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Elemental redistribution is able to achieve through thermal diffusion and formation of intermetallic phases in amorphous 

Ti30Cu70 ribbons in liquid Sn at 590 ℃. Cu elements are replaced partially by Sn elements gradually with the extension of 

treatment time, and most of Cu elements can be replaced by Sn at 60 s. Preformed Ti2Cu intermetallic phases in amorphous 

Ti30Cu70 ribbons still remain as preformed due to their higher thermal stability than Sn-containing intermetallics. Both 

Ti6Sn5 and Ti2Sn3 intermetallic phases are preferred to form after thermal diffusion for 60 s. The repartitioning rate of Sn 

elements is confirmed to be 5.61 × 10-8 m s-1 according to the change of the thickness of residual layers with high Cu 

concentration. The present methodology provides a possible alloying way to fabricate the precursors with multilayers 

where different intermetallic phases are distributed. 
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1. INTRODUCTION 

Sn with a low melting temperature of 232 ℃ [1], is 

widely used in low-temperature soldering processes. The 

smelting Sn pool can be used to build up a liquid-solid 

reaction environment for fast elemental diffusion. The 

diffusion coefficient of Cu in molten Sn is several orders of 

magnitude greater than that in solid Sn, and more favorable 

formations for variohe us intermetallic compounds are 

ascribed to the solid-liquid diffusion [2]. The localized 

diffusion of Sn into Cu foams can drive the formation of 

various intermetallic phases (IMCs) with different 

morphology, including Cu6Sn5 IMC with a melting point of 

227 ℃ and porous Cu3Sn IMC with melting point of 415 ℃ 

[3 – 5]. These physicochemical reactions are sensitive to the 

temperature and related to the thermal stability of the newly 

formed intermetallic phases. Above-mentioned works give 

us a hint that the proper reaction time and temperature are 

able to trigger the thermal diffusion of Sn into other metallic 

matrix and make accurate tailoring of the intermetallic 

distribution, both thickness and chemical composition of the 

intermetallic layers [6, 7]. 

Amorphous alloys are composed of uniformly 

distributed alloying elements and are absent of grain 

boundaries and intermetallic phases [8]. Uniformity in 

chemical composition and microstructure is good for the 

uniform invasion of highly active elements via thermal 

diffusion. As reported before, binary Ti-Cu amorphous 

alloys have been fabricated by the using melt spinning 

method and the amorphous ribbons are formed after rapid 

quenching solidification [9]. However, partially crystallized 

Ti30Cu70 ribbons are reported to consist of amorphous 

matrix and Ti2Cu3 IMC. In our previous work, thermal 

diffusion has been employed to fabricate layered distributed 

AlCu IMCs with a gradient chemical composition in Al/Cu 
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stacking foils [10]. Different Al2Cu and Cu3Al IMCs form 

at different regions with a layered structure through the 

interdiffusion and IMC formation [10]. The relativly slower 

solid-solid interdiffusion in the solid states restricts the fast 

movements of the diffusion tips and the formation of the 

IMCs. Replacement of the alloying elements can take place 

when the interdiffusion process proceeds fast enough, as 

previously reported [3, 9, 10]. 

Thermal diffusion between liquid Sn and solid Cu 

foams and layered IMC formation provide us a new strategy 

to motivate the redistribution of alloying elements. Fast 

thermal diffusion of alloying elements in liquid Sn at higher 

temperatures can replace alloying elements by diffused Sn 

atoms and form the new IMCs. The directional and 

concentration gradient governed diffusion helps to form 

multipayer microstructure, which causes heterogeneity in 

the chemical composition and structure simultaneously. 

Ti30Cu70 alloy with minor Ti2Cu IMC is selected to 

investigate repartitioning behavior of Cu and Ti and the 

effect of thermal stability of IMCs on the microstructural 

evolution. The present research aims to establish a 

methodology for designing and fabricating of expected 

alloys or precursors with controllable layered 

microstructure and predictable chemical composition based 

on the elemental redistribution during thermal alloying in 

liquid metals. 

2. EXPERIMENTAL PROCEDURE 

Binary Ti-Cu alloys with nominal compositions of 

70 at.% Cu were prepared by arc melting of the mixture of 

pure Ti (99.99 wt.%) and pure Cu (99.9 wt.%) in an Ar 

atmosphere. The melt spinning method, detailed previously 

[11], was used to prepare Ti30Cu70 amorphous ribbons with 



a thickness of 40.3 m and 2 mm in width. The 

experimental procedures are shown in Fig. 1. 

 

Fig. 1. Schematics of experimental process including thermal 

diffusion and chemical etching for exposure the newly-

formed intermetallic phases in Ti30Cu70 amorphous ribbons 

In Step I, as-spun ribbons were inserted into Sn smelts 

(99.99 wt.%) in the temperature controlled tin furnace. 

Thermal diffusion was conducted at 590 ℃ for 5, 30 and 

60 s. In order to charaterize the morphology of newly 

formed intermetallics, chemical ething was conducted in 

1 M HNO3 solution for 18 h in Step II. The diffusion 

kinetics of Sn elements and Cu repartitioning are reflected 

by the invasion depth of Sn and the thickness of the residual 

TiCu layer via the cross-sectional SEM observation (SEM, 

ZEISS, Sigma 300) equipped with an energy dispersive X-

ray spectroscope. The phase composition of as-spun and 

ecthed samples was characterized by an X-ray 

diffractometer (XRD, Rigaku, Geigerflex) with a radiation 

source of Cu Kα (λ = 0.154 nm). 

3. RESULTS AND DISCUSSION 

3.1. Initial microstructural characteristics of as-

spun amorphous Ti30Cu70 ribbons  

XRD pattern of as-spun Ti30Cu70 ribbons in Fig. 2 a 

consists of a single wide peak centered at 43.3°, indicating 

the ribbon is in an amorphous state. 

 

Fig. 2. As-spun Ti30Cu70 amorphous ribbons: a – XRD pattern; 

b – surface morphology; c – Ti elemental mapping 

Besides the main diffusion peak, the sharp peak 

centered at 38.36° is assigned to Ti2Cu phase (JCPDF Card 

No.:15-0717). The contrast difference in different regions in 

Fig. 2 b demonstrates difference in Ti concentration, which 

is consistent with Ti elemental mapping in Fig. 2 c. The Ti-

to-Cu ratios in different regions are confirmed close to 3:7 

and 7:3 by EDS in Table 1. Thus, many bar-shaped 

crystalline Ti2Cu precipitates randomly distribute inside the 

amorphous matrix. Amorphous matrix and randomly 

distributed Ti2Cu intermetallic in Ti30Cu70 alloy are 

considered to have different thermal stability and elemental 

diffusion behavior in liquid Sn. 

Table 1. Chemical composition at the corresponding position in 

Fig. 2 – Fig. 5 by EDS analysis 

Position Ti, at% Cu, at% Sn, at% Phases 

Rods (Fig. 2) 64.9±4.5 35.1±3.1 0 Ti2Cu 

P1 (Fig. 3) 41.4 15.6 43.0 Ti2Cu, Sn 

P2 (Fig. 3) 23.6 76.2 0.2 TiCu2 

P3 (Fig. 3) 39.8 17.2 43.0 Ti2Cu, Sn 

P4 (Fig. 4) 47.3 8.3 44.4 
Ti6Sn5, Ti2Sn3, 

TiCu2 

P5 (Fig. 4) 46.4 7.8 45.8 
Ti6Sn5, Ti2Sn3, 

TiCu2 

P6 (Fig. 4) 45.9 4.3 49.8 
Ti6Sn5, Ti2Sn3, 

TiCu2 

Rods (Fig. 5) 60.3±4.8 33.2±3.4 6.5±1.4 Ti2Cu 

3.2. Cu repartitioning via thermal diffusion in 

liquid Sn at 590 ℃ 

Cross-sectional SEM morphology and elemental 

distribution profiles are shown in Fig. 3. After 5 s of thermal 

diffusion of Ti30Cu70 amorphous ribbons in liquid Sn at 

590 ℃, obvious contrast between the middle region and 

edge region in Fig. 3 a indicates the different distribution of 

Cu, Ti, and Sn and the Sn invasion. Overall elemental 

distribution in Fig. 3 b – e clearly demonstrates the 

relatively uniform distribution of Ti and lower-concentrated 

Cu in the edge region of original Ti30Cu70 amorphous 

ribbons. The chemical composition at the corresponding 

position marked as P1, P2 and P3 (Table 1) indicates the 

possible phase constituent of Ti2Cu and Sn at P1 and P3 and 

Ti2Cu at P2. The thickness of the undiffused layers was 

confirmed to be 17.05 m. Moreover, the chemical 

composition in the regions with higher Ti content was 

confirmed to be 32.8 at%Cu, 0.5 at% Sn and 66.7 at%Ti, 

corresponding to Ti2Cu IMCs. The residual in the middle 

region has a similar chemical composition to the as-spun 

Ti30Cu70 ribbons.  

 

Fig. 3. Morphology and elemental distribution profiles in Ti30Cu70 

amorphous ribbons after thermal diffusion of 5 s: a – cross-

sectional SEM morphology; b – overall elemental 

mapping; c – Ti; d – Sn; e – Cu 

With extention of thermal diffusion time to 30 s, there 

is still a thin residual Ti30Cu70 ribbon without serious Sn 

invasion. The thickness of the undiffused layers was 

confirmed to be 18.78 m. Cross-sectional SEM morpho-



logy and elemental distribution profiles in Fig. 4. After 60 s 

of thermal diffusion of Ti30Cu70 amorphous ribbons in liquid 

Sn at 590 ℃, although there is concentration gradient of Cu 

element along the thickness direction, the concentration of 

Sn element is much higher than those in Fig. 3. 

 
Fig. 4. Morphology and elemental distribution profiles in Ti30Cu70 

amorphous ribbons after thermal diffusion of 60 s: 

a – cross-sectional SEM morphology; b – overall elemental 

mapping; c – Ti; d – Sn; e – Cu 

Overall elemental distribution in Fig. 4 b – e clearly 

demonstrates the relatively uniform distribution of Ti and 

Sn. The chemical composition at corresponding position 

marked as P4, P5 and P6 indicates the possible phase 

constituent of Ti6Sn5, Ti2Sn3, TiCu2 (as listed in Table 1). 

Some particles without Sn in Fig. 4 d were confirmed to be 

Ti2Cu IMCs. On the basis of Fig. 3 d and 4d, Ti2Cu IMCs 

remain unreacted in liquid Sn at 590 ℃. The Sn diffused 

through the whole ribbon after 60 s. Cu elements are almost 

replaced by Sn elements via fast thermal diffusion. In order 

to confirm the phase constitute of thermal diffused Ti30Cu70 

amorphous ribbons in liquid Sn at 590 ℃ for 60 s, XRD 

analysis was conducted on the samples after chemical 

etching for 18 h in 1 M HNO3 solution to expose the residual 

IMCs. XRD pattern in Fig. 5 a indicates that the residual are 

composed of Ti6Sn5 (JCPDF Card No.:18-1390), Ti2Sn3 

(JCPDF Card No.:52-0945), original Ti2Cu IMCs and Ti 

(JCPDF Card No.:88-2321). The diffusion kinetics are built 

on the basis of the thickness changes in the residual layers 

in the middle region. The thickness of residual layers in 

Fig. 5 b is confirmed to 17.1 m for 5 s, 18.8 m for 30 s 

and 20.1 m for 60 s. On the other hand, this change can be 

used to stand for the diffusion depth. The diffusion rate can 

be reflected by the slope and calculated to be  

5.61 × 10-8 m s-1. The surface morphology and elemental 

distribution are present in Fig. 5 c – f. Many bar-shaped 

IMCs have s similar outlines with those in Fig. 2 c, Fig. 3, 

and Fig. 4. These IMCs are confirmed to be Ti2Cu in 

Table 1. The Sn invasion results to the formation of the new 

IMCs including Ti6Sn5 and Ti2Sn3. Cu elements are 

repartitioned through the thermal diffusion and formation of 

the new Sn-base IMCs. 

In fact, when Ti30Cu70 ribbons were treated in liquid Sn 

at 420 ℃ for 1 h, there were no Sn-containing IMCs 

formed, and the newly-formed IMCs were confirmed to be 

Cu6Sn5. Ti2Cu IMCs remain as thier original state, which is 

considered to be due to their high thermal stability. The 

liquidus temperature in Ti-Cu phase diagram is reported to 

be 960 ℃ for Ti2Cu eutectic formation and 790 ℃ for Ti2Cu 

solid eutectoid formation [12]. The Ti2Sn3 phases form 

through peritectic reaction of Ti6Sn5 and liquidus at 750 ℃ 

and eutectic reaction at 231.9 ℃ [13, 14]. 

 

Fig. 5. Phase evolution and Sn/Cu partioning in Ti30Cu70 

amorphous ribbons after thermal diffusion treatment of 

60 s and following etching in 1 M HNO3 for 18 h: a – XRD 

pattern of thermal diffusion treated Ti30Cu70 amorphous 

ribbons after etching in 1 M HNO3 for 18 h; b – statistical 

analysis of the diffusion depth; c – top-view SEM 

morphology; d – Sn, e – Cu; f – Ti 

However, the Cu-Sn phase diagram states that Cu6Sn5 

phase can form via eutectic reaction at low temperature of 

227 ℃ [4]. Secondly, the solubility of Cu and Ti in liquid 

Sn at 550 ℃ can be up to 40 at.% and nearly 10 at.%, 

respectively [4, 12, 13]. On basis of the difference in 

thermal stability and solubility of Cu6Sn5, Ti2Cu, Ti6Sn5 and 

Ti2Sn3 [4, 12 – 15], the Cu6Sn5 compound with low reaction 

temperature acts as the intermediate reactant to help the 

replacement of Cu in Ti30Cu70 ribbons primarily. The 

thinning of the middle residual layers in Fig. 3 and Fig. 4 

proves the fast interdiffusion of Cu and Sn during the 

thermal diffusion in liquid Sn. Moreover, Ti2Cu IMCs 

remain unreactable due to their high reaction temperature of 

790 ℃ as shown in Fig. 1 – Fig. 5. Therefore, it is proposed 

here that the elemental repartitioning can be achieved by an 

optimum combination of the solubility of various 

intermediate reactants and products, the right temperature 

zone where the solid-solid and liquid-solid reactions can be 

motivated by fast dissolution of specific IMCs, and the 

proper time duration for the thermal diffusion treatments. 

Many efforts have been extensively contributed to create 



heterogeneity in order to select the proper chemical 

composition suitable for better mechanical properties 

through high-throughout thermal diffusion coupling [16]. 

On the other hand, the surface enrichments of the active sites 

are supposed to be necessary in the field of catalytic fields. 

The establishments of the less-noble elements or phases in 

the surface region of target alloys help to create the potential 

precursors for chemical etching or specific functional 

surface [17]. If the temperature and treatment time can be 

regulated properly in thermal diffusions, the leaching out 

can be motivated to generate topologically complex 

nanoporous and nanocomposite structures in liquid metal 

dealloying [18]. The present research can contribute a new 

alloying method by using liquid-solid reactions through 

elemental repartitioning. The present methodology provides 

a possible way to fabricate the precursors with multilayers, 

where different intermetallic phases are distributed, too. 

4. CONCLUSIONS 

Thermal diffusion experiments of amorphous Ti30Cu70 

ribbons with minor Ti2Cu intermetallics were conducted in 

liquid Sn at 590 ℃ in order to trigger the fast interdiffusion 

of Sn and replace Cu elements by invaded Sn. The Cu 

elements are replaced partially by Sn elements gradually 

with the extension of treatment time, and most of Cu 

elements can be replaced by Sn at 60 s. Pre-existing Ti2Cu 

intermetallic phases in amorphous Ti30Cu70 ribbons still 

remain as preformed due to their higher thermal stability. At 

last, both Ti6Sn5 and Ti2Sn3 intermetallic phases formed 

throughout Ti30Cu70 ribbons after thermal diffusion and 

replaced the intermediate Cu6Sn5 intermetallics with low 

reaction temperature and relatively large solubility of Cu in 

Sn. The repartitioning rate of Sn elements was calculated to 

be 5.61 × 10-8 m s-1 according to the change of the thickness 

of residual layers with high Cu concentration. The present 

methodology provides a possible way to fabricate the 

precursors with multilayers through different distributions 

of intermetallic phases and thermal alloying. 
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