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Abstract: A self-assembled Cu-Fe-Ni-Cr-Si immiscible comp®swith a bilayer structure was
produced by laser induction hybrid cladding (LIH&) a result of liquid phase separation (LPS). The
microstructure exhibited by large amounts of feragmetic (FM) FeSi particles dispersed within the
¢-Cu matrix in the upper layer, and mas¥Cu particles embedded within the FM;Sematrix in the
lower layer. The microhardness values of theSkenatrix lower layer (758HY,) ande-Cu matrix
upper layer (248HY,) were ~7.3 and ~2.4 times higher than that of pomper by LIHC, respectively,
indicating that the immiscible composite exhibitgdongly inhomogeneous characteristics consistent
with a "bilayer structure". Moreover, the immis@ldomposite showed a high saturation magnetization
of 96.2 emu/g and a low coercivity of 7.24 Oe daehe formation of FM F&i with micro- and
nanoscaled structures.

Keywords. Liquid phase separation (LPS); Magnetization; Mstructure; Bilayer; Immiscible
composite
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When supercooling of Cu-Fe immiscible alloys beyoadcertain temperature below the

metastable liquid miscible gap £J), they can separate into two melts: a Fe-rich r(ielf) and a

Cu-rich melt (L2). Subsequently, each melt not aperiences its own supercooling, but also follows

a solidification path that is considerably differémom that expected for the bulk composition [IL,18

particular, when the spherical particles are dsperin a metallic matrix, the immiscible alloys can

exhibit many unique properties and therefore ang yomising as self-assembled composites for

various industrial applications, such as electropeckaging solder, magnetoresistive materials,

advanced bearings in the automotive industry, aethliic phase change materials (PCM) in latent heat

storage systems [3-6].

However, there is a density difference betweerLthand L2 melts; therefore, a large segregation

takes place prior to solidification, which limithet potential applications of the Cu-Fe immiscible

alloys [7]. Therefore, numerous investigations hagen performed to examine the factors that affect

the solidification process, such as the chemicahmusition [8], the degree of supercooling [5], the

cooling rate [5], the velocities of the MarangomdaStokes motions [9], and the present alloying

elements [10]. The mechanism of liquid phase se¢jpardLPS) generally is related to the interfacial

tension, which can induce collisions and coagutatiBven under the microgravity conditions, the

Marangoni motion can still result in the collidirand coarsening of the minority phase droplets

(MPDs), implying that the rapid growth and coaleseeof MPDs are essentially unavoidable [11].

Compared to conventional solidification techniqu@sg., casting), the rapid solidification

technique has great potential in the manufactuoihgnmiscible alloys with a desired microstructure

due to its high cooling rate and dynamic supercgplehaviour, which has received considerable

attention. Specifically, when Wang et al. [12] reipd that an egg-type or core-shell microstructiane



be obtained in the immiscible Cu-Fe-Si alloy powtlgrgas atomization, an efficient solution was
opened for broadening the application of immiscilleys. For instance, Koziel et al. [13] produced
crystalline Cu-rich spherical precipitates dispdrsean amorphous Fe-rich matrix by melt spinnihg a
a cooling rate of ~TOK/s. Nagase et al. [14] found that the spherieaefcentered-cubic (fcc)-Cu
crystalline precipitates formed within an Fe-rian@phous matrix when the Fe-Cu-Zr-B immiscible
alloys were produced by melt-spinning. Ziewiec &t [A5] also found similar microstructural
characteristics and phase transformation behavioufe;CugP:10SisBs immiscible alloy that was
fabricated using melt-spinning. Zhang et al. [8baeported a core-shell (CS) structured Ti alia
isolated soft coarse-grained Ti cores and hard $6fl solution shells.

Recently, laser induction hybrid cladding has besed to produce Cu-Fe immiscible composites
[17-19]. It was found that the microstructure amdperties not only depend on the inoculant addition
of CNTs [17], and the alloying element additionAdf[10], but also depend on the substrate type and
laser scanning speed [18, 19]. Although most rebeas [1-14, 20] have focused on the solidification
dynamics and the mechanisms of LPS in immiscibleF€Wbulk alloys, no studies reported the soft
magnetic properties of an immiscible Cu-Fe compgosith a bilayer structure. In the present paper, a
high laser scanning speed was used to produceriahSEu-Fe-Ni-Cr-Si immiscible composite. The
emphasis of this study was to investigate the pbaparation characteristics, microhardness and soft
magnetic properties of a self-assembled Cu-Fe-NsiGmmiscible composite.

2. Experimental procedures

Low carbon steel with dimensions of 120 mm x 60 prh mm was used as the substrate. The

Cu-Fe-Ni-Cr-Si alloy powder was used as the clagidimaterial which was composed of 58.5 wt.%

pure copper powder, 31.5 wt.% Fe-12Ni-5Cr-0.6Si@0pwder, and 10 wt.% pure Si powder. The



average sizes of the Cu, Fe alloy and Si powders w8um, 45um and 35um, respectively. The

processing apparatus for laser induction hybrididitag has been previously described in detail [21].

The processing parameters were as follows: 5 k\& lpewer, 3500 mm/min laser scanning speed, 4

mm spot diameter, 50% overlapping rate, 103.6 g/puwder feeding rate, 53° angle between the

powder nozzle and the substrate [22], and 1173eKgated temperature of the substrate. A shield of A

gas was used to blow the cladding material into rif@dten pool and shield the molten pool. The

dimension a: f the produced cladding layer was 80 mm x 20 mmOxnim.

After LIHC, the metallurgical sample was prepared @&tched by a solution of 5 g FgCl5 ml

HCI and 100 ml HO. The microstructure was observed by a Quanta &®@onmental scanning

electron microscopy (ESEM) with energy-dispersipedroscopy (EDS). The phase constituents were

investigated by X-ray diffraction (XRD, CudKradiation at 40 kV/40 mA, scan rate: 0.02°/s). To

investigate the fine scale structures, the immisailomposite was peeled off the substrate andedudi

by transmission electron microscopy (TEM). TEM iraagwere taken using a JEOL-2100F TEM

operated at 200 kV. The chemical compositions wéudied by X-ray energy-dispersive spectrometry

(EDS) attached to the TEM. The microhardness ofrtimiscible composite was measured in a digital

Vickers hardness tester with a load of 1.96 N awlvell time of 30 s. The magnetic properties were

measured repeatedly by an MPMS XL vibrating sampégnetometer at room temperature with a

maximum applied field of 20,000 Oe.

3. Results and discussion

Fig. 1 shows the X-ray diffraction pattern of tineniiscible composite. The phase constituents are

composed ot-Cu, FgSi and (Fe, Ni). The-Cu and FgSi constituents exhibit a face-centered cubic

(fcc) structures, while the (Fe, Ni) has a hexagosteucture. According to references [23-25],



additional analyses can be conducted on the XRB iaFig. 1. For instance, the crystallite sizes of

¢-Cu (lattice parameter: 0.3615 nm), ;6k (lattice parameter: 0.5655 nm) and (Fe, Ni)tifat

parameter: a=0.2485 nm, ¢=0.403 nm) phases are33B0am, ~21.426 nm and ~15.265 nm,

respectively. The volume fractions ©Cu, FgSi and (Fe, Ni) phases are ~79.2%, ~17.3% and ~3.5%

respectively.

Fig. 2 shows the SEM images of the immiscible cositgolt is apparent that the bilayer structure

is composed of Cu-rich particles embedded withim Fe-rich matrix in the lower layer and Fe-rich

particles embedded within the Cu-rich matrix in thmper layer (Fig. 2a). According to the XRD (Fig.

1) and EDS (Table 1) results, the Cu-rich particéesl Cu-rich matrix have a similar chemical

composition so that they can be identified as €h#iCu that contains large amounts of Ni, Si and Fe.

Similarly, the Fe-rich particles and Fe-rich matgan be identified as the intermetallic compound

(IMC) FesSi containing large amounts of Cu. Moreover, thgSFenatrix (marked A in Fig. 2b)

presents the growth of columnar dendrites at tmeposite-substrate interface and many sphegi€al

particles (marked B in Fig. 2b) are dispersed @ittierdendrites. The elongatediFiedendrites with a

length of ~10um and a width of ~um are formed at the top of the Fe-rich layer, amgd amounts of

nanoscaled Cu-rich grains are precipitated insiisd F¢Si dendrites, as shown in Fig. 2c and d.

However, large amounts of ~1&n-diameter spherical E8i particles (marked D in Fig. 2e) are

embedded homogeneously into th€u matrix (marked C in Fig. 2e). Many white naraded Cu-rich

grains are also precipitated inside the largeySFparticles due to secondary liquid phase semarati

(SLPS). Those larger E®i particles are formed at the expense of smallidgteparticles via collision

and coarsening behaviours (Fig. 2f)

To investigate the fine structure of the immiscibdenposite, TEM images of the Fe-rich particles



and Cu-rich matrix in the upper layer were acquiatt the results are shown in Fig. 3. Obviouslg, t

Fe-rich particles present a core-shell structurth e diameter of ~500 nm. According to the EDS

analysis results (Table 2), the core structure ke in Fig. 3a) is rich in Fe and Ni, and congain

large amounts of Cu and Si, whereas the shelltstei¢marked F in Fig. 3a) is rich in Cu and camgai

large amounts of Ni. These results indicate thainterface with a thickness of ~50 nm (marked G in

Fig. 3a) is formed between the Fe-rich particled e Cu-rich matrix by a diffusion mechanism [26].

Based on the XRD (Fig. 1) and EDS (Table 2) restlis core-shell particles can be identified asSke

with a lattice constant of 0.5655 and az@¢pe structure (Fig. 3b) [27]. Furthermore, laggaounts of

dislocation loops are distributed in the fe€u matrix containing ~5 at.% Si. The formation asf

fcc-Cu structure was also reported in Fe-Cu-Si-thaseniscible alloys by Luo et al. [28] and Nagase

et al. [29], because the solubility of Si in fcc-Busignificantly large reaching 10 at.% in therthally

equilibrated Cu-Si alloys [30].

Fig. 4 shows a TEM image of nanostructured graiegipitated inside the E8i dendrite in the

lower layer. Based on the chemical composition [@&), the nanostructured grains (marked I) can be

¢-Cu containing a large amount of Fe and small arswfi Ni and Cr. The dendrite (marked H)

contains ~16 wt.% Si, large amounts of Fe and NMiclvis confirmed to be Fe-rich . This result

indicates that the nanograins ofCu are precipitated inside the Fe-richsFiedendrites due to

secondary liquid phase separation (SLPS). Moremane nanostructured particles are also observed

in thee-Cu matrix in the upper layer, and a typical TEMage is shown in Fig. 5a. It can be seen that

the nanostructured particles also exhibit a comdtsitructure. According to the composition mapping

results (Fig. 5b~f), the core region contains gdaamount of Ni and Fe, but small amounts of Si and

Cu. The shell region is rich in Fe, and small antswf Cu can diffuse into this region. Combinedhwit



the XRD analysis results (Fig. 1), the nanostrieduparticles can be (Fe, Ni) phase with a Ni-rich
core/Fe-rich shell structure.

The previous results [19, 21] have shown that thalicg rate is at a level of 4A0° K/s during
LIHC, which is still a rapid solidification processhis, in turn, can induce a dynamic supercoodihg
temperature larger than 150 K, which is much highan the temperatures from 80-100 K required for
Cu-Fe immiscible alloys containing 40-65 wt.% Cd][3As a result, the supercooled Cu-Fe-Ni-Cr-Si
alloy liquid will be thermodynamically unstable aodn enter into the miscible gap rapidly to semarat
into two melts: an Fe-rich melt (L1) and a Cu-riofelt (L2). Because L1 has relatively better
wettability with the Fe-rich substrate than does L2 will sink to the lower part of the molten pool
[18]. Generally, the radius of the critical nucleatand the formulation work of the critical cryista

nucleus can respectively be described as [2, 5]:

* __ 2y Tm
= LpAT @)
« _ lemy3 T3,
4675 3L2-AT2 @

where r* is the radius of the critical crystal nuclef§;” is the formulation work of the critical crystal

nucleus,y is surface energy per unit area of embryfsg, is the melting temperature of the mal,

is the supercooling of the melt, aig, is the latent heat of the liquid-solid phase tfamsation.

According to the Cu-Fe binary phase diagram [3#,1t1 melt always demonstrates a more developed

supercooling behaviour than does the L2 melt. Adicgr to the Eqgs. (1) and (2), L1 has a smaller

radius ¢*) and formulation workAG*) of the critical nucleation compared to that of iBplying that

L1 will solidify before L2. Therefore, L1 starts swlidify at the bottom of the molten pool. When L1

finishes its solidification, L2 grows on the suracof the solidified Fe-rich layer to form the Caghri

upper layer, leading to a bilayer structure (Figj. 2



In fact, the L1 and L2 will go through their ownligification paths which depend on the chemical
composition, the supercooling occurring prior téidsaucleation, the cooling rate and fluid flow exft
liquid phase separation (LPS) [2]. To minimize sheface energy, the L1 droplets begin to form @ th
upper L2 region of the molten pool. Similarly, th2 droplets form in the lower L1 region of the
molten pool. These droplets can move, collide amginge with each other within the liquid matrix due
to Marangoni motion and Stokes motion. Generalhg welocity of liquid droplets driven by
Marangoni motion is ~IOtimes faster than that driven by Stokes motion],[$Rggesting that the
Stokes effect can be ignored. For a simple quad@aanalysis, the velocity of the liquid droplets

induced by Marangoni motion is estimated as foll¢¥&:

Vm= 3(311?:2%) ‘ Z_; G )
where r; is the radius of the liquid dropleG is the temperature gradienj, andn,, are the
viscosities of the liquid droplet and the liquid tndg respectively, and th% is the interfacial energy.
Therefore, the spherical droplets can grow intolénger droplets by a diffusion-coupling mechanism
or a gradient induced coupling mechanism [33]. Tdrger droplets will be susceptible to move
towards the top of the molten pool due to a retdyivarger velocity induced by Marangoni motion
according to Eq. (3). As a result, some relativabger Cu-rich particles will form at the top regiof
the Fe-rich F¢Si lower layer and some relatively larger Fe-riggSt particles form at the top region of
the Cu-rich matrix upper layer after rapid solickfiion, as shown in Fig. 2b and f.

According to the XRD and TEM analysis results, thiermetallic compound (IMC) E8i is
formed both in the lower layer as the metallic imxaaind in the upper layer as spherical particldse T

Fe-Si phase diagram shows that the D03 typSiRghase is stable over a wide composition range (S

content of 11-25 at.%) at 873-973 K [34]. Moreoube standard Gibbs free energy calculation for a



Fe-rich silicide phase at 973 K indicates thatcétimimetric FgSi is the most stable composition and
can form preferentially compared to,Beand FeSi [35]. Generally, the crystal structof@ D03-type
large FgSi nanoparticle is derived based on the space dgroupm and the cubic unit-cell dimension
of 0.5655 nm. Thus, spheroidalB&nanoparticles in a Cu-richCu matrix are significantly different
from that of D03-type F&i randomly oriented nanocrystals in amorphous £5& 5 Cu;NbsB- ribbons
[36]. Dahal et al. [37] also found that the simitgoherical F¢Si nanoparticles can be produced by a
high-temperature reduction method. Therefore, Lthasmajor melt can form an £ matrix in the
lower layer (Fig. 2c and d), while L1 as the mimaglt can form spherical E®8i particles in the upper
layer (Fig. 2e and f). Generally, the solubility®@di in the FeSi phase is negligible [38]. When the heat
removal rate falls behind the rate at which latedt is released due to L2 solidification, the adeoy
liquid phase separation (SLPT) of the Fe-richStephase is induced during LIHC because the
temperature increase from the release of the dligatéon latent heat of L2 is sufficient to excetiak
Tsep As a result, the nanoscaled Cu-rich grains ageipitated inside the E8i phase (Figs. 2d, 2f and
4).

Fig. 6 shows the microhardness profile of the inwible composite. It can be seen that the
immiscible composite exhibits a sharp gradientriigtion of microhardness, which is in accordance
with the bilayer structure. Furthermore, the IMG$iematrix in the lower layer and tkeCu matrix in
the upper layer both present homogeneous microbasditharacteristics. However, the average
microhardness of the former (758hlY is three times higher than that of the latter8{2¥,,). The
formation of hard IMC F¢Si can improve the microhardness of the Fe-richelolayer. Many spherical
¢-Cu particles (marked B in Fig. 2b) dispersed ia ifterdendrites can further strengthen the Fe-rich

lower layer, due to dispersion strengthening. Meegothe microhardness of the Cu-rich upper lager i



approximately 2.4 times higher than that of purppss by LIHC (104HY,), mainly because large

amounts of hard IMC R8i particles are dispersed within the Cu-rich ugdpger, leading to dispersion

strengthening. Additionally, the Cu-rich upper lagentains a supersaturation of Fe and a significan

amount of Cr (Table 1), resulting in solid solutistiengthening. Especially, the rapid solidificatio

during LIHC can often induce compressive residti@sses. These stresses are increased by the high

supersaturation of IMC E8i particles and crystal distortion, leading to themation of dislocation

tangle (Fig. 3a). These dislocations in turn imgrdfie microhardness of the Cu-rich upper layer.

Therefore, the improved microhardness of the Ch-tipper layer is attributed to the combination

mechanisms of dispersion strengthening, solid swlgtrengthening and dislocation strengthening.

Fig. 7 shows the magnetic hysteresis loop of thmisnible composite at 300 K. The saturated

magnetization,M;, occurs at 96.2 emu/g when the magnetic fieldigdr than 10,000 Oe. Moreover,

the corresponding coercivelyH{) is only 7.24 Oe. In comparison, Wang et al. [3®pduced

CoCrCuFeNiTj high-entropy alloys by arc melting and found thagit M, was lower than 2 emu/g.

Zhang et al. [40] investigated the magnetic prapsrof a 6FeNiCoSICrAITi high-entropy alloy

coating produced by laser cladding and found thatM; and H; were 20.04 emu/g and 53.39 Oe,

respectively. Generally, the ferromagnetic (FM}$tephase has an fcc DO3 structure, which can be

considered as a Heusler alloy because it has tatoncki crystallographic and magnetic Fe sites (Fig.

3c). Moreover, certain Heusler alloys are predidtethe 100% spin polarized at the Fermi level (i.e.

they exhibit half-metallic behaviour) [35]. Theredo the phase separation, which results in FNBFe

particles embedded in the Cu-rich matrix at theemppyer and Cu-rich particles dispersed in the FM

Fe;Si matrix in the lower layer, and the formation axi FM F@Si phase with a proper micro- or

nanoscaled structure can help to achieve higharatatl magnetizatios) and lower coercivityH.),
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as shown in the inset of Fig. 7, compared to tlfersagnetic properties of high-entropy alloys wéth

soft ferrite phase.

4, Conclusions

A self-assembled Cu-Fe-Ni-Cr-Si immiscible comp®di produced by laser induction hybrid

cladding as a result of liquid phase separatiom Bitayer structure is composed of many Cu-te¢du

particles dispersed within the Fe-rich;&ematrix in the lower layer, and large amountsFefSi

particles embedded within the Cu-rictCu matrix in the upper layer. Some nanoscaled \Hephases

with a Ni-rich core/Fe-rich shell structure alsoegipitate in the Cu-rich upper layer. The

microhardness of the E®i lower layer (758HY,) is three times higher than that of #€u matrix

upper layer (248HY,), indicating a sharply changing distribution catent with a bilayer structure.

The improved microhardness of the immiscible coripois attributed to the combination of solid

solution strengthening, dispersion strengthening alislocation strengthening. Furthermore, the

immiscible composite exhibits a high saturation negation (96.2 emu/g) and a low coercivity (7.24

Oe) due to the formation of ferromagnetig$ienith a micro- and nanoscaled structure.
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Tables
Table 1 Chemical composition of microstructure in the Cu-Fe-Ni-Cr-Si immiscible composite (Fig. 2).

Zone Chemical composition (at.%)
Si Fe Cr Ni Cu
A 18.55 64.29 4.57 6.35 6.24
B 391 10.29 2.32 4.76 78.82
C 4.66 8.98 3.45 2.05 80.86
D 20.44 58.99 5.60 5.62 9.35




Table 2 Chemical composition of core-shell particles and matrix in the Cu-rich layer (Fig. 3).

Zone Chemical composition (wt.%)
Si Fe Cr Ni Cu
E 12.39 44.55 4.30 26.22 12.54
F 4.55 2.64 0.32 10.54 81.94
G 2.08 2.31 0.37 2.05 93.20




Table 3 Chemical composition of nanostructured grain precipitated inside the dendritesin the

lower layer (Fig. 4).

Zone Chemical composition (wt.%)
Si Fe Cr Ni Cu
H 15.97 48.16 5.93 21.38 8.56
I 3.87 12.71 1.56 5.64 76.23
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Fig. 1 X-ray diffraction (XRD) pattern of Cu-Fe-Ni-Cr-Si immiscible composite.
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Fig. 2 (a) Interfacial morphology of the Cu-rich layer and FesSi layer, (b) microstructure of the
FesSi layer at the composite-substrate interface, (¢) microstructure in the upper of FesSi layer, (d)
nano-scaled Cu-rich grains precipitated in the Fe;Si layer, (€) microstructure of the Cu-rich layer,
(f) microstructure of the Fe;Si particles with nano Cu-rich grainsin the Cu-rich layer.
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Fig. 3 (a) TEM image of core-shell Fe-rich particles in the Cu-rich matrix, (b) structure of the D03 unit
cell of Fe;Si (Two of the fcc sublattices are occupied by Fe, atoms, and the other sublattices are
occupied by Feg and Si, respectively. The A and C sites are equivalent and are occupied by Fe. The B
sites are also occupied by Fe, whereas the D sites are occupied by Si [27].



Fig. 4 TEM image of nano-scaled Cu-rich grains precipitated inside the Fe;Si dendrite in the lower
layer.
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Fig. 5 (a) TEM image and (b)~(f) composition mapping of nano-scaled particles precipitated in the
Cu-rich matrix in the upper layer.
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Fig. 6 Microhardness characteristic of the immiscible composite.
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Highlights
1. Composite consists of Cu, embedded in Fe;Si matrix and Fe, dispersed in e-Cu matrix.
2. Immiscible composite exhibits a "bilayer microhardness”.
3. Immiscible composite has high saturated magnetization (96.2 emu/g).

4. Immiscible composite exhibits a low coercivity (7.24 Oe).



