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Phase relationships in the Au-Co-Sn ternary system have been thermody-
namically assessed by using the CALPHAD technique. The existing thermo-
dynamic descriptions of the binary Au-Sn and Co-Sn systems were improved
by incorporating the ab initio calculated enthalpies of formation of the inter-
metallic compounds including AuSn, CoSn, AuSny, and AuSny. For consis-
tency, the Au-Co system was reassessed on the basis of the same pure element
data as adopted for the Au-Sn and Co-Sn systems. With the combination of the
three binary descriptions, the Au-Co-Sn ternary system was assessed by
taking into account the ternary solubility in the binary compounds and the
formation of a ternary compound. The obtained set of thermodynamic
parameters can reproduce the measured phase equilibria at 380°C. The iso-
thermal section at 396°C, the CoSn-Au and Au-SnCo vertical sections, and the
liquidus projection were also calculated.
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INTRODUCTION

In modern electronic packaging technology,
solders serve the purpose of electrical conduction,
mechanical support, and heat dissipation.”* The
reliability of solder joints is greatly affected by the
forming of intermetallic compounds (IMC) during
soldering and subsequent service.>® So knowledge
about the thermodynamics and kinetics of the
interfacial reaction between solder and the metal
pad (or under bump metallization, UBM) is impor-
tant for electronic packaging.?

As one of the mature soldering alloys, Au-Sn
(20 wt.% Sn) has historically been employed in the
microelectronics industry for fluxless hermetic lid
sealing and die attachment applications.®*°
Recently, Co has been considered as a candidate
UBM material'**'? and candidate alloying element
in Pb-free solders.'®1* Additionally, there is a little
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research about the phase diagram of the Sn-Co
solder and the interfacial reaction between lead-free
solder and Au as the UBM material.'*~*" In order to
accelerate the development of new soldering alloys
and predict the interfacial reactions in the Au-Sn/Co
and Sn-Co/Au systems more efficiently, thermody-
namic information for the related system, i.e.,
Au-Co-Sn, is essential.

So far, only one isothermal section of the Au-Co-
Sn ternary system at 380°C (653 K) has been
experimentally determined.'® In order to establish a
thermodynamic database for this system, a precise
thermodynamic description was performed in this
study by using the calculation of phase diagram
(CALPHAD) technique.'® First, the necessary ther-
modynamic properties of some phases were calcu-
lated by ab initio calculations.?®?! Then, the
thermodynamic parameters of the Au-Co binary
system were reassessed and those of the Au-Sn and
Co-Sn binary systems slightly modified from the
reported versions.?>?? Finally, the Au-Co-Sn system
was extrapolated by using Thermo-calc software®*
along with Pandat.*®
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EVALUATION OF THE AVAILABLE
INFORMATION

The Au-Sn and Co-Sn Binary Systems

The phase diagram of the Au-Sn system has
already been thermodynamically optimized,?**® and
good agreement was achieved between experimental
data and calculated values. In particular, the
dependence of the enthalpy of mixing of the liquid
Au-Sn alloys on temperature has been taken into
account.?® However, no information was provided on
the enthalpy of formation of the IMCs except for
AuSn when this system was optimized.?® In order to
obtain a more reliable description of the Au-Sn bin-
ary system, ab initio calculation was employed to
find the enthalpies of formation of AuSn, and AuSny4
in this work.

In addition, as shown in the section “The Au-Co-
Sn Ternary System,” the ternary solubility of Co in
AuSn (NiAs-type structure) reaches 12 at.%. This
suggests that the enthalpy of formation of the CoSn
metastable phase with the NiAs structure will be
essential when phase relations in the Au-Co-Sn
ternary system are extrapolated. Hence, the
enthalpy of formation of the assumed compound
CoSn with the NiAs structure is also calculated by
an ab initio approach.

Phase equilibria in the Co-Sn binary system have
also been optimized.'*?? Compared with Ref. 14,
Ref. 22 took more experiments into consideration,
such as information about CoSns and the homoge-
neity range of fCoszSns. Thus, the thermodynamic
parameters of most phases are adopted from Ref. 22
except for the parameters of the CoSny, and CoSns
phases, which will be modified to reproduce the
ternary phase relations.

The Au-Co Binary System

Okamoto et al.?’ and Korb?® assessed the phase
diagram of the Au-Co binary system. However, when
Okamoto et al.?” finished the optimization of the
Au-Co system, the new lattice stabilities collected by
Dinsdale?® had not been published. In addition,
Korb?® had not published his work on this system. In
order to set up a consistent database of the Au-Co-
related multicomponent system, thermodynamic
reassessment of the Au-Co system was required

The phase boundaries of the Au-Co system were
well determined.?*¢ In this system, an eutectic
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and an eutectoid were detected, as listed in Table I.
Berezutsky et al.?” studied activities of Au in liquid
Au-Co alloys using vapor pressure techniques.
Activities of Co in Au-Co alloys were extensively
measured.?>3"~3 First, by using electromotive force
measurements, Kubil and Alcol®® measured the
activity of Co in Au-rich solid solutions at 1150 K.
Subsequently, the activity of Co in the liquid Au-Co
alloy was determined from the equilibrium with
CoO by using a CO/COy gas mixture of known
partial pressure.®® Later, by measuring the vapor
pressure, activities of Co in liquid alloy at 1623 K
were studied.?” Then activities of Co in the liquid
alloys at 1573 K and in Au-rich solid solutions at
1150 K were measured by Taskinen.?® These sets of
activities of Co are compatible with each other
except for those reported by Wang and Toguri,*
which exhibited some negative deviation from the
results of Taskinen® and Berezutskiy et al.’”
Considering the lower reliability of the method
employed, the data of Wang and Toguri®® were given
less weight during optimization. The enthalpies of
mixing of the solid solutions were determined by cal-
orimetry for alloys with high Au concentration®”*%*!
with little dispersion existing in these data.

The Au-Co-Sn Ternary System

Only the isothermal section at 380°C (653 K) for
the Au-Co-Sn system was experimentally con-
structed by powder x-ray diffraction, metallogra-
phy, electron microprobe analysis, and thermal
analysis.'® A ternary compound phase (denoted 71)
was detected; it melted peritectically at 395°C
(668 K):

71 — L + CoSn + Au15C041Sn44,

where Au;5Co41Sny4 belongs to the fCo3Sn, phase
with ternary solubility of Au.

According to Ref. 18, Au(fcc) dissolved <1 at.% Co
and 7 at.% Sn, while Co(hcp) dissolved <1 at.% of
both Au and Sn. At 653 K, the solubility of the third
element in the binary intermetallic phases, ((hcp),
P(Au9Sn), CoSn, and CoSns, was extremely limited,
whereas both AuSn and «CosSns had an extended
range of ternary homogeneity, up to 12 at.% Co and
23 at.% Au, respectively. Hence, the ternary solu-
bilities in AuSn and «CosSn, should be taken into
account when the related phase relations are
assessed.

Table I. Invariant Reactions in the Au-Co Binary System

Reaction Composition (at.% Co)

L& Au+aCo 24.8 23 98.1
26.2 20.8 97.7

aCo < Au + ¢Co 99.95 0.2 -
99.9 0.9 99.93

T (K) Type Reference

1269.5 Eutectic Okamoto et al.?”

1270.4 Eutectic This work
695 Eutectoid Okamoto et al.2”
694 Eutectoid This work
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CALCULATION METHOD
Ab Initio Calculations

In order to obtain the enthalpy of formation of
some compounds (i.e., the hypothesized compound
CoSn with the NiAs-type structure, AuSn, AuSn,,
and AuSny), an ab initio approach was performed
by using the scalar relativistic all-electron Blochl’s
projector augmented-wave method*?*® within the
generalized gradient approximation (GGA), as
implemented in the highly efficient Vienna ab initio
simulation package (VASP).?°?! For the GGA
exchange-correlation function, the Perdew—Wang
parameterization (PW91)***® was employed. A
constant plane—-wave energy cutoff of 450 eV was
used for A,B, compounds. Brillouin-zone integra-
tions were performed using Monkhorst—Pack*®
k-point meshes, and the Methfessel-Paxton®’
technique with smearing parameter of 0.2 eV. The
reciprocal space (k-point) meshes were increased to
achieve convergence to a precision of 5 meV/atom.
The total energy converged numerically to less than
1 x 10 ¢ eV/unit with respect to electronic, ionic,
and unit cell degrees of freedom, and the latter two
were relaxed using Hellman—Feynman forces with a
preconditioned conjugated gradient algorithm. After
structural optimization, the Hellman—Feynman
forces on each ion were less than 0.01 eV/A. All
calculations were performed using the “high” set-
ting within VASP to avoid wrap-around errors.
In addition, spin polarization was used in all
calculations.

The enthalpies of formation of the IMCs were
calculated by the following equation:

AH(AxBy) = Etotal (AxBy) - xEtotal (A) - yEtotal (B);
(1)

where Eioa(A:By), Egotal(A), and Eya(B) are
the calculated total energies (per atom at T = 0 K)
of the IMCs for pure A and B, respectively.

Thermodynamic Models

For lattice stabilities of the elements Au, Co, and
Sn refer to Dinsdale.?? Different models were
employed to describe the solution phases and IMCs
of the Au-Co-Sn system.

Solution Phases: Liquid, Au(fcc), Co(fee), Co(hep),
and Sn(bct)

An ordinary substitutional solution model was
applied to depict the liquid, fcc, hep, and bet terminal
solutions. The molar Gibbs energy of a solution
phase @ (® = liquid, fec, hep, bet) can be represented
as a sum of the Gibbs energy for the pure compo-
nents, the ideal entropy term describing a random
mixing of the components, and the excess Gibbs
energy describing the deviation from ideal mixing,
ie.,
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G'= > x°G{+RT Y  xln(x)+*G’

i=Au,Co,Sn i=Au,Co,Sn
(2)

where R is the gas constant, T is the temperature in
Kelvin, x; is the molar fraction of component i
(i = Au, Co, and Sn), and OGj’ is the molar Gibbs
energy of the pure element 7 in the ¢ state. The
excess term is formulated as

N
eXGd) = XAuXCo O)L£u700 (xAu - xCo)l
j=01..

N
+ XAuXSn Z U quiu,Sn (xAu - xSn)j
Jj=0.1...
N
(

3

=

)
U)L?QO‘SH Xco — Xsn)

+ XCoXsn Z

j=01
+ xAuxCOxSnLﬁuﬁcovsnv

where U)Lﬁu,Sn andU)Lg0~Sn are taken directly from

Liu et al.23_ and Jiang et al.,?? respectively. The
parameter U>LAu700 is expressed as

VLY, co = Ei + FiT (4)

with parameters E; and F; to be optimized. Due to
the lack of experimental data, the ternary interac-
tion parameters Lﬁu‘COASn will not be optimized and
are set to zero. o

Binary Intermetallic Phases

To fit the ternary phase equilibria, thermody-
namic parameters of CoSng and CoSns obtained by
Jiang et al.?? should be modified slightly, i.e.,

GSESSILZ = 033330G}é? +0.6667°GE* + C + DT (5)

G5 — 0.25°GEP +0.75°GEt + C + DT (6)

with C, D, C, and D to be reassessed in the present
work.

The Co3Sny phase has an order—disorder trans-
formation from SCosSny to aCosSny, and ﬁC03Sn§
and AuSn belong to the B8;-type NiAs structure.*
According to the work of Jiang et al.,?* the same
model was adopted to treat fCosSny and «CozSns,
which can reduce the number of parameters to be
optimized. However, such a treatment will lead to
difficulties when the ternary or quaternary solubil-
ity is considered. For simplicity, different models
are employed to describe AuSn and fCozSny or
0600381'12.

The extension of the homogeneity range of Sn is
virtually unaffected by Co content in AuSn. So a
two-sublattice model (Au,Co):(Sn) is adopted.



Thermodynamic Assessment of the Au-Co-Sn Ternary System

Hence, the Gibbs energy of the NiAs-type AuSn is
formulated as

GA" = Y3 Gausn + Y Geosn
+05RT(Y,InYy, +Y{, InY{,)

+ YZI\uY(IJo C Z jLAu,Co:Sn (YAu - YCOY) P (7)

i=0,1...

where Gay.sn is taken from Ref. 23, and the Gibbs
energy of the assumed CoSn compound of AuSn
structure, Gayu.sn, is expressed as

Geosn = 0.5°GEP + 0.5°GY + Cy + DoT. (8)

Here C, and D, are the adjusted parameters to be
optimized, and C, is assessed on the basis of an
ab initio calculation.

According to Ref. 18 the «Co3Sn, phase also
shows an extended ternary range of homogeneity
(up to 23 at.% Au) at 653 K, which almost parallels
the Au-Co boundary. This implies that the Co site in
the lattice can be partly taken up by Au atoms.
According to the work of Jiang et al.,?? a four-
sublattice model (Au,Co);:(Sn);:(Co Va)0‘5 (Co,Vao s,
with V, denoting vacancy, is introduced, and the
Gibbs energy is expressed as

DD D)W 3 i (AL
iJ ok

+RT(Yi,InY}, +Y{,InY5,)
+0.5RT (Y In Ygg + YIH In YIH)
+0. 5RT(Y§}§ InY, wInYy)

n Z Z Z Z Yz YIYIIIYiVLl i Sngh

I i>l

+ Z Z Z Z YIYIHYIHYIVLl Snijken

J k>j n

+ Z Z Z Z YIYIHYIVYIVLZ Snykn (9)

n>k
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where [, i denote Au and Co, and j, k&, n indicate Co
and Vay while GCO:SI‘IZCOZCO7 GCo:Sn:Va:COa GCO:SH:CO:Vaa

and G¢o:snv,:v, are taken directly from Jiang et al.??
Other parameters are to be optimized in this work.

Ternary IMCs

tl is reported to have the stoichiometry
Aug 15C09 255ngg, of which the Gibbs energy is
modeled with the following expression:

G = 0.15°GE 1 0.25°GEP + 0.6°GX + C3 + DT
(10)

with parameters Cs and D3 to be optimized.

RESULTS AND DISCUSSION
Ab Initio Calculations

To assess the phase relationships in the binary
system better and extrapolate to the ternary sys-
tem, the enthalpy of formation of the NiAs-type
AuSn, hypothesized NiAs-type CoSn, AuSn,, and
AuSn, were calculated by an ab initio method. The
corresponding results are listed in Table II. The
calculated enthalpy of formation of AuSn is
—18.77 kd/g-atom, which seems to deviate greatly
from the reported experimental value* i.e.,
—14.88 kd/g-atom. In that case diamond-Sn was the
reference state for the determined enthalpy of for-
mation,*® while bet-Sn was adopted by the ab initio
calculation in this work. In order to compare the two
values, the same reference state of Sn should be
employed. So the experimental data of AuSn at 78 K
is modified to be —15.69 kd/g-atom with the refer-
ence state of Sn(bct). The ab initio calculation value,
—18.77 kd/g-atom, is still slightly more positive than
the modified experimental data.

Generally, temperature dissimilarity (78 K for
measurement and 0 K for the ab initio approaches)
may lead to some deviation between the experimental

Table II. Enthalpies of Formation at 0 K Obtained by Ab Initio Calculation and Assessed in This Work
at 10 K. Reference states: Au(fce), Sn(bct), and Co(hep)

Ab Initio, Assessed
Experimental This Work This Work Pearson Lattice |,
Phase (kJ/mol) at 78 K (kdJ/mol) (kd/mol) Symbol®° Parameter (A)
NiAs-type
CoSn - —3.82 -3.75 - a = 3.362
b =1.940
¢ =5.258
AuSn —15.69 modified —18.77 —15.75 hP4 a=3.824
—14.88 (Ref. 49) b =2.208
¢ =5.677
AuSn, - -13.10 -13.38 oP24 a="17.025
b=17.182
c=12.12
PdSn, type, AuSn, - -7.19 -7.20 0C20 a =6.051
b =3.032
¢ =5.980
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Table III. Thermodynamic Parameters of the Au-Co-Sn Ternary System Obtained in This Study

Phase Thermodynamic Parameters Reference
Liquid model: (Au,Co,Sn) 0 LEQCO — 18493.31 — 2.00847T This work
Lgde, = —825.79 — 3.33314T This work

QLkiqco — -9178.10 This work

opLia. 4889294 + 19.6767T — 2.8429T « In(T) Liu et al.”®

LG9, — ~17990.36 + 0.7802T Liu et al.*’

Liu et al.*

7l model: Au0A15C00A258n0A6

Fce model: (Au,Co,Sn)

Co3Sny model:
(Au,Co)15n,(Co,Va)g 5(Co,Sn)o 5

COSIlz model: 000_3338n0_667
CoSns model: Cog 95510 75
Hcp model: (Au,Co,Sn)

AuSn2 model: Au0.333338n0466667

2L, = —5222.53
OLg;gSn = —111091.08 + 577.90398T — 66.556343T * In(T)
LG, = —44585.348 + 222.131207T — 27.092377T + In(T)
Li
2LCoo,lSn = 2252
Gl oo sy = —15900 + 2.2T + 0.15GHSERAU

+0.25GHSERCO + 0.6GHSERSN
OLEe o, = 31876.94 — 4.16399T

ILfe o, = 2149.78 — 10.02798T
2LEC 6y = —1117.93
OLke o, = —13699.002 + 15.964973T
OLfeey, = —28802.84 — 5.5753T
1Lfe o =8515.07 — 11.7873T
2LEe o, = 368.57

GLogre o = —28052.6 + GHSERCO + GHSERSN + GHSERAU

GEosrs, v, = —29000 + 15T + GHSERSN + GHSERAU
GLgm. .y, = —43248.035 + 15.75233T + 0.5GHSERCO

+GHSERSN + GHSERAU

Co3Sngy o
GAu:Sn:Va:CO -

CosS
*LiwsncoCov, = —15000 + 10T

OLz(i:)ﬁSrr::ZCo‘Va:Co = —20272

GSoSre, = —29681.113 + 2GHSERCO + GHSERSN
GCOssng

Corsns . = —32053.837 + 13.504669T + GHSERCO + GHSERSN

Geoims, o, = —46488.035 + 15.7523345T + 1.5GHSERCO
+GHSERSN
Gerin, v, = —46488.035 + 15.7523345T + 1.5GHSERCO
+GHSERSN
OLGoSne v co = 13272.615875 — 9T
LG oy, = 18272.615875 — 9T
LGSR oy, = —B13.735875 — 9T
OLGESn, vy, = —513.735875 — 9T
LLEsone v v, = 1631.058625
LLEuim v co = 1631.058625

e, oy, = 1631.058625

LG, co, = 1631.058625

G2 — 15700 + 4.099327T + 0.333GHSERCO + 0.667GHSERSN

Co:Sn

GooS = —11475 + 1.930T + 0.25GHSERCO + 0.75GHSERSN
OLg(l:lp.Co = 30000
OLgf)I,)Sn = 7000
OLhP = —13145.27 — 6.4932T
iphee — _19184.81 — 25.1676T

Au,Sn

GRS — 13380 + 3.906T + 0.33333GHSERAU + 0.66667GHSERSN

Au:Sn

—1000 + 0.5GHSERCO + GHSERSN + GHSERAU

Jiang et al.??

Jiang et al.??

Jiang et al.??

This work

This work
This work
This work
Jiang et al.??
Liu et al.2?
Liu et al.?®
Liu et al.?3
This work
This work

This work

This work
This work

This work

Jiang et al.??

Jiang et al.??

Jiang et al.??

Jiang et al.??

Jiang et al.??

Jiang et al.?2

Jiang et al.??

Jiang et al.??
Jiang et al.??
Jiang et al.??

Jiang et al.??

Jiang et al.??
This work
This work
This work

Jiang et al.??
Liu et al.”?

Liu et al.?

This work
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Table III. Continued

Phase Thermodynamic Parameters Reference
AuSny model: Aug 2Sno s G4 = 7201 — 0.22T + 0.2GHSERAU + 0.8GHSERSN This work
7 model: Aug 84Sno 16 G5, = —4065 — 3.3T + 0.84GHSERAU + 0.16GHSERSN This work
AuSn model: (Au,Co):Sny GAMSn — —31500 + 4.3039T + GHSERAU + GHSERSN This work
GAS — 7500 + GHSERCO + GHSERSN This work
OLESE ) sn = —28500 — 3.5T This work
f model: (Au,Sn) oLk . =—13427.03 — 5.2576T Liu et al.23
1L, 0 = —14823.13 — 21.1189T Liu et al.23

CoSn model: C00.55n0.5 G — 20900 + 5.8941642T + 0.5GHSERCO + GHSERSN Jiang et al.??

IGHSER means Gibbs energy relative to the standard element reference, i.e., the enthalpies of the pure elements in their defined

reference phase at 298.15 K.

1 L !
S 0 49
g O Calorimetry, Jena (1979)
= X Ab initio, this work
< |\ Assessed, Liu (2003)23
= — Assessed, this work
& 5 -
Q
=
D
S)
g g .
= -10 4 ; [
< . K
E .
—
&
Gy
S) ¢
> .
= -15 4 =
= o
k=
5)
2 X
-20 T T T T
0 0.2 0.4 0.6 0.8 1.0
Au X(Sn) Sn

Fig. 1. Enthalpy of formation of the Au-Sn binary system at 298 K.
Reference states: Au(fcc) and Sn(bct).

data and the calculated value, but this kind of
deviation is quite limited. The large difference may
result from the treatment of the nonstoichiometry of
AuSn in the ab initio calculation. According to pre-
vious research,’® the NiAs-type AuSn compound has
a narrow homogeneity range. Therefore, part of the
Au and Sn sites in the lattice of the NiAs structure
might be occupied by vacancies or mutually substi-
tuted to fit the alternative composition. Because the
calculation capacity of our computer is limited, a
simple cell was constructed with vacancy or mutual
occupation not considered during the ab initio cal-
culation. These may be the main reason leading to
the deviation between the calculated enthalpy of
formation of AuSn and the measured data.*®
Meanwhile, during optimization, the enthalpies of
formation obtained by the ab initio calculations

1400 I |
— Liu (2003)%
L e This work
1200 H i
M
15’ 1000 H i
<
o
o
g 800
(]
F
600 —
400 g g ; N i
5 =) 2 (BSn)}—»
68.0K (asn)_»
czoo T ‘ ' ‘
0 0.2 0.4 0.6 0.8 1.0
Au Sn

X(Sn)
Fig. 2. Calculated phase diagram of the Au-Sn binary system.

(Table II) are only adopted as the initial data for
some thermodynamic parameters of the assumed
compound NiAs-type CoSn, AuSny, and AuSny.
Compared with the weight given to the corre-
sponding measured data, smaller weight is applied
to these calculated values to fit the enthalpies of
formation.

Thermodynamic Assessment

Table III lists the parameters evaluated by usin%
the PARROT module in the Thermo-Calc software®

based on the experimental and theoretical data for
the phase diagram and thermodynamic properties.
As discussed in the following sections, the present
calculations reproduce most of the thermodynamic
properties and phase boundary data.
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1000

Temperature, K

800
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eCo—> aCo3Sn2

400 T 1
0 0.2 0.4 0.6 0.8 1.0

Co X(Sn) Sn

Fig. 3. Calculated phase diagram of the Co-Sn binary system.
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o
[l
[
|

1200 T T T T |
0 0.05 0.10  0.15 0.20 0.25 0.30

X(Co)

Fig. 5. Comparison between the calculated solidus and liquidus of
the Au-rich part of the Au-Co system and measured phase bound-
aries.

1800
1600 IS
1400 - ‘s’ ‘ -
O, % !
M 1200 7 O Wahl(1910) i
3 X Hashimoto(1937)>'
2 1000 - * Raub(1950)32 J_
] * Grigor’ev(1956)™
g vV Weil(1958)** 1
g 800+ X Taskinen(1984)* £
& !
600 i
400 (ECo—
200 T T T T
0 0.2 0.4 0.6 0.8 1.0
Au X(Co) Co

Fig. 4. Calculated phase boundary of the Au-Co binary system in
comparison with the experimental data.

The Au-Sn Binary System

Figure 1 shows the comparison of the enthalpy of
formation calculated by CALPHAD with those by
the ab initio approach. Along with the optimized
phase equilibria (Fig. 2), it is obvious that the
present assessment of the Au-Sn binary system is
more reasonable.

The Co-Sn Binary System

In order to reproduce the ternary equilibria,
thermodynamic parameters of CoSny, and CoSnj are
changed slightly from the work of Jiang et al.?*

3000
L
2500 i
M 2000
%ﬁ
S 1500 -
93
o
5
& 1000 -
500 | ',"‘:‘\ metastable miscibility gap of Liquid L
I, £Co —»
0 | I | |
0 02 0.4 0.6 0.8 1.0
Au X(Co) Co

Fig. 6. Calculated phase diagram of the Au-Co binary system with
metastable miscibility gaps of liquid and fcc.

Figure 3 shows the comparison between the phase
diagrams optimized in this work and that by Jiang
et al.,?2 which illustrates that the two versions of
the phase diagram are consistent.

The Au-Co Binary System

A comparison between the assessed phase dia-
gram in this work and measured phase bound-
aries®*6 is illustrated in Figs. 4 and 5. In addition
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K
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Fig. 7. Calculated enthalpies of mixing of the Au-Co alloys at 1378 K
in comparison with experimental data. Reference states: Au(liquid)
and Co(fcc).
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Fig. 8. Activities of Au in liquid Au-Co alloys at 1623 K with com-

parison between the calculated and measured data. Reference
states: Au(liquid) and Co(liquid).

the invariant reactions in the Au-Sn system are
listed in Table I. As these reveal, good agreement
was attained between the calculated phase relations
and the corresponding measured relations.
Metastable miscibility gaps of liquid and fcc are
additionally calculated, as shown in Fig. 6. Both
gaps are slightly asymmetric.

As illustrated in Fig. 7, the measured enthalpies
of mixing of the liquid Au-Co alloys are reproduced
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Fig. 9. Calculated activities of Co in liquid Au-Co alloys in compari-
son with the reported data. Reference states: Co(liquid) and
Au(liquid) at 1573 K and 1623 K, Au(fcc) and Co(fcc) at 1150 K.

1.0 A Two-phase region'®
M Three-phase region'®

0 0.2 04 0.6 0.8 1.0
Au X(Co) Co

Fig. 10. Calculated isothermal section of the Au-Co-Sn system
compared with measured phase equilibria'® at 653 K.

by using the optimized parameters. Activities of Au
(Fig. 8) and Co (Fig. 9) in the Au-Co alloys at vari-
ous temperatures also fit well with the experimental
data.

The Au-Co-Sn Ternary System

To date, there has been no thermochemical and
liquidus projection information reported. Hence the
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Table IV. Comparison of the Calculated Phase
Equilibria with Experimental Results at 635 K

Region Calculated Phases Experimental Phases

L + CoSny + 71
L+ AuSn + 11
CoSn + CoSny + 11
CoSn + AuSn + 71
CoSn + CoSn, + 71
L + AuSn + «Co3Sns
L+ { + aCosSn,
a2Co + { + aCo3Sny
Au + aCo + f8

L + CoSny + 11
L + AuSn + 11
CoSn + CoSny + 71
CoSn + AuSn + 71
CoSn + CoSny + 11
L + AuSn + 2Co3Sny
L + { + «CozSny
aCo + { + aCo3Sny
Au + aCo + f8

ORI WN =

ternary interaction parameters of liquid, fcec, and
hcp are assumed to be zero and only parameters of
the ternary phase 71 and several binary IMCs are
assessed to fit the phase relations and ternary
homogeneities.

Combining the improved Au-Sn and Co-Sn system
with the reassessed Au-Co binary system, the
Au-Co-Sn ternary system was extrapolated to fit the
available experimentally determined equilibria. The
isothermal section of this ternary system at 653 K
was calculated and is illustrated in Fig. 10, where
the measured phase relations are also given, along

Dong, Jin, Zhang, Wang, Tao, Liu, and Jin

xoSn+aCo3Sn2+AuS;

0 02 04 06 08 1.0
Au X(Co) Co

Fig. 11. Calculated isothermal section of the Au-Co-Sn ternary
system at 669 K.

with the three-phase regions additionally listed in
Table IV. It is clear that all the phase relations are
well assessed except for a slight deviation between

1400 ' ' '
1200 — —
1000 — -
Au+L
M
g
2 A
s 800 AuSn4+CoSn2+AuSn3 U=
()
Q
£ P
= 3
z
600 — L
L+AuSn4 <,
L+BSn+CoSn3 - AuSn2+y
N~ - &
+ Y 2 AuSn+(
L+AuSn4+CoSn3 f
—_ N —
400 BSn+CoSn3+AuSn4 ¢-:§ AuSn+y
O
BSn+CoSn3tAusn2 % GroCo3Sn2+y
=] |
aSn+CoSn2+AuSn2 a )
200 2 AuSn+Au Au+0.Co3Sn2
[ [ [ [
0 0.2 0.4 0.6 0.8 1.0
SnCo X(Au) Au

Fig. 12. Calculated Au-SnCo vertical section across the E2 eutectic point of the Au-Co-Sn ternary system.
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Fig. 13. Calculated AuCo-Sn vertical section across the E2 eutectic point of the Au-Co-Sn ternary system.

BCo3Sn2 .-

0 ) % ~ N T700KA
0 0.2 0.4 0.6 0.8
Au Molar fraction in liquid, Co Co

Fig. 14. Extrapolated liquidus projection of the Au-Co-Sn ternary
system; dashed lines represent isothermal lines.

the calculated and measured homogeneities for
AuSn and «Co3Sn,, for which AuSn is calculated to
contain 11.4 at.% Co and «Co3Sn, 24.5 at.% Au, in

A
14
Molar fraction in liquid, Co Co

Fig. 15. Calculated liquidus projection of the Au-Sn-rich side of the
Au-Co-Sn system.

comparison with the experimental data of

12 at.% Co and 23 at.% Au, respectively.
Furthermore, the isothermal section at 669 K was

calculated (Fig. 11). It could be found that the t1
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Table V. Calculated Invariant Reactions
in the Au-Co-Sn Ternary System

Type Reaction T (K)
U, L + CoSn < SCo3Sns + AuSn 781.4
U, L + aCo < BCosSng + ¢Co 696.7
Us L+ CoSn < CoSnjy + 71 660.6
Uy L+ ¢Co < { + pCo3Sny 654.2
Us L + pCo3Sny & AuSn + ( 577.0
Us L+ AuSn & 71 + AuSny 565.8
U, L+ 11 & AuSny + CoSny 552.2
Us L + AuSny & CoSns + AuSny 525.5
Uy L+ CoSny & CoSns + AuSny 522.5
E; L& Au+aCo+¢ 761.5
E, L < CoSng + AuSny4 + fSn 483.0
P; L+Au+p&el 795.1
Py L+ aCo+ (< ¢Co 697.1
Ps L+ AuSn + CoSn < 11 667.9

phase is absent at this temperature, which is in
accordance with experimental results.'® The verti-
cal sections across the eutectic point of E2 (SnCo-Au
and AuSn-Co) and liquidus projection were further
calculated and are shown in Figs. 12-15. In
addition, the invariant reactions in this system are
listed in Table V. Figures 12 and 13 indicate that a
new kind of solder with lower melting temperature
than that of Au-30 at.% Sn solder, i.e., 553 K, can
be designed based on the eutectic point of E2. With
the help of this information, the sequence of solder—
substrate interactions may also be predicted, i.e.,
which IMC may form.?!52

CONCLUSIONS

With the help of ab initio calculation, phase
relations in the Au-Co-Sn ternary system have been
thermodynamically assessed by the CALPHAD
method. A set of thermodynamic parameters
describing various phases in this system has been
obtained that can reliably reproduce most of the
experimental information. Some wuseful sections
including isothermal and vertical sections have
been further extrapolated, which may be useful for
designing solder alloys.
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