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ABSTRACT

A through-thickness ultrasonic transmission (UT) in oriented strandboard (OSB) was done to com-
pare the performance of direct-contact (DC) and non-contact (NC) ultrasonic systems. The DC mea-
surements produced a higher velocity than the NC system for a given board type, possibly due to
transducer’s compression over liquid couplant in the DC method. The UT responses correlated non-
linearly to sample density. The responses were not affected by the panel shelling ratio for the three-
layer boards. Viable correlations between panel properties and UT parameters were board-specific for
either method. Attenuation and root means square voltage (RMS) parameters were suitably used as
density predictors if the flake alignment level is known; otherwise, velocity parameter could be used.
In the single-layer boards, internal bond strength, bending stiffness, and breaking resistance were
highly correlated to attenuation and RMS, a calibration importance. A density of 900 kg/m? marked
the transition point for the UT responses. The point showed the transition between the diminishing
physical effects of the interspatial voids in the lower density half and the increasing plastic-strain
hardening modifications in the higher density half. The high correlations of DC-Velocity and NC-
Attenuation to density and strength properties attest a feasible application of both methods in wood
composite research and in a real-time quality control system for fiber-based facilities.

Keywords: Densification, direct-contact, non-contact ultrasound, quality control, OSB, velocity, at-
tenuation.

INTRODUCTION used as sheathing, flooring, and I-joist mate-

Oriented strandboard (OSB) is one of the rals in house construction. OSB consists of
type, waterproof resin. Mat layering and align-
1 This paper (NO: 02-40-0457) is published with the ~Ment of wood flakes are used to improve me-

approval of the Director of the Louisiana Agricultural Ex-
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chanical properties of the board. The mat for-
mation by depositing resin-coated flakes re-
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sults in relatively loosely packed mats.
Although mat density increases during hot
pressing, the final product still contains a sub-
stantial volume of voids (Furuno et al. 1983).
Understanding the void structure created by
the interactions of raw material and mat for-
mation parameters has many important impli-
cations for evolution of the optimal properties
into a quality product. In particular, the pres-
ence of voids in OSB reduces its elastic mod-
uli and affects its dimensional stability (Lenth
and Kamke 1996; Wu 1999). Therefore, atten-
tion must be given to the void distribution and
its effects on product performance.

Voids are strong scatters of elastic waves.
Various nondestructive techniques have been
used to quantify voids and their effects on
panel properties in polymer composites (Judd
and Wright 1978). Among these methods, ul-
trasonic transmission (UT) is the most gener-
aly useful technique at present (Chen and
Beall 2000; Vun et a. 2000; Jeong 1997
Jeong and Hsu 1995). The method involves
transmitting a short pulse of ultrasonic energy
through the specimen, measuring the attenua-
tion caused by passage through the material,
and defining the maximum acceptable void
content in terms of ultrasonic attenuation
(Judd and Wright 1978). This method has an
advantage over conventional approaches in
that it can be used to assess the whole panel
rather than only a small portion.

The need for application of nondestructive
evaluation (NDE) technologies to improve the
understanding of material characteristics (i.e.,
defects, basic properties, geometry, bonding
quality, etc.) for wood composites has been
overwhelmingly driven from technology push
to market pull (Beall 1996a). However, effec-
tive applications of the technologies in the
necessary operating conditions with reason-
able accuracy should be supported with
knowledge of materia responses obtained
from system calibration. In studying wood
composites, the NDE is beset with intrinsic
material problems such as high attenuation
and dispersion, anisotropy, growth properties,
and heterogeneity of boundaries (Bedl
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1996b). In addition, coupling of transducersto
wood-based materials as used in the direct-
contact (DC) system presents the greatest
source of variability and the major impedi-
ment to on-line implementation of NDE in
processing wood-based materials (Ermolov
1998). The factors that affect coupling effi-
ciency include acoustic impedance match of
the transducers to the substrate, type of cou-
plants between the transducer and the sub-
strate, and characteristic of the substrate. Thus,
the success of UT techniques depends largely
on the couplants, including grease/gel cou-
plants, adhesives, elastomerics, and air, and
the coupling process.

With the advent of high transduction trans-
ducers used in non-contact (NC) ultrasonics,
the exorbitant acoustic impedance barriers be-
tween air and most materials can be resolved
(Bhardwaj 1997). This has resulted in a more
sensitive NC air-coupling than the gel-cou-
pling technique. Ultrasound technologies have
been widely used today as compared to X-ray
and y-ray methods because of their cost-effec-
tiveness, portability, non-hazardousness, and
applicability to all states except plasma and
vacuum of matters (Bhardwaj et al. 2000).

For a proper application of the UT tech-
niques in a complex wood composite such as
OSB, the effect of void content as influenced
by board density on ultrasonic responses and
panel properties needs to be investigated. The
objectives of this work were (1) to investigate
the feasibility of using DC and NC ultrasonic
systems for measuring OSB properties as in-
fluenced by panel density, flake alignment lev-
el, and layering structures; and (2) to establish
relationships among the processing variables
that determine the material behavior of the
boards and UT parameters such that calibra-
tion models can be developed for both ultra-
sonic systems.

EXPERIMENTAL PROCEDURES
Specimen preparation

Using aspen flakes and liquid phenol-form-
aldehyde resin, single- and three-layer OSB
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panels were fabricated for the study (Wu 1999;
Lee and Wu 2002). Panels in each type were
made with 0.5% wax at the 4% RC level
(based on oven-dry weight of the wood flakes)
in two replicates. The single-layer boards had
four nominal densities (450, 650, 850, and
1150 kg/m?), and three alignment levels. The
three-layer boards had four shelling ratios
(represented by flake weight ratio, FWR, be-
tween the face layers and the entire panel), and
two alignment levels. The single-layer panels
(610 X 610 X 13 mm) were prepressed to
thickness prior to heating of the mats for resin
curing at 190°C for 6 min. The three-layer
panels (610 X 610 X 13 mm) were made with
a conventional pressing procedure (one-min
closing and 6-min pressing time at 190°C). Af-
ter hot pressing, the panels were conditioned
and edge-trimmed. Based on the measured
flake angles from panel surface, flake align-
ment levels were quantified using percent of
alignment (Geimer 1979). The flake alignment
level was classified into three categories. (1)
high alignment level (HAL), which ranged
from 76 to 85%, (2) low aignment level
(LAL), from 56 to 59%, and (3) random align-
ment level (RAL), from 22 to 29%. Ten base
specimens (51 X 51 X 13 mm) were randomly
selected and cut from each panel replicate,
giving a total of twenty samples at each con-
dition. The major flake alignment direction of
the panel was marked on the top surface of
each sample. The specimens were conditioned
at 24°C and 60% relative humidity prior to the
UT testing to reach an average equilibrium
moisture content of 7.2% for all panels. There-
after, the specimens were destructively evalu-
ated for the mechanical properties.

Direct-contact transmission

Direct-contact UT measurements were tak-
en in a through-transmission mode with two
Panametrics 100-kHz transducers—coupled
on each opposite surface of the specimen us-
ing silicon gel (Fig. 1a) and a constant pres-
sure under 3-kg weight. A Panametrics 5058
Pulser/Receiver was used to generate a 400-
volt impulse that excites one transmitting
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transducer, and the other transducer captures
the transmitted signal. Equipment calibration
settings, including gain, damping, pulse
height, pulser gain, and attenuator, were se-
lected to cover the whole density range of the
specimens tested. With a consistent setting of
40—-60 dB gain or 0—80 dB attenuator, 30-dB
preamplified signals were sampled at a rate of
5 MHz, and the signals were digitized by a
GageScope 8-bit CS225 card and processed by
a signal processing software.

Velocity, impedance, attenuation, and root
mean square (RMS) voltage of the DC ultra-
sound parameters were used to characterize
the properties of the OSB (Vun 1998). The
through-thickness velocity, V(m/s), is the ratio
between sample thickness and signal transit
time:

V = dht (1)

where d is the sample thickness (mm) and t
is the signal transit time (us) across the
thickness. The impedance of the material de-
termines the alternating current of stress
waves that flows through the material. As an
analog to a given alternating current poten-
tial difference, the impedance of the ultra-
sonic current is affected by difference in
sample density (Benson 1991). The material
impedance, Z (Gg/s.m?), is then calculated

by
Z=V-p 2

where p is the sample density (10-3 kg/m?d).
Attenuation is the energy loss associated with
a decrease in the wave amplitude scattered by
discontinuity and absorption among the dif-
ferent densities. Attenuation, «(dB), is given
by

a = 20 Log(A/A«) (©)

where A is the peak amplitude (v), and A« is
the maximum amplitude allowable by the sys-
tem (i.e., 5.2 volts). The RMS voltage repre-
sents the signal intensity of the acquired signal
(Beauchamp and Yuen 1979), which is mea-
sured on a linear scale in voltage and com-
puted by time-averaging rectification as
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Fig. 1. Experimenta setup for direct-contact (a) and non-contact (b) ultrasonic systems.

1 , 1/2
RMS = (E f V2(t) dt) (4)

where At is the time interval (ws) and v isthe
voltage.

Non-contact transmission

A SecondWave NCA1000-2E, non-contact
ultrasonic system equipped with two 250-kHz,
25-mm NCT102 transducers was used for the
NC through-thickness measurements (Fig. 1b).
The system uses a deconvolved-chirp specially
synthesized to characterize the acoustic im-
pedance of the piezoelectric matching layer,
which generates a high air-transduction nec-
essary for NC ultrasound propagation in test
materials (Bhardwaj et a. 2000).

The system computes sample thickness and
ultrasound velocity according to:

dm = Va'tam = Va'[ta - (tl + tz)/z]
dr,
[tem - (ta - t12)]

where V,, is the ultrasound velocity through
the test material (m/s), V, is the reference ul-
trasound velocity in air (m/s), d,, is the mate-
rial thickness (m), t,, is the time of flight
(ToF) in air relative to material thickness (s),
t, is the ToF of direct transmission in the air
column (), t, is the reflected round trip ToF
from transducer 1 to the bottom surface of the
material (9), t, is the reflected round trip ToF
from transducer 2 to the top surface of the

()

Vin = (6)
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material (s), and t,, is the ToF through air col-
umn when material is in between transducer 1
and transducer 2 (Fig. 1b).

The attenuation energy is determined by the
integrated response (IR). IR (dB) is the net
power of the actual ultrasound energy trans-
mitted through the material as evaluated by:

IR, = IR, — IRy, ©)

where IR, is the integrated response of the
peak energy transmitted in the material, IR, is
the IR in air, and IR, is the IR in ar when
the material is in between the transducers. Be-
ing frequency independent, IR is related to the
transmission coefficient (T) that measures how
ultrasound is transmitted from one medium to
another, given by:

2.2,

~ @y ®

where Z, and Z, are the acoustic impedance of
ultrasonic propagation in medium 1 and me-
dium 2, respectively. IR, isrelated to T as

IR, = 20 Log(T) 9

The variable IR, provides information on in-
ternal material quality such as degree of bond-
ing, nature of the microstructure and texture,
absence or presence of phases, and type of in-
clusons in the material (Bhardwa 1997;
Bhardwaj et al. 2000).

The UT measurement with the NCA1000
analyzer was done as follows. After the trans-
ducers were aligned, the equipment was cali-
brated to a known air ultrasound velocity of
344-346 m/s and a reference specimen, a
25.4-mm transparent polystyrene having 21.75
ws round trip ToF and 2320 m/s material ve-
locity under ambient conditions. From the first
peak analysis, gates were created forming four
ultrasonic paths of propagation. These paths
were P1: transducer 1 to transducer 2, P2:
transducer 1 to material bottom surface reflec-
tion, P3: transducer 2 to material top surface
reflection, and P4: transducer 2 to transducer
1. Then, based on the reference velocity and
thickness, the velocity, thickness, and ToF of
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the test materials were computed and dis
played.

Panel density and density profile

Vertical (thickness) and horizontal (length
or width) density profiles of each specimen
were mapped using a Quintek Density Profiler
(QDP-01X) after UT measurements. The max-
imum, average, and minimum densities along
each direction were evaluated from the mea-
sured profiles for each sample.

Mechanical properties

After UT and density measurements, each
base specimen was ripped to obtain two in-
situ 51 X 13 X 13-mm bending samples with
the largest dimension of each sample parallel
to the magjor flake alignment direction, and a
51 X 25 X 13-mm sample for testing internal
bond (IB) strength. All tests were conducted
with a 4260 Instron machine according to the
ASTM-D1037. The IB tests were done at a
strain rate of 1 mm/min; whereas the modulus
of elasticity (MOE) and modulus of rupture
(MOR) of each sample were measured with a
6 mm/min loading rate. Each failed specimen
was oven-dried to determine its moisture con-
tent at the testing time. IB (MPa), bending
gtiffness (E-I, MPa.cm?), and breaking resis-
tance (R-S, MPa.cm?®) were computed as:

P

B = — 1
L (10)
bh3
E-l = MOE— 11
OET5 (11)
2
R-S = MOR% (12)

where P is the peak load from the IB test (N),
E is the MOE (MPa), | is the moment of in-
ertiagiven by | = bh3/12 (cm?*), R isthe MOR
(MPa), S is the section modulus given by S =
bh?2/6 (cm3), and b, h, and L are the width,
height, and length (cm) of the specimen, re-
spectively.
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Satistical analysis

SAS (2000) software was used to perform
analysis of variance (ANOVA) with the Bon-
feroni adjustment for multiple comparisons of
the class groups. The measured ultrasonic pa-
rameters, density, and strength are segregated
by resin content, flake alignment, board type
(i.e., single layer versus three layers), and UT
methods. A backward elimination option was
used in the model selection procedure to eval-
uate the sensitivity of the variables to the high
and low densities in the vertical and horizontal
directions. Scatter plots with the appropriate
regressions (polynomia or power) were used
to establish the correlations among density,
strength properties, acoustic velocity, attenua-
tion, and RMS.

RESULTS AND DISCUSSIONS
Density profile and basic properties

Typical density profiles for the single- and
three-layer boards are shown in Fig. 2. As ex-
pected, the single-layer boards had relatively
uniform vertical density profiles with an over-
al density variation of += 75 kg/m? about the
mean. The uniform profile was attributed to
the prepressing prior to mat heating during hot
pressing (Wu 1999). For the single-layer pan-
els (Table 1), the general trend of the mechan-
ical properties is an increase with density at
al flake alignment levels. MOE, MOR, and IB
strength increased as the flake alignment level
increased from low to high. The same trends
were also observed with the DC velocity. For
both methods, the UT velocity increased and
UT attenuation decreased as the sample den-
sity increased.

In the three-layer boards, the M-shape den-
sity profiles (Fig. 2b) showed a high surface
density and a low core density that led to an
overall density variation of = 144 kg/m?® about
the mean. The average MOR (29.4 MPa) of
the three-layer panels was significantly lower
than that of the single-layer panels (44.5 MPa,
excluding the random panels). This was
caused by the low-density core layer in the
three-layer panels. The panel shelling ratio had
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Fig. 2. Typica density profiles of single- (a) and
three-layer (b) OSB used in the study.

significant effects on MOR and MOE panels
(Table 2). However, its effect on all ultrasonic
variables was insignificant. Also, the ultrason-
ic variables were not affected by differences
in flake alignment levels for the boards.

Velocity-density correlation

The UT velocity in the single-layer boards
(Table 1) was generally higher than that of the
three-layer boards (Table 2) at a similar den-
sity. This was due to difference in the density
profile and layering structure between the
board types. With a wider density range (465—
1400 kg/me), the single-layer panels had a
higher correlation between the UT velocity
and density than the three-layer panels (Table
3). The velocity from both methods responded
poorly in the three-layer panels with a narrow
density range (600-825 kg/m®) among the
boards.

The DC method produced a consistently
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TABLE 1.

387

Mechanical and ultrasonic properties for the single-layer boards at the 4% RC level.

Mechanical properties?

Ultrasonic propertiesd

Board® Densit MOR MOE RS El 1B DCV DCA DCR DCz NCV NCA
type (kg/m3)  (MPa) (MPa)  (MPacm3) (MPacm?) (MPa) (m/s) (—dB) ) (Mg/sm?)  (m/s) (—dB)
HAL 594 304 243 9.9 51 0.64 810 28.25 0.31 481 610 83.0
(57 21 (200 (06) (5) (018) (1120 (55 (0.08)  (67) 7 (6.1

783  46.0 485 14.2 94 112 920 7.11 0.88 709 770 66.7

(79 (63) (133) (20) (26) (0.18) (61) (6.0) (0.28) (127) (66) (2.2)

1043 65.1 1056 21.2 213 143 1326 123 111 1222 905 71.3

(41) (56) (214) (22) (46) (0.05) (160) (0.4) (0.07) (375  (83) (4.1)

1207 68.4 1296 23.0 275 1.47 1257 0.75 1.23 1426 1075 84.0

(42) (1.6) (160) (05 (28) (025 (126) (05) (0.10) (228) (207) (6.0)

LAL 562 21.0 185 7.0 40 0.57 748 32.13 0.24 421 1046 878
(22 (15 (120 (©.7) (3 (012) (32 (75 (011) (22) (364) (5.0

808 414 447 12.9 87 0.85 847 2.30 1.00 684 693 68.7

(50) (31 (67 (09 (13) (0.14) (18 (12) (011) (45  (39) (3.6

1013 56.7 961 18.1 190 1.16 1270 1.56 1.07 1288 853 79.3

(55 (80) (196) (30) (43) (0.12) (@47 (17 (017) (113) (77) (26)

1251 64.9 1213 20.3 237 1.28 1308 135 1.13 1636 1103  86.7

(6) (15)  (406) (45 (78 (0.07) (171) (0.8) (0.14) (210) (274) (8.1)

RAL 570 9.9 122 3.2 25 0.48 707 29.03 0.30 407 638 83.0
(46) (290 (3) (L1 (8) (004 (99 (700 (0100 (87) (56) (6.0)

817 30.1 376 9.1 71 1.13 919 3.74 1.01 752 724 72.5

(57 (7 (7 (L7 (14 (008 (108) (35 (017) (123) (75) (3.1

925 36.0 509 12.0 106 1.02 950 3.75 0.92 882 721 73.3

(84) (88) (264) (26) (490 (024 (54 (25 (014 (125 (51) (3.1

2Values in parenthesis are the Standard Deviation.

b MOR = Modulus of rupture (MPa), MOE = Modulus of elasticity (MPa), RS = Breaking resistance (MPa.cm3), El = Bending stiffness (MPa.cm?), IB =

Internal bonding strength (MPa).

¢HAL = High alignment level ~80%, LAL = Low alignment level ~58%, RAL = Random alignment level ~26%.
dDC = Direct-Contact Method, NC = Non-Contact Method, —V = Velocity (m/s), —A = Attenuation (—dB), —R = Root Means Square (volt), —Z =

Impedance (103 Gg/s—m?).

higher velocity than the NC method (Tables 1
and 2) for a given board type. This was prob-
ably because of impedance and frequency mis-
match caused by pressurized gel-coupling pro-
cess in the DC method. Such effects are absent
in the NC method. The maximum amplitude
of the transmitted wave occurs when the
‘*acoustic impedances’’ of the media are
matched. This kind of matching is required for
a wave to be transmitted from one medium to
another, for example, from liquid to solid
(Benson 1991). This result is consistent with
observations made by Bhardwa (1997) and
Bhardwaj et a. (2000) that DC ultrasonic ve-
locities are always higher when working with
viscoelastic, cellular, and powder-compact ma-
terials—particularly when liquids or gels are
used as couplants. Under the current setup, the
NC system produced a maximum velocity of
1270 m/s, compared with 1670 m/s from the

DC system for the same board type. The av-
erage impedance (a product of velocity and
density) in the DC method had higher values
than those from the NC method. For both
methods, the impedance was significantly af-
fected by the layering of boards.

Figure 3a shows a general nonlinear rela
tionship between UT velocity and density. The
regression curves between UT velocity and
density (Fig. 3) showed the distinctive trends
segregated by alignment levels for both meth-
ods. Particularly, the NC velocity models
seemed effective in segregating the random,
low, and high alignment levels in the high-
density range. Meanwhile, the DC velocity
models segregated the alignments well in the
mid-density range. This observation suggested
that both methods could produce a viable ve-
locity-density model, if flake alignment pa
rameter of the test material is known.
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TaBLE 2. Mechanical and ultrasonic properties for the three-layer boards at 4% RC level.

Mechanical properties

Ultrasonic properties

Densi MOR MOE RS El DCcv DCA DCR DCz NCV NCA
FWRa  (kg/md) (MPag) (MPa)  (MPacm®) (MPacm®)  (m/s) (—dB) ) (Mg/sm?)  (m/s) (—dB)
High Alignment Level
0.3 744 26.5 395 9.0 87 701 4.26 0.93 518 571 79.0
(48) (3.0 (23) 1.3 2 (90) (4.3 (0.19) (41) (27) (4.9
04 725 30.5 414 10.1 89 710 5.92 0.84 514 608 77.0
(18) 31 (29) 1.1 (@) (35 @42 (0.21) (29) (48) (2.8
0.5 751 31.0 489 10.3 105 719 0.91 1.18 539 615 78.8
(43) (2.5) (48) 0.8) (10) (249 (0.7) (0.10) (21) (22) 3.9
0.6 748 332 514 110 109 736 2.46 1.08 549 603 78.2
(31) (X0 (49 0.7) (7) (65 (3.0 (0.24) (46) (32 1.3
Low Alignment Level

0.3 718 26.9 413 9.5 96 753 6.52 0.91 542 652 78.8
(46) (33 (56) 1.3 (14) (60) (8.7) (0.37) (75) (38) (2.9

04 767 30.1 493 10.8 113 792 1.69 1.16 607 650 77.2
(49) 32 (73) 1.8 (©)] (46) (2.6) (0.26) (49 (19) (6.5)

0.5 722 28.1 421 9.8 95 747 8.16 0.83 540 653 79.2
(82) (6.7) (117) (2.2 (25) (53 (11) (0.30) (78) (77) (2.6)

0.6 700 26.2 383 9.2 88 731 100 0.75 512 637 79.8
(23) (33 (33) 1.2 (8) (46) (14) (0.35) (42) (61) (5.3

aFlake weight ratio between the face layers and the entire panel. Other notations are the same as shown in Table 1.

TABLE 3. Model parameters for ultrasonic DC and NC properties and panel density at the combined alignment level.
Model Y = A + B p + C p?2 + D p3, where Y = Velocity, Attenuation or RMS and density p in kg/m3. Sgnificant
parameters were evaluated by the backward elimination procedure at the 10% significant level.

Regression coefficient®

UTa (combined valued)
parameter Panel type? A B C D R?
Velocity (m/s)
DC - ve 1L4%RC 3909.46 —13.03615 1.67E-02 —6.42E—06 0.70
3L4%RC 736.04 / / / 0.00
NC - Ve 1L4%RC 511.55 / 3.30E-04 / 0.64
3L4%RC 624.4 / / / 0.00
Attenuation (—dB)
DC - A 1L4%RC 251.23 —0.6785 6.08E—04 —1.80E-07 0.86
3L4%RC 594.85 —1.5416 1.00E-03 / 0.47
NC - A 1L4%RC 173.53 —0.23536 1.34E-04 / 0.61
3L4%RC 146.57 / —4.06E-04 3.80E-07 0.12
Root means square (volt)
DC - RMS 1L4%RC —2.46 0.006518 —2.93E-06 / 0.83
3L4%RC —-4.41 / 2.57E-05 —2.00E-08 0.37

aNC and DC denote non-contact and direct-contact methods, respectively.

b1l and 3L denote one- and three-layer boards, and 4%RC denotes 4% resin content.
¢/ denotes eliminated non-significant coefficients.
d Combined alignment and flake weight ratio for the 1L and 3L, respectively.
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Fig. 3. Scatter plots of the velocity, attenuation, and
RMS voltage (r) as a function of average panel density
for 4% RC single-layer (1L) panels, segregated by DC
and NC methods.

Attenuation/RMS-density correlation

Typical non-linear attenuation- and RMS-
density relationships in the single-layer panels
are shown in Fig. 3b for both methods. The
NC attenuation decreased as the density in-
creased, and reached a minimum at about 900
kg/m3. Above the density level, the NC atten-
uation increased as the density increased fur-
ther. This indicates certain internal property
changes as aresult of densification under heat-
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1000

ing during hot pressing. The DC attenuation
decreased and the DC RMS increased as the
density increased. Above the 900 kg/m? den-
sity point, both curves leveled off. Thisfurther
indicates internal property changes above the
density level. The density level showed the
transition between the diminishing physical ef-
fects of the interspatial voidsin the lower den-
sity half and the increasing plastic-strain hard-
ening modifications in the higher density half.
In contrast to the difference in UT velocity,
the three-layer panels had similar patterns of
attenuation and RMS responses (Fig. 4) as
those of single-layer panels.

The DC attenuation-density models had
consistently higher R? values than the NC at-
tenuation-density models (Table 3). The pre-
dicted DC attenuation and RMS were invari-
ant to flake alignment changes. This indicated
that the DC attenuation and DC RMS were
effective in detecting internal properties be-
yond physical impediments of interfacial
boundary of the material. The DC RMS mod-
els, approximately inverse to the DC attenua-
tion, showed a better correlation (R? = 0.98)
with density for the 1L4%RC panels.

Srength-density correlation
IB strength, bending stiffness (E:l), and
breaking resistance (R-S) were highly corre-
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lated with average density for all panels (Table
4). Figure 5 shows that the strength-density
models fitted well with the experimental data
at various alignment levels. Rising I1B-density
curves (combined alignment level) are seenin
the panels. This shows a potential for IB im-
provement in the 1L4%RC panels by increas-
ing resin content and/or density of the panel.
Furthermore, a significant improvement of the
IB strength can be realized by increasing
alignment level from random to high (Fig. 5
and Table 1) at a given density level.

Both E:l and R-S were highly correlated to
the average sample density (R? > 0.79). The
E-l-density correlations improved from ran-
dom to high alignment boards (Table 4). The
increasing E-l slopes with alignments (Fig. 5)
indicate that higher bending stiffness could be
achieved with higher flake alignments regard-
less of density level. However, the R-S-density
curves have similar slopes and different inter-
cepts for the different alignment levels, indi-
cating that the intrinsic material strength rather
than the flake alignment influences the break-
ing ruptures for all panel types.

Panel strength-UT property correlation

A quadratic polynomial regression was
done to establish correlation between panel
strength properties (i.e., 1B, El, and RS) and
UT parameters (i.e., velocity, attenuation, and
RMS). The model parameters are summarized
in Table 5. The models, plotted in Fig. 6 and
7, were well fitted with the experimental data.
As shown in Table 5, al three strength prop-
erties correlated better to the DC parameters
(velocity, attenuation, and RMS) as compared
with the NC parameters. This indicates that
strength prediction based on DC measure-
ments would be more accurate than the NC
methods.

It can be seen from the plots in Fig. 6 that
the relationships between the IB strength, El,
or RS and the UT velocity formed a similar
trend as the strength-density relationship.
There was a general linear relationship for ve-
locity up to about 1250 m/s for both methods.

TaBLE 4. Parameters for the polynomial model between mechanical properties and density for the single-layer 4%RC panels.2

Breaking resistance

Bending stiffness

Internal bond strength

Panel

R2

R2

R2

alignment

0.97
0.87
0.96

—6.5543
—14.601
—13.486

0.0125
0.0463
0.0467

8E—-06
—0.00001
—0.00001

—2E-06

0.89
0.82
0.96

.82889

14.682
34.335

174.2

—0.5673

0.1654
—0.1057
—0.1681

0.0005
0.00008
0.0003
0.0003

0.76
0.85
0.88

—1.4204
—0.1555
—2.4965
-1.1138

0.0044
0.0013
0.0073
0.0037

—0.000002

—3E-08
—0.000003
—0.000001

Random

Low
High

0.79

—9.1633

0.0283

0.87

0.78

Combined

aModel Y = AX2 + BX + C, where Y = internal bond (1B, MPa), bending stiffness (E.I., MPa-cm?), or breaking resistance (R.S., MPa-cm3), and X = average density (kg/md).
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Beyond that velocity, the DC curves leveled
off significantly indicating that all strength
properties became independent of the UT ve-
locity in the density range. The flake align-
ment levels showed little effects on the rela
tionship. There was also a similar generd
trend for the NC data.

All three mechanical properties (i.e., IB, El,
and RS) showed an increased trend with DC
RMS and a decreasing trend with DC attenu-
ation (Fig. 7). The relationship is generally
nonlinear (Table 5). The mechanical properties
showed an inconsistent trend with NC atten-
uation for boards at all flake alignment levels.
Flake alignment levels did not significantly in-
fluence the UT measurements from both DC
and NC methods. Thus, under the current NC
settings, strength prediction based on NC at-
tenuation would be inaccurate for OSB prod-
ucts. In the three-layer boards, the NC atten-
uation showed invariant responses to the panel
shelling ratio (i.e., FWR in Table 2). However,
the DC attenuation had a minimum value at
FWR = 0.5 for the high alignment boards,
whereas, the DC RM S had a maximum value.

UT parameter-panel property interactions

Table 6 shows the results of the sensitivity
analysis through the backward elimination
procedure to show the interactions among the
panel properties and UT parameters as influ-
enced by high and low densities in the thick-
ness and horizontal planes of each sample.
The average density was strongly correlated to
the low and high thickness densities. The low
density in both planes significantly affected
the bending stiffness of the high-alignment
panels. As expected, the high stress concen-
tration was formed in the low density ranges,
leading to the bending fracture.

Velocity, in general, was significantly re-
strained by the low-density points in the thick-
ness direction, especially for the high align-
ment panels. It was significantly dependent on
the high-density area in the horizontal plane
for propagation. Particularly, the low-vertical
and high-horizontal densities restrained NC
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TaBLE 5. Parameters for panel strength and UT property models for the single-layer 4%RC boards.2

DC - velocity NC — Velocity
. (m/s) (m/s)
Align
Y level A B C R2 A B C R?
1B Random —2.E-06 0.0044 -1.6712 0.55 —6.E-06 0.0097 —3.1715 0.24
Low —-3.E-06 0.0065 —2.8514 0.88 —6.E-07 0.0022 —0.3998 0.63
High —2.E-06 0.0054 —2.1862 0.61 —4.E-06 0.0083 —2.9333 0.78
Combined —2.E-06 0.0052 —2.1413 0.65 —2.E-06 0.0053 —-1.6737 0.57
El Random —2E-04 0.5357 —246.76 0.46 —-5.E-04 0.8508 —293.85 0.12
Low —7.E-04 1.7473 —886.85 0.79 —-3.E-04 0.7144 —267.94 0.42
High —-4E-04 1.1565 —615.66 0.77 —-5E-04 1.3426 —579.53 0.74
Combined —-3.E-04 0.831 —433.95 0.71 -1E-04 0.6371 —287.61 0.61
RS Random —2E-05 0.0581 —26.673 0.69 —2.E-05 0.0605 —21.69 0.23
Low —4.E-05 0.1064 —48.538 0.78 —-1E-06 0.0244 —3.752 0.42
High —2E-05 0.0693 —30.055 0.87 —6.E-05 0.1256 —46.393 0.82
Combined —2E-05 0.0687 —31.565 0.76 —-3.E-05 0.0753 —28.095 0.58

aModel Y = AX2 + BX + C, where Y = internal bond strength (IB, MPa), bending stiffness (E.I., MPa.cm?), or breaking resistance (R.S., MPa.cm3); X

= Velocity (m/s), Attenuation (—dB), or RMS (v).

velocity. This suggests that the high-horizontal
density facilitated the tortuosity of velocity
flux into the material, taking paths hindered
by the bottleneck of the lowest thickness den-
sity portion. It appeared to present a ‘‘ path of
the least resistance’” for the wave energy re-
gardless of the original direction of the wave
(also observed by Dickens et al. 1996). The
DC attenuation and RMS behaved in a similar

+— 1L4%RC

1.8 ——1L4%RC
E

manner. The energy loss in attenuation for
both methods was caused by reflections along
the high- and low-density boundaries in the
thickness direction, and by lateral scattering
along the horizontal density plane.

CONCLUSIONS

Through-thickness DC and NC ultrasonic
transmission responses were used successfully
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Fig. 6. Scatter plots of DC and NC velocities versus IB, E.l. and R.S. for single-layer, 4% RC boards, segregated
by high (HAL), low (LAL), and random (RAL) alignment levels.
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TABLE 5. Extended.
DC — Attenuation NC — Attenuation DC - RMS
(dB) (dB) (2]

A B C R2 A B C R2 A B C R2
0.0006 —0.044 1.2006 0.81 —0.0033 0.4664 —15.394 045 —0.7664 1.8303 0.0329 0.79
—0.0002 -0.0077 1.0558 0.53 -—0.0005 0.0888 —2.7437 0.12 —-0.4449 11318 0.3565 0.53
0.0005 -0.0436 14392 0.84 0.0031 -—0.4798 19.323 024 —-0.6341 1.8352 0.1276 0.84
0.0004 -0.0342 1.2511 066 0.0017 —0.2628 11.105 0.06 -0.3256 1.218 0.2659 0.67
0.0712 —4.7309 101.12 049 -0.572 83.914 —2992.7 0.28 —105.22 223.64 —28434 047
0.0417 —4.9312 162.35 0.34 -0.35 55.617 —2064.2 016 —92.287 245.65 —2.2581 0.34
0.2998 —14.82 220.79 0.64 04091 —-58.047 2188.7 0.18 118.97 14.777 31.077 0.68
0.1659 —9.6383 171.02 042 0.3457 —49.991 1909.7 0.07 74356  41.141 22.96 0.45
0.0054 —0.4483 11.726 0.71 —-0.0532 7.6543 —265.28 046 -—-10.586 23.827 —2.5095 0.70
0.0048 —0.4519 17.052 052 -0.024 3.696 -126.74 0.05 —54168 17.237 4.0763 0.52
0.0181 —-0.9359 21279 0.77 0.0217 —3.206 134.26 0.06 3.6106  7.5363 6.8702 0.79
0.0103 -0.6775 17336 049 0.024 —3.6606 151.87 0.03 3.408 7.0564 4.6268 0.53

to characterize OSB’s basic properties as in-
fluenced by processing variables. All UT re-
sponses in relation to the sample density were
distributed nonlinearly. DC velocity was high-
er than the NC velocity, presumably because
of transducer or liquid couplant compression
effects in the DC method and agglomeration
of surfaces as affected by heat and pressure
treatments. Generally good models in the sin-
gle-layer boards were attributed to the nature
of the internal structure defined by the uniform
density profile and the mean larger density
range. The ultrasonic properties were not af-
fected by the panel shelling ratios for the
three-layer boards.

The unique DC velocity and NC attenuation
responses approaching the inflection density
(900 kg/me) indicated the diminishing effects
of the physical voids in the low-density half
and the strain hardening in the high-density
half. The facts attested that the processing for-
mulation in panel manufacturing, particularly
high-density panels, could have definite ef-
fects on ultrasonic properties. The strength
properties of the boards generally increased
with density and flake alignment levels. Viable
density models devised in either method were
board-specific. Attenuation and RMS were an
effective predictor of density if flake align-
ment level was not known; otherwise the UT
velocity could be used.

High density—strength correlations were ob-

served for all board types. The bending stiff-
ness correlated highly to low density pointsin
both thickness and horizontal directions,
whereas the breaking resistance correlated
well to high sample density. Velocity from
both methods depended significantly on the
low thickness density, whereas the attenuation/
RMS was significantly affected by high and
low density boundaries in the thickness direc-
tion. The high correlations in both UT-—
strength and UT—density relationships signal
that UT techniques can provide a quick effec-
tive assessment of OSB’s internal character-
istics.

Although the NC system does provide a
suitably remote measurement convenience, we
recommend that the instrumentation setup and
calibration consideration need to match the
natural frequency of the test material. With a
proper calibration technique, the ultrasonic
method is an effective tool for wood compos-
ite research and for on-line quality monitoring
in fiber-based facilities.
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TaBLE 6. Sensitivity test (in p-values) using backward elimination procedure to evaluate levels of interactions and
influences among the structural properties and UT parameters in the high and low densities areas along the thickness

and horizontal planes for 4% RC panels.

Vertical-Thickness

Horizontal-Plane

Density Density Density Density
Variables Alignment level High Low High Low
Stiffness (E.1.) Combined 0.0929 NS NS 0.0001
Random NS NS NS 0.0001
Low NS NS NS 0.0001
High NS 0.0001 NS NS
Breaking (R.S) Combined NS NS NS 0.0001
Random 0.0001 NS NS NS
Low NS NS NS 0.0001
High NS NS 0.0001 NS
Ave.Density Combined 0.0001 0.0001 NS 0.0018
Random 0.0001 0.002 NS NS
Low 0.0036 0.0001 NS 0.0401
High 0.017 0.0413 0.0012 0.0099
DC_Veocity Combined NS 0.0001 NS NS
Random 0.0001 NS NS NS
Low 0.018 NS 0.001 NS
High NS 0.0001 NS NS
DC_Attenuation Combined 0.0022 0.0005 0.01 NS
Random NS 0.0001 NS 0.0156
Low 0.0003 0.0038 NS NS
High NS NS 0.0001 NS
DC.RMS Combined 0.0058 0.0161 0.0722 NS
Random NS 0.0001 NS NS
Low 0.0036 0.038 NS NS
High NS NS 0.0001 NS
NC_Velocity Combined NS 0.0001 0.0132 NS
Random NS 0.0397 NS NS
Low NS NS 0.0016 NS
High NS 0.0001 NS NS
NC_Attenuation Combined 0.0012 0.0001 0.0958 NS
Random 0.0006 NS NS 0.0098
Low 0.0001 0.0001 NS NS
High NS 0.0088 0.0105 NS

and Dr. Aravamudhan Raman, Department of
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