ANEXO 2.

En el documento de 1987_Fiberboard manufacturing practices in the United States_Otto Suchsland &
George E. Woodson_USDA_Forest Service” aparece la definicién de “Moisture content”
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In the dry process, air s the conveying and
distributing medium, and withow water the conditions
for natural bonding do not develop. The development of
mechamical and oiher board properties relies enlitely on
added adhesives,

There are many sigmificant and many subtle dif-
ferences among the products of the five fiberboard proc-
esses and in the results of process varatons within each
of them. Mone of these processes s intrinsically any het-
ter or any worse than any of the others, but each may be
best for making a particular end product Trom § given
taw material. Relative advantages or disadvaniages are
often temporary, changing with Muctuations in price
sirecture of important commodities  like eneray or
chemical additives, or as manufacluring costs may be
more or less unfavorably affecied by environmental
regulations and resirictions. The present  level of
technology is not siatic bur is rather & basis Trom which
refinements, improvements, #nd aliogether new proc-
esses and products may evolve,

Definitions

Densdly. The commen usage of the term denviry refers
to the weight of a unit volume of a material, Units used Tor
wood and wood products are pounds per cubic foot, grams per
cubic centimeter, and kilograms per cubic meter.

Because all wood products are hygroscopic, the density
depends to some extent on the modsture content. In the case of
composition board, weight and volume are obtained at the
same condition, that is, at the same meisiure conlent.

density = {weight at test condition)/
(volune af test comdition) ( 1h/t*)

Specific gravity.  This rerm has no units, 1tis the ratioof
the density of & material to the density of water (62,4 Ih/ft"). Tt
describes the same property of the material and is the preferred
farm for solid wood. However, here, the valume is determined
at the test condition, while the weight is determined after re-
moving the water by ovendrying.

specific gravily = weight (ovendry)/(volume at
test condition x 6243 (1B = (1]

Disregarding the effect of moisture content, which is
sl ot fow maoisture levels, density values can be converted to
specific gravity by dividing by 62.4. Thus. a medium-density
fiberboard with a density of 48 Ih/ft’ has a specific gravity of
4862.4 = 0.77,

Bulk density. This term 5 used 1o describe the bulking
effect of loose materials such as dry fibers, particles. or chips,
Ttis the density of the uncompressed materinl. Loose dry pulp
fiber might have a bulk density of | or 2 Ih/fi?,

Moisture content and water content.  In solid wood
products, moisture content is expressed as the weight of water
contained divideéd by the dry weight. Multiphying this ratio by
100 gives the result as & percentage. Wood consisting of 504
water and 50% dry wood substance has a modsiure content of
100

In paper technology, the water content is often expressed
as parl of the toal weight. On that basis the above piece of
wond would have a water content of 509,

When moisture contents are low, the differences between
the two expressions are small, but at high motsture levels. as in
wel fiber mats, the differences are large. A wet fiber mat con-
taining 75% waler and 25% dry fiber matesial has o water con-
tent of 75% or & moisture content of 300%.

Abvery high water contents, as in pulp slurries, the water!
solids ratio is defined by consistency, which s the dry fiber
content expressed as a percentage of the total weight of the
slurry,

Relerences

Amencan Sociely for Testing and Materinls.  Amerlcan Malonal
Suundasd AMNSIFASTM Der384-78, Standard defindtions o Lerms
relaling 1o wisad Base [iber and partiche parel maleviaks, Annual book
al standards, section 4, (%), wood. Phladelphia; p. 331.334

Carpenter, ©.H.; Lepey, L. 91 papermaking fibers. Syracuse, MY:
Stale Universily of Mew York, College of Forestry: 1952,

Panshin, Al deeruw, C. Testbook of waod technolopy, 3d ed,
wol. 1. New York: McGraw-Hill, 1970, 703 p,

U5 Department of Commerce, Mational Borean of Sindards,
American Nationsl Stamdard ANSIAAHA A-138 4- 1982, Basic hard-
boord. Washingron, [ 1980,

U, Department of Commerce, National Barcau of Standanss,
Cellulnsie fiber insulsimg Board, Voluntary Product Standard,
P5-57-71, Washingion, DC; 197, 6 p.



ANEXO 3.

USDA_Forest_Service_General_Technical habla de las condiciones de prensado en tableros de particulas,
particularmente de la humedad diferente entre capas y de la conveniencia de mayores valores en capa
externa con referencias bibliograficas desde 1955
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is limited to those ligno-cellulosic materials
of adeguata Inherent strength which can be
raadily broken down and glued together with-
out unduly destroying the native strength.
Cost, as influenced by resin content, is the
controliing factor. Many ligno-cellulosics
eould theoratically bae used for particlaboard,
but the higher adhesive contents required to
obtain a satisfactory product are presently
prohibitively high.

Pressing Conditlona

The pressing operation is obviously an
axtremely critical step in particlebcard pro-
duction, It is during this step that many of the
physical properties are determined, especially
those properties Influenced by the wertical
density gradient, Mal moisture content, press
closing speed, and presa lime and temparature
ara the most significant pressing conditions
affecting tha proparties of particleboard.

Mat Moisture Content

The mat moisture content 18 an extramaly
critical factor not only for the total press time,
but also in development of the vertical density
gradlent. As discussed earller, the surface
molsture evaporates and migrates to the mat
cantar when the hot platens contact the mat.
This speads the transfer of heatl to the core
which allows the adhesive to react more quick-
Iy than if the heat moved by conduction
through the wood and air spaces. Howeaver,
axceasive moisture migration to the core
imposes the requirement of excessivaly long
press cyclea to allow removal of moisture
through the edges to pravent delamination of
the board wpon pressure releass. Excessive
moisture also interferes with the chemical
reaction of condensatlon polymerization, by
which urea-formaldehyde and phenol-formal-
dahyda adhesivas harden. Maistura at the mat
surface also reduces the compressive strength
of the wood and results In surface densifi-
cation from compressive failure a3 tha prass is
closed. Excessive surface densification results
in low-densily coras for a given average board
density. The bending strength and tensile
strength parallel to the board surface will
increasa as this densification occurs but the
internal bond, interlaminar shear, and screw
withdrawal will be lower as a result of the low-
dengity core.

The mathod commonly used fo circum-
vent the adwerse moisture effects, but still
ratain the advantage of rapid heat transfer to
the core, |5 a nonuniform moisture distribution
through the mat thickness. With higher levels
of moisture 8t the surfaces than al the core,
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rapid heat transfer occuras without unduly
lengthening the presa cycle. This is readily
accomplished in layerad and homogeneous
constructions in which the core malerial is
dried and blended separately from the surface
material. A homogeneous board with all ma-
terial dried and blended in the same systam
can be given a nonuniform moisture distri-
bution across the thickness by spraying the
mat surfeces or cauls with water. Normally, a
nonuniform moisture distribution, with the
surfaces at a higher moisture content than the
cora, Incraases the verlical dansity gradiant.

Maku and Hamada (1955) found a de-
creasad thickness swelling and water absorp=
tigh &% the molsture content of the chips
increased. However, it I8 unclear from the
report whether the mats were pressed at high
moisture contents or whathar they were con-
ditioned to 12 to 13 percent after blending at
highear moisture contants.

Heebink ef al. {1972) reported that a mois-
ture distribution of 5 percent in the mat plus a
5 parcent surface spray allowed the core o
reach 220° F in a shorter time period than
required for mats with a uniform moisture
distribution of 10 percent lor two diffarant
press temperatures and two different closing
rates. However, tha vertical density gradient
data show a lower gradient for the boards with
the uniform meisture content of 10 parcent,
although this comparison of density gradients
is confounded with adhesive and press tem-
perature differences. Heebink of al (1972)
reporied 10 to 12 percent to be the oplimum
moistura content for mats with uniform distri-
butions, Lower moisture contents required
higher pressures 1o consolidate the mat and
ware characterized by poor [nlerparticle
bonding. Higher molsture contenis necessi-
tated longer press cycles to allow sufficient
maoisture 1o escape,

Heebink (1974) found that higher MOR
MOE values for three-layer Hakeboards than
for those of an earfier sludy [unpublished)
were partially due to & nonuniform moisture
distribution. As opposed to a uniform distri-
bution of 12 parcent moisture content, a face
and core moisture content of 15 and 5 percent,
respectively. contributed to improved board
strength.

Strickler (1958) showed thalt the time
required for heating the mat core decreased
with increasing surface moisture confent. At
higher surface moisture contents (above 15
percent) the MOR and MOE decreased when
the core was at 9 percent moisture content.
The internal bond also decreased but the
thickness swelling improved as the surface



moisture content incraased.

Strickler (1959) showed that the ftime
required for heating the mat core decreased
with increasing surface molsture content. At
higher surface moislure contents (above 15
parcant) the MOR and MOE decreased whan
the core was at 9 percent moisture content,
The internal bond also decreased but the
thickness swalling improved as the surface
moisture content increased.

Kehr and Schoelzel (1965) also found a
sharp decrease in the resistance of the mat
to compression as increased guantities of
watar were sprayed on the mat surface. This,
again, was the result of the reduced compres-
sive strength of wood at higher moisture levels,

Lehmann (1980) ftound MOR values in-
creased with increasing mat moisture to 13.4
percent moistura content, and then decreased
at molsture contents of 16.5 and 20.0 percent.
Imtarnal bond Increased as the moisture con-
tent decraased. Lehmann (1960) aiso showed
an increased dimensional stability and a re-
duced water absorption as the mat moisture
content increased. Rice (1960) used mat mois-
ture contants of 9, 12, and 15 percent to study
the effect of mat moisture on board properties.
Tha MOR and MOE values were increased 18
and 13 parcent respectively, by increasing the
matl moisture content from 9 to 15 percent.
Likewise, the dimensional stability of the panal
improved substantially. The increased mat
muoisture content also reduced the closing time
to stops with a constant pressure but the prob-
lem of thickness shrinkage in the press was
greater with high moisture content mats
Gatchell st gl {1966) reported an optimum
in static bending strength and Internal bond at
a moisture content of 12 percent.

The mat moisture content and moisture
content distribution can be varied gnly within
& rather limited range, hence the alfect of this
variable on particleboard properties is limited.
With & uniform mat moisture content, the
optimum range appears o be 11 1o 14 percent
Much higher surface moisture contents are

possible if the core region is at & correspond-

ingly fower moisture content. Basically, it
appears that the vertical density gradient is
changed with changing moisture contents and
distributions bul the lack of vertical density
gradient data prevents positive proof of this
effact.

Press Closing Rate

Generally, the closing rate of most hot
presses is established by adjustment of the
initial pressure; higher initial pressures result
in the platens closing to stops. or desired
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thickness, more quickly than closing apeads
attained al lower inltial pressures (Kehr and
Schoelzel 1967). Most authors, if they mention
a closing spead, will normally give the infor-
mation as the time to stops, which is the mini-
mum time for exposure of the lower mat sur-
face to the bottorn platen before the mat has
reached complete compaction. Timea-to stops
is not the same as tima of compaction: during
tha tima from start of closing to loss of daylight
batween the mat and the uppear platen no mat
compaction occurs. The time of compaction as
wall a8 the total press closing time should be
specified by researchers more frequently.

The closing rate of the press and the
moistura content of the mat are both important
factors in the formation of the vertical density
gradient, Quickly closing the press will subject
the mat surfaces to the platen heat and allow
compreasive fallure at the mat surface before
the intericr has warmed sufficiently to allow
digtribution of the compressive failure through
a greater portion of the mat thickness. Conse-
quently. faster press closings would be ax-
pactad to increase the vertical density gradient
and improve the bending strength but at the
expense of the internal bond and screw
holding strength.

Rice (1960) reported improved MOR and
MOE values as the cloging rate increasad but
he found internal bond, springback, and
swealling properties to be independent of
closing times. Bismarck (1974) reported a
reduction in internal bonds as the press
closing speed Increased above 40 (n/min
{inches par minute), but the bending strength
continued to increale. He also reported that
panels produced at the highest rate of com-
paction and with the shortest press cycle had
the lowest formaldehyde emission. Bismarck
developed a pressing technigue in which the
closing speed was related 1o the ratio of panel
compression 1o the compressive rasistance of
the panel until desired thickness was attained.
This technigue prevented rapid compaction of
a mal with low compressive strength which
normally occurs with conventional press
controls. Tests of his technique against the
conventional procedure resulted in 5 and 9
pefcoen! improvements lor bending and inter-
nal bond strength, respectively, a 10 percent
reduction in thickness swelling, and a 16
percent reduction in pressing ftime. This
technigue most likely reduces the wvertical
density gradient although further studies ara
necessary to verify this.

Liiri (1962) monitored the pressure on a
series of mats pressed with increasing closing
times and found the maximum pressure re-
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En la publicacidn del Holzforschung, Vol. 61, pp. 74-82, 2007 “Heat and mass transfer in Wood composite
panels during hot pressing: Part 3. Predictec variations and interactions of the pressing variables” se
habla de la humedad y el efecto que tiene en el grado de curado de la resina.
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Abstract

As & confinuation of previous publicetions on a phyaical-
mathematical model of hest and mass transfer and a
structural model of mat permeability, this paper presents
fypecal prediction results for 15 pressng vanables for
strand mats. A case shedy and complate sohdions to the
gowemang equations are provided. The results show how
the heat and mass transfer i= controlied by heat conduc-
fion and conwection nvolving gas fliow end phase
chenge. The moded predictions provide a comprehensive
illustration of the temporal and spatial variatons of basic
prassing varisblea, including mat temperatwe, gas pres-
suwe, moisture control end resin cuning rate. The model
offars a powerful ool for simulating the effects of mat
structurs, pressing schedule and initial mat conditions.

Keywords: computer simulation; heat and mass tranafer;
hot presseng, mode@ng; wood composites.

Introduction

'We previousty presanied in this publication seqies a phys-
ical-mathematical model of heat and mass transfer (Dai
and Yu 2004) and a structursl model of mat permeshility
(Diai et &l 2005). There are eeveral models published in
the Feraters (Humphrey and Bolton 1983; Carvalho and
Costa 1888; Thoemen and Humphrey 2003; Zombori et
al. 2003). Cwr heat and mass transfer moded was a three-
dimensional (30} as opposed to a 2D (Zombor &t al.
2003) or cylindrical model (Humphrey and Bolton 19a8).
The in situ formaton of a verfical density profile (VDP)
(Dad et al. 2000) and associated consolidation mecha-
nizms (D and Steiner 1803; Dai 2001) were also explc-
ity factored in ow model, whereas previous models
sither used a pre-defined VDP [Humphrey and Bolton
1888; Canvalho and Costa 1888) or imphcitly considersd
the press closing schedule [fombosn et al. 2005 The
physics of heat and mass tran=fer was treated here as &
mathematicelly closed problem in which 2 sat of 15
varighles and comesponding goveming equations were

explicitly esteblished. Thiz approach allowed for mathe-
matically umigque solutions o the goweming equations,
and a more complete description of the interactions
between the variables The analytical estabishment of
the gas flow welocities, and their relationships with the
mat pomsity, the mat peemeaktsity, and the wood element
dimensions are also features of the model of Dai et al
[2005). The objectives of this paper were fo briefiy
describe the numerncal model, to outlne the interactons
betwesn the heat and mass transfer variables and con-
gokdstion vanables. and to present typical predicied
reszults of the 15 varisbles through a case study of aspen
(Popess iremeoidies) strand mats.

Input and output of the numerical model

Tha 15 heat and mass transfer varables are closely
linked to six other consoldation vanables. Table 1 lists
thesa varisbles and Figure 1 illustrates their coupling
relationships. Owing to this couping, none of the 21
wariables can be mdependently solved. in this paper, the
prediction resuits were enalysed for the 15 heat and
mess transfer varables only, assuming the other s con-
soidation wariables fo be known A general description
of the consoldation model has been presented else-
whena (Dai et al. 2000} and the detaizs will be eported in
a future publication.

Input conditions

The input conditionz i this model concem three aspects:
1) the methematical uniqueness of the solution; 2} the
miet structure, pressing parameters and schedule: and 3)
the precision, stebility and conwergence of the numesical
calculation.

Mathematical uniqueness  Thiz requires tihe datems-
nation of geometric, indial, and boundary conditions.
These conditions were previously described (Dai and Yu
2004} and the values of some parameters uzad for this
case study are listed in Table 2.

Mat structure, pressing parameters and schedule
Table 3 listz the set values for strand geometry. wood
density. mat tamget density, mat tanget thickness and
pre=sing parameters. Figure 2 shows the pressing schad-
ube, which can be divided into the following fowr periods
[neote that mat pressure and thickness are interdepend-
ent: one is &n inpad and the other is a response calcu-
lated based on the nput):

= Period 17 press closing. The mat is pressed from
the initial state to a predefined mat presswre. During
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Figure & Changes In evaparation rate at ihe four representative
Izoations.

Figure Bb shows the responsaes of the honzontal veloc-
ity for the four reprecentative elements. In general, the
horzonial ges welocity does not significantly ncresse
until 100 5 of pressing tme. Afier that, gas (maénly
vapour] is generated and moves 1o the come, creating 8
pressure gradient between the centre and the edges.
Under this pressure gradient, noteble horzontal gas
movaments take place, with thair velocities govemad by
gas sccurmdation and mat permeability. In this context,
the edges represent gateways for ges accumulated in the
centre and eccordingly should show greater velocity. The
core layers are less dense and thus more permeable [Fig-
ure 8¢, leading to higher gas flow velocities. After the
presa opens, the permmeabilty of the swrface layer
increases notably due to spengback (Figure Be, Dai etal
2000). Az a result, the horizonial vebocity rapidly increas-
es, with the edge being higher than the centre [Figure
ahl.

In general, during the early stage (0100 s}, gas mainly
flows i the vertical direction (Figure 8a); howewver, during
the later stages [ 100 =), gas fiows predominantly in the
horzontal deection (Figure Bb). In other words, the gas
(maindy vapour) iz first driven from the swerface 1o the cone,
then from the cemre io the edge and out to the
atmosphers.

Evaporation rate  Figure 8 shows the evaporafion rate
responses of the four representative elements. The local
evaporation rate generally depends on the local gas
pressure (which further depends on mat temperature)
and gas flow velocity. During the early stage (050 =),
sirong evaporation tekes place i the surface layers dus
o the high surface temperaturs and high ges flow veloc-
ity from the surface to the core, where there is no or Eile
evapomation dus fo low tempersture. The differsnce
between surface-centre and surfece-sdge is due to the
difference m the vertical gas flow velocity. During the sec-
ond stage (50-100 =), the evaporafion rate in the surface
layers decreaszes due fo the decreass in vertical ges flow
welocity. At this stags, vapour is driven from the surfaces
o the core, while the temperature in the core s still lower
than that on the surfaces. resufting in vapour conden-
sation [negative evaporation). Condensation starts at the

centre of the core and |ater extends to the edges. Af
approximataly 100 5, mawimam condensation takes
place =t the edges. Af this stage, the dry surface-cente
elemant saems to experience some mEor condensation
dus fo reverse fiow of vapour from the core driven by
increasad core moisture comtent and temperaturs.

Dwring the third stage (100280 =), condensation mthe
core decreases and graduslly changes to evaporabion.
Thiz can be swplened by the drastic increase in horzon-
tal velocity, as shown in Figure 8b. On the surface of the
mat, condensation also changes fo evaporation. During
the last stage [press opening), the evaporation rates in
different locations show different degrees of changs due
to changes in the gas velocties.

Muoisture content Changes in mogsture contert (MG)
are govemed by the evaporation rate. The higher the
evaporation rate, the faster iz the decrease in MC. Con-
wersely, if the vapour changes from the gas state to the
liged state (i.e, condensation), MG increases. Figure 10a
shows the MC responses in different layer positions in
the centre of the mat. Af the beginning of pressing, the
surface MC decresses due o high tempersture and
hence rapid evaporation. The vapour from the surface
then condenses and leads to an increase i MC in the
sub-surface layer (C;) where the temperature is lower.
leads fo sequential koss and gam in MG batwean the lay-
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tative locations.

ars, rasulting in inwand MC paske with preasing time. The
miadmum MG in a given layer is usually higher than thet
in the preceding layers due to & cumuletive effect.

Figure 10b sheows the MC responses for the four
rapresantative elaments. At the beginning of preesing, on
the mat surface, the MG of the surface-centre decreasea
mione rapldly than that of the surface-adge. Thia s dus
to the higher evaporation rate in the centre. After preas-
ing of approcimately 100 &, tha MG of the cantre elamant
raachas a minimum level and begina to alghtly incresse
because of the change from evaporation to condenea-
tion. In contrast, the MC of the edge element cantinuea
to decreass, resulting in lower MC at the sdge. In
the come, the MG starte to increass after 75 & of preesing,
with the core-edge apparantly lagging bshind the com-
centra. This is because condaneation at the edge oocura
later than at the centra. In generd, the MC at the come-
centre ie dways graater than that at the core-edge dur
ing preseing. After opening, the MC on the surface
dlightly increasss due to the cccurrence of condeneation
{Figure g).

Relative humidity Relative humidity (RH) Ia a varisble
that ia clossly linkaed to ternperature and MC. Fgure 11
shows the BH resporses fo the pressing time. Befora
preasing, the RH of the air in the mat iz govemad by the
amixent tamperature and initial MC of the mat. In the
early stage of pressing, the RH on the surface increasea
with Increasing tempersture and the BH in the core
ramaina almost constant becauss of litte changs in the
temperature and MC. The RH at the edge is albo highar
than thet in the cantre owing to the higher edge MG, With
Increasing preasing time, the AH &t the surface waries in
A similar manner to the MG shown in Figume 10b. The RH
in the cors drastically incresses dus o the increass in
temperature and MC. Later on, the core RH decreases.
due to the decrsass in MC. Since the tampersture and
M in the caentre ame greater than those at the adgs, the
centre AH Ia greatar than that at the adge.

Degres of resin cure

The degres of reain cure has a direct influsnce on the
physical and mechanical properties of wood composite

pansele. For & given resin, the degres of mesin cure
depends on the history of the mat tempersturs and
prassing timea. Figure 12 shows the responsas of the
degraa of reain cure for the four represantative elaments.
The resin curas obvicusty much faster in tha surface lay-
era than the core because of the higher surface temper-
ature. The curing rates are very similar betwesn the
surface-centre and the edges. However, the same cannot
b 2aid about the core-centrs and edges. Thisa is becauss
of the slower Increass in temparaturs arcund the edges
than in the centre. In general, the mesin curng rate Is
sloweat sround the core edgea. Therefors, it may be wise
to monitor resin curing at these locations to manipulate

the preesing time for quality panel preducts.

Conclusions

This paper provides a comprehamnsive prediction of the
variations of the 15 preasing varsblea mathematically
deacribed in the first part of this seres (Dal and Yu 2004).
Thesa variables, which include mat temperaturs, Intemal
gas preasums, moisture content, and resin curing rate, as
well a8 their related varisbles, are dependent on the
praesing time and mat location. They vary in a highly
Intaractive, dynamic and comples. manner, ao that no var-
lable iz independent and none of the variations ie linear,
Heat conduction plays a dominant role in governing the
steady increass In mat cors tamperature. Coupled with
haat conduction, heat corvection manifests teelf by gas
flow and phasa changs, which can significanthy accelar-
ate the termparaturs fes (dus to condensation) during the
initial stage of preesing, but decelerate it [due to evap-
oration) in the later stages. The flowe of gas (a mboture
of vapour and &r) are highly unstabls, mainly due to var-
Iations in the pressure gradient and the influence of local
mat MC and pomsity’permasbility. By changing the mat
structune, prassing perametars and initisdl conditions, the
modal can halp in understanding the extremety complen
mechaniema of heat and mass transfer in composits
mats during hot-preasing, and offers a powerful tool for
canducting sanaltivity studies of presesing variables.
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whuch reduces the water content of the zine Ime and hence also reduces the increase of movsture
content of the wood to be bonded On the other side a too long open time mught canse 2 foo logh
merease of the visconty of the applied adhesive dus to the loss of water; addibionally the formng
of a dry film on top of the adhesrve layer might ocowr. Both effect wall lead to a decreased weting
behaviowr, wihach nught canse low bonding stengths.

Dhinng the closed assembly tme which ends wnth the applicabon of the press pressure, water alsa
can penefrate mio the second wood muface, causing e.p even strong swelhng of veneers, winch
mught be the reason for evacks 1n the veneered board dunng use mn dry condions.

4.24.3  Steam Shock During Pres: Cyele and Warming of the Mat

The warming up of the core layers 15 based on the evaporation of water m the face layer and the
transportation of the heat via the steam shock: mm the cold core layer of the mat the vapowr
condenses and warms up the core layer. The lugher the amewmmt of vapour and the steeper the
vapour pressure gradient, the quicker 15 the waimang up of the core laver, enabling shorter press
times. However, this vapour contmbutes to the overall mmsture content of the core laver. The
mosture content of the face laver therefore abways should be as ligh as pesable. the mowsture
content of the core layer as low as possible.

A too lugh mosture content within the mat and the board also (1) causes long venting tumes dunng
the press cycle (in crder to prevent blistering), (1) linders the chemucal hardening reaction and (111}
leads to lugh densifies m the face layer and a steep denuity profile between face and core layer

Dhoing the hot pressimg of 2 particle or fibber mat. resp., quuck changes i temperature. morshore
content and vapour pressure occur. The resulting gradients of temperature and moisture content
significanthy mfnence the formung of the bond strenpth and the hardemng of the resm. All these
processes together with the apphied mechameal presmre determune the formaton of the densiy
profile and m thys way the mechamical and other properties of the boards.

Cuestions and topics of Rdel)-
How to calculate the heating up of a particle or a fibber mar within the press?

4.2.44 Steam Pressure within the Mat and the Produced Board

Drue to the morsture comtent of the glued core layer pariicles as well as due to the vapow flowmg
from the face layer to the core the vapour pressure 1 the core mcreases with elongated press tume.
If the vapour pres=wre 15 too lugh it will exceed the bondmg sirensth of the shll hot board at the
end of the press tme (3t the end of the confimuous press), m such a case bhistenng ocowrs. Influence
factors ave the meisture content of the glued suwrface and core particles (especially determmned by
the composinon of the glue mux and the ghong factor). resp., the poriion of core and face layer m
the board. press temperatue and press fune and the densty and venting behaviour of the mat and
the board.

Very recently presses have been bult with a special cochng zome 1 the approx. last thod of the
length of the press. At the moment only bttle (though promasing) results are known A fnal
Judpement on this technolozy is not vat possible,

Ouestion: and fopics of RdeD:

al Which effects gf the new cooling zone ar the end of the continueus press ave possible” Can the
steam pressure be decreased signjffcamh”

bt Which sorategies are necessary fo obtain a strong steam gifect and a quick heating up of the
core laqver But nevertheless fe aveid a too high vapour pressure in the core, causing m case
bliztering!

February 2002 108
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Abstract

The USDIA Forest Senvice, Fovest Products Laboratory
(Madison. Wisconsin) and the Wood-Based Composites
Center of Virgima Tech (Blacksburg, Virgma) co-sponsored.
3 conference, held MNovember 56, 2003, m Madizon, Wis-
consin, on the findamentals of composite processing. The
goals were to assess what we know, define what we need to
know, and then establizh the state of the art in hot-pressms
of wood-based. particulate composttes. Acaderme and mdus-
irial professionzls from around Morth America and Furope
were invited to parbepate because of their expertise and
interast mn this area of research. The workshop covered four
critical toples associated with hot-pressmg of composites:
resin cimmg and bonding, pre<s control, physics of bot-
preszme, and compater smmlations of the presuing process.
Thes report 15 the official record of the presentanions and
dizcussions that ocewred dwring thi= workshop.

Eeywords: composites, processing, engineerad wood

Fano 2004
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Press Control for Optimized Wood
Composite Processing and Properties

Part 1: Pressing Variables and Sensors

Chunping Dai, Senior Scientist

Wiood Composites, Forintek Canada Corporation, Vancouver, BC

Siqun Wang, Assistant Professor

Tennesses Forest Products Center, University of Tennessee, Knoxville, Tennessee

Introduction

Hot-prezzing 15 2 key operahon i wood-based composite
manmufzchre. Thiing such an operahon, mats of resinated
wood fibers, particles. or flakes a1e consohidated under heat
and pressure to create close contzet and form bonds be-
tween the wood constrtuents. Due to linmted amomt of
resin usage, effective bonds rely on 2 lngh degree of mat
densification. Increasing mat density, on the other hand,
causes negative effects such as heavter products, more
wood consumphion and more impartantly excessive thack-
pess swell mn service when the product 15 mbjected to agh
mudity condifions (Eelly 1977). The necessity and det-
mmlaﬁecrofmatdmﬁcaﬁmmwthempm
tance of process optmmzation

The pressing of a wood composite mat invohees plysical,
mechameal, and chenueal mterzchons. Cnee the press
closes, morshore and heat ran=fer takes place between the
hot platens and the mat. Dunng the cowrse of pressmgs,
tenperature and moisture content mside the mat are both
spatially and tenporally dependent (Humphrey and Bolton
1989, At the same time, the platens exert compreszive
forces onto the mat cawsng reduchon of vouds and com-
pression deformation in wood constituents (D and Stemer
1993, Lang and Welcott 1996). The mat defomation 1s
usually ot uniform across the mat thickness due to the
vanation: of heat and meistwre content from the surface to
the core layers. Besides soffenmg the mat elevated tem-
perature also accelerates resm polymenzation. which com-
bines with mat defromaton to form permanent bonds
between wood constituents. With liftle sprngback, the gine
bonds alzo freeze the overall and lsvered mat deformmation
upon press openmg This leads to fomation of the well-
known vertical density profile (VDF) mn pressed wood
compostte panels, which m tum has 2 sigmficant effect on
the physical and mechameal properties of the final products
(Suchsland 1959; Kelly 1977, Haless and others 1987
Wolcott and others 1990; Winistorfor and others 2000,
Weng and others 1999, D and others 2000).

54

Pres: confrol 15 miportant not only because presang affects
the board properties but also it 15 closely associated with
the production costs. Regardless of product types, board
dimensions always need to be contrelled wathin specifica-
tons. In ths rezard pressmmg plays a crtical role i mam-
taimmng the final board thickness or pmmazng the sanding
waste. Wiale heat 15 necessary o soften the mat and accel-
erate the resn cuming, ﬂ:ecombmahmuflughtanmhun
moistme content and tme can sometmes lead to devel-
opment of excessive gas presure mede the mat and there-
fora canse blows upon press opeming. Thus, certan press
openng procedures are needad to vent the gas, which offen
means extra pressmg tone. The press opemng tme and the
mulmnsmgﬂbuﬂutemmﬂz&dﬁm&em
ity standpoint. Lass pressing time nommally means highar
pmdl.uclrn.ty and lower manufachrmg costs. The marmfac-
turing costs can be fiurther reduced by the control of the
hot-pressing operatton because it also represents one of the
bigzest enerzy consumption hems in weod composites
mamifachure.
The general objective of the paper 15 to provide a state-of-
the-art analv=is of press control for wood composites. The
specific objectives for Part | of thes pubhicahion senes are
* o infroduce the basie concepts and varables of press
contral,
* to evahuzte the responses of press vanablas durmgz hot-
pressing, and

* to review the sen<sing and control tecknolomes for hot-
pressmg.

Basics of Press Control

Automatic Control Process

Process control 15 widely used 1n our danly hife and mamm-
fachwing operatons. Control of ambient temperature in 3
room and driving speed of 2 car are conumeon examples.
Fipwre 1 idenfifies the elements of a typical process control



systemy process, measurement, controller, and control
element (Johnson 2000). Ingenﬂalapmces. can consist
of a complex assembly of pheromena whach relate to some
manufactming saquence. The process may invalve many
variables. Therefore one nmst define the control vanable
{c) first. To control a vanable in a process, mformaton
about the vanable must be zathered usually through meas-
uTements BSME 3 sensor of sensors. The meamurements are
wsually i the form of alactrical signals (e.g.. 4-20 mA)
which can then be further comverted to real values (b)
meanmgfil to the controlled vanable. The measured values
are compared with the reference pomts (1), If an enor 1=
detected between the real value and the eference value. the
controller will send a s3gmal (p} to the control element for
necessary sdusiments to the process (o) unnl the con-
tralled vanable reaches the reference value. Smee the
vanable 15 controlled automatically mn eal fime, such 3
control &5 often refared to as autematic control.

The automatic control process 15 apphcable to control some
hot-pressing vanables such a5 platen temperature, presaure,
and posiion. Here, the pressing process mwolves changes
m thickness and pressure of resinated wood furmsh mats.
The mat pressure and poston are meanred wsmg pressre
probes and LVDT sensors, respectivelv. The measmrement
and the error detecton along with the controller are all
enciosed m 2 programmable logic controller (PLCH m
which input (T} and output (O} signals are linked from the
sensors #nd to the control element—servo vabve (Fig. 1),
The hydranlic valve can regulate the pressure and posthon
based on the output saznals from the PLC.

Program Control and
Press Control Variables

When 1t comes fo control hot-pressing, not all the vanzbles
can be contrelled automateally or m real tme. Probably
due to lack of effective momtoning sersors, most of the
pressne varables ate ourrently controlled by predater-
muned programs or often known as pressmg schednles. The
pressmg schedules contral such ingpertant vanables as mat
core temperahre and gas presawme, verbeal dapaty profile,
degree of resm cure, and mininmim pressmg tme. The key
to the program control of hot-presang & sohd understand-
g and accurate modeling of the responses of these control
vartbles dmmg hot-pressmg and thewr relztionships with
all other vanables before and after pressing. The pre-press
vanables melude species, fimsh tvpes and dimensions,
moisture confent, resin comfent. mat density, and mmat struc-
ture. The post-press vanables are product types and dimen-
sions as well 2= board properties. Vanatons of thesa van-
ables would require admstments of the pressang schednles
to achweve product performance and mimmmmm
producten costs.

Responses of Press Variables
During Hot-Pressing

Significant progress has been mads i imderstandmng kot-
pressing processes over the past 15 years both through
m:-mhngancie:qﬁmmtamBu]tm and Humphrey
{1958) were among the first to provide a comprehensive
mvestization of the heat and mass transfer process m hot-
pressing. An excellent review on hot-preszmg was fust
reported and then followed by the development of 2 modal
for heat and mass transfer (Fhophrey and Bolton 1989}
Their stomlating work identified primary physical mecha-
s of the hot-presang process and at the same tmne
revealed the compleaty and imterzctive nature of the sub-
ject. Thres main aspects of hot-pressing- heat and mas=
transfer, muat consohdatton, and resm cunng wall now ba
dizcussad wath respect to press control.

Heat and Mass Transfer

The vanatons of mat nfereal emaronmentz] condifions
have been extensively dorumented m many studies both
through expenmmentation (Mvaku 1954, Smckler 1959,
Eamke and Cazey 1933}andmoddmgﬂ'ﬁmphrev3nd
Bolton 1989, Zombon and others 2003, Da and Yo wn-
published data). Figpwre 2 shows typacal vanabons of mat
core temperzhure and core gas pressre for 2 11-mome-thack,
0:9- by 0.9-m (716-m -thick. 3- by 3-8} labaratory oni-
ented strandboard (05E) panel. Dhae to the nature of the
heat and mass transfer process. the core temperatime
change iz lghlby nonhmear. Paricularly, the core tempera-
hare does not expenence ngmficant changes unhl 40 = after
pressing. Then it quackly nises probably due fo convective
flow and condensation of steam generated from moshre
evzporation in the surface layers. As the core temperatre
rizes, the steam accurmbates and gas presoure starts to uild
up. The mereased core gas pressure forces the trapped
steam fo escape from the edges, which leads fo enerzy loss.
Az aresulf the core temperatue starts to level off and the
core gas mressure wsually reaches a mesonmm before 1t
starts fo drop. At the end of pressme, the press starts to
open allowing the mtermal gas to release s presoure by
flowang from the cove to the surface and to the atmosphere,
which also leads to a drop m the core temperature.

The fore-menhoned core temperanee and gas pressme
vanatiors are typical of small panels. In the cases of com-
pressure usually experience some nobiceable changes, Fost,
the use of a screen canl plate can slow down the beat frans-
fer from the platen to the mat surface, leading to slower
care temperahre 1158 (Fiz 3). Second, larger panel size
reduces the energy loss from the edzes. resultng n higher
maxmmm core terperzhre and rmch logher cove gas
pressure. Pariculady, the core gas presswre tends to always
merease with pressmg me agam due to the reduced edze
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effect Because of this, a prolonged degas time 5 wsually
needed to allow for gas pressare release bafore press open-
ing. Fnally, the mcreased panel size can magmfy the ef-
fects of finmush moisture content, firmich geometry, and
mat density on the core temperature and gas pressme.

Mat Consolidation

MNonlinear Compression

Stress—Strain Relationship

A smple conpression test of a composite mat can reveal a
haghly nonlimear stress—stram curve, whach 15 charactenzed
by an extended low-siress platean at the begnming and
steep stress nse towards the end. Such a relatonship 15
similay to pure transverse compression behavior of solid
wood except that solid wood clearly exhibets a linear alashe
behavior at the start. Figure 4 compares the compraszion
shrands) and a randomly fermed strand mat. The srmlanty
in both compression trends 15 probably due to the fact that
wood substances are under conppression in both cases
whereas the diffevence can probably be attbuted to r=n-
dom mat structure. Thes phenomenon was frst wdentified
by Suchsland (1939) and then later modeled by Dai and
Steaner (1993). The model was based on the Porssen distn-
bution of random strand overlaps (D and Steiner 19943,
b) and a modified Hooke's lawr for transverse wood com-
pression {Wolcott and others 1994). The strand overlap
vanation results m imeven stress distnbuhon; only higher
density areas confribute to load bearmg at the bepmnmg
and lower density areas do not bear smgmficant load unnl
larger deformation ocenrs. The nonlinear compression
behavior of mats was later reported with presentation of
similar models by Lang and Woleott (1996) and Lenth and
Eamke (1996).

Viscoelasticity and Elastoplasticity

Since wood 15 a viscoelastic matenal (Wolcott and others
1990), mats of wood elements exhibit quahtatively sinmlar
but quantitatively different time-dependent behavior,
namely siam creep under constant load and stress relaxa-
tion under fived deformation. The difference 15 akso attb-
uted to the 1andom mat stmctaral fowaton. The knowl-
edge of mat shructare allows for the derivation of
viscoelasteity relanonships between mats and wood
elemants (Dhax 2001).

The combimaton of high pressure and heat also results m
both permanent mat deformaton and sprnghack upon and
after pressing. Such mat behavior can be best described by
the concept of elastoplasticity (Dai and others 2000}, Elas-
toplastictiy states that the mat conpression stress—stram
curves go through different paths during loading and
unloading, and the mat defrrmation only recovers to a
limited extent upon load removal Thes imphes that the

mat properties can be manrpulated by both pressmg closing
and opemng.

Mat Pressure and Thickness Relationship

The hot-pressang process is mechanieally controlled by mat
thickness and pressure through controlimg the total defor-
mation and stresses equally applied to each laver. At any
given ime in pressmg, the overall mat deformation 1=
controlled erther by posthon or pressure. Thars, one 15 the
resultant of the other.

Fipwre 5 15 2 predicted relanonship between overzll mat
presawre and thickness for 0SB hot-pressing (Dai and
others 2000). Dunng the first stage of press closing, the
press platens are usually controlled by position. Mat pres-
e mereases a5 mat thickness decreases. The vanzhon of
mat pressure and thickness & poverned by the mat stress—
strain relationships, which vary from surface lavers to core
favers due to the vanations of temperature and morsture
content. Duning the second stage. the mat reaches mona-
o pressure and the press 15 switched to presswre control
Mat thickmess 1= determined by the layer stress—stram
relationships and creep properties at the madmem pres-
aure. Each layer behaves differently agaim due to the differ-
ence I terperahure and roowsture content. Dhinng the third
stage, the mat reaches the farget thickness and maintairs
for resin cunng. In the same fie. mat pressure shaply
drops and then graduzlly levels off. The decrease in mat
presawe 15 2 coupled response of mat softenmg (decrease
of compression moduhas) and viscoelastic stress relaxaton
(Fiz. 5). During the last stage of presaing. the press 15
swttched back to pressme contiol dunimg which the mat
pressure linearly drops to zere. This allows the mternal gas
pressure fo release before the press opens. The removal of
mat pressure also leads to a certain degree of mat thickness
sprngback. The springback 15 charactensac of elastoplas-
ferty whoch 1= affected by degee of resin cure, mat densi-
fication, temmperature, and moistare content. The springback
vanes from swrface lavers to core lavers and always resulis
m the out-of-press panel thickness baing sreater than the
press opening (Wang and Winistorfer 2002

Vertical Density Profile

At amy gven tume, the stresses apphed to each layer are the
same and equal the mat pressre. While the total mat de-
tion mn each layer 1= distibuted accardmg to s viscoelastic
perature, moishire content, and degres of resin cure. Fig-
ure & shows predicted density profiles at vanous stages of
presang (D and others 2000 Before pressing, the mat
densaty 15 asmumed to be umform m all layers. Dhoing press
closmg (Fiz. 3). the layer deformeations ave calonlated
overall mst depsines m thas stage meur the hizgest mm-
creases. Parbeularly, the sirface densihes merease at



remarkably lngher rates than core densihes bacause of thewr
lowrer conmpression moduhus due to higher temperature. The
denzity differences are mach less noticeable 1 snface
layers. This stems from the fact that mat softerimy due to
hagh temperzhime 1n the surface lavers adjacent to the
beated platens 15 masked by the hardening effect of rapad
moishire loss and thms softering effect of mereased mois-
ture content m the subsurface lavers. Such a dry-out effect
becomes more pronounced 2s the mat contrmes to be
consohdated. By the tume the mat reaches the target thuck-
ness, a shightly lowner density 1s foomed i the outer Layer,
leavmg the density to peak m the mmer surface layess. At
thi= point in preszing, most of the density profile 15 formed.
In other words, VDP 15 substanhizlly formed durng press
closing.

Afier the mat reaches the target thickness, VDP seems to
experience only mmer changes (Fig. £). As mentoned
earher, mat pressure decreases 1apedly dumg the early
=ztage of the penod of holding target thicknes= (Fiz. 3. The
elastoplastic natore of mat deformation wmbes that a cer-
tam degree of sprmgback can ccom 1o the Lew terperatare
come lavers, leading to finther deformation in the softer
smface lavers. Such a give-and-take phenomenon of mat
deformation may or may not lead to density changes be-
cause of the concmrent mass movement due to modsture
flow batween layers. As shown m Figure 6, nether the
core denzity nar the suface density changes appear to be
nofieezhle. This 1= because the core layers expenence
sigmnficant mcreases 1n moisture content, while the oppo-
=ite 15 true in the surface layers at thes tme of pressmz. The
oppocite mass movernent seems to couner out the mat
defrormation exchanges, leaving the layered dencrty more
ot less uvnchanped m this case (Wang and Wimstorfer
2004).

InFigwe 7, the mat exbubits some mmediate (and delayed)
springback upon press opemmg. It & believed that sprme-
back coowrs mostly on the anface layers nomediately
adjacent to the platens due to so-called resin pre-cume (resin
15 exposed to premature heatmg and dry-out before the
springback due to pre-cure can lead to sizmficantly lower
density sinfaces. In some cases, the minface denaity 15 even
lowrer than the core.

Resin Curing and Bond
Strength Development

One of the fundamental objectives of hot-pressing is to
accelerate resin cunng and develop bond stengzth between
wood elements. Pressing operations can be best controlled
if the conditions for optimpen auming and bonding are
known Although the chenustry of resin cwring for pare
adbesives 15 well documented (Prza 1994), the cuning and
bond strength development of resin—wood mix seems poch
lazs understood probably due to several peneral reasons.

Fost, the resin amounts for most of the wood composite
products are very low (nsually nmch less than 15% by
ovendry weight of wood) and yet the resin distibubon and
penetration are not well defined The amowmt of resin
added to 0SB fianish 15 low and 1= typacally about 2%
(wt) resin solids based on ovendry weipht of wood. Thess
factors can sigrificantly affect the accuracy and vanablity
of resin analyses. Second. the common chemical anzlvtical
methods can no longer be apphed to analyze ean cunng
when resm 15 mixed with wood. Thord, the phy=ical,
chermcal, and mechameal properties of wood can change
dnmah.ca]h when wood 15 subjected to compression
stresses and elevated temperatmes. Thess changes, which
should have a sipmaficant effect on resm ciing and bond
strength development, are not well defined Finally, the
mteractions between resm and wood also need to be taken
mte aceount when resin 15 analyzed Nevertheless, several
studies have been performed to understand the cunng
mechanizme (Trowghton and Chowe 1968, Chowr and
Steiner 1969, Humphrey 1997, Geimer and Chrshansen
1596). Some of the datals were dizcussed 1n the previous
papers m this proceedings by Frazmer and Frhart.

Tt1s penerally understood that resms accelerate cirme
under elevated tenperature and ounng needs fme to com-
plete. Therefore. miost of the preszing schadules are devel-
opad to achieve 2 certain core femperature and mamtain the
temperahre for a certain period of time. Table | hets
curng condions for some typical composite products.
Besides product types, resim types and board thickness also
have defining sffects on pressing schadules. For exammple
methylene dipheny] dusocvanate (MDI) resins seem to
accelerate cwing at a lower temperatime than phenol for-
mazldehyde (FT) resans. Thicker boards create 2 meater
heat-smk effect after pressing and therefore nsuslly requre
lower core temperatures.

Table 1—Curing conditions for some typical
composite products”

Product Thickness  Resin Targetcore  Holding

type {in.)" type temp ("C)  time is)
Plywood a8 PF 1M-115
LWL 1.5 PF 100-105
058 TG PF =100 30-20
130 10
058 TG MOl 100-110 30
MDFPB A4 uF 85 100

"LVL. laminated veneer lumber; OSB, oriented strand
board; MODF, medium-density fiberboard; PB. partideboard;
PF, phendl formaldehyde: MDI, methyl=ne diphenyl
diisocyanate; UF, urea formaldehyde.

" in. =254 mm.
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ANEXO 7.

En el 8th European Panel Products Symposium, Heinemann et al. en su publicacion THERMOKINETIC
SIMULATION OF A HOT PRESS CYCLE IN THE PRODUCTION OF PARTICLEBOARD AND MDF refleja la
influencia de la humedad de capa externa en el grado de curado

j-n

THERMOKINETIC SIMULATION OF A HOT PRESS CYCLE IN THE
FRODUCTION OF PARTICLEBOARD AND MDF

Christian Heinemann . Roland Mitter ¥, Manfred Dunky '

""Wood E plus - Competence Censer for Wood Composites and Wood Chemicry, Line Anstria
*'Divnea Austria GrbH, Krems, Ausitia

SUMMARY

It 15 fiact that ammo sdhesive systems as they are widaly used m the pansl board producdon
process cure and develop smength at rates that are highly dependent on the tenmperamme
conditions in the wood fiurmish mat being hot pressed In this paper snm approach is
mmoduced to assess the degree of cure of sdhesive systems by wsing thermokmedc
simmlation Tlsing Virmal Hot Press Software (vhp) 8 an snabytical model describing
warions phyzical processes during a hot-pressing cycle, the temperamre development within
different paracle mats has been simmiated as & fimction of pressing paramesters. On the basis
of these simmlated emperature condidons & 3 fimcton of pressing time. the degree of cure
of a vanety of adhesives could be determined wsing a thermokinetc mode] derived fom
Differential Scanmins Calommestry (DSC) measurements. The chemical cure {exothemmic
energy) of two different commercially available adhesive systems has heen monitored with
D¥SC. A reaction model {multivariate non-hnear regression} was ftted to the obtained data
of exothenmic energy valmes st different heating rates. The 'pardsl area’ as evidence of the
progress of the caring resction can be determuned wath the reaction model. Consequenty,
the degres of cure could be predicied within well defined positions of wood fumish mats
during the hot-pressing cycle.

INTRODUCTION

The mat temperatire developme in the verical direction from each surface layer to the core
layer and also honzontally depends on pressing parameters e.g. densification speed. venting
and second densification steps as well as on a variety of mat properties.

A vanety of analytical models have been developed wathin the Iast twe decades describing
phiysical processes in wood furmish mats during the hot pressing cycle. The first model was
presented by Humphrey (1981). Humphrey described the fimdamental physical processes of
heat and moisture fransfer considenng vapour comvection, heat conduction and convection,
and phase changes. Heat and moisture tranefer processes ag well as the rheological response
due to densification processes of dry-formed wood-based composites have been summanzed
in a series of publication by Bolton and Humphrey (1988), Humphrey and Bolton (1989), and
Bolton &t al (1989a 1980h). The complexity and mteractions of different mechanisms
during the hot-pressing cyele of wood-composite mats was illustrated by Humphrey (1994).

More recently Thoemen (2000} and Humphrey and Thoemen (2004) presented results of
simmlatmg the physical processes of temperature development in different lavers and gas
pressure values during the hot-pressing cycle of dry-formed wood-fibre mats. The mimerous
equations describing physical principles during hot pressing have been denived from empimical
tests published by von Haas (1998). The mathematical solution of these equations is based on
a first approach presentedb'_lr Humphrey (1982) where algebraic equations have been used.

Another appreach to modelling the transient effect durmg hot pressing of wood-based
composites was presented by Zombom (2001). Herein a mmmerical model based on
fimdamental engineering principles was developed and validated to establish a relationship
between process parameters and the final properties of wood-based composites. The heat and
mass transfer as one part of the model predicts the change of air content, moisture content and
temperature at designated positions of the cross section of the mat.

8" Europesn Panel Products Symposimm
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Figure 7: Predicted degree of conversion of the UF adhesive system within selected cross
sectional positions af a three-layer particle mat during a hot-press cycle.

In order to gam an msight mto the effect of the temperature development in the core layer of a
hot-pressed particle mat on the degree of chemucal cure, two different adhesives systems have
been compared.

The temperature developmg m the core layer 15 dependent upon certain pressmg condifions.
For the example presented the mitial surface layer moisture content was mereased from 10%
to 14%. Keeping all other input parameters inchanged the heat transfer, from the surfaces mto
the core of the three-laver particle mat, is accelerated. Within the first 20 5 of the press-cycle
hardly any change in temperature is observed for both settings (Figure £). Then the
temperature rises more rapidly for the particle board pressed with 14% imtial moistore
content of the surface layers, whereas the temperature for the one with 10% rises more
moderate. A level of 100°C is attained after 32 s for the first and after 65 5 for the latter
pressing conditions. Higher convective and conductive heat transfer rates result in faster
temperature increase. Upon press opening a temperature difference of 16°C can be detected.
which might be caused by a lugher steam pressure within the vouds due to the igher overall
amount of mitial water.

Based on these temperature curves the parfial area of the sub-teactions was predicted using
the thermokinetic reaction medel. Although the temperature nses at 20 5 after the mat entered
the press it takes additionally 30 s before a measurable response of the cunng reaction can be
detected. Comesponding to the faster temperature merease of the boards with higher mitial
moisture content (14%), the exothermic cunng reachions starts at moderate rate for both, UF
and MUpF. adhesive systems. Then, after 33 s the condensation reaction of the UF accelerates
at higher rates than the MUpF adhesive system umtil a level of 61% respectively 48% are
reached upon press opeming. After the board s released from the press the exothermic cunng
reaction still proceeds at slower rates caused by the mstantaneous drop m temperature. Due to
the high temperature level in the core layer of the mat the degree of cure mereases linearly
with pressing time until a final level of 73% for UF and 39% for the MUpF co-condensate 15
reached after 83 s.

" Enropean Panel Products Symposiure
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At a reduced teniperature increase in the core layer due to lower mitial moisture content of
10% m the surface layers the degree of cure follows a more moderate progress. When the mat
is veleased from the press a cure leve] of 26%: for the LF adhesive and 15% the MUpF system
is ebserved. Because the temperature drop in this case is ot & high as in the scenano
mentioned abeve, the cunng reaction for both adbesives still proceeds and reaches levels of
50% and 28% Obviously the UF resin kept some potential under theses specific temperature
coaditions and the degnee of cire increases by abmost 50%.
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Figure 8: Pegree of cure (partial area) based on simulated temperature development in the
core layer of a tiree Ia}er particie mat with different initial moisture content in the
airface layers (n=10% and u=14%) and for iwo different adhesive systems.

The data obtained within this project cerresponds to the results published by Chnshansen ez
al. (19%3) where they compared the degree of mechanical cure measured with dynamic
mechamcal anaiysis (DMA} and the degree of chemucal cure determined with DSC. The
mechanical cure attined a neardy asymptofic value above the 80% cure level, whereas the
chemical cure reached 1ts asymptofic value at the 20% to 40% cure rpge. It can be concluded
that at a lower chemical degree of conversion the stiffness - which reflects the progress of the
condensabon Teaction - and certamly the attaned stremgth gained to withstand the internal
forces of the released boards.

At this ime two interestng questions should be addressed in more detail. Firstly, 1s it possible
ta reach a level of total chemical cure m a wood-based composite mat and secondly. how long
does 1t take nuder well defined temperature corditions after the board is released from the
prest? The fiest part of the question includes an important feature: The applicability and
validity of the superposibon princple. Humphrey and Ren (1989) applied the superpositon
principle for their approach of datz denved from steady-state techriques being transferred to
estimate bonding vmder the unsteady-state thermodynamic conditions dm'mz a bot-press
cycle. Wang ar al (1993) and Wang er al (1996) evaluated the effects of tepperate and
relative ]:I.'Ll]]ll.dlt_\ on phenol farmaldebryde resin bending. As one of many resulis they peinted
out that 2 resin precured under well defined condifiens could not reach the level of cure.

Heineccann ot al.

Como refuerzo a la invencion en el Anexo 8 (préoximo documento), CHEM-E2105Wood and Wood
Products_Manufacture of wood-based panels (manufacturing dry-formed wood-based
composites: particleboard, medium density fibreboard etc.) de Mark Hughes 23rdMarch 2016 se
habla de tableros no equilibrados en las pag 38-39. También se hacen referencias a granulometrias y
humedades (particulas mas finas y mds humedas en capa externa)
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Today

e To provide an overview of the manufacture of dry-formed
wood-based panels (particleboard, MDF, OSB), using
particleboard as an example

e To introduce how the parts of the process affect the panel
board properties

e To explain the hot-pressing process, particularly with regard
to how the process affects the development of the structure
and the properties of the panel

— Although the focus is on particleboard, similar reasoning applies to
other panel products and engineered wood products



Structure of PB

e Particles of mm dimensions

e Typically 3 layers — surface or
face material of fine particles

e Core material of coarser
material (larger chips)

e Density profile developed
Filename: MARKA. 2 \w-«‘ | during manufacture
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Some factors that affect the properties of
a panel board....

BOE%RFDIC ' PARTICLE
SPECI NTATIO
GRAV ITYOR‘ £

ﬁ PRE SSING
@ VARIABLES

Y (seeces) \& The development
AYERING IN S’:f: S 7 A — .
;‘?‘ "( \\V YYPE OF of the final
“\\‘ Q\ Aw MATRIAL ) i )
e XN SRR properties are
PARTICLE SIZE -‘\‘\Y" ‘ B Qp\ ;xgslcolfﬁ dependent upon
\“;‘VA =77 i’; GENERATED _

) Nt B/ either the raw

Maruousrunc PROPERTIES Y] N

oxs*rmaunon Y\ A material or the
| manufacturing
process!

(Source: Maloney, 1993)



srg
Nota adhesiva
relacionada con patente

srg
Nota adhesiva
relacionada con patente


Properties

e |mportance of property depends on application:

e Range of differing physical, mechanical & other properties,

including:

— Strength (bending, transverse tensile, shear)

— Stiffness (bending)

— Density

— Surface hardness

— Screw holding

— Colour

— Surface “finish” (roughness)

— Moisture resistance

— Creep (long term deformation under a sustained load)
— VOC emissions



Panel properties affected by

e Raw material characteristics
— Strength, chemical composition, density

e Interaction between particles
— Particle to particle bonding

e Structural organisation of constituents
— Size and shape of the particles
— Orientation of particles
— Packing
— Relative proportions of the constituents

w o om O 0O S O
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Some factors that affect the properties of
a panel board....
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Basics steps in the process

Raw material prepared

Converted into particles

Particles dried

Particles classified

Blended with a resin and additives

Particle/resin/additive blend (“furnish”) is formed
Into @ mattress

Hot pressed to compact the particles together
and cure the resin

Cooled and finished



The particleboard process

Product

(Source Diffenbacher: http://www.dieffenbacher.de/index2.html)



Raw materials

(Particles, adhesive & additives)



Particle

e Raw material properties influence many board properties,
including board density, strength and stiffness etc.

e Can also influence the manufacturing process....
e Wood:

— Virgin wood, mainly softwood, but other species can be used
e Round wood
e Co-products (sawdust, slabs, etc.)
e Short rotation coppice (poplar)

— Recovered/recycled wood (“urban forest”)

e Pallet wood, packaging etc.
e Management can be problematic due to difficulties in identifying

contaminants (polymeric — paints and varnishes; preservatives - CCA).
e Non-wood:
— Agricultural by-products
e Wheat straw, bagasse, hemp, rice straw

e Basically any fibrous lignocellulosic material!



Wood raw material

e Species:
— Density (affects the “compaction ratio” and the way the chip deforms
under compression during pressing), strength and stiffness
— Chemistry: pH, buffering capacity, affect resin cure

— Extractives: may “interfere” with the bonding process or lead to
emissions problems

e Recovered wood:

— Contaminants:

e Metallic (large! Easily dealt with, but in preservatives such as copper
chrome arsenate — CCA — more problematic)

e |norganic (grit, sand, cement...)
e Organic (e.g. paints/varnishes - problems with pressing; creosote)

— ldentification of contaminants (materials management)



Non-wood raw material

e Basically any lignocellulosic material!
e E.g. wheat straw:

— High inorganic content
— Waxes

e See, for example, CS Process Engineering website



http://www.csprocessengineering.co.uk/

Raw material for particleboard
(Koskisen Oy, small PB mill in Finland)

e By-products
e Spruce -80 %
e Birch-15%

e Pine-5%

e Saw dust
e Mini chips
e Cutter chips

e Chips/board
e 45m3/ m3

(Courtesy: Koskisen Oy)



Adhesives

e Primarily thermosetting resins

— Main type (90%) is Urea formaldehyde (UF)
e Low cost
e Rapid cure
e Adequate properties for many applications (brittle and susceptible to hydrolysis)

e “Low” formaldehyde emissions “E0”, E1 (E1 Classification <8m g HCHO/100g oven-dried
board)

— “Fortified” UF (melamine urea formaldehyde)
— Phenol formaldehyde (PF)

— MDI (methylene diphenyl diisocyanate) and pMDI. Zero formaldehyde release, but
careful handling needed

e QOther adhesives
— Inorganic (cement bonded)
— Thermoplastics
e Renewable resource-based adhesives
— Tannin-based adhesives
— Lignin-based adhesives
— Glues based on vegetable oils
— Soy flour-based adhesives
— Furan polymer-based adhesives

e Binder-less boards using “activated” chips/particles (enzymatic or chemical)



Additives

e Waxes (reduction in moisture uptake)
— Emulsion
— Molten wax

e Fungicides
e Flame retardants



The Process



Process steps

1. Raw material preparation



Debarking undertaken to remove
bark which can reduce the
properties of particleboard if
present in quantities more than a
few per cent

— Rotary debarker
— Drum debarker

Sorting classification of waste wood
for further processing

Removal of metallic and other
contaminants

Problems in identifying some
treatments that have previously
been applied to wood. In particular,
polymeric substances can cause
problems in processing, for
example

e —— P

(Source: Andritz)




Process steps

2. Conversion to particles



2. Conversion to particles (chipping)

e Aim to manufacture a
homogeneous product

e Need therefore to
produce chips of a
suitable size & shape to

form the furnish for the
board




(Courtesy: Koskisen Qy)




Particles (chips)

e Depends on raw material. For example, if the raw
material is in log form or is already reduced in size,

e.g. shavings

e Reduction may therefore be a two stage process.
For example, primary reduction of debarked logs to
give large, coarse chips, followed by further milling
to produce more “engineered” chips

e Different equipment may be used to prepare chip of
the required type



Types of equipment

e Knife systems
— Use knives cut or slice chips form the raw material
— Disc/drum chippers

e Hammer mill systems

— Use hammers to grind, break, tear shred raw materials
into smaller particles

e Attrition systems

— Grind the wood raw material into fibre — similar to TMP
(thermomechanical pulp)



Particle engineering

e Each particle reduction (milling) process will produce
a range of particle sizes

e Different chip size/type used for surface and core
layers — fine chips or particles on the surface (good
finish), coarser chips in the core

e |mportant to produce chip surfaces with as little
damage as possible to improve particle-particle
bonding:

— A mechanically weak surface layer will lead to possible

break-down of the glue-line, resulting in degraded board
properties
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Process steps

3. Particle drying



3. Particle drying

Why?

High MC of chips from green wood too high (>100%) for
pressing — can lead to the development of high vapour
pressure in boards leading to delamination or “blows”

Ensure that the “furnish” has a homogeneous MC

— Core and surface layers may have different MC
Some moisture is necessary to assist in heat transfer during
the pressing process (see later lecture)

— Remember: most commonly used commercial resins (e.g. UF/MUF)
are water-based and this needs to be taken into account when
determining the final moisture content of the particles..... Typically for
UF around 65% solids content

— Also wax emulsions contain water!

Typically final MC of chips in the region of 2.5% after drying,
but before resin blending

Drying is a BIG consumer of energy!
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Particle drying

e Optimisation of MC important: too much and this
will cause problems with board blows, too little will
lead to poor heat transfer in the press and

incomplete resin cure, resulting in poor mechanical
properties

e Driers work on the principle of passing the particles
through a stream of hot air (180-200°C)
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Dryer types

Various types of dryer e.g.

Drum type (rotary/fixed)

Belt dryers

Paddle trough dryers
Suspension-type

“Flash” driers (high temperature)
See for example, Diffenbacher



http://www.dieffenbacher.de/en/wood-based-panel-division/particleboard-lines/frontend/drum-dryer.html
http://www.dieffenbacher.de/fileadmin/Inhalte_gb/101_daten_sprache/004_pdf/001_holzplattentechnik/006_DG/001_spe/03_Prospekt_Drum_Dryer.pdf

Process steps

4. Particle classification



4. Classification

Why?

Control particle size distribution —important so as to optimise
the position and size of the particles relative to their position
in the board — small particles on the surface, bigger particles
in the core

Need to ensure that the board is “balanced”, i.e. the same
amount of surface particles on both faces of the board (c.f.
plywood). Otherwise may result in distortion of the board

Note: very small particles (fines) will consume more resin
(high surface area to weight ratio)
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Classification systems

e Sieving — pass particle through different sized sieves,
larger particles are retained, smaller particles pass
through to the next size down

e Air classification —suspended in an air stream; the
smaller, lighter, particles are carried away in the air
stream, leaving the larger heavier particles (lower
surface area to weight ratio)

— Can form part of the drying process — simultaneous drying
and classification


http://www.dieffenbacher.de/en/wood-based-panel-division/particleboard-lines/frontend/oscillation-screening.html
http://www.dieffenbacher.de/en/wood-based-panel-division/particleboard-lines/frontend/air-grader.html

Process steps

5. Blending with a resin and additives



5. Gluing/blending

An adhesive or glue needs to be applied to the surface of the
particles to bind the particles together

Different resins have different performance characteristics:
— UF; brittle and subject to hydrolysis

— MUF; better moisture resistance than standard UF

— PF; more resilient and less subject to hydrolysis

— MDI; highly reactive and bonds well

The resins are generally applied as liquids in the form of an
atomised spray

— Note: can also be applied in solid (powder) form that forms a liquid on
heating, before reverting to an insoluble, infusible, solid form (e.g. PF)

Additional mechanical blending can enhance the coverage of
the resin over the particle



Glue factors influencing board
properties....

Amount of resin

— Generally, more resin, better properties (but more expensive!), therefore a
balance...

— Varies from resin type to resin type and is typically 8% (solids on oven dry
wood) for UF in PB (or MDF), but can be as low as 2% (for MDI in MDF)

Resin properties
— Viscosity (depends on resin itself and “solids content”)
— Solids content (weight of solid resin to total weight of resin)
— pH and buffering capacity

Distribution of resin

— Droplet size (spray type and nozzle design)
— Generally smaller droplets preferred, giving better resin distribution (see e.g.
Kelly, 1977)
Cure characteristics

— Heat and/or catalyst needed to cure resin
— Gel time/cure time depends on several factors



More on glues & additives

e Resins frequently manufactured on site, particularly UF and
MUF. Storage conditions and duration important to prevent

degradation (short shelf-life)

e Other additives (e.g. waxes, fungicides, flame retardants) may
be blended in at the same time

e Typically, wax is added at around 0.5-1.0% (solid on OD wood)



Process steps

6. Particle/resin/blend (“furnish”) is formed into a
mattress



Forming

Laying up the “furnish” prior to pre-pressing and hot pressing
(consolidation)

Important process in the formation of the structure of the
board and therefore strongly affects the board properties:

— Improved bending properties

— Good surface finish

— Optimised density

Boards may be “single layer”, “multi-layer” (3,5), or
“graduated”

Must always be a “balanced” structure to prevent distortion
or poor properties (i.e. 2 or 4 layer no good)

Surface layers of “fine” particles, “core” of coarser particles
MC of surface layers 8-15%; core 4-8%

Resin content of surface layers may also be higher to give
improved strength
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Forming

3 layer Homogeneous

Core

Surface Surface

Forming



Process steps

7. Pre-pressing & hot pressed to compact the
particles together and cure the resin



Pre-pressing & hot pressing

e Pre-pressing of the furnish to
reduce the bulk and give some
mechanical strength to the
mattress

e Hot-pressing, to finally
consolidate the board and cure
the adhesive. Density profile
generated during hot-pressing

e Various types of press, the most
common being a continuous
press.
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Pre-pressing

Part of the consolidation process

Pre-pressing undertaken to:

— Reduce the thickness of the mattress (i.e. increase the bulk density of
the mattress

— Give the mattress some mechanical strength for handling
— Speed up the hot press process, reduce pre-cure

Important that the mattress has some “tack” (slightly sticky),
provided by the glue

Pre-pressing may be cold or hot, important not to pre-cure
the resin, but can help in getting heat energy into the
mattress



Hot-pressing

e Main mechanism for consolidation of the mattress,
the development of the board internal structure (in
combination with forming etc...) and curing the
adhesive binding the particles together

e Pressing may be batch-wise in a single or multi-
opening press, or in a continuous press (“conti-
press”)

e Press control vital in the development of board
properties and much research directed towards
understanding what is going on the in press and in
modelling this behaviour



Press types

e Opening presses:
— Single-
— Multi- daylight presses

e Continuous presses

(Source: Siempelkamp.com: http://www.siempelkamp.com/Products.552.0.html)



http://www.siempelkamp.com/Products.552.0.html

What is going on in the pressing process?

Heat transfer and flow of gasses
Phase change of water
Densification of material
Adhesive cure

Development of internal stresses



Basic steps

Board (mattress) fed to the press
“Daylight” closes

Press closure to target (thickness, pressure) —
pressure increase

Pressure/thickness maintained: resin cure
Daylight opens: pressure reduced

— May be done in stages

Boards removed



Hot-pressing

Press closes Pressure applied

P N
e |

N

Heated platen (Target thickness
(circa 140 — 180°C) reached & held)

Mattress

Progression in pressing process

v



What happens to:

e Mat thickness

e Counter pressure

e Surface temperature
e Core temperature

e Core vapour pressure

During the pressing process?
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Press control/monitoring
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Factors that affect the pressing process
and influence the final board properties



Raw material

e Particle type and geometry — whether it is “granular”
(chips), flakes or strands

— Internal structure and ability of gasses to move around the
interior of the mat: easier if it is granular, less so if it is
composed of flakes

e Mat moisture content
— Qverall

— Distribution
e Higher on surfaces

— Heat transfer, plasticisation of chips, but...
— ...higher internal vapour pressure, possible delamination
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Heat transfer mechanisms

e Conduction
e Convection

— Change of phase: liquid-vapour-liquid
e Radiation

— Negligible



Development of adhesive strength

e Gel time: liquid to solid....
e Time to reach full cure



Densification, internal stresses and
spring-back

e Wood undergoes both instantaneous and time-
dependent deformation when load is applied:
— Elastic
— Delayed elastic
— Viscous
— Plastic/microstructural failure

e “Trapped” elastic and delayed elastic stresses lead to
internal stresses



Development of density profile

e Higher face moisture content will favour relaxation
of the chips and so lead to higher face densities

e Faster press closure times will tend to result in
higher density surfaces

e Higher density surfaces:

— Increased bending properties and strength parallel to the
board surface ....

— ... but reduced internal bond strength (transverse tensile
strength), inter-laminar shear strength and screw holding
characteristics
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Edge effects

e Vapour/gasses in the mat during pressing will tend
to escape from the edges (not sealed)

e Leads to a lower gas pressure at the edges

— Difficulty of scaling: e.g. simulating processes on a
laboratory press



Limitations

Thick panels
Low density panels

How to overcome these:
External heating sources....

— Steam injection

— Radio Frequency (RF) and microwave heating



Cooling and finishing

At exit from press, adhesive cured sufficiently to
retain board integrity

Some further “curing” may take place (used to be
common to “hot stack” finished panels to cure the
resin further)

Panels need to be cooled before finishing (e.g.
sanding) as if done too soon, board properties may
be affected and tools will become clogged

On exit boards trimmed before cooling



Cooing & finishing

e Cooledin e.g. “star cooler”

e After cooling the boards are
sanded to the final thickness
and to give good surface finish,
especially if subsequent
processing takes place, for
example, lamination




Adding value

e Frequently the “raw boards” undergo further
processing to add value

e Example is lamination or overlaying a decorative
finish to the board

e Speciality boards (“moisture resistant”, “flame
proof”)
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http://www.fpl.fs.fed.us/documnts/fplgtr/fplgtr10.pdf

Further information

 Manufacturers:
— Egger (www.egger.com)
— Kronospan (http://www.kronospan.co.uk/)
— Norboard (http://www.norbord.com/)



http://www.egger.com/
http://www.kronospan.co.uk/
http://www.norbord.com/
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