PII:

S0955-2219(98)00083-1

romed ul ulcdat DItdlll. Al TIgHLs 1CsChved
0955-2219/98/$—see front matter

Study of the Mechanical Properties of Ceramic
Materials by the Nanoindentation Technique

J. Woirgard,* C. Tromas, J. C. Girard and V. Audurier
Université de Poiters, Laboratoire de Métallurgie Physique, UMR CNRS 6630, Bd. 3 Téléport 2, B.P. 179,

86960 Futuroscope Cedex, France

(Received 12 November 1997; revised version received 18 February 1998; accepted 25 February 1998)

Abstract

A nanoindentation device has been developed allow-
ing the application of forces ranging between a few
micronewtons and 100 milinewtons with nanoinden-
tation capabilities. The apparatus offers also very
accurate positioning in three directions through the
use of a high resolution tridirectional piezoelectric
actuator. One of the main interests of the device is to
allow fast and precise measurements in normal
laboratory environment, making nanoindentation
testing as simple to use as conventional hardness
ones. After a short presentation of the device and its
working principle and of some of the methods used to
derive the mechanical properties of materials, some
results concerning the nanoscale plasticity in some
ceramic materials are presented. Special features as
unloading pop-out in silicon, associated to a rever-
sible densification process, and pop-in or yield points
during loading, in GaAs and MgO, are pointed out.
© 1998 Elsevier Science Limited. All rights reserved

1 Introduction

The mechanical properties of ceramic and glass
materials have been intensively studied and espe-
cially the hardness, which is one of the few means
by which the low temperature plasticity of brittle
materials can be estimated. Hardness, in conjunc-
tion with elastic modulus and fracture toughness, is
frequently used to estimate the resistance to abra-
sion and erosion.

Various indentation techniques are available for
hardness measurements of bulk materials and
films. In the case of thin films and since the inden-
tation depth must be at least five times smaller than
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the film thickness, depth sensing indentation meth-
ods have been developed, achieving minimum resi-
dual depths as low as a few nanometers.! Such
tests involve very small applied load and require
extremely precise measurements. The shallow resi-
dual plastic impressions involved in these experi-
ments can hardly be evaluated, as in conventional
hardness tests, by direct examination. Further-
more, in the case of ceramic materials, the surface
of the remaining indents after load removal, is
often much smaller than the true contact area
under load, between the tip and the sample, since
this area continuously changes during unloading.

In this paper, after a presentation of the nanoin-
dentation apparatus, and the methods used to derive
the hardness and elastic modulus from experimental
curves, some results concerning the nanoscale plasti-
city of ceramics materials and its special features, will
be presented. Dislocation activity, associated with
the nanoindentation process, will be also studied in
the case of MgO single crystal.

2 Description of the nanoindentation apparatus

Due to large environmental effects, nanoindenta-
tion tests, at a very low scale, are difficult and time
consuming. The principal reason is the necessity to
wait after mounting a specimen, a total thermal
stabilization of the machine and its environment.
Complex loading sequences are then required
attempting to evaluate erratic thermal drifts. As it
will be shown later the machine compliance is also
an obstacle for rapid hardness and elastic modulus
measurements, especially when the mechanical
properties of the material vary with the indentation
penetration.

It is the reason why the apparatus used in this
work, with negligible thermal drifts and com-
pliance, has been developed. Very low thermal drifts
have been achieved by making the measurement



head in a very low thermal expansion material
(fused silica) and applying the force electro-
statically, avoiding any Joule effect. It can be seen
in Fig. 1 that no significant drift is observed during
the time corresponding to most indentations (2 mn).
The fluctuations, clearly visible in Fig. 1, could be
reduced by isolating the apparatus from building
vibrations. A complete description of the appara-
tus has been presented elsewhere.*> The electro-
statique applied force ranges between 10~ N and
0-1N, and the corresponding penetration depths
between 0-3nm, limited by the influence of build-
ing vibrations, and a few micrometers.

With this apparatus nanoindentation tests are
fast and quite as convenient as conventional hard-
ness ones, specimens of any shape being simply
deposited on the upper plate of the apparatus (see
Fig. 2) and pressed with a moderate mass. The first
results are available a few minutes later and com-
plex sequences can be easily programmed. Due to
its thermal stability and reduced sensitivity to
mechanical perturbations, the apparatus can be used
in normal laboratory ambience. The shape of the
diamond tip is calibrated, as usual, by indenting
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Fig. 1. Test of the thermal drift and the mechanical noise.
Elapsed time: 120s.
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Fig. 2. A schematic drawing of the NDI100 apparatus: 1.
measurement head; 2. Piezo actuator (100x100x100 um); 3.
manual Z positioning; 4. frame.

well-polished fuzed silica samples and assuming a
constant elastic modulus.

3 Hardness and elastic modulus determination

The nanoindentation hardness H, is taken as the
mean pressure of the contact and corresponds to
the Meyer’s hardness:

F
H==
A

(1)

F is the applied force and A4 the area of contact.

The contact area between the indenter tip and
the sample can be derived from the penetration
depth /., given that the shape function, 4(h;) has
been previously determined, for example by
indenting a material of known Young’s modulus.®

The penetration depth can be obtained from the
experimental curves assuming that unloading is a
purely elastic process.

In most materials the unloading curve can be
fitted by a power law:

F=a(h—hy)" 2)

with exponent m ranging between 1-2 and 1-7 and
hy being the corrected plastic depth for the best fit.
The true penetration depth, A, is then given by:’

hc = hO + )/(hmax - hO) (3)
with:
_ 1 I(3+5)
4 VAT (3+1)
and:
- 1
T m—1

The fitting function given by eqn (2) is not linearly
dependent of the unknowns and therefore a non
linear least square method, like the Levenberg
Marquadt’s one,? has to be used. However, due to
the particular form of the fitting function, the pro-
blem can be simplified and turned to be linear.
Indeed, from the set of experimental points, it is
possible to compute accurately at every point the
primitive:

1) = JF(h)dh

Linearity is then obtained, with eqn (2), by dividing
I(h) by F:




and subsequently conventional linear least square
methods can be used. The a constant is obtained
from the values of F and / at the beginning of
unloading:

Fmax

(hmax - h0>m

a =

and the stiffness is given by:

S_ dF  mFyax
B dh B (hmax - hO)

avoiding to use a numerical derivation process.

The indentation elastic modulus E; can then be
obtained from the slope of the beginning of the
unloading curve:®

o :B\/Ed_F o :Bﬁ MFmax
o 2\/K dh B 2\/K (hmax - hO)

(4)

B° is a geometrical coefficient equal to 1-034 for a
triangular Berkovich indenter, /. is the total
penetration depth and E; the indentation modulus,
is a balance between the Young’s modulus of the
sample Es and of the diamond indenter, £;:

L) (%)

E; E E;

vs and v; are the respective Poisson’s ratios.

With most apparatuses the experimental inden-
tation curves must be corrected to take into
account the compliance of the machine. With
Doerner and Nix!? it is possible to express the total
compliance, Ci, as:

dh NG
dr " 2EA

Cp, being the frame compliance. A straight line is
obtained when it is plotted versus the inverse
square root of the surface of contact, given that the
elastic modulus is constant. The intercept of this
line with the compliance axes gives the value of the
machine compliance. Common values are corre-
sponding to a few nanometers per mN. When the
value of C,, is determined the load—penetration
curves can be corrected by replacing the measured
penetration & by the quantity: 4 — Cp, F.

The correction is very difficult when the Young’s
modulus is not constant, as for example in thin
films, and it is much better to use an apparatus
with a negligible frame compliance.

To derive, other mechanical properties as, oy
yielding stress, o, ultimate stress (compressive
stress at 30% plastic strain) or hardening ratio,
from indentation curves it is necessary to treat the

Ci (5)

Berkovich indentation as a full 3D problem, as the
finite element calculation by Larsson et al.!! devo-
ted to hard metals and ceramics. Their analysis
supposes that the load versus penetration relation-
ship is parabolic, which is generally not the case, as
seen above, for very low applied loads.

Hardness is related to the yielding stress by the
equation:

H=F/A=aoy (6)

where oy is the compressive yield stress and o a
constant about 3-3 in the absence of strain hard-
ening and 2-08 for linear hardening. Thus the yield
stress can be derived from the measure of the
hardness or the mean contact pressure. More pre-
cisely the hardness for a Berkovich indentation'! is
given by:

E tan 24.7°
H= 0-2450y<1 +@> [1 + 1n<L>]
oy 3oy

and the applied force:

1-19 u
F:oy<1 +G> (tan 24-7°)%x
n Oy

[1 —i—ln(E tan 24-7 ﬂhz
3oy

n is a surface displacement factor obtained from a
quadratic fitting the loading curve:

_24:5C

= H

F = CH n
where H, is the Vickers hardness given by:

0-464 Finax
v = T

where Fp.x 1s the maximum applied load and d the
diagonal length of a Vickers indentation. Thus,
with this analysis, to derive the compressive yield-
ing stress, it is necessary to determine first the
Vickers’ hardness, assumed to be a constant for a
given material. Some values of this compressive
yielding stress have been determined by Zeng et
al.,'? for ceramic materials and are listed below:

Fine-grained Al,O39 6-34 GPa
B,C 12-00 GPa
TiB, 9-84 GPa
W—-6%Co 6-40 GPa
SiC 9.22 GPa
3%-Y-PSZ 5-28 GPa
10%-Y-PSZ 5-09 GPa
Hot-pressed SizNy 7-01 GPa



From the unloading curve it is also possible to
obtain an alternate expression for the Young’s

modulus:
(dF/dh)?

= 0 P )

where f(v) is a weak function of the Poisson’s ratio
equal to 2-196 for a Berkovich indentation and a
Poisson’s ratio of 0-25. The two values for the
Young’s modulus of fuzed silica, obtain from the
above formula and from eqn (4), for the nanoin-
dentation curves shown in Fig. 3, are, respectively,
55 and 72 Gpa. The difference between the result of
eqn (7) and the litterature value (72 Gpa), is prob-
ably due to the fact that the exact shape of the
indenter is not taken into account by (7) and that

the exact value of the Poisson’s ratio of silica is
0-17.

4 Experimental results

Different ceramic materials have been tested.
Fused silica used as a calibration material, silicon,
GaAs and MgO single crystals.

4.1 Fused silica

Figure 3 represents indentation curves obtained in
a opticaly polished fused silica sample. It can be
seen that the deformation is quasi elastic for
applied forces up to 2mN, corresponding to total
penetrations of about 90 nm. For a higher applied
force (7mN) the plastic deformation appears
clearly. The Young’s modulus, assuming a Pois-
son’s ratio of 0-17 and the nanoindentation hard-
ness are plotted versus the penetration depth in
Figs 4 and 5. The Young’s modulus is constant,
which is not surprising since it has been used to
calibrate the shape of the tip, while the hardness is
observed to decrease when the penetration depth
goes to zero.

This can be predicted from Hertz!'? theory of
contact between elastic bodies, which is the case, as
seen above, of fused silica under very low applied
forces.
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Fig. 3. Successive indentation curves in a fuzed silica specimen,
with 80 and 175 penetration depths.
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Fig. 4. Young’s modulus of fuzed silica measured as a func-
tion of the penetration depth.
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Fig. 5. Hardness of fuzed silica measured as a function of the
penetration depth, showing the decrease at low penetration
depths.

For a blunt indenter with a shape function:
z=rcp"
the Hertzian hardness is:

2B, , n T(n/2+1)
7 1 T2+ 1/2)

H = Bl

It appears that the Hertzian hardness is constant,
as a function of the penetration depth, only for
conical or pyramidal indenters, corresponding to
n=1, whereas for non geometrically similar
indenters, n > 1, the hardness vanishes when the
penetration depth /. falls to zero; that is the case of
real indenters which can be approximated by
spheres (n = 2) for very small penetration depths.
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Fig. 6. Low depth indentation in a (100) silicon single crystal,
exhibiting an almost elastic behavior.



4.2 Silicon

Under low applied loads silicon crystals behave
almost elastically as shown in Fig. 6. Plasticity
becomes significant at loads lower than for fused
silica as can be seen comparing Figs 3 and 6. This
is somewhat surprising since the tested (100) wafers
were almost dislocation free and since silicon is
known to be harder than silica. At higher stresses,
as shown in Fig. 7, a sharp kick-back or pop-out
appears in the unloading curves as previously
reported.'?

Because of the very low roughness of the tested
surfaces, lower than 2nm as checked by atomic
force microscopy, and due to the fact that no trace
of dislocation motion have been detected (no slip
lines) around the indents, the plasticity is thought
to arise from a densification process rather than
from dislocation activity.!> Similarly the pop-out
during unloading would be associated to a related
undensification process, during loading the Sil
cubic diamond structure transforms into a 27%
denser Si2 tin-like structure, whereas at the pop-
out that new phase returns to a less dense state
corresponding to the new cubic Si3 phase only 8%
denser that the initial diamond structure. An alter-
native explanation had been proposed for the pop-
out phenomenon: the closure of microcracks
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Fig. 7. Higher depth indentation curve in the silicon single
crystal showing the pop-out in the unloading portion of the
curve.
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Fig. 8. Young’s modulus of the silicon single crystal, plotted
as a function of the penetration depth.

nucleated during loading, but that hypothesis has
certainly to be rejected since no cracks could be
detected around the indents.

The Young’s modulus and the hardness of the
tested (100) wafers are plotted in Figs 8 and 9. The
previously mentioned decrease in hardness at very
low depth, corresponding to a mostly elastic beha-
vior, is observed again. The values of both the elas-
tic modulus (135 Gpa) and the hardness (12-5 Gpa)
are in good agreement with earlier results.!> The last
value is compatible with the hydrostatic pressures
for the two phase transforms, obtained from high
pressure experiments'® ranging between 8 and
12-5 GPa. Thus it seems confirmed that, in the case
of silicon, the critical resolved shear stress for dis-
location nucleation exceeds the hydrostatic pressure
for densification. The reverse transforms associated
to the pop-out during unloading has been found
time dependent as shown in Fig. 10. The fastest test
(curve a), running at a velocity of 1-6nms~! and
corresponding to the highest applied force (24 mN),
shows no clear pop-out, only a slow inflexion in the
unloading part of the curve, whereas the slowest one
(0.6nm s~ 1), corresponding to a lower applied force
(20 mN) exhibits a marked pop-out. That tendency
is systematic and seems to indicate that the trans-
forms are thermally activated.
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Fig. 9. Hardness of the silicon single crystal, plotted as a
function of the penetration depth.
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Fig. 10. Indentation curves, at different velocities, in the sili-
con single crystal. The pop-out tends to disappear when the
velocity is increased.



When performing successive full loading—
unloading sequences (see Figs 11 and 12) the pop-
out is observed to gradually disapear, resulting in
an almost elastic behavior, indicating that the Si2
phase gradually transforms into the less dense Si3
phase. During successive cycles Hainsworth ez al.!?
observed a gradual increase in the maximum pene-
tration depth. In agreement with earlier work,'* we
did not observe that effect which may be due to
uncontrolled thermal drifts. From this observation
one may question the validity of the procedures
proposed to eliminate the influence of thermal
drifts, since they have chance to be unpredicable.
The insensivity of our apparatus to thermal drifts
is illustrated by the fact that, despite the tip is
completly removed from the sample and positioned
at about 200nm from the surface between two
consecutive cycles, successive loading parts of the
curves are perfectly superimposed onto the pre-
ceeding unloading parts.

4.3 GaAs

Higly polished as-received (100) GaAs wafers have
been tested. As seen in Fig. 13, no kick-back or
pop-out was detected in GaAs specimens but, as
previously observed!” a large pop-in was observed
during loading. This pop-in appears highly repro-
ducible in a given specimen. It is remarkable that
the pop-in is much larger (up to 30nm) and

50000
40000 +

30000 -

o0 =0T

20000

ZT

10000 +

0 100 200 300 400 500
h (nm)

Fig. 11. Successive loading—unloading sequences on the silicon
single crystal, showing the progressive disappearance of the

pop-out.
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Fig. 12. Successive loading—unloading sequences on the silicon
single crystal, showing the progressive disappearance of the
pop-out.

appears at much higher stresses than previously
observed.!” This may be due either to the shape of
the extremity of the indenter or to the fact that the
roughness of the wafer was very low and almost
defect free. The yield point probably corresponds
to dislocation nucleation in a free defect volume
beneath the indenter.

The measured Young’s modulus (120 Gpa) is in
a good agreement with tabulated values.!® The
hardness is plotted in Fig. 14 as a function of the
penetration depth, and it can be seen that it reaches
a very high value (12 Gpa) before the yield point
and then drops to a constant much lower value
(8 Gpa). As seen before the decrease for the low
penetration depths is due to the elastic behavior of
the material. If we assume, for low penetration
depths, a spherical indenter, the maximum shear
stress beneath the indenter is 0-47 H, '3 close to the
theoretical strength of the material.

Thus in GaAs no densification process could be
observed despite the high values of the hardness
measured before the yield point.

A ceramic material with a much higher elastic
modulus, MgO, was then examined.

4.4 MgO

Presumably defect free {100} cleaved surfaces of a
MgO single crystal were indented and then
observed by atomic force microscopy to detect the
traces of dislocation activity around the indents.
The tests and the subsequent observations had to
be done immediately after the surfaces were
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Fig. 13. Indentation curve in a (100) GaAs single crystal
showing a large pop-in during loading.
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Fig. 14. Hardness of the GaAs single crystal, showing a sharp
decrease corresponding to the pop-in.



cleaved since the initially clean surfaces were very
fastly contaminated.

The cleaved planes presented a lot of steps,
because of the presence of preexisting dislocations,
limiting flat surfaces suitable for indentation and
subsequent examinations. Indentation arrays
(100x 100 um), limited by large indents (80 mNN)
easily detected with an optical microscope, were
performed with different penetration depths. A
large distance was maintained between consecutive
indents (20 um) to avoid any interaction, as con-
firmed by the presence of large pop-ins (Fig. 15) for
all the tests corresponding to sufficiently high
applied loads. At lower loads (Fig. 16) the defor-
mation is again almost completely elastic. The
Young’s modulus was found equal to 310 Gpa and
very high hardness values were measured before
the yield point (30 Gpa), close to the theoretical
strength, as in GaAs. After the yield point the
hardness falls down to 13Gpa and then remains
sensibly constant. The decrease of the hardness,
due to the elastic behavior, for the lower penetra-
tions is observed again. In MgO the extent of the
pop-in, measured in the force controlled mode
(Fig. 15), is very large, up to 35 nm, corresponding,
for a <100> Burgers vector, to the nucleation of
about 90 dislocation loops, for a lattice parameter
of 0-421 nm.

As seen in Fig. 17, dislocation rosettes with four
arms parallel to <100> directions, like those
observed around Vickers indents!® despite the
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Fig. 15. Indentation curve in a (100) cleaved surface of a MgO
single crystal with a large pop-in during loading.
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Fig. 16. Elastic behavior of MgO for low penetration depth.

three-fold symmetry of the Berkovich indenter, are
formed at the surface. The preceeding image cor-
responds to a penetration depth of 315nm, for a
maximum applied force of 80 mN. The four arms
of the rosette are clearly visible and made of dis-
location steps also parallel to <100> directions.
Three profiles have been measured, by atomic force
microscopy, on one of the arms. It has been shown
that the U-shaped arms, with flat bottom, gently
sloping up to the surface. The fine structure of the
arms corresponds to <100> slip lines mostly
concentrated at the edge of the arms the central
part being completely flat. In Fig. 19, in a smaller
indent, corresponding to an applied force of 8 mN,
it can be seen that the rosette arms extend inside
the indent, showing that two opposite arms
develop simultaneously, since the slip lines propa-
gate from one arm to the opposite one crossing
over the indent.

Other slip lines, in < 100> directions are equally
visible. They have previously been observed by
Armstrong!® around  Vickers indents. As
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Fig. 17. Atomic force microscope image (tapping mode) of a

large indent in the MgO single crystal. The four rosette arms
are clearly visible.

Fig. 18. Another view of the preceeding indent showing the
pilling-up between the rosette arms.



previously mentionned the rosette arms have a flat
bottom exempt of steps and the four bottoms
intersect in a non deformed depressed square at
the centre of the indent. Finally the material is
pilled-up at the four corners limited by the rosette
arms, as seen in Fig. 18, indicating that the matter
around indentations in hard materials is submitted
to both pilling-up between the rosette arms and to
sinking down inside the arms.

A two stages mechanism is proposed to explain
these observations. The first stage is a punching
mechanism: in the volume under the indenter, free
of dislocations, no Frank-Read sources can be
activated. Interstitial loops, with [001] Burgers
vectors, are suddenly created when the stress
approaches the theorical strength and the indenter
penetrates rapidly in the material, which corre-
spond to the pop-in observed in the loading part of
the nanoindentation curves. These loops are pilled-
up beneath the indenter. However [001] Burgers
vectors are not stable in MgO and the loops tend
to adopt a square form to dissociate in two dis-
locations, with <110> Burgers vectors, lying in
{110} planes:

001] =

[o11] +5 [o1]

N —

The new dislocations are then glissile in their {110}
planes, belonging to the primary glide system in
MgO. The dislocations being pinned at the corners
of the square they behave as Frank—Read sources
and propagate in {110} planes making an angle of
45° relative to the surface. When they reach the
surface, the steps observed along <100 > directions

Dhstimce [pm)

[stande ()

Fig. 19. Small indent in the MgO single crystal, showing the
slip lines crossing over the indent.

are formed. An enlarge image of the initial square
loop is thus formed at the surface.

The second step corresponds to the formation of
the rosettes. When the deformation goes on, the
surface about the initial indentation created during
the pop-in is submitted to important shear stresses
that cannot be accomodated by the few interstitial
loops previously created, despite the fact they are
still active Frank—Read sources. Under the shear
stress U-shaped loops are created at the surface,
whose upward arms are screw segments, which
extend in opposite (100) directions, the steps par-
allel to the rosette arms are thus formed. Further
details of the mechanism will be presented else-
where.

5 Conclusion

Nanoindentation testing is a powerful technique
for the study of mechanical properties of small
volumes of materials. For brittle high strength
ones, like ceramics, it is one of the few available
methods to determine quantities as yield stress,
ultimate stress or strain hardening ratio. The next
step, since fiable apparatus are now available, will
certainly be further developments of full 3D ana-
lysis for Berkovich indentations, taking into
account the exact shape of the indenter and the
anisotropy of the materials. One of the main
drawback for very low penetration depths tests is
however, the fact they require very low roughness
and contamination free surfaces. Several mechan-
isms have been proposed to take into account the
special features of the studied materials. For silicon
the plasticity is probably due to a stress induced
densification process whereas, in GaAs and MgO
crystal, it is associated to the abrupt creation of
intersitial dislocation loops, beneath the indenter,
at stresses close to the theoretical strength.
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