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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 respanses 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 leve] is known: otherwise, velocity parameter could be used,
In the single-layer boards, internal bond strength, bending stiffness, and breaking resistance were
highly comelated 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 comrelations of DC-Velocity and NC-
Attenuation o 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 ultrascund, quality control, OSB, velocity, at-
tenuation.

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

Oriented strandboard (OSB) is one of the
modern structural wood composites widely
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rials in house construction. OSB consists of
wood strands or flakes glued with an exterior
type, waterproof resin. Mat layering and align-
ment of wood flakes are used to improve me-
chanical properties of the board. The mat for-
mation by depositing resin-coated flakes re-




Vun et al —ULTRASONIC TESTING OF 0SB

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)
n 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 alignment 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=dn ))

where d is the sample thickness (mm) and
is the signal transit time (us) across the
thickness. The impedance of the material de-
termines the alterpating 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=Vp (2)

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

a = 20 Log(A/A,) 3)

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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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:

IRm = IRa - IRIZ (7)

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 air when
the material is in between the transducers. Be-
ing frequency independent, IR is related to the
transmission coefficient (7) that measures how
ultrasound is transmitted from one medium to
another, given by:

7=t

= 8
Z, + Z,p ®

where Z, and Z, are the acoustic impedance of
ultrasonic propagation in medium 1 and me-
dium 2, respectively. IR, is related 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-
clusions in the material (Bhardwaj 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
ps 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 Pl: 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-
it 51 X 13 X 13-mm bending samples with
the largest dimension of each sample parallel
to the major 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
stiffness (E-I, MPa.cm?®), and breaking resis-
tance (R-S, MPa.cm®) were computed as:

P
= = 1
) (10)
bh?
EI= — 1
I = MOE— a1
2
R-S = MOR% (12)

where P is the peak load from the IB test (N),
E is the MOE (MPa), I is the moment of in-
ertia given by I = bh?/12 (cm#), R is the MOR
(MPa), S is the section modulus given by § =
bh?/6 (cm?®), and b, h, and L are the width,
height, and length (cm) of the specimen, re-
spectively.
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TABLE 1. Mechanical and ultrasonic properties for the single-layer boards at the 4% RC level.

Mechanjcal properties® Ulttasonic properties?
Board® Dmsigy MOR MOE RS EI B DCv DCA DCR DCZ NCV NCa,
type (kg/m®)  (MPa) (MP2)  (MPa-cm® (MPa-cm?) (MPz) {m/s) (—dB) &2 (Mgfsm?)  (mis) (—dB)
HAL 594 304 243 9.9 51 0.64 810 28.25 031 481 610 830
52 20D 20 e (5} (0.18) 112 (5.5) (0.06) (€7 M (6.1
783 460 485 14.2 94 1.12 920 7.11 0.88 709 70 667
79 (63 (133 (20 (26) (0.18) 61 6.0) 028 (127 66) (2.2)
1043 65.1 1056  21.2 213 1.43 1326 1.23 1 1222 205 713
“h (56 (14 (2 @6 (005 (160) (04 (00T (375 (33) (41)
1207 68.4 1296 230 275 1.47 1257 0.75 1.23 1426 1075 840
42) (1L6) (160) (0.5 (28 (025 (126 (035 (010) (228) (20T (6.0)
LAL 562 21.0 185 7.0 40 0.57 748 32.13 0.24 421 1046  87.8
@2 L% a2 ©0n @ 012 (G2 75 Q) @2 (6 (5.0
308 414 447 12.9 87 0.85 847 230 1.00 684 693 68.7
B GO ©7 0.9 13) (0.14) (18) (1.2) (0.11) (45) 39 (3.6
1013 567 961 18.1 190 1.16 1270 1.56 1.07 1288 853 793
(55) (80) (196) (3.0) (43) (0120 (¢D AT ©OID 113 T) @26
1251 64.9 1213 203 237 1.28 1308 1.35 113 1636 1103 867
(6) (15) @06) (4.5) (78) 0.0 A7) (0.8) 014 (2100 @4 (K.
RAL 570 99 122 32 25 0.48 707 29.03 0.30 407 638 830
@6 (2.9 (31) (1.1} (8) (0.04) % 7.0 0.10 (87) 56 (6.0)
817 30.1 376 9.1 71 1.13 919 374 1.01 752 724 7235
GD SN I AT A4 ©08) 108) (35 @I (123 (75 (3.1)
925 36.0 509 12.0 166 1.02 950 375 0.92 882 721 733
@84 (88) (264) (26 (49) (024 (59 (25 (014 (125 G G

2 Values in parenthesis are the Standard Deviation.

B MOR = Modulus of muptare (MPa). MOE = Moduius of elasticity (MPz), RS = Breaking resistance (MPa-cm®), EI = Bending stiffness (MPaem?), IB =

Internal honding strength (MPa).

“HAL = High alignment level ~80%, LAL = Low aliznment level ~58%, RAL = Random alignment level ~26%.
4DC = Direct-Contact Method, NC = Nen-Contact Method, —V = Velocity (m/s). —A = Anenpation (~dB), —R = Root Means Square (volt), —Z =

Impedance (10-3 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 trapsmitted 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 Bhardwaj (1997) and
Bhardwaj et al. (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 cumrent 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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Fig. 3. Scatter plots of the velocity, attenuation, and
RMS voltage (1) as a function of average panel density
for 4% RC single-dayer (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 attepuation decreased as the density in-
creased, and reached a minimum at about 900
kg/m?. Above the density level, the NC atten-
vation increased as the density increased fur-
ther. This indicates certain internal property
changes as a result of densification under heat-
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Fig. 4. Scatter plots of the DC and NC attenuation
(At) and DC RMS against density for the three-layer (3L)
panels (combined shelling ratios) at the 4% RC level.

ing during hot pressing. The DC attenuation
decreased and the DC RMS increased as the
density increased. Above the 900 kg/m® den-
sity peint, both curves leveled off, This further
indicates internal property changes above the
density level. The depsity level showed the
transition between the diminishing physical ef-
fects of the interspatial voids in 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 attenvation 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.

Strength-density correlation

IB strength, bending stiffness (E-I), and
breaking resistance (R-S) were highly corre-
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Fig. 5. Scatter plots of internal bond (IB), bending
stiffpess (E-I), and breaking resistance (R-S) versus den-
sity for single-layer boards, segregated by high (HAL),
low (LAL), and random (RAL) alignment levels.
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Beyond that velocity, the DC curves Ieveled
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-
tGonship. There was also a similar general
trend for the NC data.

All three mechanical properties (i.e., IB, EI,
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 RMS 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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TasLe 5. Extended.
DC — Anenuation NC — Attenuation DC — RMS
(dB) «B) [4)]

A B c R2 A B C R2 A B C R?
0006 —0.044 12006 Q.81 —0.0033 04664 —15394 045 ~0.7664 1.8303 0.032% 0.79
—0.0002 -0.0077 1.0558 0.53 -—0.0005 0.0888 —2.7437 012 —0.4449 11318 03565 0.53
0.0005 —0.0436 14392 084 0.0031 ~04798 19323 024 —0.6341 1.8352 0.1276 (.84
0.0004 -—0.0342 1.2511 066 00017 -0.2628 11.105 006 —0.3256 1218 0.2659 0.67
0.0712 -4.7309 101.12 049 —-0.572 83.914 —29927 028 -105.22 22364 28434 047
0.0417 —4.9312 162.35 0.34 ~0.35 55.617 —2064.2 0.16 —92.287 245.65 —2.2581 0.34
0.2998 —14.82 220.79 0.64 04091 -58.047 21887 0.18 11897 14777 31.077 0.68
0.1659 —9.6383 171.02 042 03457 —49.991 1909.7 0.07 74.356 41.141 2296 045
0.0054 —0.4483 11.726 0.71 -0.0532 7.6543 —26528 046 ~10.586 23.827 —2.5005 0.70
0.0048 -0.4519 17.052 052 —0.024 3696 -—12674 0.05 ~5.4168 17237 4.0763 0.52
0.0181 -09359 21.279 0.77 0.0217 -—3.206 13426 Q.06 3.6106 7.53363 6.8702 Q.79
0.0103 -—-0.6775 17336 049 0024 -36606 15187 003 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 becanse
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 natre
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/m?®) 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 propertics. The strength
properties of the boards generally increased
with density and fiake 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 points in
both thickness and horizoatal 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-
1stics.

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 i Low
Stiffness (BE.I} 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_Velocity 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 .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
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