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Instrumented indentation (referred to as nanoindentation at low loads and low depths) has

now become established for the single point characterization of hardness and elastic

modulus of both bulk and coated materials. This makes it a good technique for measuring

mechanical properties of homogeneous materials. However, many composite materials

are composed of material phases that cannot be examined in bulk form ex situ (e.g.,

carbides in a ferrous matrix, calcium silicate hydrates in cements, etc.). The requirement

for in situ analysis and characterization of chemically complex phases obviates

conventional mechanical testing of large specimens representative of these material

components. This paper will focus on new developments in the way that nanoindentation

can be used as a two-dimensional mapping tool for examining the properties of

constituent phases independently of each other. This approach relies on large arrays of

nanoindentations (known as grid indentation) and statistical analysis of the resulting data.

I. INTRODUCTION

The nanoindentation method for assessing mechanical

properties at low loads and shallow depths is well estab-

lished for the characterization of thin films as well as bulk

materials. The depth-sensing indentation method produces

a load-displacement curve from which quantitative prop-

erty values (commonly hardness and elastic modulus) can

be calculated using a variety of approaches.1–3 Although

nanoindentation has proved to be a powerful technique for

measuring the properties of homogeneous, monolithic ma-

terial systems, little work has been done in optimizing the

method for use on heterogeneous (composite) materials, of

which most solids are made up.

It has already been shown that nanoindentation can be

a valid tool for measuring the mechanical properties of

small grains (grain size < 10 mm) within a composite

matrix,4 but such measurements have significant disad-

vantages, namely:

(i) A compromise always has to be made between

having sufficient indentation depth to overcome surface

roughness (most microstructures are polished in some

way), but shallow enough depth to measure grain-only

properties.

(ii) Most microstructures are mechanically polished,

a process that can significantly work-harden the material

in the near-surface region (particularly in metals) mean-

ing that near-surface indentations may overestimate the

actual hardness of a particular feature.

(iii) Many metallic microstructures are etched with

acids to better observe their features under the optical

microscope. Such etching can cause significant surface

roughness as well as chemical modification of the near-

surface region.

(iv) When indenting single grains, the indentations

must be large enough to be visible by microscopy, other-

wise the location cannot be verified.

(v) Individual phases are not always visible by

microscopy, or no suitable etchant is available.

(vi) Indentation of a single grain may not give the

properties of the grain only: the surrounding matrix may

be softer than the grain, meaning that there may always

remain an elastic component from the underlying sub-

strate, even if the indentation depth is orders of magni-

tude less than the grain size.

(vii) When indenting single grains, it is impossible to

know the depth of the grain below the surface, so even a

relatively shallow indent may be sensing the substrate

properties.

In addition to the aforementioned disadvantages of

indenting single grains, the location of the indenter onto

the grain may require significant time and the results

obtained may have a large standard deviation owing to
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some of the factors already mentioned. This makes dis-

crete nanoindentation a rather cumbersome tool for mea-

suring the properties of single grains. Some classes of

materials, particularly geomaterials (concretes, shales),

cannot be easily polished owing to the significant mis-

match in properties between their constituent phases.

The resultant high surface roughness variations cause

large statistical deviations in indentation results and

therefore large numbers of indentations are required to

obtain a reproducible value of hardness or elastic modu-

lus. The recent study of such cementitious materials5–7

resulted in the development of a novel grid indentation

technique7–12 which not only can be used to obtain key

mechanical properties of heterogeneous materials at a

particular length scale, but also can provide access to

the volume fractions of independent phases. The objec-

tive of this paper is to use the grid indentation technique

and apply it to a range of different multiphase materials

and investigate whether the technique could become an

accurate method of obtaining both quantitative and qual-

itative information about the morphology and mechani-

cal properties of individual phases comprising the

material.

II. THEORETICAL CONSIDERATIONS

A. Specifics of the grid indentation technique

Consider a material to be composed of two phases of

different mechanical properties and characterized by a

length scale D, as described in Fig. 1. If the indentation

depth is much smaller than the characteristic size of the

phases, h « D, then a single indentation test gives access

to the material properties of either phase 1 or phase 2. If,

in addition, a large number of tests is carried out on a

grid (or matrix) defined by a grid spacing L that is larger

than the characteristic size of the indentation impression,

so as to avoid interference in between individual inden-

tation tests, and much larger than the characteristic size

of the two phases, then the probability of encountering

one or the other phase is equal to the surface fraction

occupied by the two phases on the indentation surface.

On the other hand, an indentation test performed to a

maximum indentation depth that is much larger than the

characteristic size of the individual phases, h » D, senses
the average response of the composite material, and the

properties extracted from such an indentation experi-

ment are representative in a statistical sense of the aver-

age properties of the composite material.

If the characteristic size of the heterogeneity (e.g., the

particle size) is denoted by D then it is useful to deter-

mine the characteristic size ds of the material volume

that is activated by the indentation test on the multiphase

material. This size, ds, can be roughly associated with a

half-sphere projected underneath the indenter, similar to

the iso-values of the resultant stress field. The indenta-

tion response will depend mostly on the material within

a distance ds from the indenter tip. If ds < D then the

indentation test may probe only one phase and therefore

characterize its intrinsic phase properties.

The size ds of the volume of material probed by the

indentation test depends on the indentation depth, h, on
the geometry of the indenter (e.g., half-cone angle y of a

Berkovich indenter), on the properties of the indented

material (indentation modulus, M, Poisson’s ratio, n,
hardness, H, friction angle, a) and on the characteristic

size of the heterogeneity, D. A straightforward dimen-

sional analysis of the problem yields:

ds

h
¼ Pds y;

M

H
; n;a;

h

D

� �

: ð1Þ

The first four invariants are material properties (even-

tually of the composite material), while the last invari-

ant, h/D, links the indentation depth to a characteristic

scale, the characteristic size of the heterogeneity. In the

case where h/D ! 0, this invariant skips out of the set of

dimensionless quantities, giving:

h=D ! 0 ) ds / h : ð2Þ

In this case, h is the sole length scale in the infinite

half-space and the problem respects the condition of

self-similarity. The indentation properties (M, H)
extracted with a test where h « D are representative

of the elasticity and strength properties of the phase of

size D. In contrast, the properties extracted with a test

h/D » 1 sample the composite response. This can be

illustrated by the example shown in Fig. 2 which

FIG. 1. Schematic of the principle of the grid indentation technique

for heterogeneous materials. Small indentation depths allow the deter-

mination of phase properties, while larger indentation depths

lead to the response of the homogenized medium (adapted from

Constantinides et al., see Ref. 8).

N.X. Randall et al.: Nanoindentation analysis as a two-dimensional tool for mapping the mechanical properties of complex surfaces

J. Mater. Res., Vol. 24, No. 3, Mar 2009680



shows the two aforementioned extremes: the grid in-

dentation matrix in Fig. 2(a) contains 400 nanoinden-

tations with 2 mN maximum load whereas Fig. 2(b)

shows a single microindentation with 20 N maximum

load. The material is a polished a-b brass (naval brass

CDA 464) microstructure, which contains two phases

of average grain size �24 mm. In the former case,

h/D � 0 (phase property differentiation); in the latter

case, h/D � 1 (composite response). Note that a

Berkovich geometry indenter was used for the grid

matrix in Fig. 2(a) and a Vickers geometry indenter

for the microindentation in Fig. 2(b).

The classical tools of instrumented indentation can

therefore be extended to heterogeneous materials

through a careful choice of the indentation depth, which

will depend on the size of the elementary components.

In addition to a large array of indentation tests, the

statistical analysis will require subsequent statistical

deconvolution of the indentation results. The choice of

a critical depth, hcrit, below which intrinsic phase proper-

ties can reliably be measured by indentation has been

studied both analytically and numerically.8 Numerical

simulations by Durst et al.13 have focused on the mea-

surement of indentation hardness by conical indentation

on (almost) rigid perfectly plastic biphasic systems.

Their simulations show that, if the contact radius a <
0.7 D, then the indentation hardness of the indented

phase is correctly measured. In addition, their conclusion

was that this criterion is almost the same for a particle

embedded in a matrix and a thin film on a substrate; that

is, hcrit is almost independent of the shape of the

indented phase and depends only on its characteristic

size D. However, a reliable measurement of the indenta-

tion modulus may require a more stringent criterion,

since the material volume that is solicited elastically

below the indenter is much larger than the volume soli-

cited plastically. In practice, this means that attempting

to specifically indent a phase of interest is likely to fail

since an optical image of a microstructure is only a

two-dimensional representation of a three-dimensional

structure. Another phase may be present just below the

surface resulting in a composite response to the

measured indentation. For a hard grain surrounded by a

softer phase, such a composite response will yield an

underestimated value for the modulus of the grain.

Such a composite response and thus the influence of the

softer surrounding phase can be minimized, however,

by decreasing the depth of the indentations.14 This

observation reinforces the grid indentation technique as

a far better method of addressing such issues.

A grid indentation array consists of a large number of

indentations performed at random locations on the sur-

face of a multiphase material. The indentations are shal-

low enough to ensure that the criterion h/D < 0.1 is

respected, this being the critical h/D ratio below which

the elastic properties of the indented composite do not

diverge more than 10% from the elastic properties of the

phase.8,12 Although a few indentations may measure a

composite response, this criterion ensures that a large

majority of the indentations will probe the intrinsic prop-

erties of the individual phases. The experimental results

can easily be displayed as histograms (or frequency

plots) of the measured indentation properties (indenta-

tion hardness, H, indentation modulus, M, etc.), which in

the case of a two-phase composite material display two

peaks. The mean value of each peak represents the mean

phase property. The area below each curve of the histo-

gram is a measure of the percentage of all indentations

performed on the corresponding phase, and is therefore a

measure of the surface fraction of each phase. For a

FIG. 2. Practical example of indentation of a polished a-b brass

(naval brass CDA 464) microstructure that contains two phases of

average grain size �24 mm. Both micrographs are at the same magni-

fication (200�). The grid indentation matrix in (a) contains 400

nanoindentations with 2 mN maximum load whereas (b) shows a

single microindentation with 20 N maximum load.
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perfectly disordered material, surface fractions and vol-

ume fractions are identical, meaning that the volume

fraction of each phase of a heterogeneous material can

also be obtained by an analysis of the experimental fre-

quency plot. The combination of mechanical properties

of phases with their volume fractions makes this method

particularly appealing.

The randomness of the location of the indentations

ensures that the measured properties are not correlated

from indentation to indentation. If the indented material

is perfectly disordered, this zero correlation can also be

ensured by performing the indentations on a grid, as

long as the spacing between indentations is greater

than the characteristic size D of the phases. Since it is

easier to program an indentation instrument to perform

indentations on a grid, the approach is referred to as the

“grid-indentation technique.”8 An additional advantage

of programming an equispaced grid of indentations

is that the measured values of a certain property (e.g.,

hardness) can be plotted as a three-dimensional map,

where each “pixel” of the map corresponds to one load-

depth indentation cycle. In this way, the surface of the

material can be mapped in terms of its mechanical prop-

erties and correlated with microscopical observation.

Such mapping of mechanical properties can also be

performed with an atomic force microscope (AFM),15,16

even though, due to calibration issues, AFM-based tech-

niques may prove not as quantitative as nanoindentation-

based ones for the measurement of an elastic modulus.

Although much of this explanation of the technique

focuses on a two-phase composite for simplicity, it obvi-

ously applies to more phases as well, provided they

exhibit sufficient contrast (mismatch) in their properties.

To ensure repeatability of the technique, the analysis of

the frequency plot, called the deconvolution technique,

needs to be automated.

B. Deconvolution technique

In its original development8,12 the deconvolution tech-

nique was carried out manually by fitting a number of

probability density functions (PDF) to the experimental

frequency plot (normalized histogram) of the measured

quantity, making the deconvolution results dependent on

the operator. More recently, Vandamme and Ulm11

showed that an automated process can be successfully

utilized to extract mean property values, volume frac-

tions, and standard deviations of the phase mechanical

properties. Although a full explanation of this process is

beyond the scope of this paper, some points are helpful

in understanding the methodology.

The first point that needs to be addressed is the best

choice of distribution function for each peak in the fre-

quency plot, the distribution function being uniquely

defined by its statistical moments. If the measurements

and the material were perfect, then for infinitely shallow

indentations one would expect the peaks to be infinitely

sharp, each peak being characterized by its first moment

(mean value) only. In practice, however, there are sever-

al reasons for which the peaks of the histogram are not

infinitely sharp, therefore requiring the use of moments

of higher order:

(i) The measurements exhibit some noise which is

considered as random and creates a spread of peaks, but

no asymmetry.

(ii) Each phase has its own intrinsic variability, also

causing a spread of the peaks.

(iii) The indentations are not infinitely shallow: even

for an ideal material and ideal measurements, due to

their finite depth, some indentations will mechanically

solicit two (or more) phases simultaneously, resulting in

a composite property.

For the sake of simplicity, the distribution is chosen

so that all standardized central moments of order

higher than the second are zero, this being a Gaussian

distribution.

The deconvolution begins with the generation of the

experimental cumulative distribution function (CDF),

where N is the number of indentation tests performed

on a specimen and {Xi}i=1. . .N the sorted values of the

measured property which is to be deconvoluted. This

parameter can be the indentation modulus, M, the inden-

tation hardness, H, or any other property obtained from

the indentation test (creep properties, packing density,

etc.). The N points of the experimental CDF of X,
denoted by DX, are obtained from:

DXðXiÞ ¼
i

N
�

1

2N
; for i 2 ½1;N� : ð3Þ

It is assumed that the heterogeneous material is com-

posed of n material phases with sufficient contrast in

mechanical phase properties. The j-th phase occupies a

volume fraction fj of the indented surface. The best

choice for the distribution of the mechanical properties

of each phase is a Gaussian distribution, identified by its

mean value mXj and its standard deviation sXj . The CDF of

the j-th Gaussian distributed phase is given by:

min
X

N

i¼1

X

X

X

n

j¼1

fjD Xi; m
X
j ; s

X
j

� �

� DX Xið Þ

 !2

: ð4Þ

To ensure that phases have sufficient contrast in prop-

erties, and to avoid the case where two neighboring

Gaussians overlap, the optimization problem is addition-

ally constrained by:

mXj þ sXj � mXjþ1 � sXjþ1 : ð5Þ

The volume fractions of the different phases sum to one.

In addition to identifying the phase properties of heteroge-

neous materials, by careful choice of indentation depth
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such that h/D < 1/10, it is also possible to link the scale of

shallow indentation (h/D « 1) with the indentation proper-

ties at the composite scale (h/D » 1) without performing an

actual indentation test at the composite scale. In other

words, the grid indentation technique allows the mechani-

cal properties of the phases within a composite material to

be reconstituted into a composite (bulk) value. This pro-

cess is explained in the following section.

C. Self-consistent indentation technique for the

estimation of the homogenized indentation

modulus

For small volumes of heterogeneous materials, it is

often not possible to perform indentations that are deep

enough to yield the bulk mechanical properties of the

volume of interest. In this section we present a technique

which, when applied to a grid of nanoindentations,

enables the estimation of such bulk properties. In addi-

tion, the technique here presented to estimate bulk prop-

erties can be used as a tool for materials design: based on

a grid of nanoindentations performed, a materials scien-

tist can now “tweak” the properties of one constituent

phase and immediately calculate the potential impact of

this modification on the bulk property.

Consider a large array of indentation tests that satisfy

the condition h/D < 1/10. In these tests, a heterogeneous

data set of indentation moduli {Mi}i=1,N is determined

that is representative of the heterogeneities of the multi-

phase material. The question we want to address analyti-

cally is: What is the corresponding homogenized

indentation modulus Mhom that would be measured in

indentation tests operated to h/D » 1? The problem is

treated in the framework of linear micromechanics.17

1. Virtual composite material

The fundamental idea of the micromechanics ap-

proach developed below is that each test performed at a

scale h/D < 1/10 is representative of a material phase,

so that N indentation tests define a “virtual” composite

material, which is composed of N phases characterized

by N indentation moduli {Mi}i=1,N (Fig. 3). From the

variational bounds of linear elasticity, it is known that

the stiffness of the composite is situated between the

Reuss bound (uniform stress) and the Voigt bound

(uniform strain), which for a constant Poisson’s ratio for

all phases equally apply to the indentation modulus:

1

N

X

Nð Þ

1

Mi

0

@

1

A

�1

� Mhom �
1

N

X

Nð Þ

Mi : ð6Þ

The focus of the micromechanics approach is to refine

these estimates by considering the interaction between

highly heterogeneously distributed phases. In this sense,

Mhom can be viewed as the homogenized indentation

modulus of the virtual composite material composed of

N randomly distributed phases in the material.

2. Self-consistent micromechanics model

The inputs of the micromechanics model are:

(i) The volume fraction of each phase, ji = 1/N,
(ii) The elastic properties of each phase, given by the

measured indentation modulusMi, and Poisson’s ratio ni,
so that the bulk modulus Ki and shear modulus Gi read:

Ki ¼
Ei

3 1� 2nið Þ
¼

1� n2i
3 1� 2nið Þ

Mi

Gi ¼
Ei

2 1þ nið Þ
¼

1� ni

2
Mi :

ð7Þ

(iii) The morphology of the virtual composite. Given

that each virtual phase occupies a volume fraction ji =

1/N only, no phase can reasonably play the role of a

matrix. In contrast, a polycrystal morphology seems par-

ticularly well-suited. The self-consistent scheme yields

particularly good estimates for a polycrystal morpholo-

gy, for which it was in fact initially developed.18,19

Using these elements and considering a spherical mor-

phology for each virtual phase, an estimate of the homo-

genized indentation modulus of the virtual composite

material is obtained in the isotropic case with17:

Khom
PN

i¼1

1

Khom þ ahom Ki � Khomð Þ

" #

¼
PN

i¼1

Ki

Khom þ ahom Ki � Khomð Þ

Ghom
PN

i¼1

1

Ghom þ bhom Gi � Ghomð Þ

2

4

3

5

¼
PN

i¼1

Gi

Ghom þ bhom Gi � Ghomð Þ
: ð8Þ

FIG. 3. (a) Grid of indentations performed on a multi-phase material

and (b) associated virtual N-phase material. N is the number of inden-

tations performed.
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where:

ahom ¼
3Khom

3Khom þ 4Ghom

bhom ¼
6

5

Khom þ 2Ghom

3Khom þ 4Ghom
:

The equations in Eq. (8) are nonlinear, because of the

coupling introduced by ahom and bhom. For large N,
Eq. (8) cannot be solved analytically, but can easily be

solved numerically (e.g., with Matlab). Then, Mhom is

calculated from:

Mhom ¼ 4Ghom 3Khom þ Ghom

3Khom þ 4Ghom
: ð9Þ

3. Effect of the set of virtual Poisson’s ratio on

estimated homogenized indentation modulus

The sole nonexperimental input of the approach is a

set of Poisson’s ratio {ni}i=1,N of the N virtual phases.

The effect, which this set has on the homogenized inden-

tation modulus Mhom, is here investigated numerically.

A set of N = 400 values {Mi}i=1,N, chosen randomly

between 0 and 100 GPa, is generated. It is instructive to

note that the Reuss-Voigt bounds [Eq. (6)] for N!1
random realizations between 0 and Mmax read:

0 ¼ limN!þ1
1

N

X

N

i¼1

1

i=N

 !�1

�
Mhom

Mmax

� lim
N!þ1

1

N

X

N

i¼1

i=N

 !

¼
1

2
: ð10Þ

To study the effect of Poisson’s ratio, the following

cases are investigated:

(i) Poisson’s ratio ni is assumed the same in all N
phases. For each ni, Eq. (8) is solved numerically with

Matlab. Figure 4 displays the results of the calculation.

The homogenized Poisson’s ratio nhom is roughly equal

to the Poisson’s ratio ni of the virtual phases. In contrast,

the homogenized indentation modulus varies little with

Poisson’s ratio ni, M
hom/Mmax = 0.415 � 1.5%.

(ii) Poisson’s ratios {ni}i=1,N are assumed to be uni-

formly distributed over [0,0.5]. 100 sets are generated,

and for each set Eq. (8) is solved numerically. The

homogenized indentation modulus varies little for the

100 numerical solutions, Mhom/Mmax = 0.415 � 0.3%.

The case studies show that the Poisson’s ratios {ni}i=1,
N assigned to the phases have little effect on the homoge-

nized indentation modulus Mhom, which deviates signifi-

cantly from the Reuss-Voigt bounds [Eq. (6)]. The set of

a constant Poisson’s ratio ni = 0.2 is chosen, since it

provides a most convenient way to reduce the set of

Eq. (8) to one single equation:

XN

i¼1

1

1þ1
2
Mi=Mhom�1ð Þ

¼
XN

i¼1

Mi=M
hom

1þ1
2
Mi=Mhom�1ð Þ

:

ð11Þ

This equation can easily be solved numerically and

provides a simple way to estimate, from a set of indenta-

tion moduli {Mi}i=1,N measured with a grid of indenta-

tions, the homogenized indentation modulus Mhom.

III. EXPERIMENTAL PROCEDURE

To validate the aforementioned approach, four differ-

ent composite materials were chosen to illustrate various

different aspects of the method and its applicability to

significantly different classes of materials. A summary

of these chosen materials and the exact grid indentation

parameters used in each case is as follows:

(i) Naval brass (CDA 464): brass of composition Cu-

39.2 Zn-0.8 Sn, containing two primary phases, a and b,
whose mechanical properties are known to be very simi-

lar and indistinguishable by standard microindentation

techniques. Microstructure polished down to 0.05 mm
alumina finish to reduce local work hardening in the

near-surface region to a minimum. Average grain size is

approximately 24 mm. Grid indentation array of 20 � 20

indents (total 400), maximum load 2 mN, 15 s pause at

maximum load and separation between indents of 5 mm.

(ii) Cast iron: Graphite nodules in a tempered mar-

tensitic matrix. Heat treated by austenitizing, oil quench-

ing and tempering. Composition in wt%: Fe, 3.52% C,

2.51% Si, 0.49% Mn, 0.15% Mo, 0.31% Cu. Grid inden-

tation array of 30 � 30 indents (total 900), maximum

load 5 mN, 10 s pause at maximum load and separation

between indents of 5 mm.

(iii) Ti64-10TiC Alloy: Titanium alloy with matrix

composition in wt% of 6% Al and 4% V, containing

10% TiC particles. Grid indentation array of 40 � 40

indents (total 1600), maximum load 5 mN, 5 s pause at

maximum load and separation between indents of 3 mm.

FIG. 4. Effect of a constant Poisson’s ratio ni (assigned to 400 virtual

phases) on the homogenized indentation modulus Mhom (black dia-

monds, left axis) and on the homogenized Poisson’s ratio nhom (black

circles, right axis).
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(iv) M3 High speed steel: The microstructure con-

sists of primary carbides distributed in a martensitic ma-

trix and quantitative analysis by wavelength dispersive

spectroscopy shows that two types of carbide are pres-

ent, namely MC (where M is V or Cr) and M6C (where

M is Fe, W, Mo, Cr, or V). Grains of MnS are also

present in the Fe matrix, having been included as a

means of solid lubrication. The MC carbides are globu-

lar and dark colored, the M6C carbides are angular and

lighter colored, and the MnS grains are globular but

smaller and pale colored. The microstructure is polished

down to 0.25 mm alumina finish and etched in Nital (4%

nitric acid and ethanol). This material was chosen to

investigate whether the grid indentation technique can

resolve four distinct phases. The grid indentation array

is of 50 � 50 indents (total 2500), maximum load 5 mN,

5 s pause at maximum load and separation between

indents of 3 mm.

The instrument used for all nanoindentation was a

CSM Instruments Nanoindentation Tester (CSM Instru-

ments, Needham, MA) with a Berkovich diamond

indenter, this instrument being capable of large arrays

of preprogrammed indentations (>1000) in a short time-

frame. In standard operation, this machine is capable of

making a grid array of 2500 indentations continuously

over a period of 3–4 days. The large volume of resultant

data is then exported, plotted as histograms, and decon-

voluted to extract property and volume fraction infor-

mation. In addition, the data can be plotted as a

three-dimensional map. In all cases, the loading rate

was set to provide a 30 s loading and a 30 s unloading

cycle. All indentation testing was performed in compli-

ance with ISO 14577, as was the subsequent calculation

of indentation hardness and elastic modulus.20

IV. RESULTS

The results of the grid indentation array on the

naval brass are summarized in Fig. 5. This material con-

tains two phases (a and b respectively) with an approxi-

mate grain size of 24 mm. The grid of 400 indentations

[Fig. 5(a)] covers an area of 100 � 100 mm which there-

fore includes approximately 16 grains and so provides

sufficient coverage to resolve statistically different

mechanical properties between phases.

The rough outlines of specific grains can be resolved

in the grid indentation maps shown in Figs. 5(b) and 5(d)

which represent hardness and elastic modulus, respec-

tively. Figure 5(c) shows average indentation load-depth

curves for each phase superimposed on the same axes:

each curve represents the average of 100 indentations

and provides adequate statistical separation between the

a and b phases. The maximum indentation depths in the

range 159–202 nm confirm that the criterion h/D < 0.1 is

respected (in this particular case, h/D = 0.008). When

plotted as histograms with n = 2, two distinct peaks

appear as shown in Fig. 6. In the case of hardness, the

first peak (a-phase) has a mean of 2.24 GPa, standard

FIG. 5. Grid indentation array on polished a-b brass (naval brass CDA 464) microstructure, which contains two phases of average grain size

�24 mm. (a) Optical micrograph (200�) of 400 indent matrix with (b) corresponding hardness map, and (d) elastic modulus map. An example of

a load-depth curve from each phase is shown in (c).
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deviation of �0.20 GPa, and volume fraction of 54.8%.

The second peak (b-phase) has a mean of 2.81 GPa,

standard deviation of 0.15 GPa, and volume fraction of

45.2%. In the case of elastic modulus, the two peaks are

closer together, the first having a mean of 122.3 � 7.5

GPa and the second a mean of 138.0 � 8.2 GPa. Using

these values, the reconstituted elastic modulus of the

bulk is calculated as 128.7 GPa. This value was verified

by making a set of 10 microindentations on the

same material with a maximum applied load of 20 N

and a Vickers indenter (same area-to-depth ratio as the

Berkovich geometry used for the nanoindentation grid).

An example of one such microindentation is shown in

Fig. 2(b) and had a maximum indentation depth of

10.4 mm, giving a ratio h/D of 0.43. The measured

indentation modulus of the bulk was 123.6 GPa which

is an excellent correlation with the homogenized inden-

tation modulus estimated at 128.7 GPa with Eq. (11).

The Reuss bound was 128.0 GPa and the Voigt bound

129.3 GPa for the homogenized indentation modulus.

The results of the grid indentation array on the

cast iron are summarized in Fig. 7. This material con-

tains three phases (graphite, martensite, and carbide)

and the grid of 900 indentations covers an area of

150 � 150 mm. The optical micrograph in Fig. 7(a)

shows the exact area where the grid array was made.

This area seems to contain an average quantity of dark

colored spherical graphite particles.

The histograms plotted in Fig. 7 with n = 3 show three

peaks. In the case of hardness, the first peak (graphite)

has a mean of 0.78 � 0.10 GPa and volume fraction of

5%. The second peak (martensite) has a mean of 3.5 �
0.7 GPa and volume fraction of 70%. The third peak

(carbide) has a mean of 5.7 � 0.6 GPa and volume

fraction of 25%. In the case of elastic modulus, the first

peak has a mean of 68 � 16 GPa, the second peak a

mean of 204 � 57 GPa, and the third peak a mean of

300 � 27 GPa. The homogenized indentation modulus is

estimated at 210 GPa with Eq. (11). The soft graphite

phase has the most distinct peak, this being a significant

mismatch with the iron matrix which is a composite of

martensite and carbide. An average graphite particle

diameter of 15 mm and maximum indentation depth of

average 223 nm confirm that the criterion h/D < 0.1 is

respected (in this particular case, h/D = 0.015). The

volume fractions for the martensite and carbide are inac-

curate in these deconvoluted results. It is known that

this material contains approximately 5% graphite, 94%

martensite, and 1% carbide. Therefore, a choice of n = 3

would be a correct assumption, but because the carbide

percentage is so small, it gets swamped by the

martensite peak and the volume fraction is significantly

overestimated. For materials of this type, a deconvolu-

tion with n = 2 might provide a more accurate represen-

tation (in this case, n = 2 yields a hardness of 0.598 �
0.207 GPa and volume fraction of 2.9% for graphite and

a hardness of 3.81 � 1.36 GPa and volume fraction of

97.1% for martensite).

The results of the grid indentation array on the Ti64-

10TiC are summarized in Fig. 8. This material contains

two phases (titanium and TiC) and the grid of 1600

indentations covers an area of 120 � 120 mm. The opti-

cal micrograph in Fig. 8(a) shows the exact area where

the grid array was made and the two phases are clearly

visible.

The histograms plotted in Fig. 8 with n = 2 show two

peaks. In the case of hardness, the first peak (titanium)

has a mean of 5.55 � 0.83 GPa and volume fraction of

63.5%. The second peak (TiC) has a mean of 20.83 �
2.89 GPa and volume fraction of 36.5%. In the case of

FIG. 6. Grid indentation histograms on polished a-b brass (naval brass CDA 464), showing the peaks for each of the two phases and the

deconvoluted values of (a) hardness and (b) elastic modulus. Volume fraction percentages are shown in each case.
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elastic modulus, the first peak has a mean of 174.8 �
16.6 GPa and the second peak a mean of 300.5 � 29.9

GPa. The homogenized indentation modulus is estimated

at 212.7 GPa with Eq. (11).

The results of the grid indentation array on the M3

high speed steel are summarized in Fig. 9. This material

contains four main phases [iron (Fe) matrix, manganese

sulphide (MnS), M6C, and MC carbides] and the grid of

FIG. 7. Grid indentation array on cast iron microstructure, showing (a) optical micrograph (200�) of 900 indent matrix position, (b) hardness

map, (c) elastic modulus map, (d) hardness histogram, and (e) elastic modulus histogram.

FIG. 8. Grid indentation array on Ti64-10TiC microstructure, showing (a) optical micrograph (200�) of 1600 indent matrix position,

(b) hardness map, (c) elastic modulus map, (d) hardness histogram, (e) elastic modulus histogram (two-Gaussian), and (f) elastic modulus

histogram (three-Gaussian).
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2500 indentations covers an area of 150 � 150 mm. The

optical micrograph in Fig. 9(a) shows the exact area where

the grid array was made and the four phases are clearly

visible. A full explanation of the microstructure of this

material is given in previous work by Randall et al.4

The histograms plotted in Fig. 9 with n = 4 show four

peaks. The first peak (MnS) has a mean hardness of 3.34

� 0.51 GPa, mean modulus of 152.1 � 22.9 GPa, and

volume fraction of 11.8%. The second peak (Fe matrix)

has a mean hardness of 7.95 � 1.37 GPa, mean modulus

of 284.4 � 30.7 GPa, and volume fraction of 67.7%. The

third peak (M6C carbide) has a mean hardness of 10.87

� 1.55 GPa, mean modulus of 354.5 � 22.6 GPa, and

volume fraction of 12.6%. The fourth peak (MC carbide)

has a mean hardness of 16.8 � 2.24 GPa, mean modulus

of 430.4 � 37.4 GPa, and volume fraction of 7.9%. The

homogenized indentation modulus is estimated at 279.7

GPa with Eq. (11). Considering that grain sizes vary in

the range 4 mm (MC carbides) up to 15 mm (iron grains)

and maximum indentation depths average 80 nm in the

hardest carbides and 232 nm in the softest MnS grains

confirms that the criterion h/D < 0.1 is respected (in this

particular case, 0.015 � h/D � 0.020).

V. DISCUSSION

The four composite materials analyzed in this study

covered a broad range of mechanical properties and

exhibited from two to four significantly different phases.

In all cases the indentation results were analyzed both

individually and globally, the former giving access to the

mechanical properties of the indented region, the latter

describing the composite material response. All grid in-

dentation arrays were load-controlled, so the maximum

indentation load was identical for all measurements

within an array. The resultant indentation depths were

therefore directly linked to the mechanical properties of

individual phases and varied depending on whether the

particular depth corresponded to a pure phase or an in-

teraction between two or more phases. In all cases, the

mechanical phases coincide with discrete chemical

phases, meaning that the grid indentation technique pro-

vides a direct link between physical chemistry and me-

chanics. This is a direct consequence of the choice of

indentation depth h, which was deliberately chosen to be

small enough in relation to the characteristic length of

the microstructural heterogeneities D. For all four sam-

ple materials tested, the criterion h/D < 0.1 was

respected and so the mechanical properties of individual

phases could be accurately resolved. However, in some

cases where the characteristic length was of the same

order of magnitude as the indentation depth, the criterion

h/D < 1 was exceeded in a given number of indentations

within the global array. Examples of this include some

of the carbides in the M3 high speed steel where signifi-

cant scatter in the measured properties was observed. In

principle, a further reduction in the maximum indenta-

tion depth might overcome this experimental obstacle

but the nanoindentation technique is currently limited

by the sharpness of the three-sided pyramidal indenters

used. With current diamond polishing methods, it is not

possible to obtain highly accurate pyramidal geometries

FIG. 9. Grid indentation array on M3 high-speed steel microstructure, showing (a) optical micrograph (200�) of 2500 indent matrix position,

(b) hardness map, (c) elastic modulus map, (d) hardness histogram, and (e) elastic modulus histogram.
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for h < 25 nm. Even if such geometries were available,

the measured property values at such depth scales would

be plagued by discrepancies due to deviations from the

perfect shape (indentation size effects) and from local

surface modification (e.g., work hardening of the near

surface region from polishing).

The volumetric proportions of all measured phases

were reproducibly estimated from the relative areas of

each individual Gaussian distribution under the cumula-

tive frequency histograms. These proportions demon-

strate the ability of the grid indentation technique

to quantify the relative presence of different phases,

although there are two important limitations that need

to be addressed: the first is that such volume fractions

are determined from the differential mechanical proper-

ties of the phases and not from their differential chemi-

cal composition; the second is that the typical total area

of the grid indentation array (�103 mm2) remains only a

small volumetric proportion of the bulk composite mate-

rial. This means that volumetric proportions measured in

this way are only meaningful if the area selected for grid

indentation analysis contains similar proportions of indi-

vidual phases as the bulk.

The sample materials with phases of similar elastic

modulus (e.g., a-b brass) showed relatively low scatter

and high repeatability, confirming the microstructural

and mechanical homogeneity of the alloy and the robust-

ness of the indentation experiments and analysis. Apart

from the obvious case of the local response to an inden-

tation being composite, the observed scatter in certain

datasets could invariably be due to other factors such as:

(i) Surface roughness being of the same order of

magnitude as the indentation depth, resulting in incon-

sistent contact area between indenter and material.

(ii) Imperfections in the microstructure (grain bound-

aries, porosity, contaminant inclusions, etc.).

(iii) Preferential polishing of the microstructure,

resulting in certain phases being at different heights in

relation to others.

(iv) Variations in surface mechanical properties as a

direct result of polishing (work hardening, oxidation, etc.).

For materials containing phases with significantly dif-

ferent hardness, a common observation is that the harder

phase exhibits a wider spread in its Gaussian distribution

than the softer phase. This is due to the elastic response

from the underlying material and can be seen best in

Fig. 8(d) where the TiC peak is significantly more

spread than that for the titanium. This effect is common-

ly observed, even for indentation depths two orders of

magnitude smaller than the grain size, suggesting that

the criterion h/D < 0.1 is not sufficient (or severe

enough) in such cases. In contrast, the grid indentation

technique seems to provide a better measure of the indi-

vidual response of each phase for hardness because

the calculation of hardness is based solely upon plastic

deformation, whereas for the elastic modulus there is

nearly always a composite response from all phases,

even at very shallow indentation depths.

The results on all four measured sample materials

(Figs. 5 and 7–9) are displayed as three-dimensional me-

chanical property maps where each “pixel” of the map

corresponds to one load-depth indentation cycle. The di-

rect correlation between the microstructure observed by

optical microscopy and the corresponding mechanical

property map proves that such mapping provides a means

of characterizing the microstructure at the scale defined by

the chosen indentation depth and the spatial distribution

(defined by the separation between consecutive indents).

In some cases, the mechanical property maps are able to

display phase distribution even though the phases cannot

be resolved by microscopy. This makes the technique

particularly useful for measuring phases that may be be-

low the surface, but still at a depth less than h.
Regarding the estimation of the homogenized indenta-

tion modulus, the following comments can be made:

(i) The Voigt and Reuss bounds are close to each other

if the material is not heterogeneous (naval brass), but can

yield a poor estimate if the material is made of constitu-

tive phases whose properties are very different (M3 steel).

(ii) As expected, the homogenization scheme yields

an estimate for the indentation modulus which is be-

tween the Reuss and the Voigt bounds.

(iii) The homogenization scheme yields an estimate

for the indentation modulus that is much better than the

Reuss and Voigt bounds.

This study would not be complete without an analysis

of the relative effect of the number of phases n (which

are presumed present in the material) on the deconvolu-

tion results. As an example, let us take the dataset for the

Ti64-10TiC shown in Fig. 8, for which the hardness and

elastic modulus histograms have been deconvoluted

based on the condition n = 2. This is the most valid

assumption as the material has been processed from

two distinctly different precursor materials (titanium

and titanium carbide) and both phases can be clearly

distinguished by optical microscopy of the surface.

Figure 8(e) shows the histogram for elastic modulus in

which two very distinct peaks are visible. However,

some additional overlapping data can also be seen be-

tween these two peaks. If the same dataset is deconvo-

luted with n = 3 then a third peak can be created

(between the two main peaks) which “captures” all the

overlapping data. In this way, the actual mean values

of the two main peaks may be a more reliable estimate

of the individual phase properties than if only a

two-Gaussian distribution had been used. For the two-

Gaussian case in Fig. 8(e), the first peak has a mean

of 174.8 � 16.6 GPa and the second peak a mean of

300.5 � 29.9 GPa. For the three-Gaussian case in

Fig. 8(f), the first peak has a mean of 171.5 � 13.3 GPa
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and the second peak a mean of 307.4 � 21.9 GPa.

Independent indentation experiments on pure titanium

(E = 169.8 � 7.4 GPa) and pure titanium carbide

(E = 311.6 � 18.9 GPa) confirm that the three-Gaussian

distribution gives mean modulus values closer to the

actual material properties, although the differences are

not significant (<4%).

VI. CONCLUSIONS

The grid indentation technique has been proven as an

excellent two-dimensional mapping tool for examining

the properties of constituent phases independently of

each other in composite material microstructures. More

specifically, the method has the following attributes:

(1) Allows mean values of hardness and elastic

modulus to be extracted for individual phases, as well

as their volume fractions.

(2) Works very well for a wide range of multiphase

materials (ceramics and metals).

(3) Peaks tend to be more distinct for hardness than

modulus because the volume of material solicited plasti-

cally is smaller than that elastically.

(4) Easier to get individual response of each phase

for hardness, whereas for modulus there is a composite

response from all phases.

(5) Peaks can show more spread if the indented phase

is much harder than the others, due to elastic response

from underlying material (even with indentation depths

two orders of magnitude smaller than the grain size!).

(6) Excellent correlation between the homogenized

indentation modulus (estimated from a grid of nanoin-

dentations) and the actual bulk indentation modulus

(measured by instrumented microindentation).

(7) Simplified micromechanical approach can pro-

vide useful data for modeling.

Further optimization of this technique will allow in

situ mechanical properties to be extracted at the micro-

and nanoscales, providing a valid method of correlating

individual phase properties with bulk response, and a

powerful tool for materials characterization.
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