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ABSTRACT

The purpose of the present study was to examine the effect of controlled adhesion on mixed-mode interfacial fracture
toughness envelopes. The degree of adhesion was controlled by varying the areal density of the reactive tail groups of
self-assembled monolayers (SAM) in sapphire/SAM/epoxy/aluminum sandwiches. The specimens were loaded in a
new biaxial delamination tester that provided independent control of the mode-mix. The fracture envelope varied with
mode-mix as has been seen before. For the bare sapphire substrates in the present study and glass/epoxy interfaces in
previous studies, the intrinsic toughness was independent of mode-mix and the increase in toughness with increasing
shear component was due to viscoplastic dissipation in the epoxy. However, coating the sapphire substrates with
mixtures of SAM, gave rise to much higher intrinsic toughness values as the ratio of the more reactive group was
increased. In addition, the intrinsic toughness or the traction-separation law varied with mode-mix, to the extent that no
viscoplastic dissipation was excited in the epoxy over the range of mode-mixes that was considered.

1 INTRODUCTION

In studies of mixed-mode fracture near glass/epoxy interfaces, Swadener and Liechti [1] found that the
increase in toughness with increasing shear was mirrored by an increase in the viscoplastic dissipation in
the epoxy in a region outside the fracture process zone. The steady state toughness envelope was shifted
vertically from the viscoplastic dissipation by a quantity that was identified as the intrinsic toughness of the
interface. Because the viscoplastic dissipation was essentially zero under mode 1 conditions, the values of
intrinsic and steady state toughness were the same. The intrinsic toughness was about 2 J/m’® for this
interface, making it about 20 times higher than the thermodynamic work of adhesion between glass and
epoxy, as determined from contact angle and contact mechanics measurements and analyses [2]. This
difference was accounted for by first noting the formation of highly localized ridges on the epoxy fracture
surface. In addition, angle resolved X-ray photoelectron spectroscopic analyses of the glass fracture
surfaces indicated that the cracks actually grew in the epoxy anywhere from 0.5 to 3 nm from the glass
surface. This would be well within the so called interphase region in the epoxy where the properties differ
from those of the bulk material [3-6]. Given the amorphous nature of the glass and the disorder in the
interphase region, the present study was motivated by the desire to examine interfacial fracture under more
carefully controlled conditions. As a result, sapphire substrates have been used along with mixtures of self-
assembled monolayers with a view to providing adhesion control between the substrate and a thin layer of
epoxy.

Polymeric self-assembled monolayers generally form covalent bonds with surface on which they are
deposited. Self-assembly is usually a consequence of dense packing [7] of the molecules on the substrate.
As a result, the head group at the other end of the chain may have a range of interactions with the material
deposited on top of the monolayer. Depending on the materials involved, the interactions may be strong
(covalent, ionic, hydrogen bonding or polar) or weak (non polar) in nature. One form of adhesion control
can be achieved by making use of mixed SAMs where the head groups of each SAM have very different
interactions with the material above [8, 9].

Zhuk et al. [8] used methyl (CH3) and carboxy (COOH) terminal groups on 15-carbon alkanethiols to
control adhesion between gold and epoxy. The thermodynamic work of adhesion of epoxy on the coated
surface was linearly proportional to the COOH/CHj fraction in solution up to about 80%, and was constant
thereafter. A series of superlayer fracture experiments revealed that the interfacial fracture toughness
increased strongly with the thermodynamic work of adhesion. The rate of toughening increased with the
work of adhesion, suggesting that more and more plastic dissipation was excited in the epoxy layer. Kent
et al. [9] used mixed monolayers of dodecyltrichlorosilane (DTS) and bromo-undecyltrichlorosilane
(BrUTS) to control adhesion between aluminum and epoxy. Both make strong covalent bonds with the
aluminum. The methyl terminal group on the DTS again makes weak, non-polar interactions with the
epoxy. The authors indicate that the BrUTS forms an alkyl ammonium bromide compound with the amine



crosslinker that was used to cure the EPON 828 epoxy. As a result, an ionic bond was achieved with the
epoxy through R-NH, BrR’ bonds. Between 10 and 20% bromine termination, there was a strong increase
in the tensile and shear strengths of the aluminum/epoxy interface as determined by cruciform and napkin
ring shear experiments. Asymmetric double cantilever experiments were used to determine the toughness
of the interface, which increased linearly with the bromine fraction. The linear relationship was ascribed to
the linear increase in the thermodynamic work of adhesion with bromine fraction [10]. In contrast to the
gold/epoxy experiments, any plastic dissipation effects were apparently the same for all bromine fractions,
even though the toughness of the aluminum/BrUTS/DTS/epoxy was much higher than that of the
gold/COOH/CH3/epoxy interface in moist environments. The mode-mix in the asymmetric double
cantilever beam experiments was -8° at a reference length of 10 um, whereas it was about 50° in the
superlayer experiments.

The objective of the present study was to examine the interfacial toughness envelopes of quartz/epoxy,
sapphire/epoxy and sapphire/SAM/epoxy interfaces. Fracture and toughening mechanisms were examined
via crack opening interferometry, angle resolved X-ray photoelectron spectroscopy, atomic force
microscopy and finite element analyses that accounted for the viscoplastic nature of the epoxy and adhesive
interactions across the interfaces via traction-separation laws.

2 EXPERIMENTS
The loading device and experimental procedures that were used in this work have already been described
[11]. A biaxial loading device capable of controlling displacements
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solvents. The epoxy mixture was then injected into a mold containing
the two substrates that were held at a fixed distance apart [12]. The
epoxy was cured for at least 7 days at room temperature.

The aluminum face which was to be bonded was polished with
600 grit sand paper and treated with a chromic acid etch for 5 minutes at room temperature. The surface
was then cleaned with acetone. The sapphire, when used as received, was only cleaned with acetone and
optical tissue. When used with SAMs, the sapphire was cleaned with a "piranha etch", which is a solution
of 98% H,SO, (sulfuric acid) and 30% H,0, (hydrogen Peroxide) in volume ratios of 2-4:1. The solution
was used at a temperature of 130°C, for 15 minutes. The surfaces were then rinsed with de-ionized water
and dried in a dry nitrogen stream.

A mixture of two SAMs was considered for controlling the surface interactions between the epoxy and
the substrates. The SAMs were dodecyltrichlorosilane, CH;(CH,),;SiCl;, and bromo-undecyltrichlorosilane
Br(CH,),,SiCl;, designated DTS and BrUTS, respectively. In both cases the Cl reacts with the sapphire to
form a covalent bond between the Si and Al,O;. The terminal groups of DTS and BrUTS have weak and
strong interactions, respectively, with the epoxy. As a result, the degree of adhesion was controlled by
altering the ratio of BrUTS to DTS [9]. The ratios considered in this work were 0, 10, 55 and 70% by
volume of BrUTS. The reason for mixing DTS and BrUTS was that their chain lengths are quite similar,
which discourages island formation. Following the piranha etch, the dried sapphire was subjected to a 15
second flame anneal [13]. The sapphire was then submerged for 5 hours at 60°C in a hexadecane solution
containing a mixture of DTS and BrUTS in a volume ratio of 5 drops of the SAM for each 20 ml of
anhydrous hexadecane. The coated sapphire was sonicated in toluene for 20 minutes to remove clusters and
then blown dry with a stream of dry nitrogen [9].Contact angles increased [12] with increasing amounts of
BrUTS following the trends given in [10].

Crack opening displacements were measured to within 30 nm up to 300 nm from the crack front using
crack opening interferometry. The epoxy fracture surface was imaged with an atomic force microscope.
The sapphire fracture surface was interrogated with angle resolved X-ray photoelectron spectroscopy.
Details of all these measurements are given in [12].

Figure 1. Specimen geometry and
loading.



3 ANALYSIS
There were several components to the analytical/numerical aspects of the work. First, the energy release
rate and fracture mode-mix were determined from the measured displacements normal and tangential to the
bondline. The traction-separation law and the viscoplastic dissipation associated with each interface were
extracted from finite element analyses, whose solutions were matched with measured values of crack
opening displacements.
The energy release rate during steady state propagation was obtained from
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where v and u are the applied displacements normal and tangential to the bondline, hl. are the heights of

the sapphire, epoxy and aluminum, respectively and El. and g, are the reduced tensile and shear moduli.

The fracture mode-mix angle was
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where [ is one of the Dundurs parameters and @ depends on the elastic properties of all three materials
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and differed [1] from the results for a two material sandwich [14] by one degree.

The stresses in the sapphire, quartz and aluminum were far
below yielding for any combination of mode-mix. Consequently,
these materials were considered to be linearly elastic in the finite
element analyses that follow. The epoxy was subjected to very high
stress levels in the vicinity of the crack tip. In addition, as the crack
advanced, the plastic strain rate varied ahead of and inside the plastic
zone. The mechanical behavior of the epoxy was accounted for using
a power law rate dependent plasticity model.

The rate dependence of the epoxy [12] is shown in Figure 2. The
viscoplastic model uses the Mises yield surface with associated  Figure 2. Plane strain compression
plastic flow and isotropic hardening. The rate dependence was  behavior of the epoxy.
accounted for by interpolation and extrapolation of data at different
rates. This combination allows the hardening curve to accommodate local variations in strain rate. The
equivalent plastic strain is given by:
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For the current work, the rate dependence in the true uniaxial stress-strain behavior was based on data
given in Figure 2, which has a rate exponentm = 0.076. The stresses at other rates were interpolated by the
ABAQUS" solver.
The plastic dissipation was obtained as the plastic work consumed during a period of crack advance,
which is given by:
AW, = Ig *Ag ,dl
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where £2is the contour which encircles all elements that deformed plastically. The total value of the plastic
work can be obtained directly from the energy dissipated by rate-dependent plastic deformation in each
computational step as a function of the crack length. The plastic dissipation component of the energy
release rate is given by:
1 AW,
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where b is the width of the specimen and Aa is the crack increment.

A cohesive zone model was used to represent the fracture process zone in finite element analyses of
steadily propagating cracks. In the analyses, the crack speed was taken to be the average of the crack
speeds observed in the experiments. In addition, once the crack tip reached a node, the tractions were
released linearly with time as the crack advanced. The size of the cohesive zone & was adjusted to match
the numerical solution for NCOD with the measured values. The relative displacements of the crack faces
were then obtained from the solution. This scheme resulted in an approximately linear relationship between
the tractions and relative displacements of the crack surfaces. In the absence of direct measurements, this
traction-separation law was adequate for modeling fracture in these experiments, especially since it has
been shown that the shape of the traction-separation law does not significantly affect the fracture toughness
[1, 15]. In order to properly represent steady state crack propagation, the crack was allowed to grow for
several cohesive zone lengths.

4 RESULTS and DISCUSSION
The crack speed was measured from the video recording of the 15
fringe patterns from the crack opening interferometer [12]. In ® | --&--Bare sapphire ,
the experiments with bare sapphire specimens, the average \ o 45 DTS ot sopenite
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establishing the strain rate at the crack tip.

The applied displacements during steady state crack 1
growth were used in equations (1), (2) and (3) for determining s s i
energy release rates and phase angles. The results for the N e
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the steady state energy release rate from specimen to
specimen. The sapphire surface was more susceptible to slight
changes possibly introduced by reuse of specimens. To  Figure 3. Mixed-mode toughness
minimize this scatter, the sapphire was cleaned with piranha  envelopes for bare and coated sapphire
etch before reuse. The intrinsic toughness of the bare
sapphire/epoxy interface was slightly lower than that of the glass/epoxy interface [1]. Completely different
levels of steady state toughness were obtained when the sapphire was coated with mixed monolayers (Fig.
3). It can be seen that the minimum toughness of the coated-sapphire was 4.5 and 5 times greater than that
of the bare sapphire for 10%BrUTS and 55%BrUTS, respectively. This increase in toughness is due to the
bonding produced by the terminal bromine atoms with the epoxy through specific local interactions [9].
The methyl terminal groups of DTS only bond with the epoxy through non local van der Waals interactions
[9]. The higher toughness led to a much sharper minimum in the fracture toughness envelope and suggests
that a significant amount of plastic dissipation was occurring even under mode 1 conditions. Such changes
in the shapes of the fracture toughness envelopes were predicted [15]. The toughness of a specimen made
with 70% BrUTS coated-sapphire was so high that it was not possible to initiate a single crack at the
interface [12]. The adhesion ., 0 ‘ ‘
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for the NCOD with the measured values. Figures 4a,b show, respectively, the trial of one and four different
cohesive zone sizes for bare sapphire/epoxy and coated sapphire/epoxy specimens. As can be seen,
cohesive zone sizes of 0.35 um and 5.6 um are the ones that provided the best agreement with the
measured NCOD for the bare and coated-sapphire/epoxy interfaces, respectively. The much larger cohesive
zone for the coated-sapphire is in agreement with the trend in the toughness envelopes (Fig.3).

The traction-separation laws for the analyses that produced the solutions of Figure 4 are shown in
Figure 5. The traction-separation laws are plotted as the vector magnitudes of the tractions and crack
opening displacements. For the bare sapphire, the intrinsic fracture toughness (area underneath the traction-
separation laws) was the same for all mode-mixes. The maximum traction (Fig. 5a) was about 120 MPa,
which was higher than any of the plateau levels shown in Figure 2. This is due to the fact that the strain
rates near the crack tip were higher [12] than any of the values shown there. Nonetheless, it appears that the
maximum traction was similar to the yield strength of the epoxy. This was lower than the range of values
(from 2 to 8 times the yield
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In contrast to the results just
presented for the bare sapphire
specimens, the traction-
separation laws for the sapphire
specimens coated with
10%BrUTS varied considerably
with mode-mix [Fig. 5b]. First, it e
can be seen that the traction- L 9 .
separation law for ¥=-26" was Oa 0005 001 0015 002 0025 003 Do 005 01 0.15 02 0.25
highly non-linear and had the 3um) VoD, ym)
lowest intrinsic fracture ~ Figure 5. Traction separation laws for (a) bare and (b) coated
toughness. As the mode-mix v
increased, the traction-separation law became more linear and the intrinsic toughness increased with
increasing mode-mix, something that we had never seen in previous experiments with the glass/epoxy
interfaces [1] and the bare sapphire (and quartz [12]) specimens that were used in this study. In addition, it
can be seen that the maximum levels of vector traction for the coated sapphire were about two thirds of the
values that were seen (Fig. 5a) for the bare sapphire. These lower maximum traction levels suggest that
very little yielding was occurring outside the cohesive zone. At the same time, the maximum values of
VCOD were about ten times larger than the values for the bare sapphire. This is consistent with the much
larger cohesive zone size of the coated sapphire specimens (Fig. 4).
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mirrored by the dissipation as
had been noted for glass/epoxy .
interfaces [1]. Note that the sapphire
closed form and numerical
solutions for the toughness were in good agreement. A similar series of analyses were conducted for the
sapphire specimens that were coated with 10% BrUTS. As was noted earlier (Fig. 3), this relatively small
amount of BrUTS raised the minimum toughness over the intrinsic toughness of the bare sapphire by a
factor of 4.5. Our first thought was that this was due to an increase in plastic dissipation even under mode 1
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Figure 6. Toughness and plastic dissipation (a) bare and (b) coated



conditions. However, the results (Fig. 6b) show that there was very little plastic dissipation outside the
cohesive zone over the range of mode-mixes that could be analyzed. It was not possible to obtain
convergent solutions for mode-mixes beyond those shown. Nonetheless, it is already apparent that the
plastic dissipation did not track the toughness as was the case for bare sapphire or quartz [12] or glass [1].
The increase in toughness for the coated sapphire was mainly accounted for by the increase in intrinsic
toughness brought about by the different amounts of BrUTS. As indicated above (Fig. 5), this intrinsic
toughness was not independent of mode-mix.

The differences in behavior noted in Figures 3-6 above were related [12] to differences in the
appearance of the epoxy fracture surfaces and the amount of epoxy remaining on the sapphire fracture
surfaces as respectively detected by atomic force microscopy and angle resolved X-ray photoelectron
spectroscopy. For bare sapphire, crack growth occurred by a lateral tunneling mechanism [2] that left
ridges on the epoxy fracture surface. For coated sapphire, crack growth was accompanied by ligament
formation, probably related to the strong bonding sites provided by the Br groups on the BrUTS. There
was more epoxy left on the sapphire fracture surfaces when the sapphire had been coated with BrUTS.

5 CONCLUSIONS

Coating the sapphire with mixtures of the self-assembled monolayers, BrUTS and DTS, provided much
higher levels of sapphire/epoxy interfacial toughness. The character of the mixed-mode fracture toughness
envelopes also changed. The traction-separation law for bare sapphire was independent of mode-mix and
the increase in toughness with mode-mix was related to plastic dissipation in the epoxy. However, the
traction-separation laws for the specimens with coated sapphire completely accounted for the increase in
toughness with mode-mix, thereby providing a unique example of intrinsic toughness varying with mode-
mix.
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