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MotivationMotivation
•• Thermally enhanced greases used as thermal Thermally enhanced greases used as thermal 

interface materials (interface materials (TIMsTIMs) in microelectronics ) in microelectronics 
cooling applicationscooling applications
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•• Thermal resistance, R, of Thermal resistance, R, of TIMsTIMs
required for thermal modelsrequired for thermal models

•• R = R = R(R(kkee, BLT, , BLT, RRcontactcontact))

BLT TIM

Q
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Problem StatementProblem Statement
•• To To develop analytical models for effective thermal develop analytical models for effective thermal 

conductivity of fluidic composite materialsconductivity of fluidic composite materials

•• Account for particleAccount for particle--particle interactions → good particle interactions → good 
agreement for high and low particle volume fractions (agreement for high and low particle volume fractions (ΦΦ))
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isotherm, TH

isotherm, TL
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Model: AssumptionsModel: Assumptions

1.1. N uniform spherical particles, N >> 1N uniform spherical particles, N >> 1

2.2. arranged in cubic lattice witharranged in cubic lattice with

3.3. perfect thermal contact between phases andperfect thermal contact between phases and

4.4. isotropic and constant thermal conductivitiesisotropic and constant thermal conductivities
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Model: Characteristic CellModel: Characteristic Cell
•• The assumptions allow one to consider a The assumptions allow one to consider a 

characteristic cellcharacteristic cell
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Subject to Subject to Laplace’sLaplace’s Equation Equation 
and appropriate and appropriate b.c.’sb.c.’s

No simple analytical No simple analytical 
solution solution →→
develop boundsdevelop bounds

adiabatic 
boundaries

hot isothermal 
boundary, T   = 1

H

cold isothermal 
boundary, T   = 0L

z

y

x

O

unit cell: A = 1, L = 1
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Model: BoundsModel: Bounds
•• Lower bound on Lower bound on kkee:  Parallel :  Parallel adiabatsadiabats
•• Upper bound on Upper bound on kkee:  Perpendicular isotherms:  Perpendicular isotherms
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Numerical ResultsNumerical Results
•• Model validated forModel validated for

Volume fractions, Volume fractions, ΦΦ = 0.1, 0.2, 0.3, 0.4, 0.45= 0.1, 0.2, 0.3, 0.4, 0.45
Conductivity ratios, Conductivity ratios, κκ = 10, 100, 1000= 10, 100, 1000

κκ = 10= 10 κκ = 1000= 1000
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Numerical Results (cont’d)Numerical Results (cont’d)
•• Geometric mean of bounds gives good agreementGeometric mean of bounds gives good agreement
•• Physically, Physically, adiabatsadiabats are neither parallel nor isotherms perpendicular, are neither parallel nor isotherms perpendicular, 

though numerical results indicate parallel though numerical results indicate parallel adiabatsadiabats more realisticmore realistic

Page 9

ΦΦ = 0.3 = 0.3 
κκ = 100= 100

1/161/16thth cell, ~ 50K elementscell, ~ 50K elements
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Experimental ResultsExperimental Results
•• Model validated with experimental data in literatureModel validated with experimental data in literature
•• Geometric mean gives very good agreement, even when Geometric mean gives very good agreement, even when 

particles are irregular (nonparticles are irregular (non--spherical)spherical)

κκ = 7.7 = 7.7 
silica, epoxysilica, epoxy

sphericalspherical

κκ = 1128 = 1128 
silicasilica--coated Al nitride, epoxycoated Al nitride, epoxy

highly irregularhighly irregular

(Wong and (Wong and BollampalyBollampaly, 1999), 1999) Page 10
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Experimental Results (cont’d)Experimental Results (cont’d)
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11(Sundstrom and Chen, 1970)(Sundstrom and Chen, 1970)
22(Lin, Bhatia, and Ford, 1993)(Lin, Bhatia, and Ford, 1993)
33(Tavman, 2000)(Tavman, 2000)

(a)(a) (b)(b)

(c)(c)

(a)(a) κκ = 7.7; silica, epoxy; spherical= 7.7; silica, epoxy; spherical11

(b)(b) κκ = 41.7; Al= 41.7; Al22OO33, epoxy; irregular, epoxy; irregular22

(c)(c) κκ = 51.7; Al= 51.7; Al22OO33, epoxy; irregular, epoxy; irregular33
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Summary and ConclusionsSummary and Conclusions

Model gives very good agreement withModel gives very good agreement with
(i)(i) Numerical resultsNumerical results

•• Model consistently Model consistently overpredictsoverpredicts numerical resultsnumerical results
•• Parallel Parallel adiabatsadiabats more realistic modelmore realistic model

(ii)(ii) Experimental resultsExperimental results
•• Even when particles are irregularEven when particles are irregular
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0.1 0.1 ≤≤ ΦΦ ≤≤ 0.450.45
10 10 ≤≤ κκ ≤≤ 10001000
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Future WorkFuture Work

Extend the present analysis toExtend the present analysis to

1.1. a general rectangular lattice arrangement → particle a general rectangular lattice arrangement → particle 
distribution, distribution, 

2.2. various particle geometries (e.g. ellipsoids, various particle geometries (e.g. ellipsoids, 
prismoidsprismoids, right circular cylinders, etc.) → particle , right circular cylinders, etc.) → particle 
alignment, andalignment, and

3.3. imperfect thermal contact between particle and imperfect thermal contact between particle and 
matrix (e.g. oxides)matrix (e.g. oxides)
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