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Effects of Film Thickness on The Work of
Fracture Between Adhesives and Glass
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In this investigation, the fracture energy of joints consisting of soda lime glass sandwiched around
either an acrylate or poly(vinyl butyral) (PVB) was studied. This was accomplished for various adhesive
thicknesses with the use of a tapered double cantilever beam specimen loaded in mode 1. For adhesive
thicknesses varying between 0.03 mm and 0.80 mm, the fracture energies ranged from 15 to 95 Pa-m for
the glassy acrylate joints and from 375 to 1060 Pa-m for the more rubbery PVB joints. While the fracture
energy was relatively independent of thickness for the acrylate joints, there was an increasing trend in
toughness for the PVB joints. The fracture energy of the acrylate joints was modeled with a process
zone model with reasonable results while the fracture energy of the PVB joints was modeled with
constraints on the plastic zone. Scanning electron microscopy and measured bulk adhesive properties
provided necessary input into the models.

KEY WORDS: Polymer/glass adhesion; adhesive fracture toughness; acrylate joints; PVB joints;
process zone model; plastic constraint.

INTRODUCTION

Understanding adhesive failure has become critical to the optimization of many
types of composite systems. Of major importance is the fracture resistance of the
adhesive bond. Fracture mechanics, which can be traced to A. A. Griffith,"? can
provide a method to examine the fracture toughness of adhesive bonds.

The effect of adhesive thickness on bond strength has been determined by several
investigators.®~!* Most of these studies have involved epoxy or rubber-modified
epoxy bonded to aluminum. This study examines a glassy acrylate and a leathery
poly(vinyl butyral) bonded to a soda lime glass substrate. In addition to fracture
mechanics, it involves evaluation of the fracture surface topography with a scanning
electron microscope and measurements of the bulk adhesive properties.

Previous studies provided a way to estimate the thickness at which the maximum
fracture energy for an adhesive joint occurs, but they did not give a quantitative
approximation for the fracture energy or equations to govern the behavior of the

*Corresponding author.
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fracture energy. An understanding of the effects of thickness on bond strength and
possible explanations for this effect are the goals of this research.

EXPERIMENTAL

Materials

The thicknesses of two different adhesives were varied in this study. One was an
acrylate consisting of acrylic acid and a silane that was supplied by Novust in a
liquid monomer form and is used to repair cracks in windshields. The other was a
plasticized sheet of poly(vinyl butyral) (PVB) (Monsanto, Springfield, MA,
U.S.A.) that is used in laminated safety glass in windshields. Other materials used
in this study were soda lime glass slides, aluminum grips, Teflon shims, and Scotch
No. 2216 B/A Clear Amber Epoxy (3M Company, St. Paul, MN, U.S.A)).

Bulk Adhesive Properties

For the bulk properties of the acrylate, it was first cast into a 127 mm x76.2
mm X 6.35 mm mold and cured under ultraviolet (UV) light in a nitrogen environ-
ment. It was then machined into dog bone-shaped tensile specimens with a cross
sectional area of 4.20 mm % 6.94 mm and a gage length of 25.4 mm. Fracture tough-
ness was found with a disk-shaped compact tension specimen where the width was
17 mm, the thickness was 5 mm, and the original crack length was 5 mm. The
toughness was then found as'!

1)

where P is the load at failure, B is the thickness, W is the width, a is the crack
length, and

2 3 4
f(a/W)=((12ja—(;(V)W_2,z[0.76+4.8(%) - 11.58(%) + 11.43(%) —4.08(%) ] )
All tests were performed on an MTS model 810 Materials Testing System with a
crosshead separation rate of 1 mm/min.

The bulk PVB was cut into dog bone-shaped tensile specimens with a cross-
sectional area of 12.7 mm X 1.70 mm and a gage length of 25.4 mm. A strain offset
of 0.2% was used to determine the yield stress. There was some concern as to what
type of test would best represent the fracture resistance of bulk PVB. This is a
material with a T, of 28°C. Thus, it is neither a glassy polymer nor an elastomer as
it is in the leathery transition range. For the form in which PVB was available, it
made most sense to evaluate its bulk properties with a tear test. Trouser-leg tear
test samples were used for the tear energy as calculated with a formula developed
by Rivlin and Thomas,"?

tNovus Incorporated, Minneapolis, Minnesota, U.S.A.
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where T is the tear energy, B is the thickness, A is the extension ratio, P is the load
required to tear the sample, W, is the energy stored elastically per unit volume of
the material at the time of tearing, and A, is the cross-sectional area of the unde-
formed test piece. A thickness of 0.85 mm, widths of 12.7 mm and 25.4 mm, original
lengths of 76.2 mm to 127 mm, and original tear lengths of 38.1 mm to 50.8 mm
were used. It should be noted here that the acrylic test specimen represents a nearly
opening mode I loading while the tear test is predominantly mode III.

Joint Fracture Properties

The tapered double cantilever beam (TDCB), as described by Mostovoy and
Ripling,"” was used in the study. The specimen is shown in Fig. 1 with the appro-
priate dimensions. This specimen has the advantage that the fracture energy is a
function of only the load at failure,
4p?
where P is the load at failure, E is the modulus of the substrate, B is the width, and
m describes the taper of the beam
30 1

mo s + P constant (5)
In this study, m=3.54 mm".

The assumption in using this type of specimen is that the thickness and modulus
of the adhesive layer are small enough to be neglected with regard to stored elastic
energy. Also, in this study, an additional 1 mm was machined off the thickness of
the aluminum grips to take the thickness of the glass slides into account. The moduli
of the glass and aluminum are nearly equal, minimizing the modulus mismatch

2 3
tapered to 3a/h +1/h=m

adhesive

12.7 mm aluminum
e glass slide
— teflon shim
11.7 mm /
| 60mm |- »{40 mm }e- 30.75 mm

le—— 241 mm ——————

FIGURE 1 Schematic of sample with dimensions.
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effect. It should also be noted that the effect of the epoxy bonding the glass to the
aluminum grips was also neglected.

The glass-adhesive samples consisted of two soda lime glass slides that were 241
mm X 12.7 mm X 1 mm. Preparation consisted of cleaning with acetone to remove
any surface contaminants, such as oil. Gloves were used throughout the procedure.
The exact thickness of the glass slides was then measured with a Starrett 0-25 mm,
0.002 mm micrometer and recorded.

To bond the acrylate to the glass slides, Teflon shims were placed between the
glass slides, and the samples were clamped together. The Teflon shims served two
purposes. One, they provided a method to control the thickness of the adhesive,
and two, the front shim provided a starter crack for fracture. Different thickness
shims were made by compressing Teflon tape, building layers of Teflon tape, or
using thicker sheets of Teflon. The thicknesses ranged from approximately 0.05 mm
to 0.8 mm. Once the slides and shims were clamped together, a piece of pressure
sensitive tape was placed along the bottom of the sample to form a well, or cavity.
The cavity was filled with the acrylate with a disposable pipet. The entire sample
was placed under a UV light for 10 minutes to cure. Afterwards, the tape and clamps
were removed and both sides of the sample were carefully wiped with acetone to
remove any excess acrylate. The samples were then measured to determine their
final thickness and error. The adhesive thickness was determined by subtracting the
thickness of the plates from the total sample thickness. Because the acrylate was
initially a liquid, it easily displaced the air to remove any air bubbles. However, at
larger thicknesses (greater than approximately 0.4 mm) the acrylate occasionally
leaked out the bottom of the sample before curing. This made large thickness
samples difficult to produce and possibly unreliable.

After the samples were made, they were attached to the aluminum grips with
Scotch-Weld No. 2216 B/A Clear Amber Epoxy. Seventy-two hours after making
the samples and 24 hours after attaching them to the grips, the samples were frac-
tured on an MTS tensile testing machine, and the load-displacement data were
recorded on an x-y plotter. The 72 hours allowed the acrylate to adhere fully to the
glass. The fracture energy was found as described earlier.

The PVB that was received from Monsanto was plasticized. Sample making
proceeded in a similar manner as the acrylate, except for the bonding procedure.
As the PVB is solid at room temperature, it was cut into 241 mm x 12.7 mm strips
and then placed between the two glass slides. The samples were placed into a hot
press where they were pressed for 60 minutes at 143°C and 0.86 MPa. The thickness
was governed by the thickness of aluminum stops placed in the press. The thick-
nesses were approximately 0.1 mm to 0.8 mm. Upon removal from the press, the
samples were allowed to air cool. Excess PVB that was squeezed from between the
glass slides was removed with a razor blade. The samples were fractured after 24
hours.

Because the PVB is initially a solid, air bubbles can easily become trapped in the
sample. To help alleviate this problem, the samples were left in the press for 60
minutes instead of the original 30 minutes. Also, as the thickness decreased, fewer
bubbles were present.



14:23 22 January 2011

Downl oaded At:

FRACTURE BETWEEN ADHESIVES AND GLASS 273

SEM Studies

Several fracture surfaces of representative large (0.3 mm) and small (0.05 mm)
thicknesses of the acrylate were examined with a JEOL JSM-840 Scanning Electron
Microscope. Sample preparations for the SEM were difficult because of the size of
the vacuum chamber. To remove a sample from the fracture surface, the glass slide
was placed in a vice with the aluminum grips still attached. The pressure on the
sides of the slide was increased until a crack started to propagate in the glass parallel
to the interface. The fracture surface was then removed from the remainder of the
sample with tweezers, attached to an SEM stub, and the surface was coated with
gold and carbon in an evaporator. Care was taken to ensure that the fracture surface
formed during the de-adheston process was not altered during sample preparation.

As with the acrylate, the fracture surface of the PVB-glass interface was studied
with the SEM. Sample thicknesses of about 0.1 mm and 0.7 mm were prepared as
described earlier.

RESULTS

Bulk Adhesive Data

The properties for both the bulk acrylate and bulk PVB are shown in Table I. The
acrylate is a glassy plastic at room temperature, and the PVB is leathery. Because
the acrylate is glassy and the PVB is leathery, the modulus and yield stress of the
acrylate were found to be roughly 1000 and 100 times larger than the PVB, respec-
tively, while the fracture energy of the PVB is roughly 100 times larger than the
acrylate.

Joint Fracture Data

The fracture energy as a function of adhesive thickness is shown in Figures 2 and 3
for the acrylate and PVB joints, respectively.

The first adhesive system that was tested was the acrylate. The raw data points
show some scatter as the thicknesses varied from 0.03 mm to 0.88 mm, and the
fracture energies varied from 94.5 Pa-m to 15.1 Pa-m. The acrylate load-displace-
ment curve displays a saw-tooth behavior. This unstable start-stop behavior results
from the crack initiating, propagating a short distance, and arresting. Each indi-
vidual raw data point is the average of the load peaks for that sample. When several

TABLE 1
Bulk acrylate and PVB properties
Property Acrylate PVB
E 4000 MPa 5.9 MPa
Oy 42 MPa 0.4 MPa
K 1.73 MPa*m'” 0.59 MPa*m'?

Gy, .75 KPa*m 58.2 KPa*m
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FIGURE 2 Experimental fracture energy vs. thickness for the acrylate.
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data points are averaged together, the thicknesses varied from 0.06 mm to (.80 mm,
and the fracture energies varied from 63.3 Pa-m to 23.9 Pa-m. The fracture energy
at crack arrest showed the same type of scatter as the fracture energy at initation
and followed the same type of curve. As was stated in the experimental procedure,
at large thicknesses, the acrylate occasionally leaked out of the bottom of the glass
slide cavity making those measurements slightly suspect. The smaller thicknesses
were bounded by the thinnest Teflon shims.

After the acrylate, the plasticized poly(vinyl butyral) was evaluated. The raw data
points show less scatter than for the acrylate as the thicknesses varied from (.10
mm to 0.74 mm, and the fracture energies varied from 378 Pa-m to 1060 Pa-m. The
PVB joints showed stable crack growth, so each raw data point is the only data
point taken from each joint. After averaging several data points of similar thickness
together, the thicknesses varied from (.14 mm to (.73 mm, and the fracture energies
varied from 472 Pa-m to 888 Pa-m. The limits on the thicknesses tested were the
thickness of the original PVB sheet and the thickness to which the joints could be
compressed at the given temperature, pressure, and time.

SEM Data

The SEM micrographs were very informative for the acrylate-glass fracture surface
and are shown in Figures 4 and 5. Figure 4 shows a fiber of the acrylate with addi-
tional smaller fibrils that were presumably attached to the glass surface and stretched
during the fracture process. The acrylate thickness for this sample was (0.28 mm.
For a much thinner sample of 0.06 mm thickness, the fractography is shown in

FIGURE 4 A piece of acrylate from the acrylate-glass fracture surface. Notice the smaller fibrils that
were pulled out during the fracture process attached to the larger fiber.
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FIGURE 5 The line of fracture jumping from one glass-acrylate interface to the other. Notice the
fibrils stretched between the two interfaces.

Figure 5. This shows where the line of fracture “jumped” from one glass-acrylate
interface to the other. Fibrils can also be seen here.

For the PVB, the SEM micrographs were less informative than for the acrylate.
They did show that the fracture seemed to be cohesive in the PVB layer, but it was
very close to the interface. Examination with the naked eye indicated adhesive
failure at the interface. At high magnification, however, a thin layer of PVB
appeared to remain on the glass surface. No fibrils were seen in the micrographs.
If anything, the surface appeared to consist of shallow dimples—similar to a ductile
fracture surface.

DISCUSSION

Acrylate

From the fibrils visible in the micrographs and the start-stop crack growth behavior,
the acrylate joint was fit to a process zone model.'"*"" In this model, the crack, a
semi-cohesive zone, and the plastic zone are defined, and the stress field in each
zone is integrated to obtain

Ki{(wlc)? = 2(a, - o,)cos  (bla) — 20,.cos ' (cla) =0 . (6)

Here o, is the strength of the cohesive zone, and o, is the strength of the semi-
cohesive zone. They are equal to the yield stress and the yield stress multiplied by



14:23 22 January 2011

Downl oaded At:

FRACTURE BETWEEN ADHESIVES AND GLASS 277
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FIGURE 6 Process zone model.

the volume fraction of fibrils (f.), respectively. Also, c is the crack length, b is the
crack length plus the process zone (A), and a is the crack length plus the process
zone plus the plastic zone diameter (R,). A diagram of the process zone model is
shown in Figure 6.

This model was used to solve for K|, the fracture toughness. Assuming that the
modulus of the system is the modulus of the acrylate, this was then converted to
the fracture energy, G,. The strengths of the cohesive and semi-cohesive zones were
calculated from the results of the bulk acrylate tensile test and from the volume
fraction of fibrils obtained from the micrographs, assuming a square net of fibrils.
Since the exact crack length at the point of the micrograph was not known, a reason-
able crack length was assumed. The process zone was determined from the change
in compliance from the load-displacement curve. During loading, the load increases
until the crack starts to propagate through the process zone. Eventually, the crack
arrests, and a new process zone forms. By using this process, it was assumed that
the crack propagated through the process zone and no further.

One final parameter remained—the plastic zone size. Unfortunately, it is a func-
tion of the fracture toughness, and that is what was being investigated. To escape
a circular argument, the Dugdale-Bilby-Cottrell-Swinden (DBCS)'*!'” model was
used. In it, the displacement at a position r behind the crack tip is given for a
homogeneous material as'®

nEd ¢ (1 _L)uz r ln[(l —riw)"?+ 1] ' )

BA—vDo,w; by \ W (1—riw) =1

Here, ¢, and ¢ are the crack opening at the crack tip and at a position r behind
the crack tip while w, is the plastic zone size. The process zone, A, found from the
compliance change of the sample during one crack growth increment, and the length
of the fibrils, found from the micrographs, were used for the values of r and ¢,

Wy



14:23 22 January 2011

Downl oaded At:

278 D. A. SCHUPP AND W. W. GERBERICH

respectively. The plastic zone and the crack tip opening displacement (CTOD) are
both functions of the fracture toughness. The formulae

K7
¢lip = FSE (8)
and
- K] 2
=il ] ®

were substituted into the DBCS model for plane stress, and the fracture toughness
was solved for numerically. This fracture toughness was then used to determine the
plastic zone size for the process zone model, and the fracture energy of the process
zone model was determined.

. When solving for the plane strain case for comparison, the yield stress was set
t019

o.(yield) =3, (10)

to take the constraint factor into account. An additional method for incorporating
the thickness of the adhesive was to consider how joint thickness affected
constrained yielding. Here, Orowan’s®?! analysis of how the triaxial stress state
affects the yield stress of brazed joints with respect to thickness is utilized. This gave

o (yield) = ny[l + gt] (11)

where d is the diameter of the joint (or. in this case, the width) and ¢is the thickness
of the braze (or adhesive thickness). This puts a much larger constraint on the yield
stress. The development of this formula can be seen in Lautenschlager’s paper.?
The difference is the use of either the Von Mises or Tresca criterion for yielding.

The process zone model was applied to both of the micrographs where the fibrils
were observed. The results are shown in Table II. The table gives the initial data

TABLE 11
Process zone predictions

Property t=0.28mm t=0.06mm
fibril length 19mm 7.9mm
f, 2.7% 0.095%
A 6.2mm 2.0mm

DBCS Model
G (plane stress) 22.6 Pa*m 12.4 Pa*m
G (plane strain) 22.8 Pa*m 12.5 Pa*m
G (thickness constraint) 22.8 Pa*m 12.4 Pa*m
Process Zone Model

G (plane stress) 43.7 Pa*m 16.7 Pa*m
G (plane strain) 41.7 Pa*m 16.6 Pa*m

G (thickness constraint) 47.3 Pa*m 17.1 Pa*m
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from the micrographs and load-displacement curves and the fracture energies that
were predicted from both the DBCS and the process zone models.

In each case, the process zone model predicts a higher and more accurate fracture
energy than the DBCS model. This is anticipated as the fibrils act as traction forces
or fiber bridging which has been shown to reduce the local stress intensity for further
growth. It should be emphasized here that the fibrils, which stretched across the
interface from one glass surface to the adhesive, represent a cohesive failure while
the vast majority of the failure appeared to be at the interface. In the final analysis,
spatially-resolved spectroscopy of the glass-side would have to be accomplished to
verify that this were a true interface failure as opposed to a near-interface failure.
For the 0.28 mm thick sample, the process zone model gives a very good estimate
of the joint fracture energy. Compared with Figure 2, the values are 47.3 Pa-m
(calculated) to 55 Pa-m (experimentally determined). Using the thickness constraint
proposed by Orowan gives the closest prediction, but all of the predictions are close.
For the 0.06 mm thick sample, Orowan’s thickness constraint still gives the best
prediction, but all of the predictions are approximately a factor of three too low.

PVB

Because of the steady load-displacement curve and the lack of fibrils, the process
zone model is not applicable. However, another approach may be used to predict
the fracture energies. The plastic zone was assumed to be less than or equal to the
thickness of the adhesive layer

R,=<t (12)
__1[KT
R,,—t—ﬂ[%] : (13)

After setting the plastic zone equal to the thickness, the fracture energy was solved
for in terms of the thickness and the yield stress since the strain energy released is
the strain energy density times the volume and the release rate is per unit fracture
area. This gives

2
=T

G, E

t. (14)
An assumption was made that the modulus of the system was the modulus of the
PVB. This is appropriate for the resistance side of the energy balance since the PVB
is absorbing the energy while the specimen, of higher modulus, is releasing elastic
energy. Note that Eqs. (12-14) are appropriate for elastic-plastic materials. There
is necessary cause for concern here considering that this polymer is in the leathery
transition region rather than being a glassy polymer with a well-defined yield stress.
Still, it was thought that the constraining effect of the glass and the relatively high
strain rates at the crack tip might make this behave more glassy-like than rubbery-
like during adhesive failure. Thus, for first order estimates, this elastic-plastic
approach was utilized.
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Differences in plane stress, plane strain, and Orowan’s thickness constraint were
taken into account in the value of the yield stress, as described in the previous
section, Egs. (10-11). Each of those theoretical fracture energies are shown in
Figure 7 along with the experimentally determined values. An enlargement of the
experimentally tested thicknesses is shown in Figure 7a while a wider range of
thicknesses for theoretical comparison is shown in Figure 7b.

As can be seen, the experimentally determined values appear to be bounded by
the plane strain situation and Orowan’s thickness constraint. The experimentally
determined values seem to follow a plane strain phenomenon (increasing fracture
energy with increasing thickness) up to the maximum fracture energy. At this point,
they seem to decrease, consistent with Orowan’s prediction of constrained yielding.
However, this representation is not meant to represent an upper and lower bound
limit analysis but rather to illustrate the lack of quantitative agreement at relatively
low thicknesses. Because of the uncertainties of the constraint influence and the
viscoelastic nature of the PVB in largely changing the stresses in the plastic strip to
well beyond the measured yield stress, it is not expected that this simple yield stress
model should be adequate. This suggests that a more meaningful analysis based
upon molecular motion constraint or viscoelastic dissipation is required.

Comparison with Previous Work

Previous studies®'* found that a maximum fracture energy occurred at a particular
thickness and that this thickness was equal to the size of the plastic radius of the

PVB
2m Ty I TPV l L ‘ T l LI ' L I LI l L I R I L)
[ N i
[ N )
C ‘. Orowan's i
1500 |- X \othickncss constraint T

Fracture energy (Pa*m)
g
-

l i1 1 ) ‘ 1 1 1

2
T 1 1 71 ] LI

= 1
8 = plane strain
- i
0 llllrlllllllllllllllllillJJJlllllllllll
0 01 02 03 04 05 06 07 0.8
Thickness (mm)

FIGURE 7a Theoretical fracture energies vs. thickness for experimentally tested thicknesses.
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FIGURE 7b Theoretical fracture energies vs. thickness for a wide range of thicknesses.

bulk adhesive. This study found no statistically significant maximum fracture energy
for either the acrylate or the PVB joints, although there was a plateau in the latter
at 0.6 mm and greater. The plastic radii for these materials are 0.54 mm and 0.18
mm for the acrylate and 0.693 m and 0.231 m for the PVB for both the plane stress
and plane strain stress states, respectively. While the thickness of the acrylate is
similar to the plastic radius of the plane strain case, the PVB values are much too
high to expect a maximum.

Past studies found that the fracture energy at crack arrest was fairly constant with
respect to thickness, consistent with the present findings. Finally, previous studies
considered predominantly cohesive failure in the center of the adhesive layer. In
this study, the acrylate appeared to fail by interfacial adhesive failure while the PVB
failed by cohesive failure very close to the interface. It is important in this regard
to note that the ratio of the bulk to adhesive joint failure was about 15 for the
acrylate and about 70 for the PVB. Compare Table I with Figures 2 and 3. Thus,
even though the failure was cohesive in the latter case, the constraining influence
of the substrate had more effect on the work of adhesion than the strength of the
interfacial bond. That is, the ranking of the fracture resistances had little to do with
the adhesion between the polymer and glass if only bond types are considered. The
silane in the acrylate should form covalent bonds with the glass while the PVB
should form hydrogen bonds. Based solely on bond strength, the acrylate joints
should be much tougher; however, if the stresses are greater in the more glassy
acrylic the singularity would give very high stresses to break the adhesive bond. In
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fact, converting G values to stress intensities gives 0.45 MPa-m" and 0.068 MPa-m"”
for acrylate and PVB joints. From a stress distribution standpoint (¢,;%K), the local
stresses in the acrylic would be much greater. The appropriate considerations then
are both the bonding and the local available stress to fracture such bonds.

SUMMARY

For the average adhesive thicknesses of this study, the viscoelastic-plastic PVB
adhesive had a work of fracture near 750 Pa-m compared to 50 Pa-m for the glassy
acrylate adhesive. Start-stop crack growth behavior and fibrils visible from SEM
micrographs of the acrylate-glass fracture surface suggested the use of a process
zone fracture toughness model that gave very reasonable fracture toughness approx-
imations. Restrictions on the size of the plastic radius in the PVB joints provided
a model which bracketed the fracture toughness results. The nonspecificity of the
agreement suggests other models may be more appropriate for PVB. In the present
study, it appears that the constraining influence of the joint may produce a greater
influence on the work of adhesion than the interfacial fracture resistance of the
bond itself.
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