INSIGHT published by the British Institute of Non-Destructive Testing
For more papers of this publication click: www.ndt.net/search/docs.php3?MainSource=39

DOI: 10.1784/insi.2008.50.3.146

GUIDED WAVES

Estimation of adhesive bond strength in laminated safety
glass using guided mechanical waves:
Part I. An energy velocity approach
Submitted 28 November 2007
Accepted 4 January 2008

S Huo and H Reis

Adhesion levels in laminated safety glass samples,
ie windshields, have been assessed using both a nondestructive evaluation method based upon an energy velocity
guided wave approach and a commonly used destructive
testing method. Laminated safety glass consists of a plastic
interlayer surrounded by two glass plates. The interfaces
between the plastic interlayer and the two adjacent glass
plates are assumed to be imperfect and are modelled using a
bed of longitudinal and shear springs. The spring constants
are estimated using fracture mechanics in conjunction
with surface analysis of the plastic interlayer and of the
two adjacent glass plates via atomic force microscopy and
profilometer measurements. Energy velocities calculated
using this theoretical multilayered model are compared
with energy velocity values obtained experimentally using
laminated safety glass samples with different adhesion
levels. Results show that an energy velocity approach can
successfully be used to non-destructively estimate adhesive
bond strength in laminated safety glass.
Keywords: Laminated safety glass, windshields, ultrasonics,
guided waves, phase velocity, attenuation, energy
velocity, mode shape.

1. Introduction
Laminated safety glass is used in the automobile industry and
in architectural applications. Laminated safety glass consists of
a plastic interlayer, such as a layer of poly vinyl butyral (PVB)
or Butacite, surrounded by two adjacent glass plates as shown in
Figure 1. The glass can be float glass, plate glass, tempered glass,
or sheet glass, and the plastic interlayer is made of a viscoelastic
material with relatively high damping(1,2). Typical thickness values
of the glass plates and PVB interlayer are given in Table 1. The
level of adhesive bond strength between the plastic interlayer and
the two adjacent glass plates has a significant role in the penetration
resistance against flying objects and is a critical parameter towards
ensuring the proper performance of safety glass(1,2). Penetration
is prevented primarily by absorbing the kinetic energy of the
projectile by stretching the plastic interlayer, partial delamination
between the plastic interlayer and the two adjacent glass plates, and
by the fracture surfaces generated in the two adjacent glass plates.
Laminates with very high adhesion levels fail in a quasi-monolithic
plate-like mode; the plastic interlayer is stressed beyond its rupture
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Figure 1. Schematic diagram of guided wave measuring system
to assess levels of adhesion in laminated safety glass samples

strength and is cut and torn by pieces of glass. For laminates
with low adhesion levels, large shards of glass delaminate from
the plastic interlayer increasing the risk of injury from impact.
An optimal level of adhesion is then required for the safety glass
to absorb enough of the impact energy to prevent projectile
penetration, while simultaneously preventing the plastic interlayer
from being stressed beyond its rupture strength. For these reasons,
estimation and control of adhesive bond levels in laminated safety
glass is a critical issue.
Table 1. Materials properties for laminated safety glass
Thickness
(mm)

Density
(g/cm3)

Long.
velocity
(m/s)

Shear
velocity
(m/s)

Long.
attenuation
(np/m at 1.0 MHz)

Shear
attenuation
(np/m at 1.0
MHz)

Glass

2.54

2.5

5878.7

3394.1

0

0

PVB

0.76

1.11

2350

1150

8.5

43.5

The treatment of the glass plates and the plastic interlayer
controls the level of adhesive bond strength between the layers.
The moisture content in the interlayer (before lamination) has a role
in the adhesion level, with a higher level of moisture leading to a
lower level of adhesion. For automobile windshield applications(4),
35 to 55% of moisture is used for a desired level of adhesion.
The chemical composition of the plastic interlayer (which can be
changed by adding various salts and bases) also affects the adhesion
level; laminates with a plastic interlayer with greater alkalinity
generally show increased resistance to penetration. However, the
most commonly used method to control the adhesive bond strength
between the plastic interlayer and adjacent glass plates is to rinse
the glass plates with running water where the water hardness is
controlled by specifying the salt concentration. Increasing the final
rinse salt content increases the water hardness and decreases the
adhesive bond strength(2-4). In this study, the laminated safety glass
specimens were manufactured using poly vinyl butyral (PVB) as
the plastic interlayer.
There are several destructive testing procedures used to quantify
the adhesion level in laminated safety glass. These tests include
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the tension test(1), the peel test(2), the impact test(3), and the pummel
test(4). The pummel test is the most widely used method in industry.
In this method, a laminated specimen is pummelled repeatedly
with a hammer at -18ºC (0ºF) until approximately one half of
the test specimen has been pulverized. The amount of remaining
glass adhered to the plastic (PVB) interlayer is then estimated
by comparing the test sample to standard pummel samples using
visual inspection. The comparison is quantified by estimating
the reflected fluorescent light from the test sample. The pummel
rating scale ranges from 1 to 10 with 1 being a sample with the
lowest adhesion and 10 being a sample with the highest adhesion,
representing a progression from low to high adhesion. Although
the pummel test method has been used for over 80 years, it has
several drawbacks. The primary drawbacks are that it is destructive
and subjective (ie involves individual human judgment), which
precludes this method for being used as an on-line test method
for quality control. Consequently, an accurate non-destructive
testing method to evaluate adhesion levels would be an asset to the
laminated safety glass industry.
Ultrasonic guided waves have already been used to test
adhesion levels between two bonded surfaces(5-11), and spring
models have also been used to model adhesion. Rudenko and Vu(12)
used a set of identical springs of various lengths for modelling the
contact between two rough surfaces in order to estimate reflection
measurements using a nonlinear acoustics approach, ie the first and
second harmonics. Haines(14) developed a spring model to relate the
stiffness of the interface to the statistical description of the surfaces
and mechanical properties of the materials in contact. Haines’
spring model has also been used to study ultrasonic reflection
coefficient problems in adhesive bonding of contact surfaces(14-15).
Baik and Thompson(16) developed a spring model, named the quasistatic model, where fracture mechanics was used to estimate the
stiffness of the longitudinal and shear springs at the interface.
Additional examples regarding the use of ultrasonics combined
with spring models to evaluate adhesive bond strength can be found
in references(17-19).

2. The theoretical model
The interfaces between the plastic interlayer and the two adjacent
glass plates are treated as imperfect interfaces. While glass plates
typically have extremely smooth surfaces, the plastic interlayer
is very rough before lamination. After lamination, the interfaces
between the plastic interlayer and the two adjacent glass plates are
modelled as imperfect interfaces where the imperfections defined
as the non-contacting regions, ie cracks, are assumed to be small
(as compared to wavelength of a guided wave mode) and to be
distributed uniformly. If the guided wave modes have wavelengths
that are large compared to the size of these non-contacting regions
(ie cracks), the individual effects of these cracks upon these guided
wave modes is insignificant. The overall effect of the cracks is to
change the stiffness of the interface(18). As a result, representing the
imperfect interface conditions with a bed of longitudinal and shear
springs provides an acceptable model to estimate the adhesive
bonding conditions.
These beds of longitudinal and shear springs are modelled as
another material layer with zero thickness, zero mass, and with the
corresponding stiffness depending upon the interface adhesion level
as shown in Figure 2. The springs are able to transfer stress and
displacement across the boundary, ie interface, and adhesion levels
can be modelled as one of the following three possibilities: free,
rigid, and somewhere between rigid and free. In the free condition,
the surfaces are totally disconnected corresponding to zero stiffness
and no adhesion. The rigid contact condition corresponds to springs
with infinite stiffness, with the interface behaving as if the two
surfaces were ‘perfectly welded’. In reality, the interface contact
condition will always lie between these two bounds.
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Figure 2. Longitudinal and shear springs to model imperfect
interfaces

The stiffness constants for the longitudinal and shear springs
are estimated using concepts of fracture mechanics(16,20,21), surface
analysis using atomic force microscopy (AFM), and profilometer
measurements(22). The imperfect interface is divided into unit cells,
with the ‘true’ interface contact area of each unit cell estimated
using atomic force microscopy (AFM) experimental surface
measurements. Based upon these measurements, the surface
roughness of the plastic interlayer and glass plates are obtained.
The contact area is then statistically evaluated based upon the
large number of small contacts assumed to be randomly distributed
between the PVB interlayer and the glass plates. These stiffness
constants are then used in a multi-layered guided wave propagation
model, which is solved using the global matrix method and
confirmed experimentally.
2.1 Imperfect interfaces
Describing contact boundary conditions of imperfect interfaces
is difficult because interface conditions can be very irregular as
shown in Figure 3(a). However, these interfaces can be idealised
as an array of unit cells as shown in Figures 3(b) and 3(c). For low
percentages of contact areas, ie low adhesion, the interface can be
divided into many unit cells where each cell contains a circular
contact region, ie penny-shaped contact, as shown in Figure 3(b).
The spring stiffness for this kind of interface can be obtained by
the circumferential edge-crack model(16). At high percentages of
contact areas, ie high adhesion, the interface can be approximated
with a centre penny-crack model(16) as shown in Figure 3(c). With
these idealisations, the change in stiffness due to the presence of
imperfections can be estimated using fracture mechanics concepts.
For static loading conditions, Tada(20) provided a comprehensive
source of formulas to calculate stresses and displacements for
different crack conditions, while Baik and Thompson(16) have
provided a good review of the use of fracture mechanics to estimate
interface spring constants.

Figure 3. Models for imperfect interfaces; (a) realistic contact
regions between two surfaces; (b) uniform distribution of
contact regions (unit cells modelled as penny-shaped contacts)
representing a low-percentage of contact area; (c) uniform
distribution of penny-shaped cracks (unit cells modelled
as having penny-shaped centre cracks) representing highpercentage of contact area

To illustrate the use of fracture mechanics to estimate stiffness
of imperfect interfaces, the imperfections at the interface are
modelled as a two-dimensional array of strip cracks as shown
in Figure 4. The interface spring stiffness can be obtained by
separating the whole surface into many unit segments with equal
length. Each unit segment contains one equal length crack as
shown in Figure 4, and can be assumed to be a centre crack as
shown in Figure 4(b). Considering this isolated single crack model,
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Kt 

G'
W (a b ) 1. ................................(10)
4a

Because of the complexity and irregularity of imperfect
interfaces, it would be difficult to estimate spring constants that
entirely describe a particular type of interface. Based on equations
provided by Tada et al(20), values of W(a/b) can be calculated for the
idealised cases shown in Figure 3 (ie unit cells with a centred pennyshaped contact or a penny-shaped crack). For example, assuming
penny-shaped contact idealisation, (ie edge-crack model), the value
of W(a/b) is given as:
Figure 4. (a) Periodic strip crack model of imperfect interface;
(b) centre crack model

the additional displacement (∆crack) due to the presence of the cracks
can be obtained by the following equation(20):
$ crack  $total $ nocrack .................................(1)
where ∆total is the total displacement including the effect of the
cracks and ∆nocrack is the displacement caused by the perfect (ie no
imperfections) original structure. The interface stiffness can then
be expressed as(16):
S
k
. ........................................(2)
$ crack

where σ is the average stress across the interface. This stiffness
value k is assumed to be for a distributed spring per unit segment.
The extra static deflection caused by the presence of cracks (∆crack)
has been widely discussed and reported for different types of crack
by Tada et al(20), and the distributed spring stiffness k for different
types of interfaces can therefore be evaluated. By using the Paris’
equation(21) based on energy principles, ∆crack can be derived as(20):
4S a
..................................(3)
$ crack 

E'

W ( a b )  ( a / b )2 {

0.3927
(1 a b )2

0.4011
0.52
236(1 a / b )}. .(11)
(1 a b )

For the centre penny-shaped crack model, the value of W(a/b)
is given by:
W (a b ) 

0.5342
1
ln (
) 0.5342 0.2617(a b ) 0..2459(a b )2
ab
1 ab
0.0432 (a b )

4

0.0267 (a b )

5

0.0039 (a b )

6

0.1336(a b )3

0.0034 (a b )

7

. .......(12)

Regardless of the model, the dimensionless ratio (a/b) is an
indication of the contact area; the higher the contact area within a
unit cell, the smaller the value of (a/b). Figure 5 shows the values
of longitudinal spring stiffness k as a function of the ratio a/b for the
penny-shaped contact model, penny-shaped crack model, and twodimensional strip-crack model. Figure 5 also illustrates that the
relationship between spring stiffness and crack size is nonlinear,
with the spring stiffness decreasing as crack size increases. In this
study the concept of the strip crack model is used.

W (a b )

where a is the width of the crack, b is the separation of the gaps,
W(a/b) is a dimensionless formula that depends on the value of the
dimensionless ratio (a/b), and E' is an elastic constant. Assuming
guided waves with long wavelengths, plane strain conditions can
be assumed, and the elastic constant can be expressed as:
E' 

E .........................................(4)
1 N2

where E is the Young’s modulus and ν is the Poisson’s ratio of the
material. The spring stiffness can then be expressed as:

E'
k
W (a b ) 1 . ...................................(5)
4a

The relationship between the spring constant and the crack
size ratio (a/b) is nonlinear, due to the function W(a/b). For the
tangential spring stiffness, values of W(a/b) corresponding to
Mode II and Mode III loading conditions can also be obtained as
discussed in reference(20). For example, considering the centre crack
model shown in Figure 4(b):
W (a b )I  1.071 0.250(a b ) 0.357(a b )2 0.121(a b )3 0.047(a b )4
0.008(a b )5 1.071

1
a
ln(1
) ........................(6)
(a / b )
b

W (a b )II  W (a b )I ..................................(7)

W (a b )III 

2 1
Pa
ln (sec )..........................(8)
2b
Pab

For the out-of-plane shear loading, ∆crack is expressed as:
4T a
$ crack  ' W (a b ) .................................(9)
G
where τ is the average shear stress across the interface and G' is the
shear modulus of the material. Therefore, the stiffness Kt for the
out-of-plane shear mode leads to the following expression:
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Figure 5. Dimensionless longitudinal spring constant as a
function of crack ratio (a/b) for the three different models.
Stiffness values for the springs shown in Figure 2 to model
laminates with different levels of adhesion are given in Table 2

Based on the uniform pressure rigid spherical punch method,
(developed by Kendall and Tabor(19) for cases when the two layers
are made of different materials), the above expressions can be
extended for cases with dissimilar materials leading to the following
expressions(16) for E’ and normalised W(a/b)-1:
2 E1E2
..........................(13)
E' 
E2 (1 N12 ) E1 (1 N 22 )
2(1 a / b ) . ...........................(14)
P
where E1 and E2 are the elastic modulus, and ν1 and ν2 are the
Poisson’s ratios for those two contacting material surfaces,
respectively.
W (a b ) 1 

2.2 Surface characterisation using profilometer and atomic
force microscopy
Properties of solid surfaces are dependent upon the nature of the
solids, methods of surface preparation, and interactions between
the surface and the environment. The surface properties of two
solids will affect the area of contact between them. Therefore, the
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adhesion level between the plastic interlayer and the two adjacent
glass plates is a function of the surface properties of the two layers
at the corresponding interface. As a result, the ‘stiffness’ of the
longitudinal and shear interface springs is estimated as a function
of the crack ratio (a/b), which is a parameter that defines the
percentage of the ‘true’ contact area.
Calculation of the true contact area is difficult. It is usually
assumed that the contact area between two nominally flat solid
surfaces is determined by the plastic deformation of their highest
asperities(22). Many surface analytical techniques rely on the
examination of the surface with a high magnification optical
microscope or a scanning electron microscope (SEM). In this
study, the surface characteristics of the plastic interlayer and of
the two adjacent glass plates are obtained using a profilometer and
atomic force microscopy (AFM) measurements, respectively. The
true contact area and hence the crack ratio a/b were then estimated
based upon these surface properties.
Surface roughness is important in surface characterisation.
Two of the most important parameters are the average roughness
(Ra) and the root-mean-square of roughness (Rq). Average
roughness(24) is defined as the area between the surface profile and
its mean base-line, and it is expressed as:

1 l
° h( x ) dx .................................(15)
L 0
where h(x) is the surface height. The root-mean-square roughness
is defined as the square root of the average of the square of vertical
surface deviation from a reference base-line, and it can be expressed
as:
1L
Rq 
° h( x )2 dx .................................(16)
L 0
Ra 

The surface of the plastic interlayer (PVB) before lamination
(between the two adjacent glass plates) is very rough and, as a
result, it is not transparent. A Sloan Dektak3 ST stylus surface
profilometer is used for measurement of the surface topography
of the PVB surface before lamination. The profilometer operates
by lightly dragging a sharp diamond stylus over the surface of the
substrate and recording the vertical profile of the surface. Figure 6
shows the profile characteristics of the PVB layer surface before
lamination. Note that in Figure 6 the height values are given in
micrometers.

Figure 6. The surface profile for the PVB interlayer before
lamination with Ra = 6.5 µm, Rq= 8.3 µm

Because glass is much stiffer than PVB material, the surface
roughness of the plastic interlayer is greatly reduced during the
lamination process. As a consequence, atomic force microscopy
(AFM) was used to measure the roughness of the PVB plastic
interlayer after lamination as well as the roughness of the glass
surface. The AFM measurements of the PVB interlayer surface
were carried out after the pummel test method was performed,
which left portions of the PVB plastic interlayer exposed, ie without
the protection of the surrounding glass. Atomic force microscopy
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(AFM) is a high-resolution imaging technique that was used to
measure the roughness of glass and PVB layers after lamination.
The AFM instrument has a sub-micron vertical resolution and a
lateral resolution on the order of 0.01 nm (10 pm). AFM operates
by bringing a fine ceramic or semiconductor cantilever tip in
contact with the surface in a similar way that a phonograph needle
scans a record. The surface reacts to the tip with an ionic repulsive
force and bends the cantilever upwards. A laser reflected from the
cantilever at an oblique angle is received by a split photo detector.
The laser deflection caused by scanning the cantilever tip across
the test surface at a constant applied force creates a record of the
topography of the test surface. Figure 7 shows the three-dimensional
surface profile of the PVB plastic interlayer after lamination and
of the glass plates. Figures 6 and 7 show surface characteristics
over different measured lengths; as a consequence comparing these
two Figures needs to be done carefully mainly because measured
roughness values typically increase with measurement length.
Figures 6 and 7 show that the surface characteristics of the PVB
plastic interlayer are significantly altered by the lamination process,
which plastically reduced its asperity height level from a micrometer
level to a nanometre level. The surface roughness of the plastic
interlayer was reduced to the level of the glass surface roughness
(~0.26 nm). This reduction in roughness level is one of the reasons
why the plastic interlayer, which is translucent before lamination,
becomes optically transparent after lamination. The actual area
of contact is known as bearing area and may be approximately
obtained from these surface profiles or surface maps(22).

Figure 7. Atomic force microscopy (AFM) surface height
image of 1.0 by 1.0 µm of surface area for (a) bare glass with
Ra = 0.121 nm, Rq = 0.152 nm, and (b) PVB interlayer after
lamination with Ra = 0.262 nm, Rq = 0.330 nm

2.3 Bearing area analysis
Bearing area analysis consists of studying the distribution of
surface heights for a sample to reveal how much surface is above
or below an arbitrarily chosen height (considered a reference
height) based on statistical analysis. Initially, when two surfaces
come into contact under load, the contact usually occurs only at
a few asperities. As the two surfaces move closer together under
increasing normal load, these asperities will deform plastically
under increasing contact stresses and a larger number of asperities
will bond together(23). Higher adhesion levels occur as a result of
this increase in contact area or bearing area. Examples of bearing
area analysis can be found in other references(24,25). Higher bearing
ratios correspond to higher adhesion levels and to a corresponding
lower crack ratio (a/b). The crack ratio can be then expressed as a
function of the bearing ratio α as:
a
 1 A ........................................(17)
b
A proper reference height value must be selected to calculate
the bearing area ratio. Using the atomic force microscopy threedimensional surface images (corresponding to all the laminates
with different levels of adhesion), the percentage of bearing
area was calculated for all the laminates, as shown in Figure 8.
Figure 8 also shows the bearing area for each of the laminates at the
reference height of 1.0 nm, which was chosen experimentally. This
reference height allows separation of the laminated safety glass
specimens with different adhesion levels by their corresponding
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Figure 8. Bearing area analysis for laminates with pummel
levels of 3, 4, 5, 6, and 8

bearing areas, and it was chosen to calibrate the model using the
energy velocity experimental measurements of the laminated safety
glass with different levels of adhesion. After estimating the contact
area and the bearing area ratio for each of the laminated safety glass
samples, the corresponding crack ratios and the interfacial stiffness
values were also calculated as shown in Table 2. The difference in
interfacial stiffness values affects the guided wave properties for
laminated samples with different pummel ratings. While interfacial
stiffness is not the same as interfacial bond strength (measured
in terms of pummel ratings), the two are correlated as shown in
Table 2.
Table 2. Spring stiffness values corresponding to different
adhesion levels
Pummel
number

Surface
bearing ratio

Crack ratio
(a/b)

Normal spring
stiffness (Kn)
(N/m/m2)

Shear spring
stiffness (Kt)
(N/m/m2)

3

35.1%

0.649

6.8785E+11

2.4091E+11

4

45.8%

0.542

8.9754E+11

3.1436E+11

5

55.0%

0.450

1.0778E+12

3.7750E+11

6

76.2%

0.238

1.4933E+12

5.2301E+11

8

86.8%

0.132

1.7010E+12

5.9577E+11

3. Guided wave analysis and mode selection
Towards validating the theoretical approach via experimentation,
five laminated safety glass samples were manufactured by Solutia
Inc with controlled adhesive bond strength between the plastic
interlayer and the two adjacent glass plates. The pummel ratings of
these laminates were 3, 4, 5, 6, and 8. The material properties and
thicknesses of the glass plates and plastic interlayer are shown in

Table 1. Table 2 lists the values of the spring constants calculated
using fracture mechanics and surface characterisation via atomic
force microscopy for the safety glass samples with different levels
of adhesion. Because the material absorption of glass is much
lower than that of the plastic interlayer, the attenuation of glass
was assumed to be zero for the frequencies used in this study. The
effect of different adhesion levels between the plastic interlayer
and the two adjacent glass plates upon the guided mechanical wave
characteristics is examined using the computer program DISPERSE.
This program was developed by Pavlakovic and Lowe(26), and is
based upon the global matrix method. Rose(27) provides an excellent
review of guided wave mechanics.
Figure 9 shows the phase velocities for different wave modes
associated with two different interface bonding conditions. The
dashed and solid lines represent a crack ratio of a/b=0 (rigid) and
a/b=0.5, respectively. Figure 9 also shows that the fundamental
modes (the A0 and S0 modes) appear to be a good choice for
ultrasonic testing because of the simplicity of the dispersion curves
in this region. The S0 (symmetric) mode is an extensional mode,
with its motion being parallel to the direction of propagation, while
the A0 (anti-symmetric) mode acts as a bending mode.
Figure 10 shows the phase velocities for the A0 and S0 modes for
different levels of contact interface conditions (ie different pummel
ratings). Figure 10 illustrates that higher adhesion levels correspond
to higher phase velocities in the two fundamental modes in this
multi-layered safety glass system. The difference in the phase
velocities is obvious in lower frequency ranges (100-500 kHz);
however, the phase velocities are similar at higher frequencies.
Figures 11(a) and 11(b) show the energy velocity dispersion curves
for the S0 and A0 modes, respectively. From Figure 11, it appears
that the frequency band of primary interest is from 300 kHz to
400 kHz. It is worthwhile to note that at the lower frequency range
(0 to 300 kHz), higher adhesion levels correspond to higher energy
velocities. This trend is the same as for phase velocities, as shown
in Figure 10. However, at higher frequency ranges (>300 kHz),
higher adhesion levels correspond to lower energy velocities. For
the S0 mode, the frequency band between 150 to 300 kHz is not the
optimal test region because the energy velocity does not accurately
reflect the different adhesion levels. Based upon Figure 11, the
frequency band between 300 to 400 kHz appears to be the best
choice for estimating adhesion levels based upon the S0 and A0
modes.
Figure 12(a) shows the relative displacement structure for the
A0 mode at a frequency of 350 kHz for specimens with a pummel

Figure 10. Predicted phase velocities for laminates with different
pummel ratings for (a) the A0 mode and (b) the S0 mode

Figure 9. Phase velocities for different plane wave modes
associated with two different interface bonding conditions. The
dashed and solid lines represent a crack ratio of a/b=0 (ie rigid
condition) and a/b=0.5, respectively
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Figure 11. Predicted energy velocities for laminates with different
pummel ratings for (a) the A0 mode and (b) the S0 mode

Insight Vol 50 No 3 March 2008

number of three. While some displacements are relatively large
within the specimen, they are either zero or very small (nearzero) at the surface. As a result, although specimens with different
adhesive bond levels have different energy velocities for the A0
mode (see Figure 10), it is difficult to identify this mode with
pressure sensitive sensors (ie piezoelectric transducers) mounted
at the laminate surface. As a result, this mode is not feasible for
use in the field to estimate adhesive bond strength in laminated
safety glass in this frequency range. Figure 12(b) shows the
relative displacement structure for the S0 mode at a frequency of
350 kHz for specimens with a pummel rating of three. The strains
resulting from normal and in-plane displacements at the interface
are relatively large, making this mode sensitive to adhesion around
350 kHz. Furthermore, the relative displacements at the surface
of the specimens are also significant, making this mode relatively
easy to detect with pressure (or displacement) sensitive transducers
mounted at the surface of the specimens.

Figure 12. Relative mode displacement structure at 350 kHz for
specimens with a pummel rating of three: (a) the A0 mode and
(b) the S0 mode

Figure 13 shows the power flow and corresponding mode
shape through the thickness of a laminate with an adhesion level
corresponding to a pummel rating of three at different frequencies
for the S0 mode. At lower frequencies (<160 kHz), the power is
concentrated in the glass layers and there is little energy flowing
into the PVB interlayer. By increasing the frequency, more energy
is transferred from the glass layer to the plastic interlayer. At
around 350 kHz, the energy in the plastic interlayer is almost equal
to the energy in the glass layers. Above 350 kHz, the energy in
the PVB interlayer is decreasing, until most of the wave energy
is concentrated in the glass layer at a frequency of 1.2 MHz as
shown in Figure 13. From an ultrasonic testing point of view, the
energy concentration close to the interface is of primary interest in
the adherent side than in the adhesive(28). As a result, the S0 mode
(using frequencies close to 350 kHz) appears to be a good choice
when used to non-destructively assess interface conditions in
laminated safety glass.

4. Experimental results
Energy velocity experimental measurements were also carried out
using laminated safety glass specimens with different adhesion
levels, ie specimens with different pummel ratings, as shown in
Table 1. The experimental set-up to measure the energy velocities
is shown in Figure 1. The general arrangement of the experiment
consisted of a pulser-receiver, a pair of piezoelectric angled beam
transducers and adjustable wedges, a filter, an analogue-to-digital
converter, and waveform analysis software. Both the sending and
the receiving transducers were ultrasonic compressional transducers
with a central frequency of 500 kHz (Panametrics V101). A holding
fixture was used to maintain an adjustable fixed separation distance
between the sending and receiving transducers, allowing the two
transducers to be moved as one unit. The energy velocity was
calculated from the difference in the arriving times of two peak
time domain envelope amplitudes corresponding to two different
transducer separation distances.
Based upon the results of the previous section, the S0 mode
was selected to estimate the adhesion level for the laminated
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Figure 13. Relative power flow profile and mode shape
distribution through the laminate thickness for the S0 mode
at different frequencies for laminates with a pummel rating of
three

samples described in Tables 1 and 2 using a frequency of 350 kHz.
At frequencies close to 350 kHz, there are a total of four modes
that can be excited; two of these modes (ie S1 and A1 modes) have
higher velocity than the S0 mode. To avoid invoking the higher
velocity modes, an angled beam of 60o was selected. Figure 14
shows the energy velocity plots for different adhesion levels
(ie pummel ratings) and the corresponding experimental results at
350 kHz. For each laminate, five independent measurements were
carried out. Figure 14 shows that the experimental mean values for
the five independent measurements agree well with the dispersion
curves, allowing for adhesion level identification. Figure 15 shows

Figure 14. Predicted energy velocities in the frequency band of
interest. Data points represent the average of five experimentally
obtained energy velocity measurements for each test sample at
350 kHz

Figure 15. Experimentally obtained energy velocities for safety
glass samples with different adhesion levels (ie different
pummel ratings) at 350 kHz
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the experimentally measured energy velocities versus the pummel
ratings for the different laminates using 95% confidence intervals.
For comparison, Figure 15 also shows the predicted energy velocities
versus pummel ratings for the laminated safety glass samples.
Figure 15 indicates that the experimentally estimated adhesion
levels agree well with the predicted levels; most of the predicted
values fall within the 95% confidence interval. Considering the
difficulties associated with measuring energy velocities reliably
(such as beam spreading, and non-uniform distribution of the
contact area) this level of agreement is very encouraging.

5. Conclusions
The imperfect interfaces between the plastic interlayer and the
two adjacent glass plates in laminated safety glass are modelled
using a bed of longitudinal and shear springs, and their stiffness
characteristics are estimated using fracture mechanics and atomic
force microscopy (AFM) surface measurements. The atomic force
microscopy measurements are used to estimate the area of contact
at the imperfect interfaces between the plastic interlayer and the
two adjacent glass plates for each of the laminates.
Based upon the guided wave energy velocity predictions for
each of the laminates with different levels of adhesion, the S0 mode
has been selected as the most promising for use in non-destructively
estimating adhesion levels in laminated safety glass. The predicted
energy velocities (obtained using this multilayered model)
are validated using guided wave energy velocity experimental
measurements for each of the laminates. The experimentally
obtained results are in good agreement with the predicted results,
and the experimentally measured energy velocities of the S0 mode
showed good correlation with the adhesion levels of the laminated
safety glass samples.
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