
This article was downloaded by: [Akademia Gorniczo Hutnicza]
On: 23 April 2013, At: 07:38
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Philosophical Magazine Letters
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/tphl20

Possibility of a shape phase transition
for solidification of tin at scallop-like
surfaces of Cu6Sn5
Fiqiri Hodaj a , Andriy M. Gusak b & Oleksii Liashenko a b
a SIMaP – UMR CNRS 5266, Grenoble INP – UJF, BP 75, F-38402,
Saint Martin d’Hères, France
b Cherkasy National University, 81 Shevchenko blvd., Cherkasy,
18031, Ukraine
Version of record first published: 04 Jan 2013.

To cite this article: Fiqiri Hodaj , Andriy M. Gusak & Oleksii Liashenko (2013): Possibility of a shape
phase transition for solidification of tin at scallop-like surfaces of Cu6Sn5 , Philosophical Magazine
Letters, 93:3, 166-173

To link to this article:  http://dx.doi.org/10.1080/09500839.2012.757662

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-
conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation
that the contents will be complete or accurate or up to date. The accuracy of any
instructions, formulae, and drug doses should be independently verified with primary
sources. The publisher shall not be liable for any loss, actions, claims, proceedings,
demand, or costs or damages whatsoever or howsoever caused arising directly or
indirectly in connection with or arising out of the use of this material.

http://www.tandfonline.com/loi/tphl20
http://dx.doi.org/10.1080/09500839.2012.757662
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Possibility of a shape phase transition for solidification of tin at
scallop-like surfaces of Cu6Sn5
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The possibility of solder-spreading transitions in solidification of solder at a
rough rigid intermetallic surface is proven theoretically. Depending on the
misorientation of scallops on the interface, one can observe a two-dimensional
spreading transition over the scallops or a one-dimensional spreading transi-
tion along the triple-junction of two intermetallic compound scallops and
liquid solder. The extent of undercooling can be determined not only by
different interface energies, but by different angles between neighbouring
scallops as well.

Keywords: nucleation; phase transformations; wetting; thermodynamics;
undercooling

Fabrication of integrated circuits includes numerous reflows of solder–copper contacts.
The most used lead-free solders in the microelectronic industry are Sn–Ag–Cu alloys
[1]. Each reflow starts from melting of solder, continues by fast growth of scallops of
Cu6Sn5 and ends with solidification of unreacted molten solder. Recent experimental
studies [2–5] mainly focused on the effect of the solder size and of the metallic solid in
contact with the liquid solder on the undercooling behaviour, demonstrating that
undercooling can be as high as a few tens of degrees even for solder balls with some
hundreds of micrometres in diameter. However, to the best of our knowledge, there are
no studies in the literature devoted to the theoretical aspects of nucleation in a solder
ball in contact with a reactive substrate. Attention is almost always paid to the reaction
stage [6–10], given the fact that interfacial reactivity can affect the physical properties
of the interface and especially the mechanical behaviour of the system. In this article,
we concentrate on the last stage of reflow, i.e. the solidification over the scallop-like
interface of liquid Sn with Cu6Sn5.

Firstly, the undercooling of the molten solder at this stage can effectively increase
the reaction time between solid and liquid, so it is important to evaluate the nucleation
barrier. Secondly, the most probable nucleation places may influence the morphology of
solidified solder, and the morphology can be important for the mechanical properties of
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the joint. After reflow, the initial Cu/solder interface is transformed onto Cu/Cu3Sn-ɛ/
Cu6Sn5-η/solder interfaces. Thus, the liquid solder is in contact with scallops of Cu6Sn5
compound. Since Ag does not react with Cu, we can simplify the problem by consider-
ing that the solder alloy contains only Sn.

We can distinguish at least three nucleation mechanisms of solidification:

(1) Homogeneous (in the bulk).
(2) On the nearly flat part of the η/Sn interface.
(3) At the junction of the scallops and a grain boundary (GB) – perhaps the most

interesting one.

1. Homogeneous nucleation

Homogeneous nucleation is well described and implies the following.
The change in Gibbs free energy during formation of a spherical nucleus of radius r

and containing n atoms is given by

DG ¼ �Dgnþ csl4pr
2 ¼ �Dgnþ csl4pr

2
0n

2=3 ð1Þ

Xatn ¼ 4

3
pr3 ) r ¼ 3Xat

4p

� �1=3

n1=3 � r0n
1=3;

where r0 ¼ 3Xat

4p

� �1=3

The critical size is rcr ¼ 2cslXat

Dg
and the nucleation barrier is given by

DG�
homo ¼

16p
3

X2
at

c3sl
Dg2

; ð2Þ

where γsl is a solid/liquid surface tension and Ωat the atomic volume. The driving force
for the phase transformation, Δg, depends on the degree of undercooling ΔT=Tm� T,
and is given by

DgðDTÞ ¼ q

Tm
DT

where q is the latent heat of melting per atom and Tm is the equilibrium melting
temperature.

2. Heterogeneous nucleation on the flat molten Sn/Cu6Sn5 interface

Figure 1 schematically represents the nucleation of a spherical cup of tin at the
Sn/Cu6Sn5(η-phase) interface in two cases: contact angles h lower and higher than 90°.
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If �1\ðclg � csgÞ=csl\1, then cos h ¼ ðclg � csgÞ=csl, otherwise h= 0 or h= π.
γlη and γsη are the liquid tin/η and solid tin/η interfacial tensions, respectively.

Standard calculations lead to the following expression for the ratio of nucleation
barriers,

DG�
hetero

DG�
homo

¼ 2� 3cos hþ cos3h
4

: ð3Þ

Note that all equations are valid for h< π/2 as well as for h> π/2.
Three limiting cases can be distinguished:

ðaÞ h ! 0 ) DG�
hetero

DG�
homo

! 0;

In this case there is 2D-spreading of the solid phase; solid tin wets the scallop
(cls þ csg\clg), making the nucleation barrier tend to zero and thus making undercool-
ing impossible.

ðbÞ h ! p
2 )

DG�
hetero

DG�
homo

! 1

2
;

In this case nucleation is favourable, but the barrier is still significant.

ðcÞ h ! p ) DG�
hetero

DG�
homo

! 1;

This limiting case seems natural since the nuclei do not like the compound surface
as the nucleation site and thus only homogeneous nucleation becomes possible.

3. Nucleation at the joint of two scallops and a grain boundary

We take the nucleus as a “slice” of solid tin in the form of a “curved prism” with two
flat lateral faces and one cylindrical surface (length l, radius of curvature r – see
Figure 2). The shape ratio (u ¼ l=q) should be optimized at each volume (number of
atoms in the nucleus).

According to elementary geometry (Figure 2)

e ¼ p
2 � h;

bþ e ¼ a
) b ¼ hþ a� p

2

�
ð4Þ

where, additionally to equilibrium conditions for angle h, one more equilibrium condi-
tion exists before solidification at the joint:

Figure 1. Nucleation of solid tin at the flat part of a Cu6Sn5 scallop (η phase).
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2clgcos a ¼ cgb: ð5Þ

There is still some doubt on whether or not full wetting of grain boundaries occurs
between grains of the compound by liquid tin. In the case of full wetting (2clg\cgb,
[11]) one has liquid channels between scallops going all the way to the substrate or to
the Cu3Sn thin layer. In the case of partial wetting [12], a compromise was suggested
by Jong-ook-Suh et al. [13], namely full wetting between scallops growing at the base
of neighbouring Cu grains, and partial wetting between scallops based on the same Cu
grain and therefore having a small misorientation.

Here, we consider possible nucleation of solid tin at the triple joint with partial
wetting,

cgb
2clg

\1: The total surface energy, which should be optimized, is given by

W surf ðn;uÞ ¼ 2clsS
base þ clsS

top þ 2ðcsg � clgÞSside ¼ 2cls Sbase þ Stop

2
� Sside cos h

� �
ð6Þ

Elementary geometrical considerations, for example for the case β> 0, imply

Sbase ¼ 1

2
R22b� 2:

1

2
Rq sin e ¼ R2b� Rq cos h; ð7Þ

R

sinðp� aÞ ¼
q

sinb
) R ¼ q

sin a
sin b

;

so that

Sbase ¼ q2 sin a
sin b

b
sin a
sin b

� cos h

� �
: ð8Þ

One can easily check by direct derivation that, in case of b\0 (hþ a\p
2), the

expression for Sbase remains formally the same and positive (the first term becomes

Figure 2. (a) Geometry of nucleation at the triple joint solid/η interface-solid/η interface-grain
boundary; (b) centre of curvature (O) at the solid side (β> 0 and h > π/2� α); (c) centre of
curvature at the liquid side (β< 0 and h< π/2� α).
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negative and the second term positive). Note that in this case the centre of curvature
appears over the top.

Stop ¼ ðR � 2bÞ � l ¼ ðuqÞ q
sin a
sin b

� �
� 2b ¼ uq22b

sin a
sin b

;

Sside ¼ ql ¼ uq2:

Thus, we can consider the surface energy as a function of linear size parameter ρ
and of shape parameter u= l/ρ.

W surf ðq;uÞ ¼ 2clsq
2 sin a

sin b
b
sin a
sin b

� cos h

� �
þ ub

sin a
sin beta

� u cos h

� �

By introducing the notation

w ¼ sin a
sin b

b
sin a
sin b

� cos h

� �
; ð9Þ

the expression for W surf becomes

W surf ðq;uÞ ¼ 2clsq
2w 1þ sin b

sin a
u

� �

The parameters (q, u and w) are linked by the constraint of volume (the number of
atoms multiplied by the atomic volume): nXat ¼ Sbasel ¼ uq � q2 sin a

sin b ðb sin a
sin b � cos hÞ ¼

uq3w, leading to u ¼ nXat
q3w, so that

W surf ðn; qðuÞÞ ¼ 2clsq
2w 1þ sin b

sin a
nXat

q3w

� �
¼ 2clsw q2 þ sinb

sin a
nXat

w
1

q

� �
ð10Þ

The minimization of W surf(n,u) over u (or ρ) at fixed n leads to

qopt ¼ n1=3X1=3
at

1

2w
sin b
sin a

� �1=3

; uopt ¼
nXat

q3
optw

¼ 2
sin a
sinb

:

Clearly the expression for uopt applies only for b ¼ aþ h� p
2[0 (or h> π/2� α).

When β tends to zero, the optimal shape parameter tends to infinity. When β becomes
negative, expression (10) for the surface energy as a function of the inverse of ρ
becomes monotonic (see Figure 3a).
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Thus, with negative and zero values of β, nuclei of solid Sn will tend to spread
almost as a line along the junction scallop 1 – scallop 2 grain boundary. Of course, in
this case one can introduce at least one more factor – the line tension of the junction,
which will make the infinite line impossible and of course the curvature radius ρ cannot
be less than the atomic size – see below.

Inserting the values of uopt and ρopt in Equation (10), the expression for W surf

becomes

W surf ðnopt;uoptÞ ¼ 2clsw
n2=3X2=3

at sin b
2 sin a � w

 !2=3

1þ sin b
sin a

� sin a
sin b

� �

¼ 3

2p

� �1=3

clsn
2=3X2=3

at w
2=3 sin b

sin a

� �2=3

;

with ψ given by Equation (9) and by introducing the notation ~c ¼
�

3
2p

�1=3
clsðb�

sin b
sin a cos hÞ1=3;an expression for W surf as a function of the number of atoms, n, in the
nuclei is obtained:

W surf
optimized ¼ ~c 4pr20n

2=3;

Thereby, the change in Gibbs free-energy during the formation of a nucleus
(depending on the values of α and β) is

DG�
gb ¼ Dgnð~c 4pp2

0Þn2=3; ð11Þ

Figure 3. Minimization of the surface energy over dimensionless parameter Ω1/3/ρ for α= π/4,
n= 100 and β=�π/6 (a); β= 10�4 (b); β= π/6 (c).
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From Equations (1), (2) and (11) we deduce the nucleation barrier:

DG�
gb ¼

16p
3

X2
at

Dg2
~c 3: ð12Þ

A comparison of DGgb, DGhomo and DGhetero gives

(i) If β≡ α+ h� π/2 > 0 (h> π/2� α):

DG�
gb

DG�
homo

¼ ~c
csl

� �3

¼ 3

2p
b� sin b

sin a
cos h

� �
;

DG�
gb

DG�
hetero

¼
DG�

gb

DG�
homo

DG�
hetero

DG�
homo

¼
3
2pðb� sinb

sin a coshÞ
2�3coshþcos3h

4

¼ 6

p

b� sinb
sinacosh

2� 3coshþ cos3h
;

with cosh ¼ sinða� bÞ;
(ii) If β ≡ α+ h� π/26 0 (h6 π/2� α):

DG�
gb

DG�
homo

¼ 0;

DG�
gb

DG�
hetero

¼ 0;

where:

cosh ¼ clg � csg
csl

; cos a ¼ cgb
2clg

:

So, in the heterogeneous nucleation of a solid phase at the rough substrate, one may
observe not one, but at least two spreading transitions:

(1) If
clg�csg
csl

P 1, then solid tin wets compound scallops and spreads over them, so
that solidification proceeds without any undercooling.

(2) If a\p
2 � h, (

clg�csg
csl

[sina), then one obtains a one-dimensional spreading transi-
tion: solid tin wets the joint and spreads along it, so that, again, solidification
proceeds without any undercooling.

Comparing cases 1, 2 and 3, we can predict that the joint of scallops helps solid tin
to spread (at least in 1D).
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We can identify four phase fields (see Figure 4):

(i)
clg�csg
csl

P 1 – two-dimensional (2D) spreading, zero barrier.

(ii) 1[clg�csg
csl

P sina (h6 π/2� α) – one-dimensional (1D) spreading, zero barrier.

(iii) sin a[clg�csg
csl

[� 1 (π/2� α< h< π) – usual activated heterogeneous nucleation.

(iv) �1[clg�csg
csl

(h= π) – homogeneous nucleation.

Varying the angle between scallops by choosing couples with different misorienta-
tion, one may try to observe the phase shape transition. Note that the linear size cannot
be less than the atomic size, ρmin=a.

Note also that the shape parameter will be limited, i.e. it will not go to infinity:

umax

nXat

q3
minW

� nXat

a3Wðb ! 0Þ �
nXat

a3 sin a cos a
� n

sin a cos a

In this limiting transition, it is important to take into account that cosh= sin(α� β),
and then to develop a series in respect to the parameter β.

For n= 100 atoms and values of α= 30 and 45°, umax are about 230 and 200
respectively, i.e. lmax about 10 nm.

To summarize, considering the nucleation on the rough surfaces, we found the
theoretical possibility of a one-dimensional spreading transition along the grooves at the
triple-junction of two solid–liquid rigid interfaces and a grain boundary.
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Figure 4. Phase fields (schematic presentation).
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