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Abstract: Heating films were prepared with composites of poly (methyl methacrylate) and conductive graphite. The

as-prepared composite was deposited on a PET film and then fabricated using a bar coater to produce a film with

uniform thickness. Copper electrodes were attached to both ends of the as-prepared film, and the heating characteristics

of the film were analyzed while applying a DC voltage. The electrical conductivity and heating temperature of the

heating films depended on the size, structure, content, and the dispersion characteristics of the graphite in the composite.

The thermal energy was adjusted by controlling the electrical energy, based on the Joule heating theory. The electrical

resistance of the film was altered in proportion to Ohm’s law, and the heating temperature was changed according to

the structure of the film (interelectrode spacing or electrode length) and the conductive graphite content. When the

content of conductive graphite in the film increases, the electrical resistance decreases, and the heating temperature

increases; however, there is no significant change above a certain content (50%).
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Fig. 1. Schematics of (a) a heating film and (b) a circuit set
for the heating measurement (adapted from ref. 16).
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Fig. 2. XRD patterns of (a) PMMA and (b) PMMA/graphite (30
wt%) composite films. The inset is a cross-sectional FE-SEM image
of PMMA/graphite (30 wt%) composite film. Asterisks (*) indicate
the characteristic peaks obtained from graphite.
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Fig. 3. Plots of resistance and temperature measured in the
heating films with variable graphite loadings. The inset shows
a cross-sectional FE-SEM image of PMMA/graphite (60 wt%)
composite film. The heating film has a dimension of 90 mm x
300 mm x 0.1 mm (electrode length x film width x thickness).
The film temperature was measured at the DC 24 V.

Table 1. Density of sample (g/cm’).

wt% 30 40 50 60 70
Calc. 1.37 1.43 1.49 1.55 1.61
Meas. 1.35 1.43 1.50 1.52 1.55

“wt%” represents the weight percent of graphite in a film
sample. Calc. and Meas. indicate the calculated and measured
values, respectively.
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Fig. 4. Plots of temperature vs. voltage applied to heating
films (fixed film width & variable film length). The numbers
of the graphs indicate the intervals between electrodes (film
length). All the film widths are fixed to 9 cm, and the film
thickness is 90 um in graphs.
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Table 2. Current and resistance measured on films under the

experiment of Fig. 4.

Applied voltage (V)

Film length
Measured
(cm) 6 12 18 24

Current (A) 0.34 0.68 0.81 0.97

Resistance (2) 17.6 17.6 222 24.7

Current (A) 0.28 0.56 0.75 0.88

18 Resistance (Q) 21.4 21.4 24.0 27.3

. Current (A) 0.17 0.33 0.44 0.56
Resistance (2) 35.3 36.4 40.9 429

* 27 Y 49 A St 242 "E Al gojA
o 5449 d&e Agwtel Heks Aot ZAajolt
A0 ARl wetA Aol =g S7tshe
AAE =g & Ao A% 449 AUE A=
T3 AFu> LAsNHoF sHA|TE, VPR gy
olo] T W ero £7p} UEhin ©E AR
JadoR WystAA Uy 2Eexo] Was el
UA "ot olo] wef BE9 AFute AVl H
dotol x4 Aaots A UeRiITh 6 Vet 12
VoA Ztzte] HEolA E-H= AIuEel A H
Sigd) A& o] oA HBFY 2wwshrt ojg]

ORCID

Weontae Oh https://orcid.org/0000-0003-1958-9604



504 J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 33, No. 6, pp. 500-504, November 2020: G. Choi ef dl.

o
>
——
15
[l

offt
1o
i)
ol

HL A7 Ao o

r
4
nor
)
)%

T

o
g

3tod ATe 20199 WSRO
AMEoz shR7|RMSAIAATE A7FAAAI SR SAN
B Rds T2 VRS ATAFGSALY A A
A LAE R DA oA FHRFAA AL ALA L
AIE S &/dsto] e A ZAuiych (2019R1A6C
1010045).

REFERENCES

[1] J. Kang, H. Kim, K. S. Kim, S. K. Lee, S. Bae, J. H. Ahn,
Y. J. Kim, J. B. Choi, and B. H. Hong, Nano lett., 11,
5154 (2011). [DOI: https://doi.org/10.1021/n1202311v]

[2] T. K. Hei and J. D. Raal, AIChE J., 55, 206 (2009). [DOI:
https://doi.org/10.1002/aic.11685]

[3] H. K. Park, S. M. Kim, J. S. Lee, J. H. Park, Y. K. Hong,
C. H. Hong, and K. K. Kim, Synth. Met., 203, 127 (2015).
[DOI: https://doi.org/10.1016/j.synthmet.2015.02.015]

[4] Y. H. Yoon, J. W. Song, D. Kim, J. Kim, J. K. Park, S. K.
Oh, and C. S. Han, Adv. Mat., 19, 4284 (2007). [DOL: https://
doi.org/10.1002/adma.200701173]

[5] M. Anas, Y. Zhao, M. A. Saed, K. J. Ziegler, and M. J.
Green, Nanoscale, 11, 9617 (2019). [DOIL: https://doi.org/10.1039/
CINRO1600G]

[6] J. Park, D. Han, S. Choi, Y. Kim, and J. Kwak, RSC Adv.,
9, 5731 (2019). [DOI: https://doi.org/10.1039/C9RA003417J]
[7] B. Sharma, J. S. Kim, and A. Sharma, Microelectron. Eng.,

205, 37 (2019). [DOI: https://doi.org/10.1016/j.mee.2018.11.002]

[8] U. Khan, I. O’Connor, Y. K. Gun’ko, and J. N. Coleman,
Carbon, 48, 2825 (2010). [DOI: https://doi.org/10.1016/j.carbon.
2010.04.014]

[9] S. . Heo, J. C. Yun, K. S. Oh, and K. S. Han, Composites
Research, 15, 115 (2006). [DOI: https://doi.org/10.1163/156855
106776829356]

[10] H. S. Lipson and A. R. Stokes, Proc. R. Soc. A, 181, 101
(1942). [DOI: https://doi.org/10.1098/rspa.1942.0063]

[11] O. E. Andersson, B.L.V. Prasad, H. Sato, T. Enoki, Y.
Hishiyama, Y. Kaburagi, M. Yoshikawa, and S. Bandow,
Phys. Rev. B, 58, 16387 (1998). [DOI: https://doi.org/10.1103/
PhysRevB.58.16387]

[12] A. A. Balandin, S. Ghosh, W. Bao, I. Calizo, D. Teweldebrhan,
F. Miao, and C. N. Lau, Nano lett., 8, 902 (2008). [DOI:
https://doi.org/10.1021/nl0731872]

[13] J. C. Slonczewski and P. R. Weiss, Phys. Rev., 109, 272
(1958). [DOI: https://doi.org/10.1103/PhysRev.109.272]

[14] D. C. Miller and S. R. Kurtz, Sol. Energy Mater. Sol. Cells,
95, 2037 (2011). [DOI: https://doi.org/10.1016/j.s0lmat.2011.01.031]

[15] S. Li, J. Shen, and A. E. Tonelli, Polymer, 135, 355 (2018).
[DOI: https://doi.org/10.1016/j.polymer.2017.12.033]

[16] S. Kim, W. Oh, J. S. Bae, S. B. Yang, J. H. Yeum, J. Park,
C. Sung, J. Kim, and J. C. Shin, Int. J Polym. Sci., 2019,
347825 (2019). [DOI: https://doi.org/10.1155/2019/3478325]

[17] R. Baskaran, S. Selvasekarapandian, N. Kuwata, J. Kawamura,
and T. Hattori, Solid State Ionics, 177, 2679 (2006). [DOI:
https://doi.org/10.1016/j.ssi.2006.04.013]

[18] R. Y. Hong, J. Z. Qian, and J. X. Cao, Powder Technol., 163,
160 (2006). [DOIL: https://doi.org/10.1016/j.powtec.2006.01.015]

[19]1 J. S. Kim, G. W. Lee, and W. T. Oh, J Korean Inst.
Electr. Electron. Mater. Eng., 20, 878 (2007). [DOI: https://
doi.org/10.4313/JKEM.2007.20.10.878]

[20] G. W. Lee, J. Kim, J. Yoon, J. S. Bae, B. C. Shin, 1. S. Kim,
W. Oh, and M. Ree, Thin Solid Films, 516, 5781 (2008).
[DOI: https://doi.org/10.1016/j.tsf.2007.10.071]




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments 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
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 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
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


