This is a post-peer-review, pre-copyedit version of an article published in Journal of Electronic
Materials. The final authenticated version is available online at:
https://doi.org/10.1007/s11664-020-08015-y

OooNOOULL B W N -

[
o

NNNNNNNRRPRRRPRPRRRRR
OUVBWNRPROOVONOOUTAWNR

NN
0o

w W W W W W W W w w N
© 00 N o U B~ W N = O O

40
41
42
43
44

Influence of temperature and aging on the thermal contact resistance
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Abstract

In the first phases of the development of thermoelectric systems, such as the thermoelectric generators,
when the thermal design is carried out, the most important parameters affecting the performance are the
thermal resistances of the components. This paper focusses on the thermal contact resistance (TCR),
analyzing the influence of aging and temperature on different thermal interface materials (TIM), i.e.,
thermal paste, graphite and indium. In previous papers, TCR has been studied depending on parameters
such as surface roughness, bonding pressure, thermal conductivity and surface hardness. However, in
thermoelectric applications, a relevant aspect to consider when choosing a TIM is aging due to thermal
stress. The exposure of this type of materials to high temperatures for long periods of time leads to
deterioration, which causes an increase in the thermal contact resistance which impairs the conduction of
the heat flow.Therefore, there is a need to study the behavior of thermal interface materials exposed to
temperatures typical in thermoelectric generators, to make a correct selection of the TIM. It has been
observed that exposure temperatures of around 180 °C induce a significant increase in the thermal
impedance of the three TIM's under study, although this effect is much more relevant for the thermal paste.
The contact comprising steel, thermal paste and ceramic presents a 300% increase in the thermal impedance
after 70 days of aging, whereas that exceeds 185% for the contact of aluminum, thermal paste and ceramic.
In the tests with exposure temperature of 60 °C, there is no observed decrease in the thermal impedance.

Keywords: Thermal contact resistance, Thermoelectric devices, Thermal interface material, Thermal
aging, Ceramic steel contact, Ceramic aluminum contact.

Nomenclature

AT Temperature difference between the fluxmeter surfaces in contact with the sample [°C]
A cross-sectional area of fluxmetergm
Ka Aluminum thermal conductivity [W/rAC]

ke Ceramic thermal conductivity [W/RC]

kauxmeter fluxmeter thermal conductivity [W/C]

ks Steel thermal conductivity [W/RC]

La Aluminum thickness [m]

Lc Ceramic thickness [m]

L sensors position in the fluxmeter “i= 1 to 4” [m]

Ls Steel thickness [m]

Q heat flow through the contact between fluxmeter$ [W

Rc Thermal contact resistance, TCR [*2W]
Tav Average sample temperature during the tests [°C]
Ti Temperature sensors in the fluxmeter “i = 1 to 6” [°C]

Ty Bottom fluxmeter temperature in contact with the sample [°C]
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Ta Upper fluxmeter temperature in contact with theagke [°C]
u(Zg) uncertainty of Global thermal impedance [%0Af

u(Ty)  uncertainty of temperature sensors in the fluemét 1 to 6” [°C]
u(Li) uncertainty of sensors position in the fluxméterl to 4” [m]

u(Q)  uncertainty of heat flow through the contact testw fluxmeters [W]

Zx Thermal impedance due to the conductivity, [¢(&
Zy Global thermal impedance of the sample, [2G\)
INTRODUCTION

The development of thermoelectric applications meguadequate thermal designs to guarantee efficien
operation. Specifically, the thermal resistancalbthe components must be optimized. In this reégtmre
thermal contact resistances (TCR) between all timeponents must be as low as possible, that beang th
reason why thermal interface materials (TIMs) aedu Unfortunately, aging of TIMs is proven to eese

the TCRs, which impairs the heat transfer betwéenthermoelectric modules and the heat exchangers,

causing a decrease in the performance of the tredettoic application.

The use of TIMs to reduce TCRs has been studiedtighly in the field of electronics, as can be sieen
the reviews presented in [1], [2], [3]. In additjoreference [4] presents a study on TIMs for high
performance flip-chip-ball-grid arrays (HFCBGASs)he&reas [5] conducts so for insulated gate bipolar
transistors (IGBTSs). Likewise, reference [6] sumizes the research on TIM reliability, with special
interest in methodologies and results of sevesdlng procedures. Complementary, there are stuafies
aging due to radiation on electronics for spacdiegpns [7], and studies on the effect of agifi@tMs

in power electronics subjected to either thermaling [8-9] orisothermal [10] conditions.

Common test benches for TCR measurement applietahdy-state method, similar to the ASTM-D5470
standard method [11]. The literature presents séamples of them, such as that described in [12]
which uses a screw to apply pressure and cottamsatator; or the one introduced in [13], whictused

to measure the thermal contact conductance (TCGjroftural materials. More interesting is the thenc
described in [14], in which the applied pressuroistrolled by a computer-based algorithm, andcawven
chamber is used to remove convection losses. The iBCobtained through the calculation of the

temperature-dependent thermal conductivity of tusused for determination of the heat flow.
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Furthermore, a technical review of characterizatioethods of TCRs in TIMs can be found in [15].
Recently, a review of the performance and charaetison of TIMs for electronic applications is aladile

in [16].

However, aging of TIMs has been scarcely studieth@rmoelectric applications [17], despite its huge
impact on the final efficiency of these systemsisTé the main goal of this paper. The knowledgehan
TIM performance (that is, its influence on the TAB) long periods at high temperatures is essettial
ensure the efficient performance of a thermoelestystem over its working life. The selection of thest

TIM for each application would lead to reductionsbbth maintenance and economic cost.

To fulfill this goal, the test bench presentedhistpaper has been developed and tested. This lvesch
designed specifically for thermoelectric applicatolt allows the calculation of TCR of several BEM
depending on the temperature and pressure, ingwdgo the effect to aging. The test bench is pitese
in the following section; then, the measurementoeéblogy for TCR characterization is introducedna
with the aging protocol. After that, the experinanesults on the evolution of TCRs are descritzed

finally, some conclusions and perspectives aregpitesl.

EXPERIMENTAL SET-UP

An original experimental steady-state test benchbde®en designed and constructed, which can berseen
Fig.1. Itis installed inside an environmental clh@mwith controlled temperature and humidity (60?4l
the tests), wherein the air can be considered ¥e karo velocity.The test bench comprises two solid
blocks (called fluxmeters) between which the TIMlaced, a heat source installed at the bottom,aand
forced-convection heat sink at the top. Heat isddrto flow through the fluxmeters and the samptele
the pressure between them is controlled. The lvemts is composed of four electric cartridges iregkin
a solid piece of steel, providing up to 400 W (J@er cartridge). Finally, the fluxmeters are matid04

AISI INOX steel. They have presented no significzantation in their thermal conductivity along ttests.

The fluxmeter at the bottom connects the heat soantl the sample, and has a base area of 40x40 mm
similar to that of the sample and also to thatemésd by common thermoelectric modules. The fluemet
at the top presents also 40x40 fohbase area and connects the sample and theihkaThe heat sink is
made of 6063 T5 aluminum, presents base area ofl880mnt and 10 mm of base height, and includes
fins of 30 mm in height and 1.5 mm in thicknessasaped 3 mm, and a fan to produce forced convection

Given that the exposed surfaces of the test behehr(eters and sample) are covered by a thick layer
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insulator (see Fig. 2), the heat flow can be carsid unidimensional, flowing through the fluxmetée

sample and the heatsink.

Six Pt-100 temperature probes (model FPA15L010Qh wimeasuring range from -50°C to 500°C,
uncertainty of 0.1°C, and diameter of 1.5 mm),iaserted in holes made on the fluxmeters, whigsent
diameter of 1.75 mm and depth of 20 mm (see FjgAB8 additional probe measures the ambient
temperature. The uncertainties associated to thpdratures, lengths and diameters were calculatdgbi

calibration laboratory Applus + AC6, located in Nare (Spain).

The bench includes the linear actuator RCP2-RAT(t(by IAl AMERICA), which presents a capacity
of up to 6 kN. It allows to perform the tests witle assembly pressure recommended by the manwdectur
of thermoelectric modules. The pressure sensor K3IBORENZ MESSTECHNIK), with an upper limit
of 10 kN, allows the measurement of the tensiowlicch the sample is subjected and the control ef th
force of the actuator, to ensure that the sampk ithe desired pressure. All data is recorded wafith

ALMEMO 5690-2M09TG3 connected to a personal compute

The accuracy in the measurement depends on thisg@rount of the heat flowing through the sample,
so heat losses must be minimized. To do so, therug lateral sides of the fluxmeters are insdlatih

two layers of insulation material (an inner layérack wool and an outer layer of neoprene).

Fig.1. Test bench
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Insulation

Upper Fluxmeter.
Temperature
Sensors Ta, Ts & Te

Sample

Bottom Fluxmeter.
Temperature
Sensors Ty, T & Ts

Fig. 2. Position of temperature sensors and fluemiasulator

THERMAL CHARACTERIZATION METHOD

Previous works of our research group, both on thetettric refrigeration [18] and thermoelectric pow
generation [19], [20], [21], made evident that a&gise characterization of the TIM is required in
thermoelectric systems. To describe the thermaiadherization method and further selection of the, T
the conditions described in [19] have been adofitkdt paper presents a real thermoelectric gerrdieatd
harvest heat from the hot gases in a chimney,rab&aeen in Fig. 3. Several thermoelectric modwéh
outer layer of ceramic material) are installed kestw the hot surface of the chimney (made of staal)
the heat sinks (made of aluminum). TIMs are insthlio improve the contact between them. Therefore,

two different testing configurations arise fromstlipplication:

e STEEL-TIM-CERAMIC, (S-TIM-C): The sample is a sandtvcomposed of a layer of AlSI-304
steel (base area of 40x40 mhickness of 4.5 mmglof 16 W/m°C) and a layer of AD; ceramic,
Alumina 96% PER MI 866-1005 Marlow Industries, iflsase area of 40x40 ndnthickness of
0.75 mm, kof 35 W/m°C) connected by a TIM. This assembly espnts the contact between the
chimney and the hot face of a thermoelectric madule

e CERAMIC-TIM-ALUMINUM, (C-TIM-A): The sample is a sadwich composed of a layer of
6063-T5 aluminum (base area of 40x40 fnthickness of 10 mm,akof 196 W/ °C) and a layer
of Al,Os, with a TIM between them. This assembly represth@scontact between the cold face

of a thermoelectric module and the heat sink.
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Three different TIMs are studied for both configioas:

e Graphite pad HT2505 (G) (GrafTech Internationaldings Inc).
* Phase Change Material, Indium (1). KITEA-85553 Lrdi Corporation.
« Polysynthetic oils thermal grease Artic Silver Hieh contains micronized silver, sub-micron

zinc oxide, aluminum oxide and boron nitride paesc(P).

The expected aging due to thermal stress in a Flighi aspect to consider when choosing the TIM for a
specific thermoelectric application. Aging causedeterioration of the material, with an increasetsn
thermal contact resistance that impairs the heatuwction. Therefore, it is necessary to study the

performance of these materials at high temperafordeng periods of time.

Most of TIMs in the literature are used for heassifdation in electronic devices, whose maximum
temperature hardly exceeds 100°C. However, in thehectric applications, especially in electric powe
generation, higher temperatures are reached, assoiccthe application presented in this paper,reviiee
temperature of the outer surface of the chimneydreund 180°C. Consequently, 180°C is selectading
temperature for the TIM in contact with the chimn8ymilarly, 60°C is selected as aging temperdfire
the TIM in contact with the heat sink, as lower paratures are expected in this component. The aging
process is conducted in two ovens that maintainghgerature constant at 60°C and 180°C respegctivel
Therefore, as two aging temperatures have beegdtést three different TIMs in two configuratiorss,

total of 12 studies have been conducted.

] Thermoelectric modules
ng (ceramic outer faces)
Chimney ' )
@ (steel I‘ Heat sink
. . (Aluminum)
- ! . '
e T™M TIM
< ﬂ =
e i —
. —
~ |
O @ L I ; J
O \
@ Ceramic-TIM-aluminum
contact
/QJ Steel-TIM-ceramic
contact

Fig. 3. Scheme of the contacts in a thermoeleg#iterator
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A specific configuration has been used for eachiaminas can be seen in Fig. 4. In steady staegldbal

thermal impedance Zg is defined as the tempergtaidient between the faces of the fluxmeters inamin

with the sample, per unit of heat flux passing thugh the interface areaQ.(A).
Zg = AT/(Q/4) (1)

The termAT (= T3 - T4") is the temperature difference betwéhe surfaces of the fluxmeters. These
temperatures are obtained by extrapolation fromdhperatures measured by the probes located #ieng

fluxmeters when the thermal equilibrium is reachatording to Egs. 2 and 3.

T3f—L—2T3+( —Z—j)Tl )

_Ll

T, =T, + (1 —Z—:) T, ®)

Ly
Heat is supplied at one end (generator, heat spanckdissipated at the other (heat sink), aslFiisplays.
With the adequate insulation, the heat flow cangbantified as the thermal energy produced in the
generator minus the thermal energy that leaks girdbe insulator (see Fig. 2). The heat flow thioug
fluxmeter at the bottom has two terms: the leaks e heat flowing through the sample. Considetiag
the sample is thin, and the sides are well insdatee heat flowing through the sample is equahtd
flowing through the fluxmeter at the top. Therefdrg knowing the thermal conductivity of the fluxtae

and the temperatures measured by T4 and T6, (vdepsaation is precisely known), we can determipe th

heat flux passing thorough the interface a@:)av(/ith Eq. (4).

T4—Te
AxL3

(4)

Q= kfluxmete‘r

The thermal conductivity of the fluxmeter (AISI-3B#ainless steel) used to calculate the heat flag w
taken at the average temperature between the selmdoand T6. The temperature-dependent thermal

conductivity is obtained from [22].
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Fig. 4. Configurations for the contacts and tempeeasensors. Thermal and heat flux distribution.

Figure 4 shows the configuration of the two corgaantd the thermal impedances that come from them.
The global thermal impedance in the case of thel-sramic contact £s-miv-c)y is composed of the
conductive thermal impedances of the ceramic n&téfic)) and steel (4s), along with three thermal
contact resistances: two due to the thermal com&mistances between the fluxmeters and the sample,
(ceramic and steeldRsyand Rc.r), and the thermal contact resistance inhererttdoliM (R(s-tim-c).

The calculation of the global thermal impedancthancase of aluminum-contact, €@w-c), is similar but

substituting steel for aluminum.
The global thermal impedance of the Steel-TIM-Cacasample presents the following expression:
Zgs—tim—-c) = Re 7=sy ¥ Zic sy + Re (s=rim—-cy + Zi ) T Re ¢c-p) (%)

And the global thermal impedance of the Ceramic-AMminum sample is:



194 Zycc-rim-a) = Re(p-cy + Zk (¢) + Re (c-Tim—-a) + Zk (a) + Re (a-r) (6)
195  The thermal impedance for the layers of aluminueglsand ceramic are respectively:

L

_ Ls
L¢

199  In our research, these impedances result taag=20.509x1¢ n?°C/W; Zs)= 2.81x10* m2°C/W; Zx)

200  =0.214x10¢ m?°C/W;

201  The thermal contact resistances between the fllens@nd the ceramic-TIM-steel sample€and Ryc-
202  p), as well as those between the fluxmeters ana¢h@mic-TIM-aluminum sample (R.ryand R-q)),
203 are calculated prior to performing the tests. Intte¢ cases, we have assumed that these valuestdo n
204  change due to the use of fresh graphite pads, hemdfore these contacts do not suffer aging. Téertal
205  contact resistances between the fluxmeters anghtih@les turn out to beyRs)= 0.535x16* NM?°C/W; Ryc-

206 F= RC(F.c)=0.576 lef mZ"C/W; R:(A_,:): 0.438left m2°C/W.

207  The thermal contact resistance of the TIM{f-) is the only term of the global thermal impedadce
208 thatis affected by the aging process. Therefbeeyariation in the global thermal impedance duagiog

209 shows the trend in the thermal contact resistahtieeoT IM.

210  The testing protocol includes, in the first plattes assembly of the sample (TIM, ceramic plate stedl

211 or aluminum block), as can be seen in Fig. 5, wisdhen installed between the fluxmeters.

212

213 Fig. 5. Assembly of Steel-graphite-ceramic sample



214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

Subsequently, the electrical cartridges are corddcta DC power supply to generate and controhéae
flow. The data provided by the temperature andgumessensors is monitored in real time, as careée s
in Fig. 6 and Fig. 7. Therefore, when temperatueesh the steady state, the actuator is activatagly
the required pressure. It is important to do thep sfter the complete stabilization of the tempees, to
ensure the complete dilatation of all the composndrinally, once both the pressure and the tempest

are stable again, the data is recorded.

After the first test, the samples are introducedhim corresponding oven to start the aging procHss.
samples with the TIM remain in the oven for 70 d§¥880 hours). Within that period, the tests are
conducted every 20 days. Every sample is taken fit@moven and installed in the test bench. Once it
reaches room temperature, heat flow is generatticthum average temperaturg,between Tand T lies
between 97 °C and 103 °C. The temperature evolgtimimg this process is shown in Fig. 6. This agera

temperature is equal in all the tests, in ordetit@in comparable results.

_ T3+Ty

T
av 2

(10)

The thermoelectric modules used in our previousk&are Marlow TG12-6, which are recommended to
operate under a pressure of 1.4MPa. This is thespre applied in all the tests. In the oven, nesue

was applied to the samples.

Temperature sensors
140
120 ——T
——T12
3
100
T4
o —e—T5
- 80
3 ——T6
©
g
g 60
Q
2
40
20
0
0 50 100 150 200 250 300 350 400
Time (min)

Fig. 6. Temperature sensors monitored in real tiestS-G-C_60 (aging of 20 days)
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Force sensor

?

2.5

15
——F1

Force (kN)

0.5

0 —-———-——-——ﬂ
0 50 100 150 200 250 300 350 400
Time (min)

Fig. 7. Force sensor monitored in real time, t&5t8- 60 (aging of 20 days)

The uncertainty in the measurement of the globainttal impedance Zg is calculated by the uncertainty
propagation method. We assume that the uncertaintpe longitudinal heat flux @) is 5% and is
independent of the rest of the variables. Equatibmelates Zg to the temperatures and positiortheof

probes. This equation is obtained by the combinatfoegs. 1, 2 and 3.

Zg:A(E_L_ZE LTz _Ts ﬂﬁ_ﬂﬁ) (11)

Q LiQ L0 Q L3;Q L3Q
Then, eq. 12 provides the uncertainty in the meamant of the global thermal impedance, wherein the
uncertainties associated to temperatures and lengghe calculated in a calibration laboratory (At

AC6, Navarre, Spain).

1_ L
Q Li-Q
Ly ’ 2 _l Lq ’ 2

Lg'Q]u(T4)+ Q+L3-Q]H(T6)+

uw*(Q)

[Lz(ﬂ —Ts3)
Li-Q

Ly(Ts — Ta)
15-Q

2 L 2
] uZ(T1)+[ 2.] u?(Ts) +

2 T _T 2
] uZ(L1)+[—21_Q1] uZ(Lz)+[ =

2 2
u(2,) = A [ ] uZ(L3)+[%] u2(L4)+[—

3
T LTi LT To LT Ly T, ]

N b b e

\ e LeE Le e Lo Lo

(12)

11
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EXPERIMENTAL RESULTS

In all the tests, we have calculated the evolutieer time of the global thermal impedance of thaga.

Subsequently, since it is the only term affecte@ding, we can deduce the evolution over time efiGR

in the TIM.

Since the main objective is to evaluate the infageaf aging on the TCR of the TIM, equal measurémen

conditions are used both in temperature and pre$suall samples. The boundary conditions areatieg

temperature, the aging time, the sample temperaluriag the test (3) and the pressure applied to the

sample during the test.

The initial values of the global thermal impedant¢éhe 12 samples can be seen in Table |, whehese t

obtained after the aging process are presente@vbelo

Zy(s-p-c) Zy(s-c) Zy(s-6-0) Zy(c-p-n) ZycH-n) Zg(c-G-A)
[104m®C/W] | [104m2°C/W] | [10m2C/W] | [10mPC/W] | [10m®C/W] | [10“4m*C/W]
60 °C 4.35 4.79 4.62 1.96 2.26 2.32
180 °C 4.29 4.74 461 1.85 2.38 2.24

Table I: Initial values of the global thermal impedance

Aging with temperature of 180°C

This section shows the evolution of the globaliterimpedance as a function of time in the ovet88rC,

as well as the uncertainty associated with theevahtained, as can be seen in Figs. 8 and 9.

12



Steel-TIM-ceramic contact (180 °C)

20.00
18.00
16.00 0 I
I A Zg(S-Graphite-C)
14.00
i ~
§~ 12.00 I 0 Zg(S-Indium-C)
o
8 10.00 0 Zg(S-Th.Paste-C)
£
5 8.00
= ZK(S)+Rc(F-S)
N’ 6.00 i
& 6 é @ Zk(C)+Rc(C-F)
400 %
2.00
* * * -~
0.00
0 10 20 30 40 50 60 70 80
Days of aging
260
261 Fig. 8. Steel-TIM-ceramic contact (180 °C)
262
Aluminium-TIM-ceramic contact (180 °C)
6.00
I
5.00 \:l; TL I
T I A Zg(C-Graphite-A)
s 4400 0Zg(C-Indium-A)
o
,3'
E 30 % O Zg(C-Th.Paste-A)
= 3 : ! ¢
NDQ
200 | Zk(A)+Rc(A-F)
"
1.00 @ Zk(C)+Rc(C-F)
0.00
0 10 20 30 40 S0 60 70 80
Days of aging
263
264 Fig. 9. Aluminum-TIM-ceramic contact (180 °C)
265

266 In all the test, the global thermal impedance shawsncreasing trend. In the case of the ceramstepa
267 steel sample (S-P-C-180), just after 20 days ofosupe to 180°C, the thermal impedance increases
268  approximately by 200%. In the following periodsisttrend continues but at lower rate. The totatease

13
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in the 70 days of exposure is 300%. A slightly efifint pattern is obtained when the ceramic-paste-
aluminum sample (C-P-A-180) is tested, which presam increase of 167% in the thermal impedance
after 20 days of exposure. Thereafter, this vadueains virtually constant, with a total increaseL88%

at the end.

The global thermal impedance in the combinatiothefmal paste and steel increases more significantl
than in the combination with aluminum. This maydoe to the fact that aluminum is softer than stead,
therefore may present a larger effective contaed arith the ceramic. Consequently, the area ocdupie
the holes and covered by the thermal paste is smalthe case of aluminum, and the aging of teential

paste might be less influential.

In the case of the ceramic-indium-steel sample-C3180), the observed increase is much lower than i
the previous cases. The thermal impedance preadaotal increase of 25.5% after 70 days of expodare
the tests with ceramic-indium-aluminum sample (&8-180), the increase is 50%. Therefore, the

performance of the indium is significantly bettean that of the thermal paste.

The ceramic-graphite-steel (S-G-C-180) and ceragraghite-aluminum (C-G-A-180) samples have the
best behavior at 180 °C, with a total increasd@nthermal impedance of 8.48% and 8.50% respegtivel
after 70 days of exposure, which are even lowar tha measurement uncertainty of the test benc)10
Therefore, it could be said that for long periofismore than 70 days of exposure to 180° C, grajitee

material with greater performance.

Aging with temperature of 60°C

The results of the thermal impedance after the te@gh exposure temperature of 60°C are showngs.Fi
10 and 11. These figures report minute variatiorthé thermal impedance of the samples with sg&&-(
C-60, S-1-C-60 and S-G-C-60), and also of the samplith aluminum (C-P-A-60, C-1-A-60 and C-G-A-
60). In fact, these variations are even lower th@mentioned measurement uncertainty. Therefocani

be concluded that there is not significant chamgihé thermal impedance of the samples when theey ar

exposed to a temperature of 60 °C for 70 days.

14
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298 Fig. 11. Aluminum-TIM-ceramic contact (60 °C)
299

300 CONCLUSIONS

301 Anincrease in the thermal contact resistance déNl degradation entails a decrease in the perdoca

302  of athermoelectric application. The test bencts@néed in this article is intended to evaluateirtfieence
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329

of this thermal contact resistance and serve adegiair the selection of the TIM best suited forteac
thermoelectric application. The tests show thatdibgradation of TIMs makes it necessary to meatare

evolution of the thermal contact resistance ovaetfor different temperature conditions.

This paper presents a methodology for evaluatiothefinfluence of TIM aging on the thermal contact
resistance. The testing conditions mimic those thieamoelectric generator that absorbs heat frahtt
surface of a steel chimney, and releases heaetarttbient through an aluminum heat sink. Two cdsatac
arise from this configuration: steel-ceramic cohtaatween the chimney and the hot face of the nesglul
and ceramic-aluminum contact between the heatamkthe cold face of the modules. For both, three
TIMs have been studied (graphite, indium, and poitfsetic thermal paste) under aging temperatures of

180°C and 60°C, so a total of 12 tests have bestucted.

The thermal impedance Zg is calculated experimgni@ssuming that the only component of Zg affected

by aging is the thermal contact resistance inhdretite TIM.

The results with aging temperature of 180°C repaignificant increase in the thermal impedancetdue
aging for the three TIMs, although this increasenisch more significant when thermal paste is used.
Therefore, the use of thermal paste as TIM fothibiteside of thermoelectric modules should be ceareid
with caution, due to the experimentally-proven ggf this material at temperatures around 180°CfoAs
the other two materials, graphite performs bettairsst aging but indium offers better initial vauef
thermal contact impedance. In consequence, itéessary to study whether the lower cost of graphite
coming from its lower maintenance requirements i@um must be replaced more frequently than

graphite) counterbalances its higher initial thdrowentact resistance compared to indium.

The tests at 180 °C carried out with steel indieaggeater increase in the thermal impedance cadpar
aluminum. This is explained by the larger hardrédsseel, which entails a smaller effective contactace
and therefore a greater influence of the TIM. Thusen the TIM degrades, it influences more sigatfiity

those materials with higher hardness, as is the afsteel compared to aluminum.

In the tests with 60°C of aging temperature, noat@n in the thermal impedance has been found.
Therefore, the use of thermal paste as TIM could lgwod option at this temperature, as this materia

presents the lowest initial thermal contact reaista
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330 Future research is planned to complete this stadyarticular, new experimental analyses are exguefcir

331 thermal characterization of TIMs after cycles dtedent temperatures ammrrosive atmospheres.

332
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