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ABSTRACT

Thermal interface materials (TIMs) are used in power
electronics packaging to minimize thermal resistance between
the heat generating component and the heat sink. Thermal
greases are one such class of TIMs. The conformability and
thin bond line thickness (BLT) of these TIMs can potentially
provide low thermal resistance throughout the operation
lifetime of a component. However, their performance
degrades over time due to pump-out and dry-out during
thermal and power cycling. The reliability performance of
greases through operational cycling needs to be quantified to
develop new materials with superior properties.

NREL, in collaboration with DuPont, has performed
thermal and reliability characterization of several
commercially-available thermal greases. Initial bulk and
contact thermal resistance of grease samples were measured,
and then the thermal degradation that occurred due to pump-
out and dry-out during temperature cycling was monitored.
The thermal resistances of five different grease materials were
evaluated using NREL’s steady-state thermal resistance tester
based on the ASTM test method D5470. Greases were then
applied, utilizing a 2.5 cm x 2.5 cm stencil, between invar and
aluminum plates to compare the thermomechanical
performance of the materials in a representative test fixture.
Scanning Acoustic microscopy, thermal, and compositional
analyses were performed periodically during thermal cycling
from -40°C to 125°C. Completion of this characterization has
allowed for a comprehensive evaluation of thermal greases
both for their initial bulk and contact thermal performance, as
well as their degradation mechanisms under accelerated
thermal cycling conditions.

KEY WORDS: thermal interface materials, thermal
resistance, thermal conductivity, steady-state technique,
greases, silicone, non-silicone

NOMENCLATURE

A metering block cross-sectional area, m”

BLT bond line thickness

k thermal conductivity of metering block, W/m-K
NREL National Renewable Energy Laboratory

R thermal resistance, mm?-K/W

T temperature, °C

TIM thermal interface material

Ax; distance between T, and T or T3 and T,, m

Ax, distance between T, or T3 and sample interface, m

Greek symbols
A thermal conductivity, W/m-K

Subscripts

avg average

s top top of the interface material

s bot bottom of the interface material

top top metering block

bot bottom metering block

1,2,3,4 locations of temperature measurement in the

metering blocks

INTRODUCTION

Modern power electronics packages continue to increase in
power density in each subsequent generation of devices. With
these advances, thermal management of the package becomes
more challenging. A successful cooling solution must address
the needs of a chip that operates at higher power levels and
higher heat fluxes. Innovative thermal management solutions
are needed to ensure that future package architectures can
operate at their maximum performance potential by
minimizing the overall thermal resistance from the junction of
the device to the cooling medium. TIMs are a critical solution
for minimizing the contact resistance between the power
electronics module and the cold plate assembly. It is difficult
to assess the thermal performance and reliability of TIMs in
their final packaged configuration, therefore several test
standards and modeling approaches have been created to
quantify their bulk and contact thermal resistances [1].
Transient thermal characterization tests of TIMs can achieve
high measurement throughput, but also require knowledge of
a material’s density and specific heat [2]. Furthermore, it is
difficult to measure the effect of pressure on BLT in most
transient technique fixtures. ASTM test method D5470-12 [3]
is the gold standard for measuring bulk thermal conductivity,
but there are significant complications when measuring
grease-based TIMs, many of which will be addressed in this

paper.

An improved steady-state thermal resistance method
(ASTM 5470-12) has been used for many years at NREL for
the characterization of thermal greases, bonded interface
materials, motor laminations, and other materials [4-6]. A key
outcome for any measurement technique is the accuracy and
reproducibility of the results. Caution is necessary when using
the technique because of the potential of significant errors due
to RTD placement, machine tolerances, BLT measurement,
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and the influence of contact resistance [7]. Keeping this in
mind, a number of authors have successfully constructed test
apparatuses that exceed the requirements of the ASTM D5470
standard by employing new measurement methods or
improved fixture designs. Chen et al. used a specimen area of
12.7 x 12.7 mm to minimize planarity issues and a Charge-
Coupled Device (CCD) camera to measure BLT [8].
Khounsary et al. completed steady-state tests under vacuum to
characterize the contact resistance of metal foils [9]. Culham
et al. also completed tests under a vacuum and compared the
benefits of various BLT measurement techniques, including
direct measurement, linear variable differential transformers
(LVDTs), and lasers [10]. In replacing thermocouples or
RTDs with heat flux and temperature measuring chips,
Székely et al. were able to capture measurements closer to the
test sample [11]. Their use of a symmetrical design, replacing
heater cartridges and a cold plate with Peltier cells, allowed
for the capability of reversing the heat flow through the
sample. Kempers et al. quantified the uncertainty of each
measured quantity within their D5470 test setup and used
thermistors for thermal measurement [12]. Xu and Fisher used
the technique to quantify the thermal contact conductance
enhancement by the use of carbon nanotube (CNT) arrays
[13]. AboRas et al. used a silicon chip both as a heat source
and temperature sensor to more closely replicate an actual
package [14]. Modifications to the ASTM D5470 standard at
NREL will be discussed to further improve the accuracy and
repeatability of this steady-state test method. Best practices
for the use of glass spheres as spacers, BLT measurement
techniques, and RTD calibration are reviewed, and a large-
area fixture for simulating grease degradation from pump-out
and dry-out during temperature cycling is discussed.

MATERIALS AND PROCEDURE

TIM Stand Description

Five commercially available thermal greases, both silicone
and non-silicone, were tested in the ASTM D5470 steady-
state tester developed at NREL. Identities of the greases are
anonymized during this study. The basic configuration of the
apparatus is shown in Fig. 1.

Hot Plate
Cartridge ;
Heaters
Spreader Block
Tl

Metering Block
2

Thermal Grease [ |
T3
Trl

RTDs

Metering Block

Spreader Block

Channels for
Silicone Oil

Cold Plate

Fig. 1 Steady-state thermal resistance testing apparatus
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Two heater cartridges are embedded into an aluminum hot
plate while silicone oil is circulated through an aluminum cold
plate. Four RTDs are embedded in metering blocks that have
the TIM material applied between them. The opposing
surfaces are highly polished to reduce variability in thickness
measurements. Glass spheres of a known diameter
representative of the desired BLT, ranging from 25 pm to 250
pum, are also applied between the metering blocks to ensure a
consistent and known thickness of the test material.

The top and bottom heat fluxes through the metering
blocks are first calculated through the following two
equations:

Quop =k - A(Ty — T,)/Axy (1)
Qpot = k- A(T3 —T,)/Axy (2)

where:

Orop = top metering block heat flux calculation in W

Obor = bottom metering block heat flux calculation in W

k = thermal conductivity of metering block

A = metering block cross-sectional area

T;,34 = temperature measurements from hot plate side (1)
to cold plate side (4)

Ax; = distance between 7; and T, or T; and T

The average heat flux is determined from the top-side and
bottom-side metering blocks by:

Qavg = (Qtop + Qbut)/z 3)

The temperature at the interface between the top metering
block and the top-side of the interface material is determined
by:

Tstop =T2 — Ax, - ((Ty — T2)/Axy) 4
where:
T top = calculated temperature of the test sample’s top
surface
Ax, = distance between T, or 75 and sample interface

The temperature of the interface between the bottom metering
block and the bottom-side of the interface material is
calculated in a similar manner:

Tspor = Tz + Axy - (T3 — Ty) /Ax;) (5)
The total thermal resistance is calculated by:
R= ((Ts top — T, bot) 'A)/Qavg (6)

Glass Sphere Diameter Characterization

Manufacturer data sheets provide a range in particle sizes,
but for precise control of the BLT, the glass sphere spacers
must be carefully characterized. A method to quickly measure
the diameters of a large population of glass spheres was
developed.

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



Fig. 2 Glass sphere distribution under a microscope

Several hundred spheres were deposited onto a transparent
substrate, as shown in Fig. 2, and effort was made to ensure
that the spheres exhibited minimal contact with each other. A
diffuse light source below the substrate provided a high-
contrast image that clearly outlined the edges of the spheres.
A calibrated microscope with a magnification of 50x-100x
was used to image the spheres. Image analysis software (SPIP
6.6.1 from Image Metrology) was then able to calculate the
diameters of the spheres using edge detection and the diameter
at the 95" percentile was calculated. The distribution
measured for 75 pm glass spheres is shown in Fig. 3 below.

Sample Count
N w H
o o o

=
o
1

727374757677 78 79 80 81 82 83 84 85 86
Glass Sphere Diameter (um)
Fig. 3 Distribution of 75 um glass sphere diameters

The diameter at the 95™ percentile was found to be 78.7 um. A
summary of each measured glass sphere diameter at the 95"
percentile is listed in Table 1. The 95™ percentile was used as
an approximation of the distance between the platens.
Theoretically the platens will be supported by the three largest
glass beads in the distribution. At 139 kPa nominal pressure,
we do not expect plastic deformation of the nickel surface
plating. However, the intrinsic roughness of each side of the
platen will affect the thickness measurement.

Table 1. Comparison of nominal sphere diameter reported by
the manufacturer with measured sphere diameter from optical
microscopy and image processing.

95™ Percentile
Diameter (pm)

Nominal Sphere
Diameter (pm)

Mean Sphere
Diameter (um)

23-27 25.5 29.0
47-50 50.5 52.0
75 76.5 78.5
123-127 123.5 125.5
150 152.5 158.0
190-197 193.0 196.0
250 257.0 266.0
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BLT Measurement

The thickness of the various grease layers were controlled
by applying glass beads to the grease prior to compressing the
meter blocks, however, high magnification images were also
taken of the face of the metering blocks to directly measure
BLT. Glass spheres of 50 um in diameter were affixed to the
sides of the metering blocks to provide unique fiducial
markings that allow for the precise measurement of the
vertical displacement between the upper and lower metering
blocks during the thermal testing. This was completed with a
dry contact between the metering blocks and for each grease
at every sphere diameter. The side of the metering block at
progressively increasing zoom levels is shown in Fig. 4. A
high-contrast coloring scheme is used by the image analysis
software to detect the similar peaks in brightness on the
selected glass sphere.

Fig. 4 Glass sphere markgs of the face of the metering
blocks

A summary of the linear relationship between BLT
measurements and glass sphere diameters is shown in Fig. 5.
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Fig. 5 BLT measurements as a function of glass sphere
diameters (95™ percentile)

RTD Calibration

RTDs used for temperature measurement in the upper and
lower metering blocks were calibrated to a reference RTD in a
bath at every 10 degrees, from 20°C to 120°C. While this
ensures  temperature  homogeneity  between = RTD

BLT Measurement (um)
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measurements in a uniform environment, it has been found
that a simple calibration is not sufficient when the RTDs are
inserted into the machined holes within the metering blocks.
This is attributed to variations in the measurement length at
the tip of the RTD from manufacturing variations, and the
radial variation in temperature from the center of the metering
block to the exterior. This variation among RTDs after
calibration is shown in Fig. 6, where four RTDs are
interchanged into the four measurement holes. To provide the
most reliable results, a large set of RTDs was first calibrated,
and the RTDs that most closely matched with each other were
selected for use in the thermal resistance tester. This
calibration procedure ensured that the variation in temperature
of the meter blocks was less than 0.05°C.

G 53
[]
5 51~
® ERTD1
o 49 -
2 ERTD 2
e 47 RTD 3
45 - ERTD 4
43 -
T1 T2 T3 T4
RTD Position

Fig. 6 RTD measurement variation

Large-Area Fixture

In addition to thermal characterization, the TIMs were
evaluated for their ability to withstand pump-out and
decomposition during thermal cycling from -40°C to 125°C.
A large-area fixture, shown in Fig. 7, was designed to
replicate the interface between a power module baseplate and
a cold plate.

Fig. 7 Large-area fixture (9 cm x 9 cm) for thermal cycling
experiments. The grease is applied with a 2.5 cm x 2.5 cm
stencil in the exact center of the fixture.

Greases were applied using a precisely centered stencil (2.5
cm x 2.5 cm) and then sandwiched between flat invar and
aluminum plates. The materials were selected for their
dissimilar coefficients of thermal expansion to create periodic
mechanical stresses during thermal cycling to accentuate the
pump-out of grease from the bond line. Precision ground
washers were placed between the coupons to maintain the
BLT and bolts secured the fixture together. During accelerated
tests, the fixtures were oriented in a vertical position to
maximize the effect from gravity. Tape was applied to the
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edge of the fixtures during acoustic imaging, as the technique
requires the sample to be immersed in water to provide a
conduit for high-frequency acoustic signals. Xenon flash
measurements of thermal diffusivity through the intact fixture
provided information on changes in thermal performance of
the greases over time. After completion of the tests, the
fixtures were dissembled for a compositional analysis on the
coupon surfaces.

RESULTS AND DISCUSSION

Thermal Analysis

Steady-state measurements were completed for the five
greases selected for evaluation. The thermal resistance
measurements and linear regressions of each dataset are
plotted as a function of BLT in Fig. 8.

®A mB AC D mE
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2z
N; 300
€ 250
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Py 200
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I 150 o
2 - L)
8 100 ’
] B e
© 50 | o mmett ‘.A
€ Iy 3 .‘
o 0 Ah' ¢
=
-50 50 150 250
BLT (um)

Fig. 8 Thermal resistances of greases as a function of BLT

Greases A, C, and E exhibited similar thermal performance,
while greases B and D were found to have higher thermal
resistances across all BLTs. Each set of sample measurements

conform to the linear regression equation:
y=a-'x+b 7

where the constants and the coefficient of determination for
each grease are compiled in Table 2.

Table 2. Linear regression constants and coefficient of
determination

Grease a b R’
A 0.270 4.201 0.992
B 0.761 14.078 0.993
C 0.262 6.588 0.998
D 1.494 28.345 0.991
E 0.280 12.185 0.996

The thermal conductivity of the sample was obtained from the
inverse of the slope, while the contact resistance was
determined from the y-intercept. The contact resistance value
represents the thermal resistance between a grease and both
the top and bottom meter blocks. These values are
summarized in Table 3.
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Table 3. Bulk thermal conductivity and contact resistances

Thermal .
Grease Conductivity Contact glKe/s;th ance

(W/m-K) (mm°K/W)

A 3.7 4.2

B 1.3 14.1

C 3.8 6.6

D 0.7 28.3

E 3.6 12.2

For maximum performance, grease materials must be
designed for both high conductivity and compliance with
interface surfaces. Initial thermal performance must also be
balanced with long-term reliability.

Reliability Analysis

Steady-state tests indicate the initial thermal performance,
but accelerated thermal cycling is necessary to learn how the
grease performance changes with time. A major concern is the
ability to maintain full contact between surfaces of the platens.
Any spreading or voiding of grease at an interface within an
electronics package would cause higher operating
temperatures for devices and potentially reduce their lifetimes
before failures occur or maintenance is required. Acoustic
images showing the bond pad shape and sizes of the greases
prior to accelerated testing are shown in Fig. 9.

Fig. 9 Acoustic images of greases prior to thermal cycling

The fixtures were cycled from -40°C to 125°C and imaged
every 10 cycles. After 30 cycles, as seen in Fig. 10,
degradation of the contact area of the greases was apparent.
The movement and shape of sample B showed considerable
change compared to its initial form. Voiding was observed in
samples A, C, and E due to separation of the greases into their
constituents.
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E

Fig. 10 Acoustic images of greases after 30 cycles

Thermal cycling continued until samples reached 100 cycles.
Acoustic images of samples at this progression are shown in
Fig. 11.

E

Fig. 11 Acoustic images of greases after 100 cycles

Additional voiding and movement of the samples was
observed, but the grease pad shape and sizes largely stabilized
between 30 and 100 cycles. Further compositional analysis of
the greases will be completed after disassembly of the large-
are fixtures.

CONCLUSION

The ASTM D5470 steady-state measurement technique
requires attention to detail in minimizing several sources of
error. This paper has outlined best practices followed by other
authors and at NREL to continually refine the technique and
allow for reproducibility in measurements between different
test apparatuses. Care must be taken in the use of glass
spheres for thickness spacing, and BLT measurements are
equally as important as calibrated RTDs. Several silicone and
non-silicone greases were compared and a large-area pump
out procedure was also developed. Rigorous testing of TIMs
will allow for educated selection of materials for a variety of
electronics package designs where managing heat is a primary
concern.
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