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Abstract Indentation has been used for several decades

to conveniently assess the hardness and modulus of

various compacts. However, this measurement is depen-

dent on the size of the indentation area from a few

nanometers to several millimeters, which is determined

by the maximum indentation force (MIF). Micro-

indentation often loses its ability to give an accurate

representation of the hardness due to its relatively small

micron-size indentation area compared with the dimen-

sions of the structural inhomogeneity of compacts. This

study used a different approach to micro-indentation by

examining whether this method can probe the inhomo-

geneity of compacts with varying MIF. Two typical

pharmaceutical excipients, one brittle and one ductile,

were used as model compacts. The representative hard-

ness and modulus values were available when the MIF

was [1000 mN. Changes in the standard deviation of the

indentation hardness reflected the structural inhomoge-

neity of the compacts, which was found to increase with

decreasing MIF to below 800 mN in the case of the

microcrystalline cellulose compacts. The information on

the structural inhomogeneity obtained by micro-indenta-

tion appears to be consistent with the observations from

microscopy investigations. Anisotropy and other related

structural information could be readily obtained by

probing the two different surfaces of compacts with

changing MIF, one parallel and the other perpendicular

to the compaction pressure direction.

1 Introduction

Hardness tests have been widely used in the pharmaceuti-

cal industry to examine solid dosage forms since the 1970’s

[1–8]. Ironically, the meaning of hardness is often used

inappropriately. The strength of tablets in common com-

pression tests is often called ‘hardness’. However, the

actual definition of hardness is a material’s resistance

against plastic deformation [1, 9]. The compression

strength and indentation hardness have different stress

states with the former being related to the final failure

properties and the latter to the initial deformation of

materials.

Indentation is a simple test that can provide the

elastic, plastic, and viscoelastic information of materials.

In particular, the indentation hardness and the modulus

of tablets can be measured simultaneously. The inden-

tation hardness is a useful property that is related to

many other parameters for compaction and disintegration

[10–13]. Indentation does not require a large volume of

materials or difficult sample preparation. Furthermore,

this test is more useful because the compressive stress

state generated by indentation is similar to what the

tablets and powders experience during pharmaceutical

unit operations [10, 14].

According to the Leuenberger equation for the Brinell

hardness, in a typical indentation test of a compact, the

hardness (H), relative density (q), and compaction pres-

sure (r) are interrelated as follows: H = Hmax(1 – e–vrq)

where Hmax is the maximum hardness (compactibility),

and v is the pressure susceptibility (compressibility) [1].

The Heckel method uses a slightly different equation for

the Vickers hardness as follows [1]: ln(1–H/Hmax) = vrq.

In both equations, the compacts were assumed to be
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homogeneous [1]. In order to make the assumption rea-

sonable, the size of the indenter (or probing area) should

be sufficiently larger than the size of the particles con-

stituting a compact.

Indentation can be classified according to the load

range of the indenter, i.e., macro-, micro-, and nano-

indentation. When the indentation force is \10 N, it is

known as micro-indentation [1]. Micro-indentation tests

typically probe an area ranging from 5 to 500 lm2 (ca.

100–7,000 mN).

In an ideal case, the mechanical properties of the

whole compact can be represented by the modulus,

hardness, and fracture toughness of a small volume

probed by an indenter [7]. Conventional tests generally

use macro- and sometimes micro-indenters to obtain

representative values. On the other hand, nano- and

micro-indentation have been used to characterize single

particles e.g. a single crystal of a drug [2–4, 6, 12, 13,

15–19]. Crystallization processes resulting in different

crystal structures were monitored successfully using this

nano-indentation technique [11, 12].

The face of single crystals (a well-defined surface) is

ideal for indentation tests. However, for pharmaceutical

compacts, the structural inhomogeneity that inevitably

exists complicates micro-indentation analysis. Although

micro-indentation tests are still convenient and require a

relatively small amount of sample, they are seldom used

for fundamental research due to their difficulty in inter-

pretation [5].

Only a few studies on non-pharmaceutical materials

have considered the inhomogeneity of materials. The

inhomogeneity according to the depth of the indentation

was monitored by measuring indentation hardness values

as a function of the indentation depth [20]. Investigation on

the inhomogeneity-related issues in the micro-indentation

tests of pharmaceutical compacts has never been reported

to the best of our knowledge.

This study examined what types of valid interpreta-

tions can be obtained from micro-indentation tests on

pharmaceutical compacts besides conventional indenta-

tion hardness, modulus, and fracture toughness values.

The main focus was on how to identify or interpret the

influence of structural inhomogeneity. Compacts of a

ductile (microcrystalline cellulose) and brittle (lactose

monohydrate) material were used. After compaction, the

primary particles turn into the grains of the compacts

and serve as a potential cause of the structural inho-

mogeneity. The size of the primary particles is usually

within the probing area range of micro-indentation. The

micro-indentation results were correlated with the scan-

ning electron microscopy (SEM) and atomic force

microscopy (AFM) images.

2 Materials and methods

2.1 Materials

Lactose monohydrate fast flo (LT, Foremost) and micro-

crystalline cellulose (MC, FMC, Avicel PH101) were used

as received. Compacts of two geometries, 8 · 4.5 mm

rectangular plate and 10.3 mm disk (face dimensions),

were prepared using a Carver Press (model 3850). The

thickness varied according to compaction force and sample

weight. The compaction force was applied for 10 s, and

unless otherwise specified, the compaction force was

4,000 kgf. The weights of the samples were 20 and 100 mg

for the two geometries, respectively. All the indentation

tests were performed at least 24 h after compaction.

2.2 Micro-indentation and other characterizations

A micro-indentation tester (CSEM Instruments Micro

Hardness Tester, 30–30,000 mN) was used with a Vickers

hardness tip at room temperature (relative humidity =

40–54%). The Vickers diamond tip has an 136� angle

between the adjacent faces and a 68� angle between any of

the four facets and the vertical direction of the applied load.

Unless mentioned otherwise, the loading rate was

1,000 mN/min, and the center parts of the compacts were

tested. (Based on initial investigations, the loading rate

was chosen.) Each indentation hardness or modulus value

was an average from at least nine repeated tests (three

specimens). The tester-related mechanical artifacts were

reduced by inserting a pause of 10 sec between the loading

and unloading steps.

The Oliver and Pharr method was used to calculate the

hardness and modulus values under the hypothesis that

the poisson ratio was 0.3 [21, 22]. The upper 80% of the

unloading data was used to fit the power law of the Oliver and

Pharr method (geometric constant e was assumed to be 2).

The environmental scanning electron microscopy

(ESEM) results were obtained using an ElectroScan Model

2,010 at 5 Torr and 15 kV. The tapping mode AFM images

were obtained using a Digital Instruments DimensionTM

3100 and TESP or TESP7 etched single crystal silicone

probes (20–100 N/m force constant and 200–400 kHz

resonance frequency) under ambient conditions.

3 Results

3.1 General indentation curves

Micro-indentation produces force data as a function

of the indentation depth. Figure 1 shows a typical
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loading-unloading curve with a schematic illustration of

the indentation volume and inhomogeneous compact

structure. As shown in the curve, the indentation process is

not perfectly elastic. There is significant hysteresis between

the loading and unloading curves. The hysteresis indicates

the energy dissipated by the indentation volume. The

area under the unloading curve is the elastic work on

recovery [1].

The unique point of micro-indentation is that the size of

the indenter is close to the ‘wavelength’ of the spatial fluc-

tuation of the mechanical properties [inhomogeneity of

compacts (The ‘wavelength’ concept is used similar to that in

the density fluctuation of condensed matter.)]. Figure 1 gives

a schematic illustration of the simplified granular structure,

which indicates the inhomogeneous characters of the com-

pacts. There are always mechanically strong and weak

regions in a compact. For example, the particle boundaries or

internal cracks will be mechanically weaker than the single

crystal regions. The fluctuation in the mechanical properties

could be in the micron or nanometer range. Representative

values of the mechanical properties can be obtained by

averaging the results of multiple micro-indentations cover-

ing a sufficiently large surface area, while they can readily be

available from a macro-indentation test.

Figure 1 shows four different indentation volumes.

As the size decreases well below the ‘wavelength’ of

structural inhomogeneity, the relative position of an

indenter and a mechanically weak (or strong) region

determines the resulting hardness of that position. Hence,

the standard deviation in the hardness results is dependent

on the indenter size. On the other hand, an average hard-

ness value would remain constant regardless of the

indentation volume if a large number of indentation tests

are performed and no other complications such as the

‘strain gradient’ effect [23, 24] are considered.

3.2 Inhomogeneity probed by indentation hardness

The indentation hardness of MC was found to increase with

decreasing maximum indentation force (MIF), as shown in

Fig. 2. This increase has been widely observed in most

indentation experiments, which will be discussed later. The

indentation modulus always shows the same trend as

indentation hardness (Fig. 2). Therefore, the modulus data

is not presented in this report even though the same

structural investigation can be performed using modulus

data.
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Fig. 1 Schematic illustration of

micro-indentation volume and

inhomogeneous compact

structure (upper) and typical

force-indentation depth (load-

displacement) curve obtained

(lower). Four indenters were

drawn to demonstrate their size

effect relative to the

inhomogeneity of compact
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In Fig. 2, the standard deviation of both the indentation

hardness and modulus was found to increase with

decreasing MIF. Figure 3 shows a plot of the standard

deviation versus MIF. The plot shows an increase in the

standard deviation at 800 mN, which can also be found in

the plot of the modulus versus the MIF (inlet). It is possible

that these values are representative of the average hardness

of the compacts considering the consistent hardness values

with the relatively small standard deviation at a

MIF [1,000 mN.

The standard deviation increases as the MIF decreases to

\800 mN, which might mean that the indentation volume

becomes close to or below the size of the inhomogeneity of

the compacts (Figs. 1 and 3). Although the size of the

inhomogeneity is not well defined, the essential aspects of

the influence of inhomogeneity expected in Fig. 1 appear to

be true for actual compacts with complicated inhomogeneity.

Figure 4 shows the changes in the standard deviation of

the LT compacts prepared under two different pressures.

A decrease in the MIF triggers an increase in the standard

deviation in both curves. Compared with the MC case in

Fig. 2, the increase appears to be rather smooth. The

increases in the standard deviations of the MC and LT

began when the contact areas (Ac) had diameters of 20 and

40 lm, respectively.

When the compaction pressure was 409 MPa, the stan-

dard deviation appeared to increase not only with

decreasing MIF but also with increasing MIF above

1,200 mN. An increase in standard deviation with

increasing MIF above 1,200 mN was seldom found as will

be found in Fig. 7. This might be related to compaction-

induced defects such as surface cracks caused by the brittle

nature of the materials. LT is usually considered to be more

brittle than MC [10].
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Fig. 2 Indentation hardness and modulus (inlet) of microcrystalline

cellulose compacts as a function of maximum force of indentation

(rectangular plate samples)
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Fig. 3 Standard deviations of indentation hardness and modulus

(inlet) plotted in Fig. 2 as a function of maximum force of indentation

(rectangular plate samples)
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Fig. 4 Indentation hardness of lactose compacts as a function of

maximum indentation force. (rectangular plate samples) (a) Micro-

crystalline cellulose, particles (b) Lactose, particles (c)

Microcrystalline cellulose, 400 mN (d) Microcrystalline cellulose,

4,000 mN
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3.3 ESEM investigation of indents

SEM and AFM can be used to trace the actual structural

inhomogeneity. Fig. 5a and b shows the particles before

compaction. Their sizes ranged from 50 to 100 lm. After

compaction, the interfaces between the primary particles

served as the sources of mechanically weak regions. Voids

can exist between the primary particles, whose volume

fraction is directly related to the compaction pressure.

Therefore, the shape and size of the primary particles might

be important in determining the homogeneity of the

mechanical properties in a compact. Indeed, the grain

structure of the compacts (Fig. 5c and d) reflects the pri-

mary particle shape of the MC particles, and there are

significant micro-voids (microcracks) between grains.

Figure 5c and d show the indents on the surface. When

the MIF was 400 mN, the size of the indent was compa-

rable to or smaller than the grain size, resulting in a

relatively large standard deviation in the micro-indentation

data (Fig. 3). The indent in Fig. 5c appears to form near an

interface region not in the middle of a grain, possibly

resulting in a relatively smaller hardness value. When the

MIF was 4,000 mN (Fig. 5d), the indentation area

appeared to be sufficiently large to average the mechanical

fluctuations of the surface, resulting in more representative

hardness and modulus values. It is not that important

whether the center of an indent is focused on a grain or an

interfacial region.

Overall, the SEM micrographs corroborate the results

shown in Figs. 2–4. Nevertheless, it is unclear if the critical

contact areas of 20 and 40 lm mentioned above are simply

correlated with the grain size shown in Fig. 5. This might

be because there are other sources of structural inhomo-

geneity. For example, compaction causes structural

damage inside the primary particle, which serve as the

source of mechanical property fluctuations. Furthermore, a

primary particle is usually not a single crystal, and before

compaction, is a complex structure of grains and grain

boundaries. The micro-indentation results will respond all

the sources of structural inhomogeneity.

3.4 AFM investigation

There are spatial fluctuations in the mechanical properties

on a much finer scale. Besides the spatial fluctuation on the

Fig. 5 ESEM micrographs:

(a) microcrystalline cellulose

particles; (b) lactose particles;

(c) indent on a microcrystalline

cellulose compact produced by

400 mN MIF; (d) indent on a

microcrystalline cellulose

compact produced by 4,000 mN

MIF. (rectangular plate

samples)
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Fig. 6 AFM height (left) and

phase (right) images of

microcrystalline cellulose

compact surface. The widths of

micrographs are 10 · 10 (a) and

1 · 1 (b) lm. (rectangular plate

samples) Asp = set-point

amplitude, Ao = amplitude of

driving oscillation. (a)

Asp = 2,352 mV, Asp/

Ao = 0.34 (b) Asp = 2,352 mV,

Asp/Ao = 0.72
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Fig. 7 Indentation hardness of

microcrystalline cellulose (left)

and lactose (right) compacts as a

function of maximum force of

indentation. The compaction

pressure varies from 120 to

480 MPa. (disk samples)

(a) MC, face surface (b) MC,

side surface (c) Lactose, face

surface (d) Lactose, side surface
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micron scale shown in Fig. 5, fluctuations on the nano-

meter scale should exist and can be examined using AFM

indentation techniques [25, 26].

AFM imaging in tapping mode showed that the actual

indentation of the AFM tip into the specimen surface is

possible by changing the Asp/Ao ratio (Ao: free oscillation

amplitude (amplitude of driving oscillation), Asp: set-point

amplitude) [27–29]. A decrease in Asp/Ao ratio results in

more penetration. As the AFM tip penetrates the surface,

its phase images reveal the distribution of its mechanical

properties in the 2D images [29]. On the other hand, the

height images are less sensitive to fluctuation in the surface

mechanical properties.

Figure 6 shows the results of tapping mode AFM of the

MC compacts. Figure 6a shows the distribution of the

mechanical strength on the micron scale, where a few line

structures are visible. These line structures might be shear

deformation lines or simply microcracks, and may have

relatively low indentation resistance. The height image

(Fig. 6a left) also shows similar features. The line struc-

tures appear to be sufficiently distinct to appear in both

images. As magnification increases, smaller features

become noticeable. Figure 6b shows the grain structures of

the 50–200 nm domains. Their boundaries appear to be

relatively weak against indentation. The grain structures

might be intrinsic semicrystalline domains inside MC

particles. They are more distinct in the phase images at an

optimum Asp/Ao ratio than in the height images. Indenta-

tion too deep or too shallow prevents the grain structures

from being observed. Structural inhomogeneity on a scale

smaller than tens of microns will contribute the increase in

the standard deviation of the hardness values with a

decreasing in MIF. However, a quantitative detailed cor-

relation between the AFM and the micro-indentation

results was difficult to establish.

3.5 Anisotropy related issues of compacts

Compaction itself induces inhomogeneity in a compact.

Micro-indentation can reveal the nature of compaction-

induced inhomogeneity by probing different regions of the

compacts. Complete 3D mapping of the indentation hard-

ness is possible by probing all the surface area of a compact

[10].

Instead of the tedious tests of complete mapping, rather

simple micro-indentation testing can reveal the useful

characteristics of inhomogeneity. A unique understanding

came from the comparison between the face and side sur-

faces of a compact. In a disk-shape tablet, the compaction

pressure acts perpendicular to its face surface and parallel

to its side surface. Densification progresses mainly along

Fig. 8 ESEM micrographs of

indents (3,200 mN maximum

indentation force) on compacts:

(a) face surface of

microcrystalline cellulose;

(b) side surface of

microcrystalline cellulose;

(c) face surface of lactose;

(d) side surface of lactose.

(disk samples)
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the direction of the compaction pressure. A series of micro-

indentation results on the face and side surfaces of a

compact provides complicated but interesting behavior

(Fig. 7). First of all, the indentation hardness values and

their standard deviations generally increase with decreas-

ing MIF. (Although the specimen geometry and

compaction forces are different, the general trends shown

in Figs. 2–4 can also be observed in Fig. 7.)

The effect of the compaction pressure can be examined

by comparing the indentation hardness values of a high

MIF ([1,600 mN). (The indentation hardness of a low MIF

is complicated by the inhomogeneity of the granular

structures.) Like the conventional generalization, hardness

generally increases as compaction pressure increases [10].

In detail, the hardness of the MC side surface was similar

to that of its face surface at 120 MPa, and then increased

further with increasing compaction pressure. At 480 MPa,

the hardness values of the side surface were distinctly

higher than those of the face surface. On the other hand, the

hardness of the LT side surface did not show a strong

increase with increasing compaction pressure. The opposite

trend can be found at a low MIF: The hardness of the face

surface appears to increase more with increasing compac-

tion pressure than that of the side surface.

The difference in the compaction pressure dependence

might be explained by the differences in the material

properties. Compaction progresses via various micro-

mechanical deformations. In the cases of ductile semi-

crystalline polymer particles such as MC, densification

progresses mainly by significant plastic deformation, while

it progresses more through microcracking in the brittle

crystalline LT [1, 10]. Microcracking densification is less

efficient in increasing indentation hardness than the other.

A corollary is that densification will more effectively

strengthen the side surface of the MC than that of LT. The

face surface of a compact is perpendicular to the com-

paction pressure, and its hardness might be less dependent

on the compaction pressure. Therefore, the compaction

pressure dependence of the indentation hardness can

depend on the mechanical properties of the material.

By comparing the indents left on the surfaces, the dif-

ferences in micro-mechanical processes can be traced.

Figure 8a, b, and c show the interstitial gaps (grain

boundaries) generated during compaction, largely between

primary particles. In Fig. 8d, micro-indentation on the side

surface of the LT produced a distinct microcracking phe-

nomenon. On the other hand, significant microcracking was

not induced by micro-indentation on the other surfaces.

This result is consistent with those shown in Fig. 7.

The size of the cracks in Fig. 8d provides important

information. They were not too small to observe nor too

large to destroy the integrity of the compact. The size of a

crack indicates material resistance to fracture. The fracture

toughness, which is an important parameter related to

capping, delaminating, etc, can be calculated by measuring

the crack size [2, 7]. The average stress intensity factor of

all the LT specimens was 0.10 ± 0.04 MPa-m1/2. In a

previous report, lactose had stress intensity factor values

between 0 and 0.4 MPa-m1/2 depending on porosity and

other materials parameters [12, 13, 30]. The relatively low

value is reasonable because only the side surfaces, which

are more susceptible to cracking (so more important) were

probed. The inhomogeneity information of the fracture

related properties can also be obtained using this technique.

4 Discussion

Porous pharmaceutical compacts have grain structures like

ceramics. The grain structures of pharmaceutical compacts

could be even more complex than ceramics because they

often have particles of a wide range of different physical

properties. Therefore, the indentation process in pharma-

ceutical compacts is more difficult to define. During

indentation, considerable compaction often occurs as a

result of grain-boundary fracture and grain rearrangement.

In a typical indentation test on porous materials, a semi-log

plot of the hardness versus the log of the pressure used to

form a porous specimen is linear, which suggests that the

hardness of a porous body can be estimated from the value

of the compaction pressure [10, 19].

The indentation hardness was found to generally

increase with decreasing MIF. A widely accepted expla-

nation in materials science is from strain gradient plasticity

theory [23, 24]. The square of the plastic flow stress is

linearly dependent on the strain gradient. As the size of the

indents decreases, more strain gradient develops and more

strain hardening follows. Indentation generates grain

boundaries. The blocking of dislocation by grain bound-

aries accompanies a decrease in the relative grain size

resulting in an increase in hardness. Regarding this effect,

there have been several equations proposed for ceramic

materials, but they do not appear to be readily adaptable to

pharmaceutical materials with poorly defined internal

structures [23, 24].

Besides the strain gradient effect, friction between the

indenter and material surface can be a reason for the

effects of the MIF [31]. The top surface region could be

stronger than the other regions, because it can harden

during compaction [10]. Thus, as the size of the indents

decreases, it is possible that the indenter probes only the

hardened top surface regions. Additionally surface

adsorption and chemisorption can also influence the effect

of the MIF.

Although the effects of the strain gradient have been

established in ceramic materials, it is not straightforward to
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apply this concept to pharmaceutical compacts [23, 24].

Instead, the standard deviation of the indentation hardness

can indicate the homogeneity of compacts. In particular, a

simple micro-indentation test on the side and face surfaces

of the compacts with changing MIF was found to be a

useful technique for revealing the structural inhomogeneity

of the compacts. The materials response to densification,

fracture resistance, grain structures and sizes can be

assessed simultaneously using this test.

Among the indentation tests in all scales, the micro-

indentation seems to be in the proper size range for con-

ventional pharmaceutical compacts. The indentation area

of the micro-indentation is generally too small to assess the

average indentation hardness, but too large to map the

distribution of the hardness in a compact. However, it is

convenient to probe the structural inhomogeneity of com-

pacts since it is small enough to have the influence of the

inhomogeneity and large enough to perform conveniently

without problems with instrumentation, which is often

associated with the sensitive nano-indentation.

The results of the microscopy investigation were used to

corroborate the micro-indentation results, but they do not

necessarily correspond to each other. Mechanical proper-

ties probed by micro-indentation can be different from the

topological maps obtained from SEM. The edges of gran-

ular structures and microcracks are distinct in both the tests

and serve as the links between them. AFM can provide

information on the qualitative 2D distribution of the

indentation resistance [27–29].

The structural inhomogeneity should eventually be

related to the final physical and chemical properties of the

compact. For example, the structural inhomogeneity

reflects microcracking and grain boundary formation due to

compaction, as shown in Fig. 7. The susceptibility of the

tablet to chipping, delamination, etc, would depend on

the scattering of mechanically weak regions as well as to

the extent of their weakness. The relatively convenient

micro-indentation characterization technique offers a way

of approaching complex tablet problems.

5 Conclusions

Micro-indentation tests could measure the indentation

hardness and modulus of compacts. However, as the MIF

decreased, the results showed the effect of different influ-

ences such as strain gradient effects. An analysis of these

influences does not appear to be straightforward. Never-

theless, variations in the standard deviation of the

indentation hardness and modulus as a function of the MIF

did reveal micro-structural information of the compacts.

The lactose and microcrystalline cellulose compacts

showed the significant development of inhomogeneity

below 800 mN MIF. The level of structural inhomogeneity

increased with decreasing MIF, and the SEM and AFM

micrographs reflected the indentation results. A complex

dependence on compaction pressure was also shown. The

application of micro-indentation to the face and side sur-

faces of the compacts can provide more information of the

structural inhomogeneity associated with the anisotropy

that develops as a result of compaction.
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