T & K %

CENTRAL SOUTH UNIVERSITY

M+ F 4240 L

# X AL 8 Cu-Sn-Ti K RAY BBFE R AR
FH. F 2 I W
HREML = K BE

F 448 A



CENTRAL SOUTH UNIVERSITY

MASTER’S DEGREE THESIS

The study on Interfacial Reactions of Cu-Sn-Ti

System with Diffusion Couple Technical

Graduate: Li Dajian

Department:  Materials Science and Engineering

Supervisor: Jin Zhanpeng. _(Prof.)



Central South University Master’s Degree Thesis Abstract

Abstract

The Cu-Sn-Ti ternary system and its three boundary binary systems
are of critical importance in practice. The Ti/Sn and Cu/Sn solid/liquid
diffusion couples and the Cu/Ti diffusion couples are made and examined.
Only Sn;Ti, forms if Ti/Sn solid/liquid diffusion couples are annealed at
873K for 30~160 minutes. When annealed at 808K for 10 minutes, only
Cu;3Sn forms in Cu/Sn solid/liquid diffusion couple. With the annealed
time increasing, Cuy;Sny; layer forms between Cu and Cu;Sn in 30 mins,
and then Bee a, layer forms between Cu and Cuy Sny;in 60 mins.  After
annealing at 1023K for 1000 hours, four compounds, CuTi,, CuTi, CusTis
and CuyTi form in Cu/Ti diffusion couple while CusTi, is absent. The
interfacial reaction process and phase formation sequence has been
predicted with the maximum driving force model using the Thermo-Calc

software.

Phase relations in the Sn-Cu side of the Cu-Sn-Ti system at 823K
were determined by diffusion-triple approach along with Electron Probe
Microanalysis (EPMA) technique. A ternary phase, CuSnTi, was detected
to have a certain homogeneity range. Except in the Ti-rich corner, phase
equilibria in most part of the isothermal section of Cu-Sn-Ti ternary
system at 823K were well established. In this isothermal section, 12
three-phase equilibria were proposed, of which 2 three-phase equilibria,

CuTi+Sn;sTig+Ti and CuSnTi+CuyTi3+CuyTineed further study.

The Cu/Ti diffusion couples annealed at 1023K for 1000h was
annealed with molten Sn at 823K for 15 to 480 mins. With addition of Ti,
the consumption speed of Cu is greatly enhanced. At 823K, Cu plate with

thickness of about 3mm solute into Sn in less than 15 mins. Cu-Ti binary
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compounds still have different consumption speed in molten Sn. The
grown out Cu-Ti binary compounds show great anisotropism in this work,
and there are quick diffusion paths vertical to Cu-Ti interface form in
them. With progressing of annealing, different tri-junctions which mean
correlative three-phase regions in the isothermal section appear in the
samples sequently at 823K. After annealed at 823K for different times
from 15 to 480 mins, the morphologies of diffusion zones are illustrated

with diffusion paths.

KEY WORDS: diffusion, intermetallics, phase diagram,

solid-liquid reaction, microstructure
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Chapter 1. Preface

1.1.Introduction of diffusion technical

1.1.1. General principles of the diffusion couple method

Phase diagrams play an important role in the understanding of many scientific and
technological disciplines, and are important guidelines in the production, processing
and application of materials. Though phase equilibria in rather complex systems may
be calculated with a certain degree of confidence, the theoretical assessments will likely
remain a complementary tool only and not a replacement for experiment. In many
experimental methods in phase diagram determination, diffusion couple method is one

of the most frequently used techniques [1].

A diffusion couple is simply a pair of metal (or ceramic) blocks of different
composition, placed in intimate interfacial contact, and subjected to interdiffusion at a
high temperature under the imposed chemical potential gradient. Diffusion couple has
long been used to determine phase diagrams and evaluate diffusion coefficients [2].
Based on diffusion couple technical, Diffusion triples (introduced by Hasebe and
Nishizawa [3] for simple ternary systems and demonstrated by Jin et al.[4,5] for
complex systems with intermetallic compounds) and quadruples [6] have been used to

efficiently map ternary and quaternary phase diagrams.

The use of diffusion couples in phase diagram studies is based on the assumption
of local equilibria in the diffusion zone. It implies that each infinitely thin layer of such
a diffusion zone is in thermodynamic equilibrium with the neighboring layers. In a
translated sense, this means that chemical potential (activity) of species varies
continuously through the product layers of the reaction zone and has the same value at

both sides of an interface.

This concept of local equilibrium being attained at interfaces plays a prominent
role in the diffusion theory. It is to be remarked, however, that since diffusion takes

place only by virtue of a thermodynamic potential gradient, any system in which

1
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diffusion occurs is not at equilibrium. In other words, for a phase boundary to migrate
(i.e. for a reaction product to grow) within the diffusion zone there must be a free
energy difference (driving force) which implies some deviation from equilibrium.
However, local equilibrium is generally supposed to maintain in the diffusion zone,

which means that reaction is very rapid compared with the rate of diffusion.

A diffusion-controlled interaction in a multiphase binary system will invariably
result in a diffusion zone with single-phase product layers separated by parallel
interfaces in a sequence dictated by the corresponding phase diagram. The reason for
the development of only straight interfaces with fixed composition gaps follows
directly from the phase rule. Three degrees of freedom are required to fix temperature
and pressure and to vary the composition. Reaction morphologies consisting of
two-phase structures (i.e. precipitates or wavy interfaces) are, therefore,

thermodynamically forbidden, assuming that only volume-diffusion takes place.

In a ternary system, on the other hand, it is possible to develop two-phase areas in
the diffusion zone because of the extra degree of freedom. The diffusion zone
morphology, which develops during solid-state interaction in a ternary couple, is
defined by type, structure, number, shape and topological arrangement of the newly
formed phases. The resulting microstructure of the reaction zone can be visualized with
the aid of the so-called diffusion path. This is a line on the ternary isotherm,
representing the locus of the average composition in planes parallel to the original
interface throughout the diffusion zone. Naturally, the diffusion path in a ternary system
must fulfil the law of conservation of mass. If no material is lost or created during the
interaction, then the diffusion path is forced to cross the straight line between the

end-members of the reaction couple (so-called mass balance line) at least once.

Kirkaldy and Brown [7] formulated a number of rules, which relate the
composition of the reaction zone to the phase diagram. Later, these rules were
conventionalized by Clark [8]. In recent years, the research in multicomponent
diffusion took on a new lease of life (Kirkaldy [9], Morral [10] and Agren [11]), due
primarily to the availability of computational power matching the complexity of the
available algorithms. Referring for details especially to Ref. 8, it is summarized here
the main ideas, using a hypothetical reaction couple of an A-B—C-ternary system

shown in Fig. 1.



Central South University Master’s Degree Thesis Chapter 1

For a given couple under conditions of chemical equilibrium the reaction path
involves a time-independent sequence of intermediate layers. The plot gives
information about the order of the product layers, their morphology and their
compositions. For example, in the hypothetical system shown in Fig. 1, a solid line
crossing a single phase field on the isothermal section (e.g. a—b) denotes an existing
layer of that phase in the reaction zone of the couple A/Z. A dashed line parallel to a
tie-line in a two-phase field (g—h) represents a straight interface between two single
phases. A solid line crossing tie-line on the isotherm (b—c) represents a locally
equilibrated two-phase zone (in fact, a wavy interface) in the couple. A solid line
entering a two-phase field and returning to the same phase field (d—e—f) represents a
region of isolate precipitates. A dashed line crossing a three-phase field (e.g. i—j or k-1)
implies an interface in the diffusion structure with equilibrium between three phases,
either a two-phase layer adjacent to a layer consisting of a different phase (e.g. 1/ ]

interface) or adjacent two-phase layers with one common phase (e.g. k/ 1 interface).

QT -

]
a
-4
-]
=
-
a
[-N--

Fig. 1 A reaction zone structure in a hypothetical couple A/Z of the A-B—C system (on
the left) and the corresponding diffusion path plotted on the isotherm of the ternary
diagram (on the right). The low-case letters relate the structure to the appropriate
composition on the isotherm. (Note: all paths in three-phase fields must be denoted by

dashed lines, as a three-phase layer cannot form in a ternary diffusion couple.)
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1.1.2. Preparation of diffusion couples

Several techniques are available to make solid-state diffusion couples, i.e. to bring
two (or more) materials in timate contact that each diffuses into the other. In the most
commonly used procedure, the bonding faces of the couple components are ground and

polished flat, clamped together and annealed at the temperature of techinterest.

Depending upon the initial materials, various ambient atmospheres can be used
(e.g. vacuum, inert gas, etc.). After the heat treatment, quenching of the sample is

desirable in order to freeze the high-temperature equilibrium.

For some metallic systems, different electrolytic and electroless plating techniques
can also be utilized to fabricate diffusion couples. In this case, one half of the couple is
typically a piece of a bulk alloy. The second half of the couple is formed by plating the
second alloy onto the bulk alloy substrate. Other plating techniques have also been
employed including plasma spraying and chemical vapor deposition (CVD). These
techniques are suitable for both metals and nonmetals. Thermal evaporation, electron
beam evaporation, or laser evaporation can be used as well to deposit the second

component layer onto a bulk substrate.

It is also possible to create a multiphase diffusion couple by annealing a substrate
material in a reactive gas atmosphere [12]. Such experiments can be carried out in a
conventional way (under isothermal conditions) or by imposing a temperature gradient
perpendicular to the diffusion direction in the couple. The latter method enables one to

observe competing phase reactions ‘simultaneously’ as a function of temperature [13].

1.1.3. Analysismethods

In order to obtain information about the phase equilibria existing in a system at a
specified temperature, the phase boundary concentrations within the diffusion zone

have to be measured.

Different measurement techniques can be used to determine the chemical
compositions on both sides of the interfaces. There are Auger electron spectroscopy
(AES), secondary ion mass spectrometry (SIMS), Rutherford backscattering
spectrometry (RBS), glancing angle X-ray diffraction, electron probe microanalysis

(EPMA) and analytical electron microscopy (AEM). In these methods, the last two are

4
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the most suitable for the investigation of ‘bulk’ diffusion couples. The others are used
for determining composition depth profiles in studies of interdiffusiOn and reactions in

thin-film couples.

In the EPMA high energy electrons are focused to a fine probe and directed at
the point of interest in the diffusion couple. The incident electrons interact with the
atoms in the sample and generate, among other signals, characteristic X-rays. These
X-rays are detected and identified for qualitative analysis and with the use of suitable
standards that they can be corrected for matrix effects in order to perform quantitative
analysis. In the EPMA bulk solid samples are investigated while the AEM is dealing

with electron transparent thin films.

The principal advantage of the EPMA is the ability to measure compositions of
very small volumes of a specimen. The spatial resolution for bulk specimens is limited
to ~lum. For thin foils, resolutions better than 50 nm are attainable routinely.
Obviously, in order to obtain the most reliable results the operating conditions must be
optimized. Accelerating voltage, beam current and counting time are, perhaps, the most
critical parameters. The optimization of these parameters has been discussed in detail

[14] and will only be summarized briefly here.

A ratio of operating accelerating voltage to excitation potential for the measured
characteristic X-ray radiation of ~2-3 is desirable in order to maximize peak to

background ratio and minimize the X-ray generating volume.

The value of beam current has to be chosen such that the X-ray counts are
maximized for a statistically meaningful analysis without greatly increasing the

electron beam size.

Counting times must be long enough to allow the accumulation of sufficient X-ray
counts for statistically meaningful results (without producing too much carbon

contamination).

1.1.4. Limitation and error sources

One limitation of the diffusion multiple technique is that, to avoid melting, the
highest temperature for diffusion heat treatment is limited by the lowest liquidus

temperature of the multicomponent system which may not be known a priori. When
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liquidus is low, it may take a long time to promote sufficient interdiffusion for a reliable

evaluation of properties.

The experimental results may contain errors directly attributable to the nature of
the sample. One of the possible dangers of technical importance is a system in which
the terminal compositions (end-members) are solids, but a liquid phase exists at the
annealing temperature. It is then possible for the diffusion path to wander into this field,
with disastrous results indeed! Poor adherence at the interfaces in the diffusion zone
and accelerated reaction rates due to defects such as cracks, grain boundaries, etc. may

also render the interpretation of diffusion couple experiments cumbersome.

Another source of error is in the experimental measurement themselves. The
difficulties connected with the accurate determination of the boundary concentrations
in the reaction zone are a problem for both semi-infinite and finite diffusion couple
techniques. Several items concerning the electron-beam microanalytical techniques

used are to be noted here.

Firstly, the determination of a chemical composition characteriswith EPMA has an
inherent experimental error associated with data counting statistics and data correction

procedures.

Secondly, the volume of X-ray generation in the ‘bulk’ samples is determined by

the electron scattering in the target, and not by the incident electron beam size.

Thirdly, the X-ray absorption effect, which occurs when X-rays produced at one
point within the specimen travel through materials of different compositions, and,
perhaps, of different mass absorption coefficients on their way to the spectrometer. To
avoid such absorption effects, it is necessary to orient the phase boundary in the
diffusion couple perpendicular to the sample surface and the interphase interface

parallel to the X-ray path to the spectrometer.

Finally, accurate microprobe analysis near the interfaces is sometimes very

difficult owing to fluorescence effects.

1.1.5. Variations of the diffusion couple technique

There are several variations of the diffusion couple method. In the first variant, the

sample to be studied is a classical semi-infinite diffusion couple, which means that after
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the diffusion annealing the couple ends still have their original compositions. If volume
diffusion in a semi-infinite couple is a rate-limiting step, local equilibrium is supposed
to exist, in which case the rules described above can be used to relate the reaction zone
morphology, developed during isothermal diffusion, to the phase diagram. The main
feature of this variation of the diffusion couple method is that the phase composition of
the reaction zone is independent of time and that the diffusion path is fixed. Based on
diffusion couple technical, Diffusion triples (introduced by Hasebe and Nishizawa [3]
for simple ternary systems and demonstrated by Jin et al. [4,5] for complex systems
with intermetallic compounds) efficiently map ternary diagrams. The versatility of this
technique in constructing isothermal cross-sections of ternary systems has been

demonstrated repeatedly [15, 16, 17, 18].

It is often necessary to investigate couples with end members of various
compositions in order to get all the information needed to find the phase relations at the
annealing temperature. However, the necessary number of samples can be decreased
appreciably by using polyphase terminal materials in diffusion couples. In the case of
the study of, for instance, a ternary system, the chance ‘to hit’ interfaces at which three
phases are in equilibrium, is much larger when two-phase alloys are used as
end-members. Schematically this procedure is shown in Fig. 2. If a diffusion couple
between P and Q is assembled, the reaction zone after annealing at a specified
temperature might exhibit the morphology indicated in Fig. 2b. In area 1, microprobe
measurements will reveal the three-phase equilibrium o+pu+T, whereas from area 2 the

equilibrium triangle B+y+T existing on the isotherm can be found.

(a)

A = — I%\_‘ ____ =
I3

Fig. 2 Determination of the phase equilibria on the isotherm of the ternary

A—B—C system using two-phase alloys as end-members (a) and schematic view of a
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possible reaction zone in a hypothetical diffusion couple P/Q (b).

Further development of this technique for studying phase diagrams is connected
with changing the ‘macrostructure’ of the classical diffusion couple. A sample is
prepared by joining two plane-parallel slices of metal (alloy) through a thin layer of the
third metal (alloy) as is shown schematically in Fig. 3(a). In such a layered system, in
which the central part is eventually consumed, the diffusion path is not fixed as in the
semi-infinite couple. The phase composition of the complex diffusion zone is changing
continuously with time as a result of the overlapping of two quasi-equilibrated
diffusion zones. To relate the morphology and composition of the reaction zone to the
phase diagram, rules similar to those explained before still can be used. For instance, in
Fig. 3 the composition found in the phases o, and a, at t=t; and t4, respectively, are the

end points of two tie-lines in the two-phase region.

o g &y o, Gy
;, “ g F Q ‘/ S

A %C% B A ;//i/; B A i\ B A ///\\\\ B
77 EZ N O
7 A
t=t1 t=t2 t=t3 t=t4

Fig. 3 Schematic view of the reaction zones and diffusion paths on an isotherm
after various annealing times: (a) initial ‘sandwich’ sample; (b) reaction zone
morphology for different annealing times; (c) diffusion paths for various annealing

times.

Zhao [19] provide a high-efficiency diffusion-multiple approach and then
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another [20] as shown in Fig. 4 and Fig. 5, respectively. With a diffusion couple, a

series ternary systems can been investigated.

Fig. 4 A diffusion multiple for efficient determination of the Nb—Cr—Si ternary

phase diagrams: (a) cross-sectional view; and (b) perspective view.

Precious metal diffusion multiple

Ti HIP can

Fig. 5 Diffusionmultiple for rapid mapping of ternary phase diagrams in the
Pd-Pt-Rh-Ru-Cr system. (a) Optical image of sample. (b) Arrangement of

precious-metal foils to create many trijunctions (circles).

As demonstrated in the preceding sections, at an elementary level, the diffusion
couple technique is nothing more than a tool for establishing a correlation between the

morphology developed in the diffusion zone of the couple and a certain type of phase

9
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relations in the system.

However, it must be added immediately that like in the case of other seemingly
simple methods used in materials science, the proper use of diffusion couples for
determination of multicomponent phase diagrams is by no means a trivial procedure as
it might look at first sight. A number of error sources may appear when multiphase

diffusion experiments are used for establishing phase equilibria.

The diffusion-multiple approach-the creation of composition gradients and
intermetallic phases by long-term annealing of junctions of three or more
phases/alloys-enables  the study of phase diagrams, kinetics, and
composition-structure-property relationships of bulk alloys [20]. It grew out of
traditional diffusion couples and diffusion triples [3], which have been used to

determine diffusion coefficients and phase diagrams for several decades.

In addition to mapping phase diagrams based on the local equilibriumat the phase
interfaces, Zhao [21] took advantage of the fact that the thermal interdiffusion process
in diffusion couples and triples can generate complete single-phase compositions of
solid solutions and intermetallic compounds in binary and ternary systems. By
performing localized microscale property measurements on single-phase compositions,
many composition-structure-property relationships can be mapped. The term ‘diffusion

multiple’ was coined to reflect its development from diffusion couples/triples:

1) a new sample-making process using hot isostatic pressing (HIP) allowed
multiple diffusion couples and triples to be included in a single sample, thus

creating a diffusion multiple;

2) localized property measurements allowed many properties to be mapped in
addition to phase diagrams, thus significantly expanding the application of the

methodology in materials research and discovery;

3) Diffusion couples and triples made up of multicomponent alloys were very
useful for discovering new alloys, but they were no longer merely ternary

diffusion couples.

Though diffusion couple technical has develop for decades of years, and has been
widely used, it is still developing swiftly and violently. In a most recently presented

article (actually not published yet), J-C Zhao [22] gave an overview of state-of-the-art

10
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combinatorial/high-throughput methodologies and tools for accelerated materials
research and discovery. A diffusion-multiple approach—the creation of composition
gradients and intermetallic phases by long-term annealing of junctions of three or more
phases/alloys—enables effective studies of phase diagrams, kinetics, and
composition—structure—property relationships of bulk alloys. Such studies are made
possible by localized property measurements using micro-scale probes/measurement
tools. Micro-scale probes for several properties such as elastic modulus, hardness,
thermal conductivity, dielectric properties, optical properties, and crystal structures are
relatively well developed [20] and will be discussed in detail. The probes for electrical
conductivity, magnetic properties, and compressive yield strength need further
improvement or more benchmark studies. All these micro-scale probes are very useful
for materials research. For instance, a micro-scale thermal conductivity probe can be
used to study order—disorder transformation, site preference in intermetallic
compounds, solidsolution effects on conductivity, and compositional point defect
propensity. Several probes can be combined to accelerate the development of structural
materials to obtain phase diagrams, diffusion coefficients, precipitation kinetics,
solution-strengthening effects, and precipitation-strengthening effects. The probes yet
to be developed that would have a significant impact on materials research include ones
for lattice parameter measurements at micron-scale resolution, localized melting point
measurements, ductility, thermal expansion coefficients, and thermodynamic
properties. The impact of the development of the micro-scale probes goes beyond
combinatorial materials research since most of them can be applied to
non-combinatorial metallographic or thin film samples as well. Examples show that in
addition to improved efficiency, the systematic nature of the combinatorial approaches
can reveal complex phenomena and interactions that otherwise would be difficult to be
aware of or find using conventional one-composition-at-a-time practice, especially

when measurements of several properties are made using multiple probes.

The properties can be obtained through diffusion couple technical are summarized

by J-C Zhao [20] as shown in Fig. 6, it is really state-of the art!

11
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Fig. 6 Graphic summary of the diffusion-multiple approach to high-throughput

materials research and discovery.

1.2.Introduction of active brazing and application of

Cu-Sn-Ti system

1.2.1. General introduction of active brazing

Because of their special properties such as the ability to bear high temperatures,
wear, and corrosion, ceramics have a significant potential for many structural and
electrical applications, e.g. in automotive, aerospace applications [23] and so on.
However, in many cases, the different ceramic parts must be connected by
ceramic/ceramic joining technologies in order to fabricate complicated shapes or larger
sizes. Additionally, other properties of ceramics (such as conductivity and toughness)
are not comparable to those of metals. In such cases, ceramics may be joined to metals
to obtain useful and stable components. As a result, the ceramic/ceramic and
ceramic/metal joining technologies will be critical for the structural application of
ceramics. In general, ceramic/ceramic and ceramic/metal joining have, so far, been

accomplished by using a metal interlayer either by brazing or diffusion bonding [24].

12
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Brazing is a convenient way to get a good joint. However, in either
ceramic/ceramic or ceramic/metal joining, the poor wettability of conventional filler
metals on ceramics is the critical problem in using the brazing method [25], because in
most cases, ceramics are not wetted by molten metals [26]. The reason for this is the
relatively high stability of ceramic surfaces: a ceramic/vapor interface is more stable
than a ceramic/liquid interface. Therefore, in ceramic/metal (C/M) joining applications
using a liquid interlayer between the ceramic and metal parts (i.e. brazing), the melt
usually has to be chemically modified to promote wetting. Adding chemically active
elements to the melt improves the wettability of molten metals over ceramic substrates

for two reasons [27]:

1) The formation energy for the C/M interface is reduced by the negative
contribution of the Gibbs free energy of the reaction between the ceramic

substrate and the active alloy.

2) If the reaction product has the right properties, it will be wetted by the molten

brazing alloy.

For the given reasons, to improve wettability, active elements such as titanium,
zirconium, or hafnium are added to conventional filler metals, due to the chemical
affinity of the active elements with the oxygen in oxide ceramics [28] or the carbon and

nitrogen in carbide [29,30] and nitride ceramics [31], respectively.

Active metal brazing is a well-established technique for the joining of ceramics to
themselves and to metals. In general, the active fillers can be divided into three groups,

according to their melting points.

1) Low-melting-point active fillers: [32] those with a melting point below 400
C, a typical example being the addition of titanium to lead- or tin-based
solders.

2) Medium-melting-point active fillers: [28] those with a melting point between
700°C and 1000°C, a typical example being the addition of titanium to silver-
or silver-copper-based fillers.

3) High-melting-point active fillers: those with a melting point above 1000°C, a
typical example being the addition of titanium to platinum, palladium, or gold

based noble-metal fillers.
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Among them, the most common active filler is the eutectic 72Ag-28Cu with an
addition of about 3 wt.% titanium. It has been shown that good joints can be obtained
with many oxide and nonoxide ceramics by using these kinds of active fillers [28~31].
However, the interfacial thermal stress generated due to the difference in
thermal-expansion coefficients of the ceramic and metal during the cooling process
after brazing might deteriorate the joints. To solve this problem, low melting-point
active fillers have been developed. Although the brazing was also conducted at higher
temperatures, the active fillers solidified at lower temperatures, which effectively

alleviated the thermal stress between ceramic and metal.

Okamoto indicated in a review article that interracial reactions are unavoidable in
most metal-ceramic joining [24]. The formation of interfacial phases affects the wetting
process and the joining strength of the brazed ceramic components. However, Chung
and Iseki demonstrated that the joining of ceramics could be accomplished by
adsorption of the Ti element on the interface, regardless of whether an interfacial
reaction layer was formed [33]. For the brazing of A1,0s, SiC, and Si3N4 with AgCuTi
active fillers, many research efforts have shown that the Ti in active fillers can react
with Al,O3, SiC, and Si3N4 to form titanium oxides [34,35], titanium silicides, titanium

carbides [36], and titanium nitrides [31], respectively.

1.2.2. Application of Cu-Sn-Ti

Brazing diamond grits onto a steel substrate in the form of a single-layer
configuration has been deemed as an effective route to the manufacturing of
high-performance diamond abrasive tools[37]. When compared with electroplated
diamond tools, it is possible to expose higher protrusion heights of diamond grits above
the level of the brazing alloy but still achieve stronger adhesion strength between the
diamond grits and the brazing alloy. Such a unique characteristic can yield diamond
abrasive tools exhibiting higher material removal rates as well as longer tool lives. The
success of brazing the diamond grits onto the steel substrate depends on the adhesion
strength between the diamond grits and the brazing alloy, which is usually enhanced by
the incorporation of active elements, such as Ti, Cr, V, and Zr, into the brazing alloy
[38,39]. These active elements can easily develop interracial compounds with the
diamond grits during the brazing operation, which can alleviate the interfacial stress

caused by the different crystallographic lattices and thermal-expansion coefficients

14
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between the diamond grits and the braze matrix. Among various systems, alloys
composed of Ag, Cu, and a low concentration of active Ti (less than 5 wt pct) are
commonly used as the brazing alloys for the diamond [37,40,41] and the other ceramic

materials[42,43,44].

When Ti was used as an active element, the interaction between the Ti and
diamond determines the interfacial microstructure, which imparts a strong effect on
their interracial adhesion strength. Since the free energy of formation of TiC is about
-171 kJ/mol at 925°C, the interfaces between the brazing alloy and the diamond grits
are thermodynamically stable sites for the Ti atoms to diffuse to during the brazing
operation. In fact, segregation of Ti atoms to the interfacial area was widely recognized
in several prior reports, not only in the brazing of diamond [45], but also in the brazing
of various oxide[42,43], carbide [46], and nitride [44] ceramic materials. Such
interfacial layers were widely recognized to be beneficial to the adhesion strength
between the braze matrix and the ceramic materials. Nevertheless, excessive
development of the interfacial reaction layers can lead to the formation of defects,

which inevitably impart weakening to the bond.

Although alloys based on Ag, Cu, and Ti are widely used for the brazing of
diamond grits onto a steel substrate, these alloys are low in strength and wear resistance
and are not suitable for fabricating diamond abrasive tools of a single layer
configuration. Different alloys, such as those composed of Ni, Fe, and Cr, are, thus, the
alternatives. Nevertheless, these elements tend to catalytically convert diamond into
graphite at high temperatures and, thus, deteriorate the strength of diamond. The other
alternative is to reinforce the brazing alloys by the incorporation of reinforcing phases.
Reinforcing phases, such as Si3N4, TiC, SiC, WC, W, and Mo, show positive results in
terms of abrasion resistance and tool life [47]. The problem associated with such an
approach is that the relative volume fraction of the reinforcing phase must be limited, in
order to maintain a sufficiently high quantity of liquid phase during the brazing

operation.

Alloys based on Cu-Sn-Ti are effective alternatives to Cu-Ag-Ti alloys for the
processing of single-layered brazed diamond tools and metal-bonded diamond tool bits
[47]. Both tool life and cutting speed have been increased. Up to now Cu-Sn-Ti filler

metals show the best combination of properties, especially due to their relatively high
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strength and erosion resistance if compared to Ag-Cu alloys and their lower melting
point if compared to Ni-base ones [48]. In general, tool performance is dictated by the
bonding strength between the abrasive grits and the braze matrix and the mechanical
properties of the braze matrix, both of which depend on the microstructure of the brazed
structure. Substitution of Sn for Ag resulted in different phase-partitioning phenomena.
For example, the activity coefficient of Ti in the Cu-Ag-Sn-Ti (Ag: 72 to 100 wt pct, Sn:
0 to 10 wt pct) increased with increasing Ag concentration but decreased with
increasing Sn concentration in the liquid state. In other words, in the concentration
range defined, the concentration of Ti dissolving in Cu-Ag-Sn-Ti alloys decreased with
increasing Ag concentration, but increased with increasing Sn concentration. The
addition of Sn not only could reduce the melting temperatures of these alloys, but also
could promote the dissolution of a higher concentration of Ti into the liquid phase. The
coexistence of high concentrations of Sn and Ti in the liquid phase can possibly cause
precipitation of reinforcing Sn-Ti intermetallic phases in the braze matrix during
cooling. Based on the previous analyses, the alloying concentration of Ti in the brazing
alloy can be increased and the hardness of the braze matrix can be enhanced with the

substitution of Sn for Ag [49].
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Chapter 2. Interfacial reactions of Cu-Sn-Ti

boundary binary systems

2.1.Introduction

The formation of intermetallic compounds at the inter face during bonding plays

an important role in the wettability and the mechanical properties.

If these interface reaction products between substrate and various solder alloys can
be predicted, it would be helpful to an understanding of the physical metallurgy of the

substrate/solder joint as well as to designing new multicomponent solder.

Based on the idea that no element can intrinsically diffuse in a direction in which
its own chemical potential is increased, Van Loo [2] developed a model for the
prediction of intermetallic compounds in metal-ceramic combinations. This model can
also be applied to the case of the substrate/solder interface reaction if the mutual
solubility of each phase is small. When more than two intermetallic compounds are
formed at the interface, the layer sequence between the substrate and the solder can be
predicted using this model. However, this model does not give any information as to
which compound would form first during the soldering process among various possible
compounds. Since only the intermetallic compound that forms first during the soldering
process would have an effect on the wettability of solder, it would be important to

predict such a compound.

B.J. Lee [50] suggests a new scheme to predict the intermetallic compound that
forms first at the substrate/solder interface during the soldering process. The key idea is
that the composition at the substrate/solder interface can be estimated by calculating
metastable equilibria between the substrate and the liquid solder phases. Under the
metastable equilibrium state, the compound which has the highest driving force of
formation can be selected as the compound that would form first during the soldering

process. In order to predict which compound will form first, the nucleation activation
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energy for each compound should be compared. The nucleation activation energy
depends on the driving force and the interface energy, but information on the interface
energy is lacking. Besides, the interface energy, which is experimentally determined
based on the macroscopic concept, tends to be modified for a smaller cluster such as the
critical nucleus. For practical purposes, the driving force can be an approximate

criterion to predict the first-forming compound.

Gibbs Energy/ (KJ * mol™)

0 20 40 60 80 100
Cu XJ% Sn

Fig.7 Illustration of driving forces of formation for Cu3;Sn and CueSns under
metastable equilibrium between fcc-Cu and liquid at 250°C  in Cu-Sn binary system.
The thick lines are the Gibbs energy curves of fcc-Cu and liquid,  the thin line is the

common tangent for the two curves. The Gibbs free energy of Cu3;Sn and CugSns are
denoted by “*”. The difference between the common tangent curve and the Gibbs
energy of Cus3Sn or CueSns at the same Xg, values correspond to the driving forces of

formation of the either phase, respectively.
2.2.Experimental procedure

2.2.1. preparation of Sn/Ti liquid/solid diffusion couples

Ti plate (99.9 wt. %) and Sn ingot (99.999 wt. %), were used as starting materials.

18



Central South University Master’s Degree Thesis Chapter 2

Small pieces of Sn and Ti were cut off and the surfaces of each piece were polished
metallographically and cleaned with ultrasonic. Each pair of Sn and Ti was sealed in
an evacuated quartz tube filled with argon (to avoid floating of Ti in molten Sn, Ti

pieces were fixed in the tubes with Mo wires).

Place the tubes into annealing furnace vertically, subsequently rise the temperature
to 873K and make Sn pieces molted. Shake the tubes to make Ti pieces merged into
molten Sn and Sn/Ti liquid/solid diffusion couples were obtained. The tubes were kept

at 873K for 30 and 160 mins.

2.2.2. preparation of Cu/Sn solid/liquid diffusion couples

Cu plate (99.97 wt. %) and Sn ingot (99.999 wt. %), were used as starting
materials. The diffusion couples were made with the similar progress as making Sn/Ti
diffusion couples. The annealing temperature was 808K, and the annealing time were

10, 30 and 60 mins respectively.

2.2.3. preparation of Cu/Ti diffusion couple

Cu and Ti pieces of Smm* 8mm were cut off and diffusion welded at 1023K,
4MPa pressure for 15 mins, sealed in an evacuated quartz tube filled with argon and

annealed at 1023K for 1000h.

The tubes were quenched in water and broken. The taken out samples were
mounted, grounded and polished metallographically. Then the samples were analyzed
with Scanning Electronically Microscope (SEM) and EPMA (JEOL JXA-8800R), in

order to determine the formed intermetallic compounds.

2.3.Results and discussion

2.3.1. Thefirst phaseformsin Ti/Sn diffusion couple

Fig.8 show the backscattered electron (BSE) images of Ti/Sn diffusion couples
annealed at 873K. The EPMA result shows there is only Sn3Ti, forms at the interface.
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Fig.8 The backscattered! Ielectron (BSE) images of Ti/Sn diffusion couples
annealed at 873K.

(a)-30mins; (b)-160mins

Based on the former literature [51], Kuper found a new binary phase SnsTi,.
Based on work of workgroup member Liu Chunlei’s work, the author reevaluated the

Ti-Sn binary phase diagram, as shown in Fig.9
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Fig.9 caculated Sn-Ti binary phase diagram

From Ti-Sn binary phase diagram, there are five binary compounds, SnTis, SnTi,,

SnsTis, SnsTig and Sn3Ti,, exist stably at 873K
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Table 1 The formation driving force of the intermetallic compounds under the

metastable equilibrium of hep(Ti)+liq(Sn) at 873K

metastable equilibrium hep(Ti)+liquid(Sn)
phases stable at 873K Sn;Tiy Sn;5Tig Sn;Tis SnTi, SnTis
driving force(KJ/mol) 4996.27 324293 1847.19  211.21 -897.10

The formation driving force of the intermetallic compounds under the metastable

equilibrium of hep(Ti)+1liq(Sn) at 873K are listed in Table 1.

As can be seen in Table 1, at 873K, under the metastable equilibrium state of
hep(Ti) and liquid, the phase with the highest formation driving force is Sn;Ti,.
According to largest driving force criteria, the first forming phase should be Sn;3Ti,, and

the theoretical calculated results agree well the experiment results.

2.3.2. Theformation sequencein Cu/Sn diffusion couples

Fig.10 shows the morphology of Cu/Sn solid-liquid diffusion couples anneals at
808K. From Fig.10, it can be seen that after annealing for 10 mins, there is only Cu3Sn
forms in the couple. With the annealing time increasing to 30 mins, Cus;Sn;; appears in
the diffusion layer between Cu and CusSn. After annealing for 60 mins, another phase

bece-a2 between Cu and CuszSn can be detected.
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bee-a,

Fig.10 BSE image of Cu/Sn diffusion couple annealed at 808K. The type of
phase are detected with EPMA. The interface between Cus;Sn;; and CusSn are

indicated in dashed lines.

(a)-10mins; (b)-30mins; (c)-60 mins
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Fig.11 Cu-Sn binary estimated by Shim [52].

In this work, the thermodynamic parameters estimated by Shim [52] is applied for
calculating. The calculated Cu-Sn binary phase diagram is shown in Fig.11. From Cu-Sn
binary phase diagram, the phases exist stably at 808K are CuszSn, Cus;Sn;; and Bee_as.

There formation driving force are listed in Table 2.

Table2 The formation driving force of the intermetallic compounds in Cu-Sn
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system at 808K.

Driving force (J/mol)

Phase Cutliquid(Sn) Cu+ CusSn Cu+ CuarSny;

CusSn 105.01 0 151.22
CugiSny, -977.44 114.12 0

Bee a 220232 104.51 31.69

As can be seen in Table 2, under the metastable equilibrium state of liquid and
fcc-Cu, the phase with the highest driving force of formation is CusSn. According to
largest driving force criteria, the first formatting phase should be CusSn, and this can be
seen in Fig.10(a). According to essential rules of thermodynamics and diffusion couple
approach, formation of any phase must combining with decrease of Gibbs Energy, it
means phases with negative driving force cannot form. However, after CuzSn appearing,
diffusion couple made of Cu and CuzSn are obtained. According to the driving force of
other phases under metastable equilibrium Cu+Cu;Sn, which are listed in Table 2, both
formation driving forces of Cus;Sn;; and Bee_a, are positive and that of Cuy;Sny; is
larger. Therefore, after Cu3;Sn, the second phase forms in diffusion couple should be

Cu41Sn;; and the phase appears at last should be Bcc_a.,. As illustrated in Fig.10(b) and

(¢), the theoretical calculated results agree well with the experiment results.

2.3.3. The phaseabsent in Cu/Ti diffusion couple

100um KYKY-2800
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Fig.12 BSE image of Cu/Ti diffusion couple annealed at 1023K for 1000 hours.
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Fig.13 Cu-Ti binary phase diagram evaluated by Kumar [53].

Fig.13 shows the Cu-Ti binary phase diagram evaluated by Kumar [53]. From the
phase diagram, it can be seen there are 5 stable binary compounds in this system at
1023K. However, Fig.12 shows the morphology of Cu/Ti diffusion couple annealing at
1023K for 1000h, there are four compounds CuTi,, CuTi, CusTis, CusTis, appears in the

sample, while CusTi; is absent.

To explain the reason that CusTi, does not appear when all other stable phase exist,
the formation driving force of intermetallic compounds are calculated and listed in
Table 3. Meanwhile, the metastable have no relations with this experiment result are

not given.

Table 3 The forming driving force of the intermetallic compounds in Cu-Ti

system at 1023K

Phase Driving force (KJ/mol)

fce(Cu)+hep(Ti) fce(Cu)+ CuTiy fce(Cu)+ CuyTis
CuTi, 5528.09 0 -4889.85
CuTi 3553.86 2834.40 -699.41
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CuyTis 172591 3069.65 0
CusTip 809.34 2977.70 126.48
CuyTi -2608.37 1998.27 724.38

Combining Cu-Ti binary phase diagram and Table 3, we can deduce the reacting
process of Cu/Ti diffusion couple is in this way. At 1023K, under the metastable
equilibrium of fcc(Cu)+hep(Ti), the phase CuTi, with maximum formation driving
force forms firstly. According the binary phase diagram, the equilibrium between Ti
and CuTi; is stable (there is no other stable phase between them), so the equilibrium
will no longer being considered. The next step should be considering the metastable
equilibrium Cu+CuTi; and the intermetallic phase with largest driving force is CuyTis.
Once CuyTi; forms between Cu and CuyTis, other two metastable equilibria appear.
Because the composition of CusTi, locates between Cu and Cu4Tui3, and the
compound, CuTi,, between CuTi, and CusTiz has formed in the sample, there is only
one metastable equilibrium, Cu+CuyTis, needs further study. As indicated in Table 3,
the two phases between Cu and Cu4Tis are CusTi; and CuysTi, and both of them have
positive driving force. However, the formation driving force of CusTi is larger than that
of CusTiy. Until now, it is explain theoretically that CusTi, is the phase forms at last in
Cu-Ti binary system. In addition, it is the very reason for the absence of Cu;Ti, when all

of CuTi,, CuTi, CusTis and CuTi appear.

2.4.Conclusion

Only Sn3Ti, forms if Ti/Sn solid/liquid diffusion couples are annealed at 873K for
30~160 mins.

When annealed at 808K for 10 mins, only Cu3Sn forms in Cu/Sn solid/liquid
diffusion couple. With the annealed time increasing, Cus;Sn;; layer forms between Cu
and CusSn in 30 mins, and then bcc-a2 layer forms between Cu and CusSn;; in 60

mins.

After annealing at 1023K for 1000 hours, four compounds, CuTi,, CuTi, CusTis
and Cu4Ti; form in Cu/Ti diffusion couple while Cu;Ti, is absent.

The interfacial reaction process and phase formation sequence has been predicted

with the maximum driving force model using Thermo-Calc software.
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Chapter 3. Phase Relationsin the Cu-Sn-Ti
Ternary System at 823K Deter mined by

Diffusion Triple Technique

3.1.Introduction

Cu-Sn-Ti alloys are effective braze for diamond tools and metal-bonded diamond
tool bits [47]. Copper rich Cu-Sn-Ti alloy is also used as binder for liquid phase
sintering of diamond tools [54]. For example, Cu-10Sn-15Ti [49] (wt.%) alloy is used
in bonding diamond grits to steel substrates and fine structure in the brazing area has
been obtained. In order to further improve the performance of brazing structures, more
suitable process of brazing may be an efficient way. Phase diagrams of the related
system can provide a guideline to achieve this purpose and to develop new series of
such solders. However, there is little information available on the Cu-Sn-Ti phase
diagram. Naka et al. [55] have determined the liquidus of this system. Three ternary
intermetallic compounds were reported: CuSnsTis [S6]with TisGay structure [57,58],
Cu,SnTi [59] with a cubic structure and CuSnTi[58] isostructural to InNi, [60]. No

1sothermal section has been established.

Information of isothermal section would be very time-consuming and expensive to
obtain using the conventional one-alloy-at-a-time approach. As an effective alternative,
diffusion triple [3,4,5] approach has been widely used to efficiently map the ternary
phase diagrams of solid material systems. The purpose of this work is to measure phase
relations of the Cu-Sn-Ti ternary system at 823K with the solid/solid/liquid diffusion
triple.

3.2.Experimental Procedure

Sn ingot (99.999 wt. %), Cu plate (99.97 wt. %) and Ti plate (99.9 wt. %) were
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used as starting materials. Small pieces of Cu and Ti were cut off from respective plates
and the surfaces of each piece polished metallographically. Each pair of Cu and Ti was
diffusion welded at 973K for 10 mins in argon flow, and then sealed in an evacuated
quartz tube filled with argon, subsequently annealed at 1023K for 1000 hours in a
diffusion furnace and finally quenched in air. According to Cu-Ti binary phase diagram
[53], no reaction occurs between 823K and 1023K, and compositions of Intermediate
Compounds (IMCs) do not much change in this temperature range. Thus taking Cu-Ti
couple from 1023K to 823K will not affect the results.

To prepare Cu-Ti/Sn diffusion triples, each Cu-Ti couple was encapsulated in a
quartz tube filled with pure argon. The diffusion couple was fixed by molybdenum wire
and kept parallel to the tube, with a piece of Cu 20 wt.%-Sn ingot prepared afore. Note
here we use Cu 20 wt.%-Sn solution instead of pure Sn as the terminal component in
preparing diffusion triple in order to compensate the loss of Cu due to the quick
dissolution of Cu into molten Sn [61]. The capsules were vertically placed in a box-type
furnace and annealed at 823K. At 823K, Cu-Sn solution was melted and then
surrounded the Cu-Ti couples to form the Cu-Ti-Sn solid/solid/liquid diffusion triples.
The assembling procedure is illustrated in Fig.14. After kept at 823K for 30 to 480 mins,
the tubes containing the diffusion triples were taken out of the furnace and

water-quenched.

pressure

At 1023K for 10 min

At 1023K for 1000 h

Cu/ Sn

@ solution At 823K for certain time.

Fig.14 The scheme of assembling process of diffusion triple
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The obtained triples were mounted, grounded and polished using standard
metallographic techniques for subsequent analysis. Microstructures of diffusion triples
were examined by Scanning Electron Microscopy with Energy Dispersive
Spectrometry (SEM/EDS) and phase compositions were measured by quantitative
EPMA analysis on a JEOL JXA-8800R (Japan Electron Optics Ltd., Tokyo, Japan)
microprobe with 20kV, 20nA and 40°take-off angle, respectively. To determine the
tie-lines of the two adjacent phases, composition profiles along the lines perpendicular

to the corresponding interfaces were measured and extrapolated.

3.3.Results and Discussion

3.3.1. Morphology of Diffusion Triple

Phases and their contacting relations in the triples annealed for 30 to 480 mins are
the same. The backscattered electron (BSE) images of the Cu-Sn-Ti diffusion-triple
annealed at 823K for 480 mins are illustrated in Fig.15. Fig.15(a) shows the panorama
view of diffusion triple. Partial of Cu and Cu-Ti compounds have dissolved into liquid
matrix, and IMCs formed on the interface between liquid and Cu-Ti diffusion couple.
Fig.15(b), (d), (e), and (g) are magnified parts in Fig.15(a). Fig.15(b) keeps the
morphology of Cu-Ti diffusion couple where four layers of Cu-Ti binary IMCs, CuTis,
CuTi, CuyTis, and CusTi formed at 1023K showed clearly, but CusTi, was not detected.
Fig.15(c) shows details near Ti matrix with two phases SnsTis and Sns;Tiy. SnsTie
contacts with both CuTi, and CuTi. There are CusSn and Sn3Ti, crossing with each
other. At lower part of Fig.15(c), a ternary phase CuSnTi is detected near the interface
of CuTi. In order to see this interface more clearly, an enlarged image was taken as
shown in Fig.2(d). As indicated in Fig.2(d), it is SnsTis rather than CuSnTi keeps
contact with CuTi phase. Fig.15(e) shows details near the Cu matrix. In this region,
three Cu-Sn binary phases, Bcc_ay, Cus;Sn;; and CusSn, form between pure Cu and
liquid matrix. Layer-type CuSnTi was also found between CusTi and Cu-Sn binary
compounds and it extend into the region between Bee a; and Cu matrix. SnsTi, grows
between liquid and Cu3Sn/CuSnTi. The dash line between the Cu-Sn binary
compounds is drawn according to the EPMA results and shows the phase boundaries.
These phase boundaries are almost invisible in BSE image due to their similar average

atomic weights. As shown in Fig.15(f), most of the CuSnTi phase exists as dispersive
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particles between Cu-Ti and Cu-Sn binary compounds. Clearly, CuSnTi is in
equilibrium with each Cu-Sn binary compound. Tri-phase junction among Cu4Ti;,
CuSnTi and SnsTig can also be found in Fig.15(f). All the phases in Fig.2 are
determined by the composition measured by EPMA.

According to Hamar-thibault [58], CuSn;Tis is not stable at 823K. Neither
Hamar-thibault [58] nor Naka55 found Cu,SnTi at entire temperature range in their
work and the original data of Heine [59] gave no information about the condition that
Cu,SnTi existing stably. Meanwhile, Cu,SnTi is not detected and is not considered in
this work. Therefore, CuSnTi is the only stable ternary compound in Cu-Sn-Ti system

at 823K and it appears in the diffusion triple.

According to the Cu-Ti, Sn-Ti [51,62] and Cu-Sn [52] binary phase diagrams,

CusTiz, SnTis, SnTi, and Sn3Tis do not present in this experiment.
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e f

Fig.15 BSE images of diffusion triple annealing at 823K for 480 mins. (a)
panorama view; (b), (¢), (¢) and (g) magnified images in areas marked in (a); (d) and

(f) are magnified images in areas marked in(c). and (e), respectively.

3.3.2. Phase Relations among SnsTi,, CuszSn, CuSnTi, and

liquid

Fig.16 BSE images of diffusion triple annealing at 823K for 60 mins.

As shown in Fig.15(c) and Fig.15(f), Cu3Sn is adjacent with Sn;Ti,, it seems that
they are in equilibrium at 823K with each other. In order to clarify if such equilibrium is
real or not, let us have a look at the microstructure of the Cu-Sn-Ti diffusion-triple
annealed at 823K for 60 mins (Fig.3). Comparing the phase distribution in Fig.3 with
that in Fig.2, we can know that phase relations do not change except the connection
between CuSnTi and liquid is clearer. This indicates the equilibrium between CuSnTi

and liquid. The tie-line corresponding to such equilibrium will overlap and cross with
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the tie-line between CuszSn and Sn3Ti, in the same isothermal section (See Section
3.3.4). Obviously, the simultaneous existence of these two tie-lines breaks the phase
rule, and only one of these two tie-lines can be stable at 823K.

Now let us analyze the morphology and distribution of the involved phases (Sn3Ti,,
CuzSn, CuSnTi, and liquid). CuSnTi in the triple for 60 mins (Fig.16) must form during
annealing because of its considerable size. Furthermore, as shown in Fig.2 and Fig.16,
CuSnTi block presents at similar place, next to CusTis. This implies that the tie-line
between CuSnTi and liquid is more acceptable. Firstly, though both Cu3Sn and SnsTi,
are stable phases at 823K, part of the can also form during quenching. It is worth noting
that there are two types of morphology for Sn;Ti,. One is compact layer locates next to
SnsTie and the other is incompact particles next to liquid. The compact part of them
should be formed during annealing process, the incompact one formed during
quenching. Similar case happens to Cu3Sn too. Secondly, solubility of Cu and Ti in
liquid Sn at 823K can be up to 40 at.% [52] and nearly 10 at.% [51,62], respectively.
Considering the original Cu content in Sn solution (20 wt.%), consummation of both
Cu-Ti binary compounds and pure Ti, measurable Cu and Ti should solute in liquid.
However, in the obtained sample, the content of Cu and Ti in Sn is only about 2~3 at.%
and less than 0.5 at.%, respectively. To fulfill the conservation of mass, certain amount
of Sn;3Ti,; and CusSn precipitating from liquid in cooling process is necessary. Because
the certainty of dispersion of SnsTi, and Cu3Sn with temperature decreasing, it is highly
possible that they contact together when quenching. So Cu3Sn and Sns;Ti, contacting
with each other in Fig.2 must be the solidification products during quenching. Hence, a
conclusion is drawn that CuSnTi and liquid are in equilibrium with each other, and two
three-phase equilibria, liquid+Sn3;Ti;+CuSnTi and liquid+CuSnTi+CusSn, exist in the
area surrounded by liquid, Sn3Ti,, CuSnTi and CusSn at 823K.

3.3.3. Determination of the tie-line between CuSnTi and the

Cu-Sn Compounds

As indicated in Fig.15(f), in addition to appear in Cu-Ti and Cu-Sn binary
compounds, we also find many dispersed CuSnTi particles also exist in the Cu-Sn
binary compounds. The phase boundaries between CuSnTi and Cu-Sn binary

compounds have very complex morphology with well dispersed fine particles which
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are difficult to analyze by EPMA.

In order to determine their tie-lines, data obtained in these two phase region are
dealt with following approach:

We first treat CuSnTi as a stoichiometric phase with Cu:Sn:Ti ratio equals to 1:1:1
and note that Ti solubility in all of Cu-Sn binary compounds is negligible, now

assuming the composition determined by EPMA is X, :Xg:X; , then

(Xew =% ) 1 (X, — X ) will equal to the Cu:Sn ratio in the Cu-Sn binary compounds.
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Fig.17 An example for data treatment of CuSnTi and IMCs in Cu-Sn binary

system.
(a) original data; (b) calculated results.

Zigzag and disordered raw data of a composition profile measured by EPMA in
this work is shown in Fig.4(a) and transferred to Fig.4(b) using new approach where the
composition of Cu-Sn binary compounds in equilibrium with CuSnTi is presented. As
indicated in Fig.4(b), the Cu:Sn ratio obtained by new approach is regular and
consistent with those of the Cu-Sn binary compounds. This means our assumptions are

reasonable. Only the Bee_a; composition changes away a little bit, and X, go o) 18

slight higher than that in binary system. The reason is attributed to the Ti solubility

change in Bcc_as.
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3.3.4. Phase Relations and | sother mal Section

CuTi,+8n,Ti+Ti
CuTti,+CuTi+Sn,Ti6
S, Ti +8Sn,Ti,+CuSoTi
Liquid+Sn,Ti,+CuSnTi
Liquid+CuSnTi+Cun,Sn
CuTi+Cu,Ti,+Sn,Ti,
CuSnTi+Cu,Ti,+Sn,Ti,
CuSnTi+Cu,Ti,+Cn,Ti
CuSnTi+Cu,Sn+Cu,Sn,,
[0 CoSaTi+Cu,,Sn,+Bec_a,
11 CuSnTi+Cu,Ti+Cn

12 CuSnTi+Bec_a,+Cu

MO0 W N W B W N

Fig.18 Schematic diagram of the diffusion-triple of the Cu-Sn-Ti ternary
system at 823K.

Based on above discussions, a schematic diagram of phase distribution in
Cu-Sn-Ti solid-solid-liquid triple at 823K can be drawn and represented in Fig.18
where a line denotes an interface between two phases and a numbered tri-junction point
indicates a three-phase equilibrium. Because the morphology of the well dispersed
particles are very complex, they are not illustrated in Fig.18. In addition, this treatment

will not influence the phase relationship of the system.
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__ Measured
tie line
— — - Existing
tie line
— Guessed
tie line

CuTi, CuTi CuTi, CuTi, Cu[Ti Co
Fig.19 The isothermal section of the Cu-Sn-Ti ternary system at 823K. (The
continuous tie-lines are defined from the extrapolation of composition profiles of
EPMA by taking advantage of the local equilibrium at interfaces, the dashed-broken
lines are tie-lines existing in samples but cannot be measured accurately in this work,

and the dashed lines show estimated tie-triangles for 3-phase equilibria).

Note all the three-phase equilibria (1 to 12) are labeled in Fig.18. The EPMA was
performed along line perpendicular to interface between each two adjacent phases, and
a series of composition profiles are obtained. Subsequently, by extrapolating the
composition profiles to the corresponding interfaces in the diffusion-triple, a series of
tie-lines are determined and listed in Table 1. Because of the electron scattering effect,
it is difficult to measure the composition near the tri-junction points. Thus, the
three-phase equilibria are estimated according to the two-phase equilibria. Based on the
data listed in Table 1 and combined with Fig.18, an isothermal section of the Cu-Sn-Ti
system at 823K is established and illustrated in Fig.19.

It should be noted here that because the stable binary compounds, SnsTis, SnTi,,
SnTi;, and CusTi, (demonstrated in Fig.19 with little solid black dots) are not observed
in this work, the phase equilibria involving these phases in the Ti-rich corner are not

determined in the present work. Further investigation in this area is necessary.
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3.4.Conclusions

The isothermal section in the Cu-Sn enrich part of the Cu-Sn-Ti ternary system at
823K was determined by using solid-solid-liquid diffusion triple approach. One ternary
compound CuSnTi was found, and 12 three-phase fields were detected. The following
10 three-phase regions are well established: CuTi,+CuTi+SnsTig, SnsTig+SnsTi+
CuSnTi, Liquid+Sns;Ti;+CuSnTi, Liquid+CuSnTi+Cu3Sn, CuTi+CusTiz+SnsTig,
CuSnTi+Cuy4Tis+SnsTis, CuSnTi+CuzSn+CuySnyy, CuSnTi+Cuy;Sn;;+Bcc_ap,
CuSnTi+CuyTi+Cu, and CuSnTi+Bcc_a,+Cu. Phase relations in the Ti-enrich corner of

this system require further investigation.
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Table 4 Extrapolated compositions (at. %) of the phases in equilibrium at 823K

Cu- Cu,Ti

Cu Sn Cu Sn

96.17 0.09 79.80  0.05
Cu,Tis- SnsTig

Cu Sn Cu Sn

55.80 0.22 10.17  40.69
CuTi- CuTi,

Cu Sn Cu Sn
47.67 0.05 31.89 0.06
48.39 0.07 33.02 0.06
48.49 0.03 31.63 0.03

CuTi- Cu,Ti;

Cu Sn Cu Sn
49.09 0.09 55.44  0.06
49.12  0.07 55.84 0.10
49.31 0.05 55.67 0.04
49.79  0.07 5594 0.05
4991 0.05 5543  0.04

Cu,Tis- CuyTi

Cu Sn Cu Sn
57.09 0.06 78.35 0.06
57.28 0.09 78.16  0.14
57.35 0.06 78.10  0.11

CuTi- SnsTig

Cu Sn Cu Sn
47.78  2.03 10.94 39.87
48.65 0.18 8.04 4233
48.82 0.23 7.92  41.66

CuTi,-Ti

Cu Sn Cu Sn
30.55 0.09 2.11 0.13
31.13  0.06 2.10 0.11
3149 0.06 2.08 0.10

Ti- SnsTig

Cu Sn Cu Sn
0.13 024 5.65 4144
0.81 0.36 6.06 42.79

1.08 047 6.71 42.29
Sn;Tiy- SnsTig

Cu Sn Cu Sn
0.31 59.38 6.09 42.73
0.54 58.07 6.79 43.42
0.68 57.89 6.58 42.68

1.52 58.53 8.04 4518

Sn;Ti,-Sn

Cu Sn Cu Sn

0.56 59.93 0.29 98.51
Cu-Bcec_a,

Cu Sn Cu Sn
98.32 0.19 82.36 16.58
99.36  0.57 82.16 17.75
99.58 0.22 83.11 16.51
99.69 0.30 81.39 18.58

Bee a,-Cuy Snyy

Cu Sn Cu Sn
82.45 17.52 79.51 20.44
83.47 16.22 79.46 20.53

Cuy;Sn;-Cu;Sn

Cu Sn Cu Sn
7871  21.27 75.07 2491
7897 21.03 74.56 2544
79.23  20.77 75.08 24.90

Cu,Ti3-CuSnTi

Cu Sn Cu Sn

56.54 0.17 31.22 33.82
Sn;Ti,-CuSnTi

Cu Sn Cu Sn
0.75 59.19 27.03 3641
3.18 57.21 27.53 36.85

Cu,Ti -CuSnTi

Cu Sn Cu Sn
78.56  0.53 32.94 35.12
79.32  0.11 3536 32.04
79.33  0.10 3589 31.42

Sn-CuSnTi

Cu Sn Cu Sn

3.03 9640 31.16 36.75
SnsTi,-CuSnTi

Cu Sn Cu Sn
10.22 43.59 26.67 36.48
10.94 39.87 28.79 34.75

CuTi,- SnsTig

Cu Sn Cu Sn

3130 1.04 11.80 36.86

36



Central South University Master’s Degree Thesis Chapter 4

Chapter 4. Phase evolution when Sn

reacting with Cu-Ti compounds at 823K

4.1.Experimental procedure

The experimental procedure is similar with that described in Section 3.2, the

difference lays in that Sn was applied as start material.

4.2.morphology variation of (Cu/Ti)/Sn diffusion triple
at 823K

The starting morphology of Cu/Ti diffusion couple is the same as shown in Fig.12.
After annealing at 823K with Sn for various of times, the Cu plate and part of Cu-Ti
binary compounds solute into molten Sn, and the morphology are shown in

Fig.20~Fig.24.

a b

Fig.20 The morphology of Cu-Ti/Sn diffusion triple annealed at 823K for 15 mins.

Fig.20 shows the morphology of samples annealed at 823K for 15 mins,. Cu and
Cu4Ti have dissolved into Sn. Cu4Ti; is also partly dissolved into liquid. In Fig.20(a),
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the white part is Sn, including dendrite CuszSn. From top to bottom, the continuous
layers were Ti2Sn3, CuSnTi, CuyTis, CuTi, CuTi, and Ti respectively. It should be
noticed that in Fig.20(a), SnsTi, is not continuous. Between SnsTi, blocks, it is liquid
piercing through and contact with CuSnTi, results in three-phase region

liquid+CuSnTi+Sn;3Ti,. In Fig.20(b), similar morphology as that in Fig.20(a) is found.

Fig.21 The morphology of Cu-Ti/Sn diffusion triple annealed at 823K for 30 mins.

Fig.21 shows the morphology of samples annealed at 823K for 30 mins. The
phases appear in Fig.21(a) and their space sequence is the same as that in Fig.20(a).
Only for Sns;Ti, growing thicker with time prolonging, and connected to form a
continuous layer, separating CusTis and liquid away from each other. Meanwhile, at the
side part (Fig.21(b)), the morphology changed little during the period from 15 to 30

mins. The surface of Cu-Ti binary compounds has changed into a slope.

Fig.22 the morphology of sample annealed at 823K for 120 mins.

Fig.22 shows the morphology of sample annealed at 823K for 120 mins. CusTi3

was thinner compared with in Fig.20 The most significantly difference in Fig.5 is the
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thin layer phase above CuTis, whose composition is about Cu6Sn47Ti47, not CuSnTi
as shown in Fig.20. Compared with S. Hamar-Thibault’s work, that the ternary phase
TisSn3;Cu with amounts of 52at.% of Ti, 33 at.% of Sn and 11~13 at.% of Cu, only
stable above 700°Cand according to other data gotten from this work, this layer was
assumed to be SnsTig with a certain amount Cu dissolution. Compared with shown in
Fig.20(a), the CuSnTi and CusTis between Ti2Sn3 and CuTi are disappeared partly in
Fig.22(a). Cu4Ti; was still a continuous layer, but CuSnTi next to it was not continuous
any longer. SnsTis takes place of CuSnTi at some places. The reason for phase changing
should be though Cuy4Tis is considered stoichiometric composition, it actually has a
little composition range. Naturally, Ti content in Cu4Ti; at the Ti matrix side is higher
than that at the Cu matrix side; Cu content is in the reverse. There is a critical point for
Ti content in Cu4Ti5 that the tie-lines with one end at CuyTiz switch the other end from
CuSnTi to Ti6SnS5. This agrees well with the isothermal section obtained in Chapter 3.

Reactions between 30 and 120 mins should be: 1. SnsTig nucleated 2. part of
CuSnTi disappeared.

Fig.23 the morphology of sample annealed at 823K for 180 mins.

Fig.23 shows the morphology of sample annealed at 823K for 180 mins. After

39



Central South University Master’s Degree Thesis Chapter 4

annealing for 180 mins, most of CuTi dissolves and Ti6Sn5 with amounts of nearly 48
at.% of Ti, 43 at.% of Sn and 8-10 at.% of Cu appears. Ternary phase CuSnTi with
composition about Cu30Sn35Ti35 in leaf-shape can be seen inside Ti6Sn5.

Fig.23(b) is SEM photo of the right part of this sample. There was still some CuTi
remaining here. The right side of CuTi was a straight slope caused by solution of CuTi
into Sn. Meanwhile, the left side shows a curve like a quarter of circle. The shape
should be caused by diffusion of Cu and Sn through SnsTis. Comparing different curves

of both sides, we can concluded existence of SnsTig can accelerate consuming of CuTi.

a b
Fig.24 the morphology of Cu-Ti/Sn diffusion triple annealed at 823K for 480 mins.

Fig.24 shows the morphology of Cu-Ti/Sn diffusion triple annealed at 823K for
480 mins. After annealing for 480 mins, CuTi , CuTi,, and CuSnTi disappear.
Meanwhile, Ti6Sn5 partly dissolve, and Ti2Sn3 forms. Due to infinite supplement of
Sn, tendency should be Ti6Sn5 would change to Sn3Ti,, which can be seen in Fig.24(b),

where Ti6Sn5 has become so thin that can not be seen in this picture.

4.3.Disscussions

Comparing Fig.20~Fig.24, some interesting phenomena can be fond.

4.3.1. Different consume speed among different Cu-Ti

compounds

Though velocity of Cu solute into molten is large, it is greatly enhanced by
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addition of titanium. In less than 15 mins, Cu plate (thicker than 3mm) and Cu4Ti
disappeared, leaving CuyTi; directly contacted with liquid Sn (Fig.20). The reason is
not clear.

It is believed that at the initial stage of solid-liquid reacting, solid matrix dissolve
into liquid and form a thin layer of saturated solution, and then IMCs formed. But for
this system, both Cu and Cu4Ti disappear in less than 15 mins(Fig.20), indicate that
both dissolve and diffusion of Cu in liquid Sn is rapid. After 15 mins, there are two
phases, Sn3Ti, and CuSnTi formed between liquid and remaining Cu-Ti IMCs. Sn;Ti,
indicates that liquid Sn around it has reached saturation. Due to negligible solubility of
Ti in Sn, even saturated Ti-Sn solution can be considered as diluent. In this situation,
diffusion flux can be very small because of little concentration grade. Thus, enough Ti
can be entrapped in Sn3Ti,. At the corner of this sample (Fig.20 b), SnsTi, is much
thinner, this can be applied as an evidence of former analyses. CuSnTi can be found in
this sample. Only at the central part (Fig.20 a), in Fig.20 b, no formed CuSnTi was
found. This should caused by lower Ti concentration and weaker protection provided
by thinner Sn;Ti,.

Comparing Fig.21 and Fig.20, their morphology is similar to each other. The
thickness of Sn;3Ti,, CuSnTi, and CusTis changes little. Even at the corner, similar shape
was remaining. It is interesting that there are two depressed hole locate at their corner.
They look like each other so much that the author was confused if the photos were taken
from the same sample. Similar morphology indicates that reaction speed was rather
slow during this period (from 15 mins to 30 mins).

After annealing for 120 mins, the morphology and phases appeared in the
diffusion couples has changed a little. Obviously, consuming of Cu4Ti; is slow.
Contrary to Cu and Cu4Ti, both of which is thicker than Cu4Ti3, but disappeared in less
than 15 mins, it takes more than 2 hours for exhausting a thin layer (about 10
micrometers) of CuyTis.

According to Fig.23, CuTi (about 100 micrometers) almost consumed in 60 mins.
While total thickness of remaining Cu-Ti compounds and compounds formed during
annealing maintains almost the same. Variation in this period requires diffusions in two
opposite directions. The first is Cu dissolve into Sn through SnsTis and Sn3Tiy; the other
is Sn diffusion from liquid matrix to Cu-Ti compounds by the opposite opposition.
Comparing changing speed between Cu4Ti; and CuTi, great difference can be found.

As shown in Fig.24, after annealing for 480 mins, CuTi , CuTi,, and CuSnTi
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disappear. Meanwhile, Ti6Sn5 partly dissolve, and Ti2Sn3 forms. Due to infinite
supplement of Sn, tendency should be Ti6Sn5 would change to Ti2Sn3, which can be
seen in Fig.24(b), where Ti6Sn5 has disappeared.

The consume speed of compounds in this work is surmised in Table 5:

Table 5 consume speed of different compounds

Phase Speed Consumetime Referencepicture
Cu fast Lessthan15minutes Fig.20

CuyTi fast Lessthan15minutes Fig.20

CuyTi; slow 2hours Fig.20&Fig.22
CuTi medim lhour Fig.22&Fig.23
CuTip unknown

Sn3Tip unconsumed

SnsTig slow Morethan5hours Fig.23&Fig.24

4.3.2. Column grains and anisotropism

Great anisotropism exists in Cu-Ti diffusion layer. This can be concluded by
several phenomenal.

The most obvious phenomenal is different speed in different direction. From
Fig.20~Fig.24, it can be found that almost all reactions are progressing vertically to
initial Cu-Ti interface. CuTi binary phase is the most typical example. It takes about
120 mins to consume Cu, CusTi and CusTi; which initially protect CuTi to contact with
Liquid. But after they were exhausted, there is two layers of Sn-Ti compounds. Sn3Ti,
contact with liquid matrix, and a thin layer type SnsTi¢ formed when CusTiz was nearly
exhausted. Subsequently the reaction speed is enhanced greatly. In next 60 mins, about
90 percents of CuTi conversed into SnsTie from interface where was adjacent to CusTis
at the beginning and grows to one direction. Comparatively, at the interface where
initially contact with molten Sn, reaction rate is much lower. Until after annealing for
180 mins, the angle between Cu-Ti compounds and Ti is still about 45°, and distance
from Ti to CuTi compounds is very little (only several micrometers). Great difference
exists between diffusion rates in two vertical directions.

The other phenomenal lays in that quick diffusion path that found in every sample
made from Cu-Ti diffusion couple and molten Sn. We name these quick diffusion path

white line because of they are white in BSE images and in the shape of “line”. As
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shown in Fig.20, in less than 15 mins, a white line has formed vertically to Cu-Ti
interface and get through all Cu-Ti compounds. Obviously white line is quick diffusion
path. The cause of quickly diffusion path is considered to be defects such as cracks,
grain boundary etc. [1] As shown in Fig.12, Cu-Ti diffusion couple were well welded
and Cu-Ti IMCs were formed during annealing at 1023K, no defect was found initially.
Therefore, there must be a phase boundary located at the place where white line lays at.
Since the phase boundaries are parallel with IMCs’ growth direction, the Cu-Ti

compounds should be column grains with certain orientation of crystal.

4.3.3. Changing tri-junction

In diffusion couple approach, phase boundary takes critical importance. Because
of limitation of freedom degree, phase boundaries in binary system must keep plane
and continuous. However, for diffusion couple contains three components, one
additional freedom is available, phase boundary do not necessary to be plane or
continuous, dispersed particles are also with possibility. Waviness of phase boundary or
dispersed particles induces two-phase regions; discontinuous phase boundary result in
geometrical tri-junctions in diffusion couples and three phase fields in isothermal

sections. The scheme is shown below:

Diffusion

<
<

a 1 2

Fig. 25 scheme of diffusion couple with two elements and three compounds.
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Fig.26 scheme of diffusion couple with three components.

As shown in Fig. 25 and Fig.26, tri-junctions are the most significant difference
between diffusion couples made of two and three components. Therefore all
tri-junctions appeared in this work should be checked out.

Combining Fig.20~Fig.24, all appeared tri-junctions are listed in Table 6, in which
tri-junctions are given in the form of three-phase equilibria. Three-phase equilibria
caused by the formation of white line are not listed because there are tinny structures
too complex to be discussed here and white lines are too different from other parts.

Table 6 tri-junctions detected in this work

annealing time (min)  three—phase equlibrium

15 CuSnTi+Sn3Ti2+1iquid
30 none
Sn3Ti2+SnbTi6+CuSnTi
120 SnbTi6+CuSnTi+CudTi3
SnbTi6+Cu4Ti3+CuTi
Sn3Ti2+SnbTi6+CuSnTi
180 Sn3Ti2+CuSnTi+Sn
SnbTi6+CuTi+CuTi?2
SnbTi6+CuTi2+T1
480 none
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4.3.4. Different space sequence and diffusion paths

Diffusion paths can be applied to illustrate morphology of diffusion couples.
Diffusion paths can prove guidelines for understanding phase formation sequence,
evaluating activity variation with changing of compositions. Moreover, analyses of
diffusion paths with composition, time etc. can help understanding relationships
between different elements.

In this work, initially (after annealing at 1023K) material is not pure metal or
homogeneous alloy. There are six layers, Cu, CusTi, CusTis, CuTi, CuTi, and Ti in
Cu-Ti diffusion couple. Fortunately, because of anisotropism of Cu-Ti binary
compounds, phase evolution are processing in one direction, this make it possible to
determine several diffusion paths starting at different Cu-Ti binary compounds and
compare them in a series of similar samples among which only annealing time varies.
Due to fast solution of Cu and Cu4Ti into molten Sn, diffusion path about them are not
detected.

After 15 mins, the phase structure from CuyTis is, as illustrated in Fig.27(a). The
phase structure is Cu4Ti3/CuSnTi//Sn;Ti,+liquid/liquid. The diffusion path firstly
crosses the two-phase equilibrium region of Cu4Tiz+CuSnTi Since the interface
between CuyTi; and CuSnTi is not planar, the diffusion path is not parallel to one
tie-line. In Sn-Ti binary phase diagram, Sns;Ti, forms from a peritectic reaction,
according to the size of Sn3Ti,, it must forms during annealing process. So after
crossing single-phase region of CuSnTi, because both of the later two phases contact
with CuSnTi, the diffusion path reaches three-phase region CuSnTi+Sn;Tix+liquid.
Finally, the diffusion path crosses two-phase equilibrium of Sn;Ti,+liquid.

The phase structure after annealing for 30 mins is CuyTi3/CuSnTi/Sn3Ti/Sn;Tiy+
liquid/liquid, as illustrated in Fig.27(b). The diffusion path is similar as that in Fig.27(a).
But after 30 mins, Sn3Ti, blocks existing between CuSnTi and liquid has connected
with each other, formed continuous layer. So the diffusion path get through two-phase
equilibria CuSnTi+SnsTi,. Lastly, diffusion path cross two-phase equilibrium of
Sn;Tiy+Hliquid.

Fig.27(c) shows diffusion path that illustrate the phase structure after annealing for
120 mins. The phase structure is CuTi/CuTi+CusTiz+SnsTie/CusTiz+SnsTie/CusTiz+
SnsTig+CuSnTi/SnsTig+CuSnTi/SnsTig+CuSnTi+Sn3Tio/SnsTin/Sns Tip+Hiquid/liquid
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After annealing for 120 mins, due to consuming of Cu4Tis, it is no longer continuous.
CuTi contact with SnsTig where Cu4Ti; breaks, thus three-phase equilibrium
CuTi+CuyTi3+SnsTig forms. Therefore, the diffusion path start at CusTis and firstly get
through the mentioned three-phase region. Because in no circumstance can CuTi be
contact with CuSnTi, there must be a layer, no mater how thin is it, is formed by two
phases, Cus4Ti; and SnsTig, so a fragment of diffusion path locates at two-phase region
of CuyTis and SnsTie. The diffusion path does not reach single-phase region of SnsTig
because it is not a continuous layer. CusTi;3 is covered by SnsTig and CuSnTi completely,
this lead the diffusion path get cross three-phase region CuyTiz+SnsTig+CuSnTi and
reach two-phase equilibrium SnsTig+CuSnTi. The phase locates at the other side of the
layer formed by CuSnTi and SnsTig i1s Sn3Ti,, which also connect with liquid. There for
the diffusion path get through three-phase region CuSnTi+SnsTic+Sn3Ti,, pass single
phase region of Sn3Ti, get through two phase field of Sns;Ti>+liquid, and finally ends at
liquid phase.

The phase structure after annealing for 180 mins is CuTiy/CuTi,+CuTi+SnsTie/
CuTiy+SnsTie/SnsTie/Sns Tig+CuSnTi/SnsTigtHCuSnTi+Sn;3Tio/Sn3 Tip/Sns Tix+liquid/
liquid, as illustrated in Fig.27(d). After annealing for 180 mins, the formed thickest
Cu-Ti binary compound CuTi is almost exhausted and becomes discontinuous.
Three-phase equilibrium CuTi,+CuTi+SnsTis forms and diffusion path crosses
corresponding three-phase region. CuTi and SnsTis form a two-phase region followed
by SnsTie single-phase layer. It cannot be neglected that there are many leaf-shape
CuSnTi phase blocks in SnsTig layer. So the diffusion path crossed SnsTig enters
two-phase region SnsTig+CuSnTi. Both SnsTig and CuSnTi are contacting with Sn;Ti,,
so the diffusion path crosses three-phase region SnsTig+CuSnTi+Sn;Ti,. Finally the
diffusion path get through two-phase region Sn;Ti>+liquid and ends at liquid matrix.

The phase structure after annealing for 480 mins is Ti/Ti6Sn5/Ti6Sn5+Sn3Tiy/
Sn3Tiy, as illustrated in Fig.27(e). All Cu-Ti binary compounds have disappeared and
replaced by SnsTig and Sn;Ti,. The diffusion path starts at Ti, cross two-phase
equilibrium Ti+SnsTis. Because interface between Ti and SnsTis is planner, the
diffusion path is parallel with one of their tie-lines. After cross single-phase region of
SnsTie, the diffusion path get cross two-phase region of SnsTig and Sn3Ti,. Because
their phase boundary is not planner, the diffusion path crosses with their tie-lines.
Subsequently, the diffusion path get through single phase region of Sn;Ti,, two-phase

region of Sn;3Ti; and liquid and ends at liquid phase region.
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Culi, CaTt Cx.T5, Cu,Ti.  CnTi

a b

c d

Fig.27 the diffusion paths in the (Cu/Ti)/Sn diffusion couple.

(a) 15 mins; (b) 30 mins; (¢) 120 mins; (d) 180 mins; (¢) 480 mins

CaTi, CaTi CaTi, CuTi, CuTi Cu

CoTi, CuTi CuTi, CuTi, CnTi Co
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Comparing Fig.27(a)~Fig.27(e), it is clearly that with increasing of time, the
diffusion path moves to Sn-Ti side in the isothermal section. That is because the
directional reactions appearing in this experiment. Cu-Ti binary compounds transport
into Sn-Ti binary compounds, Sn3Ti; and SnsTie, one by one, from Cu side to Ti side.

CuSnTi ternary phase appears in the annealing process. As indicated in Fig.20,
CuSnTi appears in less than 15 mins, and enter the three-phase equilibrium CuSnTi+
Sn3Ti,+liquid three-phase equilibrium. In Fig.20 and Fig.21, CuSnTi is continuous
and in equilibrium with Cu4Tis. But after annealing for 120 mins, as shown in Fig.22,
CuSnTi is no longer continuous, SnsTis forms and three-phase equilibrium CuyTis+
CuSnTi+SnsTig forms. That indicates both CuSnTi and SnsTi¢ can form between
CuyTiz and Sn3Ti,. Which of them forms should be determined the composition of
Cu4Tis and Sn3Ti, besides the interface. Since Sns;Ti, forms in the annealing process
and contacts with liquid, the composition change must be little. Therefore, composition
change of Cu4Tis should be the reason. Though composition range of Cu4Ti; is very
narrow, there must be an composition grade in it, that is at near the Cu side, Cu content
is higher, and Ti content is higher in the other side. In the annealing process, Cu,Ti3
consumes with increasing of time and becomes thinner, interface moving from Cu side
to Ti side, Cu concentration decreases and Ti concentration increases. In the isothermal
section we can conclude with Ti concentration increasing, the phase in equilibrium
indeed changes from CuSnTi To SnsTig. As indicated in isothermal section, CuSnTi is
not in equilibrium with CuTi, CuTi, or Ti. And in this work CuSnTi layer between
CuyTis and Sn;Ti, disappears after CuTi is exhausted. The isothermal section and the
phenomenal aggress well with each other.

It should be noticed that there is an interesting phenomenal in the sample annealed
for 180 mins that the CuSnTi phase forms around quick diffusion path of liquid and
grows into SnsTis. Therefore, SnsTic and CuSnTi are in equilibrium with each other,
and CuSnTi contact liquid phase in the quick diffusion paths. However, at the vertical
direction that also is the direction we drawing diffusion paths, SnsTig, as well as CuSnTi,
contacts with Sn3Ti,, which contact with liquid matrix. Then different phase sequences
in two directions are obtained. They are SnsTig->CuSnTi->liquid in horizon direction
and SnsTig->Sn;3Ti,->liquid in vertical direction (in the image Fig.23(a)). The reason
for these two phase sequences is attributed to the difference between the liquid state.
The liquid next to Sn3Ti, is opening to the entire liquid matrix, due to very fast diffusion

speed in liquid phase, many literatures treat liquid as homogeneous region. Because of

48



Central South University Master’s Degree Thesis Chapter 4

comparatively large quantity of Sn, the liquid matrix can be treated approximately as
pure Sn. However, in the quick diffusion path, where Sn quantity is small, treating
liquid as pure Sn may deviation from truth too far. Oppositely, because of little amount
of liquid phase and the long diffusion distance for Cu and Ti require to escape to liquid
matrix, treat the liquid in quick diffusion path as saturate solution is more acceptable.
As shown in the isothermal section, both Sn;Ti, and CuSnTi are in equilibrium with
liquid phase. There must be a composition point at the edge of liquid phase region
where liquid in equilibrium with Sns;Ti, and CuSnTi. According to the isothermal
section, the liquid with more Sn is in equilibrium with Sn;3Ti,, and the liquid with more
Cu content is in equilibrium with CuSnTi. That is the reason of formation of two

different space sequences.

4.4.Conclusions

With addition of Ti, the consumption speed of Cu is greatly enhanced. At 823K,
Cu plate with thickness of about 3mm solute into Sn in less than 15 mins. Cu-Ti binary
compounds still have different consumption speed in molten Sn.

The grown out Cu-Ti binary compounds show great anisotropism in this work, and
there are quick diffusion paths vertical to Cu-Ti interface form in them.

With progressing of annealing, different tri-junctions which mean correlative
three-phase regions in the isothermal section appear in the samples sequently at 823K

After annealed at 823K for different times from 15 mins to 480 mins, the

morphologies of diffusion zones are illustrated with diffusion paths.
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Chapter 5. Conclusions and Prospect

5.1.Conclusions

The Ti/Sn and Cu/Sn solid/liquid diffusion couples and the Cu/Ti diffusion
couples are made and examined. Only Sn;Ti, forms if Ti/Sn solid/liquid diffusion
couples are annealed at 873K for 30~160 mins. When annealed at 808K for 10 mins,
only CusSn forms in Cu/Sn solid/liquid diffusion couple. With the annealed time
increasing, Cuy;Sn;; layer forms between Cu and CusSn in 30 min, and then bcc-a;
layer forms between Cu and Cu4;Sn;;in 60 min. After annealing at 1023K for 1000
hours, four compounds, CuTi,, CuTi, CusTis and CusTi form in Cu/Ti diffusion couple
while Cu;Ti, is absent. The interfacial reaction process and phase formation sequence
has been successfully predicted with the maximum driving force model using the
Thermo-Calc software.

Phase relations in the Sn-Cu side of the Cu-Sn-Ti system at 823K were
determined by diffusion-triple approach along with Electron Probe Microanalysis
(EPMA) technique. A ternary phase, CuSnTi, was detected to have a certain
homogeneity range. Except in the Ti-rich corner, phase equilibria in most part of the
isothermal section of Cu-Sn-Ti ternary system at 823K were well established. In this
isothermal section, 12 three-phase equilibria were proposed, of which 2 three-phase
equilibria, CuTiy*+SnsTig+Ti and CuSnTi+CusTiz+CusTineed further study.

The obtained Cu/Ti diffusion couples were annealing with pure Sn at 823K. with
addition of Ti, Cu and Cu4Ti was exhausted in 15 mins, the other Cu-Ti binary
compounds have various of consuming speed. In the annealing process, the Cu-Ti
binary compounds show great anisotropism in this work, and there are quick diffusion
paths vertical to Cu-Ti interface form in them. With progressing of annealing, different
tri-junctions which mean correlative three-phase regions in the isothermal section
appear in the samples sequently at 823K. After annealed at 823K for different times
from 15 mins to 480 mins, the morphologies of diffusion zones are illustrated with

diffusion paths.
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5.2.Prospect

Though the isothermal section of Cu-Sn-Ti ternary system at 823K were well
established, SnsTi¢, SnTiy, SnTis, and CusTi, was not detected in this work. The
absence of these binary phases means the obtained isothermal section may contain
some metastable tie-lines and need future investigation.

The extremely complex morphology of obtained samples bring uncertainty as
well as difficulty of analysis into this work, alloy samples may be necessary to
confirm the obtained equilibrium.

In order to fully understand the progress of microstructure evolution,
investigation of this system at different temperatures is required.

The utilization of Cu-Sn-Ti system is associated with ceramic, diamond, sapphire,

and so on. The forth element should be add to this system and examined the influence.
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