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Abstract

Moisturegradientsinwood areknown to affect the in-
ternal stressesthat could cause dimensional changesand
defects. Severe deformation of finished products hasthe
potential todamageamanufacturer'sreputation and sig-
nificantly increase the cost of manufacturing. Aninnova-
tive approach to nondestructively examine the moisture
gradients of different wood species using vertical density
profiles from a commercial X-ray-based density profiler
was described and illustrated. The results indicate that
the estimated moisture gradients by the X-ray technique
matched well with the actual moisturegradients. I tis ex-
pected that the new method will provide accurate and
prompt information about moisture transfer/movement
that will hel p optimize manufacturing processes.

Introduction

Wood is a hygroscopic material and moisture gradi-
ents in wood are known to affect internal stresses that
cause dimensional changes and defects. Severedeforma-
tion of finished products has the potential to damage a
manufacturer's reputation and significantly increase the
cost of manufacturing. There are many methods avail-
ablein theliterature that estimate the moisture gradient
in wood. Some use a mechanical method which physi-
cally removes layers of wood to measure the moisture
content, i.e., bandsaw slicing (McMillen 1955), drill bit
(Feng and Suchsland 1993), and microtone knife (Wand
and Youngs 1996). These techniques are not entirely ac-
curate due to the kerf and moisture |l osses caused by heat
generated during high speed cutting. Theelectrical resis-
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tance of wood was found to be highly correlated with its
moisture content (Myer and Rees 1926, James 1963).
Thistechniquewasimprovedby adding el ectrical capaci-
tance and phase (Dennisand Beal 1977, Steele and Coo-
per 2006). But, the relationship between moisture con-
tent in wood and its electrical properties were not fully
understood. The radiofrequency techniques are depend-
ent on the experimental data to create an empirical
relationship for each species.

Loos (1961, 1965) used radiation techniques to deter-
mine moisture content and density of wood and other
materials. Hattori and Kanagawa (1985) estimated mois-
ture in wood with a medical x-ray computer tomograph
(CT) scanner. When a narrow beam of monoenergetic
photons with an incident intensity |., penetrating wood
with transmitted distancet and density, emergeswith in-
tensity | given by the exponential attenuation law:

I=Ige™?! [1]

where:
M = mass attenuation coefficient of wood
with density of p.

The mass attenuation coefficient is a basic quantity
used in cal cul ations of the penetration and theenergy de-
position by photons. By comparingtheincident intensity
I, and the transmitted intensity |, theexponential attenu-
ation law (Eq. [1]) will determine the wood density with
known mass attenuation coefficient and the penetration
thickness. The relationship between mass attenuation
coefficient and moisture is used to determine moisture
content (M C). Since the radiation covers alarge portion
of the specimen, the method is used to estimate the aver-
age MC throughout a given volume of wood is related to
the size of the radiation plume.
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A procedure to detennine water absorption distribu-
tion in particleboard, medium density fiberboard, and
oriented strandboard was investigated by Xu et al.
(1996). The procedure was based on the direct measure-
ment of the vertical density distribution from a gamma-
ray densitometer before and after water soak, and the
vertical density distribution after the water-soaked speci-
mens had been reconditioned to their pre-soak weights.
They then used these data sets to separate "wood mass"
and "water" from the different vertical density distribu-
tions. Thus, Xu et d. estimated the water absorption in-
sidethesample. Inorder to separatethewater from wood
mass, the method assumed that the wood within a di-
vided volume before soaking was the same (location and
mass) of the wood after soaking. The problem, however,
is that after water soaking, each layer inside the sample
expanded evenly. It is possible to divide the sampleinto
layers so that the each pair of corresponding layers be-
fore and after water soaking have the samewood wei ghts,
but it isimpossible to precisely locate those layers after
soaking so that they areidentical to thosebefore soaking.
Therehasnot beenany work intheliteraturethat looks at
using X-ray technology to determine the moisture
gradient through wood.

The moisture gradient in wood is an important wood
physical parameters that needs to be accurately deter-
mined and has numerous implications for optimizing
wood drying for high-quality stress-free wood material.
Drying stresses during wood drying are generated across
moisture gradients. Excessive moisture gradients cause
excessive stresses can then cause external and internal
cracks or honeycombing in wood. The primary objective
of thispaper wasto investigatearadiation techniquethat
could be used to accurately determine MC gradients in
wood.

Method

All radiation measurement techniques require a
source of radiation and a radiation detector. A typical
source detector configuration for measuring density pro-
fileacross aflat-sawn board thicknessisshownin Figure
1. Usudly, the radiation beam is passed through a slit to
provide a collimated beam that penetrates the sample.
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Figure 1.—Configuration to obtain radiation measure-
ment of the density profile.
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The dimension of the sample is 50.8 by 50.8 by 20.3 mm.
The radiation penetrates the sample through either its
longitudinal or tangential directions. The radiation sys-
temthenincrementally scansthe sampleat multiplesites
through its thickness direction (usually the radial direc-
tion). Using this data, a vertical density profile (VDP) is
obtained. Figure 2 shows typical ovendried density p,
profileand py, profilefor thesamesampleat MC m. Com-
paringthetwo profiles, Equations[2] and[3] can be used
to determine the moisture gradient along the thickness
direction.

when m > 30%: m=P""P0 100 (2]
when m < 30%: Po (3]
m=Pm P05 100 x 1
Po ( _10p,Sy )
3po1—So)

where:
Sy = thetotal volumetric shrinkage from the
green condition to ovendry condition.

Itisnoticed that the sampl e thickness changes when the
MC of the sampleisdifferent. Thus, itisnecessary to pre-
cisely map thetwo profiles to ensure pyand py, matching.
Equations [4] and [5] can be used to compensate the
thickness shrinkage according to its moisture profile.

- (4]
S, = 80(30 m)
30
and
Vm = Vgreen (1 - Sm) [5]
where:
Sm = volumetric shrinkage from the green
condition to MC m (<30%),
Vm = volume at the MC m, and
Vgen = VOlume measured at the green condition.

The ovendried exponential attenuation cannot be
measured until thesampleisovendried. Alternatively, the
ovendried density p, can be estimated earlier by perform-
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Figur e 2—Vertical density profiles of a sample when wet
and ovendried.
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ing the radiation test on its edge-matched of side-
matched samples.

M aterial

Four solid oak wood samples with nominal ctimension
of 50.8 by 50.8 by 20.3 mm (L by T by R directions) were
equilibrated at 22°C and 65 percent relativehumidity (RH)
and tested to verify the technique previously discussed.
The equilibrated samples were then edge-sealed with a
seal er and ovendried for 24 hours using a temperature of

105°C. Their ovendried density profileswere measured us-
ing QM st x-ray density profiler. Then the samples were

placed inwater with oneL by T face submerged and about
half of each sample block immersed in the water to pur-
poselyinduce moisture gradientsin theradial direction of
the samples (Fig. 3). The samples were then taken out at
different time intervals for VDP measurements.

Results

Figure 4 shows density profiles at different intervals
for atypical oak sample with induced moisture penetra-

1 QMSis atrademarked product. Any referencein thispaper isnot
an endor sement but provided for the benefit of the reader.

Ve e

Figur é73.—SampI es immersed in the water with one side
down and sealed sides.
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Figure4.—Density profiles as a function of time immersed
in water.
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tion from one side. After 7 days, all of the samples were
sliced in their radial direction with a microtome knife
(Fig. 5). Each sliced layer (about 1 mm thick) was care-

fully marked and ovendried to determine the individual
MC of each microtomed |aminaaccording to method de-

scribed in the Wood Handbook (USDA 1999). This data
was then plotted across its radial direction to estimate

the actual moisture gradient. There were about 12 to 14
layerssliced starting from the surface that wasimmersed
in water.

Figure 6 shows the measured moisture gradient and
the estimated moisture gradients for sample 1. The mea-
sured moisture gradient was detennined using the
microtome ovendry method after 7 days of immersionin
water. The estimated moisture gradients were deter-
mined using the VDP information obtained using the
x-ray profiler at 0.05-mm intervals and could be used to
estimate the moisture gradients through the thickness. It
is apparent from Figure 6 that the estimated gradients
seem bumpy and overly sensitive. The reason is that the
sample thickness changes as wood absorbs moisture (be-
low the saturation point) and it is impossible to exactly
match pgand p, when the thickness changes. Although
Equations[4] and [5] were used to compensate the thick-
ness shrinkage according to its moisture profile, the py,

4

Figure 5—Slicing a thin wood layer with a microtome

knife.
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Figure 6.— Estimated MC gradients at differnt immer-
sontime.
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Figure 7.—Comparison between the estimated and mea-
sured MC gradients.

profile could beslightly offset from the Poprofile. In addi-
tion, the dimension changes (i.e., warp, twist, and cup)
during moisture absorption and density differences be-
tween early and latewood could also make an uneven
moisture gradient.

Comparison between the estimated gradient and the
actual measured gradient after 7 daysof immersioninwa-
ter indicated that the two gradients matched well. After
the estimated MC gradient was smoothed using a polyno-
mial regression method, the estimated MC gradient more
accurately match the measured gradient. Figur e 7 shows
the smoothing MC gradient, and Figur e 8 presents high
correlation betweenthetwo MCgradients. Thisprocedure
was used to analyze the datafor the other samples. An av-
erageR' aftersmoothingis0.97. Thehigh correlationindi-
cates that the radiation method discussed in this paper
provided an accurate and rapid (there was no discussion
onhow fast it was compared to the other methods) estima-
tion of MC gradient.

The new method could provide a very useful tool for
understanding the internal moisture movement and
moisture-related stress development. Prompt informa-
tion about theinternal MC gradient could help to dynam-
ically control the wood drying processes. The informa-
tion on the inside moisture distribution could al so assist
in understanding the warping performance of wood
composites and allow engineers to find solutions to
minimize product dimensional instability.

Summary and Conclusion

A new methodology for using the x-ray method to de-
termine the moisture gradient of wood has been de-
scribed. The method employed a collimated x-ray beam
from a radiation source. The beam scans the material
through its thi ckness direction and comparison between
the transmitted and the incident radiation beam will pro-
vide the material density profile. The moisture gradient
can be estimated based on the dimensional compensa-
tion and previously determined or estimated dried den-
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Figure 8.—Linear regression between the estimated and

measured MC gradients.

sity profile. Four oak solid wood sampleswere tested and
the results indicated that the moisture gradient was
highly correlated to the actual measured moisture gradi-
ent. The new method shows a potential tool to monitor
the internal moisture movement in lumber drying pro-
cess. The X-Ray method could provide"online" informa-
tion about the moi sture movement that could be useful to
dynamically control the kiln-drying process.

LiteratureCited

Dennis, J.R. and F.C. Bedll. 1977. Evaluation of a new portable
radiofrequency moisture meter on lumber with drying gra-
dients Forest Prod. J. 27(8).

Feng, Y. and O. Suchsland. 1993. Improved technique for mea
suring moisture content gradients in wood.

Hattori. Y. and Y. Kanagawa. 1985. Nondestructive measure-
ment of moi sturedistribution inwood with amedical x-ray
CT scanner II. Accuracy and influencing factor. J. of the Ja
pan Wood Res. Society. 31(12).

James, W.L. 1963. Electric moisture meters for wood. USDA
Forest Service Res. Note FPL-08. Forest Prod. Lab.. Madi-
son, WI.

Kanagawa, Y. and Y. Hattori. 1985. Nondestructive measure-
ment of moisturedistribution in wood with amedical x-ray
CT scanner n. Changes in moisture distribution with dry-
ing. J. of the Japan Wood Res. Society. 31(12).

Loos, W.E. 1961. The relationship between gamma-ray absorp-
tion and wood moisture content and density. Forest Prod. J.
11(3).

Loos, W.E. 1965. A review of methods for detennining moisture
content and density of wood by nuclear radiation tech-
niques. Forest Prod. J. 15(3).

McMillen, JM. 1955. Drying stressesin red oak. Forest Prod. J
5(1): 71-76.

Myer, JT. and L.W. Rees. 1926. Electrical resistance of wood
with specia reference to the fiber-saturation point. New
York State Call. of Forestry at Syracuse Univ. Tech. Bull. No.
19.

Steele. P.H. and J.E. Cooper. 2006 Moi sture and density detector
(MDD). U.S. Patent 7,068,050.

USDA Forest Service. 1999. Wood Handbook:Wood as an Engi-
neering Material . GTR-FPL-113. USDA Forest Service, For-
est Product Laboratory, Madison, WI.

Wang, H.and R.L. Youngs. 1996. Drying stressand check devel-
opment in the wood of two oaks. IAWA J. 17(1): 15-30.

Xu, W., PM. Wini storfer, and WW. Moschl er. 1996. A procedure
to determine water absorption distribution in wood com-
posite panels. Wood and Fiber Sci. 28(3).

15th International Symposium on Nondestructive Testing of Wood — Session 7



Proceedings of the
15th International Symposium on
Nondestructive Testing of Wood

September 10-12, 2007
Duluth, Minnesota, USA

Natural Resources Research Institute
University of Minnesota Duluth
Duluth, Minnesota, USA

USDA Forest Products Laboratory
Madison, Wisconsin, USA

UNIVERSITY
OF MINNESOTA

Proceedings published by the
Forest Products Society, Madison, Wisconsin


jgodfrey
Line


The opinions expressed are those of the authors and do not necessarily
represent those of the Forest Products Society.

Copyright © 2008 by the Forest Products Society.
ISBN-13: 978-1-892529-52-7
Publication No. 7221

Allrights reserved. No part of this publication may be reproduced, stored

in a retrieval system, or transmitted, in any form or by any means, elec-
tronic, mechanical, photocopying, recording, or otherwise, without the

written prior permission of the copyright owner. Individual readers and
nonprofit libraries are permitted to make fair use of this material such as
to copy an article for use in teaching or research. To reproduce single or
multiple copies of figures, tables, excertps or entire articles requires per-
mission from the Forest Products Society and may require permission
from one of the original authors.

Printed in the United States of America.

0810160



	scan0001
	scan0002
	scan0003
	scan0004



