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Abstract

The Knoop microhardness anisotropy of single crystal hematite, Fe,Os, was investigated on the basal plane (0001) at indentation
test loads from 50 to 1000 g. Microhardness maxima were observed for low indentation test loads when the long axis of the Knoop
indenter was parallel to the <2110> . Microhardness minima occurred for the <1010> orientations. The microhardness anisotropy
at low indentation test loads is associated with slip dominance on the primary slip system of the corundum structure, the
{0001} <1120>. An energy balance was applied to the indentation size effect (ISE) and also to address the microhardness aniso-
tropy. The load independent, orientation independent, Knoop microhardness for the basal plane is 5.35 GPa. The ISE was further
investigated by lubrication of the specimen test surface just prior to the Knoop microindentation process. Results from the lubri-
cated microhardness tests are compared with the standard dry Knoop microhardness test results and reveal a significant reduction
in the ISE. This indicates that friction between the test specimen and the indenter facets is a major contribution to the ISE. © 2002

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Indentation hardness testing is widely used to describe
numerous material parameters for a variety of research
and development endeavors.!= There are three levels or
scales of indentation hardness measurements: the nano,
the micro, and the macro. The first two scales correspond
to their prefixes. Nanohardness indentations are on the
sub-micron scale. They have proven to be of value in
estimating the mechanical properties of very fine scale
structures including precipitates and thin films. The Ber-
kovich triangular pyramidal indenter has been popular for
those studies, however, spherical indenters are also
becoming of interest.® Microbardness indentations are of
the micron size scale and have been extensively applied
at the microstructural level. Knoop or Vickers diamond
pyramid indenters are usually applied to these micro-
hardness measurements. Macrohardness measurements
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are much larger in scale, often applied as bulk testing
procedures. Macrohardness results are often correlated
with the mechanical properties of the material as a
whole, including the yield strength and tensile strength.
A number of techniques are associated with macrohard-
ness testing, the most popular of which are the Rockwell
and the Brinell hardness measurements. When applied to
ceramics, unfortunately, macrohardness testing usually
results in massive cracking.

Two important phenomena have been documented to
occur during the microhardness testing of single crystal
ceramic specimens. These are: (i) microhardness aniso-
tropy'-” and (ii) the indentation size effect (ISE).®® Rela-
tive to the anisotropy, indentation microhardnesses have
been documented to be a function of both the crystal
plane and the crystallographic direction on that plane.
The single crystal microhardness anisotropy has been
explained by reference to the primary slip system for the
particular crystal structure of interest. Researchers have
reported and explained the presence of microhardness
anisotropy in many different crystal structures, includ-
ing the BCC metals, FCC metals, Al,O5; (corundum or
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sapphire), NaCl (rock salt), diamond cubic materials
and CaF, (fluorite).!-7-10-12

The ISE is the increase of apparent microhardness
with a decrease of the indentation test load. It is some-
times conversely stated as the decrease of microhardness
with an increase in the applied indentation test load. This
phenomenon has been documented to extend into the
nanohardness regime.®8 It is usually represented by plot-
ting the microhardness as a function of either the inden-
tation test load, or the resulting indentation impression
size. The ISE is illustrated schematically in Fig. 1. The
apparent microhardness is a function of the test load for
low indentation test loads, where there is no single value
for the microhardness. At high indentation test loads,
the microhardness is constant with respect to the indenta-
tion test load and a single, well defined hardness value
exists. It is the load independent hardness, Hj 1y, a quan-
tity that has also been referred to as the ““true” hardness in
some of the literature.

There exists a natural interest in the mechanical prop-
erties of hematite, Fe,O3, a compound that is isostructural
with sapphire (Al,O3). This oxide of iron is an important
ore for steelmaking, is widely used in magnetic recording
media, is an important polishing compound (rouge) and
is used for the color in some industrial pigments. In the
applications as a polishing compound, hardness is parti-
cularly important. This paper reports a study of the
Knoop microhardness of natural hematite single crystals
on the basal (0001) plane. The microhardness anisotropy

and the ISE on this crystal plane are addressed and
explained.

2. Experimental procedures

Natural single crystals of hematite, Fe,O;, were
obtained from the ore pile of USIMINAS in Ipatinga,
Minas Gerais, Brazil. These crystals were flat hexagonal
shapes approximately 5 mm thick and 3 cm across the
flats. The nominal purity of these crystals was determined
using energy dispersive X-ray analysis (EDAX) in a scan-
ning electron microscope. Only Fe and O were detected.
X-ray diffraction confirmed the corundum structure. Spe-
cimens of these single crystals were prepared for micro-
hardness measurements using a diamond saw to cut basal
plane (0001) test specimens. Oriented samples were
mounted in Bakelite and manually polished through
600-grit silicon carbide. Final polishing was completed
with a 1 um «-Al,O3 followed by a 0.05 pm y-Al,O5 in
an automatic vibratory polisher for 48 h to achieve a
scratch-free, mirror-like finish.

Microhardnesses were measured using a Buehler
Micromet 2004 automated testing machine fitted with a
Knoop indenter and adapted with a goniometer stage for
precise definition of the angular orientation of the test
specimen. The Knoop indenter geometry was chosen
because it provides a long, shallow pyramidal indenta-
tion with essentially no elastic relaxation and a very low
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Fig. 1. Microhardness variation with test load showing the indentation size effect.
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propensity for cracking.!> The Knoop indenter geo-
metry provides an excellent means to study the micro-
hardness anisotropy of a material by orienting the long
axis of the indenter parallel to specific crystallographic
directions. That is the directional specification in this
study. Knoop microhardnesses were determined from
the equation:

14.229-P

where P is the applied indentation test load and d is the
length of the long axis of the resulting pyramidal shaped
indentation. The impression diagonal length was mea-
sured immediately after indentation and converted to a
Knoop microhardness number by Eq. (1).

To observe the complete symmetry of the basal plane,
Knoop microhardness measurements were taken from
the [2110] to the [1210] on the (0001). To assess the
indentation size effect, the ISE, Knoop microhardnesses
were taken at the following five different indentation
test loads: 50, 100, 200, 500 and 1000 g. A dwell time of
10 s was used for all of the microhardness measurements.
Indentations with obvious cracks were not used in the
microhardness compilations, as cracked indentations
have been demonstrated to yield spurious microhardness
results.'* However, as hematite is relatively soft and the
Knoop indenter creates a long, shallow impression,
cracked indentations were rare. Ten symmetrical, well
defined indentations were obtained for each test condi-
tion. Microhardness averages are reported with their
95% confidence intervals based on the *“¢” distribution.

In addition to the Knoop microhardness measurements
made on the as-polished hematite, additional measure-
ments were made with the specimen surface lubricated.
This was accomplished by applying a standard SAE 10W—
30W motor oil to the polished test specimen surface with a
cotton swab. After application of the lubricant, Knoop
microhardness measurements were completed for only
the [2110] and [1010] directions. The same number of
indentations were completed at each indentation test
load in parallel to the microhardness measurements on
the unlubricated hematite single crystal. Direct compar-
isons of the dry and lubricated Knoop microhardnesses
were then completed.

3. Results and discussion

For the (0001) plane, the microhardnesses as a func-
tion of crystallographic orientation from the [2110] to
the [1210] for each indentation test load are shown in
Fig. 2. Here, it should be noted that 1000 kg mm~2 is
9.81 GPa. These results clearly illustrate the microhard-
ness anisotropy, the variation of microhardness with

crystallographic direction on the basal plane. For the
(0001) basal plane, microhardness maxima are observed
at low indentation test loads when the long axis of the
Knoop indenter is aligned parallel to the <2110> direc-
tions. Microhardness minima occur for the <1010>
orientations. These maxima and minima are in exactly
the same orientations as reported for alumina or cor-
undum (Al,O3) by O’Neill.! It is also apparent that the
degree, or extent of the observed crystalline microhard-
ness anisotropy decreases with increasing indentation test
load. It is significant that the directional microhardness
anisotropy is practically non-existent for the 1000 g
indentation test load.

The Knoop microhardness results in Fig. 2 also reveal
the ISE. Microhardness values that are obtained for the
lower indentation test loads are considerably higher
than those for the larger indentation test loads. This
observation is best illustrated by the form of repre-
sentation in Fig. 3, which presents the load dependence
of the microhardness on the basal plane similar to the
schematic in Fig. 1. The Knoop microhardness values at
the 500 and 1000 g indentation test loads appear to be
approaching a load independent hardness, Hiyy, as
previously described.

3.1. Energy balance

As reviewed by Quinn and Quinn,!? different approa-
ches have been applied to explain microhardness results.
One of the first to apply energy methods to indentation
hardness measurements were Wonsiewicz and Chin.'®
Their work was based on the strain energy of plastic
deformation and the relation of the hardness anisotropy
to the operative slip systems in the test material. More
recently an energy balance approach has also been
applied by Nowak and Sakai.'” Their definition of the
“true” hardness differs somewhat from the traditional
concept. Because of the merits of those two previous
studies, the results of this study are also analyzed through
an energy balance. The results of that approach to con-
ventional microhardness measurements yields a relation-
ship including the indentation test load and the resulting
indentation diagonal length.'® That relationship is of the
form:

P
E:al +a2~d. (2)

Eq. (2) can be directly applied as a regression equa-
tion to estimate the microbardness parameters a; and
a». That process only requires a series of indentation test
loads and the resulting indentation sizes, microhardness
data such as that presented in Fig. 3.

By applying the regression analysis of Eq. (2), the
load independent Knoop microhardness, Hy_ iy, 1S
then obtained from:
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Hym ~ 14.229.a, (3)

This form is identical to the relationship discussed by
Kaji et al.'” The @, value has been previously referred to
as the characteristic hardness of the material by Frischat
in his studies of glass.?° By combining the term for the
load independent microhardness, a,, with the Knoop
microhardness constant, 14.229, from Eq. (1), it is pos-
sible to determine the load independent Knoop micro-
hardness. All that is required is a set of data taken over
a range of loads such as the results that are presented in
Figs. 2 and 3 for the hematite single crystals.

Values of a, a», and Hg 11y are determined through a
linear regression analysis between the experimental
values for (P/d) and (d). The complete procedure requires
that this regression be performed for each orientation on
each crystal plane for the entire range of indentation test
loads. Representative plots of this regression analysis are
shown in Fig. 4. Correlation coefficients indicate that
there is a high level of confidence to the fit of the
experimental data to this model. Results for all of the
measured orientations are summarized in Table 1.

Once the load independent Knoop microhardnesses
have been determined, a combined representation of the
Knoop microhardness can be made. The load indepen-
dent Knoop microhardness is presented as the heavy
dashed line in the lower portion of Fig. 2. It is evident that
the load independent Knoop microhardnesses, the H.
LiH» 1s not a function of the crystallographic direction on
the basal plane of hematite. This is particularly significant,
as the low indentation test load Knoop microhardnesses,
which have distinct maxima and minima at different
orientations, all converge to the same load independent
hardness value at high indentation test loads. The extent
of Knoop microhardness anisotropy gradually decrea-
ses as the indentation test load is increased. Eventually,
at high indentation test loads, the basal plane Knoop
microhardness is isotropic. Combining all of the results
yields a basal plane Hy iy of 545+£9.4 kg/mm?.

3.2. The microhardness of hematite

Applying the previous concepts to determine the load
independent Knoop microhardnesses for hematite

Table 1
Regression analysis summary of the Knoop microhardness on the
basal plane

Orientation a a Hy.Lia R?
(kg/mm) (kg/mm?) (kg/mm?)
[ZHO](OOOI) 1.944+0.09 39.14+0.72 5574+10.2 0.98
[10T0](0001) 13440.06  37.9340.58  540+8.7 0.99
[1120] (0001) 1.904+0.08 37.90+£0.75 539+10.7 0.97
[0110] (0001) 1.2940.06 38.19+£0.53 543+7.5 0.99
[TZTO] (0001) 1.914+0.08 38.22+0.73 5454+10.4 0.98

allows for a comparison with other published hardness
values for hematite. The Hy_pm is 545+£9.4 kg/mm?
(5.354£0.1 GPa) for the basal (0001) plane. The miner-
alogical text by Zoltai and Stout?® reports a Mohs
hardness from 5.5 to 6.5 for hematite. Converting these
values to the Knoop microhardness scale yields a range
from about 450 to 700 kg/mm?2. This range of values is
in satisfactory agreement with the load independent
hardnesses measured in this study.

Only the Vickers indentation microhardness data of
Kollenberg?! appears to have been reported for single
crystal hematite. Kollenberg reported the Vickers
microhardnesses for the basal plane to be 1000 kg/mm?
at room temperature for a single indentation test load of
200 g. This result compares favorably with the Knoop
microhardnesses of about 1200 kg/mm? on the basal
plane at the 200 g test loads in this study. Since Kol-
lenberg did not present microhardness data as a func-
tion of indentation test load, the role that the ISE may
have assumed in the Vickers microhardness measure-
ments by Kollenberg cannot be ascertained. However,
with respect to the microhardness data obtained at
similar indentation test loads, the Knoop microhardness
data obtained in this study does compare favorably with
the Vickers results published by Kollenberg. The results
presented here also compare favorably with the mineral
hardness estimation for hematite presented by Szy-
manski and Szymanski.??

3.3. Microhardness anisotropy at low indentation test
loads

Fig. 2 illustrates significant directional microhardness
anisotropy for hematite on the basal (0001) plane, but
only at the lower indentation test loads. Since the classic
paper of Daniels and Dunn’ nearly a half century ago,
this type of variation of microhardness with direction
on a specific crystallographic plane has been satisfacto-
rily explained for many different crystal structures by an
effective resolved shear stress model.""?*> From the geo-
metry of the indenter and the applied indentation test
load, the resolved shear stress on the primary slip sys-
tem is calculated and shown to be a minimum for those
indenter orientations that yield the hardness maxima
and a maximum for those orientations of the hardness
minima. Brookes and Burnand* have applied this
model to alumina which also has the corundum crystal
structure, the same structure as hematite. They con-
cluded that the (0001) <1120> primary slip system is
expected to produce the microhardness anisotropy
which is observed and reported for the low indentation
test loads in Fig. 2.

There do not appear to have been any extensive studies
directed specifically to the slip process in hematite,
Fe,05. However, several publications addressing rhom-
bohedral twinning in hematite, namely those of Bursil
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and co-workers** and Geipel et al.,?> suggest that the

same slip systems are active in hematite, Fe,O;, as are
active in alumina, Al,O3. This is not surprising as both
possess the corundum crystal structure, and differ only
very slightly in lattice parameters. Single crystal alumina
exhibits the same Knoop microhardness anisotropy on
the basal plane, as previously reported by Brookes and
Burnand®* and that microhardness anisotropy is directly
attributable to (0001) < 1120> slip. It must be concluded
that the low indentation test load Knoop microhardness
anisotropy for hematite, as illustrated in Fig. 2, is also the
consequence of deformation dominated by the primary
slip system, the (0001) <1120> of the corundum
structure.

3.4. The indentation size effect

It is necessary to address the ISE and specifically, how
it reduces the measured microhardness with increasing
test load. It is evident that as the indentation test load
increases, the indentations become larger and the volume
of flowed material about the indentation must also
increase to accommodate this situation. This necessitates
the activation of multiple slip systems to account for the
increased volume of plastically deformed material. The
activation of multiple slip systems is expected to sig-
nificantly increase the dislocation density in the immedi-
ate vicinity of the indentation. It might be expected that
this would create extensive work hardening in the vici-
nity of an indentation, which in turn would be expected
to increase the measured microhardness. However,
instead of a microhardness increase from a work hard-
ening process, the measured Knoop microbardness
decreases significantly, from about 1300 kg/mm? to less
than 700 kg/mm?. This is approximately a 50% reduction
in the apparent Knoop microhardness on the (0001)
plane.

Obviously the ISE is not a work hardening phenom-
enon related to dislocation processes in the vicinity of an
indentation. Ma and Clarke?® and Nix and Gao® do pre-
sent a plausible explanation of a dislocation mechanism
on the basis of geometric and statistical dislocations
within the concept of strain gradient plasticity. Never-
theless, however appealing a dislocation process explana-
tion of the ISE may be, the role of any dislocation
phenomena must be seriously questioned. Supporting
the non-dislocational nature of the ISE is the fact that an
ISE has also been reported in amorphous glasses,?0-27-28
as well as for single crystals and polycrystals.!”?7 It is
necessary to address the characteristics of the indenta-
tion itself for an explanation of the ISE for dislocation
phenomena are not a universal explanation.

In contrast to the dislocation based theories for the
ISE, others have identified the interactions at the inter-
face, or surface between the indenter facets and the test
specimen to provide an explanation for the ISE.2%2°

A proportional specimen resistance model, based on a
force balance was proposed by Li and Bradt3® and it has
been applied to address the role of friction between the
specimen surface and the indenter facets on the ISE.
That research points to the geometry of the Knoop
indenter and the surface area to volume ratio (« 1/d) of
the indentation as the critical factor. Complementary to
the argument that the ISE is governed by surface fric-
tional effects between the specimen and the indenter
facets, Shi and Atkinson®® and Bystrzycki and Varin?!
have independently demonstrated that for lubricated
specimen surfaces, the ISE is decreased. More recently,
Kaji et al.!® have also confirmed the role of friction by
lubricating microhardness measurements on the basal
plane of single crystal alumina. It is because of the
results of these studies that the lubricated microhard-
ness measurements of hematite described in the experi-
mental procedures were completed.

Fig. 5 illustrates those lubricated microhardness
results for the [2110] and [1010] indenter orientations.
From these results it is obvious that the application of a
lubricating agent during the indentation process sig-
nificantly decreases the magnitude or presence of the
ISE and the measured Knoop microhardness values as
well. In identical fashion to the analysis performed for the
dry microhardness measurements, the lubricated load
independent Knoop microhardnesses were addressed by
applying a regression analysis between (P/d) and (d).
This form of analysis is illustrated for the lubricated
Knoop microhardness measurements in Fig. 6 for the
[2110]. Note that the two lines are parallel. The quanti-
tative results of the energy balance analysis are pre-
sented in Table 2.

From the summary in Table 2 and the results of Fig. 6,
it is evident that the a, parameter, and consequently the
load independent Knoop micro hardness, Hy 1 1y, do not
change significantly in the presence of a lubricating agent.
By contrast, the a; parameter, asserted to be a measure of
surface effects during indentation, is decreased by more
than a factor of two in the presence of the lubricant. This
result confirms the role of the a; constant as a measure
of the surface effects during indentation. It also directly
relates it to the ISE. Additionally, the fact that the load
independent Knoop microhardnesses do not change sig-
nificantly in the presence of the lubricant substantiates
the application of the energy balance approach as a

Table 2

Summary of the dry and lubricated regression analysis results

Orientation a a Hx 1 R?
(kg/mm)  (kg/mm?)  (kg/mm?)

2T10)(0001) Unlubricated 1.9440.09 39.14£0.72 557+£10.2 0.98
2T10] (0001) Lubricated ~ 0.824+0.08 38.73+£1.03 551+£14.3 0.9
10T0] (0001) Unlubricated 1.3440.06 37.93£0.58 540+£8.7 0.9
1070] (0001) Lubricated ~ 0.57+0.05 37.64+0.94 536+12.7 0.99
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0.2

i40!

SPIT—LEIT (200C) TT 4121908 onuv.a2)) uvado.ansg ayj fo [puinor | jp 12 uoSUaalS "' W



M_.E. Stevenson et al. | Journal of the European Ceramic Society 22 (2002) 1137-1148 1147

means to estimate the microhardness of a material inde-
pendent of the test environment. From these results, it
must be concluded that friction between the indenter and
the test specimen contributes significantly to the presence
of the ISE. Additional experiments are necessary to
determine the amount or percentage of that contribution.

A comparison can also be made between the results of
this study and the similar experimental results of Kaji et
al.!” for single crystal sapphire. That study addressed
the ISE and microhardness anisotropy for both lubri-
cated and unlubricated Knoop microbardness measure-
ments on the basal plane specimens of single crystal
alumina (sapphire). From a qualitative standpoint,
there are several parallel results between this study and
the results of Kaji et al.'® With regards to the micro-
hardness anisotropy, both studies observed maxima in
the <2110> and minima in the <1010>, the same as
reported by Brookes and coworkers. This is expected
for both have the same primary slip systems. Addition-
ally, the trend of decreasing anisotropy with increasing
indentation test load is observed in both cases. Interest-
ing comparisons occur when examining the lubricated
vs. unlubricated results. Kaji et al.'® report a decrease of
nearly 30% for the <2110> at an indentation test load
of 50 gf. In parallel, for the same orientation and inden-
tation test load, the decrease in hardness for hematite is
almost 40%. Additionally, both studies report that the
load independent Knoop microhardnesses, the Hyi. 1 1n,
are identical for both the lubricated and unlubricated
test conditions. Of course, the values for the Hy_jyy are
considerably higher for the alumina (~ 1150 kg/mm? vs.
~550 kg/mm? for hematite), which is to be expected if
one considers the higher elastic modulus and the Mohs
hardness values for alumina relative to those of hematite.

4. Summary and conclusions

Knoop microbardnesses were measured on the (0001)
plane of single crystal hematite for a range of indenta-
tion test loads and indentation orientations. At low test
loads, microhardness maxima were observed for the
Knoop indenter aligned parallel to the < 2110 > direc-
tions and minima for the < 1010 >. As the indentation
test load is increased, the degree of the microhardness
anisotropy decreases significantly. This trend is attribu-
table to the activation of multiple slip systems for the
larger indentations corresponding to higher indentation
test loads. When multiple slip systems are activated, the
directional specificity of the domination by the primary
slip system is lost.

In addition to studying the microhardness anisotropy,
the indentation size effect was also examined through
the comparison of dry and lubricated microhardness
measurements. It was observed that lubrication during
testing significantly reduces the presence of the ISE,

indicating that friction between the indenter facets and
the test specimen constitutes a significant portion of the
ISE. This is particularly true at low indentation test
loads where the surface area to volume ratio of the
impression is high. For both the lubricated and unlu-
bricated experiments, the load independent, orientation
independent Knoop microhardness for the basal plane
of hematite, Fe,O5 was determined to be 5.3540.1 GPa.
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