81

Characterization of Gamma-irradiated
Carbon Nanotube and Metallic Foil
Thermal Interface Materials for
Space Systems

Robert A. Sayer'", Stephen L. Hodson'2, Timothy P. Koehler!, Robert J. Cordova',
Timothy C. Marinone', Justin R. Serrano' and Timothy S. Fisher?
'Engineering Sciences Center, Sandia National Laboratories, Albuguerque, NM, USA
2School of Mechanical Engineering, Purdue University, West Lafayette, IN, USA

ABSTRACT

Removal of waste heat generated via Joule heating during the operation of electronic
devices is critical to overall system performance and reliability. A significant fraction of
the overall thermal budget is consumed by heat transfer across the interface of contacting
materials. To enhance the flow of heat from source to sink, thermal interface materials
(TIMs) are used to reduce thermal contact resistance (TCR) by increasing real contact
area at the interface. In space systems, TIMs are exposed to high doses of gamma
radiation not encountered in typical terrestrial applications. With typical design lifetimes
of 5 years or more, total radiation exposure can be significant and can affect the structure
and performance of the TIM. Here, we report measurements of the pressure-dependent
TCR of metallic foils and carbon nanotube TIMs (CNT-TIMs) in both vacuum and
ambient air environments. The TIMs were irradiated in a gamma cell at a rate of 200 rad/s
to a total dose of 50 Mrad. TCR was measured before and after gamma-ray irradiation
using a one-dimensional steady-state calorimetric technique at room temperature and
contact pressures ranging from 0.5 to 10 MPa. Additionally, the potential for vibration
transmission through these interface materials into sensitive electronic equipment is
investigated, which is of critical importance during launch when space systems can be
subjected to high levels of shock and broad-band vibration. The vibration transmission
characteristics of the TIMs were measured from 200 to 4,000 Hz at vibration levels
ranging from 1 to 20 g’s using an electrodynamic shaker table. CNT-TIMs are shown to
exhibit the lowest TCR of any of the tested interface materials, about 38% lower than a
plain copper foil. Additionally, all of the TIMs offer little vibration isolation and
therefore, care must be taken to isolate sources of vibration that may be transmitted into
the electronic components via the TIMs.

1. INTRODUCTION

Heat transfer across the interface of contacting materials is essential to the design and simulation of
electronic and thermal systems. When two surfaces are brought into contact, the actual contact area
(sum of the contact spot areas) is a small fraction of the apparent area of contact [1]. As a result, heat
is restricted to flow through a small number of contact spots formed between the two mating surfaces,
which gives rise to a thermal contact resistance (TCR). As a result, TCR can be quite large, causing a
large temperature drop across the interface, thus raising the device temperature. Thermal interface
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Figure 1. Photographs of (a) a control electronics box and (b) a thermal strap

materials (TIMs) are interstitial materials that are inserted at the contact interface to increase contact
area for heat conduction and hence decrease the overall TCR of the joint. Examples of TIMs include
common materials such as thermal greases [2], metallic foils [3] and elastomeric sheets [4], and more
exotic materials such as conductive polymers [5], carbon nanotubes [6,7] and graphene materials [8,9].
TIMs serve a critical role in thermal management by enhancing heat transfer across contact interfaces,
thus allowing higher heat fluxes to be removed from the system and lowering device operating
temperature.

Extensive research, primarily driven by the consumer electronics industry, has been conducted to
characterize the thermal performance of these various TIMs. However, significant cooling issues exist
for military and space applications, which not only require high-reliability cooling solutions, but must
also survive harsh environments (vibration and radiation) for extended periods of time (up to 10 years
or more) [10]. During the launch of a satellite, for example, the system is subjected to acceleration on
the order of ten times the acceleration of gravity, primarily in the frequency range of 500 to 1800 Hz
[11]. Although only a couple minutes in duration, this environment causes nearly half of all spacecraft
failures [12]. For this reason, vibration isolation systems are put in place to protect the electronics
during launch. However, vibration isolation systems are not applied to the thermal straps that connect
the electronics to the heat sink (i.e. cryo-cooler), and thus can serve as a means of vibration
transmission into the electronics boxes. Figure 1(a) shows the interior of a typical control electronics
box and Figure 1(b) a thermal strap in which one end would be bolted to the case of the electronics
assembly and the other end to the heat sink.

In addition to vibration during launch, space systems are subjected to a wide array of radiation
sources including gamma, UV, X-ray, and charged particles—all of which have the potential to
drastically affect material properties [13,14] and the structure [15]. UV, X-ray, and charged particles
are typically absorbed or reflected by the exterior components of the spacecraft; however, gamma-
rays pass through all components with little attenuation, thus affecting the thermal interface material
joints in the system. To date, the effect of radiation on thermal performance of mechanical joints has
not been well characterized. Here we report measurements of TCR and vibration transmission across
both bare joints and joints with thermal interface materials inserted at the contact interface before
and after accelerated radiation aging.

2. EXPERIMENTAL METHOD

2.1. Materials

The performance of four different metallic foils including aluminum, copper, nickel and tin (purity
greater than 99.5%) as well as a carbon nanotube (CNT) thermal interface material (CNT-TIM) were
investigated in this study. The foils were chosen due to their respective variations in material properties
summarized in Table 1. Aluminum and copper were chosen due to their high respective thermal
conductivities, tin was chosen due to its low hardness, and nickel was chosen due to its combination of
low thermal conductivity and high hardness.
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Table 1. Material properties of the thermal interface materials

Thermal conductivity Young’s modulus Vickers hardness
Material (W/mK) (GPa) (MPa)
CNT-TIM 0.5-5 1 -
Aluminum 237 70 167
Copper 401 120 369
Nickel 91 200 638
Tin 67 50 80

CNT array

&,‘(

Copper foil \;

Figure 2. FESEM image of the CNT-TIM

CNT-TIMs were fabricated by growing vertically-aligned multi-walled CNT arrays on both sides
of a copper foil. First, a thermal evaporative system was used to deposit a tri-layer metal catalyst
stack consisting of 30 nm Ti, 10 nm Al, and 5 nm Fe on both sides of 100 um thick copper foils.
Vertically-aligned CNT arrays were then synthesized in a microwave plasma chemical vapor
deposition (MPCVD) system described in detail in Ref. [16]. In summary, the growth chamber was
evacuated below 0.15 kPa and purged with N, for 5 min. The samples were annealed in N,
(30 sccm) to a growth temperature of 800°C. The N, valve was then closed and 50 sccm of H, was
introduced to maintain a pressure of 1.3 kPa in the growth chamber. After stabilization of the gas
pressure within the chamber, a 300 W plasma was ignited and 10 sccm of CH, was introduced as a
carbon source to commence 2.5 minutes of CNT synthesis. The samples were imaged using a field-
emission scanning electron microscope (FESEM). Figure 2 contains FESEM images of the
vertically aligned CNT arrays synthesized on copper foil. The arrays consisted of CNTs with
average densities of 108-10° CNTs/mm?, nanotube diameters of 30 nm, and lengths of
approximately 7 wm.

2.2. Thermal contact resistance measurements

Thermal measurements were conducted using a one-dimensional steady-state conduction technique
based upon ASTM standard D5470-06 [17]. The system, shown in Figure 3(a) consists of two 6061
aluminum pillars that serve as heat flow meters (HFMs). Each HFM is 3.8 cm in length, 0.8 cm x 0.8 cm
in cross-section, and is instrumented with 6 thermocouples. Linear fits to the temperature data in each
HFM are used to determine the heat rate through the test setup and the temperature drop at the interface.
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Figure 3. Photographs of (a) the experimental system where the two heat flow meters are placed
between a hot plate and cold plate and (b) The contact interface with a 100 um thick copper foil
TIM between the HFMs

The TIM is placed at the interface of the two heat flow meters as shown in Figure 3(b), and the
interfacial pressure is adjusted by changing the applied load from two mechanical translators.
Interfacial pressures in practice vary by several orders of magnitude depending of the application
[18, 19]. Here, the TIMs were tested for interfacial pressure ranging from 0.5 to 10 MPa in order to
provide data in the pressure range of many practical space applications [20]. The contact resistance
system is housed in a vacuum chamber to eliminate the effects of convection and gas conduction. When
a TIM is inserted at the contact interface, the measurement technique yields the overall thermal
resistance of the joint, which is a sum of three resistances in series:1) the contact resistance between
the top HFM and the TIM, 2) the bulk thermal resistance of the TIM and 3) the contact resistance
between the TIM and the bottom HFM.

2.3. Vibration testing

1 x 1 in? samples were mounted between a test block and a top plate of the same dimensions and were
held together by four #2-56 cap screws as shown in Figure 3. The corners of the TIMs were cut away
to not interfere with the cap screws. This setup was chosen as it best represents a heat strap connection,
a common application of metallic TIMs in a satellite system. All four screws were tightened to 3 in-lbs
to represent a typical applied load for #2 screws. Vibration isolation of the TIMs was characterized in
both the normal (z-axis) and transverse (y-axis) directions. The x-direction was not tested due to
symmetry between it and the y-axis.

2.4. Gamma irradiation

Gamma radiation dose levels can vary greatly by the end of a mission, usually from tens to hundreds
of Mrads to the external components of the satellite [21]. Because gamma-rays are high energy and can
pass through materials with little attenuation in intensity, similar doses are expected at the interior
components of the satellite. Accelerated gamma radiation dosing of the TIM samples was conducted in
a %Co gamma cell at a rate of 200 rad/s to a total dose of 50 Mrad in order to simulate a 5 year design
life assuming a dose rate of 10 Mrad/yr [21]. For the irradiation process, it is assumed that any gamma
induced changes in the material properties will depend on the total dose, but are independent of dose
rate [15]. In order to minimize thermal effects during irradiation, the samples were actively cooled and
maintained at 297 K.
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Figure 4. Photograph of the vibration test setup mounted to the shaker

3. RESULTS

The thermal contact resistance of a total of nine different TIMs and a bare aluminum interface, as listed
in table 2, was measured for interfacial pressures ranging from 0.5 to 10 MPa. The results of the tests
conducted in air and under vacuum are shown in Figure 5.

Figure 5(a) shows that the aluminum, copper, tin and CNT TIMs all offer improved contact
resistance in comparison to the bare joint, which are similar to the trends reported by Peterson and
Fletcher [3]. In contrast, the joint resistance increases when the nickel foil TIM is used due to its
combination of relatively low thermal conductivity and high hardness. The two important material
properties in reducing TCR are the mechanical hardness and thermal conductivity of the TIM. Hardness
affects the compression of the TIM; softer materials deform more easily than harder materials, and thus
can better conform to the rough interface, creating a greater contact area at the interface. On the other
hand, thermal conductivity affects both the contact resistance between the TIM and the metallic pillars
as well as the bulk resistance of the TIM. Materials with higher thermal conductivity values permit heat
to transfer through the bulk with less resistance in comparison to materials with lower thermal
conductivity. In addition, the constriction resistance through the contact spots is less for materials with
higher values of thermal conductivity. As shown in Table 1, nickel has both low thermal conductivity
and high hardness in comparison to the aluminum HFMs, and therefore the increase in TCR is not
unexpected.

To explore the effectiveness of the TIMs, consider the results in air at a single interfacial pressure,
6.2 MPa. The TCR of each sample at this pressure is shown in Figure 6. Uncertainty represents the 95%
confidence intervals associated with the measurements calculated via a bootstrapping technique
[22,23]. At this interfacial pressure, the TCR of the bare interface is 104 mm2K/W. The 25 um
aluminum foil offers very little improvement, reducing the TCR to 101 mm?K/W. The thicker, 100 um,

Table 2. Summary of the tested TIMs

Sample 1 2 3 4 5 6 7 8 9
Material Al Al Cu Ni Ni Sn Sn CNT bare
Thickness (pm) 25 100 100 25 100 25 100 ~120 —
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Figure 5. Thermal contact resistance of the tested TIM materials in comparison to the bare
aluminum interface in both (a) air and (b) vacuum. (The number after the element name
represents the thickness of the foil in micrometers.)

aluminum foil provides a lower TCR (65 mm?K/W) in comparison to the thinner foil. Similar results
are shown for the tin foil, which has TCRs of 87 mm?K/W and 55 mm2K/W, for the 25 uwm and 100 um
thick foils, respectively. The 100 um copper foil, exhibiting a TCR of 72 mm?K/W, offers slightly
degraded performance compared to aluminum and tin of equal thickness. This is attributed to the
greater hardness of the copper foil, which seems to be the most important parameter in thermal
performance. At 42 mm?K/W, the CNT-TIM offers the best improvement (more than a factor of two
compared to a bare interface) in joint TCR. The nickel foils actually decrease joint conductance. The
TCR values of the nickel foils are 131 mm2K/W and 201 mm?K/W for the 25 um and 100 wm thick
samples, respectively. Here the thinner nickel foil provides lower TCR in comparison to the thicker foil,
which is opposite the trend observed for aluminum and tin. This trend was observed by Yovanovich
[24], who reported that an optimal foil thickness exists for each metal, which depends on both the
composition of the foil and the surface roughness of the joint. Essentially, if the foil is too thin, it does
not fill a high percentage of the gaps and if it is too thick it acts more as a solid surface and fails to
fill the gaps.
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Figure 6. TCR values in air at an interfacial pressure of 6.2 MPa

Figure 7 compares the contact resistance of the TIMs in air and vacuum. When the samples are
placed in vacuum, TCR is a factor of 2 to 3 greater in comparison to an air ambient environment. In
vacuum, heat transfer is solely due to conduction through solid contact spots. In air, heat can not only
flow through the solid spots, but can also conduct across the gas that fills the gaps between the
contacting surfaces [25]. Although the thermal conductivity of air is quite low, the large area over
which gas conduction can occur enables gas conduction to play a critical role in overall interface
conductance.

The effect of gamma irradiation on the thermal performance of the CNT [Figure 7(a)], copper [Figure
7(c)] and nickel [Figure 7(d)] TIMs is also shown in Figure 7. Very little change in TCR of the nickel foil
is observed with gamma irradiation. On the other hand, an increase in TCR is observed for the copper
foil. In air, as the contact pressure increases, so does the difference in TCR between the radiation-aged
and un-aged samples. This increase in TCR is attributed to an increase in hardness of the copper due to
gamma radiation [13,14]. For the CNT-TIM at interfacial pressures below 1 MPa, the thermal
performance appears to be unaffected by gamma irradiation. However, above 1 MPa, an increase in TCR
is observed in the radiation aged sample. This behavior may be explained by the compression of the
CNT-TIM. Below 1 MPa, the majority of the deformation is assumed to take place in the CNT array.
Because CNTs are inherently thermally radiation hardened, there is no change to the TCR [7]. Above 1
MPa, the TCR of the CNT-TIM follows a trend similar to the 100 wm copper foil. At these pressures, it
is likely that the CNT array has been fully compressed and deformation of the copper foil substrate
dominates the mechanical behavior of the TIM.

Raman spectroscopy can serve as a valuable method to quantify the quality of CNTs. As photons are
absorbed by CNTs, information regarding the amount of disorder, graphitization, and finite size effects
are released and measured by the detector. The G-band feature (~1585 cm™) is associated with the E2g
optical phonon modes in graphene and represents the amount of graphitization while the
D-peak (~1360 cm™) is related to vibrational modes associated with the edges of the graphene structure
and therefore its presence indicates disorder [26]. The less pronounced D’ peak (~1620 cm™') is related
to finite-size effects in the CNT [27]. When analyzing CNTs with Raman spectroscopy, it is common
to define the quality of the CNTs using the ratio of the D peak to the G peak as an indicator of long
range order in the lattice structure [26]. Therefore, we adopted this metric to evaluate the impact of
radiation damage to the CNTs by monitoring the D and G peaks before and after irradiation. A high
quality structure will exhibit a lower ratio as the amount of graphitization greatly counter balances the
amount of disorder.
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Figure 7. Measured TCR of the (a) CNT, (b) 100 um tin, (c) 100 um copper, (d) 25 um nickel,
(e) 100 um aluminum TIMs, and (f) the bare interface in vacuum and ambient air environments.
The effect of gamma irradiation is also shown for the CNT, copper and nickel TIMs

Raman spectra for CNT-TIM samples were collected at several locations on the sample surface
before and after exposure to gamma irradiation. The spectra are shown below in Figure 8 and exhibit
distinct D and G peaks along with a minute D’ peak.
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Figure 8. Raman spectra for CNT TIMs before and after exposure to 50 Mrad gamma irradiation
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Figure 9. /, to I band ratios for CNT TIMs before and after exposure to 50 and 100 Mrad

The acquired Raman spectra were analyzed by fitting them to a Breit-Wagner-Fano (BWF) spectral
line shape [28] which removes uncertainty due to contributions from overlapping peaks when
determining the peak intensity. All samples before irradiation showed I,/ ratios of ~1.3 which is
higher than typical multi-walled CNTs (MWCNTs) [29] indicating significant presence of defects or
edge effects resulting from the probing geometry used for the Raman measurement. After irradiation,
samples subjected to a 50 Mrad dose exhibited a much lower 7,/ ; ratio of approximately 1.00; 100
Mrad samples showed a slightly lower ratio of approximately 0.95. The ratio of the D’-peak height to
the G-peak height is also affected, but less markedly, changing from approximately 0.40 before
irradiation to approximately 0.35 after irradiation for both doses. These changes result in a decrease of
approximately 20% in the 1,,/I ; ratios for both exposures and indicate that the 7,/ ratio is marginally
dependent on gamma radiation dose, at least within the range of dosages tested. Xu et al. [30] reported
an increase in graphitic order (8%) of MWCNTs after exposure to 20 Mrad of gamma radiation while
Guo et al. [31] observed an increase in defect concentration in MWCNTSs after exposure within the
range of 5 to 25 Mrad of gamma radiation. While their observations are contradicting, the scatter in the
reported results can be attributed to the myriad of CNT synthesis techniques that yield different tube
structures. As a result, we attribute the increase in quality upon exposure to gamma radiation of these
carbon nanotubes to improved graphitization as well as the suppression of additional defects induced
by sp® hybridization. Figure 9 summarizes these observations. It is noteworthy that although a change
in CNT quality is observed, gamma irradiation has little effect on the thermal performance of the CNT-
TIM. This is most likely due to offsetting changes in the thermal conductivity and mechanical hardness
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of the array.

The transmission of vibrations across the contact interface was measured in both the normal and
transverse directions for the unaged samples to determine the potential for vibration transmission into
the electronics boxes during launch. The results are shown in Figure 10 for acceleration levels of 1, 5,
10 and 20 g’s. Here, the transfer function represents the ratio of vibration transmitted across the
interface to that of the reference transducer. The vibrational modes of the system occur at the peaks in
the figure and are highly dependent on the experimental setup. Significant changes in modes could be
observed with any design changes to the setup. Here, the vibrational modes are that from the overall
combination of the test block, TIM/bolts, top plate and sample transducer. The first modes occur at
2650 Hz in the normal direction and 840 Hz in the transverse direction. The transfer function at
frequencies well below the first mode can be attributed solely to transmission across the interface. This
occurs at frequencies below 2000 Hz and 600 Hz in the normal and transverse directions, respectively.
At frequencies above the first mode, the transfer function will be a function of both transmission across
the interface and amplification due to the natural frequency. These results are highly dependent upon
the arrangement of the test apparatus. For example, vibrational modes were measured for the test block
at 1890, 3560, 3670 and 3810 Hz. These are a function of the test block geometry and the mounting of
the test block to the shaker table. At frequencies below the system modes, the transfer function was
approximately 1, which signifies the non-setup dependent response region.

In the low frequency regions, the CNT-TIM and nickel and tin foils provide slight attenuation
(5-10%) while slight amplification (3-5%) is found across the copper foil and bare interface.
Additionally, the magnitude of transmission across the interface is approximately linear with respect to
input acceleration. These results signify that the interface materials do not adequately prevent the
transmission of vibration across the bolted interface. As a result, any vibration that is not attenuated in
the flexible thermal straps will be transmitted to the electronics control box. This serves as a potential
bypass around the vibration isolation systems (damping factors less than 0.01) designed to isolate these
systems during launch.

4. CONCLUSION

The thermal contact resistance of carbon nanotube and metallic foil TIMs were measured in
comparison to a bare aluminum interface. It is shown that hardness is a critical parameter in TIM
performance, with tin, the softest of the tested foils, exhibiting the lowest TCR of the tested foils, and
nickel, the hardest tested foil, exhibiting the greatest TCR. The CNT-TIM, which consisted of a 100 um
thick copper foil with a 10 wm thick vertically-aligned, multi-walled CNT array grown on each side of
the foil outperformed all of the foil materials, and thus offers promise as a replacement of metallic foils
in satellite system thermal designs. It was additionally shown that the employed cooling solutions,
consisting of thermal straps connected from the heat source to heat sink, have the potential to adversely
transfer vibration to the electronic components during launch of the system. As a result, the heat sink,
in addition to the electronics, should be mounted on an isolation system to prevent damage from shock
and vibration loading during launch.
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