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ABSTRACT

The influence of board thickness on the rate of curing of a thermosetting adhesive was
studied. A yellow poplar veneer and a phenol-formaldehyde adhesive were used to manufacture
multi-layer boards with four different thicknesses: 1.8, 3.6, 5.4, and 7.2 mm. The curing of
the adhesive was investigated by means of dielectric analysis during the pressing process in a
hot-press. An LCR meter and an IDEX sensor were used to measure changes in the dielectric
properties of the adhesive bond. A thermocouple was used to measure the temperature in the
bondline. It was found that dielectric analysis was a suitable method for monitoring the curing
of phenol-formaldehyde adhesives. The rate of cure was the highest for the thinnest boards and it
decreased with the thickness of the board. A power equation was used to describe the influence
of board thickness on the time needed to achieve the desired degree of cure.

KEY WORDS: board thickness, curing, dielectric analysis, phenol-formaldehyde adhesive,

temper ature

INTRODUCTION

Hot pressing is the most energy-consuming and therefore cost-intensive part of the
production of wood-based composites. For this reason it is important to minimize the curing
time of thermosetting adhesives by optimizing the pressing conditions. Achievement of
sufficient bond strength during curing depends on several pressing parameters: time, pressure
and temperature. The adhesive in the bondline starts to cure when a certain temperature level is
reached, depending on the type of adhesive used for bonding. Phenol-formaldehyde adhesives
need higher temperatures for hardening than melamine-formaldehyde or urea-formaldehyde
adhesives (Vick 1999).

The transfer of heat from the conventional hot-press plates to the bonded assembly depends
mainly on the thermal conductivity of the wood. This conductivity varies among wood species,
and is significantly affected by density, moisture content, extractive content, grain direction,
structural irregularities such as checks and knots, the fibril angle, and temperature (Simpson and
TenWolde 1999). The rate of increase of the temperature in the adhesive bondline also depends
on the distance from the hot plate, where the heat is generated, to the (innermost) bondline.
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The rate of temperature increase affects the adhesive cure process and the development of bond
strength.

The curing or hardening process of phenol-formaldehyde adhesive ina hot-press is a continuation
of the reaction involved in the synthesizing of the adhesive. Liquid phenol-formaldehyde molecules
with a low molecular weight convert to macromolecules through chain extension, chain branching
and crosslinking, and form a three-dimensional network of infinite molecular weight (Wang et al.
1995). The cured adhesive is solid and capable of transferring substantial load.

A faster increase in the temperature in the bondline accelerates the curing reaction. At higher
temperatures, adhesives cure more rapidly and develop higher bond strength (Heineman et al.
2002). Such polymers are longer and more crosslinked. The rate of phenol-formaldehyde adhesive
strength development increases with the temperature at the bondline (Wang et al. 1995).

The objective of this research was to determine the influence of board thickness on the
temperature increase in the bondline and on the rate of curing of the thermosetting phenol-
formaldehyde adhesive. The suitability of dielectric analysis for monitoring the cure of this
adhesive was also examined.

MATERIAL AND METHODS

Phenol-formaldehyde (PF) adhesive made for OSB production and yellow poplar
(Liriodendron tulipifera L.) sapwood veneer were used in the study. The PF adhesive had a pH
value of 10.0, a specific gravity of 1.22 g.cm™ and a solids content of 55%. Veneer with a thickness
of 0.9 mm was produced by peeling, and cut to rectangular sheets with dimensions of 110x125
mm. The veneer sheets were conditioned to a moisture content of 7.5 % before bonding with the
PF adhesive.

Monitoring of PF adhesive cure depending on board thickness

The PF adhesive cure was evaluated by dielectric analysis (DEA), using a fringe-field sensor
having an interdigitized design (IDEX, Netzsch 066S). The IDEX sensor was positioned at the
central (innermost) bondline of the board and controlled by a precision LCR meter (Agilent,
type 4285A) operating at the frequency of 100 kHz. The depth of the electric field was 0.115
mm. The temperature at the bondline was recorded by a type J thermocouple connected to a
data acquisition switch unit (Agilent, type 34970A). Changes in the conductance (G) and the
temperature (T) were monitored every 2 s for a period of 10 min during pressing with 0.8 MPa
in a conventional hydraulic hot-press.

Four bonding assemblies (boards with parallel orientation of veneers) with different
thicknesses (d) were prepared by using 2, 4, 6, and 8 sheets of veneer (Fig. 1). The PF adhesive
was used only for the central bondline and it was applied at an application rate of 180 g.m2 to
the surface of one veneer. The distance from the board surface to the PF adhesive bondline (d/2)
varied from 0.9 mm to 3.6 mm (Tab. 1). Three boards were made for each thickness.

The degree of cure () or the degree of conversion of the PF adhesive was determined as a
function of curing time (t) from conductance data (Sernek and Kamke 2007):

Gmax - Gt
A G =G W

where G,

the minimum conductance.

is the maximum conductance, G is the conductance during cure, and G, ;, is
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Tab. 1: Composition and thickness of the boards

Label of the | Number of veneer Board thickness The distance to PF
board sheets in the board (d) in mm bondline (d/2) in mm
YP-0.9-PF 2 1.8 0.9
YP-1.8-PF 4 3.6 1.8
YP-2.7-PF 6 54 2.7
YP-3.6-PF 8 7.2 3.6
YP-1.8-PF
YP-0.9-PF
&
Adhesive 5 A/{ - I
- T
% ) 3
YP-3.6-PF
YP-2.7-PF
@
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Il
&
o Fooy
i :
i
9

Fig. 1: Composition of boards with different thicknesses

RESULTS

The increase of the temperature at the PF adhesive bondline

The thickness of the board significantly affected the rate of increase of the temperature at
the PF adhesive bondline (Fig. 2). There was very rapid increase of temperature for the thinnest
board (YP-0.9-PF), since the heat had to be conducted through a very short distance of 0.9 mm
in order to reach the adhesive bondline. In the case of this board, the temperature jumped from
20°C to about 100°C before the press totally closed and the measurements started. It has to be
pointed out that it took 10 s to place the bonded assembly on the hot plate and close the press.
About 30 s after press closure, the temperature at the bondline of the thinnest board approached
the temperature of the press plates, which was set to 200°C. The actual temperature of the plates
was about 5°C lower due to a deviation from the set temperature of the press.

For the three thicker boards, the rate of the increase of the temperature was slower and the
pattern of the temperature increase changed, too. At a temperature slightly above 100°C, the
rate of the increase of the temperature at the PF bondline of board YP-1.8-PF slowed down,
whereas a brief temperature “plateau” was detected in the case of the thickest two boards (YP-
2.7-PF and YP-3.6-PF). This happened because of a cooling effect due to the consumption of
energy for the evaporation of water from the veneer and adhesive. It took about 20-30 s before the
water evaporated and escaped from the PF bondline of the thicker boards, whereas this occurred
instantaneously for the thinnest one. When most of water had evaporated from the bondline, the
temperature slowly increased towards the set temperature.
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Fig. 2: The increase of temperature at the PF adhesive bondline for boards with different thicknesses

The change in the conductance of the PF adhesive bondline

The DEA measurements revealed that the conductance of the PF adhesive bondline
changed significantly during hot-pressing (Fig. 3). The obtained dielectric response was due to
the changes in the transitional mobility of ions and the rotational mobility of dipoles in the
presence of an electric field. The loss of water from an aqueous adhesive system also affected ion
mobility (Sernek and Kamke 2007). The conductance changed partially due to the increase of
temperature (the increasing temperature decreased the viscosity and increased the conductance
of the adhesive), but it was mainly caused by the curing reaction of the adhesive. As the chemical
reaction of the PF adhesive progressed, ion and dipole mobility became increasingly restricted.
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Fig. 3: The change in conductance of the PF adhesive bondline during curing

For the thinner boards (i.e. YP-0.9-PF and YP-1.8-PF), the effect of the rapid increase of
temperature on conductance was not present since it occurred during the closing of the press,
when measurements has not yet been started.
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For the thicker boards (i.e. YP-2.7-PF and YP-3.6-PF) conductance increased with
temperature, and then started to decrease. The decrease in conductance occurred due to the onset
of curing, but also partly because of intensive water diffusion/evaporation from the bondline. The
point when conductance reached a maximum and then began to decrease was set as the start of
the conversion of the PF adhesive from a liquid to a solid state (Sernek and Kamke 2007). At that
moment, the temperature at the PF adhesive bondline was over 70°C, which provided enough
energy to start a polycondensation reaction.

DISCUSSION

The influence of board thickness on the rate of curing of the PF adhesive

'The curing of PF adhesives, which involves chemical and physical phenomena, is related to the
dielectric changes monitored by DEA and an IDEX sensor, as confirmed previously (Sernek and
Kamke 2007). The degree of cure (a) was calculated from the conductance data by using Equation 1.
It is clear that the degree of cure of PF adhesive depends on the pressing time and on the thickness
of the board (Fig. 4). The curing process was very rapid for thin boards. The PF adhesive achieved
99 % conversion in about 10 s for board YP-0.9-PF, and in 30 s for board YP-1.8-PF. This was due
to the fast conduction of heat and rapid temperature rise in the bondline. Note that temperature has
been already over 100°C in the PF adhesive bondline of the thinnest board when the press closed.

The PF adhesive cured much more slowly in the case of the thicker boards. With increased
board thickness, the heat had to be transferred over a greater distance, which took more time. Thus,
the temperature in the PF bondline of the thicker boards increased slowly, so that it took 15 s of
pressing time to begin the cure reaction in the PF bondline of the thickest board (YP-3.6-PF). A
small “stagnation” of the increase of the temperature was observed around 100°C in the case of the
thicker boards (Fig. 2). Most of the added heat energy around this temperature was consumed by
water evaporation, and only a small part of it was used for heating the PF adhesive bondline. With
thicker boards, a larger quantity of water had to evaporate, so this stagnation became more explicit
and also had a significant effect on the rate of curing. The PF adhesive reached 99 % of conversion
in 65 s in the case of board YP-2.7-PF, and 105 s in the case of board YP-3.6-PF.
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Fig. 4: Differences in the degree of cure of PF adbesive due to different increases of temperature caused by
different board thicknesses
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The rate of cure of the PF adhesive was expressed as /t. It was the highest at the onset of the
curing process, and decreased with cure propagation (Fig. 5). As expected, the rate of cure was
the highest in the case of the thinnest board, and the lowest in the case of the thickest board.
The reaction rate is strongly affected by temperature (Sernek and Kamke 2007), since higher
temperatures make more energy available for the reaction.
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Fig. 5: Rate of cure of the PF adhesive as a function of the curing time

It is evident that increased board thickness increases the time needed to achieve a particular
conversion of the PF adhesive (Fig. 6). A power equation was used to describe the relationship
between curing time and the distance from the surface of the board to the bondline.
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Fig. 6: Estimated curing time for the achievement of 99 % of conversion of the PF adhesive as a function
of the distance from the surface of the board to the bondline (d/2)
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CONCLUSIONS

The temperature in the PF adhesive bondline is one of the main factors which affects
curing. The increase of temperature of the bondline strongly depends on the thickness of
the board. The temperature increased very rapidly in the case of the thinnest board (d/2=0.9
mm), and reached the set temperature in about 30 s of pressing time. This value increased
substantially with increasing board thickness. A power equation was used to describe the
influence of board thickness on the time needed to achieve the desired degree of cure.

Dielectric analysis was found to be a suitable method for monitoring the curing of
the PF adhesive. The measured conductance gave a reliable estimate of the degree of cure.
Board thickness influenced the degree of cure, which increased with extension of the
pressing time. The rate of cure was the highest in the case of the thinnest boards, and it
decreased with increasing board thickness.

ACKNOWLEDGEMENTS

The authors acknowledge the support of the Slovenian Ministry of Higher Education,
Science and Technology for partially financing the purchase of the DEA equipment.

REFERENCE

1. Heinemann, C., Lehnen, R., Humphrey, P.E., 2002: Kinetic response of thermosetting
adhesive systems to heat: physico-chemical versus mechanical responses. In:
Proceedings of 6th Pacific Rim Bio-Based Composites Symposium, Portand/USA,
10.-13.11.2002. Corvallis: Oregon State University. 1: 34-44

2. Simpson, W., TenWolde, A., 1999: Physical properties and moisture relations of
wood. In: Wood Handbook- Wood as an engineering material. Pp 3.1-3.24, Forest
Products Lab. Madison

3. Sernek, M., Kamke, F.A., 2007: Application of dielectric analysis for monitoring the
cure process of phenol formaldehyde adhesive. Int. J. of Adhesion and Adhesives 27: 1-6

4. Vick, C.B., 1999: Adhesive bonding of wood materials. In: Wood Handbook- Wood
as an engineering material. Pp 9.1-9.24, Forest Products Lab. Madison

5. Wang X.-M., Riedl, B., Christiansen, A.W., Geimer R.L., 1995: The effects of
temperature and humidity on phenol-formaldehyde resin bonding. Wood Science and
Technology, 29: 253-266

47



WOOD RESEARCH

Mirko Kariz
UNIVERSITY OF LJUBLJANA
Biorecunicar Facurry
DEePARTMENT OF Wo0D SciENcE AND TECHNOLOGY
Rozna poriNna, C. VIII/34
SI-1000 LyuBLjaNA
SLOVENIA

Mareg JosT
UNIVERSITY OF LJUBLJANA
Brotecunicar Facurty
DeparTMENT OF WoOD ScIENCE AND TECHNOLOGY
Rozna porina, C. VIII/34
SI-1000 LyusLjaNA
SLOVENIA

MiILAN SERNEK
UNIVERSITY OF LJUBLJANA
Biorecunicar Facurry
DEePARTMENT OF WooOD SciENcE AND TECHNOLOGY
Rozna poriNna, C. VIII/34
SI-1000 LyusLjaNA
SLOVENIA
E-mail: milan.sernek@bf.uni-lj.si

48




<<
  /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 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /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 (None)
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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


