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a b s t r a c t

The widespread interest in intermetallic compounds has driven the development of their

structures and properties, as well as their applications as alternative structural and

potentially functional materials. As more and more intermetallic compounds with

complex compositions enter the application market, their performance improvement

and sustainable recycling face many challenges, where the influence of impurities plays

a crucial role. Here, we proposed the direct purification of intermetallic compounds by

fractional crystallization and verified for the first time the feasibility and effectiveness of

zone melting for the purification of intermetallic Al2Cu. After ten passes of zone melting,

results showed no separation of Al and Cu, the major components of Al2Cu. Further

analyses demonstrated the homogeneity and remelting stability of Al2Cu before and after

zone melting. In addition, the total impurity concentrations at the front and the end of

cast Al2Cu bars decreased with increasing number of passes, respectively. After ten

passes of zone melting, Al2Cu bar with an initial purity of 3N exhibited higher refining

efficiency than those with an initial purity of 4N. Among all impurities, the distribution

coefficients of Fe, Si, Zn, and Ti were obviously less than unity (k < 1). Whereas the

impurities Ca, Mg and Mn showed behaviors of distribution coefficients less than and/or

close to unity.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Differentmetallic elements exhibit different properties, due to

the metallic bonding between the atoms or molecules of each

metal. When different metallic elements combine with each

other, these bondings become more complex, the crystal

structures and therefore the properties differ significantly

from the base element constituents. One of these combination

examples are intermetallic compounds, the compositions of

two or more metallic elements in a certain stoichiometry,
e (S. Friedrich).
s work.
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which exhibit mixed characters, partially metal, partially co-

valent, and partially ionic [1]. This makes it difficult for the

chemical valence theory, which provides a systematization of

the molecular formulas of most organic and inorganic com-

pounds based on the concept of molecular bonding, to be used

to explain the intermetallic family [2]. Although yet to be un-

derstood, the diverse properties arising from such special

bonding relationships have attracted considerable attention

to the intermetallic compounds. Currently they are broadly

classified as either stoichiometric or non-stoichiometric

intermetallic compounds [3].
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Unlike conventional metals and alloys, some interme-

tallic compounds maintain an ordered lattice even at the

melting point, which is the main reason for their strong

stability at high temperatures [4]. They have long been

attracting particular attention as they are expected to be

potential alternatives to some superalloys aimed at auto-

motive, aerospace and land-based implementations [5]. In

addition to applications in high temperature structural

materials (e.g. TiAl, Ni3Al and FeAl) [5e7], intermetallic

compounds also contain potential for functional materials

in the field of thermal spray coatings (e.g. NiAl and NiTi) [4],

magnetism (e.g. NdGa and TmZn) [8], semiconductors (e.g.

Be5Pt) [9], hydrogen storage (e.g. LaNi4.8Sn0.2 and ZrNi) [10],

catalysts (e.g. Al13Fe4 and GaPd) [11], batteries (e.g. GaSb)

[12], etc. It should be noted that as more and more inter-

metallic compounds enter the application market, there will

be many challenges in improving their performance or

recycling waste compounds in the future. Whether it is the

improvement of resistance to creep, fatigue, wear and

oxidation at different temperatures, or the specific research

in interdisciplinary areas such as nanoscience and infor-

mation technology involved in new functional materials, a

problem that cannot be ignored is the influence of trace

elements on intermetallic properties [13e15]. High-purity

NiAl [16] and TiAl [17] for instance, have shown advan-

tages in terms of mechanical properties compared to those

with commercial purity. However, little has been reported

on the purification of intermetallic compounds. The main

reason for this is that the current understanding of the

crystal structures and properties of the intermetallic family

is not so systematic that all initial syntheses in their

investigation consciously use high- and even ultra-purity

raw materials. Thereby avoiding the problem of impurity

influence from the source.

In contrast to common alloys, the close proportions of

parent metal composition in many intermetallic com-

pounds make their separation extremely difficult. This

means that the classic pyrometallurgical recycling route of

separating waste intermetallic products into individual

metals and then synthesising them into useable interme-

tallic compounds is not feasible. A few hydrometallurgical

investigations indicate the possibility to dissociate the

intermetallic compounds [18,19]; however, using additives

and chemicals for such processes lead to formation of waste

and residues, for which no recovery methods are available.

In order to provide a zero-waste process, the development
Fig. 1 e Zone me
of a non-chemical way is preferred. There is though

currently no suitable program for the systematic recycling

of intermetallic products. On the other hand, fractional

crystallization [20,21], which is normally used for purifying

the metals at the very last step of the recycling route, could

be an inspiration for this goal to be introduced in this study.

This technique is expected to significantly shorten the steps

of separation, purification and re-synthesis of the com-

pounds in the recovery process, produces no waste water,

gas, uses no chemical additives, and can contribute a step to

green processes. In addition, these shortened procedures

benefit the process of further refining of high-purity inter-

metallic compounds into composite materials.

In this paper, we demonstrate the feasibility of direct pu-

rification of intermetallic compounds based on the principle

of fractional crystallization. Al2Cu is the focus of this study

because it is one of the AleCu IMCs that have significant effect

on the properties among the extensively studied Al-based

materials [22e24]. On the other hand, it is used as a repre-

sentative of low melting point IMCs to verify the feasibility of

the fractional crystallization technique. The addition of

knowledge to the incomplete understanding of Al2Cu is of

great importance in the field of aluminum-based materials,

and the application of fractional crystallization to other

intermetallic compounds. A green, automatic and short pro-

cess to purify this intermetallic Al2Cu via zone melting, a

fractional crystallization-based technique, enables the sepa-

ration of impurities without changing the composition of the

main intermetallic phase. Furthermore, the migration

behavior of the metallic impurities Ca, Fe, Mg, Mn, Si, Ti and

Zn is analyzed by detecting changes in concentration. The

confirmation of the feasibility of the direct purification of

Al2Cu reflects the same prospect for a wide range of inter-

metallic compounds, and so provides a basis for the future

sustainable development of intermetallic and metal

resources.
2. Methods

2.1. Purification theory

As one of the fractional crystallization-based methods

[25,26], zone melting can be applied to any crystalline sub-

stance that can be safety melted and exhibits a difference in

impurity concentration between liquid and freezing solid,
lting setup.
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whose ratio, defined as distribution coefficient (k), is a key

indicator. The greater the deviation from unity in k for an

element, the more that impurity tends to separate from the

main substrate. Fig. 1 shows the single-heater zone melting

setup, which creates a molten zone in one direction through

the charge. The impurities become concentrated in one or

the other end of the charge with multiple passes of the

molten zone, depending on their k-values, thereby purifying

the remainder.

It is worth to note that some IMCs have been studied by

zone melting technique [27,28]. For instance, the concentra-

tion distribution of some selected elements in CdTe has been

reflected after one zonemelting in a resistance heated vertical

apparatus [29]. And the impurity concentration in GaAs has

been reduced to a level that meets the requirements of room

temperature gamma-ray energy spectroscopy through zone

refining and zone levelling [30]. The terms zone refining and

zone leveling are used to designate zonemeltingmethods that

have a purification purpose and prevent segregation. In this

study acting on Al2Cu, zone melting is used to denote

uniformly.

2.2. Intermetallic compounds in the AleCu phase
diagram

Fig. 2 shows the aluminium-copper binary phase diagram

drawn by FactSage 8.0 software. For the q-phase target
Fig. 2 e AleCu ph
intermetallic compound of this study, Al2Cu, the theoretical

mass composition can be calculated as 54.08 wt.% Cu and

45.92 wt.% Al according to its atomic ratio. It can be seen

that as the temperature decreases, Al2Cu occupies an

increasingly narrow position in the phase diagram,

remaining almost near the 54.08 wt.% Cu position. This

means that the composition needs to be very precisely

controlled and well mixed during the synthesis of Al2Cu,

otherwise the segregation of other phases, i.e. either Al or

AlCu, can occur during solidification. Also, the slight excess

of the alloying elements it can lead to the formation of

another phases, even sometimes another intermetallics

such as, 70.20 wt.% Cu and 29.80 wt.% Al (h-AlCu). Beside the

previously mentioned mechanical properties, such as less

brittleness, the biggest motivation to select the q-phase, was

the direct phase transformation from liquid to solid, in

contrast to other phases, which makes the remelting/so-

lidification during zone melting process feasible.

2.3. Experimental procedure

The starting materials for zone melting, Al2Cu intermetallic

compound, was produced by mixed melting of aluminum

(3N8 and 4N8 purity levels) and copper (3N purity level) in an

induction furnace (max. 40 kW and 4 kHz) at 1200 �C and

atmospheric pressure (see Fig. 3 a). Two Al2Cu bars of

different purity were casted in a water-cooled iron crucible
ase diagram.

https://doi.org/10.1016/j.jmrt.2023.07.199
https://doi.org/10.1016/j.jmrt.2023.07.199


Fig. 3 e Processes of casting and zone melting: (a) melting synthesis in a graphite crucible; (b, c) casting in a water-cooled

iron crucible; (d) schematic of the sample position along the bar after casting; (e) zone melting setup; (f) schematic of the

sample position along the bar after zone melting.
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(inner size L 60 cm, Ø 3 cm) (see Fig. 3 b,c). The product with

a mixture of 4N8 purity Al and Cu was set as bar No.1, and

lower purity mixture of Al and Cu was set as bar No. 2. The

bars of two purity levels were then sequentially placed in a

horizontal graphite crucible (inner size L 60 cm, W 3.5 cm, H

3 cm) for 10-passes zone melting (see Fig. 3 e). An external

quartz tube (L 200 m, Ø 17 cm) provided a low-pressure

environment with argon protective gas (see Fig. 1). The

specific experimental parameters are shown in Table 1. For

each bar, block samples (blue sectors in the schematic) were
Table 1e Experimental parameters of barsNo. 1 andNo. 2
in zone melting process.

Parameter Bars #1 and #2

Front Mid End

Voltage (V) 240 247.5 240

Coil movement velocity (mm/min) 0.5

Zone length (cm) 13e15

Number of pass 10
taken from the front, mid and end, after casting as well as

after 1st, 3rd and 10th passes of zone melting, respectively

(see Fig. 3 d,f). Additional samples (black stripes in the

schematic) extracted in five positions along the bar, were

made into powder form. Finally, the proportion of

aluminum and copper as the main elements in the inter-

metallic compound was analyzed through XRF. The crys-

talline phase composition in the intermetallic compound

was determined by XRD. The microstructure and surface

composition of the specimens were characterized by SEM

and EDX. The chemical analysis to detect the concentration

of impurities in intermetallic compounds was then con-

ducted via ICP-OES analytical method.
3. Results and discussion

Fig. 4 shows XRF analysis results of the two investigated

bars. It can be seen that there is no significant change on the

weight percentage of host metals Al and Cu in intermetallic

bars #1 (Fig. 4 a,b) and #2 (Fig. 4 c,d) after one, three and ten

passes of the zone melting. The biggest relative deviations

https://doi.org/10.1016/j.jmrt.2023.07.199
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Fig. 4 e XRF analysis results for the bars after casting and after 1st, 3rd and 10th pass of zone melting: (a) Al weight

percentage in the intermetallic bar #1; (b) Cu weight percentage in the intermetallic bar #1; (c) Al weight percentage in the

intermetallic bar #2; (d) Cu weight percentage in the intermetallic bar #2.
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for elemental aluminum and copper in the two bars, which

are to be calculated as (measured value - average value)/

average value, are 3.00% and 3.36%, respectively. X-ray

diffraction (XRD) was further used to determine the phase of

the casted ingots, whose patterns are illustrated in Fig. 5. In

comparison to the reference patterns from the ICDD-PDF

database, the major phases corresponding to the strong

peaks (solid prism markers), as well as the minor phases of

the weak peaks (hollow triangle marks) could be revealed.

The XRD results of two bars are identical, containing both

the major compound Al2Cu and the trace of the only minor

compound AlCu. One difference is the bigger AlCu content

at the front of the bar # 2. In conjunction with the XRF re-

sults, it can be shown that the intermetallic phase Al2Cu is

stable and almost homogeneous before and after zone

melting. The independence of the ingot material from

compositional changes after remelting is a prerequisite for

the subsequent analysis of the behavior of other impurity

elements in the target intermetallic compound.
According to the theory of fractional crystallization,

different elements have different solubilities in liquid- or

solid phase due to their physical properties. However, the

previous XRF and XRD results prove the remelting stability

of Al2Cu, which may be due to the fact that there are almost

no other phases between its solid and liquid states (see

Fig. 2). To verify this assumption, another intermetallic

compound in the AleCu phase diagram, AlCu, was prepared

in the same way. As shown in Fig. 6 a and b, the biggest

relative deviations for elemental aluminum and copper in

AlCu are 21.72% and 7.83%, respectively. XRF analysis in-

dicates that the contents of Al and Cu, the major elements

in AlCu, change significantly before and after zone melting.

This means that not all intermetallics are remelt-stable,

which is a basic requirement for purification using frac-

tional crystallization principles. It is noteworthy that AlCu

trace phase contained in the prepared Al2Cu phase has no

impact on the main components of Al2Cu. In addition to the

very low content and the higher theoretical melting point of

https://doi.org/10.1016/j.jmrt.2023.07.199
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Fig. 5 e XRD patterns of the front, mid and end positions of the target ingot after casting and 10th zonemelting: (a) bar #1, (b)

bar #2.
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AlCu phase, another reason may be the inhibited behavior

of being encapsulated in the Al2Cu phase, which requires

further investigation of the microscopic characteristics.

Fig. 7 shows scanning electron micrographs (SEM) of the

microstructure of the ingot surface after zone melting. It can

be seen that the surfaces after simple mechanical polishing

(Fig. 7 a-d) have a similar morphology, with no grains or

boundaries visible. The surfaces consist of large gray areas

and scattered small white areas. As shown in Fig. 7 e and f,

energy-dispersive X-ray spectroscopy (EDX) gives the
average content of the gray regions and white patches as

44.23 wt.% Al þ 55.77 wt.% Cu and 28.58 wt.% Al þ 71.42 wt.%

Cu, respectively. This has an error of only 1.7e4.0%

compared to the theoretical data (Al2Cu: 45.92 wt.%

Al þ 54.08 wt.% Cu; AlCu: 29.80 wt.% Al þ 70.20 wt.% Cu).

Combining the semi-quantitative property of the EDX sys-

tem, it can be confirmed that the gray regions are in-

termetallics Al2Cu, while white regions are AlCu. The SEM/

EDX and XRD results consistently show that the bar is

composed mainly of Al2Cu and traces of AlCu. It should be

https://doi.org/10.1016/j.jmrt.2023.07.199
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Fig. 6 e XRF analysis results: (a) Al weight percentage in AlCu bar after casting, 1st and 5th zone melting; (b) Cu weight

percentage in AlCu bar after casting, 1st and 5th zone melting.
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mentioned here that despite the composition demonstra-

tion of the target bar, the form in which the trace AlCu was

present and the reason why it did not affect the stability of

Al2Cu is not clear. This may require a systematic study of

the crystal structure and grain boundary behavior of inter-

metallic compounds, etc., which was not part of the moti-

vation in this paper. By observing the microscopic

topography and polishing steps, it can be observed that

elemental-oxygen-containing black spots exist on the sur-

face of the bar rather than on the cross section. This is

because the target bar was remelted and sampled after each

zone melting pass, and these procedures inevitably came

into contact with oxygen in the air.

Fig. 8 shows the results of inductively coupled plasma

optical emission spectroscopy (ICP-OES) for the two inter-

metallic bars with different initial purities. The impurities Ti

and Mn in the bar #1 with higher initial purity are below the

detection limit. Thus, data are obtained for five impurities

Ca, Fe, Mg, Si and Zn in bar #1 (Fig. 8 a1-e1) and seven im-

purities Ca, Fe, Mg, Si, Zn, Ti and Mn in bar #2 (Fig. 8 a2-g2).

It can be seen that the impurities Fe, Si, Zn and Ti in bar #2

reflect a clear trend towards separation after zone melting.

The concentration of these four impurities decreases at the

front and increases at the end. At the front, Fe, Si, Zn and Ti

reach 46.0%, 15.0%, 12.2% and 16.7%, respectively, of their

initial concentrations after ten passes. As the number of

pass increases, the impurities accumulate toward the end.

This tendency coincides with the concentration distribu-

tions of impurities bismuth and copper after zone melting of

tin [31] and impurities lead and arsenic after zone melting of

antimony [32]. The redistribution of impurities is quite

similar to Spim's numerical model [31] for predicting multi-

pass zone refining, implying that the distribution co-

efficients of such impurities in the Al2Cu system are less

than unity (k˂1). The other three impurities Ca, Mg and Mn

in bar #2 exhibit a behavior with the distribution coefficient
close to unity. Considering that the concentration of impu-

rity Mn varies below 15 ppm, the reason for its mass loss

could be evaporation [33,34]. Although the migration trend

of impurities in bar #1 is not as remarkable as in bar #2, it is

still possible to see the tendency of Ca, Mg, Si, and Zn

decreasing at the front of the bar and increasing at the end

after zone melting. The anomaly of impurity Fe (Fig. 8 b1)

may be due to its low content, but its performance in bar #2

(Fig. 8 b2) has proved its distribution coefficient.

Fig. 9 shows the concentration distribution of all im-

purities in two bars after casting and zone melting. The

total impurity concentration in both bars tend to decrease

at the front and increase at the end, which is more clearly

illustrated in bar #2 (after 3 and 10 passes). The reduction

of impurities at the front of bar #1 is 42.6% and the increase

at the end is 50.6%. These values of variation are 63.8% and

69.0% in bar #2, respectively. This means that bar with

lower initial purity has a higher purification efficiency.

However, impurities with lower initial concentrations

generally show a higher removal potential (in terms of

reduction percentage) for a higher number of passes. The

results of purifying high-purity aluminum via zone melting

indicated that Al with an initial purity of 4N had a much

higher refining efficiency (96%) than the feedstock with

purity of 2N8 and 1N7 (reduction percentage <50%) after 5

passes [35]. The difference of purification potential in

Al2Cu between 3N and 4N initial purity is not as pro-

nounced as the difference between 2N8 and 4N initial pu-

rity Al. In accordance with previous experience, zone

melting process seems to have higher refining efficiency on

the pre-purified material. As to the applicability of this

experience to the study of the purification efficiency of

intermetallic compounds with different initial purities,

lower pure raw materials may need to be tried.

The outcome of XRF, XRD and SEM/EDX analyses strongly

demonstrate the stability of the intermetallic compound

https://doi.org/10.1016/j.jmrt.2023.07.199
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Fig. 7 e SEM images of the bottom surface microstructure of the sample after zone melting: (aed) simple mechanically

polished surfaces; (eef) EDX point scan and surface scan (pink frames) analysis results.

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 3 ; 2 6 : 9 7 3e9 8 3980
Al2Cu as a start material for zone melting and the fact the

major elements do not become apart due to fractional crys-

tallization, as an impurity in a metallic substrate would do.

Parallel, the characterization results of ICP-OES confirm the

feasibility and the effectiveness of Al2Cu purification via

zone melting. It is worth mentioning that the distribution
coefficients of impurities in Al2Cu are not correlated with

those in pure Al [20] and/or pure Cu [36], which again reflects

the uniqueness of intermetallic compounds from their

parent metals. From the theoretical point of view, all frac-

tional crystallization-based methods can be applied for the

purification of stable intermetallic compounds such as

https://doi.org/10.1016/j.jmrt.2023.07.199
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Fig. 8 e ICP-OES results of different impurities in two intermetallic bars after casting and after 1st, 3rd and 10th pass of zone

melting: (a1-e1) the concentration of Ca, Fe, Mg, Si and Zn in bar #1; (a2-g2) the concentration of Ca, Fe, Mg, Si, Zn, Ti and Mn

in bar #2.

Fig. 9 e Concentration distribution of all impurities along the horizontal position of the target ingot after casting and after

1st, 3rd and 10th pass of zone melting: (a) bar #1, (b) bar #2.
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Al2Cu. AlCu in this study exhibits as a good counter-example

for nonstable intermetallics. However, the purification effi-

ciency of the target intermetallic compound Al2Cu, is unre-

markable compared to the great one of 4NeAl via zone

refining [35].
4. Conclusions and outlook

In summary, we have proposed the concept of direct

purification of intermetallic compounds by fractional

https://doi.org/10.1016/j.jmrt.2023.07.199
https://doi.org/10.1016/j.jmrt.2023.07.199


j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 3 ; 2 6 : 9 7 3e9 8 3982
crystallization, and verified the feasibility and effectiveness of

Al2Cu purification via zone melting for the first time. The in-

fluence of different impurities in Al2Cu systemwith two initial

purity levels by zone melting was analyzed. The main con-

clusions of the present study are as follows.

(1) The content of constituent elements Al and Cu in

intermetallic compound AlCu changed obviously after

zone melting, whereas Al and Cu in intermetallic

compound Al2Cu were not separated from each other

under the same way. The consistency of the peaks in

the XRD patterns confirmed the homogeneity and

remelting stability of Al2Cu after casting and zone

melting. Further EDX results showed that intermetallic

bars maintained their phases after zone melting and

that the composition consisted of predominant Al2Cu

and traces of AlCu. The macroscopic color changes at

some locations on the surface of the bar was caused by

oxidation in contact with air during the sampling and

remelting.

(2) Impurities Fe, Si, Zn and Ti in Al2Cu decreased at the

front and accumulated at the end of the bar with

molten zone after zone melting, indicating the sepa-

ration properties of these impurities with a distribu-

tion coefficient k<<1. Whereas the behavior of the

impurities Ca, Mg and Mn was very similar to those

with distribution coefficients k � 1. The impurity in

Al2Cu system had no obvious correlation with the

distribution coefficient of the impurity in the individ-

ual systems of Al and/or Cu.

(3) The analysis of the variation in the content of total

impurities showed that the initial purity of 3N had a

higher purification efficiency than the initial purity of

4N for Al2Cu after ten passes of zone melting.

Further investigations will be carried out in terms of

parameter optimization, and the introduction of other frac-

tional crystallization techniques, for example the coil move-

ment velocity and power. The exploration of intermetallic

compound-metal (IMC-M) systems can provide the basis for

directions such as separation and purification, recycling, and

improving the sustainability and serviceability of resource

use.
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