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Abstract The aim of this article is to examine the
influence of the pressing direction on the behavior of the
thermal expansion coefficient a(7) of graphite foam in
the 300-780 K temperature range. The thermal expansion
coefficients of two samples, one pressed along the direction
of strong interactions and the other pressed along the
direction of weak interactions, were measured along three
directions X, Y, and Z. The results show that the dilato-
metric behavior of the material changes from one direction
to another. The values of «(7) vary widely depending on
the measurement direction. Anisotropy becomes even more
intense when the sample is pressed along the direction of
weak interactions.

Keywords Anisotropy - Expansion - Graphite -
Membrane effect - Pressing

Introduction

The 1960s witnessed a surge in the development of
graphite foam, and since then particular attention has been
given to this type of materials [1-3]. Nowadays the use of
foam has become a must. Graphite foams have many
characteristics which have opened numerous and varied
areas of applications. They are light materials and have
good thermal stability. They also have interesting
mechanical properties: a low thermal expansion coefficient
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and thermal and electrical conductivities which can be
easily controlled [4, 5]. The latter characteristic has
favorably impacted applications in the thermal field in
general, and particularly in heat-exchanger technology.

The lack of research on the thermal expansion of
graphite may have many reasons. The characteristics of
graphite depend on its nature and the particular site it has
been extracted from. Indeed, the order coefficient, defining
the stacking of the layers in the material, differs according
to the origin of the material [6—8]. Another factor which
may play an important role is the fact that the pressure of
the push-rod varies from one dilatometer to another, with
the consequence of altering the dilatometric behavior of the
material [9].

This article examines the influence of the pressing
direction on the thermal expansion coefficient of graphite
foam in the 300-780 K temperature range.

Experimental

The graphite used in this experiment is prepared from
natural graphite powder; it was subjected to chemical
treatments resulting in a material of 99.95% purity. After
hydrolysis and oxygenation, the material was treated at a
temperature exceeding 1180 K. It was then subjected to
pressing along the direction of strong interactions. To
measure the thermal expansion coefficient, three samples,
5 mm long each, were cut along the directions X, Y and Z.
Measurements were taken with a DI24 Adamel Lhomargy
dilatometer. The measurement of the variation of the
thermal expansion with temperature was carried out with
an absolute error equal to +1077 K~'. The thermal
expansion coefficient was measured along the following
directions X, Y and Z (Fig. 1).
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Fig. 1 Directions as defined in this article (arrows indicate the
pressing direction) a pressing along the direction of strong interac-
tions. b pressing along the direction of weak interactions

We use the notation o;; where i stands for the direction
of measurement X, Y, Z and j represents the direction
of pressing (j = 1 for the pressing along the axis of strong
interactions and j =2 for the direction of weak
interactions).

Results and analysis
Pressing along the direction of strong interactions

The measurements show that the coefficients o, oy, and
o, are different (Fig 2). The dilatometric behavior of the
material depends heavily on the direction of measurement.
From 320 to 780 K, o, is smaller than oy;. o is negative
throughout the temperature range. From 580 K on, oy
varies in linearly, and at 780 K it reaches —-3.107° K~ At
low temperatures, the o,; curve has the same shape as that
of o, and the difference between the values of a,; and o,
is small. Above 730 K, the difference between a,; and o,
becomes substantial. In the range 680-780 K, o, increases
noticeably and departs completely from o,;. At 780 K, the
ratio /o, is almost 200%. o, is negative from room
temperature to 680 K, then becomes positive and reaches
+3.107° K" at 780 K. o, has a totally different shape
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Fig. 2 Thermal expansion coefficients of graphite foam, pressed

along the direction of strong interactions, measured along the X, Y,
and Z directions and of pure graphite, measured along the Z direction
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from those of a,; and oy, and that of o,y [6]. In the
range 300-480 K, a.; increases from 20 to 110 K™'. At
330 K, the ratio o/0;pure) 1S almost a unit, and at 780 K
the same ratio is 400%.

The results indicate that graphite foam is more aniso-
tropic than pure graphite. This feature may be due to the
high density of pure graphite in comparison with that of
graphite foam. Indeed, the density of the latter is a 100
times lower than that of pure graphite.

Each of the three curves (o, a1, and o) exhibits a
dilatometric singularity (anomaly) which is related to the
membrane effect [9—11]. The anomaly has the same shape
in oy and oy; they are spread in temperature with a
maximum located at around 500 K. The anomaly in o, has
a different shape; the peak exceeds 110.10°° K_l, and is
sharper while appearing at the same temperature as that of
oy and ay.

The values of o, are very large compared to those of o,
and oy;. At 780 K, the value of o is three times that of o,
and 26 times that of . These important differences
between the values of the thermal expansion coefficient
measured along the direction of weak and strong interac-
tions may be explained by the intensification of the mem-
brane effect.

Thus, the shape of the thermal expansion coefficient has
been completely altered; o(7) is heavily affected by the
direction of the measurement. The material has become
anisotropic in the basal plane. The measurements of elec-
trical conductivity ¢ and thermal conductibility x of the
same foam confirm the heavily anisotropic nature of the
material, and yield the ratios ¢,/0, =~ 10* and x,/k; ~
50 [3].

Pressing along the direction of weak interactions

The following step consisted in studying the effect of
changing the direction of pressing on the thermal expan-
sion coefficient of graphite foam. In this case, the sample
was pressed along the direction of weak interactions. It is
important to note that this sample has been taken from the
same area as the one which served in the first experiment.
This was done in order to avoid the difficulties mentioned
above and thus exclude the factors that may affect a change
in the thermal expansion coefficient.

The results obtained reveal changes in the dilatometric
behavior of the material (Fig 3). The anisotropy in the
basal plane, between o, and a,, is very clear. ay, is sig-
nificantly higher than a,, throughout the temperature range.
We observe that o, is negative from 300 to 780 K,
whereas o, is positive from 310 to 780 K.

At 780 K, oy, is equal to 20.107% K~! whereas oo 18
less than —3.107° K™, The thermal expansion coefficient
of pure graphite oy pure) in the basal plane falls between o,
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Fig. 3 Thermal expansion coefficient of graphite foam, pressed along
the direction of weak interactions, measured along the X, Y, and Z
directions, and of pure graphite, measured in the basal plane

and o,,. The behavior of ¢,, is monotonous and similar to
that of oty(pure), While a,, shows a dilatometric anomaly. .,
is significantly higher than both «,, and «,,. At 780 K, it is
more than twice as large as «,, and more than six times
larger than o,,. It is positive throughout the temperature
range and exhibits a dilatometric anomaly around 510 K,
peaking at 55.107° K~'. Figure 4 shows the variations of
o(T) along the Z direction of both our materials and of pure
graphite. When the temperature exceeds 380 K, the
expansion of pure graphite o ure) is smaller than that of o,
and that of o,.

Note the interesting particularity concerning the absence
of a dilatometric anomaly in o), While it is present in
o1 and o,. This behavior is most probably due to pressing
which has caused the intensification of the membrane
effect. The peak of o, is more apparent than that of o, but
the shape of the two curves remains globally the same
(Fig. 4). o is higher than o, from 300 to 780 K. Above
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Fig. 4 Thermal expansion coefficients along the Z direction

460 K, the material pressed along the direction of strong
interactions has a thermal expansion coefficient twice as
large as that of the samples subjected to pressing along the
direction of weak interactions. It seems that the effect of
pressure is lesser when the material is pressed along the Z
axis than when it is pressed along an axis perpendicular to
Z. This effect may be explained through the very strong
interactions resulting from pressing along the Z axis, which
influence the membrane effect. It is amplified when the
pressing is done along the direction of strong interactions.

Figure 5 shows that the coefficients o, and o, are
negative from 300 to 780 K. They overlap up to 400 K,
above where temperature o, is higher than o,;. From
630 K up, the difference between the values of the two
coefficients keeps increasing.

But the analysis of the curves in Fig 6 shows that a,; is
twice as high as ay, throughout the temperature range. o,
is negative up to 680 K, whereas «,; is positive throughout
the temperature range. The values of oy, and o, exceed
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Fig. 5 Thermal expansion coefficients along the X direction
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Fig. 6 Thermal expansion coefficients along the Y direction
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clearly those of «,; or «,. The effect of pressing works
differently on the shape and the intensity of the dilato-
metric anomaly. When the pressing is applied in the basal
plane, the peak noticed on the «,; curve is more intense
than that on the «,, curve. But the roles are inversed in the
case of pressing along the X direction. The anomaly is
more intense in o, than in o,,. It occurs at a slightly
different temperature compared to that of ay, or that of oy,.
Calorimetric measurements of the two samples which were
pressed along the two directions, as before, taken from the
same foam, have revealed the presence of an exothermal
peak located in the same range of temperature as that
present on the dilatometric curves. Nevertheless, there is a
slight difference. The peak on the DSC curve of graphite
foam pressed in the basal plane is more spread in
temperature compared to that of graphite foam pressed
along the Z direction.

The results of previous studies [1, 12, 13] concerning the
dilatometric measurements of various kinds of foam are
different from the results obtained in the present article: the
dilatometric behavior of the foam studied here is aniso-
tropic in the basal plane independently of the direction of
pressing. We have also noticed that there is a difference
between the values of «(7) in this article and those in [12,
14]. Each of the dilatometric curves of this foam has an
anomaly which does not appear in the studies mentioned
above. However, in Tondi et al. [5], the authors noted the
presence of an anomaly in the thermal expansion coeffi-
cient, measured along the Z and XY directions, and sug-
gested two areas of strain on both sides of 410 K. We have
also demonstrated that regardless of the direction of
pressing, «(7) measured along the X direction is inferior to
the other two directions and to that reported in [12-14].
This change in the dilatometric behavior of the foam may
be traced to the very low density of this foam.

Conclusions

The pressing of graphite foam plays an important role
because it causes a fundamental change in the dilatometric
behavior of the material. o is a lot higher than o; and a;;
the anisotropy becomes intense. Pressing also causes the
appearance of anisotropy in the basal plane; it leads to a
dilatometric anomaly which is due to an amplification of
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the membrane effect and to a privileged X direction, where
o is smaller than o,; and to o. The appearance of this
direction may be due to a consolidation of inter-atomic
bonds. The dilatometric behavior of graphite foam depends
heavily on the axis along which the pressure is applied.

Finally, it seems that the anisotropy is more intense
when the pressing is applied along the direction of weak
interactions.

References

1. Ashby MF. The properties of foams and lattices. Phil Trans R Soc
A. 2006;364:15-30.

2. Wang X, Zhong J, Wang Y, Yu M, Wang Y. The study on the
formation of graphitic foam. Mater Lett. 2007;61:741-6.

3. Zerrouk I, Ionov SG, Popov VP, Hamamda S. Anisotropy of
thermal expansion coefficient of pressed graphite foam measured
over the temperature interval 20-500 °C. Mater Sci Forum.
2007;534-536:241-4.

4. Min G, Zengmin S, Weidong C, Hui L. Anisotropy of mesophase
pitch-derived carbon foams. Carbon. 2007;45:141-5.

5. Tondi G, Fierro V, Pizzi A, Celzard A. Tannin-based carbon
foams. Carbon. 2009;47:1480-92.

6. Novikova CI. Thermal expansion coefficient of solids states.
Moscow: Nauka; 1974. (in Russian).

7. Lima AMF, Musumeci AW, Liu HW, Waclawik ER, Silva GG.
Purity evaluation and influence of carbon nanotube on carbon
nanotube/graphite thermal stability. J Therm Anal Calorim. 2009;
97:257-63.

8. Jakubinek MB, Whitman CA, White MA. Negative thermal
expansion materials. J] Therm Anal Calorim 2009. doi:10.1007/
$10973-009-0458-9.

9. Hamamda S, Popov V. Coefficient de dilatation thermique du
graphite pyrolitique mesuré dans l’intervalle de température
4-30 K. Carbon. 1990;28:447-8.

10. Lifchitz IM. On the thermal properties of chain and layered
structures at low temperatures. temperatures. Zh. Eks. Teor. Fiz.
1952;22(4):475-86 (in Russian); see also Teor. Fiz. Khimii. 1953;
27(2):294-5 (in Russian).

11. Hamamda S, Popov VP, Khotkevitch VI. Effect of pressure on
the thermal expansion coefficient of pyrolytic graphite in the
strong bonding direction in the temperature interval 5-300 K.
Carbon. 1988;26:908-10.

12. Coronado JS, Chung DDL. Thermomechanical behavior of a
graphite foam. Carbon. 2003;41:1175-80.

13. Gallego NC, Burchell TD, Klett JW. Irradiation effects on
graphite foam. Carbon. 2006;44:618-28.

14. Poco Graphite, Inc. 1601 South State Street, Decatur, TX 76234,
USA, Poco foams datasheet.


http://dx.doi.org/10.1007/s10973-009-0458-9
http://dx.doi.org/10.1007/s10973-009-0458-9

	Influence of the pressing direction on thermal expansion coefficient of graphite foam
	Abstract
	Introduction
	Experimental
	Results and analysis
	Pressing along the direction of strong interactions
	Pressing along the direction of weak interactions

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /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 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /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 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /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.)
    /DEU <>
  >>
  /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 [595.276 841.890]
>> setpagedevice


