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Abstract Metals, oxides and alloys are widely used in transport and industry-
engineering applications, due to their functionality. In this work, the nanome-
chanical properties (namely hardness and elastic modulus) and nanoscale
deformation of metals, oxides and alloys (elastic and plastic deformation at cer-
tain applied loads) are investigated, together with pile-up/sink-in deformation
mechanism analysis, subjected to identical condition parameters, by a combined
Nanoindenter—Scanning Probe Microscope system. The study of discrete events
including the onset of dislocation plasticity is recorded during the nanoinden-
tation test (extraction of high-resolution load—displacement data). A yield-type
pop-in occurs upon low applied load representing the start of phase transforma-
tion, monitored through a gradual slope change in the load—displacement curve.
The ratio of surface hardness to hardness in bulk is investigated, revealing a clear
higher surface hardness than bulk for magnesium alloys, whereas lower surface
hardness than bulk for aluminium alloys; for metals and oxides, the behavior
varied. The deviation from the case of Young’s modulus being equal to reduced
modulus is analyzed, for all three categories of materials, along with pile-up/
sink in deformation mechanism. Evidence of indentation size effect is found and
quantified for all three categories of materials.

1 Introduction

Nanoindentation provides load-depth curves for a monotonically increasing
load, leading to the precise determination of different properties such as yield
strength, hardness, elastic modulus, wear characteristics, etc. The usefulness of
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nanoindentation to obtain the fundamental mechanical properties of materials has
been widely demonstrated previously (e.g.). The nanoindentation test can pro-
vide information about the mechanical behaviour of the material when it is being
deformed at the sub-micron scale. With the development of nanoindenters dis-
placement discontinuities or discrete bursts (pop-in, pop-out and elbow phenom-
ena) have been observed. These are characteristic of energy-absorbing or energy
releasing events, occurring beneath the indenter tip.

The onset of plasticity in crystals is demonstrated by discrete bursts in the load-
displacement curves, which are attributed to the initial nucleation of individual
lattice dislocations (Gerberich et al. 1996). For such small indentations the crys-
tal volume probed is typically so small as to be dislocation free. Thus indentation
size effects at the nanometer scale are associated with the crystal being dislocation
starved and requiring the nucleation of dislocations to initiate plasticity (Nix et al.
2007; Kelchner et al. 1998; Li et al. 2002). However, the pop-in may be associated
with fracture of a surface oxide layer on some materials or may be connected with
phase transformations widely reported in nanoindentation experiments of Si and
ceramics (Schuh 2006; Venkataraman et al. 1992). Nevertheless, pop-in event is not
a prerequisite condition for a permanent plastic deformation, since as reported dur-
ing nanoindentation experiments many load curves show no excursion but did show
plastic deformation. Also, plastic deformation behavior (residual impression 4 nm)
was observed at indentation depth that was below the critical depth conducive to
the pop-in event, which indicates that some dislocations were generated even before
the pop-in event (Navamathavan et al. 2008). The first pop-in separates the region
of fully elastic behavior, at lower loads from the region of elasto-plastic behavior at
higher loads (Rabkin et al. 2010). When the first pop-in occurs, the maximum shear
stress in the specimen is in the range of G/30-G/5 (G-shear modulus), which is very
close to the theoretical strength (Ogata et al. 2004). Pop-in loads vary over a wide
range, and theoretical predictions based on a stress-assisted, thermally-activated,
homogeneous-dislocation-nucleation model agree well with the experimentally
measured statistical values (Chiu and Ngan 2002; Schuh and Lund 2004; Bei et al.
2008; Vliet et al. 2003; Schuh et al. 2005; Mason et al. 2006).

The strength of metals, oxides and alloys is strongly influenced by grain size
(Kumar et al. 2003; Gleiter 2000). Materials in the nanocrystalline regime are char-
acterized by superior yield and fracture strength, improved wear resistance, super-
plasticity observed at relatively low temperatures and high strain rates as compared
with their microcrystalline counterparts (Masumura et al. 1998). According to the
classical Hall-Petch law the yield or flow stress required for continuous plastic
deformation increased with decreasing grain size. This phenomenon which observed
for conventional grain size materials (1-100 pm diameter) is reversed in nanoscale
since the yield stress decreased with decreasing grain size, below a critical grain
size (d ~ 10 nm) for a variety of metals and alloys (Aifantis and Konstantinidis
2009). In fact, microstructures resulting in high long-life fatigue resistance will gen-
erally yield lower thresholds for fatigue crack growth, especially in ultra-fine and
nanocrystalline regimes (Cavaliere 2009). Although mechanical properties of metals
and oxides differ markedly in the bulk, they have an intriguingly similar response
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to nanoindentations. Into nanoindentation regime, oxides, under certain conditions
show a ductile response such as metals (Navarro et al. 2008). The onset of plasticity
of engineering materials has been systematically investigated by means of two com-
plementary techniques: macroscopic tensile or compression tests and depth-sensing
nanoindentation. The scope of this research effort is to gain insight into the defor-
mation mechanisms involved in local plasticity during nanoindentation of metals,
oxides and alloys through mechanism investigation and correlation of ideal elastic
modulus, hardness and Poisson ratio using nanoindentation data.

2 Experimental Details

2.1 Materials

The materials used in this work were selected on the basis of representing each main
category of materials, i.e. metals (namely Cu, Co, Al, Ni, Pb and Si), aluminum
(namely AA2024, AA5083, AA6082 and AA7075) and magnesium (namely AZ31,
ZK10 and ZK30) alloys and oxides (namely Al,O3, TiO3, SiO;, Co304 and NiO).

2.2 Instrumentation: Approach

Nanoindentation testing was performed with Hysitron TriboLab® Nanomechanical
Test Instrument, which allows the application of loads from 1 to 30,000.00 wN and
records the displacement as a function of applied loads with a high load resolution
(1 nN) and a high displacement resolution (0.04 nm). The TriboLab® employed in
this study is equipped with a scanning probe microscope (SPM), in which a sharp
probe tip moves in a raster scan pattern across a sample surface using a three-axis
piezo positioner. In all nanoindentation tests a total of 10 indents are averaged to
determine the mean hardness (H) and elastic modulus (E) values for statistical pur-
poses, with a spacing of 50 pum, in a clean area environment with 45 % humidity and
23 °C ambient temperature. In order to operate under closed loop load or displace-
ment control, feedback control option was used. All nanoindentation measurements
have been performed with the standard three-sided pyramidal Berkovich probe, with
an average radius of curvature of about 100 nm (Charitidis 2010).

Based on the half-space elastic deformation theory, H and E values can be
extracted from the experimental data (load displacement curves) using the Oliver-
Pharr (O&P) method (Cheng et al. 2002), where derived expressions for calcu-
lating the elastic modulus from indentation experiments are based on Sneddon’s
elastic contact theory (Eq. 1) (Sneddon 1948).
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where S is the unloading stiffness [initial slope of the unloading load-displacement
curve at the maximum depth of penetration (or peak load)], A is the projected con-
tact area between the tip and the substrate and f is a constant that depends on the
geometry of the indenter [ = 1.167 for Berkovich tip (Oliver and Pharr 1992)].
Conventional nanoindentation hardness refers to the mean contact pressure; this
hardness, which is the contact hardness H, is actually dependent upon the geom-
etry of the indenter (Eqgs. 2—4).

F
He=7% @)
where,
Alhe) = 24,502 + ath + a1 o2 + ..+ a1 j16h""0 )
and
Py,
hC = h — Eg (4)

where h,, is the total penetration depth of the indenter at peak load, P, is the peak
load at the indenter displacement depth /,,, and ¢ is an indenter geometry constant,
equal to 0.75 for Berkovich indenter. Prior to indentation, the area function of the
indenter tip was calibrated in a fused silica, a standard material for this purpose
(Bei et al. 2005).

Plasticity is quantified based in the relation W (where W, is the
work of total indentation process and W, is the work (’fltlring unloading). It has
recently established an approximately linear correlation ( g =kyy W where
k is a function of @) between Wwtr=Wu and g’ first for a given 1ndenter geom-
etry (i.e. 6=90°) and later for conical indenters of a range of angles 60°<6<80°
(Cheng et al. 2002). From this relationship, the ratio g* can be obtained readily
by integrating the loading—unloading curves to obtain W« The ratio g is of
significant interest in tribology. This ratio multiplied by a geometrlc factor is the

“plasticity index” that describes the deformation properties of a rough surface
in contact with a smooth surface (Williams 1994). When the plasticity index is
much less than unity, the deformation of asperities is likely to be entirely elastic.

3 Results and Discussion

3.1 Input Functions, Load-Displacement Curves

The relation (input function) of displacement change to time for the materi-
als examined in this work is plotted in Fig. 1 (schematic trapezoidal load-time
P = P(¢) input function). The loading—unloading curves of the probed materials
(representative) are presented in Fig. 2 (comparison of probed materials is pre-
sented, for applied load of 5,000 .N); pure Ni exhibits higher resistance to applied
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load (higher applied load values were needed for Ni to reach the same displace-
ment of the rest of the materials). In the case of AA6082-T6, greater plasticity is
revealed, i.e. energy stored at the material after the indentation is over (total inte-
gration of curve area), with AA2024 exhibiting higher elastic recovery (Fig. 3), in
case of 5,000 wN of applied load.

In Fig. 3, the comparison of plastic deformation of metals reveals a low plastic-
ity at low loads for the metalloid Si, implying enhancement of elasticity for weaker
loads, while Cu, Al and Pb being the most plastic. This phenomenon at low loads
may be attributed to the real physical effect of superelastic behavior of materi-
als under microNewton scale forces, due to the inactivation of dislocations. It may
also be an artifact due to the piling-up of the surface during indentation. Pile-up is
the tendency of softer materials to overflow plastically out of the indented region
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Fig. 3 Plasticity of (a)
metals, (b) oxides and (c)
alloys
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(further analysis below); this phenomenon is connected to the material, which is
really soft, and also to the geometry of the tip (decreasing the corner angle of the tip
increases the plastic deformation of the material and thus its pile-up) and it leads to
an overestimation of H and E (underestimation of the contact area). In oxides, Co3Og4
exhibits a more stable plastic deformation across various displacements (~50 %),
while Al,O3 ends up (at greater displacements) with the highest plastic deformation.
Brass, aluminum and magnesium alloys exhibit an almost similar behaviour in plas-
tic deformation, with AA2024 being more elastic at greater displacements.

3.2 SPM Imaging, Nanomechanical Properties

In Fig. 4, SPM imaging (10 x 10 pwm) of all samples is presented.

At each imposed depth E and H can be deduced from the curves. The graphs
in Figs. 5, 6, 7 show the mean value of the H measurements as a function of the
imposed displacement. As the indentation depth decreases below 100 nm, a rapid
increase of the H value is observed. This rapid increase is probably a combination
of either the real effect of a native oxide at the surface or an effect of the polish-
ing procedure, or an artefact of the shape of the indenter tip for shallow displace-
ments (Bei et al. 2005; Charitidis et al. 2012; Sangwal 2000). The high hydrostatic
pressure exerted by the surrounding material allows plastic deformation at room
temperature when conventional mechanical testing only leads to fracture. At low
loads one phenomenon is very much prominent which is called Indentation Size
Effect (ISE) due to imperfection in tip geometry. In several studies of materials
ISE is revealed, which shows an increase in hardness with decreasing applied
load. In a few cases, the hardness has been observed to decrease with decreasing
indentation depth—the reverse ISE (Sangwal 2000). Apparently, the existence of
ISE may hamper the accurate measurement of hardness value, and is attributed
to experimental artifact, a consequence of inadequate measurement capability or
presence of oxides on the surface. Other explanations include indenter-specimen

Fig. 4 Pile-up of final imprints through SPM imaging
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friction, and changing dislocation density for shallow indents due to the pres-
ence, for instance, of geometrically necessary dislocations. Most of the disloca-
tions stay generally confined around the residual imprint in a dense structure with
many dislocation interactions (Charitidis et al. 2012). The reverse ISE phenom-
enon essentially takes place in crystals which readily undergo plastic deformation.
The reverse ISE can be caused by: (1) the relative predominance of nucleation and
multiplication of dislocations and (2) the relative predominance of the activity of
either two sets of slip planes of a particular slip system or two slip systems below
and above a particular load (Sangwal 2000).

Goken et al. proposed a method correcting pile-up effects and possible surface
roughness (Goken et al. 2001). This method allows determining a correction factor
for H based on the relation between the indentation modulus and Young’s modu-
lus, where Vlassak and Nix reported that E is highly dependent on the crystallo-
graphic orientation but that H is not (Vlassak and Nix 1994).
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Kese and Li proposed a method for accounting for the pile-up by consider-
ing the added pile-up contact area as semi-ellipses around Berkovich triangu-
lar impression (Kese and Li 2006), performed with post AFM scanning of the
indented surface and measurement of the pile-up contact width for each of the
three possible pile-up lobes. Lee et al. proposed a different approach by measuring
the modulus of the material from early Hertzian loading analysis and using it to
predict the pile-up (Lee et al. 2007). Some recent works in this field have reported
study of pile-up around spherical indenters spherical-conical indenters, (Taljat and
Pharr 2000; Maneiro and Rodriguez 2005) and also the effect of pile-up on thin
film system measurements (Zhou et al. 2003).

In Figs. 8, 9, 10, the mean value of the elastic modulus is plotted versus the
depth of the indentation. For aluminum alloys, an almost constant value for E
(Ep for constant values over displacement) is obtained over the different applied
test conditions, which seems reasonable. A range of values of ~50-100 GPa is
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obtained which is in fairly good agreement with the reported Young’s modulus
in literature (Calister 1990). The same is true for brass that leads to a value of
~100 GPa, relatively close to the 110 GPa reported (Sevillano et al. 2000). The
deviation from these standard values is attributed to the elastic modulus values
which are calculated by using the contact area from the indentation displacement
considered since the first contact point with the initial flat surface, as described
by the Oliver and Pharr method (1992). However, the plastically deformed zone
around the indented area can pile-up against the indenter or sink-in, depending on
the material’s work hardening. The consequence of this behaviour is a slight devi-
ation from the standard values of the elastic modulus (Rodriguez and Gutierrez
2003). For brass, Vlassak and Nix determine 25 % of scatter between indentation
modulus determined for different crystallographic orientations, but even higher
discrepancies can be found, depending on the material (Vlassak and Nix 1994).
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In Figs. 11, 12, 13a, the square of the nanohardness value obtained in the
indentation tests is plotted as a function of the reciprocal of the indentation
depth. It can be seen that a linear relation is closely followed for the most of the
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materials, in agreement with literature (Schwaiger et al. 2003). The value of the
hardness at infinite depth, Hp, can be estimated by extrapolating the mentioned
linear relations to % = 0. In the literature, however, it is reported that nanoinden-
tation hardness data do not follow this linear trend over the whole measurement
range (Lim and Chaudhri 1999; Swadener et al. 2002), an evident phenomenon
observed also in this work. Instead, at small indentation depths they start to devi-
ate from the predicted linear curve. The obtained values for hardness at infinite
depth are shown in the table embedded in Fig. 13a. The comparison of H, and
mean f at surface region (0-400 nm) (H;) is presented in Figs. 11, 12, 13b—c,
where hardness at infinite displacement clearly matches with Hy for AA6082-T6,
brass and AA5083-H111. However, comparison of both hardness values of e.g.
pure Ni and AA2024 exhibit great deviation (reduced plastic deformation in higher
applied loads, dominated by sink-in), revealing that in order to reach constant
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nanomechanical properties (of bulk material), indenting in greater displacement is

needed.
Although mechanical properties of metals, alloys and oxides differ markedly

in the bulk, they have an intriguingly similar response to nanoindentations. When
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scaling down into the nanoindentation regime, e.g. oxides, which in the bulk are
known to be brittle, under certain conditions show a ductile response in which the
nucleation of cracks is averted (Rhee et al. 2001). Some of these surfaces can even
transit between as the external load increases, so does the average pressure. Once
the resolved shear stress attains a certain threshold value the crystal yields and dis-
location loops are generated. Then, the pressure is partially released and a low-
energy-barrier dislocation loop source begins to operate. Comparing metals and
oxides, we remark that in the nanoindentation region, the ratio between the respec-
tive hardnesses Hoside varies (Navarro et al. 2008) (Fig. 14).

We turn now o the different behaviours of the three categories of materials using
the ratio g between their hardness’s in the surface region and in the bulk (i.e. extrap-
olated hardness at infinite displacement), i.e. g = % During the nanoindentation
process of metals, alloys and oxides surface the effective volume that is probed is
small enough to avoid encompassing any pre-existing dislocations. Under these con-
ditions, following the nucleation of the first yield point, the hardness in the region
of constant low hardness corresponds to the operation of a low-barrier dislocation
source. In the case of g > 1, as the tip excursion progresses into the bulk, pre-exist-
ing dislocations able to glide start being activated. The hardness is now controlled,
Taylor-type, by the work hardening related to the dislocation density. As is well
known, this results in a rather low value of Hy, smaller than the one correspond-
ing to the operation of the loop source, and one ends up with a value of g > 1. On
the other hand, the case of ¢ < 1 is probably attributed to the fact that in the bulk,
pre-existing dislocations are pinned and stresses cannot make them glide. The reason
why low-barrier dislocation sources, similar to the ones proposed to control hardness
in the low effective volume limit, do not seem to operate in the bulk is not yet clear.
The following explanation may exist; dislocations introduced by the source can
interact with pre-existing pinned dislocations -or even among themselves-resulting
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in very immobile locks, which further impede the motion of subsequently nucleated
dislocations. If the effective volume is small, no pre-existing dislocations exist in it
and the locking does not take place (Navarro et al. 2008).

3.3 Pop ins-Power Law

Figure 15 shows that the loading—unloading curves for all samples, exhibit inter-
esting local discontinuities measured in the load-controlled test of this work;
these are characteristic of energy-absorbing or energy-releasing events occur-
ring beneath the indenter tip. Three different physical phenomena usually occur
in nanoindentation testing of metals of various states of bonding and structural
order; dislocation activity during a shallow indentation, shear localization into
‘shear bands’, and phase transformation with a significant volume increase during
unloading of indentation (Schuh 2006).

Many materials undergo phase transformations when subjected to large hydro-
static stresses, and the pressure beneath a nanoindenter is generally quite high (on
the order of several GPas) (Schuh 2006). Association of pop-in events with the
beginning of material phase transformation is simple a revelation of sudden extru-
sion of highly plastic transformed material from underneath the indenter. The sud-
den displacement discontinuities, i.e. the pop-ins, were observed in the loading
part. The first pop-in (referred as yield type pop-in in literature) implies that strain
is accommodated by an abrupt existence of atomic activity beneath the indenter,
that could be attributed to activation of a dislocation source (Schuh 2006).

Small displacements are equivalent to a linear-elastic response; the curvature of
the free energy diagram at an equilibrium position gives rise to a particular elas-
tic constant, represented by the initial slope in a force distance diagram. Larger
displacements elicit a non-linear response. However, one property of particular
interest is the theoretical shear strength of the material: the limit where a further
increase in displacements elicits no further increase in the restoring force. The
general relationship between the applied load (P) and the penetration depth (%) of
an indenter may be described by power law as P = ah® where the constants a and
b are geometric and material parameters, respectively (Charitidis 2010).

Load-unload curves often reveal discontinuities or pop-ins in the loading part.
Various examples are reported in the literature for metals, although a complete
explanation of this behaviour has been under investigation (Schuh et al. 2005).
While yield points reported for Si and some other ceramics may be connected
to phase transformations [when the mean contact pressure of hardness indenta-
tions closely matches the critical pressure a possible structural transformation is
triggered (Schuh 2006; Johnson 1970)], the exhibited yield points in most of the
known metals clearly reveal the beginning of dislocation plasticity (the plastic
deformation of metals occurs by the motion of dislocations). Evaluations of the
maximum stress under the tip reveal that stress values (almost equal to theoreti-
cal shear stress) occur in the surface of the metal (dislocation activity starts first at
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the yield type pop-in load), as generation of dislocations in the nano-scale stressed
volume from the perfect crystal environment (Wo and Ngan 2005).

As shown in Fig. 15, the transition from purely elastic to elastic/plastic defor-
mation i.e. gradual slope change (yield-type ‘pop-in’) of all materials occurs in the
load—displacement curves, at approximately 10-30 nm. The onset-stress for plastic
deformation of fcc single crystals of pure metals is very low and their flow stress
exhibits an extraordinary high hardening capacity. The dislocation structure devel-
oped in a single crystal depends significantly on the applied strain and the path the
straining is accomplished. It usually starts by the formation of micro and macro
slip bands and proceeds by the generation of cells and cell block structures. Further
deforming, keeps the process of fragmentation on. Finally, at very large strains a satu-
ration structure with a minimum crystallite size is reached. For copper single crystals
deformed at room temperature, this crystallite size is in the order of a few 100 nm.

The indenter displacement in most of the cases is accommodated plastically, and
only a small portion is elastically recovered on unloading. Discontinuity in load
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displacement, which is commonly referred as ‘pop-in’ effect (Fig. 16), was observed
frequently in aluminum, indicating a process of producing mobile dislocations. The
initial pop-in is usually associated with homogeneous dislocation nucleation, while
subsequent similar events often involve avalanches of dislocation activity (Wo and
Ngan 2005). In addition to defects, there may be residual stresses in the surface
which influence the occurrence of the initial discontinuities in the load—displacement
curve (Charitidis et al. 2012). Additionally, roughness such as surface steps could
act as stress concentrators or alternatively exhibit a long-range effect of the order of
several contact radius (Zimmerman et al. 2001). Gogotsi et al. (2000), Domnich and
Gogotsi (2002) and Juliano et al. (2003) proposed that the “pop-out” behavior cor-
responds to the formation of metastable Si-XII/Si-III crystalline phases, in case of
silicon nanoindentation. High stresses can cause plastic deformation not only by dis-
location activity, but also by pressure-induced phase transformations to denser crys-
talline and amorphous forms (Ge et al. 2004). The transformation mechanisms are
dependent on the indentation testing conditions e.g. peak load and loading/unloading
rate or indenter angle (Jang et al. 2005). This results in a change in the unloading
curve either as a “pop-out” or elbow phenomenon (Fig. 16), which indicates a lower
contact depth, A, and therefore may influence the calculation of hardness. Thus, the
experimental measurement of the hardness of indented materials is slightly higher
than that of the ideal value.

3.4 Pile-up/Sink-in Deformation

The contact area is influenced by the formation of pile-ups and sink-ins during the
indentation process. To accurately measure the indentation contact area, pile-ups/
sinks-ins should be appropriately accounted for. The presence of creep (time/rate
dependent property of materials) during nanoindentation has an effect on pile-up,
which results in incorrect measurement of the material properties. Fischer-Cripps
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observed this behaviour in aluminum where the measured elastic modulus was
much less than expected (Fischer-Cripps 2004). Rar et al. observed that the same
material when allowed to creep for a long duration produced a higher value of
pile-up/sink-in indicating a switch from an initial elastic sink-into a plastic pile-up
(Rar et al. 2005). Significant pile-up forms for materials start from an lil_c value of
0.7-0.88 (Khan et al. 2010). "

In Fig. 17a—c, the normalized pile-up/sink-in height Z’—C is plotted versus the
normalized hardness E for all samples. It is reported that materials with high Z,
i.e. hard materials, undergo sink-in whereas materials pile-up for low %, i.e. soft
materials. In general it is also observed that in the case when Z is high (hard
materials), materials undergo sink-ins regardless of work hardening and strain
rate sensitivity and all materials collapse to a single curve. In addition, for mate-
rials with low £, soft materials, pile-up depends on the degree of work harden-
ing (Charitidis et al. 2012). Softer materials, i.e., low %, possess a plastic zone,
which is hemispherical in shape and meet the surface well outside the radius of
the circle of contact and pile-up is expected. On the other hand, for materials
with high values of Z, i.e. harder materials, the plastic zone is contained within
the boundary of the circle of contact and the elastic deformations that accommo-
date the volume of indentation are spread at a greater distance from the indenter.
Higher stresses are expected in high %’ hard materials, and high stress concentra-
tions develop towards the indenter tip, whereas in case of low %, soft materials,
the stresses are lower and are distributed more evenly across the cross-section of
the material (Charitidis et al. 2012). Rate sensitive materials experience less pile-
up compared to rate insensitive materials due strain hardening. Cheng and Cheng
reported a 22 % pile-up for a work hardening exponent (Cheng and Cheng 1998).
This is consistent with the fact that when Zl approaches 1 for small £, deforma-
tion is intimately dominated by pile-up (Hill et al. 1989). On the other hand
when % approaches 0 for large g it corresponds to purely elastic deformation
and is apparently dominated by sink-in in a manner prescribed by Hertzian con-
tact mechanics (Hertz 1986). The dependence on the elastic—plastic behaviour of
the material is related to the response of the material being indented (Hertz 1986).
The degree of sink-in or pile-up of the materials is reported to be expressed as a
function of the work hardening exponent (Norbury and Samuel 1928). During
nanoindentation, materials with a low work hardening exponent accommodate
the volume of material ejecting it to the sides of the tip (pile-up). In the same
way, in materials with a high value of n (n > 0.3) the sink-in effect is revealed.
In both cases, the contact area is different from the cross-sectional area esti-
mated by the method described by Oliver and Pharr (1992). Consequently, there
is a deviation between the real and the computed area that is controlled by the
elastic—plastic behavior.
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Fig. 17 Normalised pile-up/
sink-in height he/hy, of
metals, oxides and alloys
versus H/E ratio
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3.5 Poisson Ratio and Modulus Correlation

Elastic properties of materials are usually characterized by Young’s modulus, shear
modulus, bulk modulus and Poisson’s ratio. For isotropic materials only two of these
elastic constants are independent and other constants are calculated by using the
relations given by the theory of elasticity. The best choice for these two independent
moduli is considered as the shear modulus (G) and the bulk modulus (B) (Ledbetter
1977). The shear modulus relates to strain response of a body to shear or torsional
stress. It involves change of shape without change of volume. On the other hand,
the B describes the strain response of a body to hydrostatic stress involving change
in volume without change of shape. However, the best-known elastic constant is E,
which is most commonly used in engineering design (Phani and Sanyal 2008).
Materials with different Poisson’s ratios behave very differently mechanically.
Properties range from ‘rubbery’ to ‘dilatational’, between which are ‘stiff” materials
like metals and minerals, ‘compliant’ materials like polymers and ‘spongy’ materi-
als like foams. The physical significance of v is revealed by various interrelations
between theoretical elastic properties (90). At different temperatures and pressures,
crystalline materials can undergo phase transitions and, attracting considerable
debate, so too can glasses and liquids Bridgman 1949; Greaves et al. 2008; Poole
1997. For ceramics, glasses and semiconductors (Zhang et al. 1985; Perottoni and
Jornada 2002), (E; ~ % and v — }1. Likewise, metals are stiff (Cottrell 1990; Kelly et
al. 1967), % ranging from 1.7 to 5.6 and v from 0.25 to 0.42 (Kelly et al. 1967). In
sharp contrast, polymers are compliant and yet they share similar values (Lakes and
Wineman 2006; Lu et al. 1997): that is, % ~ $ and v ~ 0.33, the difference relating
to the magnitude of the elastic module, decades smaller than for inorganic materials.
Poisson’s ratio can be followed through abrupt changes in mechanical properties. For
example, when metals melt, v increases from ~0.3 to 0.5 (Santamaria et al. 2009;
Jensen et al. 2010). During the collapse of microporous crystals, v rises from direc-
tionally auxetic values to isotropic values of 0.2 typical of many glasses (Valle et al.
2008; Grima et al. 2000). With densification Poisson’s ratio for glasses continues
to rise, for silica increasing from 0.19 to 0.33 (Zha et al. 1994). Poisson’s ratio is
intimately connected with the way structural elements are packed. For gold or plat-
inum-based bulk metallic glasses, for example, which represent some of the dens-
est metals because of the variety of atom sizes, v — % Crystalline metals are less
densely packed, typified by hard metals like steel for which v &~ % By contrast, the
density of covalent solids is less and so is Poisson’s ratio (Greaves et al. 2011).
Through contact analysis, Eq. 5 is derived:

l_l—viz_}_l—v? 5)
E* Ej E, (

where E” is the reduced modulus, E; is the Young’s modulus of the indenter, v; is
the Poisson ratio of the indenter, E; is the Young’s modulus of the sample and v, is
the Poisson ratio of the sample.
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Analytically, when the so-called reduced modulus is equal to Young’s modu-
lus (E* = E;), (Fig. 18) is assumed, then using Eqs. 5 and 6 are derived (for
E; = 1140 GPa and v; = 0.07 of diamond indenter): (Fig. 19)

2
Vs

E;, =
_Viz

E; = 1175.761?

(6)

Figure 20 shows the variation of bulk moduli of three categories of samples
with Young’s moduli. Bulk modulus values (Bpapno in Table 1) were estimated from
nanoindentation Young’s moduli values using Eq. (7) (Barrett et al. 1973):

E = 3*Bmmo(l -

2v) (7

where E is Young’s modulus, B4y, is bulk modulus, and v is Poisson’s ratio.
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Table 1 Mechanical properties and Poisson ratio of studied materials
Eb Hs G (GPa) Eb/ G Hs/Eb Ho q (Hs/ Ho) \ Bnano

(GPa) (GPa) (GPa) (GPa)

Metals Cu 65 2.5 44.7 1.45414 0.03846 2.4 1.04167 0.36 232
Co 46.5 45 75 0.62 0.09677 1.2 3.75 0.31 122

Al 23.06 1 26 0.88692 0.04337 0.6 1.66667 0.33 67

Ni 125 45 76 1.64474 0.036 22 2.04545 0.31 328

Pb 16.07 0.2 13.1 1.22672 0.01245 0.2 1 0.44 133

Si 5.125 0.8 50.9 0.10069 0.1561 1.1 0.72727 025 10

Alloys a-Brass 90 3.5 40 225 0.03889 6.6  0.5303 0.34 281
ZK30 50 1.5 17 294118 0.03 3.6 041667 0.28 113

ZK10 30 1.4 17 1.76471 0.04667 3.3 0.42424 0.28 68

AZ31 20 1.5 17 1.17647 0.075 1.4 1.07143 0.28 45

AA2024 40 3 27 1.48148 0.075 11.2 0.26786 0.33 117

AA5083 75 2.5 28 2.67857 0.03333 5 0.5 0.33 220

AA6082 100 2 27 3.7037  0.02 46 043478 035 333

AA7075 85 3 27 3.14815 0.03529 2.38 1.2605 0.33 250

Metal ALOs 8937 52 18 4.965 0.05819 6.5 0.8 0.22 159
oxides TiO; 38.87 5.2 90 0.43189 0.13378 6.8  0.76471 0.28 88
SiOs 69.41 9 31 2.23903 0.12966 10 0.9 0.17 105

Coz04 1983 5 83.71 0.23689 0.25214 3.1 1.6129 031 52

NiO 98.46 7 - - 0.07109 3.1 225806 0.21 169

Ductility and brittleness relate to the extreme response of materials strained out-
side their elastic limits, so any relationship with y would seem at first non-intuitive.
However, Poisson’s ratio measures the resistance of a material to volume change
(B—Bulk modulus) balanced against the resistance to shape change (G—shear
modulus). Occurring within the elastic regime, any links with properties beyond the
yield point must necessarily involve the time-dependent processes of densification
and/or flow, already discussed for glasses above. Just as viscoelastic behaviour is
expressed in terms of time-dependent bulk and shear modulus, with Poisson’s ratio
v(#) gradually changing between elastic values, we might expect the starting value
of v to provide a metric for anticipating mechanical changes, not just in glasses but
also in crystalline materials, resulting in ductility (starting from a high y) or embrit-
tlement (starting from a low v). At either extreme the microstructure will play a
part, whether through cracks, dislocations, shear bands, impurities, inclusions or
other means (Xi et al. 2005). Although there is no simple link between interatomic
potentials and mechanical toughness in polycrystalline materials, Poisson’s ratio vy
has proved valuable for many years as a criterion for the brittle-ductile transition
exhibited by metals (Cottrell 1990; Jiang et al. 2010). The old proposal that grains in
polycrystalline materials might be cemented together by a thin layer of amorphous
material “analogous to the condition of a greatly under cooled liquid” has often been
challenged (Rosenhain et al. 1913). However, recent atomistic simulations of crys-
talline grains and grain boundaries seem to confirm the dynamic consequences of
this idea in many details (Zhang et al. 2009). The strengths of pure metals at low
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temperatures are known to be mainly governed by the strengths of grain bounda-
ries (Cottrell 1990). These usually exceed the crystalline cleavage strength, which
is governed by the dynamics of dislocations generated at the crack tip (Kelly et al.
1967). This would suggest that soft metals like gold, silver or copper might be duc-
tile because they originate from melts that are fragile.

Conversely, hard metals such as tungsten, iridium or chromium might be brittle
because, as melts, they are stronger. If this were the case then there would be con-
sequences for the density fluctuations frozen into the grain boundaries, which will
be weaker for soft metals than for brittle metals. By the same token, grain bounda-
ries would be more ergodic in soft compared with brittle metals.

3.6 Indentation Size Effect and Onset of Plasticity

Due to the very low contact area between the indenter and the sample, very high
stresses can be developed. The high hydrostatic pressure exerted by the surround-
ing material allows plastic deformation at room temperature when conventional
mechanical testing only leads to fracture. It is revealed that some materials exhibit
ISE, which shows an increase in hardness with decreasing applied load (Samuels
1989). Apparently, the existence of ISE may hamper the accurate measurement of
hardness value, and is attributed to experimental artifact, a consequence of inade-
quate measurement capability or presence of oxides on the surface (Li et al. 1993).
Other explanations include indenter-specimen friction (Li et al. 1993), and chang-
ing dislocation density for shallow indents due to the presence, for instance, of
geometrically necessary dislocations (Gaillard et al. 2006).

The Berkovich indenter generates dislocations organized in a quite complex
way during a nanoindentation test, even for very low deformations (Leipner et al.
2001), making difficult the formulation for the stress field generated, even during
an elastic deformation, as well as its modelling. Most of the dislocations stay gen-
erally confined around the residual imprint in a dense structure with many disloca-
tion interactions (Tromas and Gaillard 2004).

Firstly, we used the empirical equation for describing the ISE in the Meyer’s law
(Kolemen 2006; Sahin et al. 2007), which uses a correlation technique between the
applied indentation test load and the resultant indentation size using a simple power
law, P,,qc = Chi, where C and n are constants derived directly from curve fitting of
the experimental data. In particular, the constant C is a measure of materials resist-
ant to plastic deformation and the exponent n, sometimes referred to as the Meyer
index, is usually considered as a measure of ISE. Compared to the definition of the
apparent hardness, no ISE would be observed for n = 2 (Peng et al. 2004).

The nanoindentation data for the material examined in the present study was plot-
ted in Fig. 21. The data showed power law relationship, implying that the traditional
Meyer’s law was suitable for describing the nanoindentation data. The calculated
n values pointed out higher apparent nanohardness values at lower loads, in other
words, the presence of an ISE. In the bulk, hardness in the plastic stage, measured
by micro indentations involving large effective volumes, is commonly interpreted in
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Fig. 21 Nanoindentation
applied load plotted contact
depth for (a) metals, (b)
oxides and (c) alloys
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terms of a Nix and Gao mechanism (Nix and Gao 1998). This mechanism, based
on the pioneering ideas of Taylor (Cottrell 1953), explains the value of hardness in
terms of the work hardening of the material due to a mixture of pre-existing and
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geometrically necessary dislocations (GNDs). Often, this leads to the so-called
indentation size effect, by which hardness increases at low penetration depths.
Evidence of this ISE has been found both in oxides and metals (Peng et al. 2004).
In the case of metals, even probing deep in the bulk (no ISE), the values of H are
larger than the macroscopic yield strength of bulk as hardness in the plastic region
is controlled by work hardening. In the case of oxides, values of yield strength of
bulk are not easily found as many micro indentation studies do not intend to resolve
either the elastic region or the yield point, and directly probe the plastic region.
Nevertheless, some of the existing values show that H values are on the order of
yield strength of bulk.

4 Concluding Remarks

Although Hertzian elastic contact theory is commonly used for the evaluation of
initial load—displacement curves, it may not be an adequate model for all materi-
als. Pure Ni exhibits higher resistance to applied load (higher applied load values
were needed for Ni to reach the same displacement of the rest of the materials).
All examined materials, exhibited interesting local discontinuities measured in
the load-controlled test, which are characteristic of energy-absorbing or energy-
releasing events occurring beneath the indenter tip. In the load—displacement
curves, brass exhibited earlier transition from purely elastic to elastic/plastic
deformation i.e. gradual slope change (yield-type ‘pop-in’), followed by pure Ni
(AZ31 and aluminum alloys exhibited late transition). Aluminum alloys (AA5083
and AA6082) exhibited significant elbow effect in unloading part. Hardness at
~400 nm displacement and extrapolated hardness show almost same behaviour
for examined metals and alloys (in agreement with similar studies in literature).
Comparison of both hardness values of pure Ni and AA2024 exhibit great devia-
tion (reduced plastic deformation in higher applied loads, dominated by sink-
in), revealing that in order to reach constant nano mechanical properties (of bulk
material), indenting in greater displacement is needed. Additionally it has to be
considered, that in case the imprint size is significantly larger than the dimension
of the deformation-controlling microstructure, the hardness should be independent
of the imprint size. The ratio of surface hardness to hardness in bulk was investi-
gated, revealing a clear higher surface hardness than bulk for magnesium alloys,
whereas lower surface hardness than bulk for aluminum alloys; for metals and
oxides, the behaviour varied. Furthermore, the deviation from the case of Young’s
modulus being equal to reduced modulus was also studied, for all three catego-
ries of materials, along with pile-up/sink in deformation mechanism. Evidence of
Indentation Size Effect (ISE) has been found both in oxides and metals. In the
case of metals, even probing deep in the bulk (no ISE), the values of H are larger
than the macroscopic yield strength of bulk as hardness in the plastic region is
controlled by work hardening. In the case of oxides, values of yield strength
of bulk are not easily found as many microindentation studies do not intend to
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resolve either the elastic region or the yield point, and directly probe the plastic
region.
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