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Abstract—Thermal management of electronic devices has been
an ongoing challenge in the semiconductor industry owing to the
increasing power density. The bottleneck of thermal resistance
between the device and the heat sink solution is often interfaces
between two different substrates. These substrates also often
have different coefficient of thermal expansion (CTE). Therefore,
a thermal grease is generally employed to reduce the overall
thermal resistance. But the performance of thermal grease often
worsens with time due to the thermomechanical cycling driven
by the CTE mismatch between the substrates. This leads to
degradation of thermal greases, which increases the interface
resistance and the junction temperatures. In this study, we
isolate the effect of thermal cycling (from the mechanical cycling)
on degradation of two thermal greases: DOWSIL 340 heat
sink compound and DOWSIL TC-5622 thermally conductive
compound, by subjecting them to temperature cycling between
20 °C to 100 °C with a cycling frequency of 30 minutes per
cycle while holding the bond line thickness constant. We perform
a parametric study at different bond line thicknesses (BLTs) of
23 µm, 59 µm, and 84 µm. Before testing the grease, a set of heat
loss calibration experiments are performed to enable quantitative
evaluation of the grease thermal performance. In addition to ther-
mocouples in the system, we leverage high resolution temperature
mapping of the thermal grease using an infrared (IR) microscope
for evaluation of local degradation. Specifically, we sandwich
the thermal grease (dot dispense) between a ceramic heater and
calcium fluoride wafer (due to its IR transparency) to resolve the
temperature maps at the top surface of thermal grease. Further,
the thermal resistance, void fraction, and area of thermal grease
are measured at 24 hour intervals to monitor the degradation
performance in situ. We observe outward radial movement in
DOWSIL-340 (i.e., increase in thermal grease area) and crack
formations at thick BLT in early stages of thermal cycling, while
at the thin BLT, the degradation is primarily observed at the
circumference of the grease. Further, no degradation is observed
in DOWSIL-5622 at all three BLTs. We hypothesize this is due
to its stable and repeatable viscosity variation with temperature
cycling. These results demonstrate a pathway for evaluating
thermal grease performance by showcasing importance on the
viscosity-temperature hysteresis. This in-turn forms a stepping
stone to characterize the coupled thermo-mechanical degradation
of thermal greases.

Index Terms—thermal grease, coefficient of thermal expansion,
void fraction, infrared, thermal cycling

I. INTRODUCTION

Miniaturization of electronic packages has lead to increased
power densities [1]–[3] necessitating effective thermal man-
agement solutions to ensure reliability of electronic products.

However for heat to be dissipated effectively by the cooling
solution, it has to first pass through multiple interfaces and,
hence, a thermal interface material (TIM) is used to connect
components. Typically thermal greases fill the microscopic
air pockets and provide high thermal conductivity pathways
between two surfaces to enhance heat transfer, while offering
mechanical compliance compared to other types of TIMs (e.g.,
solders) [4].

Degradation of thermal greases is a long-standing problem
[5]–[8]. Specifically, over repeated cycles of use, thermal
greases fail via pump-out (movement of thermal grease) and
dry-out (separation of polymer matrix), which eventually leads
to unacceptable junction level temperatures. Thus, a variety of
test protocols have been developed to understand the failure
mechanisms of thermal greases [9]. A few studies have con-
centrated on the influence of thermal cycling on thermal grease
degradation [8], [10], [11] by stacking the grease between
substrates with high CTE mismatch. Due to long degradation
periods in application, accelerated tests can be used to evaluate
thermal grease degradation based on mechanical cycling (e.g.,
[12]). Mechanical cycling simulates the cyclic die warpage
when the device is repeatedly powered to fixed level. In these
types of studies, temperature can be monitored during cycling
(and generally increases as the cycling progresses), but the
underlying mechanism of degradation (the pump-out behavior)
is generally evaluated only after the cycling concludes. One
qualitative study by Nnebe and Feger [13] observed dry-out in
thermal greases and attributed to changes in the thermal grease
microstructure. Specifically, they observed that a drainage net-
work is formed when greases are exposed to thermal cycling
and oscillations causing the polymer matrix to escape and
air to penetrate causing phase separation. Gowda et al. [14]
subjected thermal grease to high temperatures and pressures
observed the formation of voids resulting in increasing thermal
resistance. The influence of matrix type (silicone vs. non-
silicone oil) on thermal grease degradation was studied by
Carlton et al. [15] by subjecting them to mechanical cycling at
two different temperatures: 50 ◦C and 80 ◦C. They observed
enhanced degradation of silicone oil based grease at higher
strains due to lower viscosity compared to the non-silicone
oil based counterpart. Overall, these past works investigate
the thermo-mechanical degradation of thermal grease after the
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degradation. The present work focuses on isolating the impact
of thermal cycling on thermal grease degradation during the
degradation process.

We subject the thermal greases to power cycling such
that junction level temperatures are oscillated between 20 ◦C
to 100 ◦C. The bondline is fixed during cycling to isolate
the effect of thermal degradation from thermo-mechanical
degradation (often due to mismatched CTE) seen in a con-
stant pressure systems. We perform infrared (IR) microscopy
to study the 2D in-plane temperature variation across the
top surface of the thermal grease. The temperature maps
are complemented with black and white (B&W) images to
understand the degradation patterns. Finally, we quantify the
thermal grease performance by comparing normalized area,
void fraction, and area normalized thermal resistance.

II. EXPERIMENTAL METHODS

This section overviews the experimental test fixture, calibra-
tion experiments, testing procedure, image analysis techniques,
and measurement of viscosity.

A. Test Fixture

An experimental setup was built in-house to study the
influence of thermal cycling on thermal grease degradation at a
fixed BLT while allowing in situ thermal imaging. As shown in
Fig. 1 a ceramic heater (from WATLOW) of 15 mm×15 mm
surface area is placed in a machined pocket in a block of Teflon
insulation to hold it rigidly. The thermal grease is dispensed on
top of heater surface with the help of a 5 mm diameter circular
stencil to ensure a neat, uniform, void-free and consistent
dispense pattern. Two plastic shims placed at the edge of
heater maintain the desired BLT when the thermal grease is
squeezed by the IR-transparent 15 mm × 15 mm × 0.5 mm
calcium fluoride wafer/window (which allows for thermal
imaging). To ensure flat, parallel contact between the heater
and the wafer and to minimize the likelihood of the wafer of
cracking, an aluminum protective clamp (with an open center
zone to allow IR imaging) is placed on top of the calcium
fluoride wafer and pressed down with approximately equal
spring compression force. In order to maximize heat transfer
through the thermal grease-CaF2 wafer path, an inclined fan
(from WINSINN) blows air at the center of the calcium
fluoride wafer. Representative temperatures of heater surface,
clamp edge, and bottom of Teflon insulation are measured
with T-type thermocouples (from OMEGA). The temperature
measurements enable measurement of the thermal resistance
of thermal grease. The IR microscope captures the radiance
and temperature maps of the top surface of the thermal grease
by imaging through the calcium fluoride wafer.

B. Thermal Cycling Parameters

The thermal cycling is carried out for 4 days at a cycling
period of 30 mins and 50% duty cycle (that is 15 mins of
heating and cooling periods). We limit the testing time to 4
days due to long nature of tests and to facilitate comparison
of results. Thermal images are taken initially after the first

power cycle at day 0 and then at 24 hour intervals. In addition,
the steady state thermal resistance of the thermal grease are
also calculated from the measured thermocouple temperatures
to quantify the overall performance. Two different thermal
greases (DOWSIL-5622 and DOWSIL-340) are tested for
thermal degradation by subjecting them to thermal cycling at
three different BLTs: 23 µm, 59 µm, and 84 µm.

C. Estimation of Thermal Grease Thermal Resistance

The thermal resistance of the thermal grease is calculated
from the measured data in a multi-step process based on the
input heater power (Qinput) and the measured thermocouple
temperatures at the heater (Theater), bottom of the Teflon
(Tbottom), the clamp (Tclamp), and the ambient environment
(T∞).

Based on the measured data during an experiment, we
could find the total thermal resistance from the heater to the
environment (Rtotal = (Theater−T∞)/Qinput), but this would
include contributions both from the thermal grease pathway
and the pathway through the Teflon insulation. Thus, we
first calibrate for the thermal resistance of the loss pathway
through the Teflon (Rloss, see Section II-C1 for details).
This enables calculation of the portion of the heat transferred
through the thermal grease as Qthru = Qinput−Qloss, where
Qloss = (Theater − T∞)/Rloss.

Then, we quantify the total thermal resistance from the
heater to the aluminum clamp through the thermal grease:
Rhc, based on evaluation of (Theater − Tclamp) and Qthru.
To estimate the portion of this resistance due to the thermal
grease itself, we need to first quantify the thermal resistance of
the calcium fluoride wafer and top aluminum clamp (Rwc, see
Section II-C2 for details). Then, we can determine the thermal
grease thermal resistance as: Rgrease = Rhc −Rwc.

1) Heat Loss through the Teflon Insulation Pathway: To
quantitatively evaluate the thermal resistance of the thermal
grease, heat loss through the Teflon insulation must first be
calibrated. This is required in order to estimate the heat
flow through the thermal grease (needed to calculate thermal
resistance) from the total heater power and heater temperature
(refer Fig. II-A and Fig. 2). For the calibration experiment,
a previously characterized silicone pad insulation (thermal
conductivity = 0.14± 0.01 Wm−1K−1) (refer to Appendix C
for detailed description about the cross-plane thermal conduc-
tivity characterization) is placed on top of heater surface and
temperatures are measured on top of silicone pad insulation
(Ttop) and bottom of Teflon insulation (Tbottom) using T-type
thermocouples in addition to heater temperature measurement
(Theater) as shown in Fig. 2. A 1D heat transfer assumption
was made in order to characterize the unknown Resistance of
the Teflon: RPTFE . Steady state (heater temperature variation
less than 1 °C in 10 mins) values were obtained at six different
power levels in order to characterize the thermal resistance
through the Teflon insulation to ambient. The total resistance
in the loss pathway is the sum of the the conduction resistance
through the Teflon and any conduction/convection to ambient
(Rloss = RPTFE +Rambient,bottom).
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Fig. 1: (Left) 1D thermal resistor network. (Middle) Schematic of thermal cycling text fixture and (right) experimental prototype
of thermal cycling test fixture. During thermal cycling, the heat generated at the heater flows through the thermal grease or is
lost through the teflon insulation. A forced convection inclined air cooling is employed to maximize the heat transfer through
the thermal grease. Temperatures are measured at the heater surface, aluminum clamp and bottom of teflon insulation by using
thermocouples. A high resolution IR microscope is used to map the 2D temperature field at the top surface of thermal grease.
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Fig. 2: (Left) One-dimensional thermal resistance network and
(right) schematic of the experiment for calibrating heat loss
through the Teflon insulation. The total heater power either
conducts through the Teflon insulation (Qloss) or through
the Silicone pad of known thermal properties (Qsilicone−pad).
Thermocouple measurements at the heater (Theater), top sur-
face of the Silicone pad (Ttop), and bottom of the Teflon
insulation (Tbottom) enable identification of the thermal resis-
tance of the Teflon (Rloss) given the previously characterized
Rsilicone−pad.

40 50 60 70 80 90
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0.5

1

1.5

Fig. 3: Heat loss through the Teflon insulation as a function of
the temperature difference between the heater and the ambient
temperature (T∞) at different power levels to obtain the total
thermal resistance of loss pathway through the Teflon: Rloss =
1/(0.017 W/K) = 59.6± 2.3 K/W.
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Fig. 4: (Left) One-dimensional thermal resistance network and
(right) schematic of the experiment to calibrate the resistance
of the calcium fluoride wafer and aluminum clamp. A thermal
pad with known thermal resistance is sandwiched between
the heater and the calcium fluoride window. Temperatures are
measured with thermocouples at the heater (Theater), bottom
of the Teflon (Tbottom), a representative location on the clamp
(Tclamp), and the ambient air temperature (T∞).
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Fig. 5: Heat through the stack as a function of temperature dif-
ference at different power levels to obtain Rhc = 1/0.0711 =
14.06± 0.14 K/W.

For a given heat input, first the heat flow through silicone
pad insulation is calculated from Qsilicone−pad = (Theater −
Ttop)/Rsilicone−pad. Next, the heat loss from Teflon insulation
is characterized by subtracting the heat flow through silicone
pad from the input heat in the system: Qloss = Qinput −
Qsilicone−pad. Finally, a linear curve was fit to the heat
loss (via Teflon insulation) as a function of the temperature
difference (Theater − T∞) as shown in Fig. 3 to find the total
thermal resistance through the Teflon insulation pathway as
Rloss = 1/(0.017 W/K) = 59.6± 2.3 K/W.

2) Calibration of the Calcium Fluoride Wafer - Aluminum
Clamp Thermal Resistance: To later enable characterization
of the thermal resistance of the thermal grease, we need to
calibrate the thermal resistance of the calcium fluoride wafer

and aluminum clamp as shown in Fig. 4. An Arctic Blue
thermal pad of known thermal resistance and uniform surface
properties is sandwiched between the heater and the calcium
fluoride wafer. The thermal conductivity of the thermal pad
is kpad = 1.23 ± 0.05 Wm−1K−1 and thermal resistance
Rthermal−pad = 7.29 KW−1. Refer to Appendix C for
detailed description about the cross-plane thermal conductivity
characterization. Heat transfer is approximated to be 1D for
this calibration.

We measure the temperature of heater (Theater) and clamp
(Tclamp) using thermocouples to obtain the heater-clamp ther-
mal resistance as Rhc = (Theater − Tclamp)/Qthru, where
Rhc is the total heater-clamp thermal resistance (including
the (known) resistance of the thermal pad (Rthermal−pad)
and the unknown wafer-clamp resistance (Rwafer−clamp)) and
Qthru is the heat passing through the thermal pad. The heat
loss through the Teflon to ambient pathway is calculated by
Qloss = (Theater − T∞)/Rloss, where Rloss is previously
calibrated. Thus, the heat transfer through the thermal pad can
be calculated from: Qthru = Qinput −Qloss.

Six steady state readings are taken and Qthru is linear
with the temperature difference Theater−Tclamp, as shown in
Fig. 5. A linear fitting enables calculation of the total thermal
resistance from the heater to the path as the inverse of slope:
Rhc = 1/(0.0711 W/K) = 14.06± 0.14 K/W

Finally, using the thermal resistance network (Fig. 4), the
thermal resistance of calcium fluoride wafer and aluminum
clamp (Rwc) is obtained as Rwc = Rhc − Rthermal−pad =
6.78±0.4 K/W. This calibration will enable to us to calculate
Rgrease in the degradation experiments with thermal grease.

D. Infrared Imaging

1) Calibration of Thermal Images: For accurate measure-
ments of temperature with infrared imaging, the emissivity
must be calibrated. Typically this is accomplished by heating
the system to a uniform and known temperature, recording
a IR radiance image, and comparing to the radiance from a
blackbody at the same temperature. Since the thermal grease
moves during cycling, the emissivity map is not constant
throughout thermal cycling. Evaluating of the thermal grease
ex situ on a thermal stage illustrated the thermal grease
emissivity is approximately uniform, but varies with BLT
perhaps due to slight transmissivity of the grease.

Thus, the IR images and temperature maps reported in
this work are taken by assuming a constant thermal grease
emissivity (characterized separately at each BLT) for the entire
system (grease and heater surface) that is imaged. The effect
of thermal cycling causes dynamic movements of the thermal
grease in the form of voids and radial outward movement
which causes the heater surface to be exposed (or covered)
to the IR lens resulting in nonphysical temperatures in the
exposed heater regions (due to incorrect emissivity values)
which had thermal grease initially. Hence the temperature
maps represented in Section III are qualitative and no actual
temperature values are reported here.
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Fig. 6: Workflow of image processing to obtain high quality
black and white images of the thermal grease. The radiance
data from the IR microscope (left) are processed in ImageJ into
8-bit images (center) and then thresholded (also in ImageJ) to
yield the black and white images (right). The black zones are
the thermal grease and the white zones are the void space.

2) Image Processing & Analysis: We obtain a radiance
image from the IR microscope (during each day of imaging)
which is processed in imageJ [16] to measure the area covered
by thermal grease and void fraction. As shown in Fig. 6, the
radiance image from IR microscope (RGB image originally) is
converted to 8-bit image and boundary of the thermal grease
is identified manually. The field of view (FOV) of IR lens
is known apriori and is used to define the scale bar in the
8-bit converted radiance image. Next, a default threshold is
performed in imageJ [16] to obtain a B&W image (Black
region - thermal grease, white region - ceramic heater). Finally,
the area of grease coverage and void fraction can be calculated
from the B&W image.

E. Evaluation of Viscosity
To complement the pumpout experiments, the evolution of

the viscosity with temperature over several cycles is evaluated
with an Anton-Paar TwinDrive MCR 702 rheometer (Couette
cell type rheometer). The thermal grease is subjected to a
constant low shear rate of 1/s while the temperature is ramped
up (and down) from 25 °C to 100 °C (and 100 °C to 25 °C)
over a period of 15 mins each in a linear fashion. The time
period for the test was 30 mins which matches the time period
of the pump-out experiments performed above and test was
performed for 8 hours (which we think is enough time to
enable us to understand thermal grease degradation behavior).

III. RESULTS AND DISCUSSION

In this section, we show the degradation behavior of thermal
greases when subjected to thermal cycling followed by perfor-
mance quantification. Finally, we investigate the temperature
dependent viscosity profiles of the thermal greases to explain
the degradation behavior.

A. Influence of Thermal Cycling
Figure 7 shows the processed B&W images complemented

with thermal maps (from IR microscope) at different days

(a) Day 0 Day 1 Day 2 Day 3 Day 4

𝟐𝟑 𝛍𝐦

𝟓𝟗 𝛍𝐦

𝟖𝟒 𝛍𝐦

(b) Day 0 Day 1 Day 2 Day 3 Day 4

𝟐𝟑 𝛍𝐦

𝟓𝟗 𝛍𝐦

𝟖𝟒 𝛍𝐦

Low 
Temperature

High 
Temperature

Fig. 7: (a) Processed B&W images and (b) qualitative tem-
perature maps of DOWSIL-340 throughout cycling. Note, the
scale bar in top left image applies to all images. The B&W
images and temperature maps highlight the void propagation at
higher BLTs and void suppression at lower BLTs in DOWSIL-
340 due to temperature cycling.

of thermal cycling at three different BLTs for DOWSIL-340.
There is pump out (outward radial movement of grease) and
void formation when thermally cycled. The void formation
shows dendrite type structures at higher BLTs of 59 µm and
84 µm where voids are able to propagate through the grease,
on the other than at 23 µm, the initial void formation at
the circumference of the grease are not able to propagate
through the grease indicating better performance (i.e., lesser
degradation). It must be noted that images at day 0 were taken
after the first power cycle and hence the voids at 59 µm and
84 µm form in the first power cycle itself.

On the other hand, DOWSIL-5622 shows no degradation
in the 4 days of cycling at all BLTs, as shown in Fig. 8.
The thermal grease retains its shape and form through out the
cycling period indicating minimal impact of thermal cycling
on the pump-out.

B. Relation between Thermal Cycling and Temperature-
Dependent Viscosity

Contrasting behavior of the two grease under consideration
may be explained by studying the variation of thermal grease
viscosity with temperature ramp up and down as shown
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Fig. 8: (a) Processed B&W images and (b) qualitative tem-
perature maps of DOWSIL-5622 throughout cycling. Note,
the scale bar in top left image applies to all images. The
B&W images and temperature maps highlight no degradation
in DOWSIL-5622 due to temperature cycling.

in Fig. 9. Due to the fixed BLT, we expect that only the
temperature dependent viscosity is predominant factor for
motivating or prohibiting pump-out (i.e., mechanical stresses
are negligible and do not contribute to pump-out).

As seen from Fig. 9a, for DOWSIL-340 the viscosity
variation with temperature is non-repeatable and arbitrary. A
very large increase in viscosity followed by sharp decrease
is observed in the third temperature cycle indicating micro-
structure breakdown. This enables the movement and void
formation of DOWSIL-340 observed before in thermal cycling
experiments (Fig. 7). At higher BLTs, due to larger temper-
ature drop, the relative viscosity variation within the grease
BLT is high causing relative movement amongst different 2D
layers of thermal grease which causes void formation [9], [12].

In contrast to the DOWSIL-340, DOWSIL-5622 shows
repeatable and stable viscosity variation due to temperature
cycling (see Fig. 9b). Within each cycle of heating the vis-
cosity decreases with increasing temperature, then increases
as temperature decreases. There is a slight overall decrease in
viscosity over time indicating stable micro-structure and hence
no degradation was seen in Fig. 8.

Our results suggest that the magnitude of viscosity itself is
not indicative of the thermal grease pump out, rather the tem-
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Fig. 9: Impact of temperature ramping and cycling on the
viscosity of (a) DOWSIL-340 and (b) DOWSIL-5622 thermal
greases. The results for DOWSIL-340 are non-repeatable and
vary rather arbitrarily with repeated cycling, while the results
for DOWSIL-5622 are more consistent from cycle to cycle.

perature dependent viscosity impacts the thermal degradation.

C. Performance Quantification

In this subsection, we compare the performance of thermal
greases under consideration by monitoring the:

• Normalized Thermal Resistance: R′′/R′′
o , where R′′ =

Rgrease/Agrease and R′′
o is area normalized resistance at

day 0
• Normalized Area: A/Ao, where Ao is area at day 0, and
• Void fraction (ϕ)

over different days of thermal cycling.
The area at each day is quantified by the outer perimeter

of the thermal grease and include both area filled by the
grease and the voids that form within the perimeter. As seen
in Fig. 10a, initially the thermal grease expands slighlty with
larger radial spreading is observed in DOWSIL-340 compared
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Fig. 10: Evolution of (a) normalized area, (b) void fraction and
(c) area normalized thermal resistance with days of thermal
cycling. The normalized area shows enhanced radial spreading
for in DOWSIL-340, while movement in the DOWSIL-5622 is
suppressed. Similarly, more voids form in DOWSIL-340 than
in DOWSIL-5622. The area normalized thermal resistance is
relatively constant because of the constant volume of grease
within the test setup during cycling. That is, although the
grease moves, it does not leave the interface between the heater
and the heat sink clamp.

to DOWSIL-5622 (from day 0 to day 1). After the first day
of cycling, the area covered by both thermal grease remains
approximately constant. In addition, a larger percentage of area
increase is observed in the lowest BLT (23 µm) test, which
may be due to the thin bondline requiring more area change
for the same volume change. The larger increase in DOWSIL-
340 area (compared to DOWSIL-5622) is likely due to sudden
plummet of DOWSIL-340 viscosity during the cooling cycle
causing easy outward radial movement. In DOWSIL-5622,
the viscosity drop is limited and gradual causing reduced
movement of the grease.

Next, Fig. 10b shows the evolution of the void fraction
present within the boundary of the thermal grease. More voids
indicate larger heater regions which are exposed to air, where
thermal grease was present earlier. DOWSIL-5622 showed
negligible degradation and void formation (Fig. 8) and, hence,
the void fraction is consistently less than 0.5%. In contrast,
DOWSIL-340 showed significant degradation. For DOWSIL-
340 (Fig. 10b), a large fraction of the voids form in the first
day of cycling, after which voids progress more slowly. Voids
appear to propagate more easily through the thermal grease at
higher BLTs (59 µm and 84 µm) resulting in a larger void
fraction at higher BLTs.

Finally, the area normalized thermal resistance (see
Fig. 10c) remains approximately constant at R′′/R′′

o = 1 for
most of the tests. For DOWSIL-340 at smaller BLTs (23 µm
and 59 µm), the resistance slightly reduces to 0.6 and 0.8,
respectively. Note that the uncertainty in this estimation of
R′′ is sufficiently large and hence these variations are not
statistically significant. Due to the small dot-shaped dispense
of thermal grease compared to the size of the heater, while
thermal cycling causes formation of voids and outward radial
movement of the thermal grease, there is no actual material
loss from the interface (i.e., all of the thermal grease remains
in the gap between the heater and the clamp, only its configu-
ration changes with time). Due to this conservation of thermal
grease in the interface, the junction level heater temperature
and clamp temperature are almost constant (within uncertainty
bounds) across all the days of thermal cycling. Thus, the
area normalized thermal resistance is approximately constant
(within the uncertainty bounds).

IV. CONCLUSION

In this paper, we observe degradation of thermal greases
driven by thermal cycling using a combination of analysis
techniques. We isolate the influence of thermal cycling (as
opposed to thermo-mechanical cycling) on the thermal grease
degradation (in-situ) by fixing the BLTs: 23 µm, 59 µm
and 84 µm so that mechanical stresses are negligible. We
perform thermal cycle test (for 4 days) on DOWSIL-340 and
DOWSIL-5622 by subjecting them to cycling temperature
variations between 20 °C to 100 °C, and observe that the
temperature dependent viscosity could be the predominant
effect to drive pump-out. For DOWSIL-340, we observed
significant formation of voids and large radial movement.
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The void formation exposes heater surface which was pre-
viously covered with thermal grease generating areas of local
temperature hot-spots. Most of the structural change in the
DOWSIL-340 (area increase and void formation) happened
during the first day of cycling. The voids were seen to
more easily propagate through the grease at higher BLTs.
At lower BLTs, the voids were limited at the circumference
of DOWSIL-340. Enhanced degradation at higher BLTs may
be due to the larger temperature drop across the interface
causing large viscosity variation within the thermal grease and,
hence, relative motion of different layers of DOWSIL-340. On
the other hand, DOWSIL-5622 showed negligible degradation
over the 4 days of thermal cycling.

The contrasting behaviors of thermal grease degradation can
be justified by tracking the viscosity variation with temperature
cycling. In DOWSIL-340, unrepeatable and arbitrary viscosity
variation was observed when temperature was ramped up and
down (25 °C to 100 °C and vice-versa) indicating broken
microstructure within the thermal grease, which could explain
the degradation due to thermal cycling. In contrast, DOWSIL-
5622 showed consistent and repeatable viscosity variation over
8 temperature cycles indicating in tact microstructure and,
hence, more resistance to thermal degradation.

Given these results, an interesting pathway for future work is
to study the behavior of DOWSIL-5622 in presence of thermal
and mechanical stresses by keeping the pressure on thermal
grease to be constant (instead of BLT). Further, showing
actual material loss due to pump-out would be interesting to
understand the evolution of area normalized thermal resistance.
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APPENDIX A: EXPERIMENT REPEATABILITY

In this section we repeat thermal cycling experiment for
the DOWSIL-340 thermal grease at 59 µm BLT. This test
condition was selected to repeat as significant void propagation
and radial spreading was observed in the initial experiments
(Fig. 7). The experimental conditions and assembly were kept
the same and the grease was subjected to thermal cycling for 4
days. The processed B&W images are shown in Fig. 11 where
Expt. 1 is the original experimental data shown in the main
text (Fig. 7) and Expt. 2 is the repeated experiment.

Similar to the initial test, we observe in Expt. 2 that majority
of voids form during the first day of cycling. Moreover, the

voids propagate through the thermal grease in both experi-
ments indicating enhanced degradation with repeated cycling.
Although the void pattern is different, the dendritic pattern
and progression of the voids are comparable. Hence, it can be
concluded that the degradation behavior observed in thermal
grease due to thermal cycling is sufficiently repeatable.

Day 0 Day 1 Day 2 Day 3 Day 4

Expt. 1

Expt. 2

Fig. 11: Repeatability experiment for DOWSIL-340 at 59 µm
BLT. Expt. 1 corresponds to original experiment in Fig. 7 and
Expt. 2 corresponds to the repeated experiment

APPENDIX B: LEVERAGING IR MICROSCOPY TO OBSERVE
VOID FORMATION

We leverage high resolution IR microscope from QFI
(Quantum Focus Instruments) to capture a video of void
formation in DOWSIL-340 at 84 µm as shown in Fig. 12
(where t∗ = t/tend is non-dimensional time). Since emissivity
is a strong function of temperature, we use two-temperature
emissivity calibration method to calibrate the thermal grease
emissivity. Two radiance maps are taken at approximately
20 °C and 100 °C (temperature bounds of thermal cycling)
and emissivity is interpolated in the intermediate temperatures.

The two-temperature emissivity calibration is done during
the beginning of day 1 and, hence, both voids and grease
present at that time are depicted at a relatively uniform
temperature (green color) in top-left subfigure of Fig. 12. Due
to dynamic thermal grease movement (i.e., void formation
and outward radial movement), the IR microscope highlights
the void formation and outward grease movement due to the
now incorrect emissivity in those regions. The original pixels
which had been assigned the emissivity of DOWSIL-340 now
image the ceramic heater directly when a void is formed and,
hence, the temperature is over estimated (these pixels appear
orange instead of green). Next, when DOWSIL-340 moves
radially outwards, the original pixels which had emissivity of
ceramic heater now image the DOWSIL-340 resulting in an
underestimation of temperature (change in color from green
to blue).

This is essentially automatic image subtraction within the
IR microscope software and can highlight the progression of
the thermal grease movement and void formation.
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Fig. 12: Void formation and radial DOWSIL-340 movement
observed in IR microscopy using a spatially-calibrated emis-
sivity map. The time stamp, t∗ = t/tend, is non-dimensional
time where tend is the time at which last frame in video
was captured. The blue regions indicate zones where when
calibrated the system viewed the ceramic heater, but after
thermal cycling the heater is covered with thermal grease
(resulting in an underestimation of temperature). The orange
and red regions indicate regions where void have formed in the
thermal grease (resulting in an overestimation of temperature).

APPENDIX C: CHARACTERIZING THERMAL PAD THERMAL
CONDUCTIVITY USING CROSS-PLANE TECHNIQUE

The thermal conductivity of the silicone rubber pad (from
McMASTER-CARR) and Arctic Blue thermal pad (from
ARCTIC) were characterized using a modified version of the
ASTM-D5470 reference bar method using IR microscope for
thermal measurements [17]. The sample (silicone pad or Arctic
Blue) of unknown thermal conductivity are placed between
two reference layers of known thermal conductivity. The entire
reference-sample-reference stack is placed between a heater
and heat sink. Six different steady state thermal images are
taken by changing the heater power level and the temperature
gradient as a function of heat flux through the reference layers
is calculated. Finally, as shown in Fig 13a and Fig. 13b, a
linear curve was fit in order to obtain the slope and hence the
thermal conductivity: ksilicone−pad = 0.14±0.01 Wm−1K−1

and karctic−blue−pad = 1.14± 0.05 Wm−1K−1.
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