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Packaging reliability test cases. More importantly, the DCA generally leads to the discontinuity of diffusion flux at the bi-material in-

Moisture diffusion model terface, which means that the result may violate the law of mass conservation. A theoretical derivation based on a

Simulation one-dimensional (1-D) diffusion case is presented to demonstrate the flaw of the DCA using the finite element
formulation.

© 2016 Published by Elsevier Ltd.

1. Background If the diffusivity is independent of the location, the equation above
can be further simplified
Polymeric packaging materials tend to absorb moisture when they are .

exposed to a humid environment. Moisture absorbed in the polymer- ~ C = DV>C. (4)
based materials can have adverse effects on the reliability and integrity
of electronic packages by inducing corrosion, hygroscopic stress, popcorn
failure, and degradation of the adhesion strength [1-4]. Therefore, it is
crucial to evaluate and predict the behavior of moisture diffusion inside
the packages, and the finite element method has been adopted by nu-
merous researchers to model moisture diffusion [5-18]. Most researchers
have opted to use the Fickian diffusion in their studies. Fick's first law
relates the diffusion flux J to the gradient of concentration C

Eq. (3) or Eq. (4) is known as Fick's second law.

We can find that the governing equation for moisture diffusion is
analogous to the governing equation for heat transfer, and the
thermal-moisture analogy had been used in previous studies when dif-
fusion capabilities were not supported by most FEA software. However,
unlike temperature, which is continuous in nature, moisture concentra-
tion is discontinuous across the interface of two dissimilar materials due
to the fact that various polymeric materials can have different moisture

J=—DVC (1) absorption capabilities (Fig. 1). (See Fig. 2.)
In order to remove the moisture concentration discontinuity at ma-
where D is the diffusivity, which is generally a function of temperature. terial interfaces, a normalized concentration was introduced [10]
In this paper, we assume that all materials are isotropic and D is inde-
pendent of concentration. ¢ = C 5)
The diffusion process conforms to the law of mass conservation N
C+V-J=0. () The normalized concentration is continuous at the bi-material inter-
face according to the Nernst partition rule. By changing the dependent
Combining Egs. (1) and (2) yields the mass diffusion equation variable from concentration to normalized concentration, commercial
finite element software can be utilized to perform the diffusion analysis
C=V-(DVC). (3)  inamulti-material system.

Wong [11] developed another normalization method using “wet-
ness” or “fractional saturation” w
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Fig. 1. Moisture concentration discontinuity at bi-material interface.

where Cg, is the saturated moisture concentration. Cs, is @ measure of
moisture absorption capacity of the material. The normalized concen-
tration “wetness” is also continuous at material interfaces, which can
be proved by the equality principle of chemical potential. These two
approaches are mathematically equivalent at a given temperature and
humidity because C,¢ can be expressed according to Henry's law as
follows:

Csat = SPext (7)

where P is the ambient vapor pressure.

Under a constant temperature or humidity case, such as moisture
preconditioning, S or Cg,, does not change with time, and the governing
Eq. (3) can be written in terms of ¢ as

S$ =V - (DSV). (8)
The continuity equation at the material interface requires

od| D, 523¢>

DiSignl - e

9)

L+

where the subscript numbers denote the material; for example, D, rep-
resents the diffusivity of Material 1, n is the normal direction of the in-
terface, and L — and L+ denote the two sides, left side and right side
in Fig. 1) at the interface L. Eq. (9) can be automatically satisfied for
the normalization approach in the finite element method.

Similarly, the governing equation can also be written in terms of w as

CsatW = V - (DCsge VW). (10)
The solubility S is a function of temperature. If the diffusion occurs

under a transient thermal environment, the governing equation be-

comes

S+ ¢S =V - (DSV). (11)
Similarly, the governing equation in terms of w becomes

CoatW + WCsqt = V - (DCyat VW). (12)

Solubilities of the materials typically comply with the following
form:

S5, exp<%> (13)

where Sy and Eg are material constants. Eq. (13) indicates that it is im-
possible to drop the second term in Eq. (11) for the diffusion under
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Fig. 2. Coincident nodes and constraint equations at bi-material interface.
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Fig. 3. Geometry and boundary conditions for the case study (T(t) =25+ t/60 °C, Pexc=
3207 Pa).

the transient thermal condition. However, the effect of $ is ignored by
the FEA software and erroneous results might be obtained [7,15]. As
for the normalization method using “wetness”, the definition was am-
biguous, because

E
Csat = spext = S(Psat@RH) = S |:PO exp <_ %) (pRH:|

Es—E
= SoPg exp( SRT VP)(pRH (14)

where Ps, is the saturated vapor pressure, Qg is the relative humidity,
Evp is the activation energy for the water vapor, R is the universal gas
constant (8.3145 ] K~ mol™"), and T is temperature. Paradoxically, nu-
merous studies have shown that at a given relative humidity, there is no
strong correlation between the saturated moisture concentration and
temperature for many electronic packaging polymers [19], as long as
the temperature is much lower than the glass transition temperature
(Tg) of the polymers. In other words, Es =Eyp, and thus Cs, is only line-
arly dependent on humidity. Therefore, SoPp can be treated as a
temperature-independent material property, and C/(SoPp) can be used
as a new normalized concentration when dealing with transient ther-
mal loading problems in actual simulations, while ¢ry can be treated
as a boundary condition [14]. This is referred to as the “advanced” nor-
malization method.

Several commercial FEA software packages, such as Abaqus [20] and
ANSYS [21], have already offered the capability of diffusion simulation.
Besides the Fickian diffusion, Abaqus also provides the general mass dif-
fusion capabilities [20]. In such general mass diffusion model, the diffu-
sion flux J is driven by a general chemical potential ¢ (normalized
concentration or activity of the diffusion material), temperature T, and
the equivalent pressure p

J = —SD[Veb + eV In (T—Tpuso) + 5 V)] (13

where K is the temperature gradient factor (“Soret” factor), and Kj, is the
pressure gradient factor. Clearly, Fick's first law can be considered as a
special case of Eq. (15) [9,20]. We discuss only the Fickian diffusion in
this paper.

2. Direct concentration approach (DCA)

The experiments showing the temperature-independency of Cs,¢
were conducted at relatively low temperatures (under 100 °C). Jang
[22] studied the property of the saturated moisture concentration of
molding compound under high temperatures, and revealed that Cg,¢ in-
creases at temperatures above the T,. The T, is material-dependent, the
temperature can reach much higher than the T, of most polymer-based
packaging materials during the reflow process, which means C,; cannot
be simply treated as a constant. Hence, the aforementioned normaliza-
tion approaches are not able to accurately simulate the moisture-related
issues during reflow process.

In order to solve the moisture diffusion problem under varying am-
bient temperature conditions, Xie et al. [16] developed the direct con-
centration approach (DCA). The DCA does not rely on the temperature
independence of any material properties, which means it could have a
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Fig. 4. Moisture concentration in a bi-material specimen subjected to transient thermal loading condition (a) t = 1800 s and (b) t = 3600 s.

potentially broader field of applications if such an approach were
correct.

The direct concentration approach is different from conventional
normalization approaches in which the normalized concentration is
the field variable. In the DCA, the moisture concentration is directly
used as the basic field variable. To represent the discontinuity of mois-
ture concentration, two sets of separate but coincident nodes are built
at the bi-material interface. Constraint equations are applied at each
pair of the interfacial nodes to “glue” the two materials together to sat-
isfy the continuity relation. The constraint equation is given as

Cmvatt  Cvar
S, S, (16)

where Cpar; and Cuare are the moisture concentrations on the bi-
material interface, which belong to Material 1 and Material 2, respec-
tively. The authors of Ref. [16] stated that by applying this constraint
equation, the continuity of diffusion flux at the interface

aCMatl aCMatZ
, % {L -0, %0 (17)
would be satisfied automatically.

The researchers who proposed the DCA implemented this approach
with ABAQUS to simulate the moisture diffusion and vapor pressure
buildup in stacked-die packages during the reflow process [17]. Because
the ratio of the saturated concentrations of two materials at the material
boundary may not be constant under varying temperatures, the con-
straint equations need to be updated when this condition applies.
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Because such capability is not supported by the commercial FEA soft-
ware, a new analysis with updated constraint equations needs to be
performed when there is a need to update constraint equations.

3. Case studies
3.1. Case 1

Despite the complication of programming brought about by apply-
ing and updating the constraint equations (especially when dealing
with a three-dimensional model), the DCA appears to be promising
due to its independence on the solubility (or the saturated concentra-
tion) of the diffusion substance. To examine the DCA, a case study was
performed with ANSYS 15.0 to solve the same transient thermal-
diffusional problem as in Ref. [ 14]. The simulation dealt with 1-D diffu-
sion in a bi-material system under the transient thermal loading condi-
tion. The geometry of the model is shown in Fig. 3, and the material
properties are listed in Table 1. The solubility-temperature relation
was assumed to follow Eq. (13) and diffusivities of the materials were
assumed to comply with the Arrhenius form

D= Dwxp(—%)

where Dy is a material constant, and ED is the activation energy for
diffusivity.

In this transient case, the temperature distribution of the bi-material
system was uniform in space, but changed with time. The temperature
increased at a rate of 1 °C per minute from the room temperature

(18)
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Fig. 5. Diffusion flux distribution at 3600 s (a) full view (b) zoomed view.
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Fig. 6. Sandwich structure (top) and half-symmetry model used in simulation (bottom).

(25 °C), while the ambient vapor pressure was set as 3207 Pa (saturated
vapor pressure at 25 °C) and kept constant during the entire process.
Moisture diffused simultaneously into the system through the leftmost
and rightmost boundaries. The initial moisture concentration in the
materials was set to be zero.

An eight-node element for 2-D diffusion analysis (PLANE238) was
used for the finite element simulation with ANSYS 15.0. A built-in
ANSYS command (CE), which applies constraint equations onto the in-
terfacial nodes, was used to implement Eq. (16) as required by the DCA.
During the calculation, the constraint equation remained unchanged
because the ratio of solubility of two materials (S;/S,) was a constant.
We used the same element size as in Refs. [14,15]. There were 200 ele-
ments through the thickness of each slab (mapped mesh with element
size of 0.005 mm x 0.005 mm).

Fig. 4 shows the distributions of moisture concentration along x-
direction at 1800 s and 3600 s. We also included numerical results
based on the finite difference method (FDM) for comparison. The FDM
results were previously published in Ref. [14,15] and agreed with the
solutions obtained from advanced normalized approach (not shown in
Fig. 4). The forward-time central-space (FTCS) method was used in
the FDM program, and Eq. (9) was utilized at the material interface for
ensuring a continuous mass flux. Ref. [7] described the algorithm for
this particular problem.!

It can be seen that the DCA yields slightly larger results than the FDM
at 3600 s. Intuitively, this difference can be easily treated as numerical
error. However, this small amount of difference is not due to the numer-
ical error and cannot be eliminated. More importantly, a closer check of
the diffusion flux result (Fig. 5) shows that the diffusion flux is discon-
tinuous across the bi-material interface, which violates the law of
mass conservation. Actually, the ratio of the diffusion flux at the inter-
face of Material 1 and Material 2 equals 1/3, which is the inverse of
the ratio of the solubility (S;/S;).

3.2. Case 2

Frankly speaking, this case is not illustrative enough to demonstrate
the feasibility of DCA, because the amount of diffusion flux through the
bi-material interface is quite limited.

Therefore, we performed another simulation to examine the results
generated by the DCA. Our guidelines for designing this test case are as
follows:

1. A constant-temperature environment should be applied. On the one
hand, it eliminates the potential numerical error due to exponentially

! Please note that there is a typo in Eq. (A6) in Ref. [7]. The subscript L + Ax should be
L — Ax, and the L — Ax should be L + Ax.

changing the material properties; on the other hand, it allows us to
determine whether the discontinuity issue is due to the transient
thermal condition.
2. Try to use the same material properties, geometry, mesh, and con-
straint equations as in Case 1. Hence we do not need to rebuild the
geometry and need only to change the boundary conditions.
The moisture diffusion flux at the material interface should be
increased.
4. The boundary conditions must be practical, i.e., Eq. (14) must be
satisfied so that we cannot set an arbitrary concentration value as
the boundary condition.

3.

In the second case, we considered a sandwich structure with two
materials (Fig. 6). The leftmost and rightmost portions are made of the
same material while the middle part is made of another material. As-
sume that the lengths of the left, middle, and right portions are 1 mm,
2 mm, and 1 mm, respectively, and the moisture ingresses into the as-
sembly from both leftmost and rightmost boundaries (top and bottom
boundaries are moisture-insulated) under constant temperature at
85 °C. Owing to the symmetry, this model can be simplified to a half-
symmetry model shown in Fig. 6, which includes only the left half of
the sandwich structure. In the half-symmetry model, the moisture
diffuses into the material only from the leftmost boundary, and the dif-
fusion flux of the symmetry boundary is set as zero.

In this case, moisture absorbed by Material 1 needs to travel through
the material interface for diffusing into Material 2; thus, it is suitable to
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Fig. 7. Moisture concentration distribution along the x-axis at 3600 s.
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Fig. 8. Diffusion flux distribution along the x-axis at 3600 s.

show the difference. This case was performed using the DCA and
the normalization approach in ANSYS. The ambient vapor pressure
remained the same as in Case 1. The finite difference method was
again adopted as the reference. Figs. 7 and 8 plot the results of moisture
concentration and diffusion flux at 3600 s, respectively. It is obvious that
the concentration result of the DCA deviates distinctively from the refer-
ence result. Moreover, the diffusion flux obtained by the DCA is discon-
tinuous at the material interface, which indicates that the DCA result
was a wrong solution.

4. Discussions

The authors who proposed the DCA claimed that the continuity for
diffusion flux at the material interface “will automatically be satisfied
through the finite element formulation,” “according to the variational
principle” by establishing constraint equations. However, according to
the results of above case studies, such flux continuity cannot be satisfied
by merely establishing the constraint equations at the interface. In this
part, a theoretical derivation based on a simple geometry is used to
find out the root cause of this flaw.

The discontinuity of diffusion flux using DCA happens during the im-
plementation of the constraint equations, which can be proved by the
theory of finite element method. In this study, one-dimensional (1-D)
diffusion in a bi-material model with bar elements is considered
(Fig. 9). Constant moisture concentrations are applied at the leftmost
and rightmost boundaries, and the initial concentration of the system
is zero. The diffusivities and saturated moisture concentrations of the
two materials are different. The ratio of saturated moisture concentra-
tion of the two materials (Csa¢1/Csar2) is @ constant. Assume both Materi-
al 1 and Material 2 have two elements, and the length of each element is
the same. In order to perform the DCA, two coincident nodes (Node 3

Mat 1 Mat 2
1 2 3 4 5 6
Dl’ C\-rul (”3 (‘4 D"’ C\‘m:
C=C B C=C,

I a ( satl ('5312

Constraint equation
Csa .
=l =y Gy = xCy
€ sar2

Fig. 9. Geometry and boundary conditions for the finite element analysis.

Table 1
Material properties used in the simulation.

Material 1 Material 2
Do(m?s™) 5 x 1073 4 x 1073
So(kg m>Pa!) 6 x 1071 2 x 10710
Ep(J mol™) 5 x 10* 5 x 10%
Es(J mol™) 4 x 10* 4 x 10*

and Node 4) are generated at the bi-material interface. The shape func-
tion for each element is [23]

=[5 as)

where h is the length of the 1-D bar element. Therefore, the concentra-
tion over the element can be expressed as

C={N}'{Ce} (20)

where {C.} is the nodal concentration vector. The governing equation of
the diffusion process can be expressed as

[k {Cet + [){Ce} = (R} (1)

where [K9] is the diffusion conductivity matrix, [CY] is the diffusion
damping matrix, and {R.} represents the combination of element diffu-
sion flux, applied flow rate, and generation of diffusion substances in an
element [21]. If the normalized concentration is used, the diffusion con-
ductivity matrix can be expressed as

(K] = Cua /Oh (V{N}T)T[D] (Vi) dx (22)

where [D] is the diffusivity matrix. For this 1-D diffusion problem, [D] = D.
The element diffusion damping matrix is

(] = Car /0’ N}NYdx. 23)

The value of Cs,c will be assigned as 1 if the DCA is used. In this case,
for 1-D two-node element, the local diffusion conductivity matrix and
diffusion damping matrix can be expressed as

K-35 7 (24)
“)-5]3 3} (25)

Therefore, the global diffusion conductivity matrix and the global
diffusion damping matrix become the following form after the assembly
process:

D, -D, 0 0 0 0
D, 2D, =D, 0 0 0

qa 110 -pp Db 0 o0 0O

k=il 0 o' o D, —-D, 0O (26)
0O 0 0 -D, 2D, —D,

o o o0 o0 -D, D
210000

141000

hlo 12000

d*,

[C]_6000210' (27)
000141

0000 12
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Asfor {Re}={R; ... Rg}",the boundary condition is applied at Node
1 and Node 6, so R; and Rg are unknown (need to be calculated), while
Ry, R3, R4 and Rs are zero.

In the DCA, the constraint equation is applied at interface nodes as

C3 = ){C4 (28)

where y is the ratio of Cs3; and Cgaez () #1). There are three ways to im-
plement the constraint equation in FEM; namely, the master-slave
elimination, the penalty augmentation, and Lagrange multiplier adjunc-
tion [24]. In this paper, the master-slave elimination method is used, in
which the degree-of-freedom (DOF) to be eliminated is the slave DOF,
and the remaining one is the master DOF. Therefore, a new set of

DOFs {CAe} can be obtained after eliminating the slave DOF. The relation-
ship between the old and new sets of DOF can be established with the
transformation matrix [T]

{Ce} = [TH{Ce}- (29)

In this case, Cz is chosen as the slave DOF, while C,4 is the master DOF;
Eq. (29) can be expressed in the following form:

G 100 007
G 01000C;

G| |00 00

c4‘001oog4' (30)
Cs 00010C5

Cs 00001 6

Because the value of y remains constant in the finite element analy-

sis and C3 = yC, is always satisfied, it is easy to find C3 = xC,. Therefore,
the same transformation matrix also relates to the derivative matrix

{Ce} - [T]{Ce}. (31)

Substituting Egs. (29) and (31) into Eq. (21), and pre-multiplied by
[T]" on both sides, gives

(17" [k e + ) [ m{Ce } = (117 4Re). (32)

Letting (K7 = [T]"[K[T], (C%] = [T]"[C?](T) and (R = [T]"{Re},
Eq. (32) becomes

[k Cet + [C]{Ce} = (Re}. (33)

As for the vector {R.}, because both R; and R, are zero, and the trans-
formation removes only one zero, so {/Re\} ={R; 0 0 0 Rg}".
Therefore, the complete expression of the new governing equation
becomes

D, -D 0 0o 0 1(G
(=D 20— 0 0 |G
7 0 —xyD; ){2D1 +Dy, —D, 0 Cy
0o 0 —D, 2D, -D||Cs
0 0 0 -D, D, | |G
21 0 0 0](¢ Ry (34)
W14 2 0o0l|G 0
o oy 2442 1 0|6 =00
6lo 0 "1 4 1|]é 0
o0 o 12]l¢é Re

If we consider only the third row and expand the equation,
substituting yC4 with Cs, and re-arranging the items yields

B C3—C; hy, : 1 G—C hy :
)(<D1 - Jrg(c2 +2c3)) - Dy +6<C5 +2c4). (35)

The left-hand side of Eq. (35) equals to J;, and the right-hand side
equals to J,, where J; is the diffusion flux at the interface on Material 1
side and ], is the diffusion flux at the interface on Material 2 side. The re-
lationship of

Xh =12 (36)

is always true if the DCA is used. Thus, DCA violates the rule of mass
conservation unless

7-1 (37)
or
h=I=0. (38)

As for the verification case in Ref. [16], Material 2 is essentially not
permeable to moisture. At the beginning of the desorption process,
the amount of moisture in Material 2 is only 0.03% of the whole system.
Hence, the flux through the material interface is extremely small, and
the flux discontinuity issue will not have distinctive effect on the aver-
age concentration of the system. Therefore, it is reasonable to say that
Eq. (38) is satisfied so that the DCA is valid in such situation. This can
be confirmed by the analytical solution [16]. Plus, the seemingly good
agreement between the concentration distribution curves in Fig. 4 is
also due to the low diffusion flux at the interface, especially for subplot
(a) at 1800 s.

For the second case in this paper, the difference between the results
of FDM and DCA is obvious due to larger diffusion flux through the
interface than that in the previous case. Because the first-type boundary
condition (fixed-value boundary condition or Dirichlet boundary condi-
tion) is used in our simulation cases, the data points to the exterior
boundaries should always match. Readers may perform extra cases to
examine the effects of dimensions and material properties. We will
not conduct comprehensive quantitative analysis on the simulation
error of the DCA in this paper, because several new methods are avail-
able [18,25]. For example, a convection-diffusion porous media model
has been proposed for moisture transport at high temperatures, and
this model also considers the non-Fickian behavior by adopting the con-
cept of dual-stage model [25]. Furthermore, researches are typically
more concerned about the consequence of moisture. Several re-
searchers have worked on integrated stress analysis that combines the
thermomechanical stress with the moisture-induced stresses in elec-
tronic packages. For example, Fan and Zhao applied thermal expansion,
hygroscopic swelling and vapor pressure simultaneously in their simu-
lation [9]. Yoon et al. included nonlinear material properties together
with the thermal expansion and the hygroscopic swelling behavior
[12]. Kim et al. included the shift effect of T, caused by moisture absorp-
tion into the viscoelastic stress analysis [ 13]. Liu discussed the numerical
implementation methodology of this Tg-shift effect [26].

5. Summary

We observed the discontinuity of diffusion flux at the bi-material in-
terface when we tried to implement the direct concentration approach
in a finite element simulation. Then another test case was created to
achieve more evident discontinuity in diffusion flux. Finally, we utilized
the theories of finite element formulation and multi-freedom constraint
to find out the root cause of this flux-discontinuity phenomenon caused
by the DCA. Results have proved that such discontinuity is due to the
implementation of constraint equations, and this discontinuity is
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independent of temperature profiles. As a conclusion, the direct concen-
tration approach is flawed. The DCA can yield correct results only when
the saturated moisture concentrations of the materials are identical, or
the diffusion flux across the bi-material interface is negligible, which
renders this approach inappropriate for general cases.
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