Micro-Deformation in the Fracture of a Toughened Epoxy
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Introduction

Thermoset resins are used in many composites and
structural adhesives because they have excellent proper-
ties. Unfortunately, they tend to be quite brittle. Over the
last 50 years, there has been a major effort to improve the
toughness of thermosets, and one of the most successful
approaches is the introduction of a second, elastomeric
phase which is present as small micron-size particles.
These toughened epoxies have been widely studied and
many aspects of the toughening mechanisms are now gen-
erally accepted [1-8]. Briefly summarized, during Mode |
fracture, the high tri-axial stresses just ahead of the pre-
crack cause cavitation of the rubber particles which facili-
tates plastic flow of the epoxy matrix: dilatation and shear
banding between the cavities. This allows crack blunting
which inhibits the initiation of rapid crack growth. Even-
tually, the load gets high enough to cause the material at
the pre-crack tip to fail which leads to rapid crack growth.
In the region where the particles have cavitated, the result-
ing holes scatter light which gives the sample a white,
opaque appearance. This area is termed the whitened zone
(W2Z). Beyond this region, the crack is propagating rapid-
ly, and the failure surface is relatively featureless although
it doesn’t have the glassy appearance often seen in the brit-
tle fracture surface of unmodified epoxies. This region is
termed the fast fracture zone (FFZ).

Despite the extensive progress in this field, some
questions remain about the details of the deformation. One
reason for this is that the current understanding rests large-
ly on qualitative and semi-quantitative observations of the
fracture surfaces using 2D images. Recently, a few studies
have begun to utilize images from atomic force microsco-
py (AFM), and laser scanning confocal microscopy
(LSCM) which can provide 3D information [9-10]. The
work here combines such measurements with an approach
developed by Bascom et al. [11]. They utilized the fact
that heating a thermoset above its glass transition tempera-
ture will allow much of the plastic deformation that has
occurred during fracture to be recovered [11-12]. By ex-
amining the same section of the fracture surface before and
after heating, they were able to draw conclusions about the
plastic deformation. A limitation of that study, however,
was the use of scanning electron microscope images which
were 2D. Work in the present study combines the Bascom
approach with AFM and LSCM measurements for analysis
of fracture surfaces. The results for observations on matrix
deformation have been reported previously [13, 14] while
this report focuses on the rubber particles.

Experimental”

The material used here is a model epoxy system that is
often employed in research programs. It consisted of an
epoxy, diglycidyl ether of bisphenol-A (DER-332, DOW)
used alone or with a rubber toughener, carboxyl-
terminated polybutadiene acrylonitrile (Hycar CTBN, B. F.
Goodrich). A number of toughener concentrations were
examined, but the results here correspond to 10 parts by
mass of CTBN per 100 parts by mass of epoxy. The epoxy
system was cured with piperidine (hexahydropyridine,
Aldrich), 5 parts by mass of piperidine per hundred parts
by mass of epoxy. The liquid mixture was poured in a
rectangular mold and cured at 120 °C for 16 hours. The
resulting rectangular plates were cut to produce specimens
for fracture experiments and modulus determination.

Fracture tests utilized rectangular compact tension
specimens and followed ASTM D 5045-95. The speci-
mens were loaded in a universal testing frame (Instron) at
a constant displacement rate of 1 mm/min. Modulus val-
ues were measured on rectangular bars subjected to 3-point
bending (ASTM D 790-07). The microstructure of the
fracture surface was studied with LSCM and AFM. In
both cases, images were obtained in the pre-crack region,
the WZ and the FFZ. The specimens were then given a
heat treatment to relax the plastic deformation, and the
exact same locations on the fracture surface were reex-
amined to detect changes. A variety of different heat
treatments were tried, but the best combination of maxi-
mum relaxation of the plastic deformation without risking
additional cure or degradation of the epoxy was found to
be 6 hat 110 °C.

Results and Discussion

Previous work in this program [13, 14] focused on the
epoxy matrix and generated a number of interesting find-
ings such as the importance of residual stresses introduced
during curing, the fact that the vast majority of plastic de-
formation occurs in the stress whitened zone, and the need
to consider size scale when analyzing surface roughness
data. The current study examines the rubber particles to

" Certain commercial products or equipment are described in this
paper in order to specify adequately the experimental procedure.
In no case does such identification imply recommendation by the
National Institute of Standards and Technology, nor does it imply
that it is necessarily the best available for the purpose.
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Figure 1: Images of cavitated particle in WZ before and after hating. Height plots below correspond to measurements along the

white line through the particle.

see what can be learned. The images taken here are con-
sistent with literature results.

In the pre-crack region as well as the fast fracture
zone, the matrix exhibits little or no plastic deformation,
and the rubber particles appear as depressions. These de-
pressions result from the fact that before fracture the parti-
cles are under triaxial tension generated during cool down
from cure temperature because the rubbers have a higher
coefficient of thermal expansion than does the glassy
epoxy matrix. During the rapid crack growth, the crack
slices through the particles. The triaxial stresses cause the
particles to contract in the center which produces a depres-
sion. Since the epoxy deformation is minimal, the diame-
ter of the depressed region provides information on the
original particle size. In contrast, the WZ shows holes
where the triaxial stress at the crack tip has caused the rub-
ber particles to cavitate. Pictures taken in the WZ show
both cavitation of the particles and significant plastic de-
formation in the epoxy matrix. Figure 1, for example,
shows a detailed picture of a typical cavitated region be-
fore and after heating. The heat treatment produces both a
significant reduction in the vertical deformation and a de-
crease in the diameter of the cavitated region. The hump

inside the cavity seen particularly in the right image is
likely the rubber from the particle.

To examine the overall pattern of behavior, the diame-
ters of more than 50 particle depressions or holes in the
pre-crack region, the WZ, and the FFZ were measured
before and after heat treatment. The diameter for each
particle was taken as the average of two measurements,
one in the direction of crack propagation and one perpen-
dicular to that. The results show a distribution of sizes
which results from two factors. First the particles them-
selves have a distribution of sizes. Second, the crack will
intersect the particles at different locations depending on
the position of the particles relative to the crack plane.

To characterize this distribution, a function, P(d), was
defined as the probability of finding a depression or hole
with a diameter of d or less. This distribution could be fit
approximately with this 2 parameter sigmoidal function

p-— 1 €

d—d,
1+ e_(Tj
where d, is the median diameter and a describes the width
of the distribution.
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Figure 2: Distribution of diameters for particle depressions of
holes in fracture surface. Filled squares represent combination of
data from pre-crack region and FFZ both before and after heat-
ing. Filled circles are from measurements in the WZ before heat
treatment while open circles correspond to the same features
after the heat treatment. Solid and Dashed curves are best fit for
equation (1).

The first two observations that can be made from the
size data is that the distribution for diameters in the FFZ
and the pre-crack region are the same. Moreover, the heat
treatment has no measureable effect on the distributions.
Consequently, measured diameters from all 4 situations
(precrack region and FFZ both before and after heating)
can be combined and fit with a single curve (filled squares
in Figure 2). For the reasons cited above, this curve is
thought to represent the distribution for original particles.

In the WZ, the holes are often elongated slightly in the
direction of crack growth. The distribution for diameters
in this region is shifted to higher values (filled circles in
Figure 2). For example, the d, in the best fit curve is in-
creased by 25 %. This increase in size has been reported
by a number of authors [5-8, 15-17] and is attributed to
dilation of the matrix in response to the tri-axial stress at
the crack tip. Huang and Kinloch [16], for example,
measured a similar although somewhat smaller increase for
the same material system.

After the heat treatment, the distribution of diameters
in the WZ shifts back toward the curve for the original
particles. This supports the importance of plastic flow in
the fracture process. The fact that the shift is not back to
the original curve suggests that the heat treatment does not
relax all of the plastic deformation in the matrix. This is
not surprising since the large deformations during fracture
cause bond breakage in the epoxy network structure, and
this eliminates some of the molecular driving force to re-
store the original microstructure. It is interesting to note
that the heat treatment seems to change the shape of the
distribution in that the largest and smallest diameters seem
to recover more than the intermediate diameters.

Conclusions

The fracture surfaces of a rubber toughened epoxy
were examined with AFM and LSCM before and after heat
treatment. Specific findings are:

+ The tests indicate that heating above T relaxes much
of the plastic deformation that occurs during fracture.

« As previously reported by numerous authors, dilation
during fracture caused expansion of the holes corre-
sponding to cavitated rubber particles.

+ The heat treatment reduces much but not all of the ex-
pansion verifying the importance of plastic flow and
indicating that only some of the plastic flow is recov-
erable.
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