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The microhardness of composite
materials

The Vickers and Knoop indenters are the two
most commonly used for determining the hard-
ness of materials. The essential difference
between them is that the strain field under the
Vickers indenter is spherically symmetrical [1],
whereas that under the Knoop indenter is not.
The latter has a shape anisotropy which makes
the strain under it non-symmetrical even in a
fully isotropic medium. Recent studies of
Knoop hardness anisotropy in single crystals
[2-4] have given a clearer insight into the de-
formation mechanism under the indenter.
Discussion has been in terms of shear stresses
developed from compressive [5] or tensile [2, 6]
forces parallel or normal to the indenter facets,
respectively. This means that the principal
strains are in directions approximately per-
pendicular to the long axis of the Knoop indenter.
In single crystals, the hardness is a reflection
of the stresses developed on active slip planes,
when these are small the material does not de-
form appreciably and so appears hard.

In the case of a highly anisotropic material
such as a unidirectional composite, the degree
of material anisotropy plays a dominant role
in the deformation pattern produced by the
indenter. Nonetheless the hardness of the material
again reflects its response to the strain field
applied by the indenter, as in the case of single
crystals.
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In order to examine such effects in highly
anisotropic materials, we have made Vickers
and Knoop indentations at loads ranging from
100 to 500 g in copper-CuzZr and copper-
CuZrSi unidirectionally solidified lamellar eutec-
tics (42 and 90.8 vol % copper, respectively)
and a 60 vol 9, carbon fibre-reinforced plastic
(CFRP). Studies have been made of the depen-
dence of hardness on relative orientation
between the indenter and the fibre (or lamellar)
direction. In Fig. 1 is shown the variation in
hardness of a copper-Cu;Zr eutectic as a func-
tion of indenter orientation, taking the condition
as 0° when the long diagonal of the Knoop
indenter or either diagonal of the Vickers is
parallel to the lamellac and 90° when it is
perpendicular to them. The arithmetic means of
sets of ten indentations were taken at each angle
and the root mean square error o calculated.
The error bars represent + 3o. In the case of
Vickers indentations, the diagonals are of
unequal length (Fig. 2a) because the material
is anisotropic. Therefore, we have calculated
Vickers hardness values from the individual
diagonals rather than averaging pairs as is
usual. The exception to this separate treatment
occurs at 45° when the diagonals are in an
equivalent symmetrical position. In both cases,
the fitted curves are sinusoidal but if the Vickers
hardness values were to be derived from the
mean of the diagonal lengths then no orientation
dependence would be observed.

It was clearly shown in all samples that the
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Figure 1 Variation of hardness with indenter orientation.

Knoop hardness is a minimum when the long dia-
gonal lies parallel to the fibres or lamellae
(0° position) and maximum when perpendicular
to them (90° position), whereas the opposite
type of behaviour is shown by the Vickers
indentations as seen in Fig. 1. The difference
in diagonal length at 0° and 90° can be seen
in the example given in Fig. 2a. In Fig. 2b the
sides of the indentation which lie parallel to the
lamellae are likewise longer than those which
lie perpendicular to them, although the diagonals
are of equal length. Some Knoop indentations
in CFRP are shown in Fig. 3, where the effect
of the different orientations of the indenter on
the behaviour of the material is quite evident.

A possible explanation of the effects rests
upon the shape difference between the two
indenters and also upon the highly anisotropic
nature of composite materials, in particular their
deformation and recovery behaviour. In the case

Figure 2 Scanning electron micrographs of (a) 0° — 90°
and (b) 45° Vickers indentations in the copper-CusZr
eutectic (500 g load) (x 830).

of the Vickers indenter the imposed strain is
spherically symmetrical, whereas the stress-
field developed in response to it is not, because
the material is anisotropic. The stresses are
greatest parallel to the fibres because the material
is strongest in this direction. While the load is
applied the shape of the indentation is assumed
to conform to the shape of the diamond.
Therefore any irregularities in the shape of the
impression must arise during or shortly after
the removal of the load. Comparing the length of
the diagonals in the 0°-90° case (Fig. 2a), the
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Figure 3 Scanning electron micrographs of (&) 0° and (b)
90° Xnoop indentations in CFRP (300 g load) (x 150).

difference is of the order of 15%. We suggest
that this effect arises because of greater re-
covery in the direction parallel to the fibres
where the stresses were greatest. Now it has
been found in compression tests [7-9] on com-
posite materials that the fibres undergo buckling.
The large differences in dimensions seen here
could well result from the recovery of lamellae
which had buckled under the indenter. Extensive
recovery in the diameter of indentations is not
seen in single-phase materials where the principal
recovery is in the depth [1, 10].

In the case of the Knoop indenter, shape
anisotropy leads to strains which are greatest
in directions perpendicular to the long axis.
906

Figure 4 Scanning electron micrograph showing delam-
ination and extensive cracking in a 90° Knoop indentation
in CFRP (300 g load) (x 1350).

This shape anisotropy is additional to the high
anisotropy of the material being indented. If we
consider first the 0° case, then the maximum
strain imposed by the indenter is perpendicular
to the lameilae, i.e., parallel to the direction of
lowest strength. Thus the material appears
relatively soft. In the 90° case the maximum
strain lies parallel to the direction of greatest
strength of the composite; the resistance to
deformation is high so that the indentation is
small. It is noted that in both cases recovery
is perpendicular to the long axis of the indenter
and, therefore, does not affect the Knoop
hardness values. Hence, we conclude that the
hardness variation shown in Fig. 1 is related
to the difference in shape anisotropy between
the two indenters and their deformation pat-
terns coupled with the high degree of material
anisotropy.

The indentations also show interesting deform-
ation effects. In the copper-Cu,Zr eutectic the
intermetallic matrix phase, which is not usually
ductile, has clearly been deformed plastically
(Fig. 2) during the indentation process. Plastic
deformation as opposed to the brittle failure
observed under high tensile stress [11], arises
because of the high hydrostatic stress com-
ponent under the indenter.

Very different effects are seen in CFRP (Fig. 3).
In the 0° case delamination occurs either as the
indentation is made, or as a result of elastic
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recovery of the fibres which were displaced
during the indentation process. At 90° (Figs. 3b
and 4) the fibres break. In this case they are
bent to much smaller radii of curvature over
the sharp intersections of the facets of the
Knoop diamond.
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Creep strength of single-crystal sapphire
filaments

in this note we report the results of investiga-
tions of the creep strength of commercially
available single-crystal sapphire filaments at
temperatures up to 1480°C. The sapphire
filament was “Saphikon” obtained from Tyco
Laboratories, Waltham, Mass, USA. The mater-
ial was 250 um (0.010 in.) diameter and sup-
plied in lengths of 30 m or more (produced by
pulling from the melt [1]). The cross-section
was nearly circular. With one exception, when
the alignment was close to [1100], the orienta-
tion of the material chosen for examination
was c-axis, [0001], along the length so that
the chance of basal slip was minimized. Although
this was the nominal orientation, X-ray exam-
ination showed that the true orientation fre-
quently varied by a few degrees from this: in
one instance a deviation of 9° was measured.
Additionally, the orientation was not always
constant along the length. The room tempera-
ture tensile strength was typically about 2000
MN m~2 (285 x 10% Ibf in—?) when measured
at a strain rate of 0.5 mm min—* Samples
from several batches of the filament were
analysed spectrographically in this laboratory
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and the impurities detected are listed in Table L.
The impurity levels are similar to those found
previously for flame-fusion grown single-crystal
sapphire [2].

Our work followed some preliminary investi-
gations carried out on similar material by
workers at the National Gas Turbine Establish-
ment [3, 4]. They used a specimen length of
about 20 cm heated in air in a horizontal furnace
and determined the time to rupture under stress.
Their investigations spanned the temperature
range 900 to 1300°C. They did not attempt
to measure creep strain, and since when failure

TABLE I Spectrographic analysis of Tyco Sapphire

Sample no.
1 2 3 4
Analysis
(ppmby Fe 3 3 3 5
weight)  Si 3 1.5 10 1.5
Cr 1 <1 <1 <1
Cu 2 1 05 <02
Mg 3 3 3 3

The following elements were sought but not detected
(with limits): B < 3, Ni < 2,V < 5, Mn < 2, Mo < 3,
Zn < 10,Pb < 5, Na < 20,Be < 2,Ca < 1, Ti < 1.
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