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The continuity of the wetness technique is justified on the principle of equality of chemical potential. The partial
pressure technique is one of the many possible forms of pseudo techniques that can be derived from the wetness
technique. The direct concentration technique is fundamentally flaw. The peridynamic technique in its original
form is restricted to homogeneous solvent. The saturated concentration of solute in solvents decreases with in-
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1. Introduction
1.1. Moisture-induced damages

The bulk of the microelectronic and optoelectronic components
today are made of polymeric materials; these include die attach mate-
rials; molding compound; underfill materials; optical adhesives and
waveguide; conductive/non-conductive adhesives; the laminated sub-
strates, the redistribution and underfill layers in 2.5D and 3D packaging;
and not least, the porous low-k dielectric layers between the layers of
integrated circuits in the wafer. Being polymeric, these materials are ca-
pable of absorbing moisture, retaining moisture, and transporting
moisture.

The physical and chemical interactions of moisture with polymers
lead to physical, mechanical and, in many instances, chemical changes
of the polymers. The extent of these changes vary among polymers.
The most pronounce effects of the absorbed moisture is in “plasticizing”
the host polymer [1]. This reduces the intermolecular forces of the host
polymer leading to reduction of glass-to-rubber transient temperature
and increased intermolecular distances [2]. These changes are accompa-
nied by reduction of strength [3], reduction of elastic modulus [4], in-
crease in loss modulus, and not least, increase in volume [5-8].
Mechanically, the combined effects of reduced glass-transition temper-
ature and reduced elastic modulus leads to reduction in the secant mod-
ulus of the host polymers and this leads to redistribution of stresses
within the host polymers. Differential volumetric expansion leads to
mismatched hygroscopic swelling and stresses [7]. Volumetric expan-
sion of optical polymers leads to increase in optical refractive index [9]
that would affect the optical impedance of optical interconnection.
With a relatively high dielectric constant of 80, the presence of water
in porous low-k dielectric materials could very severely compromise
its performance [10,11]. Water would also find residence in physical de-
fects such as a crack or a delaminated site; with rapid elevation of tem-
perature, such as experienced by microelectronic assembly during
solder reflow, water in these defects turns rapidly into high-pressure
vapour [12-14] that could lead to violent cracking of the containing
structure. This has been referred to as “popcorn cracking”.

The absorption of moisture in fibre-reinforced polymeric (FRP) com-
posites polymers is also a major concern in the communities of aero-
space and wind energy because of the accompanied reduction in the
strength and the stiffness of the structures [15,16]. Besides polymeric
materials, building materials such as concretes and woods are also high-
ly permeable to moisture rendering them susceptible to spalling [17]
and swelling [18], respectively.

Other examples of diffusion in engineering applications include the
diffusion of dopants in semiconductors; the mutual diffusion of atoms
between metallic films or between bulk metals leading to intermetallic
compoundy/s; the diffusion of atoms in solid solution of metallic ele-
ments leading to solid-solution hardening; and the diffusion of hydro-
gen in steels leading to embrittlement; etc. These diffusions are
governed by the same physics and are modelled using the same equa-
tions. In light of the general applicability of the reviewed techniques
to the diverse scenarios of diffusion, the generic descriptions of “solute”
and “solvent” are adopted in this article.

1.2. Introduction to diffusion equations

Like the flow of water under gravitational potential, solute diffuses
from high chemical potential, p (J mol~!), to low chemical potential
[19,20]. And like gravitational potential, chemical potential is indepen-
dent of solvents - it is continuous across the interface of solvents. The
fundamental equation of diffusion basing on chemical potential is
given by

DC
In = = gr VH M

where J, (kg m™2s™ 1) is the flux of solute, D (m? s~ !) is the diffusivity
of solute in solvent, R is the universal gas constant, and C (kg m~3) is the
concentration of solute, which is a function of chemical potential [21]:

p=p°(C% +RT In(yC/C°), )

wherein p°(C°) is the chemical potential of the solute at the reference
concentration C° and vy is the activity coefficient. Despite being a funda-
mental equation, Eq. (1) is severely nonlinear and is not conducive for
engineering applications.

In engineering applications, the diffusion of solute in solvent has fre-
quently been modelled using the largely linear Fick's laws [22]:

Jon = —DVC
0:C + V. = O’ 3)

where 0,C is the partial derivative of C with time. The second equa-
tion above is a continuity equation, where ©,, (kg m~3 s~ 1) is the rate
of generation of solute per unit volume of the solvent. Fick drew his in-
tuition from the Fourier's law [23] for heat diffusion:

Jo = —KVT
a?(cTT) +V]g =6 4)

Where J, (W m™2) is the heat flux, kr (W m™ K™ !) is the heat con-
ductivity of the conductor, c; = pc, (J m~> K1) is the volumetric spe-
cific heat of the conductor, p (kg m—3) is the density of the conductor, c,
(J kg~ K~ 1) is the specific heat of the conductor at constant volume,
and ©, (W m ™) is the rate of heat generation per unit volume of the
conductor. However, unlike temperature, which is independent of con-
ductors, the concentration of solute is dependent on solvents and may
become discontinuous across the interface of solvents. Thus, Fick's law
is valid only for diffusion in a homogeneous solvent (a solvent that is ho-
mogeneous in chemical composition, physical phases, and metallurgical
construction) that is having uniform temperature. In a heterogeneous
solvent or in a homogeneous solvent having non-uniform temperature
distribution, diffusion could proceed against the gradient of
concentration.

If we substitute T in Eq. (4) with c;T/cr and noting that U = ¢;T
(J m~3) is the volumetric internal energy of the conductor and assum-
ing cr to be spatially invariant, then we arrive at

=—aVU

g;:u+v.1 —0, ()
q = Y%

where o = Ky/cr (m2 s~ 1) is the thermal diffusivity of the conductor. In
the light that cr is a property of conductors, U = ¢;T is discontinuous
across the interface of two conductors that are at the same temperature.
Itis clear that Fick's law is indeed analogous to Eq. (5), not Fourier's law.

There have been a number of reported approaches for enforcing the
continuity of solute at the interfaces of solvents while retaining the lin-
earity of the flux-gradient equation. These approaches are reviewed in
Section 2 for diffusion under steady temperature-humidity environ-
ment. The temporal variation of humidity can be treated as boundary
condition and this is reviewed in Section 3. The temporal variation of
temperature presents a unique challenge to enforcing the continuity
of solute at the interfaces; various techniques for addressing this chal-
lenge are reviewed in Section 4.

2. Diffusion of solute in heterogeneous solvent under steady temper-
ature-humidity environmental condition

2.1. Partial pressure technique

The use of partial pressure as a field variable for modeling the diffu-
sion of moisture in electronic packaging was first presented by
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Galloway & Miles [24] using the expression:
py =C/S. (6)

where p, (Pa) has the unit of pressure and Galloway & Miles referred to
S (kg m—3Pa—") as solubility. Eq. (6) takes after the form of Henry's law
[25]:

ps = Csat/H, (7)

where pj is the partial pressure of a solute in vapour form, Cyg, is the sat-
urated concentration of the solute in a liquid or a solid solvent that is in-
terfacing with the solute vapour, and H is known as the Henry's constant
of solubility [26].

Galloway & Miles [24] have reported linearity of Csq(ps) for molding
compound between 30%RH and 85%RH and Jang et al. [27] have report-
ed linearity of Csq(ps) for electronic packaging polymers between
40%RH and 95%RH. However, a close scrutiny reveals some degrees of
non-linearity. The Csq(ps) relations of solute-solvent at constant tem-
perature is generally referred to as sorption isotherms. There are six
classifications of sorption isotherm [28], none is reported to be linear.
Eq. (8) presents a rather simple description of sorption isotherm for
water in polymers [29]:

Caat = o + a1 log (1-py/pg), ®8)

where p, is the saturated vapour pressure water at the same tempera-
ture as ps, and a, and a; are fitting constants. The non-linear equation
may be expressed as Cso = H*(ps)ps, where H*(ps) is the gradient of
the secant line joining the origin (ps = 0, Csqc = 0) and the point (ps,
Csar)- Rewriting Eq. (6) for non-linear C(py,) gives

Ps=C/S'(Ps). ©)

where S*(p,) is the secant line corresponding to H"(ps). Substituting Eq.
(9) into Eq. (3) yields a rather complex relationship between flux and
the pseudo partial pressure:

Jm = —DV(S"(Py)ps). (10)

The justification of py, has been argued on the basics of Henry's law
assuming a solid solvent is interspersed with interconnected nano-
pores that are filled with air-vapour mixture [30]. However, the as-
sumed construction of solid solvents is not supported by evidence. It
shall be shown in Section 2.2 that the justification for the partial pres-
sure technique is indeed not Henry's law.

2.2. Wetness technique
Wong et al. [30] postulated that the ratio,

C

wW=_—
C‘Sﬂf7

(11)

referred to as “wetness” or “fractional saturation”, is continuous across
the interface of solvents. Wong [31] subsequently provided the proof
for the continuity of wetness, which is summarised below: referring to
Eq. (2) and applying the equality of chemical potential at the interface
of two solvents, A & B:

U3 + RT In (y,Ca/Ca) = ug + RT In (y3Cp/Cp) (12)

gives

Ca_ v5Ca (HE‘H?\)

— = =Kjy. 13
Cs  v4Cp P\ RT d (13)

Eq. (13) is indeed Nernst's distribution law [32], where Ky is referred
to as distribution coefficient. Substituting C; with w;Csq,;, then

& _ Wa Csut,A _
Cp WpCsarp

(14)

The fact that K; is independent of concentration implies w, = wp. In
other words, w is continuous at the interface.

Substituting Eq. (11) into Eq. (3) but noting that J,, is proportional to
Vw, not VC or V(Csqw), yields

Jm = —DCsut VW (15)
at(CSmW) + VJm = @m '

Eq. (15) is the exact analogue of the heat diffusion equation, Eq. (4).
Eq. (15) has an interesting physical interpretation: The quest for every
part of the solvents to reach full saturation, w = 1, provides the driving
force for diffusion; the rate of diffusion is linearly proportional to the gradi-
ent of fractional saturation, Vw [31].

If we divide the numerator and the denominator in Eq. (14) by arbi-
trary constants, say S, and Sg, respectively, such that Sa/Sg = Csata/Csats,
then

Ca/Sa _Wa _4
Cp/Sp wg

(16)

which suggests that the ratio C/S is continuous at the interface of sol-
vents. The constants S, and Sz may have any arbitrary unit. If S4 and S
are assigned the unit kg.m™>3.Pa~! then (/S has the unit of pressure.
The constants S4 and Sz may have arbitrary magnitudes so long as
their ratio S4/Sg equals to Caea/Csqr . If the magnitude of S, and Sg are
chosen to be the Henry's constants, Hy and Hg (note: Ha/Hg = Csqra/
Csats), then C/S = py, becomes the “partial pressure technique” practiced
by many researchers [13,24,33,34]. Indeed, the “partial pressure tech-
nique” is equivalent to multiplying w by the environmental vapour
pressure of the solute, ps, yielding py, = wps, which is continuous simply
because w is continuous [31]. The continuity of p,, has nothing to do
with Henry's law. As a further illustration, if S4 and Sg are assigned the
unit kg-m~3J~" and S, and Sg are chosen to have the magnitudes
such that Csqea/Sa = Csars/Sg = Us, where Us is the volumetric internal
energy of the environmental solute vapour, then the field variable be-
comes C/S = Uy, Since the constants S, and Sg satisfy the condition Sa/
Sg = Csara/Csar, then U, must be continuous at the interface. We now
have a new technique: the “internal energy technique”. Alternatively,
we may arrive at this “internal energy technique” by simply multiplying
w by U; yielding Uy, = wUs, which is continuous simply because w is
continuous. Thus, theoretically we may have unlimited number of tech-
niques for enforcing continuity at the interface: the “partial pressure
technique py,” when w is multiplied by the constant ps; the “internal en-
ergy technique Uy,” when w is multiplied by the constant Us; the “densi-
ty technique py” when w is multiplied by the density of the
environmental solute vapour ps; or even the “mass technique m,”
when w is multiplied by an arbitrary constant that has the unit of
mass, the “time technique t,” when w is multiplied by an arbitrary con-
stant that has the unit of time; and so on. Clearly, these pseudo tech-
niques are all redundant to the wetness technique.

2.3. Direct concentration approach
This is a hybrid of the Fick's law and the partial pressure technique.

Xie et al. [34] applied Fick's law over a domain that is made up of mul-
tiple solvents while enforcing the continuity of pseudo partial pressure

dx.doi.org/10.1016/j.microrel.2016.08.009
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at the interface of the solvents using the constraint equation

Ca Cp

§ = S_B = Po> (17)

At first glance, this approach appears to be exactly equivalent to the
partial pressure technique. But the two techniques are indeed very dif-
ferent, which is best explained using an illustration. Fig. 1(a) shows a
steady-state flow of solute through solvents A & B with the boundary
condition, C(x = 0) = Cy; and C(x = 2 L) = Cgg, wherein it has been as-
sumed that Cgg > Ca;. Fig. 1(b) shows the corresponding partial pressure
of solute in the solvents wherein it has been assumed that Sp is signifi-
cantly larger than S, such that p; = Ca1/Sa> pr = Cgr/Ss. If the flux of sol-
ute is linearly proportional to the gradient of the partial pressure, then
the equivalent circuit is as shown in Fig. 1(b), wherein L/(D;S;) is the re-
sistance due to solvent i. The prevailing flux through the solvents is
given by

PL—Pr

Yoo = L/ D,50) + L/ (DsSs) e

The flux flows through solvent A and solvent B at a uniform magni-
tude from x = 0 towards x = 2 L as shown in Fig. 1(b). If on the other
hand, the flux of solute is linearly proportional to the gradient of con-
centration as suggested by Fick's law and as assumed by Xie et al. [34],
then the equivalent circuit is as shown in Fig. 1(a), wherein L/D; is the
resistance due to solvent i. The net flux of solute through the solvents
is given by:

Ca—Car

Jme = /D +1/D5" (1)

The net flux flows through the solvents from x = 2 L towards x = 0,
in opposite direction to Jmp. It is clear that Jimc # Jmp. Denoting C4;and Cg;
as the concentrations of solute at the interface in solvent A and B, re-
spectively. The constrain equation, Eq. (17), dictates that Cz; = (Sp/
Sa)Cay. This is illustrated in Fig. 1(a). The flux through solvents A and B
are given by

_ Ca—Ca ~ Cp—Cpr
Jmc,A - L/DA mcB — L/DB . (20)
The conditions Jmea = Jme and Jmea = Jmep give, respectively,
Cor — DaCar + DpCpr
A= D Dy o1)
Cu — (DaCar + DpCgg)Sa~
Al DaSs + DSz
Solvent A Solvent B
c
Cor(Hy H)Cot [———o ™
c..--—=—"T¢
- |
CAL‘ = Al
@ | t ot
LD, LD,
Jne
Jmc‘;x Ime.a

Unless Sy = S, the flux of solute is discontinuous at the interface. Fig.
1(a) illustrates both Jme,a and Jmcp are flowing away from the interface
- a system that provides a net gain in solute. This is clearly against the
law of physics. Liu et al. [35] investigated the finite element scheme
and showed that the ratio of the flux was given by Jimca/lmcs = Sp/Sa-
The direct concentration approach is fundamentally flaw.

2.4. Peridynamics technique

The theory of peridynamics was first proposed by Silling [36] to facil-
itate modeling of long-range forces and discontinuities such as cracks in
a structure. The interactions of the field are described using integral
equation over a non-local domain:

pii = / FX', %, B)dVy + b(x,t), (22)
R

where p is the density, u is the displacement, and b is the body force
density field; fis a force density function that describes the interaction
of the bond between material particle x and a nearby material particle
X'. Being non-local, the theory has the unique ability to model disconti-
nuity in field. The peridynamics theory has been extended to modeling
diffusion problem by substituting the equation of motion with evolution
equations [37,38] and treating individual bond as conduction pathway.
Octerkus et al. [39] has provided the formulation for diffusion of solute
as:

3.C(x,t) = / fo(x,x, )dVy, (23)
"

where

fox,x,t) = 6D €X', ) —C(x, ) (24)

st X/-X|
and 6 is the radius that defines the domain of influence, 3. However,
Egs. (23) and (24) are indeed the peridynamics representation of the
Fick's law and are therefore valid for diffusion in a homogeneous sol-
vent. One could quite easily extend the above equations to heteroge-
neous solvent using the idea of wetness to give

B (CoarW (X, £)) = / £ %, 0)dVy, (25)
R

Solvent A Solvent B

pL:CAL/HA

[lpL

\PR:CBR/HB
L »L L »j

LAD H) LADH,
.7

mp.A mp,B

J
mp

X

>
»

Fig. 1. Illustrations of (a) direction concentration approach and (b) partial pressure approach.
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where

6DCsqt WX/, £)—W(X, t)

R e (26)

3. Diffusion of solute in heterogeneous solvent under steady temper-
ature but dynamic humidity

In general, the partial vapour pressure of solute is insignificantly
small compared to the atmospheric pressure. Under this general cir-
cumstance, a change in humidity (hence, the environmental partial va-
pour pressure of the solute) is “felt” only by the outer surface of the
solvents that is exposed to the gaseous solute. It is not “felt” by the inte-
rior bulk of the solvents and hence does not alter the bulk properties (D
and Cy,) of the solvents. Therefore, diffusion under dynamic humidity is
a dynamic boundary problem [40].

The problem can be modelled using Eq. (15). The dynamic humidity
condition is modelled by dynamically varying the boundary magnitude
of w while keeping the bulk properties (D and Csq) of the solvents un-
changed. This is illustrated in Fig. 2, which shows diffusion of solute
through two adjoining solvents under a dynamic boundary condition,
ps(t). The bulk properties (D and Csq) of the solvents remain unaltered
while the partial vapour pressure of the solute varies from ps(to) to
ps(t2). It is worth noting that one has the freedom to define the magni-
tude of the bulk property, Cs,, for the solvents. Two cases are illustrated
in Fig. 2. In one case, the Cy, of the solvents was chosen to be equal that
at time to; that is, Cso¢; = Csario; the boundary conditions are then set to
vary fromw = 1 att = to to W = Cyqai2/Csario at t = to. In another case,
the G, of the solvents was chosen to be equal that at time t,, the bound-
ary conditions are then set to vary from w = Cyq¢j0/Csariz att = totow =
1 at t = t,. The above procedure is independent of the linearity of the
sorption isotherm and, counter to the claimed by Wong [31], is indepen-
dent of the proportionality of Csara(Ps)/Csar(Ds)-

pS
p
2 Cat,/lz Z """ C
pxl ~ C . sat,B2
sat,A
’ C
p C mr.Bl
0 1! sar,40
i .\'u/.EO
t t
he o bt Py Py Py P
Solvent A Solvent B
t0 w=1 Csaf= CsaI,AO CsaFCsat,BO w=1
t _ Csat,Al _ _ _ Csat,Bl
1 w= C Csat_ Csat,AO Csat_CsaI,BO w= C
sat,A0 sat,BO
t _ Csat,AZ _ _ _ Csat,Bz
2 w= C’ Csat_csat,AO Csat_Csat,BO w= C
sat,A0 sat,BO
Alternatively
C Csat B0
t - sat,A0 - - — )
0 w Csat,AZ Csat Csat,A2 Csat Csat,BZ w Csat,BZ
t _ Csat,Al _ _ _ Csat,Bl
1 w= C Csat_csat,AZ Csat_csat,BZ w= C
sat,A2 sat,B2
) w=l | Cc_=C c.=C
sat sat,A2 sat sat,B2 w=1

Fig. 2. lllustration of boundary conditions under dynamic humidity condition.

4. Diffusion of solute in heterogeneous solvent under dynamic
temperature

A change in temperature is “felt” by the interiors of solvents. It alters
the bulk properties (D and Cy,) of the solvents. The dependence of Csqr
on temperature presents a unique challenge.

4.1. Temperature dependence of Csq

The rate of change of Cs, with respect to temperature may be
expressed as

acsati ou 0Csq
= (@), (o). @7

where n is the molar mass of the solute; the subscripts refer to the
conditions that are kept unchanged. The rate of change of chemical po-
tential L with respect to temperature is given by Maxwell relations [21,
41] as:

(g_*;) - s, (28)

where s (J mol~! K~ 1) is the partial molar entropy of the solute in a so-
lution. The rate of change of C,, with respect to chemical potential can
be evaluated from Eq. (2) as

0Csqr _ Csar
(), = >

Since s is positive, Csq Of solute in a solvent decrease with increasing
temperature. Diffusion would occur in a homogeneous solvent that is
having uniform concentration but having non-uniform distribution of
temperature - solute will diffuse from region of high temperature
(low Cyq, high w) to region of low temperature (high Csy, low w).

4.2. Challenge in modeling

In case of temporally varying temperature, Cs,(T) becomes a func-
tion of time. The diffusion equations for wetness becomes

Jm = _D(T)CSGI(T)VW(CSHI(T)) (30)
0¢[Coar(T)W(Coat(T))] + V.Jm = Om

Eq. (30) is unusual in that the field, w = C/C,, varies with time be-
cause of two dynamics: (i) diffusion of solute that changes C; and (ii)
diffusion of heat that changes C,. The coupled heat-solute diffusion
may proceed as follow: referring to Fig. 3, let 6t be the time increment
for the temperature in the solvent to increase from T to T 4 AT through
heat diffusion; during this time increment, the solute in a solvent un-
dergoes diffusion and its concentration increase from C(t,T) to
C(t + &t,T + AT). From the time, t + 8t to t + At, diffusion of solute oc-
curs at constant temperature, T 4+ AT. The coupled heat-solute scheme
is computational intensive. Fortunately, the diffusivity of heat in a
solid solvent is many orders larger than the diffusivity of solute in the
same solid solvent. This allows one to by-pass the modeling of thermal
diffusion by assuming 6t to be negligibly small such that
C(T + AT) = C(T).

The dynamic variations of Cg, presents a unique challenge when
using commercial finite element software, which typically does not
have provision for automatic updating of the field w(Cs.(T)) corre-
sponding to a change in Csq(T). Such updating may have to be per-
formed explicitly by the user. However, updating of w-field may lead
to discontinuity of w along the interface, as illustrated in Fig. 4, which
shows diffusion of solute through two adjoining solvents that have ex-
perienced an instantaneous change in temperature. The capacity for
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Fig. 3. lllustration of temperature increments as a function of time increments.

solute for the two solvents have become aCgq 4 and bCq g, Wwhere a and b
are constants. Assuming a=b, w-discontinuity occurs along the interface.

The need to update w(Cs(T)) explicitly and the presence of w-dis-
continuity were reported by Wong et al. [40,42] and has since attracted
the interests of many [27,34,35,43-46]. The solution techniques are
reviewed in the following section.

4.3. Special conditions

The modeling of solute diffusion under dynamic temperature condi-
tion can be greatly simplified under two special conditions.

4.3.1. Gy independent of temperature

The temperature-dependence of the Henry's solubility constant has
frequently been described in the form of van't Hoff equation, which
shares a similar form as the Arrhenius equation. Wong & Rajoo [47]
characterized the Henry's solubility constant, H, for electronic packaging
polymers at 60%RH and at temperatures 30 °C and 85 °C and expressed

Solvent A Solvent B

C C
) sat,A sat,B
WA \ w
T L
— WB
)
t w /a w/b
T+AT \\\\\L\\\\\‘\-ww
wl/a B
aC bC
sat, A sat,B

Fig. 4. lllustration of w-discontinuity at the interface of solvents due to temperature
increment assuming C(T + AT) = C(T).

it in the form:

AE
Heoyru = Ho €Xp (ﬁ) . (31)

where AEy is the enthalpy of reaction, which for most of the electronic
packaging polymers were found to be between 0.44 eV and 0.46 eV.
The positive enthalpy of reaction suggests the absorption of moisture
by polymers is an endothermic reaction. They also expressed the partial
pressure of water vapour at 60%RH at temperatures between 30 °C and
85 °Cin the form of Arrhenius equation:

—E
Peovirr = Po-%RH exp (k—T"> : (32)

and evaluated the activation energy, Ep, to be 0.44 eV. The saturated
concentration of moisture in the polymers at 60%RH is given by

AEy—E
Csar.607%rH = HoeourH * Peozrn = HoDo-70RH eXp( ZT p)- (33)

The fact that AEy — E, = 0 suggests that the saturated concentra-
tions of moisture in electronic packaging polymers are insensitive to
temperature over the range of temperature investigated. Similar find-
ings on electronic packaging polymers and other polymers have been
reported by Jang et al. [27] and others [48-50].

Assuming Cs of solute in all solvents to be independent of temper-
ature within the temperature range of interest, then Eq. (30) is reduced
to

Jm = —D(T)Csur VW 34
at(CSQ[W) —+ VJm = Qm ’ ( )
Eq. (34) differs from Eq. (15) only in the temperature dependence of
diffusivity.
Jang et al. [27] proposed the “advanced normalization technique”:

C
b= (35)
where M = H,p, assuming AEy-E, = 0.1t s clear from Eq. (33) that M is
indeed Csar100%rH OT Csar(Pg). Since Ma/Mp/Csara/Csars, the normalized
variable & = C/M is continuous. But it also satisfies the condition of
pseudo technique described in Section 2.2. Indeed, Eq. (35) is equivalent
to multiplying w by the constant Cg,/M, which is equated to Csa(ps)/

Csat(Pg) = ps/Pe = %RH, and yielding & = w.%RH.

4.3.2. Csae/Csar.p independent of temperature

When diffusion occurs over a relatively large range of temperature
such as during solder reflow, the dependence of Cy, on temperature
cannot be ignored. However, if Gy, of solvents vary nearly proportion-
ately with temperature such that the ratio Csqra(T)/Csarp(T) is nearly in-
dependent of temperature (this is equivalent to AEy4 =~ AEpp in Eq.
(31) and “a” = “b” in Fig. 4), then w(Cse(T)) in the solvents varies pro-
portionally such that w-continuity at the interface remains intact. With-
in solvents A and B, it has been argued that C(T + AT) = C(T), which is
equivalent to writing Csq(T + AT)VW(Csqre(T + AT)) = Csqe(T)V-
W(Csqe(T)). This implies that Cs, VW and hence G, of solvents A and B
may be treated as if they are independent of temperature. The only
property that is dependent on temperature is D(T). Thus, diffusion is
again governed by Eq. (34).

4.4. General conditions
In general, s, of solvents varies non-proportionately with temper-

ature such that the ratio Csqa(T)/Csae,p(T) varies with temperature
(this is equivalent to AEy 4 # AEy in Eq. (31) and “a” # “b” in Fig. 4).
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The diffusion of solute is governed by Eq. (30) wherein the w-field
needs to be updated explicitly. There have been three reported tech-
niques for updating the w-field: the intervention technique, the internal
source technique, and the explicit finite difference scheme.

4.4.1. Intervention technique

The intervention technique was first reported by Wong et al. [40,42]
but has received little attention [44,45] partly because of the need for in-
tervention and partly because of the lack of details of its implementa-
tion. This technique has been referred to as the “piecewise
normalization technique” by Wang et al. [46]. The implementation pro-
cedure is summarised below with the aids of Figs. 3 & 4.

« At time t, which is designated as {7,

O the solvents are assumed to acquire a uniform temperature T and
the volumetric capacity of solvents for solute is Csq(T); from the
w-field, w(t* ), the C-field is evaluated as C(t' 7)) = Coa( )W (£ ).

« At time t + 6t and 8t — 0, which is designated as ),

O the solvents are assumed to acquire a uniform temperature T + AT,
and the volumetric capacity of solvents for solute is Cs (T + AT); the
C-field is assumed to experienced negligible change over the time
increment &t such that C(£+)) = C(t7));

O the w-field becomes w(t*) = C()/Coae(T + AT);
= this has to be updated explicitly with the aid of macro program;

= w-continuity along the interface is enforced assuming conserva-
tion of the concentration of solute along the interface:

W(ﬂ”) _ Ca(T) + Cp(T)
Cosaen(T + AT) + Csqe (T + AT) ’

(36)

* Between time t and t + At,

O the diffusivity and volumetric capacity of solvents for solute are
D(T + AT) and Csq(T + AT); diffusion of solute takes place according
to Eq. (30) but with T substituted with (T + AT).

Because of the linearization of the temperature-time relation (refer
to Fig. 3), the quality of the solution shall increase with reducing time in-
crement. It is advisable to perform consecutive runs with reducing time
increments to assure the convergence of the solutions.

4.4.2. Internal source technique

The internal source technique was introduced by Wong [32] to elim-
inate the need for intervention by smearing the update of the w-field
over the time increment At. Wang et al. [46] gave a more elaborated ex-
planation to the technique. A refined implementation procedure is de-
tailed below (using the terminologies presented in the intervention
technique).

« At time (),

O the appropriate C-field in the solvents ought to be C(t{*)) =
Csar(T 4+ AT) () = Cooo(T).W(t)); however, if w(t()) is as-
sumed to be equal to w(t{™)), the effective C-field in the solvents
is indeed Copp = Cyqe(T + AT).w(t™); the “lost” concentration is
given by AC = [Ceq(T)-Coae( T + AT)W(t{).

* Between time t and t + At,

O the diffusivity and volumetric capacity of solvents for solute are
D(T + AT) and Csq (T + AT) and diffusion of solute takes place ac-
cording to

Jm = —D(T + AT)Ciqt (T + AT)VW(Cyqe (T)) :

0t[Csat (T + AT)W(Csqt (T))] + V.Jin = Om (37)

O the “lost” concentration, AC, is replenished into the solvents as inter-
nal source:

AC

_4c, (38)

O w-continuity is enforced automatically by the condition of flux
continuity.

Because of the smearing of the updating of w-field, a smaller time in-
crement than the intervention technique shall be needed. Again, it is ad-
visable to perform consecutive runs with reducing time increments to
assure the convergence of the solutions.

4.4.3. Explicit finite difference solution scheme

Yoon et al. [43] established a one-dimensional finite difference solu-
tion scheme for Eq. (34). The one-dimensional difference equation,
expressed in terms of wetness, takes the form:

t+At __ it
Ct WX WX
sat At

W, 0 —2WE + Wi
(Ax)?

+ W)tcciat_Dtcgat S 0’ (39)

which yields an explicit expression for time-marching of w:

D'At .t
Wil — D-At wh e (ax2 wh + DAt W (40)
X - (AX)2 X+Ax C;a[At X (AX)2 X—Ax>

wherein the superscript t and the subscript x denote time and spatial
dependency. The magnitude of wetness at the interface, wj, is evaluated
using the condition of flux-continuity, Jmar = Jms1, Which gives

t+At ~t+AE ot t+At ~t+AL ot
DA CsatAWI+Ax+DB Csat.BWI—Ax

t+At ~t+AL t+At ~t+AL
D CsatA +DB Csat,B

W[HAr _

(41)

4.4.4. Benchmarking

Wang et al. [46] have recently undertaken an exercise that
benchmarked the four solution techniques for modeling diffusion of
moisture in heterogeneous solvent under dynamic temperature condi-
tion: the “advanced normalization technique” [27], the intervention
technique, the internal source technique, and the explicit finite differ-
ence scheme.

The test vehicle was made up of two adjoining solvents — solvent A
and solvent B - that were experiencing desorption from the two edges
of the solvents. One-dimensional diffusion was assumed. Two cases
were analysed; the ratio of the saturated concentration of the two sol-
vents, Csara(T)/Csar,p(T), was assumed to be constant in one case and
non-constant in another case. The comparisons of the concentration
evaluated using the four solution techniques for the two cases after
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Fig. 5. Reproduction of the benchmarking results by Wang et at. [46] after 80 s of
desorption; (@) Csara(T)/Csara(B) = constant and (b) Csaea(T)/Csara(B) # constant.

80 s of desorption are reproduced in Fig. 5. In the case of Csea(T)/
Csarp(T) = constant, the four solution techniques have returned similar
results. In the case of Csqea(T)/Csars(T) # constant, except for the “ad-
vanced normalization technique”, the other three solution techniques
have returned similar results. The techniques of intervention, internal
source, and explicit finite difference have been mutually validated.

5. Summary

Four techniques for enforcing the continuity of solute field at the in-
terface of solvents under the condition of steady temperature-humidity
have been reviewed. The wetness technique is found on the principle of
equality of chemical potential and is fundamentally sound. The partial
pressure technique (p,) is a pseudo technique, which is simply a multi-
plication of the wetness, w, by the environmental partial vapour pres-
sure of the solute, py; that is, p, = w.p,. There could be unlimited
pseudo techniques derived from simply multiplying w by a constant.
The direct concentration technique is fundamentally flaw. The
peridynamic technique in its original form is equivalent to the Fick's
law and is restricted to homogeneous solvent.

Diffusion of solute under the condition of dynamic humidity but
steady temperature can be treated rather simply as a dynamic boundary
problem using the wetness technique. On the other hand, diffusion of
solute under the condition of dynamic temperature is challenging be-
cause of the dependence of ;4 0n temperature that leads to discontinu-
ity of w-field along the interface of solvents. Two special techniques and
three general techniques for enforcing this continuity have been
reviewed. The special conditions of C(T) = constant or Caea(T)/
Csara(B) = constant may be treated using the standard wetness tech-
nique but with diffusivity defined as a function of temperature. The gen-
eral condition of Csqra(T)/Csaca(B) # constant may be treated using the

intervention technique, the internal source technique, or the explicit fi-
nite difference technique.
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