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Abstract A significant problem in the microelectronic packaging industry is the presence of

moisture-induced failure mechanisms. Moisture is a multi-dimensional concern in

packaging, having an adverse effect on package reliability by introducing corrosion, de-

velopment of hygro-stresses, and degradation of polymers present in the package. Mois-

ture can also accelerate delamination by deteriorating the polymer interfaces within

the package. As the interfacial adhesion between the chip, underfill, and substrate de-

creases, the likelihood of delamination at each encapsulant interface increases. Once

the package delaminates, the solder joints in the delaminated area are exposed to high

stress concentrations, resulting in a reduction of overall package life.

Moisture can affect interfacial adhesion through two primary mechanisms. The first

mechanism is the direct presence of moisture at the interface altering the interfacial

integrity of the adhesive joint. The second mechanism is the absorbed moisture in ei-

ther the adhesive and/or substrate altering the mechanical properties of those materials,

which changes the response of the adhesive structure in the presence of an externally

applied load. Inevitably, the effect of moisture on the adhesion and fracture of inter-

faces entails a multi-disciplinary study, and several aspects should be considered. From

a global perspective, the primary aspects include moisture transport behavior, changes

in bulk material properties from moisture absorption, effect of moisture on interfacial

adhesion, and recovery from moisture upon fully drying, although several subsections

within each major group occur due to the complexity of the problem.

In this chapter, a systematic and multi-disciplinary study is presented to address the

fundamental science of moisture-induced degradation of interfacial adhesion. First, the
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moisture transport behavior within underfill adhesives is experimentally characterized.
The results are incorporated into a finite element model to depict the moisture ingress
and interfacial moisture concentration after moisture preconditioning. Second, the ef-
fect of moisture on the variation of the adhesive elastic modulus is demonstrated and
the physical mechanisms for the change identified. Third, the aggregate effect of mois-
ture on the interfacial fracture toughness is determined. This includes the primary effect
of moisture being physically present at the interface and the secondary effect of mois-
ture changing the elastic modulus of the adhesive when absorbed. Both reversible and
irreversible components of the interfacial moisture degradation are evaluated. Using
adsorption theory in conjunction with fracture mechanics, an analytical model is devel-
oped that predicts the loss in interfacial fracture toughness as a function of moisture
content. The model incorporates key parameters relevant to the problem of moisture in
epoxy joints identified from the experimental portion of this research, including the in-
terfacial hydrophobicity, active nanopore density, saturation concentration, and density
of water.

17.1. INTRODUCTION

It is inevitable that an electronic device will be exposed to varying degrees of mois-
ture. Since many microelectronic packages utilize epoxy based materials such as underfill
and molding compounds, they are highly susceptible to moisture absorption. The moisture
uptake can lead to undesirable changes in mechanical performance, interfacial adhesion,
and reliability [46,50].

Long term reliability and life prediction of microelectronic assemblies requires a
rooted understanding in the interfacial failure mechanisms and associated debonding be-
havior of adhesive joints within these assemblies. With the advent of flip-chip technology,
the need for improved understanding of delamination in these assemblies has taken on
added importance. One of the keys to the success of flip-chip technology lies in devel-
opment of underfill, which is an epoxy-based encapsulant that mechanically couples the
chip to the board. Underfill drastically enhances the reliability of microelectronic assem-
bles when compared to unencapsulated devices [51], provided the structural integrity of
the adhesive bond is maintained. Although delamination of the underfill in the microelec-
tronic assembly tends to cause near immediate failure as soon as it reaches a solder joint,
until recently the factors that affect the strength and durability of these interfaces have not
been investigated and are the focal points of current studies in reliability research in mi-
croelectronic packaging. One of the most detrimental of these factors is moisture, which
can significantly compromise the interfacial adhesion and accelerate the onset of delami-
nation.

Another major area of concern in microelectronic packaging occurs at the interface
between the copper alloy lead frame and the epoxy mold compound. Due to its relatively
low cost in conjunction with its high electrical and thermal conductivity, copper alloys are
widely used as a lead frame material. However, the epoxy/copper interface has poor interfa-
cial adhesion strength and relatively high residual stress, which predisposes it to delamina-
tion. The copper surface is also highly susceptible to oxidation, which is an additional con-
sideration when evaluating the interfacial adhesion of interfaces involving copper [9,28].
The delamination between the copper lead frame and the mold compound adversely affects
the durability of these packages and is a common failure mode during the qualification
process. In addition to further compromising the interfacial integrity of the interface, the
delamination can also affect long term package reliability by yielding enhanced transport
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of moisture along the interface resulting in corrosion. The corrosion process will be accel-
erated if the absorbed moisture is a carrier of ionic impurities from the surrounding external
environment [62]. Consequently, the epoxy/copper interface is another significant area of
concern in microelectronic packaging reliability. Several studies continue to investigate
this topic to better understand the durability and failure mechanisms, including the loss of
adhesion in the presence of moisture.

17.2. MOISTURE TRANSPORT BEHAVIOR

17.2.1. Background

Central to understanding the effect of moisture on interfacial adhesion is to first iden-
tify the rate at which moisture is delivered to the interface. The three primary parameters
that have the greatest effect on diffusion rates are the size of the diffusing particles, tem-
perature, and viscosity of the environment. Lighter particles have a higher velocity for the
same kinetic energy as heavier particles, thus lighter particles diffuse faster than heavier
particles. Similarly, an increase in temperature will produce a higher kinetic energy yield-
ing an increase in velocity, thus particles will diffuse more rapidly at elevated temperatures.
Last, diffusion is more rapid in a gas than in a solid as a result of less atomic interactions,
which retard the diffusion process.

Since the vast majority of underfills are epoxy based, they are highly susceptible
to moisture absorption. A standard epoxy formulation can absorb between 1 and 7 wt%
moisture [48]. Additional considerations that apply specifically to moisture absorption in
epoxies include the epoxy surface topology and resin polarity. Soles et al. [47] have found
that water initially enters the epoxy network through the nanopores that are inherent in the
epoxy surface topology. They have determined the average size of a nanopore diameter to
vary from 5.0 to 6.1 Å and account for 3–7% of the total volume of the epoxy material.
Since the approximate diameter of a kinetic water molecule is just 3.0 Å, moisture can
easily traverse into the epoxy via the nanopores.

Although surface topology can influence moisture penetration into an epoxy, of pri-
mary importance is the resin polarity, with the high polarity of the water molecule being
susceptible to specific epoxy–water interactions. Less polar resins such as non-amine resins
have more enhanced moisture diffusion coefficients than amine-containing resins. Soles
and Yee [48] have shown that polar sites, such as amine functional groups, provide low
energy wells for the water molecules to attach. Consequently, polar hydroxyls and amines
can regulate transport through the nanopores by either blocking or allowing moisture to
traverse the epoxy resin depending on the orientation of the resin with respect to nanopore
position. Conversely, the absence of hydroxyls and amines in a non-amine resin leads to
an enhanced moisture diffusion coefficient. In addition, non-amine resins absorb very little
water relative to more polar resins, such as amine resins. Soles and Yee [48] have shown
that by increasing the cross-link density, the intrinsic hole volume fraction is increased,
which yields an increase in the equilibrium moisture content. Steric hindrances located at
cross-link junctions open the epoxy matrix to facilitate interactions of water with polar
groups, thus increasing the moisture uptake. Depending on the various chemical confor-
mations of the epoxy resin in association with the inherent nanopores present in the epoxy
structure, water molecules will behave differently in various epoxy resins.
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17.2.2. Diffusion Theory

Since the transfer of heat by conduction is also attributed to random molecular mo-
tions, it is clear that diffusion is analogous to heat conduction. Fick adopted Fourier’s math-
ematical expression for heat conduction to quantify diffusion. Fick’s first law states that the
rate of transfer of diffusing particles per plane of unit area is proportional to the concentra-
tion gradient measured normal to the plane:

Fx = −D
∂C

∂x
, (17.1)

where Fx is the diffusion flux in the x direction, D is the diffusion coefficient, and ∂C/∂x

is the concentration gradient. The negative sign in the above expression accounts for the
fact that diffusion occurs in the opposite direction of increasing concentration. In addition,
the expression is only valid for an isotropic medium.

Fick’s second law of diffusion describes the nonsteady state diffusion of a substance
and can be derived using Equation (17.1). Utilizing Equation (17.1) and a differential vol-
ume element in Cartesian coordinates, Crank [11] has shown that the following expression
can be obtained assuming a constant diffusion coefficient:

∂C

∂t
= D

(
∂2C

∂x2
+ ∂2C

∂y2
+ ∂2C

∂z2

)
, (17.2)

where C is the concentration of the diffusing substance and D is the diffusion coefficient.
For one-dimensional diffusion along the x-axis, the previous relation reduces to the follow-
ing form:

∂C

∂t
= D

(
∂2C

∂x2

)
. (17.3)

The solution of Equation (17.3) for the concentration of a diffusing substance in an
isotropic plane sheet of finite thickness as a function of time and space is given by [11]:

C(x, t)

C1
= 1 − 4

π

∞∑
n=0

(−1)n

2n + 1
exp

[−D(2n + 1)2π2t

4�2

]
cos

(2n + 1)πx

2�
, (17.4)

where D is the diffusion coefficient, � is the half-thickness of the sheet (−� < x < �), C is
concentration of the diffusing substance absorbed by the sample at position x and time t ,
and C1 is the saturation concentration of the absorbed substance. The application of Equa-
tion (17.4) assumes that immediately after the sheet is placed in the vapor both surfaces
obtain a concentration that is equivalent to the equilibrium uptake, remaining constant. In
addition the equation assumes that the diffusion coefficient remains constant throughout the
diffusion process and that the initial concentration of the diffusing substance in the speci-
men is zero. An analogous expression given on a mass basis has been shown by Crank [11]
to be the following:

Mt

M∞
= 1 − 8

π2

∞∑
m=0

1

(2m + 1)2
exp

[−D(2m + 1)2π2t

h2

]
, (17.5)
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where D is the diffusion coefficient, h is the total sheet thickness, Mt is total mass of the
diffusing substance absorbed by the sample at time t , and M∞ is the equilibrium mass of
the absorbed substance. In the initial stages of absorption where Mt/M∞ < 1/2 and assum-
ing a constant diffusion coefficient, D, Equation (17.5) can be shown to be approximated
by the following:

Mt

M∞
= 4

h

√
Dt

π
. (17.6)

If absorption data is plotted with Mt/M∞ as a function of (t/h2)1/2 and exhibits lin-
ear behavior for Mt/M∞ < 1/2, the diffusion coefficient can be determined by rearranging
Equation (17.6) to the following form:

D = π

16

(
Mt/M∞√

t/h

)2

. (17.7)

The diffusivity, D, can now be experimentally determined using absorption data with
Equation (17.7). Again, Equations (17.4), (17.5), (17.6), and (17.7) all assume that the
one-dimensional absorption occurs on both sides of the plane sheet with a concentration-
independent, constant diffusivity. If absorption results in a diffusion coefficient that is vari-
able rather than constant, explicit analytical solutions are no longer available.

17.2.3. Underfill Moisture Absorption Characteristics

Being epoxy-based, underfill resins are highly susceptible to moisture ingress. It is
important to ascertain the fundamental moisture absorption behavior of each underfill when
evaluating reliability performance in moist environments. In the case of adhesion testing, it
is essential to accurately quantify the change in adhesion for a particular interfacial mois-
ture concentration. This provides insight into the constitutive behavior of adhesion in the
presence of moisture.

Two no-flow underfills were evaluated to determine their absorption behavior to se-
lect an ideal candidate for a fundamental study in the effect of moisture on interfacial
adhesion. Underfill resin A (UR-A) was developed at the Georgia Institute of Technol-
ogy. Underfill resin B (UR-B) was supplied by a commercial manufacturer. It should be
noted that since both underfills were formulated for no-flow assembly, neither contained
any filler content. Test samples were made approximately 60 mm in diameter and 2 mm
thick, hence promoting predominately one-dimensional diffusion through the thickness of
the sample. The samples were baked at 115◦C for at least 12 hours to remove moisture prior
to being placed into a humidity chamber for moisture preconditioning. The atmosphere
within the humidity chamber was maintained at a constant temperature (85 ± 1◦C), hu-
midity (85 ± 1%RH), and pressure (Patm). Moisture uptake profiles for each underfill are
shown in Figures 17.1 and 17.2.

It is evident from Figures 17.1 and 17.2 that UR-A had not reached saturation after
168 hours of exposure, whereas UR-B had approached a saturated state within the same
timeframe. In fact, samples constructed from UR-A did not reach saturation even after
725 hours of exposure. This absorption behavior is not uncommon, with Vanlandingham et
al. [54] noting that some of the epoxies evaluated in their study had not reached saturation
even after 3000–4000 hours of exposure at 50◦C/85%RH. Similarly, Ardebili et al. [1]
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FIGURE 17.1. Moisture uptake profile for UR-A at 85◦C/85%RH. (Ferguson and Qu [20], reprinted with per-
mission of ASME.)

FIGURE 17.2. Moisture uptake profiles for UR-B at 85◦C/85%RH. (Ferguson and Qu [20], reprinted with per-
mission of ASME.)

found some of their epoxies to exhibit a gradual increase in moisture content with time,
attributing this increase to void growth in the epoxy network caused by swelling.

The diffusivity of moisture through the thickness of the underfill resin is needed
to apply an analytical, Fickian solution for modeling the moisture diffusion into the in-
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FIGURE 17.3. Fickian curve fit at 85◦C/85%RH for UR-A. (Ferguson and Qu [20], reprinted with permission of
ASME.)

terfacial fracture test specimens. The diffusion coefficient, D, can be experimentally de-
termined using a test specimen that promotes predominantly one-dimensional diffusion
into the test specimen. Using Equation (17.7) with absorption data, the diffusion coeffi-
cients were experimentally determined for both UR-A (D = 5.71E–12 m2/s) and UR-B
(D = 1.47E–11 m2/s). Since the diffusion coefficient is a measure of how quickly a ma-
terial responds to mass concentration changes in its environment, the larger value of diffu-
sivity for UR-B indicates it will respond more quickly to those changes. As a result, UR-B
test specimens will approach saturation more rapidly than UR-A test specimens, which
quantitatively supports what was already qualitatively observed (Figures 17.1 and 17.2).

A Fickian curve was generated for each underfill to examine the extent that the mois-
ture uptake of the specimens demonstrated Fickian behavior at conditions of 85◦C/85%RH.
The following relation developed by Shen and Springer [44] was implemented to generate
the Fickian profile since it simplifies the infinite series of Equation (17.5):

Mt

M∞
= 1 − exp

[
−7.3

(
Dt

h2

)0.75]
. (17.8)

A Fickian curve for each data set at 85◦C/85%RH is shown in Figures 17.3 and 17.4.
It is clear from Figures 17.3 and 17.4 that neither UR-A nor UR-B exhibited true

Fickian behavior at 85◦C/85%RH, although UR-B appeared to obtain a better curve fit
than UR-A. Since test specimens promoted predominately one-dimensional diffusion and
exhibited non-Fickian absorption behavior, it is evident that the diffusion coefficients of
both UR-A and UR-B were dependent on moisture concentration rather than being constant
throughout the entire diffusion process at 85◦C/85%RH.

Wong et al. [56] found varied diffusion behavior in the epoxy resins they evaluated
at 85◦C/85%RH, with some resins exhibiting Fickian diffusion while others did not. They
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FIGURE 17.4. Fickian curve fit at 85◦C/85%RH for UR-B. (Ferguson and Qu [20], reprinted with permission of
ASME.)

postulated that diffusivity is constant and moisture diffusion exhibits Fickian behavior for
epoxy resins at lower temperature and humidity levels such as 30◦C/60%RH. Increasing
the humidity level results in a corresponding amplification of the saturation level, while
increasing the temperature level produces more prominent non-Fickian behavior [54]. Al-
though test specimens will absorb more moisture in less time at higher temperatures and
relative humidity levels, the trade-off is that the specimens will also exhibit an increased
likelihood of non-Fickian diffusion behavior. The concentration dependence of the diffu-
sivity in non-Fickian diffusion behavior complicates the modeling of the moisture ingress;
however, numerical algorithms have been published that demonstrate how to model the
non-Fickian diffusion process [56].

17.2.4. Moisture Absorption Modeling

To illustrate the moisture distribution graphically in interfacial fracture test speci-
mens, a transient, finite element analysis was implemented to model the associated mois-
ture concentration distribution in test specimens for small times of exposure. Since the sub-
strates of the interfacial fracture test specimens were metallic and impermeable to moisture,
it should be noted that only the moisture distribution in each underfill was modeled. Results
of the finite element model illustrating the transient moisture distribution in the underfill
resins are shown in Figures 17.5 and 17.6. Both figures refer to the interfacial fracture test
specimens as unmodified, which indicates that this is the moisture absorption behavior ex-
hibited by the test specimens if placed in 85◦C/85%RH conditions immediately after test
specimen manufacture without consideration to how the moisture uptake could influence
fracture results.

It is apparent from the model of the transient moisture ingress that edge effects are
significant. This can be clearly seen by examining the interface of the test specimens in
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FIGURE 17.5. Moisture concentration distribution for unmodified UR-A interfacial fracture test specimen at
85◦C/85%RH after 1, 5, and 10 hours of exposure. (Ferguson and Qu [20], reprinted with permission of ASME.)

FIGURE 17.6. Moisture concentration distribution for unmodified UR-B interfacial fracture test specimen at
85◦C/85%RH after 1, 5, and 10 hours of exposure. (Ferguson and Qu [20], reprinted with permission of ASME.)

Figures 17.5 and 17.6 (bottom of each cross section A–A), where it is evident that a gradi-
ent of moisture exists at the interface until saturation is reached. This is undesirable since
the interface will experience different levels of moisture spatially relative to the exposure
time, which will not allow a fracture toughness measurement to be identified with a par-
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FIGURE 17.7. Moisture concentration distribution for modified UR-A interfacial fracture test specimen at
85◦C/85%RH after 1, 5, and 10 hours of exposure.

ticular level of interfacial moisture concentration until saturation is reached. Furthermore,
it is also possible that the non-uniform moisture gradient at the interface could influence
interfacial fracture toughness results even if saturation is reached in a test specimen. This
is attributed to different areas of the interface being exposed to varying degrees of mois-
ture for different periods of time, which could have an effect on fracture toughness results
even if test specimens are in a saturated state. Last, wicking of moisture along the inter-
face could also introduce moisture concentration levels that remain unidentified through
modeling of the absorption process alone. This would make it difficult to attribute a partic-
ular fracture toughness measurement with an associated interfacial moisture concentration
level.

In view of these observations, the interfacial fracture test specimen design should be
modified with a water-proof perimeter applied to test specimens prior to moisture precon-
ditioning. The application of the water-proof perimeter forces 1D moisture uptake through
the top surface of the test specimens and prevents wicking along the interface. Not only
does this yield uniform concentrations spatially at the interface, but it also aids in the iden-
tification of an interfacial moisture concentration level by utilizing the inherent moisture
absorption characteristics of the adhesive to restrict the amount of moisture arriving to
the interface. Figures 17.7 and 17.8 depict the moisture concentration distribution in the
modified interfacial test specimens.

Although percent weight is dependent on both the specimen volume and density,
a comparison between the moisture concentration distributions can be made as a result
of both underfills having similar densities (UR-A, ρ = 1.14 × 10−3 g/mm3 and UR-B,
ρ = 1.16×10−3 g/mm3) and volumes. Figures 17.7 and 17.8 illustrate that although UR-A
test specimens contain a significantly higher concentration of moisture near the underfill
surface, the moisture will actually penetrate the interface first for comparably sized UR-B
test specimens. It is clear from the progression of the constant-concentration lines depicted
in Figures 17.7 and 17.8 that the moisture traversed much more easily through the UR-B
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FIGURE 17.8. Moisture concentration distribution for modified UR-B interfacial fracture test specimen at
85◦C/85%RH after 1, 5, and 10 hours of exposure.

test specimens. An explanation for this behavior lies in the particular chemistry of each
underfill epoxy with respect to the polarity of water molecules. As previously noted, amine
functional groups regulate transport through the nanopore channels of the epoxy by either
blocking or allowing moisture to traverse the channels depending on the orientation of the
resin with respect to nanopore position [48]. UR-A contains amine functional groups, while
UR-B is a non-amine containing underfill [20]. Consequently, it would be anticipated that
UR-B would have an enhanced diffusion coefficient than UR-A, which was found to be
true based on experimental results. As demonstrated in Figures 17.7 and 17.8, the amine
functional groups present in UR-A contributed to retard moisture penetration into the amine
containing epoxy resin, whereas the moisture diffused more easily through the non-amine
epoxy resin, UR-B. From this observation, there are three primary conclusions to consider:

1. Degradation of interfacial adhesion over the entire interface due to the presence
of moisture will initially occur in UR-B test specimens prior to comparably sized
UR-A test specimens.

2. Further degradation of interfacial adhesion will occur in UR-A test specimens than
comparably sized UR-B test specimens for longer exposure times. This is due to
UR-A absorbing more aggregate moisture than UR-B at longer durations (Fig-
ures 17.1 and 17.2).

3. Amine functional groups present in UR-A retard the rate by which moisture exits
the underfill upon redrying. Consequently, UR-A test specimens will take longer to
recover the reversible component of adhesion loss upon removal of moisture from
the interface than comparably sized UR-B test specimens.

The absorption characteristics, exposure time, and adhesive performance from mois-
ture dictate whether UR-A or UR-B is a more robust product in humid environments. For
short exposure times to moist environments and considering only the absorption charac-
teristics, UR-A represents a better encapsulant by retarding the rate of moisture ingress to
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the interface through the presence of amine functional groups in its chemistry. Conversely,
UR-B represents a better product for longer exposure times to moist environments by ab-
sorbing less aggregate moisture than UR-A. Bare in mind neither of the aforementioned
statements considers the relative adhesion performance in the presence of moisture nor the
extent by which each underfill adhesive bond recovers after multiple exposures to moist en-
vironments. These are additional considerations when evaluating the long term reliability
of a particular underfill to moist conditions.

17.3. ELASTIC MODULUS VARIATION DUE TO MOISTURE ABSORPTION

The deleterious effect of moisture not only damages interfacial adhesion by being
physically present at the interface, but also through the degradation of the elastic modulus
of the adhesive and substrate due to moisture uptake. The change in the elastic modulus af-
ter moisture uptake can be substantial, which can significantly affect material performance
and adhesion results. Consequently, the variation in the elastic modulus of the adhesive and
substrate as a function of moisture concentration should be determined to completely char-
acterize the loss in interfacial adhesion due to moisture absorption. Since many of the sub-
strates used in electronic packaging are impermeable to moisture (i.e., copper, aluminum,
and silicon), it is often only necessary to characterize the change in the elastic modulus as a
function of moisture concentration for the adhesives, which are typically epoxy based and
highly susceptible to moisture uptake.

17.3.1. Background

Epoxy adhesives are found in many microelectronic packaging applications and
widely used throughout the industry. One of the more substantial developments within
the last ten years is underfill, which is an epoxy based encapsulant that mechanically cou-
ples the chip to the board. Underfill drastically enhances the fatigue life of microelectronic
assemblies when compared to unencapsulated devices [51]; however, since underfills are
epoxy based, they are also particularly vulnerable to moisture ingress [20,22,53,56]. Al-
though the absorbed moisture can significantly alter its mechanical performance and the
overall microelectronic assembly reliability, very few studies in the electronic packaging
literature have addressed the issue of moisture on the mechanical properties of epoxies.

Throughout the literature, the availability of information regarding the effect of mois-
ture on the mechanical properties of epoxy adhesives is in general limited and more work
is needed to adequately characterize this response [12,24]. From the work that has been
published, it has been found that water absorption can severely modify the mechanical
properties of epoxies by decreasing the elastic modulus [36,63], shear modulus [27,64],
yield stress [55], and ultimate stress [55] while increasing the failure strain [12,55] as wa-
ter concentration increases. A representative stress/strain diagram is shown in Figure 17.9
illustrating these effects.

Moisture primarily affects the mechanical properties of epoxy adhesives through
three mechanisms: plasticization, crazing, and hydrolysis. The first is considered reversible
upon drying, while the latter two are irreversible. Several studies attribute the decrease
in modulus due to the plasticizing action of the water on the adhesive [3,12,15,27,49,
55,63,64]. By acting as an external plasticizer to the adhesive, the water spreads the poly-
mer molecules apart and reduces the polymer–polymer chain secondary bonding. This pro-
vides more room for the polymer molecules to untangle and move, which results in a softer,
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FIGURE 17.9. Representative stress/strain diagram depicting the effect of moisture on the mechanical properties
of bulk epoxy adhesives.

more easily deformable mass [42]. Other studies show the decrease in epoxy modulus after
moisture absorption resulting from crazing [34,36,37], where the absorbed water can act as
a crazing agent continuously decreasing the mechanical strength of epoxies with exposure
time in water [34]. This is supported by scanning electron micrographs of epoxies, which
show cavities and fractured fibrils that could only be explained by a moisture-induced craz-
ing mechanism [37]. The moisture-induced swelling creates dimensional changes and in-
ternal stresses that can ultimately craze and/or crack the material. As a result, lightly cross-
linked networks will be more susceptible to crazing than highly cross-linked networks [36].
Last, moisture can also affect the mechanical properties of epoxy adhesives by causing hy-
drolysis leading to chain scission. Short term exposure to moisture results in chain scission
with a chemical addition of water that remains permanently in the epoxy system even after
subsequent drying. Long term exposure to moisture can result in an increased probability
of chain scission detaching segments from the polymer network, yielding a permanent loss
in weight after subsequent drying [59].

Studies by Zanni-Deffarges and Shanahan [63,64] and DeNeve and Shanahan [15]
depict the decrease in elastic and shear modulus of an epoxy as a function of time exposure
to moisture. Although this information is useful in evaluating the effect of exposure time to
moisture on the modulus, it does not depict how the inherent wet modulus values change
as a function of concentration. This is due to a gradient of mechanical properties that will
exist in the adhesive until saturation is reached, where water concentrations become steady
and uniform. Other studies have evaluated the effect of moisture on epoxy adhesives after
saturation is established for a given level of moisture preconditioning. These studies have
shown a decrease in the elastic modulus of epoxy adhesives of 24% [64], 29% [49], and
86% [49] for saturation concentrations of 4 wt%, 0.9 wt%, and 3.1 wt% respectively; how-
ever, they only tested one level of moisture preconditioning to compare to fully dried test
results. Consequently, information regarding the mechanical response of epoxy adhesives
to different levels of moisture concentrations is incomplete and fundamental insight into
the intrinsic response of the adhesives to increasing saturation concentrations of moisture
cannot be ascertained.

Even fewer investigations have evaluated the recovery of epoxies upon drying after
moisture absorption with little information available regarding the extent of the reversible
and irreversible nature of moisture uptake in epoxies. Netravali et al. [38] have shown for
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epoxy samples soaked in water at 25◦C for 820 hours that much of the loss from moisture
results from plasticization and is recoverable upon drying at 30◦C for 400 hours; however,
samples soaked in water at 70◦C for 775 hours were highly irreversible after drying at 70◦C
for 125 hours. The irreversibility was attributed to water reacting with unreacted epoxide
groups. It should be noted that neither groups of samples were completely dry at the time of
testing after exposure to water and subsequent drying. Buehler and Seferis [4] found epoxy
prepregs soaked in water at 71◦C for 1200 hours exhibited varying degrees of reversible
and irreversible damage to both the flexural modulus and flexural strength upon drying
at 50◦C for 450 hours. However, more time was needed to fully dry the specimens in this
study as well, with 3% weight concentrations of moisture still existing in the specimens at
the time of testing after drying. Wright [57] proposes that the permanent loss of properties
that occur due to moisture uptake is most probably due to swelling of the matrix and the
production of voids, while Xiao and Shanahan [59] suggest based on absorption behavior
that the irreversible damage component of hydrolysis can play a significant role in the
degradation process depending on the duration of exposure. Undoubtedly the mechanisms
responsible for the observed losses in epoxies from moisture uptake are complex, and the
material constitutive damage behavior is not entirely understood.

17.3.2. Effect of Moisture Preconditioning

To help characterize the elastic response of an epoxy adhesive to increasing moisture
concentrations, an evaluation of the effect of moisture on the elastic modulus of a no-flow
underfill was performed. The particular underfill evaluated was UR-B, which was deter-
mined to be ideal for studying the fundamental effect of moisture on interfacial adhesion
due to its moisture diffusion kinetics and saturation behavior established from the mois-
ture absorption portion of this research. Flexural specimens were tested in a three-point
bend test according to ASTM D790 [2] to determine the effect of moisture on the elastic
modulus.

Test specimens were divided into six test groups and subjected to five different levels
of moisture preconditioning to ascertain the effect of moisture on the elastic modulus of
the underfill. The test groups included fully dry, 85◦C only, 85◦C/50%RH, 85◦C/65%RH,
85◦C/85%RH, and 85◦C/95%RH, with the latter five test groups being environmentally
preconditioned for 168 hours. All test specimens were baked at 115◦C for at least 12 hours
to remove any moisture that may have been introduced during sample preparation prior
to environmental aging, which was performed in a humidity chamber in an atmosphere
maintained at a constant temperature (±1◦C), humidity (±1%), and pressure (Patm). In
addition, all flexural tests were performed with both the surrounding environment and test
specimens being at room temperature after environmental preconditioning. No measurable
loss in moisture uptake occurred in the test specimens from the time they were removed
from the environmental chamber, allowed to cool to room temperature, and experimentally
tested.

Figure 17.10 illustrates the effect of moisture preconditioning on the underfill elastic
modulus for several different temperature/humidity levels. All moisture preconditioned test
specimens were fully saturated at the conclusion of the 168 hour exposure time, hence a
gradient of moisture concentration did not occur within the specimens so that the inherent
wet modulus was identified. In addition, Differential Scanning Calorimetry (DSC) test re-
sults demonstrate that the underfill was fully cured in the flexural specimens for the curing
conditions and test specimen size and geometry used [18]. Therefore, incomplete curing
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FIGURE 17.10. Effect of moisture preconditioning on the underfill elastic modulus. (Ferguson and Qu [18],
reprinted with permission of IEEE.)

of the underfill in the flexural specimens did not influence any observed changes to the
elastic modulus of the underfill after moisture preconditioning. Further information on the
fundamentals and use of differential scanning calorimetry may be found in the works of
Pasztor [40] and Prime [41].

When compared to unaged, control test specimen values, moisture preconditioning
at 85◦C/50%RH and 85◦C/65%RH was found to have little to no effect on the elastic
modulus of the underfill. A more noticeable effect occurs at 85◦C/85%RH, while condi-
tions of 85◦C/95%RH yielded a significant decrease in modulus. To isolate the possible
effect of thermal aging at 85◦C from moisture preconditioning contributing to the observed
changes in the elastic modulus of the underfill, flexural specimens were exposed to condi-
tions of 85◦C only for 168 hours and compared to unaged, control test specimen values.
As shown in Figure 17.10, thermal aging at 85◦C for 168 hours was found to have no
effect on the elastic modulus with similar values obtained when compared to the control
test group results. Again, it is important to note that all tests were performed at room tem-
perature, hence only the effects of thermal aging were evaluated rather than the effect of
testing at elevated temperatures on the elastic modulus. Since all environmental precondi-
tioned test groups were exposed to the same temperature of 85◦C and to the same duration
of 168 hours, the observed changes in modulus from moisture preconditioning given in
Figure 17.10 can be attributed to the effect of moisture and moisture alone.

A summary of the effect of moisture preconditioning on the elastic modulus of the
underfill is given in Table 17.1, where Csat represents the saturation concentration of mois-
ture in the test specimens for each respective level of moisture preconditioning and given
as both a percent weight change (wt%) and mg H2O/mm3.

Since saturation was reached in all moisture preconditioned test specimens prior to
removal from the humidity chamber and thermal aging from the 85◦C temperature com-
ponent of moisture preconditioning was found to have no effect on the elastic modulus,
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TABLE 17.1.
Change in the underfill elastic modulus from moisture uptake. (Ferguson and Qu [18], reprinted

with permission of IEEE.)

T (◦C) RH (%) Csat (wt%) Csat (mg H2O/mm3) E (GPa) Modulus change (%)

Control — 0 0.0000 2.53 ± 0.06 —
85 50 0.65 0.0075 2.49 ± 0.05 1.6
85 65 0.77 0.0089 2.45 ± 0.04 3.2
85 85 1.02 0.0118 2.31 ± 0.04 8.7
85 95 1.19 0.0138 2.09 ± 0.07 17.4

FIGURE 17.11. Underfill elastic modulus variation as a function of moisture concentration (wt%). (Ferguson and
Qu [18], reprinted with permission of IEEE.)

the inherent wet modulus was identified and all observed changes in the modulus occurred
solely from the influence of moisture. This allows the characterization of the change in
modulus of the underfill from moisture uptake as a function of moisture concentration as
shown in Figures 17.11 and 17.12.

Figures 17.11 and 17.12 depict the inherent change in the elastic modulus of an
epoxy-based adhesive as a function of moisture concentration. Time dependent variation
in the elastic modulus after saturation is assumed to be negligible, although it could be a
consideration for longer durations of exposure at higher concentrations of moisture as a
result of hydrolysis [59]. Previous studies on epoxy adhesives have shown the variation in
modulus as a function of the square root of time corrected for specimen thickness [63];
however, this information depicts the change in modulus resulting from a transient, gra-
dient of moisture concentration rather than demonstrating how the inherent wet modulus
changes with increasing moisture content. Other studies have identified the inherent wet
modulus for a single saturation level and compared to fully dry results [3,49,63]; however,
these studies do not show the inherent wet modulus of the same adhesive for several dif-
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FIGURE 17.12. Underfill elastic modulus variation as a function of moisture concentration (mg H2O/mm3).
(Ferguson and Qu [18], reprinted with permission of IEEE.)

ferent saturation levels and thus do not show the characteristic response of the adhesive as
a function of increasing moisture concentration as given in Figures 17.11 and 17.12. Such
information is extremely useful in predictive modeling efforts, where the intrinsic response
of the elastic modulus as a function of increasing moisture concentration can be used in a
coupled mechanical-diffusion analysis [55] to incorporate the transient effect of the contin-
ual variation of elastic modulus as moisture diffuses into the adhesive. These data are not
only significant when modeling the effect of moisture on the bulk material behavior, but
also on interfacial adhesion, where changes in the mechanical properties of the adhesive
due to moisture uptake can play a significant role in the onset of package delamination.

17.3.3. Elastic Modulus Recovery from Moisture Uptake

To further characterize the response of the underfill from moisture uptake and identify
the mechanisms responsible for the observed losses in the elastic modulus from moisture
absorption, test specimens were moisture preconditioned for 168 hours followed by baking
at 95◦C until fully dry. A fully dried state was established when there was no measurable
change in the weight of a specimen for a period of 24 hours. Since 85◦C/85%RH and
85◦C/95%RH moisture preconditioning conditions were found to noticeably decrease the
elastic modulus of the underfill, only those conditions were evaluated for recovery of the
elastic modulus from moisture uptake upon redrying. Figure 17.13 provides a graphical
depiction of the recovery results for the underfill elastic modulus.

As shown in Figure 17.13, much of the observed loss in the elastic modulus from
moisture uptake was recoverable upon subsequent drying. Since plasticization is the only
primary degradation mechanism attributed to moisture that is regarded as a reversible
process, the recovery results demonstrate that the majority of the loss in modulus resulted
from plasticization of the underfill from moisture uptake. To further evaluate the change
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FIGURE 17.13. Recovery of the underfill elastic modulus on removal of moisture. (Ferguson and Qu [18],
reprinted with permission of IEEE.)

TABLE 17.2.
Recoverability of the underfill elastic modulus from moisture uptake after subsequent drying.

(Ferguson and Qu [18], reprinted with permission of IEEE.)

T (◦C) RH (%) Csat (wt%) Esat (GPa) Erecovery (GPa) Recoverability (%)

Control — 0.00 2.53 ± 0.06 — —
85 50 0.65 2.49 ± 0.05 — —
85 65 0.77 2.45 ± 0.04 — —
85 85 1.02 2.31 ± 0.04 2.46 ± 0.08 68.2
85 95 1.19 2.09 ± 0.07 2.40 ± 0.05 70.5

in elastic modulus from moisture uptake, the recoverability for the elastic modulus will be
defined as follows:

Recoverability (%) = Erecovery − Esat

Edry − Esat
· 100, (17.9)

where Erecovery is the value of the elastic modulus upon fully drying from the moisture
saturated state, Esat is the saturated value of the elastic modulus after moisture absorption,
and Edry is the unaged, control value of the elastic modulus. The recoverability of the
elastic modulus is given in Table 17.2.

Although a significant portion of the elastic modulus was recoverable after fully dry-
ing, some irreversible, permanent damage did occur. The average recoverable value of the
elastic modulus suggests slightly more irreversible damage occurred at higher humidity
levels, but it cannot be concluded unequivocally solely based on the modulus results due
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to the uncertainty associated within the two measurements. However, it can be concluded
when considering the results from moisture uptake data. After fully drying, there was a
slight net permanent weight increase in the test specimens, with specimens moisture pre-
conditioned at 85◦C/85%RH retaining 1.3 ± 0.5% of the total absorbed water while speci-
mens moisture preconditioned at 85◦C/95%RH retaining 2.3 ± 0.4% of the total absorbed
water. The permanent weight increase in the test specimens after subsequent fully drying
suggests that at least part of the irreversible damage resulted from hydrolysis with a greater
extent occurring at higher humidity levels. In addition to hydrolysis, it is also possible that
moisture-induced crazing also contributed to the irreversible damage to the elastic modu-
lus. Overall, the irreversible damage was small with the majority of the loss in the elastic
modulus from moisture uptake being fully recoverable after subsequent drying.

17.4. EFFECT OF MOISTURE ON INTERFACIAL ADHESION

The effect of moisture on interfacial adhesion is governed by two fundamental mech-
anisms. The first is the rate at which moisture is delivered to the interface, and the second is
the change in adhesion performance as a consequence of moisture being present in the ad-
hesive structure. This includes not only the primary effect of moisture being directly present
at the interface itself, but also the secondary effect of moisture altering the mechanical per-
formance of the two materials that constitute the bimaterial interface. Having previously
quantified both the rate at which moisture is delivered to the interface and the degrading
effect of moisture on the elastic modulus of the materials that constitute the bimaterial
interface, a model depicting the intrinsic change in interfacial adhesion as a function of
moisture concentration is developed. Interfacial fracture mechanics is used to characterize
this change to develop relationships that are independent of test specimen geometry.

17.4.1. Background

With interconnect density increasing and package size decreasing, several adapta-
tions to microelectronic assemblies have been developed to accommodate the increasing
demand in both cost and performance requirements. In particular, epoxy-based encapsu-
lants have been extensively used in microelectronic devices to enhance package reliability,
provide environmental protection, and improve manufacturing yields. To insure these ben-
efits are not compromised, the structural integrity of the adhesive bond must be maintained.
Characterizing the primary adhesion mechanisms and identifying the factors that affect the
strength and durability of encapsulants are critical to their success.

Traditional encapsulation processes, such as transfer molding, cavity filling, and
glob-topping, are used to protect the IC device from environmental pollutants and pro-
vide mechanical support. In these devices, copper alloys are typically used as a lead frame
material due to their low cost in conjunction with their high electrical and thermal conduc-
tivity. However, the adhesion at the epoxy/copper interface is poor [7,9,29,32]. In addition,
the copper surface is highly susceptible to oxidation. This is an additional consideration
when evaluating the interfacial adhesion of adhesives with copper.

A more recent encapsulant developed within the last ten years is underfill, which
is an epoxy-based encapsulant that mechanically couples the chip to the board. Underfill
drastically enhances the fatigue life of microelectronic assembles when compared to unen-
capsulated devices [51], provided the adhesive bond between the underfill and the printed
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wiring board, solder mask, copper, silicon, passivation, and solder is maintained. Charac-
terizing the adhesion of underfill to these substrates has been the focus of several studies in
adhesion and reliability research [13,14,17,19,60].

Although epoxy encapsulants have many benefits, they are susceptible to moisture
uptake. A typical epoxy formulation can absorb between 1 and 7 wt% moisture [47], which
can have a detrimental effect on interfacial adhesion and drastically reduce the reliability of
encapsulated devices. While it has been shown that moisture can significantly alter adhesive
performance in microelectronic packaging [21,34], the interfacial and material constitutive
damage behavior from moisture exposure is not well understood. This largely arises due
to the difficulty of the problem, which is governed by two fundamental mechanisms. The
first is the rate at which moisture is delivered to the interface. The second is the response of
the interfacial adhesion to varying levels of moisture concentration, where the deleterious
effect of moisture not only affects interfacial adhesion by being physically present at the
interface, but also through the degradation of the mechanical properties of the epoxy adhe-
sive due to moisture uptake. Mass transport and in particular the diffusion of moisture in
epoxy adhesives has been studied by several sources and is fairly well established [47,48,
52,54,56]; however, the response of interfacial adhesion to moisture is much less under-
stood. Although several studies have addressed the issue of moisture, much more work
needs to be completed and there currently exists a lag in fundamental empirical data de-
picting the loss in interfacial adhesion as a function of interfacial moisture concentration.
Since there exists this lag in experimental data, even less effort has been spent on develop-
ing predictive models that account for the effect of moisture on interfacial adhesion.

Of particular interest to the long-term reliability of an adhesive bond is ascertaining
the permanent damage to the bond from exposure to moisture. Very few studies have ex-
amined the reversible and irreversible components of the loss in adhesion from moisture
after subsequent drying. This has significant practical aspects, as the recoverability of the
interface from moisture will identify the severity of the moisture damage. If the loss in
adhesion from moisture is largely unrecoverable and irreversible, then the service life of
the adhesive joint will be severely, permanently compromised as a result of exposure to
moisture. Such consequences would bring added emphasis to protecting the encapsulated
package from moisture ingress and developing more robust, moisture-resistant adhesives.

When evaluating the moisture recovery of an adhesive joint, there are two aspects
to consider. The first is the recovery of the materials that constitute the adhesive joint,
as absorbed moisture can alter the mechanical performance of those materials and in-
directly affect adhesion [18]. The second aspect is the recovery of the interfacial bond-
ing itself, as the direct presence of moisture at the interface can significantly alter adhe-
sion. Butkus [5] examined the permanent change in Mode I fracture toughness of Alu-
minum/FM73M/Aluminum and Aluminum/FM73M/Boron-Epoxy joints after 5000 hours
at 71◦C and >90%RH followed by 5000 hours of desiccation at 22◦C/10%RH prior to
testing. Both the Al/FM73M/Al joints and the Al/FM73M/Boron-Epoxy joints recovered
very little of their fracture toughness on subsequent drying, demonstrating large, perma-
nent losses in toughness after exposure to moisture. Orman and Kerr [39] have shown
that although some of the strength lost in the epoxy-bonded aluminum joints they studied
was recovered, there was noticeable permanent damage from moisture suggesting an irre-
versible disruption at the interface as a result of attack by water. Contrary to this claim,
Shaw et al. [43] found that nearly all of the strength lost after immersing steel/epoxy lap
shear joints in distilled water for three weeks was recovered after drying. They attributed
the loss in strength after moisture preconditioning to plasticization of the epoxy adhesive,
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which is generally regarded as a reversible process. Dodiuk et al. [16] found exposure to
moisture of their epoxy/aluminum joints caused a reduction in lap shear strength; however,
if the moisture concentration was below 0.3 wt%, the strength was fully recoverable af-
ter drying indicating a completely reversible process. The authors gave no explanation to
this observed behavior other than to state that moisture concentrations exceeding 0.3 wt%
would result in an irreversible process and permanent loss of adhesion at the interface. Un-
doubtedly the mechanisms responsible for the observed losses in both material behavior
and interfacial adhesion from moisture uptake are complex, and the material constitutive
damage behavior is not entirely understood.

17.4.2. Interfacial Fracture Testing

Interfacial fracture toughness is defined as the critical value of the energy release
rate, Gc , at which a bimaterial interface will begin to delaminate. It is a property that
characterizes the adhesion of a bimaterial interface, independent of the size and geometry
of the cracked body. For a bimaterial interface loaded in four point bending under plane
strain conditions, it can be shown that the critical value of the energy release rate, Gc , can
be determined using the following equation [26]:
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M is the moment, ν is Poisson’s ratio, E is the elastic modulus, subscript 1 refers to mater-
ial 1, subscript 2 refers to material 2, h is the height of material 1, and I is the dimensionless
moment of inertia.

Since the interfacial fracture toughness only specifies the magnitude of the crack
tip singularity, the mode mixity, ψ , must be determined from the complex stress intensity
factor K . For a two-dimensional system, the complex stress intensity factor, K , is given
by:

K = K1 + iK2. (17.12)

For four-point loading conditions it can be shown [26]:
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with the mode mixity given by:
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where L is the characteristic length and ε is a dimensionless quantity given by Hutchinson
and Suo [26]. As shown in Equation (17.15), the mode mixity for a test specimen requires
the specification of some length quantity, L. The choice for L is arbitrary, but it should be
selected as a fixed length and reported with the calculated values for the mode mixity.

The flexural beam test for interfacial fracture testing has three primary benefits. First,
it yields intermediate values for mode mixity, which is representative of the values expe-
rienced by electronic devices during actual application. Second, it provides a means for
successful interfacial fracture test specimen construction utilizing substrates and adhesives
common to microelectronic packaging. Last, the flexural beam test configuration yields
an open-faced test specimen design, which allows saturated, steady state conditions to be
reached in the test specimens in a relatively short amount of time. This is due to the large
surface area for moisture uptake relative to the short diffusion path to the interface.

17.4.3. Effect of Moisture Preconditioning on Adhesion

Interfacial fracture mechanics was used to characterize the intrinsic effect of mois-
ture on adhesion. The adhesive used was an epoxy-based underfill developed for no-flow
assembly, designated as UR-B in this research. This particular underfill was determined to
be ideal for studying the fundamental effect of moisture on interfacial adhesion due to its
moisture diffusion kinetics and saturation behavior established from the moisture absorp-
tion portion of this research. The substrate used was oxygen-free electronic grade copper,
alloy 101. The copper substrates were polished to a mirror finish and cleaned using the
routine procedure given by Shi and Wong [45] prior to bonding. This was done to isolate
the intrinsic effect of moisture on adhesion without mechanical interlocking and/or surface
contamination influencing the results. Symmetric interface cracks were introduced into the
underfill/copper bilayer test specimens by using a molding compound release agent [19].
Based on the results from the moisture absorption analysis, a water-proof perimeter was
applied to the interfacial fracture test specimens during moisture preconditioning and re-
moved before fracture testing. This perimeter served two purposes. First, the application of
the perimeter forced 1D diffusion through the top, open surface of the underfill, yielding
uniform concentrations of moisture spatially across the entire interface for the full duration
of exposure to the humid preconditioning environment. Second, the water-proof perimeter
prevented moisture wicking at the interface, which allowed identification of the test speci-
men moisture concentration by utilizing the inherent moisture absorption characteristics of
the adhesive. Completed specimens were tested in a four-point bend test at room temper-
ature to measure the critical load of fracture for the interface. A completed representative
interfacial fracture toughness test specimen is shown in Figure 17.14.

Test specimens were divided into five test groups and subjected to four different lev-
els of moisture preconditioning to ascertain the effect of moisture on interfacial fracture
toughness. The test groups included fully dry, 85◦C only, 85◦C/50%RH, 85◦C/65%RH,
and 85◦C/85%RH, with the latter four test groups being environmentally preconditioned
for 168 hours. The 85◦C temperature component in each moisture preconditioning envi-
ronment will enhance diffusion rates and drive more moisture into test specimens over a
smaller timeframe. In addition, as temperature increases, the moisture capacity of air in-
creases. Consequently, more moisture will be available to diffuse into test specimens at
higher relative humidity levels compared to similar, high relative humidity levels at lower
temperatures. By gradually increasing the relative humidity while maintaining the tem-
perature constant, the change in interfacial fracture toughness as a function of increasing
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FIGURE 17.14. Interfacial fracture toughness test specimen.

moisture content can be identified. For additional information on psychometrics, refer to
Thermodynamics: An Engineering Approach by Cengel and Boles [6].

All test specimens were baked at 115◦C for at least 12 hours to remove any mois-
ture that may have been introduced during sample preparation prior to environmental ag-
ing, which was performed in a humidity chamber in an atmosphere maintained at a con-
stant temperature (±1◦C), humidity (±1%), and pressure (Patm). All interface fracture tests
were performed with both the surrounding environment and test specimens being at room
temperature after environmental preconditioning. No measurable loss in moisture uptake
occurred in the test specimens from the time they were removed from the environmental
chamber, allowed to cool to room temperature, and experimentally tested.

Using the experimentally measured value for the critical load of fracture in conjunc-
tion with previously identified elastic modulus results, the interfacial fracture toughness of
the underfill/copper test specimens was determined using Equation (17.10) for each par-
ticular level of moisture preconditioning. Figure 17.15 provides a graphical depiction of
the results depicting the effect of environmental preconditioning on the underfill/copper
interfacial fracture toughness.

The entire range of mode mixity for all interfacial test specimens fell between
−37.41◦ to −37.64◦. The substrate height was used to define the characteristic length
for all reported toughness values when evaluating the mode mixity. Since the variation
in mode mixity was negligible, the effect of this variation affecting interfacial fracture
toughness results between different test groups is insignificant. Consequently, interfacial
fracture toughness results for different moisture preconditioned test groups can be com-
pared to one another to ascertain the effect of increasing moisture content on toughness
values. In addition, saturation was reached in each moisture preconditioning environment
prior to fracture testing. As a result, a gradient of moisture concentration did not exist in
the interfacial fracture toughness test specimens during testing. As shown in Figure 17.15,
it is clear that the contribution of thermal aging at 85◦C did not significantly affect the
interfacial fracture toughness of the underfill/copper interface. It is important to remember
that all tests were performed at room temperature, hence only the effects of thermal aging
were evaluated rather than the effect of testing at elevated temperatures. Since all envi-
ronmental preconditioned test groups were exposed to the same temperature component
of 85◦C and duration of 168 hours, any observed changes in the fracture toughness after
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FIGURE 17.15. Effect of environmental preconditioning on the interfacial fracture toughness of the under-
fill/copper interface.

TABLE 17.3.
Change in the underfill/copper test specimen interfacial fracture toughness from moisture uptake.

T (◦C) RH (%) Csat (wt%) Csat (mg H2O/mm3) Gc (J/m2) Toughness change (%)

Control — 0 0.0000 8.97 ± 0.91 —
85 50 0.65 0.0075 5.26 ± 0.47 41.4
85 65 0.77 0.0089 4.57 ± 0.58 49.1
85 85 1.02 0.0118 3.76 ± 0.36 58.1

moisture preconditioning can be attributed to the contribution of moisture. Moisture pre-
conditioning at 85◦C/50%RH, 85◦C/65%RH, and 85◦C/85%RH had a substantial effect
on the interfacial fracture toughness and yielded decreases of 41.4%, 49.1%, and 58.1% re-
spectively. A summary of the effect of moisture preconditioning on the interfacial fracture
toughness is provided in Table 17.3, where Csat represents the saturation concentration
of moisture for each respective level of moisture preconditioning and given as a percent
weight change (wt%).

Figures 17.16 and 17.17 depict the inherent change in the underfill/copper interfacial
fracture toughness as a function of moisture concentration.

Based on Figures 17.16 and 17.17, it is clear that the change in the interfacial fracture
toughness is sensitive to small amounts of moisture. A significant reduction in interfacial
adhesion was observed for concentrations as low as 0.65 wt%. Since the moisture did not
significantly alter the elastic modulus of the underfill adhesive for the moisture conditions
evaluated for the interfacial fracture toughness, plasticization of the underfill from moisture
contributed little to the change in the interfacial fracture toughness. As a result, the reduc-
tion in toughness is primarily attributed to the weakening of the underfill/copper interface
due to the direct presence of moisture at the interface. The moisture at the interface could
decrease the adhesion through displacement of the underfill reducing Van der Waals forces
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FIGURE 17.16. Underfill/copper interfacial fracture toughness variation as a function of moisture concentra-
tion (wt%).

FIGURE 17.17. Underfill/copper interfacial fracture toughness variation as a function of moisture concentration
(mg H2O/mm3).

as well as possible chemical degradation of adhesive bonds. Further investigations into the
exact failure mechanism from moisture at the interface are provided in detail in subsequent
sections of this chapter.
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17.4.3.1. Moisture Induced Swelling In addition to the mechanical load applied to test
specimens during interfacial fracture testing, the interface is also subjected to hygro-
swelling and thermal contraction mismatch effects between the adhesive and substrate.
These two effects have opposite outcomes on the interface, as the contribution from the
hygro-swelling mismatch will cause the underfill to be in compression, while the contribu-
tion from the thermal contraction mismatch will cause the underfill to be in tension. This is
attributed to the different stress free environments for each case. For the case of the hygro-
swelling mismatch, fully dry conditions represent a stress-free state for the interface. As
moisture is absorbed in the underfill, it will cause the underfill to expand, while the moisture
impermeable substrate will retain its original dimensions. Since the moisture expansion in
the underfill will be constrained by the substrate, the expansion in the underfill will yield
compressive stresses within the underfill. For the case of the thermal contraction mismatch,
the curing temperature of the underfill represents a stress-free state for the interface. Once
test specimens are removed from the oven and allowed to cool to room temperature, the
thermal mismatch between the copper and the underfill will cause the underfill to be in
tension due to it wanting to shrink more than the copper substrate (CTE of experimental
materials: underfill = 75 ppm/◦C, copper = 17 ppm/◦C). Whether the interface is domi-
nated by the hygro-swelling mismatch, thermal contraction mismatch, or possibly neither
due to the effects of one another canceling each other out for a particular moisture satura-
tion level will depend on the characteristics of the materials that constitute each bimaterial
interface relative to their moisture preconditioning environment.

To investigate the effect of hygro-swelling on interfacial fracture test results, the
moisture swelling coefficient, β , of the underfill was experimentally determined for each
moisture preconditioning environment. The moisture swelling coefficient is defined as

β = 
�/�o

Csat
, (17.16)

where 
� is the change in length of the specimen due to moisture absorption, �o is
the initial dry length of the specimen, and Csat is the saturation moisture concentra-
tion. Using Equation (17.16) with experimental test data, the moisture swelling coeffi-
cient was determined for conditions of 85◦C/50%RH (β = 1987 ppm/wt%), 85◦C/65%RH
(β = 1907 ppm/wt%), 85◦C/85%RH (β = 1808 ppm/wt%). Having identified the moisture
swelling coefficient for each moisture preconditioning environment, a comparison can be
made between the hygro-swelling and thermal mismatch strains for the underfill/copper
interface. The hygro-swelling mismatch strain, εh, and thermal mismatch strain, εt , are
defined as follows:

εh = β1Csat,1 − β2Csat,2, (17.17)

εt = (α1 − α2)(Tf − Ti), (17.18)

where β is the moisture swelling coefficient, Csat is the equilibrium moisture saturation
concentration, α is the coefficient of thermal expansion, T is the temperature, and sub-
scripts 1 and 2 refer to the two materials that constitute the bimaterial interface. The hygro-
swelling mismatch strain and thermal expansion mismatch strain were calculated using
Equations (17.17) and (17.18) respectively for each moisture preconditioning environment.
Since the cooling of the interfacial fracture test specimens from the cure temperature to
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TABLE 17.4.
Comparison of hygro-swelling and thermal mismatch strains for the underfill/copper interfacial

fracture test specimens.

Environment β Csat εh αuf αCu Ti Tf εt

(ppm/wt%) (wt%) (ppm/◦C) (ppm/◦C) (◦C) (◦C)

85◦C/50%RH 1987 0.65 0.0013 75 17 190 25 0.0096
85◦C/65%RH 1907 0.77 0.0015 75 17 190 25 0.0096
85◦C/85%RH 1808 1.02 0.0018 75 17 190 25 0.0096

room temperature will result in a thermal contraction, while the uptake of moisture will re-
sult in an expansion from swelling, it should be noted that the hygro-swelling and thermal
expansion mismatch strains act in opposite directions. The results are given in Table 17.4.

As shown in Table 17.4, the thermal mismatch strains were significantly greater
than the hygro-swelling mismatch strains for all moisture preconditioning environments
by roughly an order of magnitude. It is clear that the thermal mismatch strain dominated
the interaction at the interface and was only slightly offset by a small contribution from
the hygro-swelling mismatch strain for this particular bimaterial interface. As a result, the
underfill will be in tension during interfacial fracture testing, effectively preloading the
interface and requiring a lower critical load of fracture, Pc , from mechanical testing to
advance the interface crack. Consequently, interfacial fracture toughness values will rep-
resent a conservative estimate of the interfacial fracture toughness of the interface. In ad-
dition, it is clear that increasing the saturation concentration did not significantly increase
the hygro-swelling mismatch strain. All interfaces for all environments experienced similar
hygro-swelling mismatch strains for the materials and moisture preconditioning environ-
ments tested in this study. Consequently, the trends exhibited in the interfacial fracture
toughness as moisture concentration increases are essentially independent of the hygro-
swelling mismatch relative to one another, and the observed changes between the different
moisture preconditioning environments can be predominately attributed to more moisture
being present at the interface resulting in a greater loss of adhesion.

17.4.3.2. Interfacial Hydrophobicity The polarity of the water molecule will affect its
behavior at the interface, which can influence the extent of environmental degradation of an
adhesive joint due to the presence of moisture [33]. The polar behavior of water arises from
its structure, which is composed of a single oxygen atom bonded to two hydrogen atoms.
The hydrogen atoms are covalently bonded to the oxygen atom through shared electrons.
Two pairs of electrons surrounding the oxygen atom are involved in covalent bonds with
hydrogen; however, there are also two unshared pairs of electrons (lone-pair) on the other
side of the oxygen atom, which shift the electron cloud of the water molecule over to the
oxygen atom as shown in Figure 17.18.

This uneven distribution of electron density in the water molecule yields a partial
negative charge (δ−) on the oxygen atom and a partial positive charge (δ+) on the hydrogen
atoms, giving rise to the polarity of the water molecule. Polarity allows water molecules to
bond with each other, and hydrogen bonds will form between two oppositely charged ends
of a water molecule as shown in Figure 17.19.

The hydrogen bonds have about a tenth of the strength of an average covalent bond,
and are being constantly broken and reformed in liquid water. The polarity will also allow
water to molecules to bond with other polar molecules, which will affect how the water
will wet on different surfaces. Surfaces that contain polar molecules are hydrophilic. They
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FIGURE 17.18. Electron cloud distribution on a water molecule.

FIGURE 17.19. Hydrogen bonding between water molecules.

interact with the water molecules to enhance wetting, causing the water to smear flat. If
a surface contains alcohols, O, or N, it will probably be hydrophilic. Conversely, surfaces
that contain nonpolar substances are hydrophobic. They cannot interact with the water
molecules, causing it to form a bubble on the surface. In general, if a surface contains C,
H, or F, it will probably be hydrophobic.

Most materials will not be purely hydrophobic or hydrophilic, but will have varying
degrees to which they are considered one or the other. This is addressed in Hydrophobicity,
which is the study of the wetting characteristics of water on surfaces. One method used to
test the hydrophobicity of a surface is through measurement of the contact angle, θ , us-
ing water as the probe liquid. The contact angle represents a balance between the adhesive
forces between the liquid and solid and cohesive forces in the liquid. The adhesive forces
cause the liquid drop to spread, while the cohesive forces cause the liquid drop to retain
the shape of a sphere. The contact angle is a direct measure of wettability and provides an
effective means to evaluate many surface properties such as surface contamination, surface
hydrophobicity, surface energetics, and surface heterogeneity. When θ > 0, the liquid is
nonspreading and reaches an equilibrium position between the liquid-fluid and solid-liquid
interfaces. When θ = 0 the liquid wets without limit and spontaneously spreads freely
over the surface. Hydrophobic surfaces repel water and produce high contact angles. Hy-
drophilic surfaces attract water and produce low contact angles. Figure 17.20 illustrates the
contact angle behavior of water on both hydrophobic and hydrophilic surfaces.

By utilizing water as the probe liquid, the interfacial hydrophobicity can be ascer-
tained by measuring the water contact angle of both the adhesive and substrate. To deter-
mine the hydrophobicity of interfacial fracture test specimens, contact angle measurements
were made for the adhesive and substrate evaluated in this study. Both the clean copper
substrate and underfill adhesive exhibited fairly hydrophobic behavior with contact an-
gles of 74◦ and 83◦ respectively. Having established the hydrophobicity of the substrate
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FIGURE 17.20. Hydrophobic and hydrophilic water contact angle behavior.

and adhesive, the interfacial hydrophobicity of the underfill/copper interfacial fracture test
specimens can be evaluated. When addressing the relative hydrophobicity of the substrate
and adhesive to moisture behavior at the interface, the interaction can become complex.
The surface with the most dominant degree of hydrophobicity will govern the shape and
response of the water at the interface. For example, if a hydrophobic substrate is bonded
with a hydrophilic adhesive, then the water at the interface will want to minimize contact
with the substrate and maximize contact with the adhesive. Depending on imperfections in
the bonding, surface roughness, and the relative degree of hydrophobicity of the substrate to
the adhesive, water at the interface will more or less form a somewhat hemi-spherical shape
at the interface, with the spherical end minimizing contact on the substrate and the open
end maximizing contact on the adhesive. Naturally, the shape of the water at the interface
can have various permutations of the aforementioned shape depending on the degree of hy-
drophobic behavior of the substrate relative to the hydrophilic behavior of the adhesive, but
the general idea remains the same. For other systems with varying degrees of hydrophobic-
ity, the shape of the water at the interface relative to the hydrophobicity of the substrate and
adhesive can be extremely difficult to characterize; however, qualitative conclusions can be
made. For the case of the underfill/copper interfacial fracture test specimens, the relative
hydrophobicity of the adhesive to the substrate was similar; consequently, the wetting be-
havior of the moisture at the interface would not be significantly dominated by either the
adhesive or substrate.

An additional consideration unique to environmental preconditioning is the growth
of oxides affecting the interfacial hydrophobicity. Copper has a strong affinity to oxygen,
and the development of an oxidation layer between the substrate and adhesive after bonding
is inevitable. Initially, cuprous oxide, Cu2O, will form followed by the formation of a layer
of cupric oxide, CuO. The oxidation of copper substrates can be significant, and previous
studies have shown that the water contact angle on copper is affected by oxidation [7,25,
28,61]. Due to oxidation growth on the copper substrates, contact angle measurements were
made for each preconditioning environment to monitor any change in the hydrophobicity
of the copper surface.

Since the copper bonding surface of the interfacial fracture test specimen will be
shielded by the underfill adhesive, the oxidation growth rate will be different than for bare
copper environmentally aged for a similar duration of time. Therefore, water contact angles
for each environmental test group were measured using special test specimens that mim-
icked the exposure of the copper bonding surface to similar amounts of oxygen and mois-
ture as the interfacial fracture test specimens. These specimens used the same geometry as
the interfacial fracture test specimens, but the underfill adhesive was cured separately in an
individual mold. After curing the adhesive, the underfill was placed on top of the copper
substrate and held in place by c-clamps. Similar to the interfacial fracture test specimens,
a water-proof sealant was applied around the perimeter of the test specimen to eliminate
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wicking of moisture at the interface and force 1D diffusion through the top surface of the
underfill. After environmental preconditioning, the water-proof perimeter, c-clamps, and
underfill were removed from the test specimen for contact angle measurement of the cop-
per surface.

Experimentally measured water contact angle results were as follows: 76◦ for 85◦C
thermal aging, 76◦ for 85◦C/50%RH moisture preconditioning, 77◦ for 85◦C/65%RH
moisture preconditioning, and 77◦ for 85◦C/85%RH moisture preconditioning. All test
groups were preconditioning for the same duration of 168 hours, which was the same cri-
teria used in the evaluation of the effect of moisture on interfacial adhesion. Based on these
results, it is evident that all levels of environmental preconditioning did not significantly
alter the water contact angle and associated hydrophobicity of the interface. As a result,
similar interfacial wetting characteristics of moisture at the interface will occur for all pre-
conditioning environments.

Although the contact angle did not significantly change, there did appear to be a
slight increase in the water contact angle with moisture preconditioning. Previous studies
have shown both an increase [28,61] and decrease [7,25] in the water contact angle of cop-
per with oxidation. The oxidation–reduction chemistry occurring at the interface relative to
environmental preconditioning is complex, and the differences in trends could be attributed
to the degree of oxidation altering the surface chemistry [7], change in surface roughness of
the substrate from oxidation growth [25], and contamination of the surface by hydrocarbons
from the environment [33]. In addition, Yi et al. [61] has provided data correlating the ox-
ide layer thickness on copper leadframes to water contact angles. These data shows a slow,
gradual increase in oxide thickness from water contact angles ranging from 72◦–78◦, but
depicts a sharp increase in oxide layer thickness for contact angles exceeding 80◦. Based
on results for the water contact angle on copper in this study, all measurements yielded av-
erage contact angles less than 78◦ with vary little variation with each other. This indicates
a similar level of interfacial hydrophobicity and oxide layer thickness for all environmen-
tally preconditioned test groups. Both Mino et al. [35] and Chong et al. [8] have shown
that the development of the copper oxide layer thickness is significantly slower and mini-
mal for temperatures below 100◦C and 120◦C. Since the test specimens in this study had
a temperature component of only 85◦C, it is anticipated that the oxide layer thickness that
developed on test specimens would have a minimal effect on toughness results. This is also
supported by X-ray Photoelectron Spectroscopy (XPS) results. XPS showed the presence
of cupric oxide not only in the 85◦C/50%RH, 85◦C/65%RH, and 85◦C/85%RH test groups,
but also in the 85◦C thermal aging test group. As a result, identical oxide chemical forma-
tions existed at the interface for all environmentally preconditioned test groups. In addition,
similar atomic percentages of cupric oxide were obtained when comparing thermal aging
at 85◦C to the moisture preconditioning environments of 85◦C/50%RH, 85◦C/65%RH,
and 85◦C/85%RH, indicating that the moisture component had a minimal contribution to
oxidation growth rates on the copper compared to the available oxygen in the air com-
mon to all environmental preconditioned environments. Consequently, a similar level of
oxidation thickness existed on all environmentally preconditioned test specimens, which
supports the results from the water contact angle measurements.

Since oxides were removed from the copper surface before adhesive bonding and the
flux present in the no-flow underfill would have removed any oxides that developed during
adhesive curing, it is possible that the oxidation growth from environmental precondition-
ing would have an effect on the interfacial fracture toughness results. This oxide growth
could displace the underfill from the copper substrate after bonding to contribute to the ob-
served loss in adhesion after moisture preconditioning shown in Figure 17.15. Since both
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water contact angle measurements and XPS results demonstrate a similar oxidation thick-
ness existed on all environmentally preconditioned test specimens, the 85◦C thermal aging
results can be compared to the control test results to ascertain the effect of oxidation growth
on the loss in adhesion without the contribution from moisture. As shown in Figure 17.15,
thermal aging at 85◦C produced little to no effect on interfacial fracture toughness results,
thus oxidation growth displacing the underfill after adhesive bonding had an insignificant
effect on the adhesion loss compared to the effect of moisture from moisture precondition-
ing.

17.4.4. Interfacial Fracture Toughness Recovery from Moisture Uptake

The underfill/copper interface was found to be very sensitive to moisture, with large
decreases in interfacial fracture toughness occurring for moisture preconditioning envi-
ronments of 85◦C/50%RH, 85◦C/65%RH, and 85◦C/85%RH (Figure 17.15). To further
investigate the reversible and irreversible nature of moisture on the interfacial adhesion of
the underfill/copper interface, additional test specimens were moisture preconditioned for
each condition for 168 hours followed by baking at 95◦C until fully dry. A fully dried state
was established when there was no measurable change in the weight of a specimen for a
period of 24 hours. Upon reaching a dry state, specimens were fracture tested to ascertain
the interfacial fracture toughness. The entire range of mode mixity for all interfacial test
specimens fell between −37.43◦ to −37.48◦. The substrate height was used to define the
characteristic length for all reported toughness values when evaluating the mode mixity.
Since the variation in mode mixity was negligible, the effect of this variation influencing
interfacial fracture toughness results between different test groups is insignificant. Conse-
quently, toughness recovery results for different moisture preconditioned test groups can
be compared to one another to ascertain the effect of increasing moisture content on tough-
ness values. Figure 17.21 provides a graphical depiction of the effect of environmental
preconditioning and recovery of the underfill/copper interfacial fracture toughness.

As shown in Figure 17.21, most of the loss in interfacial fracture toughness from
moisture was not recovered upon fully drying. Since the small change in the underfill elastic
modulus from moisture was recoverable upon fully drying, the permanent reduction in the
toughness of the underfill/copper interface is attributed to the direct presence of moisture
at the interface debonding the underfill adhesive to the copper substrate. Similar in form
to the recoverability of the elastic modulus given by Equation (17.9), the recoverability for
the interfacial fracture toughness will be defined as follows:

Recoverability (%) = Gc,recovery − Gc,sat

Gc,dry − Gc,sat
· 100, (17.19)

where Gc,recovery is value of the interfacial fracture toughness upon fully drying from the
moisture saturated state, Gc,sat is the saturated value of the interfacial fracture toughness
after moisture absorption, and Gc,dry is the unaged, control value of the interfacial fracture
toughness. Equation (17.19) only applies when the mode mixity of the interfacial fracture
toughness before and after moisture preconditioning remains relatively unchanged, other-
wise changes in the toughness due to a contribution from a change in the mode mixity
will introduce error in the recoverability results. The recoverability of the underfill/copper
interfacial fracture toughness is given in Table 17.5.

As shown by Table 17.5, the irreversible damage on interfacial fracture toughness
from exposure to moisture was substantial for the underfill/copper interface. Very little
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FIGURE 17.21. Recovery of the underfill/copper interfacial fracture toughness on removal of moisture.

TABLE 17.5.
Recoverability of the underfill/copper interfacial fracture toughness from moisture uptake after

subsequent drying.

T (◦C) RH (%) Csat (wt%) Gc,sat (J/m2) Gc,recovery (J/m2) Recoverability (%)

Control — 0.00 8.97 ± 0.91 — —
85 50 0.65 5.26 ± 0.47 5.52 ± 0.38 7.0
85 65 0.77 4.57 ± 0.58 4.81 ± 0.47 5.5
85 85 1.02 3.76 ± 0.36 3.88 ± 0.50 2.3

of the underfill/copper interfacial fracture toughness was recoverable after fully drying,
with recoverability values for all moisture preconditioning environments less than 7%. It
is also evident that a relatively small amount of moisture reaching the interface causes the
structural integrity of the adhesive bond to be noticeably, permanently compromised.

17.4.5. Interfacial Fracture Toughness Moisture Degradation Model

Having implemented an extensive experimental program to ascertain the role of
moisture in adhesion degradation and the physical mechanisms responsible for the change
in interfacial adhesion, the focus now shifts to developing a model depicting the intrinsic
loss in interfacial fracture toughness as a function of the critical parameters relevant to
moisture. At the root of this model is characterizing the dominant mechanism for adhesion
between the adhesive and substrate. There are four primary mechanisms for adhesion which
have been proposed. They include mechanical interlocking, diffusion theory, electronic
theory, and adsorption theory [30]. For the underfill/copper interface, the contributions of
interfacial diffusion and electrostatic forces between the adhesive and substrate causing
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adhesion is far lower than the effects of mechanical interlocking and adsorption. Since the
copper substrates in this study were polished to a mirror finish, the effects from mechanical
interlocking of the adhesive into irregularities present on the substrate surface will be small
compared to the effects from intermolecular secondary forces (i.e., Van der Waals) between
the atoms and molecules in the surfaces of the adhesive and substrate. Consequently, ad-
sorption theory will dominate the adhesive bonding at the underfill/copper interface of our
test specimens.

Provided adsorption theory governs adhesion and only secondary forces are acting
across an interface, the stability of an adhesive/substrate interface in the presence of mois-
ture can be ascertained from thermodynamic arguments. The thermodynamic work of ad-
hesion, WA, in an inert medium is given by [30]:

WA = γa + γs − γas, (17.20)

where γa is the surface free energy of the adhesive, γs is the surface free energy of the sub-
strate, and γas is the interfacial free energy. In the presence of a liquid, the thermodynamic
work of adhesion, WAl , is given by:

WAl = γal + γsl − γas, (17.21)

where γal and γsl are the interfacial free energies between the adhesive/liquid and sub-
strate/liquid interfaces, respectively. Typically the thermodynamic work of adhesion of
an adhesive/substrate interface in an inert medium, WA, is positive, which indicates the
amount of energy required to separate a unit area of the interface. However, the thermo-
dynamic work of adhesion in the presence of a liquid, WAl , can be negative, which indi-
cates the interface is unstable and will separate when it comes in contact with the liquid.
Thus, the calculation of WA and WAl can indicate the environmental stability of the adhe-
sive/substrate interface. Kinloch [30] has shown that WA and WAl may be calculated from
the following expressions:

WA = 2
√

γ D
a γ D

s + 2
√

γ P
a γ P

s , (17.22)

WAl = 2(γlv −
√

γ D
a γ D

lv −
√

γ P
a γ P

lv −
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γ D
s γ D

lv −
√
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s γ P

lv +
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γ D
a γ D

s +
√

γ P
a γ P

s ),

(17.23)

where γ D is the dispersion component of surface free energy, γ P is the polar component
of surface free energy, and γlv is the surface free energy of the liquid. Table 17.6 gives the
polar and dispersion surface free energies of epoxy, copper, and water.

TABLE 17.6.
Polar and dispersion surface free energies of epoxy, copper, and water [30].

Substance γ (mJ/m2) γ D (mJ/m2) γ P (mJ/m2)

Epoxy 46.2 41.2 5.0
Copper 1360 60 1300
Water 72.2 22.0 50.2
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FIGURE 17.22. Moisture transport through the bulk epoxy of an interfacial fracture test specimen.

Using the values given in Table 17.6 and substituting into Equation (17.22), the ther-
modynamic work of adhesion of the epoxy/copper interface is 260.7 mJ/m2. If water is
present at the epoxy/copper interface, the thermodynamic work of adhesion given by Equa-
tion (17.23) is −270.4 mJ/m2. Therefore, since the work of adhesion is positive before ex-
posure to moisture and negative after exposure, all adhesion of the epoxy/copper interface
is lost if water comes in contact with the interface. This is supported by the recovery in-
terfacial fracture toughness results presented in Section 17.4.4, where virtually none of the
observed loss in adhesion from moisture exposure was recovered upon fully drying.

Using adsorption theory as the physical basis for the loss in adhesion from moisture,
expressions are now developed depicting the amount of moisture delivered to the under-
fill/copper interface. Since the interfacial fracture test specimens were designed to prevent
wicking of moisture at the interface and the copper substrate provides a barrier for moisture
transport, the moisture transport to the interface is governed by the epoxy network of the
underfill. Soles and Yee [48] have shown that water traverses within the epoxy through the
network of nanopores inherent in the epoxy structure. A typical nanopore ranges from 5.0
to 6.1 Å in diameter. Figure 17.22 illustrates the transport of moisture through the bulk
epoxy of an interfacial fracture test specimen.

Assuming that the nanopore channels are the only mechanism by which moisture
can be delivered to the interface, the saturation concentration in the epoxy expressed in
mg H2O/mm3 is given by:

Csat = ρ(NV )

Vtot
, (17.24)
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FIGURE 17.23. Graphical illustration of the parameter, rdebond , at the interface.

where ρ is the density of water measured in milligram per cubic millimeter (mg/mm3),
N is the number of nanopores actively participating within the epoxy network, V is the
volume occupied by a single nanopore in the epoxy network, and Vtot is the total volume
of the epoxy. After rearrangement of Equation (17.24), the number of nanopores actively
participating within an epoxy system for a given saturation concentration is as follows:

N = 4ACsat

πρD2
, (17.25)

where A is the total area of the interface and D is the nanopore diameter. Assuming ad-
sorption theory holds, the adhesive bond area, Abond , that remains intact after exposure to
moisture will depend on the area occupied by the moisture at the interface, AH2O:

Abond = A − AH2O. (17.26)

Relating this adhesive bond area to the number of nanopores actively participating in trans-
port yields:

Abond = A − πNr2
debond, (17.27)

where rdebond represents the debond radius of moisture at the interface that occurs at each
nanopore. The debond radius must be greater or equal to the nanopore radius and is gov-
erned by the interfacial hydrophobicity of the adhesive/substrate interface. Figure 17.23
provides a graphical depiction of the parameter, rdebond , at the interface.

Substituting Equation (17.25) into (17.27) provides an expression for the adhesive
bond area that remains intact after exposure to a particular moisture saturation concentra-
tion:

Abond = A − 4ACsatr
2
debond

ρD2
. (17.28)
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We now want to employ a fracture mechanics development to relate the change in
bond area due to the presence of moisture at the interface. Recall from fracture mechanics
the general form of the stress intensity factor:

K = Sσ
√

πa, (17.29)

where S is a dimensionless constant that depends on the geometry and mode of loading, σ

is the remotely applied stress, an a is the crack length. The stress intensity factor is related
to the fracture toughness, Gc, by the following expression:

Gc = Zσ 2, (17.30)

where

Z = πaS2(1 − υ2)

E
.

Based on the thermodynamic work of adhesion for the epoxy/copper interface, the
interface will become unstable and debond in the presence of moisture; however, since
interfacial fracture toughness is a material property that characterizes the adhesion of the
interface, the toughness must be the same in all areas that remain bonded after exposure to
moisture. Using mode I loading and making the following three assumptions: (1) Adsorp-
tion theory dominates the interfacial bonding; (2) The change in the mechanical properties
of both the adhesive and substrate from moisture is small relative to the change in bond
area from moisture, and (3) The relative change in fracture toughness from moisture re-
mains constant irrespective to the means of measuring the toughness for a given moisture
saturation concentration, an expression is obtained relating the change in bond area due to
the presence of moisture to the change in the critical load of fracture:

Pwet

A − πNr2
debond

= Pdry

A
. (17.31)

Rearranging Equation (17.31) to obtain an expression for Pwet and substituting that value
into Equation (17.30) for the wet, saturated case yields the following expression:

Gc,wet =
(

1 − πNr2
debond

A

)2

Gc,dry. (17.32)

As the saturation moisture concentration increases, so will the number of active nanopores
participating. The incremental change in fracture toughness due to the participation of a
single additional nanopore, N + 1, is given by:

Gc,wet =
(

1 − π(N + 1)r2
debond

A

)2

Gc,dry. (17.33)

For convenience, define f such that for N nanopores participating:

fN = πNr2
debond

A
. (17.34)
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For N + 1 nanopores participating:

fN+1 = πr2
debond

A
(N + 1). (17.35)

Restating Equations (17.32) and (17.33) in terms of f :

Gc,wet(fN) =
(

1 − πNr2
debond

A

)2

Gc,dry, (17.36)

Gc,wet(fN+1) =
(

1 − πr2
debond

A

)2

Gc,wet(fNN
). (17.37)

Subtracting (17.36) from (17.37) and dividing by fN+1 − fN gives:

Gc,wet(fN+1) − Gc,wet(fN)

fN+1 − fN

=
[
1 − (

πr2
debond/A

)]2
Gc,wet(fN) − Gc,wet(fN)

fN+1 − fN

.

(17.38)

Utilizing a Taylor series expansion of fN with first order accuracy and substituting Equa-
tions (17.34) and (17.35) into (17.38) yields:

dGc,wet(fN)

dfN

=
[
1 − (

πr2
debond/A

)]2
Gc,wet(fN) − Gc,wet(fN)(

πr2
debond/A

) . (17.39)

Simplification and elimination of higher order terms gives the following differential equa-
tion characterizing the loss in interfacial fracture toughness due to moisture:

dGc,wet(fN)

dfN

= −2Gc,wet(fN), (17.40)

subject to the boundary condition:

Gc,wet(fN = 0) = Gc,dry. (17.41)

Solution of Equation (17.40) gives:

Gc,wet = Gc,dry exp

[−8Csatr
2
debond

ρD2

]
. (17.42)

Equation (17.42) characterizes the loss in interfacial fracture toughness from mois-
ture in terms of key parameters relevant to moisture. Using the value for the density of
water at room temperature (0.998 mg/mm3), an average nanopore diameter of 5.5 Å, and
the saturation concentration determined from the experimental portion of this study in con-
junction with Equations (17.25) and (17.42), the number of active nanopores participating,
N , and value of rdebond can be determined by the intrinsic response of the material system
to each level of moisture preconditioning. The results are shown in Table 17.7.
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TABLE 17.7.
Key parameters relevant to moisture for the underfill/copper interface.

Environment Substrate Adhesive Csat (mg H2O/mm3) N rdebond (mm)

85◦C/50%RH Copper Underfill 0.0075 1.006 × 1013 1.640 × 10−6

85◦C/65%RH Copper Underfill 0.0089 1.194 × 1013 1.692 × 10−6

85◦C/85%RH Copper Underfill 0.0118 1.583 × 1013 1.669 × 10−6

FIGURE 17.24. Analytical prediction of the loss in interfacial fracture toughness from moisture for the under-
fill/copper interface.

As shown in Table 17.7, the number of nanopores participating increases with satu-
ration concentration. This is expected since an increase in saturation concentration would
increase the available moisture for transport through the nanopores. In addition, the values
for rdebond were similar for each moisture preconditioning environment for both respec-
tive interfaces, which is also expected since X-ray Photoelectron Spectroscopy and water
contact angle results did not indicate a change in the interfacial hydrophobicity of the cop-
per surface from moisture preconditioning. The slight variation in the values for rdebond

could in part be attributed to experimental scatter. Since the results were similar, they were
averaged to obtain a representative value for rdebond in the presence of moisture for each
interface.

Using the moisture parameters identified for each interfacial material system, Equa-
tion (17.42) was used to predict the interfacial fracture toughness for the underfill/copper
interface as a function of increasing saturation concentration.

As shown in Figure 17.24, Equation (17.42) accurately predicted the loss in inter-
facial fracture toughness as a function of increasing moisture concentration. Since Equa-
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tion (17.42) was based on the physics of adsorption theory, it will yield a loss in inter-
facial fracture toughness provided there is moisture at the interface, no matter how small
the concentration. This contradicts the results of previous studies, who have reported a
critical concentration of water may exist below which there is no measurable loss in adhe-
sion [10,23,31]. Based on the results of adsorption theory, it does not appear possible that
a critical concentration of water could exist in theory. It is possible in those studies that
other mechanisms for adhesion in addition to adsorption theory governed the adhesion at
the interface, which could explain why a critical concentration of water was observed. An
additional consideration is the method of testing used to obtain adhesion results. The afore-
mentioned studies used lap shear test specimens to determine the interfacial strength after
moisture preconditioning. Due to lacking a precrack at the interface and the applied load
being distributed over the entire bonding area, these test specimens are not as sensitive to
interfacial failure; consequently, possibly also explaining why in part a critical concentra-
tion of water appeared to exist for low concentrations of moisture. Conversely, interfacial
fracture toughness test specimens are designed for interfacial failure through the use of a
precrack at the interface, making them more sensitive to subtle changes in adhesion at the
interface. The work of Wylde and Spelt [58] supports this observation. Using interfacial
fracture toughness test specimens with a similar material system previously reported to
exhibit a critical concentration of water from lap shear results, they found a decrease in
the interfacial toughness from moisture for all concentrations of moisture, including those
lower than the previously reported critical concentration of water. Consequently, provided
adsorption theory dominates the adhesive bonding at the adhesive/substrate interface and
the assumptions in the development of the model are satisfied, Equation (17.42) should
accurately predict the loss in interfacial fracture toughness for a given moisture concentra-
tion.
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