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Abstract

The dructurd performance of medium densty
fiberboard (MDF) is dtributable to three primary
variables which are physica and mechanicd prop-
erties of individuad wood fibers, fiber-to-fiber stress
trandfer; and fiber orientation. These origins of fiber
properties and gtress transfer can be traced to the
fiber generation method wherein fiber orientation is
associated with mat formation. This paper is part of
an on-going dudy to determine the mechanisms
governing the diffness and srength of fiber-based
compogites. Prliminary data are presented in this
paper focusng on the effect of juvenility and fiber
generation on the mechanica properties of individ-
ual wood fibers and the subsequent properties of
MDF panels. Development of pand iffness and
grength is dso discussed with regards to fiber pack-

Groom Mott

ing and dress transfer as determined by testing
oriented and un-oriented panels as well as direct
observation with microtomography.

Introduction

Over the past few decades, the need for improved
use of this nation's naturad resources, particularly
forest products, has developed. One of the best ways
to address this chalenge is through an expanson of
the recondituted wood fiber philosophy. This phi-
losophy began with rectangular dimension lumber
cut from cylindricd logs and has evolved to the point
of fiberboard. Bresking down wood into its condtit-
uent dements is not exceedingly difficult. The cha-
lenge lies in reassambling the dements to meet de-
gred end specifications. The manner in which these
elements are reassembled dictates the performance
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of the find product, which is the overdl premise of
engineering wood products.

This axiom is gpplicable to the production of me-
dium dengty fiberboard (MDF) with improved per-
formance. The diffness and srength of MDF, like
any other wood composite is dependent upon the
properties of the individua wood components and
the manner in which these components are con-
bined. Mogt research efforts to improve the mechan-
ica performance of MDF are proprigtary in naure
and have focused primarily on the binding system.
Other varidbles commonly sudied include particle
orientation, board dendty, additives, Szing agents,
species, and pressing variables (Maoney 1986). Due
to technologicd limitations, studies corrdating fiber
properties and panel properties have only recently
been possible.

The long-term god of this on-going work is to as-
certain the mechaniams that govern the physicd and
mechanical properties of structurd  fiberboard.
These gods are achieved by studying the three fac-
tors governing MDF:. physicd and mechanicd prop-
erties of individua wood fibers, fiber-to-fiber stress
transfer; and fiber orientation. Data presented in this
paper are the compilation of severa studies that ad-
dress these factors. Specificdly, the objectives of this
paper are to ascertain the relationship between fiber
properties and the dructurd performance of MDF;
determine the effect of refining on the mechanicd
properties of individud fibers, and subsequently the
properties of MDF; and ascertain the in-Situ physical
characterigtics of fibers in MDF.

Experimental ~ Procedures

The experimenta procedures can be divided into
four main categories based on objectives and antici-
pated outcomes. In dl cases, the raw materid for the
congruction of MDF pands and mini pands was
loblally pine (Pinus taeda) harvested from a conven-
tiond plantation in southern Arkansas. The juvenile
and mature portions of the bole were separated
menudly, The term “juvenilé’ in this Sudy refers to
wood up to the tenth growth ring whereas “mature’
refers to wood beyond the 30th growth ring. The
trangition wood between these zones was discarded.

Effect of Fiber Properties

Full-Size Panels. -Thirty 16- by 16- by 3/8-in.
MDF pands were manufactured at the Universty of
Maine to investigate the relationship between fiber
furnish mechanicd properties and MDF perfor-
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mance. The pands were comprised from furnishes
with varying degrees of juvenile and mature fibers
Fibers were generated with a pressurized disc refinc
at feed pressures of 10 and 40 psg. Fibers were air
dried and bagged for pand manufacture. Pancls
were manufactured at a target dendity of 48 Ibs./ft. "
and with a pand resn content of 8 percent urca
formadehyde (solid content = 65%). Panels were
pressed for 3 minutes a 270°F, conditioned (70°F,
50% RH), and subsequently evaluated for mechani
cal properties, linear expanson (LE), density, and
internd bond (IB) srength.

The mechanicd properties of individud fibers
were ascertained on the four fiber types (juvenile o
mature, 10 psig or 40 pdg). In addition, unrefined
portions of juvenile and mature chips werc
macerated in acetic acid and hydrogen peroxide. I
bers were then tested in tenson to determine the
modulus of eadticity (MOE) and ultimate tepsile
stress (UTS) of the fiber furnish. A detailed explana
tion of the macerdtion technique can be found in
Mott (1996), and a detailed explanation of the me
chanicd property determination can be found in
Groom et al. (1996).

Mini Panes-Miniature MDF pands measurin,
4- by 5- by 1/8-in. were constructed to verify full-sizc
pands and, subsequently, to investigate the effects ol
fines and fiber orientation. Mini panels were con
structed with a press schedule and adhesive that were
identical to full-9ze pands. Mini pand and fibe
properties were determined similarly to the full-siz
panels.

Effect of Fiber Orientation

There exigt two primary methods to achieve fibei
dignment: dectric fidd (Woodson 1977; Talbot |
1974) and physcd manipulation. This study used
physcd fiber dignment, conggting of a series of vi-
brating fins located gpproximately 1 mm above the
forming ma. The degree of fiber orientation was
controlled by the gaps between the sted fins. Gap
gpacings were chosen to be 2, 4, and 8 mm. Fibers
passed through the vibreting fins and settled down
onto a 4- by Sin. mat with fiber orientation locatetl
in the S-in. direction. Mini panels were congtructed
with varying degrees of fiber orientation and varying
degrees of juvenile and mature fibers. Panels werc
subsequently tested for mechanica properties, LE.
dengity, and IB.



I'ffect of Fines Loading

Mini panels were congructed with varying pro-
portions of long fibers and fines as well as fibers in-
termediate in length. Approximetely 3 kg each of ju-
venile and mature wood fibers were placed on a
weries of shekers in which various fragment lengths
were segregated. The shaker trays were chosen such
I hat the largest to smalest segments conssted of:

Tray ]
3-5% Shives and bundles Discarded.
I 'ray 2
20-30% Modly fibers, with some  Designated
bundles and broken fibers. fibers.
Tray 3

30-50% Mixture of fibers and fines. Desgnated
intermediate.
Tray 4

20-30% Comprised mogily of fines. Desgnated

fines.

A totd of 24 oriented mini pands were con-
sl ructed to investigate the effect of fiber packing and
st ress transfer on the mechanica properties of MDF.
The 24 mini pands were composed of 12 juvenile
and 12 maure mini panes, with three replicates
cach of:

100 percent fibersO percent fines.

. 50 percent fiber:50 percent fines.

O percent fibers: 100 percent fines.

. 100 percent intermediates.

I'here were 24 corresponding mini panes con-
st ructed with random orientetion.

Lffect of Refining Levels

In addition to the full-sze MDF panels described
previously, mini panels were constructed to evaluate
| he effect of refining levels on fiber and MDF pand
properties. Juvenile and mature wood fractions
from aloblolly pine tree were chipped and refined at
lced pressures of 4,8, and 12 bar. These pressures are
respectively, below, a, and above the glass transition
temperature of lignin. Fbers from these sx fur-
nishes, as wdl as juvenile and mature chemicdly
macerated fibers, were analyzed for mechanical pro-
perties. Mini panels were dso congtructed to evalu-
ate the effect of refining on MDF mechanicd  prop-
crties, LE, and IB.

Microtomography of MDF panels

The in dtu physcd characteridics of fibers in
MDF, induding a three-dimendond fiber network
and void gtructure, were investigated usng microto-

mography and image andyss techniques. The Sate of
individud fibers within the pand induding lumen
collapse (if present), fiber length, fiber curl, and ori-
entation in three-dimensiona space were evauated.
Microtomography is a technique for nondestruc-
tivdy evduding the internd three-dimensond
dructure of a materid. The measurement principles
(Deckman et d. 1991) and its gpplication to cdlulosic
Sructures including solid wood and paper were pre-
vioudy described (Shaer 1997; Shder et d. 1998).
The specific results reported are for an MDF spec-
imen from 4 bar refined mature loblolly pine. The
volume of the specimen scanned was 1.28 by 1.09 by
0.37 mm, with the 0.37-mm dimension correspond-
ing to the pand z-direction. The specimen was ex-
cised gpproximatdy 5 mm from the top surface of
the pand. A 10x-lens was used in the microtomo-
graphy setup so that the individual voxd resolution
was 2.4 p. The x-ray energy was 8.5 keV. Information
was collected at the X2B beam line built and run by
Exxon Research &Enginearing a the Depatment of
Energy managed National Synchrotron Light
Source (NSLS). Visudizations of the internd struc-
ture were developed through volumetric dipping,
pseudo coloring, and opacity change techniques.

Results and Discussion

Pand densty was determined on IB specimens
prior to test and averaged 45.9 Ib./ft.> on full size
specimens and 39.3 Ib./ft.3 for mini pands. Average
moisture content at time of testing was 7.5 percent.
The average test duration for bending tests was Six
minutes. For mini pands, four bending specimens
were tested for each pand. However, only the most
interior pardld and perpendicular specimens were
used in the andlyss due to a sgnificant edge effect.

Mean mini panel properties were comparable to
the properties of full-size specimens. The coefficient
of vaidion (COV) of the mini pand mechanica
properties were generdly less than 15 percent, espe-
cidly for tets messuring in-plane properties. The
lowest variability exiged for the liner expanson
gpecimens with an average COV of 12 percent.
Bending propeties had a smilar varidbility, with
COV vdues for MOE and modulus of rupture
(MOR) of gpproximately 14 percent. Internd bond
stress values were extremely variable; average COV’s
were 36 percent with some samples having COV’s
over 80 percent. It gppears as though the mini pands
may be too thin to gather rdidble IB data, with re-
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aults being dtered by the process of gpecimen attach-
ment to the |B blocks.

Effect of Fiber Properties

Full-Size Pands-The most dgnificant finding
of this study is that there exigs an inverse rdaion-
ship between fiber properties and MDF mechanica
properties (Figs. 1 and 2). The refined, juvenile
wood fibers used to make the un-oriented MDF
pands shown in Figures 1 and 2, had a MOE and ul-
timate tensile stress (UTS) of 500,000 ps and 29,700
ps, respectively. The corresponding mature fibers
had MOE and UTS vaues of 970,000 ps and 623800
ps. This seemingly paradoxicd inverse relationship
of dronger panels from weaker fibers must be ex-
planed based on something other than fiber me-
chanica properties. All panels in the study were ran-
domly oriented, so orientation did not play a role.

If weaker fibers make stronger MDF pandls, then
it is probable that the governing srength mecha
nisms originate with fiber-tofiber dress transfer.
Stress trandfer is encompassed by many periphera
variables such as adhesion, pand densty, and fiber
packing. Adhesive agpplication and amount used in
al pands were kept congtant, although adhesive dis-
tributions may have been different due to the sze
and morphology differences between juvenile and
meature fibers (Zobd 1961; Larson 1962). Panel den-
gty and dengty profiles were smilar among pands.
The juvenile wood fiber components in Figures 1
and 2 were shorter, and contained a higher percent-
age of fibers less than 0.5 mm, and a lower percent-
age of fibers grester than 25 mm.

One important note to condder is that the me-
chanical properties of MDF may not be governed so
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Modulus of Elasticity (psi)

HH%

75J:26M 60J:50M 254.75M

Panel Composition
Figure 1.- Full-sized MDF panel MOE shown as a
function of juvenile: mature wood ratios. Vertical
bars represent one standard deviation.
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much by fiber orientation but rather by fibril orien
tation. Wood fibers ae themsdves cylindrica
multi-laminate compodites that derive ther me
chanicad properties from the orientation of micro-
fibrils. A wood fiber with a microfibril angle of 45
such as a juvenile fiber has in theory MOE values,
which are equivdent parallel and perpendicular to
the long axis of the fiber. The same condition does
not exig for mature fibers with fibril angles of ap-
proximately 5 to 10°, where the longitudind MOE is
much greater than the transverse MOE. Thus, d-
though the longitudind modulus of meture fibers is
greater in magnitude than juvenile fibers, the trans
verse modulus of juvenile fibers far exceeds the cor-
responding mature fibers. The transverse modulus
of mature fibers provides a weak linkage in compos-
ite pandls and thus may produce MDF panels with
diminished mechanicd properties.

Mini Panels-Mini pandls were congructed to
confirm full sze pands as well as to evduate the €f-
fectiveness of orientation. Stiffness and strength of
mini panels are summarized in Figures 3 ad 4, re-
gpectively. MOE and MOR show identica trends as
was seen in full-9ze pands pand dHiffness and
srength increase with increasing percentages of ju-
venile fibers. As expected, pardld and perpendicular
properties were identicd for un-oriented panes.
There is a dggnificant separaion of pardld and per-
pendicular mechanical properties for the oriented
panels, but both properties follow a smilar trend of
increesed  mechanical  properties  with  increasing
percentages of juvenile fibers.
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Figure Z.-Full-sized MDF panel MOR shown as a
function of juvenile: mature wood ratios. Vertical
bars represent one standard deviation.



Effect of Orientation

Results for the mechanica property testing of
these varying levels of orientations are shown in Fg-
ures 5 and 6. It was anticipated that, according to tra-
ditiond mechanics theory, improved orientation of
the individud dements, i.e, fibers would increase
mechanica properties in the dignment direction. As
this orientation improved, the mechanica properties
of the composites with the strongest dements would
increase at a faster rate and surpass corresponding
composites made of the weakest elements. Indeed, in-.
creased orientation did improve the mechanica
properties of both juvenile and mature panels. How-

ever, the data show some trends that were unantici-
pated. The pardld specimens for the juvenile pands
increased at a fagter rate than the mature pands. Al-

though the mechaniams for this result have not yet
been identified in this sudy, the ansver mogt likely
lies ether individudly or in concert, with dtered
bonding areas and the redive differences in diffness
between the mature and juvenile fibers. Mature fibers
are generdly much differ and stronger than their ju-

venile counterparts longitudindly. Although it may
seem ided, this longitudind diffness and drength
make the mature fiber less flexible in a fiber mat. This
diminished flexibility decreases the fiber-fiber con-
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Figure 3.—MOE of un-oriented
and oriented MDF mini-panels in

relation to percent of juvenile
fiber content.
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tact area and thus the number of sitesin which
stresses can be transferred among the fibers.

Effect of Fines

Shaker trays for separation of fiber fractions var-

ied depending on fiber type.

Juvenile fibers were separated as follows:.

. Long fibers passed through a 20 mesh (0.0394
in.), but were retained on a45 mesh (0.0139in.)
tray.

. Fines were the fraction that passed through a
140 mesh (0.0041 in.) tray.

Juvenile long and fine fiber fractions, respectively,
comprised 23 and 26 percent of the totd.

350,000

Mature fibers were separated as follows:

. Long fibers passed through a 10 mesh (0.0787
in.), but were retained on an 18 mesh (0.03%4
in.) tray.

Fines were the fraction that passed through a 50
mesh (0.0117 in.) tray.
Mature long and fine fiber fractions, respectively,
comprised 20 and 36 percent of the totd.

The effect of tines loading on the diffness and
grength of MDF mini panels is shown in Figures 7
and 8, respectively. The mechanical properties are
inversdy corrdaed to fines loading, regardiess of
orientation or fiber type. The compliance and wesk-
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Figure S.-Effect of orientation 50,000 \
of MDF mini-panel bending stiff-
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Figure 6.-Effect of orientation
of MDF mini-panel bending
strength. The smaller fin spac- 500 =
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orientation.
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ness of the panes comprised of fines was due pri-
marily to the lack of fiber length, resulting in low
fiber aspect raios and ultimately poor physica in-
terlocking and fiber-fiber contact. It should be noted
that the mini-pand specimens made up of juvenile
fibers outperformed the pands comprised entirey
of mature fibers. In addition, the iffness ofjuvenile
mini panels was less susceptible to fiber loading ef-
fects as compared to mature mini panels due to the
shorter initid fiber length.

The efect of fines loading on LE is shown in Fig-
ure 9, which shows that the ided furnish for minimal
LLE would be some combination of long fibers and

fines. The daa are insufficient to specify the optima
ratio, but it appearsto exist between 0 and 50 percent
fines loading. Moss and Retulanen (1995) found
that addition of fines to kraft paper increases
drength properties by filling in voids and thus pro-
viding a greater degree of bonding. A smilar effect
may be occurring in the MDF samples. Figure 9 dso
shows that perpendicular specimens exhibit
gregter LE than pardld specimens, juvenile speci-
mens generdly have a greater LE than their mature
counterparts, and in dl cases, mini pands com-
prised of only intermediate fiber lengths have the
lowest LE values.

Modulus of Elasticity (psi)

=== Or : Mat : Par
= © = Or:Mat: Perp
==dr=nOr : Juv : Par
= &= Or:Juv:Perp
==@==in0r . Mat : Par

= ©= Unor:Mat: Perp
e==ill=Unor : Juv : Par
= €= Unor:Juv: Perp

Figure ‘l.-Effect of fines load-

o ing on the MOE of oriented and

0% 50%
Percent Fines un-oriented MDF mini-panels.
3,500 enmn — \
] ot OF AT P
@ O= Or:Mat:Perp
meeeree Or - Juv : Par

3,000 4

2,500

Modulus of Rupture (psi)
n
o
=]
=]

1,500 4

1,000

600

» A« Or:Juv:Perp
==& Unor : Mat : Par
= ©= Unor: Mat: Perp
i Unor : Juv : Par
|2 8= Unor: Juv: Perp

Figure S.-Effect of fines load-

0% ‘ s z’) n
PercentFines

wo% Ing on the MOR of oriented and
un-oriented MDF mini-panels.

Groom, Mott, and Shaler . 95



The IB daa for the fines loading mini pands are
summarized in FHgure 10. Fines are detrimentd to
the IB strength of MDF mini panels. The deleterious
effect of decreased IB drength as a function of fines
loading is equaly applicable to dl pand types, re-
gadless of orientation or juvenile fiber content.

Microtomography

Microtomography successfully imaged the sruc-
ture of the MDF materid. A perspective view of the
three-dimensiona volume (1.28 by 1.09 by 0.37 mm)
is given in Figure 11. The grid lines superimposed
upon the volume are spaced 0.12 mm agpart. Addi-
tiona detall is visble from obsarving a representa
tive sSde of the specimen (Fig. 12), which represents a

digitaly obtained 24 p thick dice in the interior of
the specimen, 391 p from one end. The identifiable
fibers clearly show a lack of collgpse in the lumens of
thick wdled cdls, which is in contrast to a fully col-
lapsed fiber structure that has been observed in com-
mercid kraft liner board materid prepared from lob-
lolly pine. Some fibers are oriented pardld with the
fidd of view and exhibit a ribbon-like snake structure.
This can aso be observed from a top-view of the same
gpecimen (Fig. 13). The white regions represent void
sructure with the dark regions corresponding to the
cdl wadls. The hazy/milky regions may represent
fines, which absorb the x-ray energy but whose struc-

ture is undefined or Szeis so low it is not discernible.

Figure 9.-Effect of fines load-
ing on the linear expansion of
MDF mini-panels. Six main
traces represent fines loading
for O percent to 100 percent. Six
points to the right of the main
graph represent values of linear
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Although difficult to communicate through
| wo-dimensond images, the three-dimensond
orientation and length of a sample fiber was ob-
tained from the volume. This was accomplished us-
ing manud digitd image interpretation of the vol-
ume. The ends of a fiber within the volume were
identified and their coordinates (x, y and z) re-
corded. The length of a draight line between the
liber ends was desgnated as the secant length. The
curved nature of fibers was evaluated through defin-
ing the perimeter of fiber cross sectionsat 12to 24
intervalsin a principd direction (x or y) of the MDF
volume. The length of each of the individud fiber
was then calculated from the distance between the
(%, y, and z) coordinate of adjacent dice centroids.

Figure Il.-lsometric view of 1.28 by 1.09 by
0.37 mm MDF specimen imaged with microto-
mography.

Figure 12.-Edge view (0.92 by 0.81 mm) of in-
ternal fiber structure 391 p from a specimen end.

The length of the individud ssgment was then
summed and defined as the total fiber ssgment
length. This fiber segment length is a truer measure
of fiber length than the Secant length. While many
descriptions of fiber curvatures have been made in
the literature (Nguyen and Jordan 1994; Trepanier
1998), one particular measure was sdlected for de-
scription of the MDF fiber due to its amplicity and
ease of cdculaion. The curl index (%) is defined as

Fiber secant length
Fiber segment length

« 100 (1]

A pefectly draght fiber would have an index of
100 while a fiber bent in half would have an index of
50. The curl index was measured on 7 1 fibers. A sum-
mary of the fiber secant and segment lengths as well
as curl index is given in Table 1.

The didribution of fiber lengths was not normd
dthough free fibers have been identified to have
such a digribution (Wang and Shder 1998). The
reason for this digribution is that in most cases the
entire fiber length was not contained within the sam-
ple volume measured. This phenomenon leads to a
fiber length didribution that is skewed to short
lengths.

While the fibers measured by ether the segment
or secant method were underestimated, the curl in-
dex as defined as Equation [1] should ill be vdid.
The mean and median curl index was 94.7 and 96.0
percent, respectively, with a range of 70.6 to 100.0

Figure 13.—Plain view of internal fiber structure
(0.2 by 0.81 mm).
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Figure 14.-Fiber curl index vs. fiber secant
length of 71 fibers from interior of MDF specimen.

Table [.-Summary of length and orientation of
71 fiber segments from within a 1.28 by 1.09 by
0.37 mm volume of MDF.

Mean Median Range

Fiber segment 314.2 262.6 30.1 to 9613
length (pm)

Fiber secant 296.0 247.8 29.7 to 847.6
length (pm)

Curl index (%) U7 9.0 70.6 to 1000
dyldx -0.3 35 -87.8 10 89.8
dz/dx 7.7 7.5 -73.81t0 829
dzladv 0.2 -2.9 -77.0 to 74.1

percent (Tab. 1). Curl index as a function of fiber se-
cat length (Figs. 13 and 14) indicates that the
amount of fiber curl was independent of fiber
length. It is important to note that the observed fiber
curl is impacted by the fiber latency of the pulp prior
to consolidation as wdl as additiond fiber distor-
tions introduced by the hot pressing operation.
The fiber orientation in three-space was mea
sured from the ends of 71 fibers (Tab. 1). Three an-
ges were identified induding:
. dy/dx = the angle of the projection of fiber
length in the x-y plane relative to the x-axis,
. dz/dx = the angle of the projection of fiber
length in the x-zplane relative to the y-axis, and
. dz/dy = the angle of the projection of fiber
length in the y-z plane rdative to the x-axis.
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The dy/dx angle corresponds to in-plane fiber orien-
tation. The degree of dignment has been tradition-
aly described in oriented strandboard (OSB) using
ether percent flake dignment or the von Mises dis-
tribution (Shder 1991). The mean angle was near
zero with arange of anglesfrom + 90" (Table 1). The
expected random nature of fiber orientetion is ap-
Parent from Figure 15. The verticd component of
fiber orientation as defined by the dz/dx and dz/dy
angles indicate that most fibers have an orientation
with + 25" of the x-y plane, but that an appreciable
percentage of fibers exhibit orientations up to 85
out of plane. This ggnificant verticd orientation of
fibers is not typicaly described in MDF méaterid.
The presence of out-of-plane fiber aignment (Her-
manson et d. 1997) impacts the mechanica proper-
I ies of MDF and merits further investigation. The in-
fluence of fiber handling and forming operations on
the three-dimensiond fiber orientation within MDF
offers potentid to control and improve pand prop-
erties.

Conclusions

Minigture MDF pands are indicative of full-9ze
pand diffness and drength. Specific inferences that
can be extracted from this study are:
|. MDF 4iffness and srength increase with incress-

ing percentages of juvenile wood fibers,

2. LE vaues are greater perpendicular to the direc-
tion of fiber orientation.

3. Orientation increases MDF stiffness and
drength.

a MDF mini pands comprised of juvenile fi-
bers have a greater benefit from fiber orien-
tation than do the mature counterparts.

b. Increase in diffness and drength was in-
creased both pardld and perpendicular to
the direction of fiber orientation, which is
most likdy due to improved efficiency in
fiber packing.

Incluson of fines in the fiber furnish decrease the
diffness, srength, and IB srength of MDF pands.
FFines do appear to restrict LE between packing levels
of 0 to 50 percent. However, insufficient numbers of
samples were manufactured to pinpoint the optimal
levd of fines loading with regards to LE.
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