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Abstract

Findings made through the indentation testing of composites are presented in this thesis.
The concept was developed as an attempt to evaluate the interfacial shear strength at a meso-
level, possibly overcoming the deficiencies of present techniques. Vickers Microhardness Testing
and Continuous Ball Indentation Testing (CBIT) of composite materials provided data for assessing
the sensitivity of indentation techniques to interfacial characteristics and engineering properties.
Both methods proved capable of discerning the level of fiber-matrix adhesion. The CBIT presented
the greatest potential for making quantitative measures of interfacial shear strength. A unique
micromechanics model of the contact situation predicted failure events and trends consistent with
the observed data from the CBIT. The present elastic model predicted an interfacial shear strength
slightly higher than those reported in the literature. However, the interface strength obtained
through the CBIT provides more of an engineering assessment of the interfacial quality when
compared to other techniques.

Both experimental and analytical results suggest that indentation testing of composites is
most sensitive to shearing characteristics of the system. Vickers and ball penetration results
displayed some correlation to global laminate properties. Vickers hardness shows a close
relationship to IITRI compression strength only when fiber compressive failure is observed in the
laminate test. The CBIT provides the best opportunity for exploring fiber composite stress-strain

information.
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Figure 9 Scanning Electron Micrograph (SEM) of a typical Vickers impression in a continuous fiber
polymeric composite.
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Figure 10 SEM of a typical Vickers indentation damage (looking form the center of the indentation
out).
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to be sufficient interfacial adhesion so as to allow the radial and hoop stresses to deform the matrix
upward while maintaining continuity of the dispiacements with the circumference of the fiber ends.

One might claim that with lower levels of fiber-matrix adhesion the observed deformations will differ.

The Indentation Response of Composites to Vickers Indentation

With these observations in mind, consider the response of a composite to indentation
compared to the response of its matrix material in neat form, as shown in Figure 11. Over this
range of fixed loads, the hardness of the J2 homogeneous neat material is independent of load.
This is again a result of the geometric similarity of the penetrations observed at these loads. A
much different response is found for the graphite composite of the same matrix system. The
response is far from linear and at its lowest point, the composite is five times harder than its neat
polymer. An increase in hardness is observed for loads less than 500 grams. Though this
response is also observed for most metals at loads ranging from 1 to 100 grams, the composite
exhibits this phenomena at a much higher load. For the specific case of AS-4/J2, this apparent
increase in hardness is observed at a load of 500 grams. For polymeric materials, this event
occurs below 10 grams due to its yield strength which is considerably lower than that of a metal.
It is also evident that the hardness response does not remain constant overall as observed for the
homogeneous neat polymer.

It is believed that the apparent increase in hardness at the lower loads is due to elastic
recovery of the residual impression upon unloading. This yields a smaller contact area, resuiting
in a higher apparent hardness. The lower the applied load the larger the percentage of elastic
deformation which occurs. At the higher loads, the deformations are essentially plastic and the
elastic distortion is only a small fraction of the total response. Other researchers have sugges}ed
that for metals indented at extremely low loads (<< 5 gram) with penetration depths of << 1 um,

the measurement is taken in a volume containing no dislocations [48]. Thus, these measurements
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Figure 11 Vickers hardness comparison of AS-4/J2 composite and its neat polymer.
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may begin to approach the hardness of a single crystal.

The author, however, offers alternative explanations for this phenomenological increase
in hardness which are unique in the study of indentation testing of continuous fiber composites.
First, one might claim that the presence of an interface between the fiber and matrix causes a
“composite effect”. The interface/interphase enables load to be transferred between constituents
when one or both are deformed. Thus, they interact to support the load. The absence of an
interface/interphase will cause each to act independently only influencing each other through
geometric constraints. It is postulated that the stronger adhesion between fiber and matrix, the
more elastically one might expect the system to react under indentation at lower loads. With more
elastic response, the residual impression is better able to recover producing a smaller apparent
contact area and higher apparent hardness. However, given an equivalent solution of unbonded
fiber and matrix, more permanent deformations may be expected at lower loads. Thus, an
apparent increase in hardness at lower loads would be less likely or at least minimized for a
weaker interface, resulting in a transition to lower and more constant hardness response at a lower
applied load.

Conversely, it may be plausible to consider the degree of permanent radial deformation
at each load level. At lower loads, the fibers support a good portion of the load provided they are
not buckled or fractured. However, once a central region of fibers is permanently displaced,
additional permanent deformation is allowed to proceed. Following this logic, a limiting load is
identified when a transition in failure mode takes place permitting larger amount of plastic
deformation. This limiting load as well as other aspects of the hardness response may be directly
eftected by the local fiber volume fraction and the properties of the matrix material.

The latter of the two views is best illustrated for the Vickers hardness response by two AS-
4 graphite fiber composites of different matrix materials and different fiber volume fractions shown

in Figure 12. The AS-4/J2 composite has a fiber volume fraction of about 60% as compared to
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Figure 12 Vickers hardness comparison of AS-4/J2 and AS-4/Tefzel.
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