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Abstract 

The vertical density profile of wood-based composites is often measured using X-ray 
densitometry. During preliminary studies, in which the density profiles of wood composites with 
discrete layers of varying density were measured, it was observed that the absolute density 
values of the layers were incorrect when compared to gravimetric measurements of the 
individual layers. This is due the recommended calibration process of the X-ray densitometer, 
which uses the overall density of the composite to determine the X-ray attenuation factor. The 
severity of the error increases with the difference between minimum and maximum density in 
the profile. 

Introduction 
Common industrial practice for the manufacture of wood composites, such as 

particleboard and MDF, is to routinely measure the density profile through the 

thickness, which is called “vertical density profile” or VDP. Instruments for VDP 

measurement use either gamma ray attenuation or X-ray attenuation. Instrument 

calibration is required, which is calculated from a reference specimen and the 

gravimetric determination of specimen density. The shape of the VDP is useful 

for quality control purposes and analysis of mat formation and hot-pressing 

operations. Maximum and minimum density values are known to relate to 
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composite properties, such as bending modulus, surface hardness, and internal 

bond strength. However, the calibration procedure, while simple, may cause error 

in the VDP measurement. Recent investigation of a wood composite with discrete 

layers revealed a significant error in the VDP. This error is likely present in the 

routine measurements made by manufacturers depending on the severity of the 

VDP. 

Materials and methods 
Clear specimens having the following dimensions 126 mm (longitudinal), 50 mm 

(tangential) and 6 mm (radial) were prepared from the sapwood of air dried 11-

year old plantation-grown hybrid poplar (Populus deltoides x Populus trichocarpa 

L.). The hybrid poplar had an oven-dry density of 0.36 g/cm³. The specimens 

were subsequently conditioned for at least 2 months in a conditioning chamber set 

at RH 65 % and 20 °C to an equilibrium moisture content (EMC) of 12.9 %. 

Selected specimens were modified by a viscoelastic thermal compression (VTC) 

process designed to compress and densify the wood material. The process is 

carried out in a pressurized reaction vessel and utilizes only heat and steam. No 

chemicals are added. Further details can be found in Kutnar et al. (2009) and 

Kamke and Rautkari, (2009). The specimens were compressed to a target 

thickness of 1.5 mm, corresponding to a density of 1.18 g/cm³. Just after 

compression, the moisture content of the specimen modified by the VTC process 

(“VTC specimen”) was 1.0 % and after 1 month conditioning (RH 65 %, 20 ºC) 

the EMC was 4.1 %. 

The VDP of the VTC specimen was measured using an X-ray densitometer 

(QMS, Model QDP-01X). Prior to scanning, the specimens were machined to 

dimensions of 50 mm x 50 mm x thickness, the external dimensions and weight of 

the specimens measured, and the density calculated. The density calculated from 

the weight and dimensions of the specimen was required to calibrate the QMS 

instrument. Density was measured in the QMS instrument at intervals of 0.04 mm 

through the thickness of the compressed wood. In addition to the VTC specimen, 

the density profile of an unmodified hybrid poplar specimen 50x50x18 mm 

(longitudinal x tangential x radial) was also measured. Both the modified and 
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unmodified materials had been conditioned at 65 % RH and 20 °C for at least 1 

month prior to measurement. 

 

Following X-ray scanning the VTC specimens were glued on to the surfaces of 

the unmodified hybrid poplar using an epoxy adhesive (Devcon S-31/31345, ITW 

Performance Polymers) and clamped under a pressure of 1.8 MPa for a period of 

10 minutes. The dimensions and weight of this “composite” board (Fig. 1) were 

measured and its density calculated immediately after gluing.  The VDP of the 

composite was measured as described above. 

Results and discussion 
The density of hybrid poplar modified by VTC was found to be 1180 kg/m³ when 

calculated from the measured weight and dimensions of the specimen. The density 

of untreated wood measured in the same way was found to be 315 kg/m³. Fig. 2a 

shows the density profiles of the VTC specimens together with the untreated 

wood, measured separately by X-ray densitometry, but combined together in one 

composite image. The VDP of the glued composite is also shown. The key point 

to note here is that the VDP of the treated and untreated wood specimens were 

measured separately and the densitometer was calibrated for each scan. As may be 

seen, the density values are the same for the untreated wood regardless whether it 

was measured separately or whether it was measured as part of the composite. 

However, for the thin sections of densified wood, the density values are 

significantly lower (about 5%) when measured in the form of a composite. This is 

due to the way in which the X-ray densitometer is calibrated.  

The instrument calibration procedure gives an average mass absorption coefficient 

(x-ray attenuation factor) for the whole of the specimen being measured. The 

procedure uses one specimen as a reference, which is scanned to collect X-ray 

attenuation data at predetermined increments through the thickness. An average 

mass absorption coefficient is then calculated such that the average density of the 

scan equals the gravimetrically-determined density of the whole specimen. More 

details about X-ray densitometry of wood composites are presented by Chen et al. 

(2009).  
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The mass absorption coefficients / densities were 0.267 cm²/g / 1.18 g/cm³, 0.287 

cm²/g / 0.31 g/cm³ and 0.284 cm²/g / 0.45 g/cm³ for VTC wood, untreated wood 

and composite, respectively. These values were obtained as part of the calibration 

process.  The coefficients of the untreated wood and the composite are similar; 

however, the coefficient of the VTC wood differs significantly. There is an 

inverse linear relationship between density and mass absorption coefficient (R² = 

0.999). Because VTC wood represented a relatively small volume fraction in the 

composite, it had little affect on the mass absorption coefficient calculation. 

Therefore, when there are thin layers of very different density wood materials in 

the composite, density values in these layers will have an error when measured by 

X-ray attenuation. Fig 2b shows the VDP of the composite using the calibration 

coefficient for the whole specimen (Table 1, “Composite”) and VDP of the same 

composite, using the calibration coefficient of the VTC wood. The VDP has been 

shifted upwards, with the density values for the VTC wood being the same level 

as when measured separately (Fig 2a.). However, there is now also a shift in the 

density values of untreated wood. This means that it is possible to choose the 

calibration coefficient for that part of the composite where more accurate values 

are needed. These observations raise the possibility of errors in VDP 

measurements of materials where there are large differences in density (e.g. 

particleboard and MDF). Finally, the epoxy can also be seen to have an influence 

on the density profile. The epoxy glue lines are seen as peaks in Figs 2a and 2b 

and adhesive penetration into the untreated wood as a shoulder between the 

untreated wood and the VTC wood.  
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Fig. 1. VTC and untreated wood composite. Surface layers are VTC wood. 

Fig. 2. (a) Density profile of VTC wood specimens and untreated wood measured with 
densitometer separately (grey line) and density profile of composite (black line). (b) Density 
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profile of composite (black line) using calibration coefficient for whole specimen, and density 
profile of composite (grey line) using calibration coefficient of only VTC wood.  

 

Abb. 1 Holzverbundwerkstoff aus unbehandeltem Holzwerkstoff mit 
thermogepressten Deckschichten (VTC) 
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Abb. 2 (a) Dichteprofil des Holzverbundwerkstoffes. VTC-Deckschichten und 
unbehandelte Mittelschicht getrennt bestimmt (graue Kurve). Dichteprofil am 
Gesamtprüfkörper bestimmt (schwarze Kurve). (b) Dichteprofil des Gesamtprüfkörpers 
mit Kalibrierung am Gesamtprüfkörper (schwarze Kurve) und Kalibrierung nur an der 
VTC-Deckschicht (graue Kurve) 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /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 false
  /CreateJDFFile false
  /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 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 /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /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 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /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 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /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

  /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 <>
  >>
  /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


