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Abstract:

In this work, the microstructure and phase formation in binary Cu-Sn and ternary Cu-
Sn-Ti alloys under rapid solidification conditions are studied as a function of alloy
composition and cooling rate and compared to the results from solidification at low
cooling rate in a Differential Scanning Calorimetry furnace. At high cooling rates (10°
- 10" K/s) a metastable CusgSn phase is observed in all selected binary alloys, which
could be explained to have formed via diffusionless martensitic transformation from
the parent B phase. An increasing amount of Sn results in the transition of preferen-
tial phase formation in the sequence of o, CuseSn and &. In the ternary alloys, Ti is
observed to form (Cu,Sn);Tis compound at both low and high cooling rates due to
the low solubility of Ti in the a phase, and the fraction of (Cu,Sn);Tis and a phases
tend to increase with increasing Ti amount but that of CusSn decreases. The results
are of relevance for the development and optimization of Cu-Sn based alloys for pro-
cessing techniques involving rapid solidification with varying cooling rates, e.g. laser

additive manufacturing.

Keywords: rapid solidification; tin bronze; microstructure; phase transitions; thermo-

dynamic modeling



1 Introduction

Selective Laser Melting (SLM) is a powder bed based additive manufacturing (AM)
technique with which 3D parts are built up layer by layer, which opens the possibility
to make parts even with intricate geometries. The technology is already widely used
for manufacturing parts from e.g. stainless steel, Ni alloys or Ti alloys [1,2]. Cu-Sn
(bronze) alloys are applied extensively in mechanical and electronic industries be-
cause of their outstanding properties, such as high strength and thermal conductivity,
good wear resistances and good weldability, or as braze and solder alloys for joining
technologies [3]. Over the last decade, attempts were also made to fabricate Cu-Sn
based alloys by AM, e.g. tin bronze [4-6]. The rapid consolidation during AM allows
for the processing of metastable material combinations like diamond with metal, and
Cu-Sn and Cu-Sn-Ti alloys were successfully used as matrix material in metal-
diamond composites [7,8], opening new possibilities for the design and fabrication of
e.g. abrasive tools. However, the fabrication of defect-free samples from a commer-
cial Cu-14.4Sn-10.2Ti-1.5Zr with acceptable mechanical properties was very challeng-
ing [8].

From the material science perspective, the SLM process can be considered as a
sequence of rapid solidification (RS) of small material volumes followed by the cyclic
heat treatment with high heating and cooling rates (10° - 10° K/s) during the deposi-
tion of succeeding layers [9]. These conditions may lead to complex out-of-
equilibrium microstructures, pronounced element segregation and crack formation in
the bulk alloy, which are usually the same alloys that are used for conventional manu-
facturing technologies such as casting [1,2,10]. The successful application of SLM for
a wide range of materials requires a better understanding of the material mechanisms
during the consolidation step and possibly the development of alloys that are better
suitable for the SLM process. It was shown by some of the present authors that the
systematic study of the phase and microstructure formation upon RS in Ti-Al and Ti-
Al-Nb alloys is useful to understand e.g. changed solidification paths in comparison
with low cooling rates and finally to develop an Ti-Al-Nb alloy that showed a better
SLM processability than conventional alloys [11-14]. It is therefore assumed that a

similar approach may help optimize Cu-Sn(-Ti) alloys for SLM.

The solidification behavior of Cu-rich (>70 wt.%) Cu-Sn alloys and the resulting
microstructures have been extensively studied by several researchers [3,15-18] for

slow cooling conditions as they occurred e.g. during casting or brazing. Fig. 1 shows



the Cu-Sn phase diagram according to the latest assessments by Firtauer et al. [19]
and Li et al. [20]. While the phase morphologies after solidification are strongly influ-
enced by the composition with regard to the peritectic concentration (hypo- or hy-

perperitectic alloys), the as-cast microstructures usually consist of a-(Cu) and & [4,17].

Systematic studies concerning the phase and microstructure formation in Cu-Sn
alloys at different cooling rates are scarce. By varying the cooling rates between 5
K/min and 50 K/min in Differential Scanning Calorimetry (DSC), Zhai et al. [21] found
that even low cooling rates could significantly influence the phase transformation
paths of peritectic 22 wt.% Sn alloy. Only few efforts on RS studies of Cu-Sn based al-
loys were made to understand the correlation between microstructure and cooling
history. To figure out the rapid solidified microstructure of hypo-peritectic Cu-Sn al-
loys for welding joints, Zhai et al. looked into the microstructure of melt-spun Cu-
x%Sn (wt.%, x=7, 13.5, 20, hereafter composition is in wt.% if it is not noted otherwise)
at high cooling rates in the order of 10° K/s [22,23]. Under substantial undercooling
condition, Cu-70%Sn droplets prepared by Zhai [24] in the drop tube experienced
growth mechanism transition from peritectic transformation to the direct nucleation
and growth of peritectic phase at the cooling rate of 10 to 10* K/s. The addition of a
certain amount of Ti into Cu-Sn system resulted in the modification of microstructural
morphologies and the formation of a ternary intermetallic phase that completely re-

placed the binary intermetallic phase as demonstrated by Spierings et al. [8].

The present work is a systematic study of the microstructure and phase formation
in Cu-rich Cu-Sn and Cu-Sn-Ti alloys under rapid solidification conditions as a func-
tion of the alloy composition and cooling rate. The cooling rates were varied in a
range between 10°-10* K/s in order to mimic the conditions during SLM with the re-
ported cooling rates. The experimental setup reported in [11] is utilized to produce
specimens that rapidly solidified at various cooling rates by varying the droplet sizes.
The aim was to find strategies for optimizing the composition of Cu-Sn and Cu-Sn-Ti
alloys for potential use in additive manufacturing or other processes involving rapid

solidification.

2 Materials and methods

2.1 Alloy selection and preparation



For this work, five binary Cu-Sn alloys and five ternary Cu-Sn-Ti were prepared and
investigated. The selected binary alloy compositions are indicated in the Cu-Sn phase
diagram in Fig. 1 which has been calculated using the Thermocalc software package
in combination with the latest thermodynamic assessment [19]. As can be seen, three
hypo-peritectic alloys, one near-peritectic and one hyper-peritectic alloy are consid-
ered. The compositions of the selected Cu-Sn-Ti alloys are indicated in the liquidus
projection in Fig. 2a as well as in the vertical sections Cu20Sn-Ti and Cu25Sn-Ti in Fig.
2b and ¢, which were calculated based on the assessment of Wang et al. [20]. Two al-
loys on either side of the monovariant line separating the a-(Cu) and (Cu,Sn)sTis pri-
mary solidification phase fields were selected. In addition, the commercial alloy Cu-
14.4Sn-10.2Ti-1.5Zr, which had been used as matrix material for producing metal-
diamond composites by SLM [8], was selected. The compositions of all alloys are
listed in Table 1. Crystallographic information of the equilibrium phases occurring in

the compositional range of interest are listed in Table 2 [18,20].

The raw materials used for producing the master alloys were copper shot
(99.999%), tin shot (99.99+%) and titanium slug (99.98%) supplied by Alfa-Aesar,
Germany. Each alloy had a mass of about 2 g and was prepared in arc furnace filled
with 500 mbar Ar protection gas purified by an OXISORB cartridge (Messer). All alloys
were molten for 8 times in total and inverted after every second melting to ensure
homogeneity. The material losses after arc melting were lower than 0.2%, thus no
chemical analysis was carried out. Note that the reference alloy was prepared directly

from commercial pre-alloyed powder in arc furnace.
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Fig. 1 Phase diagram of binary Cu-Sn using the assessment published in [20]. Five compositions
marked by empty circles are 10, 16, 20, 25 and 30Sn, respectively.
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Fig. 2 (a). Calculated liquidus projection of Cu-Sn-Ti ternary system; vertical sections at 20Sn (b) and
25Sn (). The thermodynamic database from [18] was applied for calculation. To include reference alloy
in the liquidus projection, the low amount of Zr in the alloy is neglected.

2.2 Rapid solidification experiments and sample characterization

RS experiments were performed using small samples (4 - 270 mg) that were cut
from the respective master alloy samples using the same setup as described in [11].
The melting of the alloys resulted in spheres with three different radii of 0.5, 1 and 2

mm, respectively.

Finite Element Modeling (FEM) was applied to estimate the cooling rates as a
function of the specimen diameter using Abaqus/CAE 6.13-2 (3DS Simulia) with a
160,000 hexahedral (DC3D8) element mesh. Detailed descriptions of the model were
published in a previous publication [11]. The height to radius ratio was measured as

1.6 for specimens of 2 mm in radius and 1.8 for specimens of 1 and 0.5 mm in radius.



In the current model, the initial droplet temperature was 1400 K and that of the cru-
cible 300 K. Two types of heat transfer were considered, i.e. thermal conduction and
surface radiation. The temperature-dependent thermophysical properties of the pre-
sent two systems such as density, thermal conductivity and specific heat were taken
from [25] or were estimated using Thermocalc from room temperature to 200 K
above liquidus temperature. Other parameters such as liquidus/solidus temperature
and fusion enthalpy were measured by DSC at a heating/cooling rate of 10 K/min.
The cooling rate in the center of the sphere at the solidus temperature was consid-
ered in this work, and the subsequent structural analyses were also done at the ap-
proximately same position. Fig. 3 demonstrates one temperature profile in the
Cul0Sn sphere of 1 mm radius as an example. At the solidus temperature of 1119 K
of this alloy, a cooling rate of 5000 K/s is calculated. According to the FE simulations,
cooling rates between 1300 K/s and 21600 K/s could be achieved with the current
setup for Cu-Sn based alloys. The cooling rates at solidus and liquidus temperature
were calculated and compared. The difference is small and within the same order of
magnitude. Undercooling is required for nucleation and growth of nuclei, which
means that the temperature after the passage of the solidification front is between
liquidus and solidus temperature. It therefore appears to be reasonable to present

the cooling rate rather at the solidus temperature than that at the liquidus tempera-

ture.
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Fig. 3 Temperature gradient map at the cross section of the Cul0Sn sphere of 1 mm in radius during
solidification. Based on the temperature history, the cooling rate in the sphere center was calculated at
the solidus temperature of Cul0Sn.



DSC tests were carried out with a Netzsch DSC 404C apparatus. Small pieces (5 -
10 mg) of alloys were placed in the center of Yittria coated alumina crucibles to avoid
reaction of reactive Ti in the melt with the crucible. The chamber was evacuated and
purged with pure argon gas for three cycles to prevent side reactions of alloys plus
oxygen. The DSC thermal analyses were performed at the scan rate of 10 K/min and

the maximum temperature was 50 K above the liquidus temperature.

After the RS experiments, all specimens were cold mounted into epoxy resin,
ground and polished with 3 um diamond suspension followed by final polishing with
50 nm silica solution. The polished vertical sections of the spheres were characterized
by X-ray diffraction (XRD) as well as with EDX and SEM BSE imaging. XRD was per-
formed using Cu Ka radiation on Bruker D8 DISCOVER equipped with a LynxEye de-
tector. X-rays were produced by a copper-radiation source at an accelerating voltage
of 40kV and an electron current of 40 mA. A Ni-filter was utilized for absorption of Cu
KB emission and the step size was 0.02° (28). Pinhole snouts with diameters of 2 mm
and 1 mm were used to reduce the beam size onto the small polished sample surfac-
es to minimize background noise. The deformation-free surfaces were investigated
under scanning electron microscope using a FEI NanoSEM 230 equipped with BSE

and EDX (EDAX) detectors.

Table 1. Nominal compositions of Cu-Sn and Cu-Sn-Ti alloys studied in this work

Binary alloys Cu Sn Ternary alloys Cu Sn Ti Zr
CulOSn 90 10 Reference alloy 73.9 14.4 10.2 1.5
Cul6Sn 84 16 Cu20Sn3.5Ti 76.5 20 3.5
Cu20Sn 80 20 Cu20Sn7Ti 73 20 7
Cu25Sn 75 25 Cu25Sn2Ti 73 25
Cu30Sn 70 30 Cu25Sn5Ti 70 25 5

Table 2. Crystallographic data of Cu-Sn [20] and Cu-Sn-Ti phases [18] in the compositional range of
interest

Phase Stoichiome- | Type Pearson | Space No. a (A) b (A) c (A B
try symbol | group ©)

a-(Cu) (Cu) Cu cF4 Fm-3m 225 3.61443 - - 90
B Cu17Sn3 W cl2 Im-3m 229 3.0261 - - 90

y CusSn BiFs3 cF16 Fm-3m 225 6.1176 - - 90

) Cus1Sn1a Cus1Sn11 cF416 F-43m 216 17.98 - - 90

€ CusSn CusTi 0C80 Cmcm 63 5.529 47.75 4323 90




(Cu,Sn)3Tis Cuos2Sn3Tis Nb1oGe; hP17 Pmcm 193 8.151 - 5.590 90

CuSnTi TiCuSn LiGaGe hP6 Pmc 186 4.3972 - 6.0168 90

CuzSnTi Cu(Sn.5Ti.5) CsCl cP2 Pm-3m 221 2.960 - - 90

3 Results and discussion
3.1 Binary Cu-Sn alloys

Fig. 4 illustrates the microstructure of Cu25Sn after melting and solidification in
the DSC furnace consisting of primary o and lamellar o + & (as confirmed by XRD)
formed via eutectoid reaction (Y — a + 8). All binary alloys exhibited a eutectoid mi-
crostructure like the one of Cu25Sn, and a peak at 521 °C was observed in the DSC
signal indicating the eutectoid reaction. Since the same phase constituents but differ-
ent phase fractions were observed in RS of Cul0Sn, Cul6Sn and Cu20Sn, only an im-
age of RS of Cu20Sn is representatively displayed in Fig. 5a. The SEM micrographs
were taken at the center of the spheres for which the cooling rates have been com-
puted. The microstructures of rapidly consolidated Cu25Sn and Cu30Sn depicted in
Fig. 5b and c are different from those of the alloys with a lower nominal Sn content. It
is evident that all alloys show a two-phase microstructure except Cu25Sn which has a
single phase microstructure with coarse grains. The contrast in the BSE micrograph of
Cu25Sn (Fig. 5b) is attributed to grain orientation differences. The point EDX meas-
urement results reveal that in Cu20Sn ~10% Sn is dissolved in a-(Cu) but ~25% Sn in
the second phase. A homogeneous Sn concentration of ~25% was detected in
Cu25Sn; in Cu30Sn, an additional phase with a different composition (~33%) was ob-
served (cf. Fig. 5¢).

The peaks corresponding to a-(Cu) as shown in Fig. 6 are found in alloys with less
than 20% Sn, whereas peaks corresponding to the &-phase are observed in Cu30Sn.
Numerous other intensive peaks could not be assigned any of the equilibrium phases
shown in the phase diagram in Fig. 1. The occurrence of a metastable CusSn phase
with simple tetragonal crystal structure (a = b =0.985 nm, ¢ = 1.1028 nm) was re-
ported in rapidly solidified peritectic Cu-Sn alloys produced by melt-spinning in [22]
and plated films in [26]. Our analysis of the XRD spectra and comparison with the lit-
erature data [26] leads therefore to the conclusion that the unknown peaks can be at-
tributed to the CusgSn phase.
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In Fig. 7, the Cooling rate-Composition—Phase (CCP) map which summarizes the
effect of cooling rates and Sn content on RS microstructure in terms of phase constit-
uents for cooling rates 10% K/s < dT/dt < 2x10* K/s is shown. The microstructures ob-
served after slow cooling in the DSC furnace are shown for comparison. With increas-
ing Sn content, the cooling rate of specimens with the same diameter decreases due
to the decrease of the thermal conductivity with increasing solute concentration. As
implicated in the phase diagram, all selected binary alloys which cool down at 10
K/min consist of o and & phases. An increase of cooling rates results in the presence
of the metastable CusSn phase. Scudino et al. [4] observed the o and & phase in SLM
fabricated samples as well as in cast Cul0Sn bronze. However, the compositions of
the observed phases were not reported. A possible explanation for this effect might
be that the CusSn phase was transformed into & due to the multiple heat treatments
resulting from the layerwise heating and cooling during SLM process. Zhai et al. [24]
proposed that this metastable phase formed via martensitic transformation during
fast cooling and that the morphology of CusgSn phase remained from the parent 3

phase.

Considering the equilibrium phase diagram presented in Fig. 1, the a-(Cu) phase is
expected as the primary solidification phase for all alloys with a Sn amount <25.5%
and [ phase for the Cu30Sn alloy. The experimental findings as described above also
suggest primary a-(Cu) solidification in the alloys Cu10Sn, Cul6Sn and Cu20Sn. How-
ever, the coarse and elongated grains observed in Cu25Sn (cf. Fig. 5b) indicate that
the high temperature p phase supersaturated with Sn forms during solidification.
Similar for the Cu30Sn alloy (cf. Fig. 5c), coarse Y grains form during RS. The yellow
lines indicate the grain boundaries of the parent Y phase. Since these two alloys pass
the L+ a-(Cu) and L+ B only in a very narrow temperature range upon cooling, it is
possible that the formation of primary a-(Cu) in Cu25Sn and B in Cu30Sn is sup-
pressed due to the short time for nucleation and growth and the constrained diffu-
sion, and B and Y, respectively, are formed instead. The following eutectoid reaction is
also suppressed in Cu25Sn alloy due to the low mobility of large Sn atoms in the solid
phase, i.e. that the parent B phase with the same composition as the melt directly
crystallizes from the melt.

While under equilibrium conditions, the energy is minimized by the formation of

two phases with different compositions, diffusion can be strongly reduced during

rapid cooling, which hinders the formation of the equilibrium phases. As shown in a



previous work [11], the phase formation sequence in alloys during RS can be inter-
preted using so-called phase selection hierarchy maps based on the Ty temperature,
i.e. the temperature at which the Gibbs free energies of two phases with the same
composition are equal. Considering for example L and a-(Cu) in Cu20Sn, the for-
mation of a-(Cu) dissolved with 20% Sn is expected as soon as T < To—q-(cu), Where
Go-cuy < Gi. The energy of the intersection point of the Gibbs free energy curves
where G| = Gu-(cy is always larger than the energy of the points lying on the common
tangent line; the a-(Cu) phase is thus supersaturated above its equilibrium limit of
solubility. Likewise, To-g and To -, can be calculated. In the absence of partitioning,
i.e. when diffusion is completely suppressed, the transformation with the highest Ty is
the most likely one to occur. Fig. 8 shows the calculated Ty temperatures for the
phase transformations L—a-(Cu), L—f and L-Y in the composition range of interest.
The presence of a-(Cu) as primary phase in the Cu20Sn alloys after RS suggests that
the nucleation and growth of a-(Cu) phase are still preferred over that of the  phase,
i.e. that partitioning still occurs. The Ty curve for the transformation L—[ intersects
the one for L—a-(Cu) at 17.9% Sn and the one for L—Y at 26.2% Sn. The formation of
primary B in the Cu25Sn alloy and Y in the Cu30Sn alloy may thus be also explained
by the thermodynamic preference of these two phases upon RS as shown in Fig. 8. In
the Cu30Sn alloy, primary Y phase undergoes a solid-state transformation into Sn
depleted and enriched phases as shown in Fig. 5c. Since the high temperature Y
phase is unstable at ambient temperature [19], ordering of Sn atoms over short dis-
tances occurs in Sn enriched region to form dendritic & phase while Cus¢Sn forms in
the Sn depleted region via martensitic transformation. The & phase has the super-
structure with F symmetry of Y-brasses (cf. Table 2) where close contact between
larger Sn atoms are prevented [27]. This mechanism of dendritic growth in the solid-
state phase transformation was observed in Cu-31.3 wt.% Sn and other binary sys-
tems [28] and is attributed to the fast bulk diffusion and small lattice parameter mis-
match. As grain boundaries are fast diffusion passages, the grains of CusgSn and &
phase at the parent grain boundaries of Cu30Sn are larger than the grains within the

parent grain (cf. Fig. 5¢).
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3.2 Ternary Cu-Sn-Ti alloys
Fig. 9 shows the microstructure of the Cu-14.4Sn-10.2Ti-1.5Zr reference alloy at

four different cooling rates. At low cooling rate (10 K/min), coarse equiaxed a-(Cu)
grains and facetted (Cu,Sn)sTis grains are observed (cf. Fig. 9a). At the cooling rate of
2300 K/s, primary o dendrites due to constitutional undercooling and fine lamellar
structure inherited from eutectic reaction remain in the rapidly solidified microstruc-

ture as presented in Fig. 9b. With a further increase of the cooling rate up to 5000 K/s,



a similar microstructure is observed. In addition, a dark colored phase that was ap-
parently frozen during its growth is visible in Fig. 9c. At a cooling rate of 2*10* K/s,
the originally fine dendrites of the dark phase are fully embedded in the eutectic la-
mellar structure. It can be concluded that the dendritic primary a-(Cu) becomes less
favored and can even be completely suppressed by increasing cooling rates. Evidently,

the lamellar spacing decreases with increasing cooling rate.

As illustrated in the XRD spectra from Fig. 12, peaks corresponding to a-(Cu) as
well as to the intermetallic (Cu,Sn)sTis phase can be observed in all samples. In addi-
tion, peaks corresponding to the CusgSn phase are also present in most alloys except
for the reference alloy that only consists of (Cu,Sn);Tis and a-(Cu). Since only two
phases were identified from XRD measurements, it is most likely that the Ti enriched
dark phase shown in Fig. 9c is (Cu,Sn)sTis. It has been reported in [16] that (Cu,Sn)sTis
have a large solubility range for Cu and Sn. This suggests that at high cooling rate the
nucleation of (Cu,Sn)3Tis is rapid enough to supersede the nucleation and growth of
dendritic a-(Cu) crystals. From the reference alloy to other alloys, the peak positions
of a-(Cu) shift towards lower-angles. An evident explanation is that a higher concen-
tration of solute atoms (~9 at.%) in a-(Cu) phase in other alloys was measured than
that (~2 at.% Sn and ~4 at.% Ti) in dendritic a-(Cu) grains from point EDX, which

leads to an increase of the lattice constant.

Fig. 10 shows representative microstructures from the center of ternary specimens
with a radius of 2 mm. The smaller spheres have the rather similar microstructure but
smaller grain sizes. Grain refinement is achieved by increasing the nucleation rate de-
pending on the undercooling of the melt. To analyze the fine lamellar grain structure,
qualitative EDX mapping (cf. Fig. 11) was conducted on a Cu20Sn7Ti alloy, giving in-
formation on the X-ray intensity distributions from Ti, Cu and Sn elements. A higher
Sn concentration in the metastable CussSn phase than that in a-(Cu) gives rise to the
contrast in the BSE micrographs. In comparison with a-(Cu) and CusgSn, (Cu,Sn)sTis is
characterized by Cu depletion but an increased amount of Ti and Sn. Similar to the
large (Cu,Sn)sTis facets confirmed by point EDX, large amounts of Ti but comparable
amount of Cu are dissolved in the fine lamellae. Considering the XRD results where
only (Cu,Sn)sTis, a and CusgSn phases are identified, it can be assumed that the fine
lamellar structures are also the (Cu,Sn);Tis phase. The morphology of the (Cu,Sn);Tis
phase is either facetted as the primary phase from melt or lamellar due to the mono-

variant eutectic reaction (L — o + (Cu,Sn);Tis). Although (Cu,Sn);Tis is thermodynami-



cally not favored at ambient temperature, it did not transform into other intermetallic
phases as indicated in the phase diagram (Fig. 2b and c) due to the constrained diffu-

sion process during rapid cooling.

Table 3 summarizes the phases observed in RS Cu-Sn and Cu-Sn-Ti alloys (cf. Fig.
5 and

Fig. 10). For Cu20SnxTi (x=0, 3.5, 7) alloys, the addition of Ti promotes the formation
of lamellar (Cu,Sn)sTis while at a higher amount of Ti primary (Cu,Sn);Tis rather than
a-(Cu) is present. Since only a negligible amount of Ti can be dissolved in the a-(Cu)
[18], most of Ti segregates from dendritic a into the melt, resulting in the formation
of (Cu,Sn)3Tis at the solidification front. For Cu25SnxTi (x=0, 2, 5) alloys, only 2% Ti
changes the entire microstructure from coarse grains of single CusgSn phase to small
grains of CusgSn surrounded by lamellae. From both sets of alloys, an increasing
amount of Ti promotes the formation of (Cu,Sn);Tis and a-(Cu) phase but impairs
CuseSn phase. Obviously, other ternary compounds expected from phase diagrams
do not form, most likely due to the restricted diffusion of solutes in the solid
(Cu,Sn)sTis phase. (Cu,Sn);Tis is stabilized by rapid cooling as well as slow cooling as

shown in Fig. 9a.

(Cu,Sn);Tis

Spm

10pm e 2um

Fig. 9 The microstructural micrographs of reference alloy that solidified at cooling rates of 10 K/min (a),
2300 K/s (b), 5000 K/s (c) and 20000 K/s (d)
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Fig. 10 BSE images of largest spheres (r = 2 mm). Specimens of smaller sizes have the same phase
constituents and similar microstructural morphology with the illustrated microstructures. Arrows with
the same color represent the same phase.
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Fig. 11 Elemental maps for Ti, Cu and Sn of a region containing primary (Cu,Sn)sTis
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Fig. 12 Representative XRD curves of largest spheres for phase identification

Table 3. Summary of phases observed in the RS Cu-Sn and Cu-Sn-Ti specimens

Cu-Sn and Cu-Sn-Ti alloys Primary phase Other phases
Radius [mm] 2 1 0.5 2 1 0.5
Reference alloy ol (Cu,Sn)sTis | (Cu,Sn)sTis o
Cu20Sn a B (CuseSn)
Cu20Sn3.5Ti a (Cu,Sn)3Tis, B (CuseSn)
Cu20Sn7Ti (Cu,Sn)sTis o, B (CuseSn)
Cu25Sn B (CuseSn) -
Cu25Sn2Ti B (CuseSn) o, (Cu,Sn);Tis
Cu25Sn5Ti (Cu,Sn)3Tis o, B (CuseSn)

Note: (1). 2, 1 and 0.5 are the radii of RS specimens in correspondence with the increase of cooling

rates. (2). Primary B does not exist in the final microstructures because it transforms into Cus¢Sn.
4. Conclusions

The present rapid solidification studies give insight into the influence of cooling
rates and compositions on the out-of-equilibrium microstructure formation of Cu-Sn

and Cu-Sn-Ti alloys including phase constituents and morphologies.

In the Cu-Sn binary system, the metastable CusgSn phase is transformed from a
high temperature phase in the compositional range of interest. At RS conditions, pri-
mary o dendrites and metastable CusgSn compose the microstructure of Cu-xSn
(x=10, 16, 20); coarse columnar grains of single CusgSn phase are in the microstruc-
ture of Cu25Sn alloy; in Cu30Sn alloy, coarse parent grains are transformed into Sn
enriched & phase and Sn depleted CusgSn phase. Furthermore, § and Y are selected

as primary phases in the 25% Sn and 30% Sn alloy, respectively. Those phases are



thermodynamically preferred in the partitionless solidification at each composition. In
addition, different microstructural morphologies varying from primary a dendrites to

coarse columnar B/Y grains develop with increasing Sn content.

In all Cu-Sn-Ti ternary alloys, (Cu,Sn);Tis forms without decomposition into other
ternary compounds since the rapid cooling hinders diffusion of solutes in solid. De-
pending on the formation mechanisms, (Cu,Sn)sTis is either facetted as primary phase
or lamellar due to a mono-variant eutectic reaction. Additionally, the increase of Ti
content increases the fraction of (Cu,Sn)sTis and o phases but decreases the amount
of CuseSn phase due to the fact that a negligible amount of Ti can be dissolved in the
o phase. The cooling rates mainly influence the phase formation of Cu-Sn binary sys-

tem.
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Rapid solidification microstructures were studied in Cu-Sn(-Ti) alloys
Rapid cooling facilitates the formation of metastable CusSn

Addition of Ti promotes the formation of (Cu,Sn);Tis

The microstructural morphology can be tuned by alteration of Ti amount

High cooling rates deteriorate the formation of primary dendritic a phase



