

containing master alloy for grain refinement. Unfortunately, we did not find any direct 241 

evidence, such as the observation of SiC within the centre of a grain, to prove this 242 

hypothesis; however, the observation of direct nucleation in the melt when NPs are 243 

added suggests the mechanism is possible, but is not a dominant factor (since only ca. 5% 244 

of the grains nucleated in this manner). 245 

Although clustering of grains occurs, and increases the effective size of the potential 246 

nuclei, we would argue that the random crystallographic orientation of individual 247 

particles would reduce, rather than increasing a cluster’s potency as a nucleus. 248 

With regards to hypothesis 2, that NPs influence the formation of another phase that 249 
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in turn acts as a nucleus, it has been proposed previously that SiC particles react with Al 250 

in Mg-Al melts to form Al4C3. These particles would also act as effective nucleants 251 

since Al4C3 also has a low disregistry with Mg, 3.4%, and both form hexagonal crystal 252 

structures [52-54]. The formation of Al4C3 is only possible when the melt is heated to a 253 

high temperature, ~ 150 oC above the liquidus [47]. It is possible that this mechanism 254 

occurred in the NP alloy as the melt was heated to 680-700 oC after ultrasonic 255 

treatment. Unfortunately, this hypothesis is very difficult to prove/disprove since (1) 256 

Al4C3 is highly soluble in water and will dissolve out of the matrix during sample 257 

preparation for metallography [49, 50] and (ii) the small quantities that may form are 258 

not sufficient for detection via XRD.  259 

Another potential secondary influence of NPs is that they help stabilise the 260 

formation oxides that act as a nucleant. We observed that in both the NP containing 261 

(95%) and in the NP free samples (100%) of the grains appeared to grow from oxides 262 

either at the sample surface or on the surface of pre-existing pores. These pre-existing 263 

pores form during the in situ melting, and are then stabilized by the formation of oxides, 264 

e.g. MgO, that hold them in the melt. The number density and volume fraction of these 265 

pre-existing pores increased significantly with the addition of NPs. Further, EPMA 266 

compositional analysis of the NP and NP-free samples showed that the SiC content in 267 

the NP samples was higher on many of the pore surfaces as compared to the overall SiC 268 

content; this was not found on the pores of NP-free samples. MgO has been shown to be 269 

an effective nucleation site for Mg [12], as summarized in a review by St John et al. [6].  270 
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Therefore, our in situ observations directly support a refined hypothesis 2, that NPs 271 

cause more oxide to form, and that the oxide acts as a nucleation site. We observed that 272 

in both the NP containing (95%) and in the NP free samples (100%) of the grains 273 

appeared to grow from oxides either at the sample surface or on the surface of 274 

pre-existing pores (Fig. 2). Additionally, the ultrasonic treatment (which was not 275 

applied to the NP-free alloy) may have increased the MgO oxide content within the melt 276 

as well. 277 

Hypothesis 3 is that the presence of NPs in the melt acts as a barrier for diffusion of 278 

the solutes causing growth restriction (Zn in this case), effectively increasing the growth 279 

restriction factor. This causes the grains to grow more slowly, and hence the remaining 280 

melt undercools to a greater extent, and hence more of the potential nuclei are activated. 281 

Since this is an indirect impact on nucleation, it is discussed in detail in section 3.4 and 282 

3.5.  283 

In summary, our results suggest that the influence of NP additions on grain size is 284 

most likely a result of several mechanisms, but we hypothesise that the dominant 285 

nucleation mechanism is the effect of NPs on increasing the amount of oxide in the melt. 286 

We will argue later that an equally important effect is the influence NPs have on growth 287 

restriction.  288 

 289 

 290 
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3.3 3D dendritic morphology  291 

Fig. 5 shows the evolution of four individual dendrites, one from each experiment, 292 

as a function of temperature. All images have the same scale bar except for the NP-free 293 

sample cooled at 3 oC/min, Fig. 5(a-d), due to its large size. By examining these images, 294 

one can observe the effect of NPs on grain morphology. First, the addition of NPs 295 

modifies the overall dendritic structure of Mg alloys. In the case of NP-free 296 

Mg-25Zn-7Al, the standard six-fold symmetric structure in the basal plane is observed. 297 

This is seen in both cooling rates, Fig. 5(b) and Fig. 5(j). However, both dendrites also 298 

contain more than 18 branches, suggesting that dendrite tip splitting is occurring. 299 

Similar six-fold structures were also observed in prior studies on Mg-25wt.%Zn [29] 300 

[37]. Second, the addition of SiC NPs causes the dendritic structure to be altered 301 

significantly, Fig. 5(e-h) and (m-p). In the NP Mg-25Zn-7Al alloy, most of the dendrites 302 

solidified at both cooling rates evolved towards a globular shape without obvious 303 

preference in growth direction. In fact, it was not possible to identify the six-fold crystal 304 

structure, and very few dendrites even possessed the fuzzy six-fold structure [29].  305 

Recent studies have shown that dendrites in binary Mg-Zn alloys tend to change 306 

from a well-resolved six-fold hcp structure under low-to-moderate Zn content (e.g. 307 

Mg-25wt.%Zn) to a hyper-branched structure with increased Zn content (e.g. 308 

Mg-38wt.%Zn) [29, 37, 38], although the exact composition where the transition occurs 309 

remains unknown. The increased interfacial energy anisotropy caused by Zn is thought 310 

to be responsible for this phenomenon [37, 55]. A similar morphological transition was 311 
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observed in fcc Al due to increasing Zn content [55, 56]. Based on the tomographic 312 

datasets acquired as part of this study, it is hypothesized that nanoparticles build up 313 

ahead of the solidification front, blocking Zn diffusion, and increasing the local Zn 314 

concentration. The increased Zn increases the interfacial energy anisotropy, altering the 315 

morphology from six-fold to a hyper-branched structure. 316 

Another factor that may influence dendritic morphology is the grain spacing. When 317 

grains are close together, solute accumulation can begin very early in the growth 318 

process reducing the growth rate significantly and finally leading to globular 319 

morphologies. The average grain spacings are ~169 µm for the NP alloy and ~309 µm 320 

NP-free alloy at 3 oC/min, respectively, while they are ~122 µm and ~182 µm at 12 321 

oC/min, respectively. The quantification suggests that the solute accumulation may 322 

begin earlier in the growth process for the NP alloys under the same cooling condition 323 

as compared to the NP-free condition, due to the larger grain density, reducing the 324 

growth rate and leading to the globular morphology. However, this cannot totally 325 

explain the large difference in morphology between the two alloys. For example, the 326 

dendritic grains in the NP alloy at 12 oC/min exhibit globular, while they are more 327 

dendritic in NP-free alloy at 3 oC/min even though the average grain space is similar.  328 

However, it is not only Zn that alters solidification morphology. In previous 329 

research [15, 16], inert NPs have also been known to induce dendrite morphological 330 

modification of dendrites due to the addition of NPs. In the work by Daudin et al. [16] 331 

on a Al-Mg Si alloy, a highly branched Al dendrite containing Y2O3 NPs was reported 332 
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after ultrasonic treatment of the melt, whereas the structure was less branched and 333 

coarser without ultrasonic treatment. The authors attributed this dendrite tip splitting to 334 

the large dispersion of NPs resulting from ultrasonic treatment. It is interesting to note 335 

that the cooling rate used by Daudin et al was ~90-180 oC/min, which is much faster 336 

than the experiments done in this study and may have resulted in increased particle 337 

engulfment rather than particle pushing. 338 

In order to quantify the difference in morphology between the dendrites in each 339 

experiment, the grain solidity was analysed. Solidity is defined as the ratio of dendrite 340 

volume to the volume of a convex hull envelope containing it. The solidity can be used 341 

to determine the compactness of a structure; a higher value means that a structure 342 

achieves a higher level of compactness. The values of solidity as a function of 343 

solidification temperature are plotted in Fig. 6. A number of observations can be made. 344 

First, solidity increases upon cooling, meaning that a more compact structure is formed 345 

as dendrites grow. It can be seen that the increase in solidity is greater at the lower 346 

cooling rate of 3 oC/min as compared to 12 oC/min. Second, the grain solidity in the NP 347 

samples is larger than in the NP-free alloy, suggesting that the dendritic structure is 348 

more compact in Mg alloys containing NPs. This quantification is consistent with the 349 

observations in Fig. 5(e-h) and (m-p) that dendrites in the NP samples appear to be 350 

more globular in structure. Third, the largest change in solidity was observed in NP-free 351 

sample cooled at 3 oC/min. This is likely to be caused by the dendrite coarsening that 352 

accompanies dendritic growth [33]. As coarsening is a solute-controlled diffusion 353 
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phenomenon [57], a lower cooling rate and thus a longer diffusion time will increase 354 

coarsening.  355 

3.4 Calculation of dendrite tip growth velocity from tomographic datasets 356 

The qualitative observations in Fig. 2 and Fig. 5 suggest that the growth velocity of 357 

dendrites is different under different compositions and cooling conditions. This is 358 

further elucidated through analysis of the dendrite tip velocity. The results are shown in 359 

Fig. 7 (additional results are given in supplementary Fig. S2). Note that a few branches 360 

were measured for each dendrite. It is seen that the dendrites initially grew quickly 361 

under an unconstrained growth mode where the solute fields were not interacting with 362 

the surrounding dendrites. Then, growth slowed down gradually because of constraints 363 

imposed by solutal interactions with other dendrites in front of the evolving solid/liquid 364 

interface. Similar changes in growth rate over time were found in Al-Si alloys by Prasad 365 

et al. [58]. Note, Zn will dominate the growth restriction coefficient of the alloy due to 366 

its high content. Once physical impingement occurred, both dendrites stopped growing. 367 

It is further seen that the dendritic tip velocity in each NP sample was lower than in the 368 

corresponding NP-free sample for the same cooling rate. Finally, analysis of different 369 

branches of the same dendrite shows that the velocity of branches varied from one to the 370 

other, depending on the spatial position of the branch relative to the other surrounding 371 

dendrites. Note that the initial growth velocity measured in this study represents a lower 372 

bound, as the scan time was too slow to capture the fast initial transients.  373 
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It is well know that NPs will be either engulfed by the solidifying dendrites or 374 

pushed further into the liquid melt [20], depending on the growth speed of the solid 375 

phase. For NP having size of ~ 40 nm, this critical velocity is estimated to be ~ 100 376 

µm/s [20]. As the cooling rate in this study and thus the solid growth velocity (<10 µm/s) 377 

are relatively low, it is expected that some of the SiC NPs and their clusters were 378 

pushed towards the liquid melt. As the local concentration of NPs increases, they would 379 

form a physical barrier, slowing the diffusion of the key solute element, which is Zn for 380 

this alloy [17, 59]. NPs also increase the viscosity of the liquid melt, which, together 381 

with the physical blocking effect, reduces the effective diffusivity of both Al and Zn. 382 

This, in turn, restricts grain growth. EPMA analysis was performed on the as cast and in 383 

situ samples, indicating that a significant amount of Si (and hence SiC) was removed 384 

from the bulk alloy during in situ remelting (with some forming oxide as discussed 385 

above); hence the level of Si was too low to make any conclusions on the amount of SiC 386 

pushed by the primary phase during solidification. 387 

A schematic is provided in Fig. 8 to demonstrate our hypothesised impact of NPs 388 

on dendritic growth. As can be seen, the density of NPs ahead of the solidification front 389 

increases because of particle pushing, reducing the diffusion length of solute, and thus 390 

reducing the effective solutal diffusivity. Other proposed mechanisms [15] for reduced 391 

dendritic growth velocity resulting from NP addition include a reduction in latent heat 392 

removal due to the low thermal conductivity of SiC NPs, growth front pinning by NPs 393 

through the Gibbs-Thomson effect, and an increase in the free energy of the growth 394 
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phase by NP capture. However, the combined observations of reduced dendrite tip 395 

velocity (Fig. 7) and change to a hyper-branch morphology when NPs are added, 396 

strongly support the theory that in Mg alloys, NPs modify dendrite morphology by 397 

reducing the effective diffusivity of solute elements. This is the only mechanism that 398 

explains both observations. 399 

3.5 Calculation of dendrite tip growth velocity using the LGK analytical model 400 

The LGK (Lipton-Glicksman-Kurz) analytical model predicts the dendritic growth 401 

velocity for free growth in undercooled melts. In this research, this model is applied to 402 

examine the influence of nanoparticles on the growth of 𝛼 -Mg dendrites, 403 

approximating the system as a Mg-25wt.%Zn binary alloy. A summary of the model 404 

implementation is presented in the supplementary Appendix 1. First, by iteratively 405 

solving equations (A1-A3) with the material properties provided in Table S1, the initial 406 

tip velocity for the NP-free alloy was determined. The values given in Table 1 show that 407 

the tip growth velocity agrees reasonably well with the initial growth velocities 408 

observed in the NP-free experiments performed at a cooling rate of 12 °C/min. Second, 409 

the same equations were used to determine the effective diffusivity that resulted in the 410 

analytically-calculated dendrite growth velocity matching the observed ones in the NP 411 

case [60]. This resulted in a reduction in the effective diffusivity value by about 412 

one-third as compared to the diffusivity for the NP-free alloy. This clearly supports the 413 

hypothesis that adding NPs impacts dendritic growth by modifying the effective solutal 414 
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diffusivity ahead of the solid/liquid interface. 415 

 416 
4. Conclusions 417 

In situ 4D synchrotron imaging was performed to investigate the influence of SiC 418 

NPs on grain nucleation and dendritic growth in a Mg-25wt.%Zn-7wt.%Al alloy. 419 

Analysis of the X-ray tomography datasets revealed that NP additions significantly 420 

reduce the grain size. Several potential mechanisms are hypothesised, and our 421 

observations suggest that SiC nanoparticles reduce grain size through two key 422 

mechanisms: 1. they increase the quantity of oxide heterogeneous nuclei; and 2. NPs 423 

reduce the effective diffusivity of Zn in the liquid, acting as an effective growth 424 

restrictor. In terms of heterogeneous nuclei, for samples with and without NPs, the vast 425 

majority of grains were observed to nucleate from oxide surfaces, both on the sample 426 

surface and from pre-existing pores stabilised by the oxide in the melt. The addition of 427 

NPs, together with application of ultrasonic treatment, increased the number density and 428 

volume fraction of pre-existing pores, significantly increasing the oxide heterogeneous 429 

nucleation site density. Si content was concentrated on the surface of the pre-existing 430 

pores in the NP containing sample, suggesting SiC NPs migrated to the pore-liquid 431 

interface and stabilise the pores. 432 

It was also found that NP additions modify the dendritic growth morphology, 433 

changing the structures from dendritic to hyper-branched with many split tips and a 434 

higher solidity as compared to NP-free grains.  435 
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Quantification of the dendrite tip growth velocities from the X-ray tomographic 436 

datasets in combination with analytical calculations using the LGK model revealed that 437 

the change in dendritic growth morphology results from the fact that NPs reduce the 438 

effective solutal diffusivity within the liquid ahead of the solid/liquid interface. This 439 

restricts redistribution of solute elements, increasing their concentration at the dendrite 440 

tips and finally leading to the hyper-branched grain morphology.  441 

These results demonstrate the impact of fast 4D imaging in informing our 442 

understanding of the mechanisms present when processing MMNCs. Because the 443 

results are time resolved, they also provide outstanding data for validating 444 

computational simulations of microstructural evolution.  445 

446 
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Table 621 

 622 

Table 1 Comparison of tip velocity between experimental measurements and LGK 623 

model predictions (cooling rate: 12 oC/min) 624 

Alloy 

composition 

Experimental 

measurement (µm/s) 

LGK model 

(µm/s) 

Effective diffusivity 

of Zn 

(m2/s) 

NP-Free 2.3 2.59 1×10-9 

With 0.7wt.%NP 0.7 0.71 3×10-10 

 625 

  626 
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Figures 627 

 628 
Fig. 1. A comparison of reconstructed images using (a) conventional FBP 629 

reconstruction, and (b) MBIR reconstruction. (c) and (d) are segmented dendrites, as 630 

enlarged images indicated by rectangle in (b), using (c) MBIR-TV algorithm, and (d) 631 

MBIR-TV-LLT, respectively. Note in (b) light grey= liquid, dark grey=dendrite, 632 

black=pore. Note that much smoother and realistic contours of the segmented image in 633 

(d) using the MBIR-TV-LLT method. Scale bar equals 300 µm for (a) and (b), and 150 634 

µm for (c) and (d). 635 
  636 
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 637 

Fig. 2 Longitudinal slices showing the solidification dendritic structures of NP-free 638 

Mg-25Zn-7Al (a-d, i-l) and NP Mg-25Zn-7Al (e-h, m-p) alloys. Cooling rates were 3 639 
oC/min for a-h, and 12 oC/min for i-p. The temperature is indicated below each figure. 640 

Scale bar in each figure is 300 µm. Note that in the figure light grey= liquid, dark 641 

grey=dendrite, black=pore. 642 
  643 
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 644 
Fig. 3 Colour-rendered images showing the 3D grains of NP-free Mg-25Zn-7Al (a-c, g-i) 645 

and NP Mg-25Zn-7Al (d-f, j-l) during solidification at 3 oC/min (a-f) and 12 oC/min 646 

(g-l). Images were seen from top. Scale bar equals 300 µm. The temperature and solid 647 

fraction (fs) are indicated below each figure. Note that the temperature variation for the 648 

indicated temperature is ~ 1.8 and 7.2 oC for the cooling rate of 3 oC/min and 12 oC/min, 649 

respectively.  650 



33 

 

 651 
Fig. 4 Comparison of equivalent diameter distribution of grains in NP-free and NP 652 

Mg-25Zn-7Al alloys for different cooling conditions: (a) 3oC/min; (b) 12oC/min. 653 

 654 

 655 
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 656 

Fig. 5 Images showing the 3D dendritic evolution of NP-free (a-d, i-l) and NP 657 

Mg-25Zn-7Al (e-h, m-p) alloys. Cooling rates were 3 oC/min for a-h, and 12 oC/min for 658 

i-p. The temperature is indicated below each figure. Images in each horizontal panel 659 

share the same scale bar, and each scale bar equals 150 µm. Note that the temperature 660 

uncertainty for the indicated temperature is 1.8 oC and 7.2 oC for the 3 oC/min and 12 661 
oC/min cooling rate, respectively.  662 
  663 
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 664 
Fig. 6 Evolution of solidity for each typical grain in different compositions and cooling 665 

conditions. 666 
  667 
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 668 

Fig. 7 Quantified dendrite tip velocity of each typical grain in different composition and 669 

cooling conditions. (b) Enlarged region as indicated by rectangle in (a). 670 
  671 
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 672 

Fig. 8 (a) Schematic showing mechanism of the influence of nanoparticles/nanoparticle 673 

clusters on the dendritic growth; and (b) enlarged region illustrating how the Zn atom 674 

diffusion path lengths are increased by the high concentration of NPs at the solid-liquid 675 

interface. 676 
 677 


