USE OF ADVANCED SPECTROSCOPIC TECHNIQUES FOR
PREDICTING THE MECHANICAL PROPERTIES OF
WOOD COMPOSITES!

Timothy G. Rialst

Director
Tennessee Forest Products Center
University of Tennessee
Knoxville, TN 37996-4570

Stephen S. Kelley

Senior Research Chemist
National Renewable Energy Laboratory
1617 Cole Blvd.

Golden, CO 80401

and

Chi-Leung So

Research Scientist
USDA Forest Service
Southern Research Station
2500 Shreveport Hwy.
Pineville, LA 71360

(Received August 2001)

ABSTRACT

Near infrared (NIR) spectroscopy was used to characterize a set of medium-density fiberboard
(MDF) samples. This spectroscopic technique, in combination with projection to latent structures (PLS)
modeling, effectively predicted the mechanical strength of MDF samples with a wide range of physical
properties. The stiffness, strength, and internal bond properties of the MDF samples could be predicted
from the NIR spectra of the MDF surface. The technique is very rapid and provides molecular level
insight on subtle changes in the properties of the MDF panels. The results highlight the potential value
of NIR spectroscopy for process monitoring and quality control applications.
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INTRODUCTION

As the variability of the wood raw material
expands and the performance specifications
for engineered wood composites become in-
creasingly stringent, the need for information
on manufactured composite wood products
has never been greater. This demand has been
addressed from a variety of fronts that take
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advantage of numerous empirical correlations
between some process (or experimental) vari-
ables and panel properties. Many of these re-
search efforts have been concerned with on-
line process monitoring, and have explored
nondestructive mechanical tests (Lister 2000),
acoustic emission methods (Chen and Beall
2000), and dielectric analysis (Wolcott and Ri-
als 1995) to evaluate strength development
during consolidation. Although each of these
approaches provides some measure of the
properties of wood composites, they provide
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limited insight into the molecular processes
that direct property development in composite
wood products.

Chemical changes that occur during com-
posite panel formation have not received ex-
tensive research attention for several reasons.
The complexity of the wood/resin system ac-
counts for much of this reticence, as does the
expense associated with many of the analytical
tests. Still, the value of understanding these
chemical changes is apparent from recent pro-
gress using solid-state nuclear magnetic reso-
nance spectroscopy (Schmidt and Frazier
2000; Marcinko et al. 1999), Fourier transform
infrared spectroscopy (Rosthauser et al. 1997),
and other spectroscopic tools. The persistent
challenge has been the relatively long time
frames required for these experiments and the
requirements for controlled experimental con-
ditions. The need for controlled environments,
in particular, has limited the utility of these
spectroscopic tools for process monitoring or
routine analysis of wood composite properties.

Advances in both instrument technology
and data analysis techniques have led to new
opportunities for using several advanced spec-
troscopic techniques to study the origins of
property development in these complex com-
posite systems. Near infrared (NIR) spectros-
copy is of particular interest since it is non-
destructive and rapid and does not require ex-
tensive sample preparation. Research has
shown that, through the use of multivariate
analysis (MVA) techniques, NIR data can be
used to accurately predict the chemical com-
position (Axrup et al. 2000; Raymond et al.
2000) and physical properties of wood
(Schimleck et al. 1999; Meder et al. 1999).

This report presents preliminary results on
the use of NIR spectroscopy to identify the
source of property development in medium-
density fiberboard (MDF) panels. The use of
MVA techniques to model panel properties
and explore relationships between NIR spec-
tral data and MDF panel properties will be dis-
cussed.
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TABLE 1. Summary of formulation and process variables
used to produce the medium-density fiberboard panels.

Panel Resin Content Wax Content Internal Mat

Number (Wt. %) Resin Type (Wt. %) Temp (°C)
1 5 UF 1 116
2 10 UF 1 115
3 15 UF 1 115
4 10 UF 0 115
5 10 MUF 0 114
7 5 UF 0 83
8 10 UF 0 77
9 5 UF 0 118

10 10 UF 0 115
12 10 UF 0 118

MATERIALS AND METHODS

The MDF panels were formulated to pro-
vide a wide range of physical and mechanical
properties. The fiber furnish was a commercial
loblolly pine, thermomechanical pulp (Tem-
ple-Inland Forest Products Corp., Diboll, TX).
The required amount of adhesive (urea-form-
aldehyde or melamine-urea-formaldehyde
from Borden, Inc., Diboll, TX) was applied by
spraying in a rotary-drum applicator. Table I
summarizes the formulation variables for the
10 MDF panels. Following the application of
resin to the fiber, the fiber mat was immedi-
ately formed using standard vacuum lay-up
procedure and pressed at 170° C for 3% min.
The completed panel dimensions were 30.5 X
30.5 X 1.3 cm. The panels were cut to produce
two samples for bending tests and five samples
for IB tests. The panels’ bending properties
and internal bond (IB) were determined on an
Instron testing machine according to standard
procedures (ASTM 1999). The mechanical
properties, e.g., modulus of elasticity (MOE),
modulus of rupture (MOR), and IB, of the
panels are presented in Table 2.

Near infrared spectroscopy

The NIR measurements were made in re-
flectance mode with an ASD Field Spec (An-
alytical Spectral Devices, Boulder, CO) spec-
trometer at wavelengths between 350 and
2500 nm. A fiber optic probe oriented perpen-
dicular to the sample surface was used to col-
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TABLE 2. Descriptive statistics of property variation for all MDF panels.

Panel Property Average Median Minimum Maximum
Density (g/cm?) 0.81 0.83 0.61 0.88
Modulus of Elasticity (MPa) 2,973 3,128 1,276 4,342
Modulus of Rupture (MPa) 29.1 29.9 12.9 48.1
Internal Bond (MPa) 0.39 0.40 0.09 0.74

lect the spectra. The samples were illuminated
with a DC lamp oriented at 30 degrees above
the surface, and rotated at 50 rpm to minimize
specular interference and surface heterogene-
ity. Thirty individual scans were collected and
averaged into a single spectrum. The sampling
area was kept constant at approximately 5
mm?. Reflectance spectra measure only the
surface properties of the samples and we es-
timate that these spectra are sensitive to the
chemical composition of the top 100 pm. Two
spectra were collected from different locations
near the center of both the tension and com-
pression surface of the bending samples, pro-
viding four spectra for each sample. For the
internal bond test samples, two spectra were
collected from different locations on each of
the two failure surfaces. These four individual
spectra were again averaged to provide a sin-
gle spectrum for each sample, which was used
to generate the models.

Projection to latent structures (PLS)
modeling

While a complete description of MVA can
be found elsewhere (Martens and Naes 1991;
Vandeginste et al. 1998), the following sum-
mary describes the steps used to construct PLS
models in this work. Multivariate analysis was
performed using The Unscrambler® version
7.1 (CAMO, Corvallis, OR). This software
package has the capability to perform both
principal component analysis (PCA) and PLS
(also known as partial least squares) analysis.
All of the NIR spectra are combined into a
single data matrix (X-matrix) and then con-
verted from reflectance to absorbance. To fa-
cilitate interpretation of the chemical changes
that drive the models, no further spectral pro-
cessing was used. Using the second derivative

of the NIR spectra will frequently improve the
correlations, but will complicate interpreta-
tions of the loadings. The MDF panel property
data are combined into a response matrix (Y-
matrix). The PCA software is used to system-
atically extract (decompose) variation in the
data matrix (X-matrix), while principal com-
ponent regression is used to regress each re-
sponse variable (Y-matrix) onto the decom-
posed spectra (X-matrix) and make a projec-
tion to latent structures. This process allows
for the simultaneous and independent decom-
position of both the X- and Y-matrices and the
regression of the Y-matrix onto the X-matrix,
e.g., the mechanical properties onto the spec-
tra.

There are two common ways to construct
PLS models. A PLS-1 analysis allows for pre-
dicting one Y-variable at a time, while PLS-2
analysis allows for simultaneous prediction of
several Y-variables. The PLS models were
constructed with all 2,150 wavelengths (350—
2500 nm) as the X-matrix, and the MOE,
MOR, IB, and panel formulation variables
were used to generate the Y-matrix. Both the
X- and Y-matrices were mean centered vari-
ance normalized prior to performing the PLS
analysis. To compensate for the large differ-
ence in the magnitude of the MOE and MOR
values, the inverse of their standard deviations
was used for PLS-2 models. The number of
principal components (factors) used for a
model was selected by observing the response
of the residual Y-variance to added factors.
The model was completed when additional
factors did not substantially decrease the re-
sidual Y-variance. Most of the models con-
tained between 20 and 40 individual samples
and required between 2 and 4 factors.

Models were constructed using full cross-
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validation with all of the samples. Cross-val-
idation systematically removes a single sample
from the data set, constructs a model with the
remaining samples, and uses that model to
predict the value(s) of the Y-variable(s) for the
extracted sample. This process continues until
each individual sample has been removed
from the data set and a fully cross-validated
model is constructed (Martens and Naes
1991).

EXPERIMENTAL RESULTS

The MDF panels were prepared using a va-
riety of formulations to produce panels with a
wide range of characteristics and properties.
The NIR spectra gathered from the exterior
surface and the failed interior surface of two
MDF panels representing formulation ex-
tremes (number 1 and 5, Table 1) are shown
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in Fig. 1. The spectra exemplify several fea-
tures common to the NIR spectra of wood-
based materials. The MDF samples are dark
brown as indicated by the strong absorbance
in the 500-800-nm range. However, given the
significant differences in the formulation of
the two panels, the longer wavelength region
of the NIR spectra is remarkably similar. This
is because the underlying chemical composi-
tion (e.g., cellulose, hemicellulose, lignin, and
resin) of the two sets of samples is very sim-
ilar. This figure also indicates that there are
greater differences between the NIR spectra of
the two panels than between the locations (in-
terior versus exterior) of spectral data collec-
tion.

A detailed assignment of the different vi-
brations can be found elsewhere (Martens and
Naes 1991; Fourty et al. 1996; Curran et al.
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Fic. 1. Comparison of near infrared spectra collected from the interior and exterior surface of medium density

fiberboard panels.
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1992), but some important NIR spectral fea-
tures include: the first overtone of cellulose
hydroxyls (1400-1660 nm), the interactions
between cellulose hydroxyls and water (1890
2020 nm), and the first overtone of lignin car-
bon/hydrogen vibrations (16351825 nm).
There is some overlap of the cellulose and lig-
nin hydroxy! vibrations—for example, the first
overtones of the cellulose and lignin hydroxyl
vibrations occur between 1400-1520 nm. The
urea-based adhesive component also exhibits
strong peaks at 900-1000 nm and 1500-1600
nm.

Although it is not immediately apparent
through visual inspection of the spectra, dif-
ferences between the samples are readily rec-
ognized by the application of MVA to the NIR
spectra. Figure 2 shows the results of PCA of
the NIR spectra obtained from the internal sur-
face of the failed MDF IB samples. Relatively
tight clusters of samples taken from individual
panels can be identified, and these groupings

show that the variations within the MDF pan-
els are generally small compared to difference
between the panels. Panels 3 (inverted trian-
gles)y and 7 (unfilled diamonds) are isolated
along the horizontal axis (principal component
1) and represent the formulation extremes (Ta-
ble 1) of high resin content/high wax and low
resin content/low temperature, respectively.
This axis also separates the samples contain-
ing wax (Panels 1-3, unfilled symbols) from
those that do not contain wax (Panels 4-12,
[filled symbols). While some overlap exists,
the single melamine-urea-formaldehyde bond-
ed panel (Panel 5, solid circles) is separated
from all the urea-formaldehyde bonded panels
along principal component 2. The ability to
resolve the different composite panels shows
that the NIR spectra contain chemical infor-
mation related to the panel manufacturing pro-
cess. To further demonstrate relationships be-
tween NIR spectra and panel properties, PLS-
1 models were developed for density, resin
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TaBLE 3. Summary of PLS-1 prediction of panel manu-
facturing variables by NIR sampled from the panel inte-
rior.

Resin C()nl. " szclﬁ . Dcnsil{y
(Wt %) Temp. (°C) (glem?)
Correlation (R2) 0.80 0.56 0.73
RMSEP? 1.36 8.7 0.03
% RMSEP
of mean) 12 8 4

* Root mean square error of prediction

content, and press temperature. As seen in Ta-
ble 3, reasonable correlations were obtained
with R? values ranging from 0.56 for temper-
ature to 0.80 for resin content. It should be
noted that because of the limited size of the
data set, only two principal components were
used in the models. These results indicate that
manufacturing differences are clearly reflected
in the chemical and physical characteristics of
the panels, and that NIR spectroscopy is sen-
sitive to these pertinent panel properties.

The same NIR spectra were used to con-
struct PLS models for MOE, MOR, and IB.
The models were constructed using spectra
collected directly from the sample surface
used for the property measurement (e.g., the
internal, failure surface of IB blocks or the
exterior surface of bending samples). Figure 3
presents the results of these models: the actual
measured value of the property against the val-
ue predicted from the NIR spectra. The mod-
els give very good estimates of MOE and
MOR over the entire range of samples. Rea-
sonably good agreement between the predicted
and measured IB is also found; however,
slightly more uncertainty is apparent from the
increased scatter. The model appears to over-
estimate very low internal bond strength,
which may indicate sensitivity limits at lower
adhesive additions or the contribution of ad-
ditional factors to 1B development that are not
detectable by NIR. Recognizing the complex-
ity of this multi-component system, the strong
correlations (Table 4) obtained from this lim-
ited dataset are very encouraging.
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TaBLE 4. Summary predictions of modulus of elasticity
(MOE), modulus of rupture (MOR), and internal bond
(IB) for medium-density fiberboard by NIR sampled from
the panel surface.

MOE?® (MPa) MOR® (MPa) IB® (MPa)

Correlation (R?) 0.80 0.82 0.76
RMSEP¢ 341 3.55 0.07
% RMSEP

(of mean) 11 12 18

#PLS-2 algorithm.

b PLS-1 algorithm.

¢ Root mean square error of prediction,

DISCUSSION

The ability to predict important perfor-
mance properties of MDF composite through
multivariate analysis of NIR spectra is of con-
siderable value. The PLS models also generate
regression coefficients, or information on the
chemical features that drive the calibrations.
The regression coefficients can be used to re-
late chemical features in the NIR spectra to
the physical properties of interest, e.g., MOE,
density, or resin content. Figure 4 shows the
regression coefficients of the PLS models
(normalized for comparison and expressed as
relative intensity) for IB (A) and MOE (B).
Figure 4 also shows the PLS regression coef-
ficients for resin content (A) and density (B).
The regression coefficients for IB and resin
chemistry (Fig. 4-A) are very similar, sug-
gesting that the chemical features that drive
these two correlations are very similar. The
regression coefficients indicate that the chem-
ical features characterized by absorbance at
1500 nm, 2050 nm, and 2250 nm impact both
the IB and resin content. The absorbances at
these wavelengths are related to carbohydrates
(1500 nm) in the MDF and the N-H (2050
and 2250 nm) overtones arising from the ad-
hesive. Clearly, changes in specific chemical
features are important in the development of
internal bond properties. Prior work has also
shown a relationship between IB and resin
content (Hague et al. 1999; Scott 2001).

Figure 4-B shows the regression coefficients
for MOE and density. The spectra used for
these correlations were taken from the surface
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FiG. 4. Comparison of regression coefficients from PLS models for: A) internal bond (
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of the MDF panels. In this case, there is a
great deal of similarity between the regression
coefficients for MOE and density. Again, this
indicates that the same chemical features are

) and resin content

driving the PLS correlations seen for both of
these MDF panel properties. The absorbance
profiles arise from the O-H stretching vibra-
tions in carbohydrates and lignin at 1500 nm,
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the first overtone of C—H stretching vibrations
of lignin at 1725 nm and 1754 nm, and ali-
phatic C—-H stretching vibrations at 2310 nm.
Unlike the IB PLS models, there was no sim-
ilarity between the regression coefficients for
resin content and MOE (not shown). These re-
sults support the widely accepted relationship
between the surface density of MDF panels
and their MOE (Suchsland and Woodson
1987; Bucur et al. 1998), but little relationship
between resin content and MOE (Scott 2001).

The material properties of wood composites
are fundamentally determined by the proper-
ties of the individual components, which in
this case include the wood fiber and the ad-
hesive resin. However, it is important to rec-
ognize that the properties of interest extend
beyond direct consideration of strength prop-
erties of the fiber or strength of the cured res-
in. Chemical structure also determines rheo-
logical behavior, wetting properties, and com-
patibility, as well as a litany of other important
characteristics. These parameters are further
influenced by the local environment that is
created during mat consolidation to drive
structure development of the material at the
macroscopic and microscopic levels, as well
as the molecular level. The results reported
here show that NIR spectroscopic methods
open new avenues to study the chemistry of
these complex material systems by allowing
important information to be extracted from ex-
tensive volumes of spectral data.

CONCLUSIONS

NIR spectroscopy, in combination with
MVA techniques, is a promising new technol-
ogy for the characterization of wood-based
composites. Using a relatively small dataset,
good predictive models were generated for
MOE, MOR, and IB of MDF panels. Also,
reasonable estimates of pertinent formulation
and manufacturing variables could be made
from the data. These results reveal the poten-
tial for using NIR technology as process mon-
itoring sensors. The analysis also suggests that
this approach may provide important new in-

WOOD AND FIBER SCIENCE, JULY 2002, V. 34(3)

sights into the chemical processes responsible
for strength development in MDE Additional
work will consider the significance of sam-
pling methods and the potential value of mul-
tiple sample locations for investigating the
complex behaviors that drive performance
properties.

REFERENCES

AMERICAN SOCIETY FOR TESTING MATERIALS. (ASTM).
1999. Standard test methods for evaluating properties of
wood-base fiber and particle panel materials. ASTM D
1037-99. American Society for Testing and Materials,
West Conshohocken, PA.

Axrup, L., K. MARKIDES, AND T. NiLsson. 2000. Using
miniature diode array NIR spectrometers for analyzing
wood chips and bark samples in motion. J. Chemome-
trics 14:561-572.

Bucur, V., M. P AnsgeLL, C. Y. BARLOW, J. PRITCHARD, S.
GARROS, AND X. DEGLISE. 1998. Physical methods for
characterizing wood composite panel products. Holz-
forschung 52(5):553-561.

Cuen, L., anp E C. Bearr. 2000. Monitoring bond
strength development in particleboard during pressing,
using acousto-ultrasonics. Wood Fiber Sci. 32(4):466—
477.

CurraAN, P J., J. L. DUNGAN, B. A. MACLER, S. E. PLum-
MER, AND D. L. PETERSON. 1992. Reflectance spectros-
copy of fresh whole leaves for the estimation of chem-
ical concentration. Remot. Sens. Environ. 39:153-166.

Fourty, TH., E BARET, S. JacQUEMOUD, G. SCHMUCK, AND
J. VErRDEBOUT. 1996, Leaf optical properties with ex-
plicit description of its biochemical composition: direct
and inverse problems. Remot. Sens. Environ. 56:104—
7.

HAGUE, J., D. RoBsoN, aND M. RigpEN. 1999. MDF pro-
cess variables—An overview of their relative impor-
tance. Pages 79-87 in 33rd Inter. Particleboard/Com-
posite Materials Symp. Proc., Washington State Uni-
versity, Pullman, WA.

LiSTER, P E 2000. PanelMSR®—A new on-line stiffness
tester for structural wood panels. Pages 59-66 in 34th
Inter. Particleboard/Composite Materials Symp. Proc.,
Washington State University, Pullman, WA,

Marcinko, J. L., P L. RINALDL, AND S. Bao. 1999, Ex-
ploring the physicochemical nature of PMDVwood
structural composite adhesion. Forest Prod. J. 49(5):
75-78.

MarTeNs, H., anp T. Naes. 1991. Multivariate Calibra-
tion. John Wiley & Sons, Chichester, UK. 419 pp.

MEDER, R., S. GALLAGHER, K. L. MACKIE, H. BOHLER, AND
R. R. MEGLEN. 1999. Rapid determination of the chem-
ical composition and density of Pinus radiata by PLS
modeling of transmission and diffuse reflectance FTIR
spectra. Holzforschung 53(3):261-266.



Rials et al—SPECTROSCOPY OF WOOD COMPOSITES 407

MEGLEN, R. R. 1988. Chemometrics: Its role in chemistry
and measurement sciences. Chemometrics and Intelli-
gent Laboratory Systems 3:17-29.

Raymonp, C. A., L. R. SCHIMLECK, A. MUNERI, AND A. J.
MircHeLL. 2001. Wood Sci. Technol. 35(3):203-215.
ROSTHAUSER, J. W., K. W. HAIDER, R. N. HUNT, AND W.
S. GuSTAVICH. 1997. Chemistry of PMDI wood binders:
Model studies. Pages 161-175 in 31st Inter. Particle-
board/Composite Materials Symp. Proc. Washington

State University, Pullman, WA.

ScumMLECK, L. R., A. J. MrrcHeLL, C. A. RAYMOND, AND
A. MUNERIL. 1999. Can. J. For. Res. 29(2):194-201.
Scumipt, R. G., aNp C. E. Frazigr. 2000. Solid-state
NMR analysis of adhesive bondlines in pilot scale flake-

boards. Wood Fiber Sci. 32(4):419-425.

Scorr, K. A. 2001. Economic feasibility of implementing
a resin distribution measurement system for MDF fiber.
M.S. Thesis, Virginia Tech University, Blacksburg, VA.
24 pp.

SucHsLAND O., AND G. E. Woobson. 1987. Fiberboard
Manufacturing Practices in the United States. United
States Department of Agriculture, Forest Service, Ag-
riculture Handbook No. 640, Washington, D.C., pp.
158-160.

VANDEGINSTE, B. G. M., D. L. MassarT, L. M. C. Buy-
DENS, S. DE JoNG, P. J. LEWI, AND J. SMEYERS-VERBEKE.
1998. Handbook of Chemometrics and Qualimetrics:
Part B. Elsevier, New York, pp. 349-379.

WorcotT, M. P, aND T. G. RiaLs. 1995. In-situ cure mon-
itoring of isocyanate adhesives using microdielectric
analysis. Forest Prod. J. 45(2):72-77.

&

P







