
t

STRUCTURE WITHIN THIN
EPOXY FILMS REVEALED BY

SOLVENT SWELLING: A
NEUTRONs~&;ECTNITY

M. S. Kentj H. Yim, W. McNamar%
Sandia National Laboratories, Albq NM

R. Ivkov, S. Satijz
NIST Gaithersburg, MD.

J. Majewski
Los Alamos Nat. Lab., Los Alarnos, NM

INTRODUCTION

Due to a variety of factors, the structure and
properties of polymer films can be different near

interfaces compared to ‘the bulk. At a substrate
surface, polymer mobility is generally restricted due
to adsorption of segments, restricted conformations,

segment layering, alignment of chains, and decreased
free volume.1’2 At the air surface of glassy polymers,
mobility is typically increased relative to the bulk.3-4
In multicomponent systems, preferential segregation
can occur at either interface due to both enthalpic and

entropic effects. 5

Structure near a substrate surface is important for
stress transfer, mechanical properties, fracture
mechanisms, and diffusion of penetrants, among
others. Structure at the air surface can impact surface
reconstruction, surface free energy, nettability, and

reactivity. In addition, structural gradients at air
surfaces can impact the interracial strength that

develops when contacted with a second polymer. This
is particularly important in technological applications
involving thermoses such as multilayer paint films,
and manufacturing processes involving multiple

adhesives and encapsulant.s which come into contact.

The focus of this work is the structure within
highly crosslinked, two component epoxy films. We
examine variations in crosslink density within thin-

(600-1200 ~) epoxy films on silicon substrates by
solvent swelling.b The method is based on the fact
that the equilibrium volume fraction of a swelling

solvent is strongly dependent upon the local crosslink
density. We examine the volume fraction profile of

the good solvent nitrobenzene through the epoxy
films by neutron reflection. Isotopic substitution is
used to provide contrast between the epoxy matrix
and the swelling solvent.

EXPERIMENTAL

Materials. Research grade EPON 828 epoxy resin

was obtained from Shell Chemical Co. The resin was

cured with an aliphatic polyethertriamine (T403,

Huntsman Chemical). Both resin and crosslinker

were used as received. The silicon wafers used as

substrates in this study were polished 2-inch diameter
single crystals (111 ) obtained from Semiconductor
Processing Co. Nitrobenzene-d5 (d-NB, 99.5 atom Yo

D) was obtained from Aldrich and used as received.

Procedures. The wafers were cleaned using the

“RCA” process: a sulfuric acid/hydrogen peroxide

clean, followed by etching in an HF solution, and then

the regrowth of silicon oxide with ammonium
hydroxidelhydrogen peroxide solution. Three

samples were prepared by spin coating (36, 46, and

do56 phr – parts T403 per hundred parts resin), an
cured at 50 ‘C for 48 hrs. The surface tensions of the

wliquid epoxy resin, crossiinker, and resinlcrosslinker ~

mixtures were measured by the Wilhelmy plate 4

technique using a sand-blasted platinum plate and a _
Q11 force transducer from Hottinger Baldwin

Measurements. Neutron reflectivity (NR)

measurements were performed on the NG7
reflectometer (NIST). The method of NR is

described in detail elsewhere.’ NR allows the

determination of the neutron scattering length density
(SLD) profile normal to the substrate surface, which

is determined by the density and atomic composition.

During the NR measurements, the samples were

maintained at room temperature in a sealed aluminum
chamber. The reflectivity of an as-prepared sample
was first measured with desiccant in the chamber.

The desiccant was then removed and the chamber was

saturated with d-NB, a good solvent for both the resin
and the crosslinker. Since the surface tension of d-NB

(- 44 dyne/cm) is higher than that of the mixtures of

epoxy resin and T403 (- 33-35 dyne fcm), a wetting

layer of d-NB does not form on the surface of the

epoxy film. This was important since the neutron
beam was directed onto the interface from the air side.
Equilibrium saturation of d-NB within the films was

confirmed by measuring the reflectivity with time
until the reflectivity curve did not change.

RESULTS

Reflectivity from a 46 phr sample as-prepared and

after swelling to equilibrium with d-NB is shown in
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The two epoxy components were mixed for 5

minutes using a metal spatula. The mixture was then
placed in an oven at 60”C for 10 minutes to release
any air bubbles caused from mixing. The epoxy was

then applied to the rings as “uniformly as possible;
(The bond thickness as measured by Dektak

profilometer on the fracture surfaces was 50-60 ~m.)

The ring/wafer sets were then placed in an oven at

50°C and allowed to cure for 2 days.

The samples were fractured in a torsion geometry
using a Mitutoyo Datatorq digital torque wrench
mounted in a home-made goniometer. In these

experiments the rate was not precisely controlled, but
was roughly 60 deg/rnin. One series of tests were
performed with an INSTRON using a range of
precisely controlled rates. The applied shear stress at

fracture (o) is obtained from the maximum torque

value (T) using the relation3

o = T/(2n#h) (1)

where r is the radius of the ring and h is the wall

thickness. The fracture stress was found to be
independent of ring diameter.

RESULTS

Fracture stress values as a function of ODTS coverage
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Figure 1. Fracture stress as a function of ODTS coverage

as indicated by tbe equilibrium water contact angle.

(method 1) are shown in Figure la. In this case,

ODTS was deposited at 22 “C. Data are shown for
three epoxy compositions expressed as parts T403 per
hundred parts resin (phr). The stoichiometric
composition is 46 phr. The coverage of ODTS was

monitored indirectly by the equilibrium water contact

angle, which can be converted to ODTS mass

coverage using X-ray reflectivity data as shown in our

previous work. * High ODTS coverage corresponds to

a high water contact angle due to the methylated tails,
whereas the water contact angle is zero on the bare

silicon oxide surface. Each data point in Figure 1
represents the average of ten samples. We find
similar results for all three compositions. At high

ODTS coverage, the interracial interactions are

exclusively dispersion interactions. In this case the

joint did not fracture, but rather the ring could be
rotated on the substrate indefinitely and yet remain

attached. The stress level required to rotate the ring
was below the detection limit of our measurement

method (- 3 MPa). This is consistent with the range

of values (1 – 4 MPa) reported for shearing CH3 or

C F ~ terminated SAMS using the surface forces
apparatus (Yamada, et al, 1998). With decreasing

coverage of ODTS, o increases over a very narrow
range of the ordinate. A plateau value is reached at a

coverage corresponding to a water contact angle of

98°. The plateau indicates that the fracture initiates
either in the epoxy or at the epoxy-steel interface.

The fracture is adhesive for equilibrium contact
angles greater than 98°.

A disadvantage of method 1 is the ill-defined
nature of the distribution of ODTS in the plane of the
surface. In order to determine whether the sharp
transition in Figure 1 is affected by the in-plane

distribution of ODTS, we performed fracture tests on
samples for which the ODTS was deposited at 10 “C.
AFM images show distinct island formation for

depositions at 10 ‘C, but no islands are observed over

the entire range of ODTS coverage for depositions at
22 ‘C. The fracture data for an epoxy composition of
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Figure 2. Fracture stress (46 phr) as a function of ODTS
coverage as indicated by equilibrium water contact angle.

46 phr are shown in Figure 2. When plotted versus

equilibrium water contact angle, no difference in the

fracture curve is detected for the two ODTS

deposition temperatures.
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Fracture stress values as a function of percent

BrUTS in a mixed monolayer (method 2) are shown
in Figure 3. In this case the SAM coverage was

maintained at full close-packed density, but the
composition was varied. (The indicated composition

is that of the treating solution, The composition in the

monolayer has not yet been determined.) This
method allows the most precise quantification of the

extent of interracial bonding, and largely eliminates
uncertainty about heterogeneity in the plane of the

surface (although two components in the mixed

monolayer may still be distributed nonrandomly).
From the data in Figure 3, it is clear that the terminal

bromine atom on BrUTS is highly reactive toward the
epoxy. The reactivity of epoxides with halogens has

been reported previously.2 The results using method 2
are qualitatively similar to those for method 1. We
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Figure 3. Fracture stress as a function of% methyl
termination in the SAM.

observe a sharp increase in fracture stress over a
narrow range in the extent of interracial bonding (90-

70% methyl termination). Further decrease in methyl
termination beyond 70% has no effect on the fracture
stress. This indicates that the failure either initiates
cohesively within the epoxy or at the steel-epoxy

interface. Note that only a small fraction of reactive

Br groups is required to obtain the transition in
fracture stress.

The data in Figures 1-3 indicate that a transition
in fracture stress occurs over a very narrow range of
interface strength. Observations of the fracture
surfaces described previously indicate that the
increase in fracture stress coincides with deformation
within the epoxy. ] Therefore, we postulate that the
transition in fracture stress occurs when the interface

strength becomes sufficient to support local stresses
which are comparable to the yield stress of the epoxy.

To test this concept, we performed the fracture
tests at different temperatures below T~ of the epoxy

(- 60-70 “C) for the 46 phr epoxy composition.

Temperature variation was achieved with Peltier

elements placed underneath the substrate. The

temperature was measured using a thermocouple in
contact with the steel ring. The temperature of the

silicon substrate was measured as well, and the

gradient in temperature was determined to be always

less than 3 “C. To avoid condensation of water, the

entire apparatus was enclosed in a plastic bag which
was purged with a flow of dry nitrogen. The data are

shown in Figure 4. Indeed, the fracture data are a
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Figure 4. Facture stress as a function of ODTS coverage.
Fracture test performed at different temperatures.

strong function of the test temperature. As the

temperature of the fracture test decreases, the epoxy

becomes stiffer or more resistant to deformation,
while the interracial interactions are relatively

unaffected. As higher stresses are required for

deformation to occur within the epoxy, the transition
in fracture stress occurs at higher values of interface

strength. This is consistent with the observed shift in

the curves to lower ODTS coverage. Thus, the simple

postulate given above appears to capture the basic
trend. However, a more detailed description of the
temperature dependence of the material deformation

is likely required to describe the precise change in the

fracture curves.
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