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a b s t r a c t 

This study used high-speed synchrotron X-ray tomography to image the growth of Al 2 Cu intermetallic 

compounds in 4D (3D plus time) during solidification of Al-45wt%Cu alloy. Two categories of growth pat- 

terns (basic units and dendrites) are identified. Basic units are elongated rods whose cross-section are 

L, U or hollow-rectangular shapes. The transition from L pattern to U and finally to hollow-rectangular 

shaped morphology is observed. Faceted dendritic patterns include equiaxed prism and columnar den- 

drites. Self-repeated layer-by-layer stacking of the basic units (such as L shaped particles) is proposed as 

a governing mechanism for the growth of Al 2 Cu faceted dendrites. The growth orientation and morpholo- 

gies of these patterns are strongly influenced by solidification conditions (temperature gradients, cooling 

rates and external magnetic fields). Another finding is that when rotating Al-45wt%Cu during upwards 

directional solidification, under a transverse magnetic field of 0.5T, highly refined and well aligned Al 2 Cu 

intermetallic compounds are obtained, much finer than those without the imposition of the magnetic 

field. This is attributed to a rotational stirring flow that modulates and regulates the temperature and so- 

lute distribution. The developed experimental findings provide a physical understanding of the formation 

of faceted intermetallic compounds during solidification. 

Crown Copyright © 2022 Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

1

o

T

f

f

t

t

[

w

c

c

m

i  

A  

t

[

f

s

2

d

c

d

t

f

n

m  

m

p

f

h

1

(

. Introduction 

Understanding microstructure formation is key in a broad range 

f solidification processes ranging from casting to welding [1–3] . 

he morphologies of solidified microstructures were classified into 

aceted and non-faceted patterns [4] . Growth mechanisms of non- 

aceted patterns, including cellular and dendrites, have been ex- 

ensively advanced thanks to our new capabilities in experimen- 

al techniques (e.g. in situ X-ray radiography [5] and tomography 

6–8] ) and numerical simulations [9] . However, faceted patterns, 

hich many intermetallic compounds (IMCs) grow into, have re- 

eived much less attention. Regardless, faceted IMCs are of signifi- 

ance, impacting both the mechanical and functional properties of 

aterials. For instance, in aluminium alloys, many faceted particles 

ncluding plate-like Al 13 Fe 4 [ 10 , 11 ], I-shaped Al 3 Ni [12] , polyhedron

l Mn [13] and Al Cu [14] , could form, all of which play an impor-
6 2 
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ant role on the mechanical and corrosion properties of Al alloys 

 15 , 16 ]. 

One interesting phenomenon regarding faceted crystals is the 

ormation of faceted dendrites observed in various alloy systems, 

uch as Cu 6 Sn 5 in Sn-4.2Cu alloy [17] , I-AlMnBe phases in Al-6Mn- 

.5Be alloy [18] and Al 3 Sc in Al-2wt%Sc alloy [19] . Regarding the 

endritic growth mechanism, the classic view is a morphologi- 

al instability of the solid-liquid interface that develops into den- 

ritic shapes with branches along preferred crystallographic direc- 

ions [2] . However, these mechanisms may not be applicable to 

aceted crystals due to their highly anisotropic crystal growth ki- 

etics. Previous studies proposed a twin-related re-entrant edge 

echanism to explain the growth of faceted Silicon [ 20 , 21 ], Ger-

anium [22] and Al 13 Fe 4 intermetallic [10] , all with plate-lets mor- 

hologies. However, whether this mechanism can be applied to 

aceted dendrites is still unknown and many crystals do not form 

wins during formation. Al 2 Cu is a typical intermetallic formed in 

l-Cu based alloys. It has a body centre tetragonal crystal structure 

 a = b = 0.6063nm, c = 0.4872nm) [23] . Previous studies have

hown that it can grow into L-shape, and hollow-rectangularand 

endritic shape [24–27] . We also observed L-shape, and dendritic 
a Inc. This is an open access article under the CC BY license 
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Table 1 

Solidification conditions. 

Sample CR TG B = 0.5 T 

A 0.05 °C/s 0 °C/mm No 

B 0.05 °C/s -4 °C/mm No 

C 0.05 °C/s 7 °C/mm No 

D 0.05 °C /s 0 °C/mm Yes 

E 0.02 °C/s 7 °C/mm Yes 

F 0.05 °C/s 7 °C/mm Yes 
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l 2 Cu patterns in an Al-45wt%Cu sample melt and solidified in a 

ifferential scanning calorimetry (see the supplementary figure s1). 

owever, not much work has been done to understand the transi- 

ions between these growth patterns, and the mechanism for the 

ormation of dendritic Al 2 Cu has not been clearly elaborated. 

The morphologies of IMCs are influenced by external growth 

onditions [28] , including temperature gradients, cooling profiles 

nd magnetic fields. In recent decades, magnetic fields have been 

roposed as an efficient method to alter the solidification mi- 

rostructures. The mechanisms are mainly based on magneto- 

ydrodynamics (MHD), which includes magnetic damping, mag- 

etic stirring and thermoelectric magnetohydrodynamics. Under a 

tatic magnetic field, magnetic damping is the interaction between 

he applied magnetic field and fluid flows, which can generate 

orentz force to slow down the fluid flows [29] . The interaction 

etween the thermoelectric currents (due to Seebeck effect) and 

pplied magnetic field can also produce Lorentz force but generate 

ows [30–33] . This effect is contrary to magnetic damping. For an 

lternating magnetic fields, magnetic stirring [34] can be induced 

hat may cause temperature and concentration fluctuation in the 

elt. Recent work shows that MHD effects can be controlled in 

arious solidification settings, from driving solute segregation via 

hermoelectric effect, to solute mixing and microstructure refine- 

ent via magnetic stirring [35] . Magnetic fields have also been 

hown to influence the growth morphology of Al 2 Cu intermetallic. 

nder a high axial magnetic field (up to 12 T), Li et al. demon-

trated that the Al 2 Cu crystals were oriented with the < 001 > -

rystal direction along the magnetic field [36] . Wang et al. revealed 

he structure refinement of Al 2 Cu phase during directional solidifi- 

ation under a high (12T) magnetic field [30] . Li et al. [25] shows

hat a significant axial macrosegregation of the primary Al 2 Cu was 

ormed under a static transverse magnetic field during directional 

olidification. However, the effect of sample rotation under mag- 

etic fields on Al 2 Cu crystal formation has rarely been studied. 

High-speed X-ray tomography (recording tomograms in seconds 

r less) has advanced our understanding of nucleation, growth 

nd coarsening of non-faceted crystals during alloy solidifica- 

ion [ 6 , 37 , 38 ], and recently, it has been applied to study faceted

i [39] and Al 13 Fe 4 particles [11] in Al alloys. Here we used 

igh-speed synchrotron X-ray tomography to study the growth of 

aceted Al 2 Cu crystals under various solidification conditions in- 

luding upwards and downwards solidification, and rotational so- 

idification under magnetic fields. This work generates fresh in- 

ights into the growth mechanisms of faceted crystals, also dis- 

usses how the thermo-solute flow, including magnet field-driven 

ow, influences the microstructures during solidification. 

. Materials and Methods 

.1. Sample preparation 

The Al-45wt%Cu master alloy was used in this study. Cylindrical 

pecimens with a diameter of 1.8 mm and length of 100 mm were 

achined via a wire electrical discharge machining. 

.2. In-situ synchrotron X-ray tomography 

A bespoke temperature gradient stage [35] (supplementary fig- 

re s2) was used to control the melting and solidification of the 

l-45wt%Cu sample, which can be coupled with high-speed syn- 

hrotron tomography to capture solidification processes in situ and 

n real-time. As shown in ref [35] , two heaters were used to apply

 temperature gradient to the sample, allowing directional solidifi- 

ation. The samples were heated up until fully melt under an ap- 

lied vertical temperature gradient, then held for another 10 min 

o achieve a steady state condition. The solidification experiments 
2 
ere carried out via cooling both heaters at a constant predefined 

ooling rate (CR) while keeping the temperature gradient (TG). A 

ransverse static magnetic field with a strength of B = 0.5 T us- 

ng a permanent magnetic yoke can also be applied to the sample 

35] . The distribution of the magnetic flux density surrounding the 

ample is around 0.5 T (supplementary figure s3). Six experiments 

ere performed with different solidification conditions as shown 

n Table 1. A positive temperature gradient (TG) means that the 

op furnace is hotter than the bottom one, which allows upwards 

olidification, whereas a negative TG means the bottom furnace 

s hotter, allowing downwards solidification. Fig. 1 discloses the 

verview of Al 2 Cu IMCs from the 6 experiments, which shows that 

l 2 Cu grew into significantly different morphologies under differ- 

nt solidification conditions. 

The in situ solidification experiment was performed at I12 

eamline, Diamond Light Source [40] using a 53keV monochro- 

atic X-ray beam. During the solidification process, a high-speed 

amera (PCO.edge) was set to obtain the tomograms in 5 seconds 

ver 180 every 10 seconds, while the sample was rotating continu- 

usly. The images were cropped to 1600 ×1600 pixels. Each tomog- 

aphy consisted of 10 0 0 projections. Savu system [41] was used to 

econstruct the tomograms. The reconstructed volume has a voxel 

ize of 3.24 μm 

3 . 

.3. Image processing 

The 3D images were analysed by Avizo2020.1 (ThermoFisher 

cientific, USA). To segment the Al 2 Cu crystals, a 3D anisotropic 

iffusion filter, followed by interactive thresholding was used. The 

hresholding values were chosen based on the Otsu’s method 

42] from Image J (see the supplemental note for details). 

. Results and discussion 

.1. Overall microstructural evolution 

.1.1. Solidification without magnetic fields 

Fig. 2 -a (video 1-a) shows the volume rendered Al 2 Cu phase af- 

er segmentation at different time stamps solidified under condi- 

ion A (CR = 0.05 °C/s, TG = 0 °C/mm, B = 0T). t a0 is the first

ime when the IMCs appeared in the field of view (FOV). The 

MCs nucleated at the sample surface ( Fig. 2 -a 1 ). It grew hori-

ontally towards the other side of the sample (video 1-a), then 

nto a dendritic shape ( Fig. 2 -a 2 ). Later, more crystals formed

nd grew in different directions to fill the space (from Fig. 2 -a 3

o a5). A few different morphologies were identified. One is the 

quiaxed-prism, which has a quasi-equiaxed cross-section plane 

hile a prism structure in the through-thickness direction (marked 

y the red circle in Fig. 2 -a 3 ). L-shaped patterns were formed

ear the edge of the sample (indicated by black arrows in Fig. 2 -

 5 ). L-shaped particles refer to the long rod-like particle whose 

ross-section perpendicular to the growth direction is L-shaped. 

 hollow-rectangular pattern (marked by the red arrow) was ob- 

erved which impinged into the equiaxed-prism structure in Fig. 2 - 

 5 . The hollow-rectangular particles refer to the elongated particle 

hose cross-section is hollow-rectangular. 
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Fig. 1. Overview of Al 2 Cu intermetallic compounds in six experiments (a-c) without magnetic field; (d-f) with a transverse magnetic field of 0.5T. 
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The downwardly solidifying microstructure under condition B 

CR = 0.05 °C/s, TG = -4 °C/mm, B = 0T) is shown in Fig. 2 -b

video 1-b). Here, multiple highly ordered L-shaped Al 2 Cu were 

ormed on the upper side of the FOV ( Fig. 2 -b 1 ), which then grew

ownwards, into faceted dendritic structures with secondary arms 

pointed by orange arrows in Fig. 2 -b 2 and b3). Another two new

endrites with the same orientation were formed in the middle 

egion (marked by the red circle). Most of the primary dendrites 

ilted by about 40 ◦ from the vertical direction. However, in the left 

egion of the sample, at the later stage of solidification, a cluster of 

-shaped patterns grew downwards almost parallel to the vertical 

irection. 
3 
Fig. 2 -c (video 1-c) shows the upward growth (growth rate 

f 7.7 ±0.3 μm/s) of Al 2 Cu from the experiment C (CR = 0.05 

C/s, TG = 7 °C/mm, B = 0T). The growth rate was calculated 

ased on stabilized overall growth rates of Al 2 Cu intermetallic 

ompounds in the vertical direction (see the supplementary note). 

wo distinctive morphologies were observed: L-shaped (within 

he red circle in Fig. 2 -c 5 ) and dendrites. The columnar faceted 

endritic patterns (e.g. marked by the black arrows) have plate- 

haped primary stems and small secondary arms with faceted 

lanes and sharp corners. Around 11 dendrites, parallel to each 

ther, tilted by about 30 ◦ from the vertical direction, were found. 

he dendrites observed are asymmetric. One side of the dendrite 
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Fig. 2. 3D rendered volume of Al2Cu phase at different timestamp under solidification (a) conditions of A (CR = 0.05 °C/s,TG = 0 °C/mm and B = 0T); (b) condition B (CR 

= 0.05 °C/s,TG = -4 °C/mm and B = 0T); (c) condition C (CR = 0.05 °C/s,TG = 7 °C/mm and B = 0T). 

h

fl

3

o

s

s

=  

c  

l  

a

e

d

p

s

M

b  
as multiple secondary branches, while the other side is almost 

at. 

.1.2. Solidification under magnetic fields 

Three more experiments were performed to study the influence 

f the 0.5 T magnetic field on the morphology of Al 2 Cu IMCs. A 

tatic transverse magnetic field (B = 0.5T) was imposed while the 

ample was rotating for recording X-ray tomograms. 

The formation of Al 2 Cu under condition D (CR = 0.05 C/s, TG 

 0 C/mm, B = 0.5T) is shown in Fig. 3 -a (video 2-a).The Al Cu
2 

4 
ompounds appeared first at the top region of the FOV ( Fig. 3 -a 1 ),

eading to the formation of a cluster of faceted dendrites ( Fig. 3 -

 2 ). The growth direction of L-shaped patterns was no longer ori- 

ntated to the transverse direction ( Fig. 3 -a 3 ), different from con- 

ition A under similar solidification condition but without the im- 

osed magnetic field. 

Fig. 3 -b (video 2-b) shows the upwards growth of Al 2 Cu under 

olidification condition E (CR = 0.02 °C/s, TG = 7 °C/mm, B = 0.5T). 

ultiple L-shape, U-shape and hollow-rectangular patterns ( Fig. 3 - 

 2 to 3 -b 3 ) grew almost parallel to the vertical direction (z). The
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Fig. 3. 3D rendered volume of Al2Cu phase at different timestamp under solidification condition D (CR = 0.05 °C/s,TG = 0 °C/mm and B = 0.5T); (b) condition E (CR = 

0.02 C/s,TG = 7 C/mm and B = 0.5T); (c) condition F (CR = 0.05 C/s,TG = 7 C/mm and B = 0.5T). 
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tabilized growth rate is about 3.5 ±0.2 μm/s.No faceted dendritic 

atterns were observed. The well-aligned growth of the IMCs along 

he vertical direction (z), which were different from sample C, in- 

icates the heat flow in the melt had been modulated because of 

he imposition of the magnetic field. This also indicates there was 

o longer a horizontal temperature distribution under condition E. 

urthermore, the size of the intermetallic of sample E (9.5 × 10 3 

650 μm 

2 in area was 20 times smaller than that of sample C 

2.07 × 10 5 ± 340 0 0 μm 

2 ), and the primary pattern spacing was 

educed. To calculate the primary dendrite arm spacing [43] , we 
5 
sed: 

= c 

√ 

A 

N 

(1) 

here λ is the distance between each pattern, c is the coefficient 

hat depends on its microstructure, 0.5 is chosen for a random ar- 

ay of points, and A is the selected area, and N i s the number of

atterns in the selected area. The primary pattern spacing is calcu- 

ated to be 142.7μm. 
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Fig. 4. (a-f) Composition distributions in six experiments. 
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The growth process of Al 2 Cu under solidification condition F 

CR = 0.05 °C/s, TG = 7 °C/mm, B = 0.5T) is displayed in Fig. 3 -

 (video 2-c). Many fine L or U shape Al 2 Cu IMCs grew upwards

t a rate of about 9.9 ± 0.1 μm/s Fig. 3 -c 1 ), well-aligned along the

-direction with a slight tilt. A few non-faceted long cylinder-like 

MCs were observed as well ( Fig. 3 -c 5 ) at the later stage of the so-

idification. Levelled solid/liquid front can be observed as shown 

n Fig. 3 -c 2 and c3. The primary pattern spacing reduced from 

42.7μm (sample E) to 88.4μm (sample F), as the number of IMCs 

ncreased from 99 to 224. A spherical pore was also observed (pur- 

le coloured in Fig. 3 -c 1 , c2 and c3). Due to phase-contrast effect

44] , the fringes at the edges of the pore were bright and have

imilar contrast as Al 2 Cu. The pore was formed during the cool- 

ng process in the melt (in video 2-c), which highly likely because 
6 
hat hydrogen tended to escape from the solution and form bub- 

les during solidification [45] . 

.1.3. Heat flows and the effects of the magnetic field 

It is known that the heat flow has a strong influence on the 

rowth orientations of Al 2 Cu intermetallic [46] . Hence the growth 

irection of Al 2 Cu observed allows us to determine the heat flow 

irection of the sample during the experiments. 

Under solidification condition A, B and C, the orientation of the 

aceted dendrites is controlled by a heat flow resulted from the 

ombination of vertical and horizontal temperature gradients. For 

ample A, which did not apply vertical temperature gradient but 

as a horizontal temperature gradient, a prism with an equiaxed 

hape formed, elongated along the horizontal temperature gradi- 
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Fig. 5. (a1-a7) Selected L-shaped pattern from solidification condition B (CR = 0.05 C/s,TG = -4 C/mm and B = 0T); (a8) angles between different facets of L-shaped pattern; 

(b) Growth length according to its crystallographic directions from (a8). 
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nt, as shown in Fig. 4 -a. There were a few randomly oriented 

rystals, indicating that the heat flow is rather complicated and 

on-directional. For sample B, which has a vertical temperature 

radient of -4 °C/mm, the crystals grew downwards, titled about 

0 ◦ from the vertical direction, as shown in Fig. 4 -b. For sample 

, when applying a vertical temperature gradient of 7 °C/mm, the 

rystals grew upwards, tilted about 30 ◦ respecting to the vertical 

irection in Fig. 4 -c. The tilted growth of crystals suggests that the 

eat flow deviated from the vertical direction. Possible heat flow 

irections are indicated by the red arrows in Fig. 4 -b and 4 -c for

he two samples. 

It is also noted that sample A, B and C were rotated. Here, 

e used the grey values of the tomograms to indicate and map 

he composition distribution as shown in Fig. 4 a- 4 c (videos 9- 

 to 9-c). No macro-segregation was observed, which suggests 

hat sample rotation did not cause solute segregation in the melt 

uring solidification. A previous study [47] shows that when us- 

ng the accelerated crucible rotation technique to spin up the 

elt from static to a high rotation speed such as 60 rpm, the 

ows were stirred by produced a shearing of the solution. In our 

xperiments, after the sample was accelerated from static to a 

lower rotation speed of ω = π/ 5 rad/s, it was held and rotating

t this speed for another 10 minutes to achieve a steady-state 

ondition before cooling. Therefore, the accelerated effect can be 

eglected. 
7 
The temperature gradient and cooling rate between sample 

 (CR = 0.05 °C /s ,TG = 7 °C / mm and B = 0T) and F (CR =
.05 °C /s ,TG = 7 °C / mm and B = 0.5T) are the same. But sam-

le F was rotated in a magnetic field of 0.5 T during solidification, 

hile sample C was not. Al 2 Cu crystals formed in sample F were 

ll basic unit shapes – fine, elongated and aligned well along the 

ertical direction, significant different from sample C (tilted, coarse 

late-like columnar dendrites). This indicates that the heat flow di- 

ection in sample F was along the vertical direction (indicated by 

he red arrow in Fig. 4 -f) and there was no horizontal heat flow. 

t is likely that when rotating the melted Al-45wt%Cu in a static 

ransversal magnetic field, a rotational flow on the horizontal plane 

ould have been induced that homogenized the horizontal temper- 

ture gradient. A rotational flow or even swirling flow has already 

een proven to be induced under similar conditions numerically in 

ur previous work [35] . 

The elimination of horizontal temperature gradients shows that 

n additional rotational flow might be induced in the transverse 

lane that homogenized the temperature. The question is what 

rives the flow. Our previous work [35] has shown that when ro- 

ating the directional solidifying samples inside a magnetic field, 

t can cause both electromagnetic stirring (EMS) and thermoelec- 

ric (TE) magnetic convection, both of which can induce flows 

n the mushy zone and the liquid zone. The strength of EMS is 

ainly determined by the sample rotation speed and magnetic 
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Fig. 6. Formation process of selected (a1-a5) U-shaped pattern; (b1-b5) nearly hollow-rectangular and (c1-c5) hollow-rectangular pattern; (a6, b6 and c6) bounding facets 

and growth directions of Al 2 Cu crystals. 
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eld strength, both of which are the same for samples D, E and 

. Therefore, if EMS was the controlling mechanism that drove the 

ow, the microstructure modification would be the same for D, E, 

nd F samples. However, in our experiments, the substantial refine- 

ent of Al 2 Cu was only observed in sample E and F when a tem-

erature gradient was applied, but not in sample D. TE magnetic 

onvection, on the other hand, is strongly related to the temper- 

ture gradient as TE currents = S∇T (where S is the Seebeck co- 

fficient and ∇T is the temperature gradient). This indicates that 

E magnetic convection might prevail in the sample E and F as 

he controlling mechanism that drives the flow. This peculiar flow 

ight also push the solute out of the mushy zone, likely result- 

ng in a homogenised solute layer above the solid-liquid interface 

bsent of segregation [35] . Li et al. [25] carried out directional so- 

idification experiments on Al-40wt%Cu alloys under a static trans- 

erse magnetic field of 0.5 T (noted their samples were not ro- 

ated). They found out that an axial macro segregation zone was 

ormed, attributed to the TE magnetic convection [25] . Their work 

hows that TE magnetic convection can cause the redistribution of 

olutes. In Fig. 4 -e and f (videos 9-e and f), macro-segregation was 

bsent suggesting that rotating the sample within the 0.5 T mag- 

etic field did not cause solute segregation. 

It is less clear about what has caused the significant structure 

efinement. Wang et al. [30] showed that dislocations formed in 

l 2 Cu in directionally solidified Al-40wt%Cu under a 12 T mag- 

etic field. They suggested that TEMF in solid Al Cu led to the 
2 

8 
islocation multiplication and dendrite fragmentation during so- 

idification, which is the main mechanism they proposed for the 

efinement of the structures. However, the effect of solute redis- 

ribution due to the very strong magnetic field on Al 2 Cu refine- 

ent was not discussed. Cai et al. [35] showed that via simula- 

ion, on an Al-Si-Cu alloy, EMS and TEMHD combined flows in 

he melt can be controlled in a way to significantly refine mi- 

rostructures during direction solidification. In this study, we sus- 

ect that the stirring flow caused by rotating the sample under 

 transversal magnetic field drive the solute from the mushy re- 

ion, leading to the depletion of solute there and a decrease of 

he dendrite spacing. The next step would be to perform numer- 

cal simulations on hypereutectic Al-Cu alloys as in ref [35] to de- 

ermine the flow conditions. Experimentally, it would be necessary 

o develop methods to measure the magnetic field-driven flow as 

ell. 

.2. Morphologies of Al 2 Cu IMCs 

From the six experiments, it can be shown that most of Al 2 Cu 

rystals have a rod-like shape with L,Uand hollow-rectangular 

ross-section, which we categorized as basic units. A few crystals 

ave faceted dendritic patterns. To further investigate the devel- 

pment of these morphologies during solidification, we obtained 

ome representatives of the compounds, as shown from Fig. 5 to 

0. 
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Fig. 7. Selected dendrite pattern from Fig. 2 -a solidification condition A (CR = 0.05 C/s,TG = 0 C/mm and B = 0T); (a) Front view of faceted equiaxed-prism structure at 

different time without temperature gradient; (b) Side view of faceted equiaxed-prism structure at different time without temperature gradient; (c) Meshed equiaxed-prism 

Al2Cu intermetallic; (d) Length of the equiaxed structure as a function of time. 
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.2.1. Basic units 

Fig. 5 (video 3) presents the growth of one L-shaped pattern 

rom t b0 + 250s to t b0 + 370s extracted from sample B. A small rod-

ike pattern ( Fig. 5 -a 1 ) first appeared. Then it grew longer and

ormed two branches perpendicular to each other within 10 s (and 

-a2). The growth directions of the branches are marked by the 

lack arrows. After another 10 s, the rod became longer, and the 

ranches grew thick too ( Fig. 5 -a 3 ). The branches extended fur-

her in Fig. 5 -a 4 and 5 -a 5 , forming the L-shaped pattern. It contin-

ed to thicken at the later stage of solidification while the overall 

shape was maintained. A fin (pointed by the red arrowin Fig. 5 - 

 7 ) formed on one of the branches, oriented perpendicular to that 

ranch. 

The bounding facets of Al 2 Cu intermetallic in an Al-Cu alloy are 

110} planes, as these planes require the lowest attachment energy 

 24 , 46 ]. Al 2 Cu phase also has a strong crystalline anisotropy and a

referred growth direction along < 001 > [24] . EBSD analysis of the 

asic unit was also performed which reveals the preferred growth 

irectionis < 001 > . Details are shown in the supplementary note 

. The angle between the adjacent facets of the bounding wall of 

he basic L unit patterns was measured to be 90 °±2 ° ( Fig. 5 -a 8 ).

his suggests that the facets are {110} of Al 2 Cu. Hence the bound- 

ng planes {110} and growth direction < 001 > of the selected L 

haped crystal can be indexed ( Fig. 4 -a 8 ). The growth length as

 function of time according to its crystallographic direction are 

uantified and plotted in Fig. 4 -b. In < 001 > direction, the inter-

etallic reached a high growth rate of 39.2 μm/s in the first 20 
9 
econds, while the branches grew slowly at a rate of 3.0 μm/s in 

he direction of < -110 > and 1.9 μm/s in the direction of < 110 > in

he first 30 seconds. They then barely grew once the L-shaped was 

ormed. 

The growth process of U-shaped Al 2 Cu, extracted from exper- 

ment E is shown in Fig. 6 -a (video 4-a). This crystal grew to be

ery long, so only a part of the crystals was cropped to show 

n the figures. The crystal had cuspidal growth fronts ( Fig. 6 -a 1

nd a2). The gap between the side walls became smaller due to 

he thickening of the side walls( Fig. 6 -a 4 and 6 -a 5 ).The bounding

acets of this crystal are also {110} planes and indexed as shown in 

ig. 6 -a 6 . 

The growth processes of two hollow-rectangular Al 2 Cu IMCs 

re shown in Fig. 6 -b (video 4-b) and 6-c (video 4-c). The crys- 

als grew along < 001 > at a growth rate of about 3.3 μm/s to an

longated rectangular shape with a central rectangular hole. The 

rowth fronts of both crystals were also cuspidal ( Fig. 6 -b 2 to b5

nd Fig. 6 -c 2 ), with bounding facets forming an angle of 33 °±3 °
ith the < 001 > growth direction ( Fig. 6 -b 6 ). The crystal in Fig. 6 -

 grew into a nearly hollow-rectangular shape but still had a gap 

n one of its walls. The crystal in Fig. 6 -c transited from an L-

haped pattern ( Fig. 6 -c 2 ) to U-shaped ( Fig. 6 -c 3 ) and finally a

ollow-rectangular structure ( Fig. 6 -c 5 ). The closure of the gap on 

he wall ( Fig. 6 -c 3 to c5) led to the final hollow rectangular shape.

he growth length according to its crystallographic directions of 

he basic units as a function of the growth time are shown in the 

upplementary figure-s5. 
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Fig. 8. Selected columnar dendrite from Fig. 2 -c under solidification condition C (CR = 0.05 C/s,TG = 7 C/mm and B = 0T); (a1-a6) Volume rendering of a single dendrite 

with solidification time; (b) Transparent overlapped view of the dendrite at t_c0 + 270 s, t_c0 + 290 s, t_c0 + 340 s,t_c0 + 390 s; (c) Internal defects at t_c0 + 390s front view; (d) 

Average and instantaneo tip growth rates of the overall crystal array and the single dendrite of figure a. 
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.2.2. Dendrites 

Fig. 7 (video 5) shows the growth process of the equiaxed- 

rism Al 2 Cu IMC, extracted from sample A ( Fig. 2 -a). The crystal

rew into equiaxed-like shape in the x-z plane ( Fig. 7 -a), whereas 

t grew as a prism along y-direction ( Fig. 7 -b). This is differ-

nt from typical equiaxed patterns that proceed equally in all di- 

ections [48] . Here, a rectangular-shape basic unit first appeared 

 Fig. 7 -b 1 ). Then it extended along its four corners ( Fig. 7 -a 2 ),

orming four arms around the core, three of which were dendritic 

hape. The growth of the left and bottom arms was constrained 

 Fig. 7 -c) due to the limited space available for growth. Only the 

op and right tips were able to grow into large size as shown 

n Fig. 7 -a 3 to a5.The meshed 3D volume of the equiaxed-prism 

tructure ( Fig. 7 -c) shows that the angles between bounding ad- 

acent planes are all around 90 º. EBSD analysis was implemented 

o determine the crystallographic planes of the faceted dendritic 

tructure of one post-solidification sample (Details can be found in 

he supplementary note 6), which shows the tip growth planes are 

100} or {010}. Different from the dendrite arms in typical non- 

aceted dendrites, which form parabolic tips [ 6 , 7 , 49 ], the arm of

he Al 2 Cu dendrite is flat with sharp corners ( Fig. 7 -c). Fig. 7 -d

resents the length of the four dendrite arms as a function of time. 

he length of the crystal arms increased almost linearly in the first 

0 seconds. The growth speed slows down afterwards. The bottom 

ip almost stopped to grow as there was no more available space 

earby. The other three arms continued to grow and the left-arm 

eached a length of 500μm, while the right and top arms have the 

reatest dimensions of around 750μm. 

Fig. 8 -a 1 to a6 (video-6a) show the growth of a single large

olumnar dendrite from t c0 + 230s to t c0 + 340s, extracted from sam- 

le C (figure2-c). Fig. 8 -b shows the overlapped images of the 

ame dendrite at different time points. The growth started from 

 faceted crystal tip ( Fig. 8 -a 1 ), which grew in horizontal y-
10 
irection until it reached the sample surface. It then extended in z- 

irection ( Fig. 8 -a 2 ), while secondary arms appeared in x-direction 

 Fig. 8 -a3). Additionally, gaps and internal holes (which are filled 

ith melt during solidification) occurred at the interfaces between 

eighbouring secondary arms ( Fig. 8 -c, red colour). Fig. 8 -d shows 

he instantaneous and average growth rates of the whole sample 

 ( Fig. 2 -c) and the selected asymmetric dendrite. The positions 

f the dendrite tips were first measured in all tomograms. The in- 

tantaneous growth rate is the difference of dendrite tip positions 

etween two consecutive tomograms divided by the time interval 

10 s). The average rate is the tip position of the dendrites divided 

y the total solidification time. The instantaneous tip growth rate 

f the whole sample is fluctuating in a periodical manner, whereas 

he average growth rate kept at around 7.7 ±0 . 3 μm/s, which is be-

ause a constant temperature gradient and cooling rate were ap- 

lied. The instantaneous growth rate of the selected dendrite is 

lso fluctuating. The average growth rate of the dendrite increased 

rom about 2.2 μm/s to a plateau of 7.2 μm/s within 100 s, indi- 

ating that there is a change of growth conditions locally as the 

endrite grew. The average tip growth rates of Al 2 Cu IMC from ex- 

eriment E and F are also quantified and shown in supplementary 

ote Fig. 6. 

The formation of a symmetric dendrite (I) and an asymmetric 

endrite (II) from sample B are shown in Fig. 9 -a (front view) and

-b (rear view). Dendrite I appeared before the dendrite II. The 

econdary arms of the dendrite I were branching in both direc- 

ions perpendicular to the primary arm, forming a symmetric den- 

rite. Tertiary arms can also be found at later stage of solidifica- 

ion. However, the secondary arms of the dendrite II branched only 

n one side, f orming an asymmetric dendrite. The formation of 

symmetric dendrites is common when two or multiple dendrites 

row together and compete for space and solute to grow. This has 

lso been observed in non-faceted dendrites [6] . What is also no- 
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Fig. 9. Selected pattern from Fig. 2 -b under solidification condition B (CR = 0.05 C/s,TG = -4 Cmm and B = 0T): (a1-b5) showing the growth of a symmetric and asymmetric 

faceted dendrites; (a1-a5) front view, (b1-b5) back view; Selected pattern from Figure 2-c under solidification condition C (CR = 0.05 Cs,TG = 7 C/mm and B = 0T): (c1-c5) 

showing the growth of a tertiary arm into a dendrite. 
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iceable is that it seems both dendrites were composed of many 

-shaped elongated basic units, which is clearly demonstrated in 

he rear view ( Fig. 9 -b and video 7-b).We also observed a tertiary

rm grew into a new primary dendrite ( Fig. 9 -c and video 7-c). As

hown in Fig. 9 -c 1 , a secondary branch formed first (marked by

he purple arrow). Then a tertiary arm formed on the top of the 

econdary branch ( Fig. 9 -c 2 and c3), growing upwards into a well-

eveloped asymmetric dendrite ( Fig. 9 -c 5 ). 

.2.3. Coalescence and coarsening 

The coalescing behaviours of nearby IMCs can be observed in 

ig. 10 -a (video 8-a).As highlighted by the red circle in Fig. 10 -a 1 ,

wo L-shape patterns were initially separated. As the solidification 

roceeded, the walls of the two crystals coarsened and coalesced 

o form a thicker single wall as shown in Fig. 10 -a 2 to 10 -a 6 , highly

ikely sharing a common crystallographic plane. 

Fig. 10 -a also shows that several IMCs transformed from faceted 

hapes to non-faceted rod-like structures, one of which was ex- 

racted and shown in Fig. 10 -b (video 8-b). Here, the transition 

s related to the processes of growth and coarsening or Ostwald 

ipening of Al 2 Cu at the later stage of solidification. A faceted L- 

haped pattern was first formed, similar to the one in Fig. 5 . How-

ver, the concave of the L-shaped pattern, as pointed by black ar- 

ows from Fig. 10 -b4 to 10 -b5, was further filled during the coars-

ning stage. The driving force of this process is to reduce the total 

urface free energy [50] . 
11 
.2.4. Growth mechanisms of Al 2 Cu 

According to Jackson’s model, if the Jackson roughing factor α
alue is higher than 2, the crystal would grow into a faceted struc- 

ure, while a non-faceted structure are expected if it is smaller 

han 2 [ 51 , 52 ]. Jackson roughing factor for Al 2 Cu is around 2.1,

ence faceted patterns are expected for Al 2 Cu. Governed by the 

nterface attachment kinetics, stepwise lateral growth, where the 

olid/liquid front advances by lateral motion of the growth steps 

as been proposed to be the growth mechanism of faceted IMCs 

uch as Al 3 Sc [19] and Cu 6 Sn 5 [17] at small undercooling. Rough 

nterfaces have been observed from the early growth stages of 

l 2 Cu, such as Fig. 5 a-1 to a-4 and in Fig. 6 (marked by purple

ectangles), which might be evidence of lateral steps. 

According to the classic theory of crystallization, the growth of 

rystal proceeds due to the attachment of atoms from the melt to 

he surface [53] . Recently, oriented particle attachment via nano- 

recursor attachment has been proposed as an alternative path- 

ay for crystallization [ 53 , 54 ]. The reduction of total energy is the

riving force for crystal growth via oriented particle attachment 

55] , which comes from the interatomic interactions in the attach- 

ng particles, as well as the surface energy of the attaching sur- 

aces [55] . Oriented particle attachment mechanism was proposed 

n ref [24] to describe the growth mechanism of Al 2 Cu. The bond- 

ng of Al 2 Cu includes Al-Al and Al-Cu covalent bonds [56] , which 

s different from the less directional metallic bonds in α-Al. Hence 

l 2 Cu intermetallic might grow via oriented particle attachment, 

ather than classic crystallization. Our work did not provide direct 
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Fig. 10. (a) Formation process of a selected; (b) faceted to non-faceted transition of Al2Cu intermetallic compounds cluster; from Figure 3-c under solidification condition F 

(CR = 0.05 C/s,TG = 7 C/mm and B = 0.5T). 
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vidence to support this hypothesis. This is because the resolu- 

ion of the tomography (3.24 μm 

3 voxel size) used does not al- 

ow us to observe the attachment of precursors which are usually 

n nano-size. Hence nano-scale imaging techniques such as in situ 

EM [ 57 , 58 ] would be a useful tool to be applied to confirm this

ypothesis. 

Various final morphologies of Al 2 Cu (L-shaped, E-shaped, 

nd rectangle) have already been observed in previous stud- 

es [ 26 , 46 , 59 ]. However, the relationship and transitions between

hese growth patterns have not been experimentally identified. 

ere, we have shown a clear transition from an L-shaped pattern 

o U-shaped, and finally to a hollow-rectangular pattern ( Fig. 6 -b 

nd 6 -c). This suggests that L-shapes and U-shapes might be inter- 

ediate stages for Al 2 Cu growth, whereas the hollow rectangular 

hapes are the final stage. The transition stages for the basic unit 

atterns of the Al 2 Cu phase is schematically shown in Fig. 11 -a. 

Two types of faceted dendrites were observed, namely prism- 

quiaxed and columnar plate shaped. As shown in Fig. 8 , the 

rowth of the faceted dendrites seems to be through a self- 

epeated stacking of L-shaped patterns layer-by-layer. The process 

s schematically shown in Fig. 11 -b. An elongated L shaped parti- 
12 
le formedpossibly along < 001 > direction first due to a horizontal 

emperature gradient, then new L shaped particles stacked on top 

f it.As the process repeated and more particles stacked layer-by- 

ayer, a columnar dendrite arm grew upwards. Figs. 8 and 9 show 

his process clearly, especially in Fig. 9 -b. The fact that the con- 

ave side of the ‘L’ always stacked on the convex side indicates 

hat the process is controlled by the crystallographic anisotropy 

f the Al 2 Cu crystal, which minimizes the formation energy and 

ccupies the least space. For the formation of the prism-equiaxed 

endrite ( Fig. 7 -b), an elongated rectangular-shape core ( Fig. 7 -b 1 )

ormed first. L-shaped patterns then attached on the four tips of 

he core layer-by-layer repeatedly, forming four secondary arms. 

he final shape of the equiaxed-prism structure is also controlled 

y space and solute contents available for growth. The classical 

rowth mechanism for dendrites formation states that a morpho- 

ogical instability of the planar solid-liquid interface [ 6 , 60 ], re- 

ulted into tip splitting, side-branch protrusions and parabolic tips, 

hich is usually applied to non-faceted dendrites [6] as well as 

ome faceted dendrites [19] . However, this mechanism is not suit- 

ble to explain the formation of the faceted dendritic structures of 

l Cu according to our experimental observation (e.g. no protru- 
2 
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Fig. 11. (a) The schematic diagram of the formation process of basic units; (b1-b2) Schematic diagram of self-repeating layer-by-layer growth mode of Al2Cu phase; (c1) an 

equiaxed-prism structure; (c2) an asymmetric faceted dendrite; (c3) a symmetric faceted dendrite; (c4) a faceted dendrite with a tertiary arm. 
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ions were observed during dendrite growth, the tip shape is not 

arabolic, and the growth direction of the dendrite tip is not the 

referred < 001 > direction). Self-repeated stacking of basic units 

hat leads to faceted dendrite formation could be widely applica- 

le for a range of faceted crystals, such as Cu 6 Sn 5 [17] , I-AlMnBe

18] and Al 3 Sc [19] . But more experimental work and simulation 

re needed to further validate and confirm this faceted dendrite 

ormation mechanism. 

. Conclusions 

In this study, the growth dynamics and mechanisms of the 

aceted Al 2 Cu intermetallic compounds were investigated using 

igh-speed synchrotron X-ray tomography during solidification of 

l-45wt%Cu alloy. This works offers a new perspective to under- 

tand intermetallic growth during solidification and open the win- 

ows for developing new approaches to control, and new models 

o predict, intermetallic compounds for a wide range of alloys. The 

ollowing key conclusions can be made. 

1. A variety of faceted patterns were found, which can beclassified 

into two distinctive categories: basic unit shapes and dendrites. 

2. The basic unit growth patterns of Al 2 Cu are elongated rod- 

like with an L-shaped, U-shaped, or hollow-rectangular cross- 

section. A transition process from L-shape to U-shape, and fi- 

nally to hollow-rectangular shape was observed. 

3. Faceted dendritic patterns of Al 2 Cu include equiaxed-prism and 

columnar dendrites (symmetric and asymmetric). The 4D visu- 

alization of the growth process of the faceted dendrites sug- 

gests that the growth mechanism of the Al 2 Cu faceted den- 

drites is self-repeated layer-by-layer stacking of faceted basic 

units (such as L-shaped or hollow rectangular patterns), which 

is different from the interface instability induced dendrite for- 

mation. 
13 
4. For upward directional solidification of Al-45wt%Cu, when ro- 

tating the solidifying sample in a transversal 0.5 T magnetic 

field, fine and regulated crystal arrays were obtained, much 

finer than that solidified without the magnetic field. This is 

attributed to a rotational stirring flow that regulated the heat 

flow and homogenized the solute distribution. The morphology 

of faceted Al 2 Cu was directly influenced by the thermal profile 

in the sample. The applied static magnetic field has an indi- 

rect impact via promoting fluid flows to change the tempera- 

ture gradients while the sample was rotating. 
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