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Hygro-Thermo-Mechanical
Reliability Assessment of a
Thermal Interface Material for a
Ball Grid Array Package
Assembly
The thermal efficacy of thermal interface material (TIM) is highly dependent on its ability
to adhere to the surfaces of interest. Any delamination of the TIM from the die or the lid
will increase the local thermal resistance and, thus, will reduce the overall effectiveness
of the TIM. Although significant amount of work has been done on understanding the
thermal and moisture effects of various polymer materials used in microelectronic pack-
age assemblies, very limited work has been done to study the effect of temperature and
moisture on TIM delamination. In this paper, a sequential hygro-thermal-mechanical
finite-element model has been developed to mimic the loadsteps associated with package
assembly as well as moisture soaking under 85°C/85RH over 500 h. The predictions from
the models have been validated with a wide range of experimental data including laser
Moiré data for thermomechanical loading and digital image correlation data for hygro-
thermo-mechanical loading. Weight gain and coordinate-measurement machine have
been used to characterize moisture diffusivity and moisture expansion coefficient of vari-
ous polymer materials in the package assembly. The developed models show the evolu-
tion of normal strain in TIM during various loadsteps and provide important insight into
the potential for TIM delamination under package assembly process and moisture soak-
ing. Thus, the models can be used for developing various designs and process steps for
reducing the chances for TIM delamination. �DOI: 10.1115/1.4001746�

Keywords: thermal interface material, debonding, reliability, hygro-thermo-mechanical
model
Introduction
Moisture sensitivity of electronic package has been of a great

oncern in the electronic industry for decades. Significant work
1–12� has been done on moisture material property characteriza-
ion, moisture absorption and desorption analysis, moisture/
emperature experimental testing, and their effect on package re-
iability. Good amount of work has also focused on the effect of

oisture during solder reflow �1–3�, where “popcorn” failure may
ccur due to the vaporization of moisture at the interfaces, creat-
ng an overpressure condition. Thus, interfacial cracks may ini-
iate and propagate to the edges, providing path for outer corro-
ive material and further degrade package reliability. Besides, the
ifferential swelling between polymeric and nonpolymeric mate-
ials induces hygroscopic strain and stress into the package, which
an be the same order of magnitude as thermally induced stress.
his is even more serious for flip chip packages than that of wire
onded packages �6–8�.

Based on the review of literature, it is seen that less work has
een done on the coupled hygrothermal effect on package reliabil-
ty and even less work has been done on the hygrothermal effect
n thermal interface material �TIM� behavior during package as-
embly and operating conditions.

Thus, the objective of this paper is to develop a fully coupled
ygro-thermo-mechanical sequential finite-element �FE� model to
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study the temperature and moisture effect on TIM behavior during
package assembly and reliability testing, including underfilling,
lid attach, and gall grid array �BGA� reflow followed by 500 h
85°C/85RH soaking. The developed models have been validated
through various experimental data. Furthermore, the validated
models can be used to perform parametric analysis to develop
package design guidelines.

2 Finite-Element Modeling
In this paper, the moisture diffusion analysis is carried out by

moisture-temperature analogy based on the fact that moisture dif-
fusion can be described by Fick’s diffusion equation.

�C

�t
− ��D � C� = 0 �1�

where C is the moisture concentration and D is the diffusivity,
which is similar to heat equation, providing the probability to
solve moisture diffusion problem using the heat transfer analysis
module in ANSYS. The only problem with the direct analogy be-
tween temperature T and moisture concentration C is that the
temperature T is continuous at the interfaces between different
materials while the moisture concentration is not due to the fact
that different materials normally have different saturated moisture
concentration Csat. To address the moisture concentration continu-
ity issue across material interfaces, another variable, wetness w,
was proposed by Wong and co-workers �7,8�.
w = C/Csat �2�
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This new variable, wetness w, has been shown to be continuous
cross the interface by applying interfacial chemical equilibrium
aw. With this new variable, the diffusion Eq. �1� becomes

��w · Csat�
�t

− ��D � �w · Csat�� = 0 �3�

For isotropic materials and under constant humidity and tem-
erature experimental conditions, Csat and D are constant and,
herefore, Eq. �3� can be rewritten as

�2w

�x2 +
�2w

�y2 +
�2w

�z2 =
1

D

�w

�t
�4�

quation �4� can be solved using the heat conduction analogy, as
llustrated in Fig. 1. As seen in Fig. 2, temperature and wetness are
nalogous while moisture diffusivity D and thermal diffusivity
lpha �K /�c� are analogous.

However, since laminates and board, which have very compli-
ated structures, are not isotropic, “effective hygromechanical ma-
erial properties” are applied based on their weight gain test data.

As shown in Fig. 2, the weight gain data indicates that the
iffusivity �D� of the laminates is not a constant during the mois-
ure soaking. The Fickian diffusion can only capture the early
tage of moisture absorption �first 120 h�. Therefore, concentra-

Fig. 1 Wetness and temperature analogy
Fig. 2 Weight gain of laminates under 85°C/85RH
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tion dependent diffusivities were applied in this model to simulate
the non-Fickian behavior, as the pink curve shown in Fig. 2. De-
tails of the curve fitting process please refer to Ref. �13�.

The multifield coupling method for hygro-thermal-mechanical
analysis is depicted in Fig. 3.

In this work, a sequential three-dimensional quarter-symmetry
FE model was built to simulate the package assembly process.
The modeled package is shown in Fig. 4, which includes Cu-lid,
TIM, chip, first-level solder bumps, underfill, sealband, laminated
substrate, second-level ball grid array solder balls, and printed
circuit board �PCB�. The Cu-lid was modeled as isotropic and
elastic, the sealband and TIM were modeled isotropic and thermo-
elastic, the laminated substrate and the PCB were modeled with
individual layers as thermo-elastic and, thus, the entire substrate
or PCB structure as orthotropic, and the BGA solder balls as vis-
coplastic. As the focus of this paper is on the TIM behavior, the
solder bump and underfill interface was modeled using smeared
underfill and solder bump thermomechanical properties. Thus, the
underfill and solder bump layer was modeled thermo-elastic and
orthotropic. For proprietary reasons, the exact values for these
properties are not shown here. However, the properties are similar
to the ones found in open literature for these commonly used
materials.

To capture the process-induced stresses in the package assem-
bly, the thermal profile during the assembly process was applied
on the package on a sequential basis. As part of this, starting with
a flip chip, underfill, and laminates, the package structure was
subjected to underfill cure temperature and cooled down to room
temperature. During this simulation, all other components in the
package assembly were deactivated using the element birth and
death feature available in ANSYS. Subsequently, Cu-lid, TIM, and
sealband components were activated, thermal curing and cool
down of TIM, and sealband were simulated as illustrated in load-

Fig. 3 Flow chart of coupled hygro-thermal-mechanical
analysis
Fig. 4 FE model for hygro-thermal-mechanical analysis
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teps 2 and 3 in Fig. 5. When Cu-lid, TIM, and sealband were
ctivated at loadstep 2, they were assumed to be stress-free at the
ure temperature of TIM and sealband. In loadstep 4, the BGA
older balls and PCB were activated and the entire package as-
embly was cooled down to room temperature at loadstep 5. Thus,
t the end of loadstep 5, the thermomechanical stress history of
he assembly process has been captured without taking into con-
ideration any of the humidity-related effects. During loadstep 6,
he entire assembly is heated to 85°C and the current stress state
f the assembly is captured.

In a separate analysis, moisture distribution in the package as-
embly with 85 RH over 500 h was obtained using the wetness-
emperature analogy described earlier. For this purpose, hygrome-
hanical material properties characterizations were conducted
sing TIM, underfill, laminates, and PCB materials individually
oaked in 85°C/85RH according to Joint Electron Device Engi-
eering Council �JEDEC� standard �14� by using thermal and hu-
idity �T&H� chamber, balance and coordinate-measurement ma-

hine. From the measured weight gain and the dimensional
hange with time, moisture diffusivity D, saturated moisture con-
entration Csat, as well as, coefficient of moisture expansion were
etermined for various materials within the package assembly.
sing the measured D, moisture distribution with time within the
ackage assembly was determined, assuming the package assem-
ly to be dry at the start of the simulation.

That is, the initial condition was w=0 at all the nodes. During
he 85°C/85RH soaking, w=1 and �w /�n=0 were applied at the
oundaries. Symmetric structural boundary conditions were ap-
lied. For this model, Cu-lid, solder were assumed to have no
oisture absorption. Once the moisture distribution was obtained,

he moisture-induced mechanical stresses within the package as-
embly were determined using the coefficient of moisture expan-
ion.

Model Validation

3.1 Thermal Mechanical Model Validation. The package
eformation due to thermal excursions under dry conditions was
alidated using experimental data. The in-plane deformation con-
ours were validated using laser Moiré while the out-of-plane
arpage was validated using the data from an optical profilometer.

3.1.1 In-Plane Deformation Validation With Laser Moiré. A
ackage assembly on a PCB was cross-sectioned along the cen-
erline parallel to one of the edges. A 1200 lines/mm grating was
dhered to the cross-sectioned surface of the sample using a high-
emperature epoxy adhesive and the epoxy was cured at room
emperature. The sample was then placed in the laser Moiré ther-

al chamber and the reference or null fringes were obtained at
oom temperature �23°C�. The chamber was then heated to 85°C

Fig. 5 Loading steps
t a rate of 5°C per minute and was dwelled at 85°C for another

ournal of Electronic Packaging
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15 min to ensure the whole sample would reach a steady-state
temperature. Ux and Uy Moiré fringes were captured at 85°C. For
additional details on laser Moire experiments, the reader is re-
ferred to Ref. �15�. Figures 6 and 7 show a comparison of laser
Moiré images with finite-element contours. Figure 6�a� shows Ux
contours for the entire package assembly while Fig. 6�b� shows
the zoomed-in version of the contours near the chip edge. Simi-
larly, Fig. 7 presents a comparison for Uy contours between laser
Moiré experiments and finite-element simulations. As seen, the
contours obtained through finite-element simulations are similar
to the contours obtained through laser Moiré experiments. Differ-

Fig. 6 „a… Ux displacement fringe comparison „overall… and „b…
Ux displacement fringe comparison „chip edge…

Fig. 7 „a… Uy displacement fringe comparison „overall… and „b…

Uy displacement fringe comparison „chip corner…

JUNE 2010, Vol. 132 / 021004-3
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ntial deformations from specific locations, such as chip edge �A�
nd board cut-out edge �B�, were used to compare the results from
nite-element simulations against experimental data and it was
een the finite-element simulations agree with the experimental
ata within 15%. Thus, Moiré experiments validate the finite-
lement simulations between loadstep 5 and loadstep 6, as illus-
rated in Fig. 5. However, the simulations assume the package
ssembly to be stress-free at loadstep 5 to mimic the null fringes
or laser Moiré experiments for the package on board assembly at
oom temperature.

3.1.2 Out-of-Plane Warpage Validation With Optical
rofilometer. In addition to in-plane deformation, the out-of-plane
arpage deformation experimental data were obtained using an
ptical profilometer �Fries Research and Technology, Bergisch
ladbach, Germany�. For this experiment, a flip chip reflowed on
laminates and an underfill �deck-level� was used to measure the
arpage, which is similar to loadstep 1, as illustrated in Fig. 5.
able 1 presents a comparison between the warpage obtained

hrough the optical profilometer and the finite-element simulations
Fig. 8� at two representative locations. As seen, the simulations
gree with the experimental data within 6.6%

3.2 Hygromechanical Model Validation. As a first step in
ygromechanical model validation, the moisture absorption was
alidated using weight gain data. Two module-level samples �after
id attach, loadstep 2� and six card-level samples were put in the
5°C/85RH chamber for 775 h to obtain the weight gain curve.
odule-level samples consist of the chip, laminates with solder

alls, underfill, TIM, copper lid, and sealband. The card-level
ample consists of a module assembled on a PCB. The samples
ere taken out from the humidity chambers at regular intervals to
easure the weight gain. In parallel to the moisture gain experi-
ents, finite-element simulations were carried out using the
etness-temperature analogy, as explained earlier, for a module-

evel as well as a card-level mode. The moisture gains predicted
rom the models are compared against experimental moisture gain
ata, as illustrated in Figs. 9 and 10. As seen, moisture weight
ain predictions from the finite-element models agree well with
he experimental data.

The moisture weight gain curves, discussed above, validated
he moisture diffusion part of this model. In order to calibrate the
ygromechanical part, digital image correlation �DIC� warpage
easurement was carried out before and after 775 h moisture

oaking, following the standard measurement process in ARAMIS
anual �16�. For this test, two module-level samples and six card-

able 1 Comparison of warpage between optical profilometer
easurement and FE analysis

arpage
Profilometer

��m�
FEM
��m�

Error
�%�

hip 62 66.1 +6.6
aminate bottom 172.4 171.5 �0.5
Fig. 8 Deck-level warpage „after underfilling, loadstep 1…

21004-4 / Vol. 132, JUNE 2010
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Fig. 10 Card-level moisture weight gain
Fig. 11 Module-level, laminate bottom warpage „sample 1…

Transactions of the ASME

 of Use: http://www.asme.org/about-asme/terms-of-use



l
s
t
t
t
s
a
t
2
s

J

Downloaded From:
evel samples were used. The before-soaking as well as after-
oaking measurements of these samples were carried out at room
emperature. As all the measurements were conducted at room
emperature, the measured warpage change is predominantly due
o moisture soaking, not due to temperature changes. Figure 11
hows module-level laminate bottom warpage contours before and
fter moisture soaking and the center to corner warpage values at
he bottom of the substrate for the module are presented in Table
. Figure 12 shows the DIC contours before and after moisture
oaking. As seen, the DIC contours are not symmetric about the

Table 2 DIC measurem

Sample
Initial

warpage ��m�

Warpage after
soaking
��m�

1 103.6 82.1
2 53.5 36.0

Fig. 12 Card-level, board bottom warpage „sample 1…

Table 3 DIC measure

Sample
Initial

warpage ��m�
Warpage after
soaking ��m�

1 29.1 21.1
2 10.1 �2.9
3 28.8 16.7
4 25.4 8.3
5 �5.1 �23.4
6 49.1 30.1
ournal of Electronic Packaging
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diagonals. This nonsymmetry is due to different Cu trace patterns
in the board and such trace patterns will influence the initial board
warpage as well as the final board warpage after moisture absorp-
tion. Also, the nonuniform trace patterns will result in different
amounts of moisture absorption in different quadrants of the PCB.
Thus, the warpage was computed as the difference in the out-of-
plane displacement of points A and B. Point A is at the corner of
the board cutout and point B is at the board corner, as illustrated in
Fig. 12�a�. Four such measurements were done for the four cor-
ners of each board assembly and the average value for each board
assembly is presented in Table 3.

Figure 13 shows the warpage contours of the module due to
moisture absorption while Fig. 14 shows the warpage contours of
the board assembly due to moisture absorption. The substrate
warpage predicted by the model �Fig. 13� is around 20 �m and
compares well with the experimental magnitude of about 19 �m,
as given in Table 2. The board warpage predicted by the model
�Fig. 14� is around 25 �m and has the same order of magnitude
as the experimental data 14.5 �m, as given in Table 3. However,
the values do not compare well due to the fact that the models
assume planar isotropic behavior of the board for mechanical and
hygroproperties.

4 TIM Reliability
Having validated the thermomechanical and the hygromechani-

cal models, the paper will now focus on the reliability of TIM
using the developed models.

Fig. 13 Laminate bottom warpage „module-level…

t of laminate warpage

arpage due to
moisture ��m�

Average
warpage ��m�

Standard
deviation

21.5 19.5 2.8
17.5

nt of board warpage

arpage due to
moisture ��m�

Average
warpage ��m�

Standard
deviation

8.0
13.0
12.1
17.1 14.6 4.3
18.3
19.0
en

W

me

W
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4.1 TIM Strain During Assembly (Loadsteps 1–5). As il-
ustrated in Fig. 8, the chip/laminates assembly warps down at
oom temperature in loadstep 1. This is due to the fact that the
hip has a significantly lower coefficient of thermal expansion
CTE� compared with the laminates. Then the TIM and the seal-
and materials are dispensed and the lid is attached to the die
hrough TIM and to the laminate through the sealband. The entire
tructure is then heated to loadstep 2 to cure the TIM and seal-
and. Following the curing, the structure is brought to room tem-
erature as illustrated as loadstep 3 in Fig. 5. At loadstep 3, as in
oadstep 1, the chip/laminates structure will warp down with a
onvex or dome shape compressing the TIM center and stretching
he TIM corners. This will result in a compressive stress �y �and
ompressive strain �y� in the TIM center and a tensile stress �y
and tensile strain �y� at the TIM corner, as illustrated in Figs.
5�a� and 15�b�. As seen in Fig. 15, the compressive stresses and
trains are small in magnitude at the center while the tensile
tresses and strains near the corner are large in magnitude, which
ay tear or debond TIM from the die and/or the lid. Thus, either

he stress or the strain will be an appropriate metric to assess the
ropensity for TIM debonding. As TIM is a soft, pastelike mate-
ial, TIM could break or debond from the chip or the Cu-lid. In the
bsence of any cohesive strength or interfacial adhesion strength
easurements, either normal stress or strain can be used to under-

tand TIM behavior under various loading conditions. Thus, for
he purpose of studying the propensity for TIM delamination, we
ill use TIM strain in the thickness direction �y throughout this
aper. Also, the use of normal strain facilitates easy addition of
train components for thermohygromechanical coupling purposes.

On the other hand, when the structure is subsequently heated to
eflow temperature for BGA package assembly on a PCB, the
hip/laminates assembly warps with a concave or a bowl shape
esulting in a tensile strain at the TIM center and a compressive
train near the edges because of the high temperature during BGA
eflow, chip warps as a concave shape, stretching the TIM center,
nd compressing the TIM corner, as illustrated in Fig. 16. The
igh magnitude of TIM strain at the center indicates that TIM may
elaminate at loadstep 4 during reflow. However, after reflow and
nce it cools down to room temperature, �y at the TIM center
ecomes compressive while �y at the TIM corner becomes highly
ensile �Fig. 17�. Based on this thermomechanical study of the
ssembly process steps, one can conclude that TIM center delami-
ation is concern at the high reflow temperature while TIM corner
elamination is a concern near room or low temperatures.

4.2 TIM Strain After 500 h 85°C/85RH Soaking (Load-
tep 7). Following the assembly process steps, when moisture
oaking at 85°C/85RH is considered, the strains in the TIM con-
inue to change with time, as illustrated in Fig. 18. As seen at
oadstep 5, the normal strain at the TIM center is compressive
hile the normal strain at the TIM corner is tensile. As moisture is

Fig. 14 Board bottom warpage „card-level…
bsorbed at 85°C, the strain in TIM continues to evolve with

21004-6 / Vol. 132, JUNE 2010
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moisture absorption. Thus, TIM strain history curve �Fig. 18� in-
dicates that both TIM center and corner strain increases during the
500 h soaking. And that TIM center and corner strains reach al-
most the same level after 500 h.

Figures 19�a� and 19�b� show the thermomechanical strain con-
tours and the hygromechanical strain contours while Fig. 19�c�
shows the combined thermohygromechanical strain contours at
loadstep 7. As seen, the strain �y throughout TIM is tensile at
loadstep 7 and this is a potential cause for concern for TIM
delamination.

The ongoing research is currently examining various ap-
proaches to reduce the normal TIM strain and, thus, to reduce the
chances for TIM delamination. Such approaches will be presented
and discussed in a future publication.

Fig. 15 „a… Stress �y in the TIM after lid attach and cool down
to room temperature „loadstep 3… and „b… strain εy in the TIM
after lid attach and cool down to room temperature „loadstep 3…

Fig. 16 Strain εy in the TIM at the reflow temperature „loadstep

4…
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5 Summary
In this paper, a hygrothermal-mechanical sequential FE model

was developed and validated with various experimental data. The
developed model was used to study TIM reliability under thermo-
mechanical modeling of assembly process steps as well as under
hygro-thermo-mechanical modeling of 85°C/85RH soaking over
500 h. The models provide important insight into the potential for
TIM delamination during package assembly and moisture soak-
ing. It is seen that during reflow assembly of the package, TIM
could potentially delaminate near the center. On the other hand,
TIM could delaminate near the chip corner at room or lower tem-
peratures. The magnitude of such thermomechanical strains is
high and is a cause for concern for TIM delamination. When the
package assembly is subsequently moisture soaked at 85°C/85RH
over 500 h, tensile strains develop throughout the TIM material
due to hygrothermal effects requiring alternate designs and/or pro-
cess steps to reduce the high strains. Such approaches are cur-
rently pursued in our research.
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