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As nanoindentation at high temperatures becomes increasingly popular, a review of indenter materi-

als for usage at high temperatures is instructive for identifying appropriate indenter-sample materials

combinations to prevent indenter loss or failure due to chemical reactions or wear during indentation.

This is an important consideration for nanoindentation as extremely small volumes of reacted indenter

material will have a significant effect on measurements. The high temperature hardness, elastic modu-

lus, thermal properties, and chemical reactivities of diamond, boron carbide, silicon carbide, tungsten

carbide, cubic boron nitride, and sapphire are discussed. Diamond and boron carbide show the best el-

evated temperature hardness, while tungsten carbide demonstrates the lowest chemical reactivity with

the widest array of elements. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4824710]

I. INTRODUCTION

Elevated temperature nanomechanical testing techniques,

predominantly nanoindentation and microcompression, are

becoming increasingly popular1–9 due to the lower cost of

sample manufacture and preparation, shrinking length scale

of devices, and higher speed of indentation testing. Most

commercial nanoindentation system manufacturers now offer

a high temperature option, and these have had varying de-

grees of success. The main factors determining the stability

of a system during high temperature nanoindentation are the

thermal controls implemented in the system:9 indenter and/or

sample heating, water-cooling, heat-shielding, etc. These vary

between manufacturers due to the different thermal controls

possible with each system configuration. In Figure 1, the max-

imum published indentation temperatures are shown for each

system configuration as a function of publication year. Also,

the total number of high temperature nanoindentation papers

per year,10 as of the publication of this work, is presented. The

increasing trend in popularity/availability of elevated temper-

ature nanoindentation is clear.

System configuration plays a significant role in the fea-

sibility of high temperature nanoindentation. Nearly all in-

strument developers are currently extending and advertising

increased temperature ranges; however, here we will only

consider results published in peer-reviewed journals. Systems

featuring a horizontal pendulum were adapted for elevated

temperature testing early on with both indenter and sample

heating. The horizontal pendulum allows convection to ver-

tically remove heat from the sensor region, and using inden-

ter and sample heating allows isothermal testing7 to prevent

thermal expansion during contact which results in thermal

drift. This system configuration has been the most prolific

in high temperature nanoindentation publications thus far. A

plateau was observed in the maximum achieved temperature

at ∼500 ◦C for nearly a decade, due to the onset of oxida-

tion of diamond indenters at ∼400 ◦C,11 but this was recently

overcome using high vacuum techniques.8

a)E-mail: Jeffrey.Wheeler@empa.ch

The second most prolific system configuration features

an electrostatic actuator with heating only on the sample side.

The electrostatic actuator is limited to lower forces, which ne-

cessitates that the indenter itself has a low mass. This small

size minimizes the dimensions for thermal expansion and al-

lows for rapid thermal equilibration of the indenter mass. The

vertical arrangement of the system introduces the danger of

convective heating of the sensors, but has been countered us-

ing water-cooling and partial vacuum.4 Without active inden-

ter heating, thermal drift is still an issue with this system,

so testing is generally limited to short durations (1–10 s).

New dynamic techniques12 may provide a countermeasure for

this, but significant temperature gradients will still likely be

present, resulting in poor surface temperature precision.9, 13

Systems with electromagnetic actuators have been lim-

ited to lower temperatures (∼200 ◦C) due to excessive ther-

mal drift from heat flow between the heated sample and pas-

sively heated indenter solenoid. Dynamic techniques12 have

been demonstrated to counter thermal drift with this system,

but the same temperature confidence issues remain.

Recently, two new system configurations have emerged.

A system featuring dual indenters to provide active surface

referencing to eliminate thermal drift and frame compliance14

has been successfully demonstrated at 110 ◦C. Another sys-

tem features a piezoelectric actuator for displacement control,

indenter tip and sample heating to prevent thermal drift, and

water-cooling of the system frame using an ethylene glycol

and water mixture as coolant. It operates in situ in the scan-

ning electron microscope allowing observation of deforma-

tion mechanics, and the high vacuum of the electron micro-

scope also prevents sample and indenter oxidation.9

The increasing popularity and availability of systems ca-

pable of nanoindentation testing at high temperatures reintro-

duces challenges for indenter material selection which were

addressed during the first advent of hot hardness testing. With

the smaller length scales and greater precision involved in in-

strumented nanoindentation testing than hot hardness testing,

a review of indenter materials and their properties with a view

towards high temperature nanoindentation may be useful to

many practitioners.
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FIG. 1. Maximum published indentation temperatures for various system

configurations and publications per year in recent years.10

At room temperature, the decision of which indenter

to use is mainly one of geometry: What shape of indenter

will best allow measurement of the property of interest? The

choice of which indenter material to use is usually obvious:

diamond. Occasionally other indenter materials, such as sap-

phire or Al2O3, are also desirable for conospheroidal inden-

ters, since they can be machined into more perfectly spheri-

cal tips than diamond. But primarily, the choice of indenter is

based mainly on what is the hardest, highest stiffness material

available.

This is a good criterion, since it ensures against frac-

ture (Figure 2) and ensures that the indenter receives the least

amount of blunting or wear possible from the high reciprocal

stresses it might experience during indentation. However, at

elevated temperatures, there are several addition criterions for

selection of indenter material. Will the material remain inert

in the high temperature environment? At the desired tempera-

ture, is this material still the hardest, highest stiffness material

available? Will the indenter material remain chemically inert

and not react with the sample at temperature?

100 µm100 µm

FIG. 2. Secondary electron micrograph of a damaged conospheroidal dia-

mond indenter.

The material of choice for a specific high temperature

indentation test must satisfy all these criteria. Furthermore,

the properties of this material must be well-characterized

as a function of temperature, so that its properties at the

test temperature can be used to analyze the resulting load-

displacement relationships. In this article, the existing liter-

ature on the high temperature (≤1200 ◦C) properties of dia-

mond and the hardest borides, carbides, and nitrides will be

examined with respect to their usage as indenter materials.

II. HOT HARDNESS

A. Overview of indenter materials

In order to perform a hardness test, the indenter material

must be a minimum of 20% higher hardness than the sample

in order to generate plastic deformation.15, 16 In order to avoid

rapid blunting or failure of a sharp indenter tip, the indenter

material should be significantly (>100%–1000%) harder than

the sample. To provide an overview of the hot hardness of

various indenter materials, the data shown in Figure 3 have

been assembled.

Diamond is the obvious frontrunner for hardness at ambi-

ent temperature, but its hardness decreases somewhat rapidly

at elevated temperature. By 1200 ◦C, the Knoop hardness of

diamond approaches the hardness of graphite, which is sen-

sible since diamond is metastable and can transform into

graphite near this temperature at ambient/low pressure.24

However, at temperatures below 1000 ◦C, diamond is still the

hardest material available and is recommended for testing of

very hard materials, such as ceramics, tool bit coatings, semi-

conductors, et cetera. Significant mechanical wear of diamond

indenters should be expected during testing hard materials at

high temperatures.

The next hardest material at ambient temperature is cu-

bic boron nitride (cBN). However, its hardness decreases very

quickly with temperature, and it retains only half of its hard-

ness by 500 ◦C. This may be due to the data originating from

a polycrystalline sample, as discussed in Sec. II B. Vickers

FIG. 3. Hot Vickers and Knoop hardness of indenter materials as a function

of temperature17–23 with extrapolated Vickers hardness shown as dotted lines

for materials where only Knoop hardness data were available.
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hardness (HV) was extrapolated for cBN and WC using the

same scaling ratio observed between Vickers and Knoop hard-

ness (HK) in diamond. Boron carbide (B4C), silicon carbide

(SiC), and tungsten carbide (WC) maintain their hardness

at elevated temperatures significantly better. Boron carbide

maintains its hot hardness best of all materials; by 900 ◦C,

its hardness surpasses diamond.

Polycrystalline, sintered boride ceramics such as TiB2,

ZrB2, and HfB2 have been used previously as high temper-

ature indenter materials to good effect,22 but further single

crystal data are needed for determining their suitability for

high temperature nanoindentation. Single crystal hot hardness

data are available for the hardest of the borides, Rhenium di-

boride (ReB2), and it retains its high hardness very well at el-

evated temperatures.23 However, apart from its hardness, very

few of its single crystal properties are known as of yet. Due

to this lack of available data, borides will not be discussed

further in this work despite their promising performance.

In summary, diamond and boron carbide appear to be the

materials of choice for indenting hard materials at elevated

temperatures. However, additional concerns such as inden-

ter/sample reactivity might make other materials with lower

hardness have a chemical advantage for indenting specific

materials systems. This is further discussed in Sec. V.

B. Effect of single crystals vs. polycrystals

One shortcoming of Sec. II A is that the available lit-

erature does not include single crystal data for cubic boron

nitride. Since indenters for nano-scale measurements will al-

most certainly be using a single crystal at the functional tip

of the indenter, it is the single crystal plastic behavior which

is relevant for its high temperature indentation performance.

The difference between single and polycrystalline behavior

in these materials at elevated temperatures has been well

illustrated18 for tungsten carbide – Figure 4.

Polycrystalline tungsten carbide is observed to be signif-

icantly harder and show decreased temperature dependence

at low temperatures (<700 ◦C) compared to single crystalline

FIG. 4. Hot Knoop hardness of single crystal tungsten carbide of various

orientations and polycrystalline tungsten carbide.18

material. This is attributed to the additional difficulty of prop-

agating dislocations across grain boundaries, so strength will

also be dependent on the grain size following Hall-Petch

behavior.

Single crystal behavior for WC is highly anisotropic with

temperature dependence also varying between various crystal

orientations. This dependence will be less for cubic crystals

than hexagonal indenter materials such as WC, Al2O3, and

6H-SiC. This highlights the importance of correctly orienting

these crystals during indenter manufacture.

The cBN hot hardness values in Figure 3 are from a poly-

crystalline sample with a 5 μm grain size.17 This might be

partially responsible for the relatively rapid decrease in hot

hardness with temperature observed. Higher hardnesses with-

out a rapid decrease in hardness at high temperature were ob-

served in finer grain size cBN; however, it is not possible to

speculate how a single crystal would behave. This suggests

that nanocrystalline materials may have higher hardness with

lower temperature dependence as well as effectively isotropic

elastic properties, but it is likely that grain growth and lower

temperature onset of rapid hardness decrease would limit their

usefulness to lower temperatures.

C. New candidate indenter materials

Significant effort21, 25–29 has been made recently for cre-

ating new superhard materials for industrial abrasives, hard

coatings, and various other applications. Several new ma-

terials of high hardness have been discovered: ReB2,23, 25

B6O,30 BC5,26 BC2N,27 γ -Boron,28 and aggregated diamond

nanorods.29 However, several challenges still remain before

these materials can be considered as candidates for elevated

temperature indenter materials: cost, availability of large sin-

gle crystals, and knowledge of material properties at elevated

temperatures.

III. ELASTIC MODULUS

A. Indentation modulus analysis

One of the chief advantages of instrumented indentation

over previous hot hardness methods is the ability to extract

hardness and elastic modulus without imaging of the residual

impression. This is achieved by measuring the stiffness of the

contact during unloading of the indenter to determine the con-

tact area and from that the hardness and modulus. This can be

achieved by various different analyses, but the standard anal-

ysis is the one outlined by Oliver and Pharr.31 In this analysis,

since the indenter tip is not perfectly rigid, it elastically de-

forms simultaneously with the sample. Assuming the elastic

constants are isotropic, it can be shown that the apparent or

“reduced” modulus, Er, is given by

Er =
√

π

2B

S
√

Ap

, (1)

where B is a geometric constant, S is the contact stiffness, and

Ap is the contact area. This reduced modulus is the convo-

lution of both the indenter and sample elastically deforming
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during contact according to the relation

Er =

(

(

1 − ν2
s

)

Es

+

(

1 − ν2
i

)

Ei

)−1

, (2)

where Ei, ν i and Es, νs are the Young’s modulus and Poisson’s

ratio of the indenter and sample, respectively. This equation

demonstrates necessity of accurate knowledge of the indenter

properties in order to apply instrumented indentation to mea-

sure the mechanical properties of a sample.

B. Temperature dependence of modulus

Since the values of Young’s modulus, as well as all other

mechanical properties, change with temperature, it is impor-

tant to know the correct values of the indenter’s elastic prop-

erties at the test temperature in order to accurately extract

sample properties at that temperature. An illustration of the

change in elastic properties of various indenter materials with

temperature is shown in Figure 5.

The raw data for Young’s modulus as a function of tem-

perature shown in Figure 5 are taken from various literature

sources.32–39 The fitted lines shown connecting the points are

a regression fit to Wachtman’s equation:35

E = E0 − CT exp

(

−T0

T

)

, (3)

where E0 is the Young’s modulus at 0 ◦K, C is an exponen-

tial fitting parameter, and T0 is the elevated temperature in ◦K

where the Young’s modulus approaches a linear relationship

with temperature. A summary of the parameters used to fit

the data in Figure 5 is given in Table I. This equation also

accommodates the athermal regime at low temperatures and

yields values which approach 0 ◦K with zero slope in accor-

dance with the third law of thermodynamics. Poisson’s ratio

also changes as a function of temperature, but both the mag-

nitude of this change and its effect on indentation results are

suggested to be almost negligible.

FIG. 5. Young’s modulus of indenter materials as a function of

temperature.32–39

TABLE I. Summary of elastic parameters for Eqs. (2) and (3) for various

indenter materials.32–39

Poisson’s

Material E0 (GPa) C T0 (◦K) ratio, ν

Diamond, type IIa 1139.2 0.1109 1434.8 0.07

Boron carbide,

B4C

461 0.0548 114.5 0.21

Silicon carbide,

6H-SiC

515.7 0.0218 79.25 0.17

Tungsten carbide,

WC

706.7 0.0824 879.64 0.194

Tungsten carbide

with 6% cobalt,

WC-6% Co

541.7 0.0648 707.91 0.20

Cubic boron

nitride, cBN

681.6 0.0442 526.52 0.15

Sapphire, Al2O3 463.7 0.0441 373 0.24

For the case of tungsten carbide indenters for macro- or

micro-indentation, special caution is needed. Typically, tung-

sten carbide indenters are sintered cermets containing poly-

crystalline tungsten carbide grains and some fraction of cobalt

as a binder. This has a significant effect on the elastic prop-

erties as can be seen in Figure 5. The effect of the grain size

and the fraction of cobalt binder on the elastic modulus of the

cermet is known,40 but specific knowledge of the exact mi-

crostructure of your indenter would be required in order to

use these relationships.

C. Effect of using incorrect modulus at temperature

If the modulus of the indenter at ambient temperature is

used for measurements taken at elevated or cryogenic tem-

peratures, an error in measurement will occur. This error will

scale directly with both the change in the indenter modulus

with temperature and the difference in the modulus between

the sample and indenter.

In Figure 6, the error in determining the sample modulus,

Es, is shown for the case of an idealised material with con-

stant reduced modulus, Er, of 200 GPa and Poisson’s ratio,

νs, of 0.33 independent of temperature. This is the error that

would result from using the ambient temperature values for

the indenter properties to determine the sample modulus from

a measured reduced modulus of 200 GPa at different temper-

atures. In materials where the modulus is very low relative to

the indenter modulus, this error will be smaller than shown.

However, in materials which have modulus similar to that of

the indenter, these errors can be very large. This can be seen

in Figure 6 in the cases of boron carbide and sapphire, whose

moduli are only ∼2.5× that of the idealized sample.

In addition to temperature, the elastic properties of ma-

terials also vary at high pressures.41 This has been shown to

have an effect on indentation measurements of elastic proper-

ties of high strength/high modulus materials.42 This effect is

expected to be observed during indentation at elevated tem-

peratures, though in a diminished capacity due to the reduced

stresses required for elastic/plastic deformation.
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FIG. 6. Error in Young’s modulus measurements on a sample with

Er = 200 GPa and νs = 0.33 from using room temperature values of indenter

material moduli as a function of temperature.32–39

IV. THERMAL PROPERTIES AND EFFECTS
ON MEASUREMENT

A. Relationship of thermomechanical
properties to drift

It is well known that the thermal properties of the sam-

ple material, particularly thermal conductivity, have an effect

on the magnitude of thermal drift during high temperature in-

dentation. This has been shown to be due to the contact ther-

mal drift being proportional to the amount of heat flow occur-

ring across the contact.43 However, the thermal conductivity

of the indenter also plays a role. The majority of the thermal

drift has been attributed to expansion within the shaft of the

indenter,4 so the magnitude of the indenter’s expansion for a

given amount of heat or �L/q is a descriptive parameter for

the propensity of an indenter material to thermal drift. The

expansion for per unit energy,

�L

q
= L

CpαL

ρV
, (4)

where L is the axial indenter length, q is the transferred heat,

Cp is the specific heat, αL is the linear coefficient of thermal

expansion, ρ is the density, and V is the volume of the indenter

shaft. These properties are summarized in Table II for the var-

ious indenter materials. The geometry of the indenter material

shaft is given to be 0.2 mm by 0.2 mm with an axial length of

0.3 mm, which is then embedded during manufacture into a

holder whose geometry is specific to the manufacturer of the

nanoindentation system.

The amount of thermal expansion drift expected from

the indenter shaft will now be a combination of the expan-

sion per unit energy and the heat flow expected across the

interface, which is a function of the indenter and sample ma-

terial’s thermal conductivity, the contact area, and thermal

gradient.43 For an indent of a similar size on the same material

with the same temperature difference, the various indenters

show mostly similar behavior. Diamond and cBN both con-

duct heat extremely well, but their expansion per unit energy

is very low. Whereas, boron carbide and sapphire are poorer

conductors, but have high expansion per unit energy due to

their higher coefficients of thermal expansion. Silicon carbide

appears to be significantly prone to thermal drift, since it has

both high conductivity and high expansion per unit energy.

The best performance is expected from tungsten carbide, be-

cause it has both very low conductivity and low expansion per

unit energy due to its high density.

B. Indenter geometry variation with temperature

Thermal expansion can also have an effect on the geom-

etry of an indenter. For ideal self-symmetric indenters, such

as conical and pyramidal indenters, this effect would be nom-

inally nil, except for any anisotropy in thermal expansion co-

efficients causing a slight change in aspect ratio or equivalent

cone angle. Some indenter materials with a hexagonal crys-

tal structure, e.g., 6H-SiC and Al2O3, do have anisotropy in

thermal expansion, but we will only consider isotropic expan-

sion here. Since indenters cannot have ideal geometry, there

is always a blunt tip radius at the apex of the cone or pyramid.

This radius will expand at elevated temperatures and produce

a proportional change in the area function of the indenter, as

has been previously discussed.3 Thus, the main consideration

of the influence of thermal expansion on indenters, aside from

thermal drift related expansions, is the change in tip radius,

whether the tip geometry is conical, pyramidal or spherical.

TABLE II. Summary of room temperature thermomechanical properties of various indenter materials.33, 36, 44–50

Thermal conductivity Thermal expansion Specific heat Density �L/q

Indenter material (W m−1 ◦K−1) (10−6 ◦K−1) (J g−1 ◦K−1) (g/cm3) (nm/mJ)

Diamond, type IIa 2000 1.00 0.52 3.51 3.7

Boron carbide,

B4C

28 4.22 0.96 2.52 40.2

Silicon carbide,

6H-SiC

490 2.77 0.66 3.21 14.2

Tungsten carbide,

WC

29.3 10.17 0.18 15.8 2.9

Cubic boron

nitride, cBN

1300 1.15 0.51 3.48 4.2

Sapphire, Al2O3 42 5.20 0.77 3.98 25.2
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FIG. 7. Relative length change of various indenter materials compared to

room temperature along their principal crystallographic axis as a function of

temperature.33, 47–50

Over large variations in temperature, the coefficient of

thermal expansion (CTE) cannot be approximated as linear.

In order to extract the relative amount change in length,

L, due to thermal expansion (�L/L), the relationship of the

CTE with temperature must be integrated. For the indenter

materials considered here, this relative change in dimension

or tip radius with respect to room temperature is shown in

Figure 7. For most materials, this is ≤0.5% even by 1000 ◦C;

however, sapphire and tungsten carbide show significantly

more expansion. The effect of this expansion on the projected

area functions of Berkovich indenters with a 100 nm tip radii

and 10 μm radius spherical indenters is shown in Figure 8.

The differences between the Berkovich and the spherical

indenters’ changes in projected area at elevated temperatures

can be immediately observed in Figure 8. The spherical in-

denters’ changes in area are initially directly equivalent to the

relative length change observed in Figure 7 at this temperature

for these materials, and only slight increases are observed at

greater depths due to the slight increases in radii.

FIG. 8. The percentage change in projected area at 500 ◦C for Berkovich

indenters with a 100 nm tip radius and 10 μm spherical indenters composed

of various indenter materials.

The Berkovich indenters initially start at the same values,

due to the blunting of the tip radius, but then they rapidly de-

crease down to near negligible levels as the effect of the self-

symmetry becomes apparent at greater depths. The Berkovich

area function is approximated here using a piecewise function

where the region near the tip is approximated as a sphere per-

fectly tangent to the end of a cone with an angle such that its

projected area is equivalent to the Berkovich pyramid:

Ap = π (2Rhc − h2
c) when hc ≤ R − R sin(θ ) (5)

and

Ap = π [(hc + hx) tan(θ )]2 when hc > R − R sin(θ ),

(6)

where R is the tip radius, hc is the contact depth, hx is the ad-

ditional depth to which an ideal cone tangent to the spherical

tip would extend: hx = R/sin (θ ) − R, and θ is the cone angle:

70.32◦ for a Berkovich.

Maxima in the changes in area are observed at the tan-

gent depth between the spherical tip and the cone. This is the

transition point between the spherical function, which has rel-

atively larger areas at greater depths, and the self-similar con-

ical function which has relatively the same areas at greater

depths. As hc becomes ≫hx, the additional influence of hx in

Eq. (5) becomes negligible. The change in hx to accommodate

the change in R due to thermal expansion is the main source

is deviation for the self-symmetric portions of the inden-

ters. The piecewise function utilized here has the advantage

of remaining accurate for low depths and/or large tip radii,

whereas the continuous area function of Thurn and Cook51

used previously3 is not valid for depths where the contact ra-

dius is less than the indenter radius.

The changes in projected area calculated for diamond are

greater than previously reported3 for similar temperature gra-

dients, because the present analysis takes into account the

changes in coefficients of thermal expansion at elevated tem-

perature rather than extrapolating a room temperature value

of CTE to elevated temperature. Also, the piecewise function

allows accurate calculation of changes in area at low depths.

However, the trends of rapid decrease in �Ap/Ap with increas-

ing depth are in good agreement with previous estimations.3

The maximum error expected due to thermal expansion is on

the order of 1%, and this is limited to indentations where

the depth is ≤ the indenter radius. Most indenter materials

are only expected to have error on the order of 0.1%, which

is comparable to the accuracy of the typical indenter area

function.

C. Methods for indenter temperature calibration

In order to minimize errors in displacement measure-

ment due to expansions related to heat exchange between the

indenter and sample at elevated temperatures, the tempera-

tures of the indenter and the sample must be very precisely

matched. Since the thermocouples for monitoring the inden-

ter temperature are always removed some distance away from

the region of contact, a thermal gradient exists between the

thermocouple and the tip of the indenter. This can result in er-

rors in indenter set temperature on the order of 5%–40%.9 In
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order to maintain accurate test temperatures, this temperature

gradient must be calibrated prior to testing. Two methods have

been previously described43 for this: indentation into thermo-

couples at high temperature and Raman spectroscopy. A third

method might be use of a high resolution thermal camera cal-

ibrated to the indenter material, but this has not been experi-

mentally demonstrated yet.

Direct indentation of thermocouples at elevated tempera-

ture allows contact to be achieved at a known surface tem-

perature. Some error due to poor thermal coupling can al-

ways be expected when a thermocouple is merely bonded to

a surface by a high temperature adhesive, and directly indent-

ing the thermocouple removes this uncertainty. Care must be

taken in thermocouple type selection to prevent corrosion of

the indenter. Platinum/rhodium-based thermocouples (Types

B, R, and S) are recommended for high temperature indenter

temperature calibration for most indenter materials. Match-

ing the indenter temperature to this known surface temper-

ature can be achieved by either thermal displacement drift

measurements7 or direct temperature shift measurements.43

In both cases, the technique involves varying either the in-

denter or the sample temperature while leaving one of them

constant and performing a number of indentations at differ-

ent relative temperatures. If the indenter is observed to drift in

the negative displacement direction or to increase in tempera-

ture during contact, the indenter is presumed to be colder than

the sample surface. If the indenter decreases in temperature or

drifts in the positive displacement direction than the indenter,

then the indenter is presumed to be hotter than the sample sur-

face. Thermal drift displacement measurements are addition-

ally affected by stabilisation of the system frame and tempera-

ture fluctuations during contact,9 so long stabilisation periods

and drift hold periods may be necessary to correctly match the

sample and indenter by this method.7 After performing this

temperature matching procedure on a thermocouple at several

different surface temperatures, the relationship between the

known surface temperatures from the thermocouple and the

temperatures at which the indenter apparently matches these

temperatures can be ascertained.

Calibrating an indenter’s temperature via Raman spec-

troscopy is somewhat simpler. However, the precision of these

measurements is typically limited to ∼10 ◦C. When using an

indenter made from a material with a known Raman shift as

a function of temperature, it is fairly straightforward to heat

an indenter to some fixed set temperature, obtain a Raman

spectrum from the indenter and measure the peak shift, com-

pare that peak shift to the literature, and determine the ac-

tual temperature of the indenter according to the Raman shift.

The relationships for Raman shift as a function of tempera-

ture are available in the literature for many indenter materials:

diamond,52–54 cBN,55, 56 and sapphire.57

V. CHEMICAL REACTIVITY

A. Indenter damage due to oxidation

The danger of oxidative damage to diamond indenters

at temperatures >400 ◦C is now fairly well known4, 11 in

the community. At temperatures ≤400 ◦C, diamond indenters

0.72 µm

1.28 µm

2.63 µm

0.00 µm

0.00 µm

0.00 µm

(a)

(b)

(c)

FIG. 9. AFM data shown as orthogonal 3D projections at 45◦ inclination

of Berkovich indenters (a) undamaged after long term usage at temperatures

<400 ◦C,11 (b) after 90 min at 900 ◦C in commercial purity argon,11 and

(c) after scanning an oxidized aluminium sample in air at 300 ◦C.61, 62

can be nominally stable for years of operation as shown in

Figure 9(a). Most other indenter materials are also suscepti-

ble to oxidation damage at similar or slightly higher tempera-

tures than diamond – Table III. These onset temperatures are

typical for oxidation of fine powders with sizes similar to that

of sharp indenter radii. However, it is important to note that

all of these onset temperatures can be reduced by the intro-

duction of water vapour. Extra caution is warranted during

testing in humid environments, since water vapour not only

TABLE III. Onset temperature and product of oxidation for various indenter

materials in dry air.11, 44, 58–60

Indenter material Behavior in oxygen

Diamond Forms CO and CO2 >400 ◦C11

Boron carbide, B4C Forms B2O3 layer >450 ◦C58

Silicon carbide, 6H-SiC Forms SiO2 >750 ◦C59

Tungsten carbide, WC Forms WO3 >500 ◦C60

Cubic boron nitride, cBN Forms B2O3 layer >700 ◦C44

Sapphire, Al2O3 Inert

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:

152.88.240.174 On: Wed, 12 Nov 2014 14:29:53



101301-8 J. M. Wheeler and J. Michler Rev. Sci. Instrum. 84, 101301 (2013)

decreases the onset temperatures but also increases the oxida-

tion rates.

For operation at temperatures higher than the onset tem-

peratures in Table III, a high purity inert gas4, 7 or high

vacuum8, 9 environment can be used to protect the inden-

ter from oxygen. Otherwise, the indenter initially becomes

smoothly blunted and then irregularly blunted as etch pits

and terraces form on the surface11 as seen in Figure 9(b).

Partial vacuum4 (∼10−2 mbar) and commercial purity argon

(30–45 ppm O2) atmospheres11 have been observed not to sig-

nificantly boost onset temperatures for oxidation of diamond:

oxidation of the diamond was observed between 400 and

500 ◦C. High vacuum environments8, 9 (∼10−6 mbar) have

been successful thus far in preventing oxidation of diamond

indenters up to ∼700 ◦C; however, ultra high vacuum (UHV)

may be necessary for testing with diamond at temperatures up

to 1000 ◦C.

Another kind of “damage” due to oxidation can also oc-

cur at lower temperatures. If indentations or scratches are

performed in a material which oxidizes, this surface oxide

can easily be transferred to the indenter tip61 as shown in

Figure 9(c). This oxide contamination effectively blunts the

indenter and introduces large errors into the diamond area

function calibration. This form of contamination can strongly

adhere to the indenter and require the use of acids or indenta-

tions into hard materials to remove it.

B. Potential for indenter damage from sample

Even if the indenter is sufficiently stiff and hard to indent

the sample material without significant mechanical blunting

or wear, the indenter could still be at risk to chemical reac-

tions between itself and the sample. The classic example of

this is the indentation of steel with a diamond indenter at high

temperature. Despite the extraordinary chemical stability of

diamond, most exemplified by its complete resistance to at-

tack by acids, the diamond disintegrates and reacts with the

steel to form Fe3C carbides. This process can completely de-

stroy an indenter, as shown in Figure 10, to the point where

only a remnant of where the indenter was can be observed

afterwards. This demonstrates the necessity of using an ap-

10000 µµmm100 µm

FIG. 10. Secondary electron micrograph of the remnant of a diamond inden-

ter after contact with a steel sample at 500 ◦C.

propriate indenter material for the various classes of sample

materials to ensure that the indenter remains chemically inert

during indentation.

However, this situation is complicated by the extremely

high stresses applied during indentation. An appropriate “rule

of thumb” for a maximum temperature for indentation with

known reactive indenter/sample combinations, such as stay-

ing below the creep regime of the material or below the for-

mation temperature of the carbide, remains elusive, since the

tip can be destroyed at temperatures far below either of these

criterions – Figure 10. In fact, high precision investigations

using sharp diamond indenters on pure tungsten have shown

signs of blunting/reactivity even at room temperature,76 which

further suggests that these reactions occur over a continuum

rather than starting at a particular onset temperature.

A systematic empirical study of the influence of stress

on these solid state reactions has been avoided thus far due

to the prohibitive cost of the number of consumable indenters

required to conduct such a study. However, some recent ad-

vances have been made for studying the stress-assisted wear

of single point diamond tools,63 which suggest stress assisted

graphitization at high cutting temperatures is the dominant

mechanism. In the absence of knowledge of how this extrap-

olates to the full temperature range and other indenter mate-

rials, indenter/sample material combinations where reactions

have been observed to occur at any elevated temperature are

recommended to be avoided completely.

C. Reactivity of elemental indenter/sample
combinations

Some limited anecdotal information on safe temperature

regimes and indenter/sample material combinations for high

temperature indentation exists in the literature on hot hard-

ness from the 1940s to 1960s, but much of this technical ex-

pertise seems to have been lost. By combining the limited

picture remaining from hot hardness literature with the liter-

ature on high temperature wetting and metal-ceramic com-

posite manufacture, a general picture of the reactivities of

various classes of indenter/sample material combinations has

been constructed – Table IV.

Diamond indenters show excellent resistance to materi-

als which chemically attack indenters: alkali metals, alkaline

earth metals, and metalloids. However, diamond is vulnera-

ble to attack by materials which aggressively form carbides

or dissolve carbon: the early and late transition metals. Many

of the early transition metals have carbides with a high en-

thalpy of formation, so diamond’s reactions with them may

not become rapid or apparent until very high temperature. As

discussed above, the details of the various reactions’ kinetics

are not known with stress, so caution is suggested when using

a diamond indenter in combination with any of these metals

even at relatively low temperatures. Diamond is almost com-

pletely inert in combination with the noble and coinage met-

als, but the literature suggests that the noble metals can also

dissolve carbon at high temperatures.

Tungsten carbide appears to be the most chemically sta-

ble of all the indenter materials. It only appears to be vul-

nerable in combination with tungsten, titanium, and iron at
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TABLE IV. Overview of indenter and sample material classes and their reactivities at high temperature.7, 11, 64–74

Sample material classes

Alkali metals

Alkaline earth

metals

Early transition

metals Ferrous metals Noble metals Coinage metals Metalloids

Indenter

material

Li, Na, K, Rb,

Cs Be, Mg, Ca, Sr

Sc, Ti, V, Cr, Y, Zr,

Nb, Mo, Hf, Ta, W Mn, Fe, Co, Ni

Ru, Rh, Pd, Re,

Os, Ir, Pt

Cu, Zn, Ag, Cd,

In, Sn, Au, Pb, Bi Al, Si, Ge

Diamond Inert Inert Dissolves carbon/

forms carbides

Dissolves carbon,

e.g., Fe ∼400 ◦C

Dissolves carbon

>1000 ◦C

Inert Forms Al4C3

>700 ◦C with

Al64

Forms SiC

>1200 ◦C65, 66

with Si

Carbides B4C Unknown Inert B4C reacts with Ti

and Zr

B4C forms

borides/carbides

Inert Inert Forms borides

SiC Unknown Inert Inert Dissolves SiC67 Inert Inert Forms Al4C3

with Al

WC Unknown Inert Mostly inert – may

lose carbon by

diffusion

Mostly inert –

may lose carbon

by diffusion68

Inert Inert Inert

Nitrides cBN Unknown Inert Mostly inert Mo, Ti

and Cr may form

nitrides/borides

Dissolves, e.g.,

Ni ∼300 ◦C7

Inert Inert Forms borides

and nitrides

Oxides Al2O3 Dissolves May reduce

oxide

Mostly inert69 Ti and

Cr may reduce oxide,

e.g., high Cr steel

∼700 ◦C70

Dissolves, e.g.,

Ni ∼300 ◦C71

Dissolves in Pd

and Pt

Dissolves in Zn

and Bi

Reduces

oxide, e.g., Al

∼400 ◦C

very high temperatures where the carbon could diffuse into

the sample. This offers an explanation for the widespread

usage of WC indenters in the hot hardness literature. Despite

its relatively low hardness, WC offers a low cost indenter ma-

terial which is inert in combination with most materials. For

indenting softer metals and alloys, tungsten carbide appears

to be the most universal choice.

Both indenter materials which contain boron, cBN and

B4C, show a similar tendency to react with the more ener-

getic early transition metals, late transition metals, and met-

alloids as well as with oxygen. The boria, B2O3, layer which

forms during oxidation is suggested to be a passive, protective

layer in the literature. However, the thickness of this layer is

likely to be on a similar scale to nanoindentation depths, and

repetitive removal of the layer by indentation and subsequent

regrowth would result in wear of the indenters. Additionally,

the layer is irregular and porous, so this will likely cause de-

viations in diamond area function. This reactivity of boron-

containing materials is expected to be more pronounced in the

less strongly covalently bonded borides such as TiB2, ZrB2,

HfB2, and ReB2.

Sapphire, or more accurately corundum, is perhaps the

most reactive indenter material. The majority of the transi-

tion, noble, and coinage metals are inert in combination with

sapphire. However, significant exceptions exist in almost all

categories. These are typically alkaline or oxidizing metals

such as lithium or aluminium, magnesium and titanium. How-

ever, some post transition metals, zinc and bismuth, can also

dissolve sapphire. The strongest recommendations for using

sapphire are its immunity to oxidation, low cost, and good

machinability.

D. Reactivity of indenters with alloys

The reactivity of indenter-alloy combinations at elevated

temperatures depends on the type of alloying employed: solid-

solution, multi-phase, and/or precipitate-strengthened. Solid-

solution alloys have decreased reactivity, as compared to the

pure metals of the different alloying elements, with the re-

activity proportionally decreased by the diffusion mobility

and the atomic fraction. However, solid solutions will act

to react/blunt an indenter uniformly. Both multi-phase and

precipitate-strengthened alloys can react discretely on differ-

ent regions of the indenter, depending on whether an indenta-

tion will transect either an interface between phases or a reac-

tive precipitate. This produces an irregularly shaped indenter

which can no longer be analyzed using conventional contact

mechanics analyses which assume an axisymmetric indenter

(or with a slight correction for polygonal pyramids).

For solid-solution and multi-phase alloys, the elemental

reactivities discussed in Sec. V C can serve as a guide for

which combinations to avoid. For precipitate strengthened al-

loys, the reactivity of indenters with ceramics and compounds

discussed in Sec. V E should be considered.

E. Reactivity of indenters with ceramics
and compounds

Ceramics and compounds can also react with various

indenter materials at very high temperatures. The control-

ling factor for this is whether the sample compound is more

chemically stable than the indenter sample. An example

of this would be indenting carbide with another carbide,

whichever element has the higher affinity with carbon will
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deplete the other. However, at high temperatures, boron car-

bide has been successfully used for indenting both borides

and carbides.22 Diamond, tantalum carbide and tungsten car-

bide are suggested for indentation of oxides,22 nitrides, and

semiconductors.75

VI. SUMMARY

The literature properties of various indenter materials

have been reviewed with respect to their performance for high

temperature nanoindentation. Diamond and boron carbide are

the materials of choice for indenting hard materials at ele-

vated temperatures due to their excellent retained hardness at

high temperatures. The temperature dependence of the elas-

tic properties of the various indenter materials including for-

mulae for their values has been given along with the possi-

ble errors resulting from using incorrect values. The thermal

properties of the materials have been briefly described in re-

lation to their impact on high temperature indentation behav-

ior. The influence of thermal expansion on indenter tip ge-

ometry was found to be negligible for most indenter materi-

als, and methods for calibrating the thermal gradient between

the indenter tip and its temperature sensor were discussed.

Lastly, the chemical reactivity of the indenter materials with

various elements was reviewed. High to ultra-high vacuum

is necessary to prevent oxidation of most indenter materials

above ∼400 ◦C with the exception of sapphire. Tungsten car-

bide showed the lowest reactivity of the indenter materials

surveyed and is likely the most universal solution for indenta-

tion of metals and alloys without sample-indenter reactions.
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