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Abstract

Recent studies of lithium-ion batteries suggest that the use of binary CoSn alloys as anodes should
provide an improvement over currently used anode materials. However, the implementation of CoSn
alloys is challenging due to uncertainties regarding the phase transformations within this system. In
order to understand these, we evaluate the compositions of different intermetallic compounds
produced via the peritectic reactions, nucleate and grow within the microstructure of binary Sn — 25
at.% Co by employing atom probe tomography (APT). The stoichiometric CoSn phase, which is
produced upon the cooling of the melt, is not only found as part of the peritectic solidification
sequence but also as clusters within the pure Sn phase. The CoSn, phase was found as a nano sized
layer and is attributed to the peritectic reaction between the CoSn phase and the pure Sxn phase. The
production of the CoSn; compound was enhanced by the phase transformation of the CoSn, phase.
Furthermore, CoSnj; clusters had formed in the pure Sn phase. A limited solubility within the pure Sn
phase was also determined to be (0.6 + 0.1) at.% Co.

1. Introduction

In comparison to currently used anodes in lithium ion batteries, especially carbonaceous materials,
intermetallics promise higher energy densities in combination with relatively safe lithiation and delithiation
voltages. Specifically, Sn-based alloys have been used in many different applications such as solder bumps [1],
joining materials [2], and galvanizing technologies [3]. However, their most attractive application related to
lithium ion batteries would be as electrodes [4—6], due to the 2.5 times higher theoretical capacity of batteries
with Sn electrodes in comparison to graphite (372 mAh g~ ' for graphite and 994 mAh g~ ' for Sn) [7]. This led to
Sn-based alloys being considered as an alternative material for anodes, especially in a nanostructured form [8].
However, the pure Sn electrode has not been put to practical use due to its poor cyclability and drastic volume
change during Li insertion and extraction reactions [9]. To overcome these difficulties, the introduction of
binary alloys has been proposed [10, 11]. Alloying Sn with other elements such as Cu, Co, Ni, and V or Fe and
control of the particle size drastically changed the batteries’ electrochemical behaviour. Co atoms, for example,
can increase the stability of Sn-based electrodes [12]. The Co—Sn system has recently drawn increasing attention
due to its special features such as amorphous Co—Sn particles, obtained by electrodeposition on a rough Cu foil
[13], and nano CoSn crystals with different crystallite size [12]. These features improve the electrochemical
behaviour of the CoSn material and that make it an attractive alternative for different industrial applications.

© 2020 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Binary Co—Sn phase diagram illustrated the Intermetallic phases. The figure reproduced from the [24].

However, the nature of the microstructure of the Co—Sn alloy plays an important role in its capability and
functionality for many applications. Both crystalline CoSn compounds and crystalline alloys have been studied
as electrode-active materials for lithium-ion batteries [14, 15]. Moreover, the electrochemical behaviours of an
electrode consisting of Sn—Co amorphous particles have been investigated [16]. The improvements in the
electrochemical reaction with the lithium differs between nanocrystalline and micron-sized CoSn compounds
[12]. For example, the electrochemical behaviour of nanosized CoSn compound is very sensitive to the crystallite
size, while for the microsized CoSn, the electrochemical reaction with lithium is limited to the insertion of a
small amount of lithium. To control the microstructure and size of different intermetallic CoSn compounds, a
study of the different reactions between different intermetallic phases exciting in the microstructure is
important. Hence, a reliable thermodynamic description and analyses of different peritectic reactions that
produce varying intermetallic phases within this system are critical. Different experimental studies investigated
the Co—Sn phase diagram [17-19], and the thermodynamic properties of such systems in great detail have been
reported [20, 21]. The crystalline phases observed in Co—Sn binary alloys are (a) the thermal solid solution of «
Coand ¢ Co in Co-richregions and (b) 5 Sn in Sn-rich corners. There are also different intermetallic compounds
found such as CoSn, CoSn,, 3 CoSns, and o CoSnj in Sn-rich corners [22, 23]. These phases are illustrated in a
binary Co—Sn phase diagram in figure 1 [24]. These findings were heavily debated, with the binary Co—Sn phase
diagram having changed significantly in the last decade. This is mainly due to the findings of CoSn; compounds
[25-28]. Different melting temperatures and eutectic points of the observed intermetallic compounds within
this system were also reported [29]. Those discrepancies can be explained by the experimental difficulties due to
the high diffusivity of the Co atoms in the Sn matrix [30]. To overcome these different difficulties and to clarify
the fundamental thermodynamic features in the Co—Sn system, solid-solid phase transformations of the
different intermetallic compounds within this system should be investigated. The solid-state reactive diffusion
effect in the Co—Sn system and the mechanism of the peritectic reactions between the pure Sn phase and other
intermetallic Co—Sn compounds, are of great interest. Thus, a study of such reactions for different intermetallic
compounds at the nanoscale is important to control the size of these compounds. To date, the morphologies and
phase structural change of Sn-based anodes have been studied using in situ x-ray diffraction (XRD) and
Mossbauer spectroscopy. In such studies, a combination of XRD with Mossbauer spectroscopy was used to
probe the structural properties, mainly when the material consists of a small-scale nanocrystalline structure that
is not confirmed using XRD [31, 32]. Moreover, the characterization of cycled Sn-based alloys was conducted
with x-ray photoelectron spectroscopy (XPS) [33-36]. In another investigation by Ota et al time-of-flight
secondary ion mass spectrometry (SIMS) was used to obtain information about the distribution of chemical
species in a Co—Sn alloy used as an anode in a lithium-battery [37]. To the best of our knowledge, no studies have
yet been performed to investigate the peritectic reactions and the phase transformations at the nano scale within
this alloy. Knowledge about the peritectic reactions will help to understand the interfacial reactions between
different phases, and their growth mechanism. Such a knowledge is important to control the sizes of the
produced intermetallic compounds, and thus improve the electrochemical behaviour of CoSn alloy as anode
material.

The objective of this study is to investigate the peritectic reactions within the binary Co—Sn alloy to
understand the phase transformation between different intermetallic phases which are; CoSn, CoSn,, CoSnj,
and pure Sn phase at atomic scale. These intermetallic compounds, which contain Sn, have been discussed
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extensively as anode materials to provide efficient Li storage [12, 38]. Therefore, in the presented study, atom
probe tomography (APT) in accompany with scanning electron microscopy (SEM) is applied to obtain
quantitative information with nanometer resolution of the microstructure of a binary Co—Sn alloy with a
composition of Sn- 25 at.% Co. APT analyses shed light on the phase transformations between the different
intermetallic Co—Sn phases existing in the microstructure and will provide critical knowledge of the nano scale
evaluation of the compositions for different reactions products, while the SEM images enhance the knowledge
about the peritectic reactions that produce these products. APT produces three-dimensional quantitative
chemical information with resolution better than one nanometer and allows us to quantify the gradient in
concentration through each observed phase and the interfaces between different phases. This will help to
investigate the phase transition behaviour of different Co—Sn intermetallic compounds. Moreover, using APT
allows to investigate the local structure of the solid solution especially for the presence of clusters and nanoscale
intermetallic phases. Such knowledge, cannot be achieved by SEM /EDX. The obtained results will truly play an
important role in the further technical development of the investigated alloy.

2. Experimental

Appropriate quantities of Sn shots with a purity of 99.9% and Co shots with a purity of 99.9% were purchased
from Sigma Aldrich and mixed at a ratio of 1:3: Co:Sn and subsequently melted in an arc melting furnace
(Edmund Buhler GmbH) within a copper hearth. The sample was turned over and melted several times to
completely homogenize the alloy composition. The arc-melting procedure was done in a chamber pumped to
1 X 107 Paand backfilled with Ar gas to atmospheric pressure. The as synthesized alloys have been
investigated by different characterization techniques.

XRD patterns of the powder samples were obtained using an x-ray diffractometer (STOE STADI MP),
equipped with a Mythen 1 Ksilicon detector and a Cu anode producing mainly Cu Ko radiation. The powder
diffraction data were collected over a range from 10° to 90° in order to identify the intermetallic compounds in
the microstructure of the prepared alloy. The samples were ground with a gate mortar beforehand.

The original microstructure morphologies were—without prior etching of the sample surface- investigated
via SEM (Quanta 600) and x-ray spectroscopy (EDX). The samples were prepared by mounting a piece of the
sample in a goniometer holder and mechanically grinding with SiC paper with 800 and 1200 grit size,
respectively with distilled water. This step was followed by a final polishing using colloidal silica with a particle
size of 30—-120 nm on a cloth to eliminate scratches. The SEM micrographs were recorded at an accelerating
voltage of 30 kV using a backscattered electron detector (BSE) to reveal the compositional contrast. Chemical
analysis and elemental compositions were obtained with the EDAX system (EDS Inc., Mahwah, NJ, USA) from
FEI. The chemical composition for each observed phase was estimated by averaging five measurements taken at
different locations in the phase, while the errors were quantified by calculating the standard deviation for the
obtained values of the chemical compositions.

Thermal analyses were performed using differential scanning calorimetry (DSC) in a Netzsch DSC 204 F1.
The samples were placed in an AL O crucible and heated at heating rates of 5, 10, 15, 20, 25, and 30 K min~ ',
respectively, under a dynamic nitrogen atmosphere (20 ml min ). The DCS signals were recorded while
heating the alloy in the temperature range from 25 °C-800 °C.

APT required the preparation of needle-shaped samples using the focused ion beam (FIB) method. The FIB-
based site-specific specimen preparation was performed with a FEI Zeiss Auriga 60 crossbeam system. The
preparation of the APT tips in this study was done using the standard lift-out method [39] from the different
specimen regions. Similarly, to FIB preparation for transmission electron microscopy (TEM), the area of
interest, a phase boundary between the different intermetallic compounds in our case, was covered by Pt
deposition. Then alamella containing this microstructural feature was cut out, lifted out using an Oxford
Omniprobe 400 micromanipulator. Two different ways were used to attach the lifted-out lamella on the
microtip. The first one consisted of attaching the lamella without applying any rotation procedure on the
micromanipulator, while the second one involved the rotation of the micromanipulator to allow the phase
boundary to appear approximately horizontal in the lamella. Pieces of this lamella were then attached on
Cameca microtip flattop posts. The attached piece was then shaped into a needle using a FIB annular milling
pattern. The final annular milling of the respective tips was performed with a 5 KV Ga beam to reduce the
thickness of the damaged layer created by the 30 KV Ga beam.

The APT experiments were performed ina CAMECA LEAP 4000X HR system using the UV-laser pulse
mode to achieve a reasonable yield. The analytical parameters were chosen by performing different test analyses.
It was found that 50 p] for the laser energy and 25 K for the base analysis temperature offered a good
compromise; minimizing local magnification effects while retaining a reasonable yield. The data were acquired
atan average detection rate of 0.002-0.005 ions per pulse. The base pressure was maintained at less than 108 Pa
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Figure 2. X-ray pattern for the prepared alloy, and expected peaks for CoSn, CoSn,, CoSns and Sn phases.

during the analysis. Reconstruction of the acquired data was performed using the software IVAS 3.6.14 provided
by CAMECA. This reconstruction was calibrated based on the initial tip curvature radius measured via SEM. To
quantify the chemical compositions within the different intermetallic phases and at the interfaces between them,
the concentration profile along the z-axis of the cylinder within the whole volume of analysis was calculated. A
cluster identification algorithm implemented in IVAS 3.6.14 was also used to estimate the shape and
composition within the observed clusters in the microstructure by using a maximum separation distance of

1.5 nm between Co atoms and a minimum of 40 Co atoms in each cluster The microstructural features were also
identified by using isoconcentration surfaces which delineate the regions containing more than 76 at.% Sn. This
surface was obtained by sampling the APT reconstruction with1 x 1 X 1 nm?voxelsafter applyinga
delocalization procedure [40] with smoothing parameters of 3 nm for the x- and y-coordinates and 1.5 nm for

the z-coordinate.

3. Results

The XRD pattern of the synthesized Sn —25 at.% Co is shown in figure 2. Compared with the standard powder
X-ray diffraction data for metal Sn and Co—Sn intermetallics, the XRD lines of the Sn —25 at.% Co powder can
be indexed as CoSn, CoSns, CoSny, and Sn, respectively. The CoSn intermetallic phase has a hexagonal crystal
structure with a space group of P6/mmm [41]. For the CoSn; intermetallic phase, the presence of two structures
has been reported; the firstis 3 CoSns, which is formed by a peritectic reaction at 345 °C, and the second is low-
temperature o CoSns, which is stable at 275 °C [27]. The space group of the high-temperature 5 CoSn; is Cmca
with an orthorhombic crystal structure, while the space group of the low-temperature ov CoSn; is I4; /acd with a
tetragonal crystal structure. The pure Sn phase has a space group of 14, /amd with a body-centered tetragonal
crystal structure [42]. The crystal structure of CoSn, is also tetragonal with a space group of 14/mcm [43].
Distinguishing between the o CoSnz and 3 CoSnj; phases was not possible from the XRD data in figure 2 alone
due to the similarity of the XRD patterns of both phases. Usually, o CoSnz and 3 CoSnj; phases are modeled as a
single-phase as suggested by Jiang et al [ 22].

To obtain a clear image of the morphologies and compositions of the different intermetallic phases in the
synthesized alloy, SEM micrograph was recorded using BSE signals and is shown in figure 3. This figure reveals
the presence of different contrast areas, in particular very bright regions among differently shaded gray areas.
The gray areas appear as stripes and well-defined compact shapes. According to the EDX analyses, the bright gray
stripe-shaped areas have an average chemical composition of (52 £ 3) at.% Snand (48 + 3) at.% Co, thatis, an
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Figure 3. SEM micrograph of the Sn — 25%at. Co alloy reveals the presence of CoSn, CoSns and Sn phases as measured by EDX.

approximate ratio of 1:1 Co:Sn, indicating that the stripe-shaped areas correspond to the CoSn phase. For the
well-defined compact darker gray shapes, the EDX measurements quantified that the average chemical
composition was (74.85 =+ 0.9) at.% Snand (25.14 £ 0.9) at.% Co, that is, an approximate ratio of 1:3 Co:Sn.
This indicates that these crystals correspond to the CoSn; phase. Moreover, the bright areas in this figure have an
average composition of (99.4 £ 0.8) at.% Sn with a small fraction of Co atoms with a composition of (0.6 £ 0.1)
at.% Co, indicating that those areas correspond to the pure Sn phase. In figure 3, the pure Sn phase was observed
to be distinguishable from the two intermetallic phases, CoSn and CoSns. It should be noted that the Sn —25 at.
% Co alloy was synthesized by arc-melting. This synthesizing procedure implies Sn metal acting as a flux to
enhance the diffusion. Using the metal flux methodology usually reduces the activation energy barrier associated
with solid-solid reactions and enhances the diffusion of the reactants in solid-state synthesis [44]. In this case, the
liquid metal, Sn, acts not only as a solvent but also as a reactant providing species that can be incorporated into
the final product. Inspection of the Co—Sn binary phase diagram in figure 1 reveals that during the cooling of the
Co-Sn melt, with a composition of 1:3 Co: Sn, the solidification should occur at 965 °C under equilibrium
cooling condition. On further cooling, the compound CoSn will crystallize until a temperature of 570 °C is
reached. At this temperature, the solid CoSn will get involved in a peritectic reaction with the liquid Sn-rich melt
to form CoSn,. This phase envelopes the CoSn phase, which means that the peritectic reaction requires the
diffusion of Sn through the enveloping CoSn, phase. This process of diffusion usually takes a long time and will
not finish before reaching the next peritectic equilibrium temperature of 345 °C. At this temperature, the

B CoSns phase forms. In the end, the remaining melt will solidify at the eutectic temperature of 232 °C, and thus
surround all of the formerly formed phases. Moreover, a single-phase sample of CoS#5 could also be obtained
from the solidification of the melt with a composition of 1:3 Co: Sn and annealed for a very long time. In this
case, the formed phase can be 3 CoSn; if the annealing temperature is above 275 °C, or alternatively, it could be
a CoSns at an annealing temperature of 275 °C or below [44]. The transformations of 3 CoSn; into ov CoSns was
observed to occur slowly at annealing temperatures between 150 °C—200 °C, and the crystals of § CoSn; phase
was observed to remain for along period of time during the annealing procedure and to grow together with the

o CoSnz phase [45]. However, in the tested alloy in this study, the use of large excess of Sn leads to crystals of
CoSns and CoSn being embedded within the Sx rich matrix.

To discover the reactions behind the formation of these observed intermetallic phases and determine the
temperature range at which they are stable, DSC analyses were performed. Figure 4 shows the DSC signals of the
synthesized Sn —25 at.% Co alloy for different heating rates of 5, 10, 15, 20, 25, and 30 K min ™ ! The DSC traces
are almost identical for all of the heating rates with a small shift towards higher temperatures for faster heating
rates as expected due to the difference in the reaction kinetics. The DSC signals can be interpreted as an
exothermic reaction in the range of 200 °C-250 °C followed by an endothermic peak in the range of 250 °C—

300 °C. There are also two exothermic peaks at approximately 350 °C and 580 °C. Comparison with the binary
Co-Sn phase diagram in figure 1 implies that the exothermic peak in the range 0of 200 °C-250 °C might be
correspond to the crystallization of the o CoS#; phase. This is followed by the transition of the o CoSn; to

B CoSnz, which manifests as the endothermic peak in the range of 250 °C-300 °C, knowing that the transition

5



10P Publishing

Mater. Res. Express 7 (2020) 086508 M Khushaim et al

—— 5K/ min
—— 10 K/ min
—— 15K/ min
0.5 4|——20 K/ min
~———25 K/ min
—— 30 K/ min

=)
E
T
= 04
(&)
12} =]
[a] 3
o1
g'
o,
2
0.5 - 3
]
3
o
T T T T T T T
100 200 300 400 500 600 700 800

Temperature/ °C

Figure 4. DSC signal of the Sn — 25%at. Co alloy for different heating rates.

Figure 5. SEM micrograph indicating regions lifted out for the fabrication of APT tips.

temperature was reported at (275 £ 5) °C[22]. An exothermic crystallization peak observed at 350 °C indicates
to the crystallization of new 8 CoSn; compounds. Finally, the exothermic signal at 580 °C stems from the
crystallization of extra CoSn phase. The presented DSC signals are in the same range of the basic assessment of
the DSC signals obtained by Jiang et al of this binary alloy [22] and also agrees with the SEM micrograph in

figure 3. From literature, we expected the formation enthalpy of CoSn at 759 °Ctobe (—22 + 0.4)K] mol'and
the formation enthalpy of 3 CoSns at331 °Ctobe (—13 £ 0.4)K] mol ' [46].

Considering the importance of the phase transformations between different intermetallic compounds and
the involved peritectic reactions, an investigation using more advanced analytical techniques was needed. Thus,
APT analyses were performed to obtain three-dimensional quantitative chemical information at a sub-
nanometer resolution and thus allowed a detailed investigation for the alloy’s microstructure, and then for the
phase transformation at atomic scale. Figure 5 shows the magnified SEM micrograph of the alloy’s
microstructure, with the red triangles indicating the regions lifted out for the APT analyses. The sample
microtips were lifted out from the CoSn phase region (triangle 1), near to the CoSn;/Sn interface (triangle 2) and
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Figure 6. APT analysis of the sample microtip lifted out from the CoSn phase region (triangle 1 in figure 5). (a) The reconstructed
volume. (b) A concentration profile with step size of 0.1 nm for the whole volume along the tip axis indicated by the black arrow in (a).

from Sn phase region (triangle 3). The prepared microtips with an apex radius in the range of 50 nm were then
obtained.

Several APT measurements were performed on the microtips fabricated from the region indicated by
triangle (1) in figure 5. One reconstruction of these measurements is shown in figure 6. The reconstructed
volume containing 4 million atoms is shown in figure 6(a). The data quality was assessed by observing the
desorption map, confirming good homogeneity of the hit density during the APT analysis. One difficulty
encountered in this APT analysis is to distinguish ions with the same mass to charge ratio (1/q). Co* and Sn™ "
peaks overlap ata m/q ratio value of 59 a.m.u. To overcome this difficulty, a peak deconvolution algorithm
provided by IVAS 3.6.14 was used to deconvolute the peaks, assuming a natural isotopic abundance for Sn and
Co. A concentration profile with step size 0.1 nm for the whole volume along the tip axis as indicated by the black
arrow in figure 6(a) is presented in figure 6(b). The whole reconstructed volume consists of one homogenous
phase with a composition of (50.6 £+ 0.4) at.% Sn and (49.3 £ 0.4) at.% Co. We therefore identify the whole
volume of analysis in figure 6(a) as a homogenous CoSn phase. This composition is in almost perfect agreement
with the CoSn composition as detected by an EDX analysis in figure 3. Moreover, the obtained compositions for
the CoSn phase from both APT and EDX agree well with the expected composition from the binary Co—Sn phase
diagram (figure 1).

The next APT analysis traced the local chemistry at the atomic scale in the region containing the CoSn;/Sn
interface (indicated by triangle (2) in figure 5). APT measurements performed for the fabricated microtips from
this lifted out lamella yielded two large data sets with 36 million atoms and 42 million atoms. The reconstructed
volumes for these two measurements are shown in figures 7 and 8, respectively. The 3D- elemental map of Co
and Sn atoms for the analyzed microtip that yielded 36 million atoms in figure 7(a) reveals the presence of the
two-phase regions. To identify these phases, the concentration profile with step size of 0.1 nm within the
cylinder aligned along the tip axis, as indicated by the black arrow in figure 7(a), was calculated and presented in
figure 7(b). The composition at the upper part of the reconstructed volume (named as phase 1) corresponds to
(97.9 £ 0.04) at.% Snand (0.6 £ 0.01) at.% Co, with a small amount of contaminations by Ptand Ga from the
preparation procedure. The amounts of Ga and Ptimpurities in the whole volume of analysis were estimated to
bearound (1 £ 0.01) at.% for Prand (0.5 4 0.01) at.% Ga. Inspection of the concentration profile in figure 7(b)
reveals that the composition at the lower part of the reconstructed volume (named as phase 2) corresponds to
(69.6 £ 0.2) at.% Snand (29.4 + 0.2) at.% Co. Ptimpurities with composition of (3 + 0.01) at.% were
observed also at this part of the reconstructed volume. According to these measured compositions, the observed
phases regions can be identified as follows: phase 1 corresponds to the pure Sn phase with a limited solubility of
Coatoms (0.6 £ 0.01) at.%, while for phase 2, the composition value has a ratio of Sn/Co ~ 2.3. This ratio
almost matches stoichiometric CoSn,. The slight deviation from the expected stoichiometric CoSn, phase,
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Figure 7. First APT analysis of the sample microtip lifted up in the CoSn;/Sn interface (triangle 2 in figure 5). (a) The reconstructed
volume of analysis with the two phases regions. (b) A concentration profile with step size of 0.1 nm along the z-axis of a cylinder placed
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profile along the cylinder aligned as indicated by black arrow in (a).
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which is Sn/Co = 2, might be attributed to the presence of Pt impurities, which cannot be easily explained as
contamination stemming from FIB preparation. Despite this, it can be concluded that the phase 2 in figure 7(b)

corresponds to CoSny.

3D- elemental map of Co and Sn atoms for the analyzed microtip that yielded 42 million atoms is shown in
figure 8(a). Several linear composition profiles along x, y and z axes were obtained. However, the gradient in the
composition within the reconstructed volume was observed along x and y axes. This observation was confirmed
by applying an isoconcentration surface delineates the regions containing more than 76 at.% Sn as shown in
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Figure 9. APT analysis of the sample microtip lifted up in the S» phase region. (a) The reconstructed volume of analysis showing the
accumulation of Co atoms as indicated by the red circle and arrow (z-direction has been identified by black arrow) (b) A clipped part
from the bottom of the analyzed volume showing the distribution of Co and Sn atoms within the observed two clusters (z-direction

has been identified by black arrow) (¢) concentration profile obtained for cluster 1 and cluster 2 in (b) along the z direction.

figure 8(a). Thus, identification of the composition gradient was done by obtaining the concentration profile
along the cylinder aligned as indicated by the black arrow in figure 8(a). This concentration profile is shown in
figure 8(b) and reveals the presence of (75.24 £ 0.4) at.% Snand (24.73 =+ 0.4) at.% Co at the left region of the
reconstructed volume (named as phase 1 in figure 8), while the right region of this volume consists of

(82.18 £ 0.1)at.% Snand (17.8 £ 0.1) at.% Co (named as phase 2 in figure 8). The presence of a homogenous
compound along x and y axes that consists of Sn and Co with a ratio of Sn/Co = 3 gives a strong hint to the
presence of an intermetallic CoSn; phase in this measurement. However, along z direction, the dataset shows a
mostly homogenous composition along the whole volume of analysis with the values of (85.2 = 0.1) at.% Sn
and (14.8 & 0.1) at.% Co. A preferential magnification or alocal magnification effect with element specific
trajectory deviations could, as an APT artefact, also produce deviating compositions along crystallographic
directions. In a mono-crystalline sample, these regions would be columns located at some (not all) lower
indexed poles, as observed by different groups for intermetallics [47—-49]. Neither the concentration in this
measurement nor in any other measurement did show this behaviour. Thus, we conclude the observation in
figure 8 to be evidence for the presence of a different phase. Moving out from the area of the CoS#; phase, the
graph shows a Sn enriched region with a ratio of Sn/Co & 4.6, according to concentration profile in figure 8(b).
One explanation for this finding is that indeed the Sn rich region contains extremely small clusters of another
phase or, more likely, that the phase interface is extremely rough, meaning the right side of the graph is the mix
of two different phases for either option.

The final APT analysis, in this study, was performed for the pure Sn phase region prepared from the lifted-up
region indicated by triangle (3) in figure 5. The tip’s reconstructed volume in figure 9(a) consists of more than 70
million atoms. After obtaining the concentration profile for the whole reconstructed volume along the tip axis, it
was found that this volume consists of (99.34 £ 0.008) at.% Sn and (0.65 + 0.008) at.% Co. This calculated
value of the chemical composition is nearly the same as the one obtained for the phase 1, that is the pure Sn
phase, observed in figure 7(a). A Co rich cluster was observed in the pure Sn phase and indicated by the red circle
and arrow in figure 9(a). Co accumulated clusters of about 10-20 nm are visible. The cluster identification
algorithm from IVAS 3.6.14 allowed us to identify Co-containing clusters using a maximum separation distance
of 1.5 nm between Co atoms and a minimum of 40 Co atoms in each cluster, which we identified as good
parameters choice from nearest neighbour analysis with an interatomic separation of 4 nm in the immediate
vicinity around Co atoms. The distribution of Co and Sn atoms was detected within these clusters as shown in
the cluster’s distribution in the reconstructed volume’s clip part in figure 9(b). This figure reveals two separate
clusters, which are in close vicinity to but not in direct contact with each other, named as cluster 1 and cluster 2.
The concentration profile obtained for these clusters is shown in figure 9(c). According to this figure, the average
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composition of cluster 1 was found to be (45.9 £ 0.5) at.% Snand (54.1 + 0.1) at.% Co, with a ratio of Sn/Co =
1, while the cluster 2 has an average composition ratio of (76.65 £ 0.5) at.% Sn and (23.34 % 0.3) at.% Co, with
aratio of Sn/Co ~3.2.

4. Discussion

Inspection of the Co—Sn binary phase diagram in figure 1 with special attention to the Sun-rich portion reveals the
presence of two phases of CoSns, which are aand (3. Moreover, other phases can be observed in the diagram
around the composition of 1:3 Co:Sn. These phases are the CoSn and CoSn,. The reaction responsible for
producing the 3CoSn; is [22]:

L (Sn rich melt) + CoSn, — (3 CoSn; (@))

This reaction happened at 345 °C. However, the transition of 5CoSn; to o« CoSn; take place at 275 °C. For
the reaction path related to the CoSn and CoSnj, phases, it is written as a peritectic reaction of [50]:

CoSn + L(Sn rich melt) — CoSn, 2)

Reaction (2) usually occurs at 570 °C. Finally, the production of the CoSn phase take place during the
cooling of the liquid Co—Sn with a composition of 1:3. At 965 °C, this reaction is [43]:

L(with 1: 3; Co: Sn) — CoSn + L(Sn rich melt) 3)

While the DSC signals (figure 4) are useful for observing the phase transformations of the different
crystalline phases, this technique does not explain the peritectic reactions involved in equations (1)—(3). A
combination of the SEM micrograph in figure 3 with the APT measurements in figures 6—9 confirms the
aforementioned reactions. While it was not possible to investigate the crystal structure, as done for example by
Boll eral [48, 49], in the observed intermetallic compounds due to the measurements requiring the laser mode,
the compositional analysis still allowed the identification of composition of the respective phases. The APT
measurements in this study confirm the presence of the CoSn (figure 6), the CoSn, (figure 7), the CoSn; (figure 8)
and the pure Sn (figures 7 and 9) phases. The occurrence of all equilibrium phases in the microstructure of the
prepared alloy corroborates the agreement with the binary Co—Sn phase diagram (figure 1). The proceeding of
peritectic reactions described in equations (1) and (2) was achieved by using S» as a reactive flux. During the
preparation of our tested alloy, which has a composition ratio of 1:3 Co:Sn, a rapid cooling of the melt was
achieved after the arc-melting. Thus, crystals of CoSn were obtained as shown in SEM micrograph in figure 3.
According to the APT measurement for this phase in figure 6, the CoSn has a nearly exact stoichiometric
composition of 1:1 Co:Sn ratio, which is in good agreement with the binary Co—Sn phase diagram (figure 1).
This indicates the presence of CoSn phase close to its equilibrium state.

Crystals of CoSn with a higher Co content than that of the Sn-rich matrix usually reacts with the pure Sn
phase which was observed to envelope these CoSn crystals (figure 3). This peritectic reaction processed to
produce the microcrystals of the CoSn, compound (according to equation (2)). In our case, the CoSn, phase was
observed to nucleate directly in the Sun-rich matrix. Such observation is deduced from the sharp interface
between the CoSn, and Sn phases (figure 7(b)). Moreover, the observed CoSn, phase was quite thin, only about
~60 nm in thickness, meaning it only exists as a nanoscale thin layer. This explains the lack of this phase
observed by SEM in figure 3. This confirms a study by Wang et al [51] who noted the presence of an irregular
shape of the thin CoSn, phase. One should find the presence of the CoSn, phase (named as phase 2)
accompanying the pure Sn phase (named as phase 1) in figure 7. Thus, a peritectic reaction of the CoSn;, layer
with the pure Sn phase ((99.4 £ 0.01) at.% Sn) was expected according to equation (1) to produce the CoSn;
phase. Thus, the driving force of the CoSn; formation from CoSn, phase induced a rapid phase transformation
of CoSn, phase to CoSn; phase. One possible explanation of the driving force of this phase transformation is the
difference in the Gibbs free energy between the single phase CoSnj; and the two phases; Sn and CoSn, [51]. It was
found that this difference in the Gibbs free energy increases with decreasing temperature, and thus at higher
temperature, a weaker driving force for the phase transformation would be expected. As a result, the nucleation
of the CoSnj; phase becomes more difficult at higher temperature. Thus, the slower of kinetics reaction for the
phase transformation would be expected resulting in the formation of small region or clusters of CoSn; phase
(figure 9). Upon the complete transformation of the previously formed CoSn, into the CoSn; phase, the
diffusion of Sn atoms across the CoSn; phase was enhanced by this complete transformation of the CoSn, layer,
and hence enhancing the growth of the CoSn; crystals. These crystals can be observed clearly in SEM
micrograph in figure 3. Moreover, APT analysis in figure 8 revealed the presence CoSn; phase surrounded by Sn
rich area. This observation might indicate to the proceeding of the peritectic reaction that produces CoSn;
crystal.
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According to the phase diagram in figure 1, the remaining melt solidifies at the eutectic temperature of 229 °
C, and was indeed observed to surround the formerly formed phases. The APT final analysis in figure 9 was
performed in the pure Sn phase region. The limited solubility of Co atoms within the pure Sn phase was
measured to be ~0.65 at.% Co. This value is in a good agreement with the obtained value by EDX measurement
in figure 3. Moreover, nanometer scale Co clusters were observed in the microstructure of pure Sn phase. The
measured compositions of the observed clusters revealed the presence of the ratios of Sn/Co & 1 and Sn/Co ~
3.2 within these clusters. Inspection of the phase diagram in figure 1 reveals the reduction on Co solubility by
lowering the temperature. Thus, different intermetallic phases will nucleate and form in the microstructure. The
nucleation of Co clusters in the pure Sn phase in figure 9 is possible due to its limited solubility. In cluster 1, Co
atoms cluster with Sn at nearly 1:1 Co: Sn ratio; in which its growth would be expected to form the CoSn phase
(figures 3 and 6). However, the presence of cluster 1 may have deformed the surrounding matrix enough to
produce nucleation sites for clusters of other phases causing the nucleation of the CoSn; (cluster 2). These
observations explain the presence of the two exothermic peaks at 350 °C and 580 °C in figure 4, which
corresponds to the crystallization of CoSn and CoSn; phases. The presences of Co clusters with (54.1 £ 0.1) at.%
Coin clusterl, (23.34 4 0.3) at.% Co in cluster 2 and the composition of (0.6 4 0.1) at.% Co in pure Sn are
consistent with the equilibrium phase diagram that indicates there is limited solubility of Co in Sn (up to 0.6%)
atatemperature of 1196 °C [52].

This study presents a method to investigate the phase transition behaviour of different Co—Sn intermetallic
compounds applying APT. Such knowledge is extremely important to understand the mechanism of the
peritectic reactions that produce observed intermetallic Co—Sn compounds and subsequently demonstrate how
to control the sizes and morphologies of these compounds. Additionally, it has been proven that the involved
peritectic reaction implies the presence of different pre-crystallized clusters [53]. The APT technique has proven
to be powerful for investigating the local structure of the solid solution and the assembly of clusters. This may
lead to more detailed future research including the influence of additives such as Co—Sn alloy embedded carbon
nanofiber (Co—Sn/CNF) composites [54] and the effect of the minor addition of Zn atoms to the binary Co—Sn
system [55]. Probing the microstructure at nanoscale and revealing the distribution of different constitutional
elements by using APT will truly facilitates the design and hence the improvement of such important alloy
system.

5. Conclusion

Aliquid Sn phase was utilized as a metal flux to prepare Sn —25 at.% Co alloy. Characterization of the
synthesized alloy using XRD and SEM/EDX provided clear evidence of the well-defined crystalline nature of the
microstructure. The existing intermetallic compounds were identified as CoSn (hexagonal crystal structure),
CoSny, (tetragonal crystal structure), CoSnj; (orthorhombic crystal structure for the 3 CoSn; and tetragonal
crystal structure for the o CoSns), and pure Sn phases (body-centered tetragonal crystal structure). The
temperature range at which the observed intermetallic phases were crystalized was determined using the DSC
analysis. The result shows the phase crystallization temperatures of CoSns, CoSn phases are 350 °C and 580 °C,
respectively. The peritectic reactions and the phase transformations products were analysed at varying locations
in the respective alloy via SEM and APT. The series of phase transformations was started by the production of the
stoichiometric compound CoSn which was nucleate and growth upon the cooling of the melt. This compound
later react with the enriched Sn matrix to produce the nanosized layer of CoSn, phase. On the next step, the
production of the CoSn; compound was enhanced by the phase transformation of CoSn, phase.

APT revealed Co clusters with (54.1 =+ 0.1)at.% Co and (23.34 =+ 0.3) at.% Co, where (0.6 & 0.1) at.% Co
was observed in pure Sn, which is consistent with the equilibrium phase diagram that indicates there is limited
solubility of Co in Sn (up to 0.6%) at a temperature of 1196 °C. This limited solubility of Co atoms induced the
formation of different observed intermetallic phases that are CoSn and CoSns. This study demonstrates the
unique capabilities of APT to characterize a series of peritectic reactions within the binary Co—Sn alloy.
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