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Abstract Pure-carbon materials such as graphite, graphene, carbon nanotubes, and diamond have very high thermal
conductivities. The reported therma conductivity of graphene is in the range 3000~5000 W/m-K at room temperature. Here,
we developed graphene/cu foam hybrid type heat spreader to obtain higher therma conductivity than Cu foam. Hybrid
materials were characterized using optical microscopy (OM), scanning electron microscopy (SEM) and thermal conductivity
measurement system; LFA (Laser Flash Analysis @ LFA 447, NETZSCH). We suggest that excellent thermal properties of
graphene/cu foam hybrid structures are beneficiad for all proposed electrica applications and can lead to a therma
management application.
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Fig. 1. (8 CVD st-up for graphene growth, (b) graphene growth condition in low pressure and atmospheric pressure (red color) (c)
fabrication of ball-mill assisted graphite and expanded graphite based on heat trestment (d) Schematic of the hot pressing production
using metal foam & various graphite.
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Fig. 3. Raman spectra of various graphene; (a) synthesized

graphene film (SIO,/S) on Cu foam, (b) synthesized graphene

(SO,/S) film on Ni foam, (c), (d) naturd graphite, and
expanded graphite respectively.
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Fig. 4. SEM images for each samples, (a) Graphene coated, (b) Natura graphite coated, (¢) Expandable graphite coated, (d) Expanded
graphite coated Cu foam.

Table 1
Thermal conductivity of the cu foam/graphene, graphite hybrid sheet

Materials T (mm) A (mms) Cp (Jg*K) p (g/em?) K (W/m-k)

Expanded graphite (EG) 10 66 0.7 22 103

Natura graphite (NG) 12 91 0.7 22 143

Cu bulk 1 113 04 89 402

Pressed Cu foam (ref.) 0.7 30 04 26 31

Pressed CVD-G/Cu foam (A) 0.7 39 04 89 49

A/EGIA 09 m 0.7 25 200

A/NG/A 10 82 0.7 30 173

Pressed Ni foam (ref.) 11 8 05 5.9 24

Pressed CVD-G/Ni foam (B) 13 27 04 47 58

B/EG/B 0.8 74 0.7 25 132

B/NG/B 11 0 0.7 25 160
¥ % SB A 4D ARGl 999 79 o Ade 49 9 g sy ¢ 9
7130l A aguolES AdSIE we] RFelth Table 1oX= € A=&S A7) S8 2t A9 F
9l /1% Aol A% TalsfolE gl A S s} v, Wwsh @ SRR 245l k=0 p Cp
AL It Fig. 4o FF ZHimlolEe] R (o &€ FMAF, pr BE, Cp: BIE)A[14]S ©]8-st
A BFolal Fig. 4(dye % lﬂMOEJ BE TR dAEES AR sl WA -'@Wﬁl’“e 4 T 3
Folth. 1) Eel /1% doz Moz AW WP & AN LFAZ ASath LFAE 24 ARS(NR
TagvtelEl WA A wok WG Fo mgo] o AwE o HH T 1mm o) Aol & w&ﬁﬂ# w3

al JZ_“E‘OP‘U +7H 3]%5 A Al ol=A

7hekeh. efde] 94 | viE F3t ole] rlFel e
IO|ES AYPT solHe|E 72| WA E] A €



The study of thermal properties of graphene/Cu foam hybrid structures 239

Z}zkel o AAES] 5438 Wrkel] Sl WA WY =
o] B4& dolusith. dnkAl M Jeo] Felsd
o] d HAEE e 42 KWM-KE T2 & Axs
o] =25 Bl Sk & AelA g | 2 §F
g Ao e #3298 ] e 7] B4E
H|28I9S A9 79 vlgel e g 3 2o
v o] 9 H e 19 2RI M ol As
PN, & AT 24 SA o] @ A=Eo]

(
—

ke AL £ 5 Ak U F 94 e 9
4 e Aol @ Aegol T u) oY e B3
3 AV Z7KeRe SRIBRIT oA Ul EolAe)
o] o FAA B4 B2 ulely w9 FAe 2
Wlo] I Axge o F5A2 F 2ke gl Azt
o}, 3 T aggo|Ee Hlwoiae dxe) B
7re. 7k nygoy HA aEulo|lEe] & AT}
o A B4Ee] 9 dxgol o =og sl
B o] o &AE0] sle|HEE FEAE ofFUS W
g i HolXe & zelE JepiA| 9%9}11“* e
PATTE SIS I S Ao 2y
sl FEAZ HEANRS B U R 7

Zox] & HAESo] M) o)A Z7) T8 ol T 4 9)
Atk ol T Fo Aol sk YAl vls)

HAEgo] 3 ol =7] w ZIolE A &
2 A aEfstele Fte] AE HAY 2 HHAGe)
obd it ofz} 37| Z(Air gap)e] Aoz 7k
st7] Wl st

Ty JA aulelEe] dwgo] WP vl
E Ho A 54 HAdsol= ?—6]—57_ agiHoe] 34
¥ 1y Zo A agTelES AIEIS A, BF
JEjTlolES Alelale] slo|HaE TRAE wEYS
o Bt & Aeso] fadhs @S A

ol WF ZuelE dAksel T2l F 71E Wil
e 71F yEE 2 93y y ol gk §)

A A Amsk 371 F(Air gap)ol ArhHe
17] wj&ol HZ e F71dEe o3 Aty o=

B MU 22 1R %

_‘o{[ EE

Lu

i

fe Al o m¢
Of

S

478 B

B apaME vg Eo| ERe) agRe 43 AR
9, MBSl A)F Ul o Ewel Sdsels
YA AYFOEA IPD HolHPE BY PAAE
g ARt

W Eo Zene e Ane g 7ol 4 9
WAL B ZREAH ske 2w =Y Fo] 3
oA AEE Pgel Jlolske e FAT + 9

ZﬂMcﬂ i‘%% He & mToﬂ aFjate|E YR} A
Y AFE T3 WEAES] AHsl B e d
gol SES BRISITE e YA FH ] Fo

A G Hego] 4 ol TUF T EIT F 9

ol 2] Eo| Aol S Ul e AEE
o] 3 ol 7] wEe] aEjgolEs A%l F %
A sl Z3hel AW HEY 2 AEATe] yo}

] ]
H= =
2wk ole} 37] Z(Air gape] AiEos i

7] S gl
#oE s

[1] W. Kim, J. Zide, A. Gossard, D. Klenov, S. Stemmer,
A. Shakouri and A Majumdar, “Thermal conductivity
reduction and thermoelectric figure of merit increase by
embedding nanoparticles in crystalline semiconduc-
tors’, Phys. Rev. Lett. 96 (2006) 045901.

[2] W. Zhou, D. Yu, C. Min, Y. Fu and X. Guo, “Thermal,
dielectric, and mechanical properties of SIC particles
filled linear low-density polyethylene composites’, J.
Appl. Polym. Sci. 112 (2009)1695.

[ 3] Lu Tianjian, “Ultrdight porous metals. From fundamen-
tals to applications’, AMS. 18 (2002) 457.

[4] Nidia C. Galego and James W. Klett, “Carbon foams
for thermal management”, Carbon. 41 (2003) 1461.

[5] Tran Van Khai, Maneeratanasarn Prachuporn and K.B.
Shim, “NO, gas sensing based on graphene synthesized
via chemica reduction process of exfoliated graphene
oxide’, J. Korean Crystal Growth and Crystal Technol-
ogy 22 (2012) 84.

[6] C. Lee X. Wei, JW. Kysar and J. Hone, “Measurement
of the elastic properties and intrinsic strength of mono-
layer graphene”, Science, 321 (2008) 385.

[7] A.A. Bdandin, et al., “Superior thermal conductivity of
single-layer graphene”, Nano Lett. 8 (2008) 902.

[8] C.Y. Zhao and Z.G Wu, “Heat transfer enhancement of
high temperature thermal energy storage using metal
foams and expanded graphite’, SEM&SC. 95 (2011)
636.

[9] H. Kim, Y. Kim, T.Y. Kim, A.-R. Jang, H.Y. Jeong,
S.H. Han, D.H. Yoon, H.S. Shin, D.J. Bag, K.S. Kim
and SY. Yang, “Enhanced optical response of hybrid-
ized VO2/graphene films’, Nanoscale 5 (2013) 2632.

[10] S. Bae, et a., “Rall-to-roll production of 30-inch
graphene films for transparent electrodes’, Nature Nan-
otech. 5 (2010) 574.

[11] Y.y. Wang, Z.h. Ni, T. Yu, Z.X. Shen, H.m. Wang, Y.h.
Wu, W. Chen and A.T.S. Wee, “Raman studies of
monolayer graphene: The substrate effect”, J. Phys.
Chem. C. 112 (2008) 10637.

[12] T.S. Jun, N.H. Park, D.S. So, JW. Lee, H.S. Lim, H.
Ham and K.B. Shim “Synthesis of graphene nano-sheet



240 Hee Jin Kim, Hyeungkeun Kim, Y ena Kim, Woo Sung Lee, Dae Ho Y oon and Woo Seok Yang

without catalysts and substrates using fullerene and graphite-based systems by Raman spectroscopy”, PCCP.

spark plasma sintering process’, J. Korean Crysta 9 (2007) 1276.

Growth and Crystal Technology 23 (2013) 27. [14] G Amirthan, A. Udaya Kumar and M. Baasubrama
[13] M.A. Pimenta, G Dresselhaus, M.S. Dresselhaus, L.G nian, “Thermal conductivity studies on Si/SIC ceramic

Cancado, A. Jorio and R. Saito, “Studying disorder in composites’, Ceramics International 37 (2011) 423.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


