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Description
FIELD OF THE INVENTION

[0001] Thisinvention relates generally to amethod for
measuring elastic properties of a material. More specif-
ically, this invention relates to a method for measuring
elastic modulus of a solid material by depth-sensing in-
dentation. In addition, the present invention relates to a
method for correcting creep effects when measuring the
elastic modulus of a solid material by depth-sensing in-
dentation.

BACKGROUND OF THE INVENTION

[0002] Depth-sensingindentation systems have been
used for measuring modulus of various materials. Most
commercially available depth-sensing indentation sys-
tems are also known as "nanoindentators". When a na-
noindentator is used, the indent size can be made to fall
inthe sub-micron range. As a result, ultra-small volumes
of materials, e.g., second-phase particles in a matrix,
thin-films deposited on substrates, efc., can be tested.
[0003] Unlike other conventional hardness testers,
depth-sensing indentation systems use adepth-sensing
machine to record the indenter displacement (or the
"depth") data as the indentation proceeds. Many well-
known brand names of commercial nanoindenters, such
as those manufactured by MTS Systems Corporation,
Hysitron Inc. and CSEM Instruments, all use the Oliver-
Pharr scheme in their analysis packages. In the Oliver-
Pharr scheme, the load and the depth data can be an-
alyzed to give the contact area as well as the contact
stiffness between the indenter and the sample. The con-
tact area can be used to compute the hardness of the
sample, while the contact stiffness can be used to com-
pute the elastic modulus of the sample.

[0004] In the Oliver-Pharr scheme, the contact stiff-
ness between the indenter tip and the sample is esti-
mated in an unloading process from the peak load as-
suming that the material recovery during the unloading
process is purely elastic. The reduced modulus E, for
the contact between the indenter tip and the sample is
calculated from the contact stiffness S at the onset of
the unloading process as follows.
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wherein A, can be the contact area at full load. The con-
tact area A, is calculated from the contact depth h, by
assuming a shape function of the indenter, i.e.,
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wherein ¢ is a constant depending on the indenter ge-
ometry (e.g., € = 0.75 for the Berkovich tip). The re-
duced modulus E,is related to the sample Young's mod-
ulus as follows:

1 1-v§ 1-vf

ETE R @
wherein E; = Young's modulus of the sample object, v,
=Poisson's ratio of the sample object, E;= Young's mod-
ulus of the indenter tip, v;= Poisson's ratio of the indent-
er tip. In the Oliver-Pharr scheme, the contact stiffness
to be used in the above equations (1) and (2) is the ob-
served (or apparent) contact stiffness S, at the onset of
the unloading process.

[0005] In reality, however, significant creep can occur
at the peak load even for metals at room temperature
after long holding periods. As shown in Figs. 2(a) and 2
(b), the indenter displacement continues to creeplin both
cases even after a long holding period of ten (10) min-
utes. The displacement rate appears to settle to a
steady value of about 0.020 nm/s in Al and about 0.009
nm/s in NizAl. Such a significant creep effect at the peak
load can strongly affect the subsequent unloading be-
havior, especially when the unloading rate is not high
enough.

[0006] Inthe extreme case where a creep dominates
an elastic recovery at the onset of the unloading proc-
ess, the load-displacement curve can even exhibit a
"nose", such as shown in Fig. 4a for an aluminum sam-
ple object. Load schedules (i) to (iii), such as those
shown in Fig. 3b, represent three similar indentation ex-
periments on the same aluminum sample. Load sched-
ule (i) has a very rapid unloading rate. Load schedules
(i) and (iii) have the same unloading rate, which is slow-
er than the unloading rate in load schedule (i). On the
other hand, load schedules (i) and (ii) have a short load
holding period before the unloading process, while load
schedule (iii) has a longer load holding period. A
conspicuous "nose", such as that shown in Fig. 4a, ap-
pears in the unloading curve for load schedule (ii).
The "nose™ disappears when the unloading rale is in-
creased, such as shown in the unloading curve for load
schedule (i), or when the load holding period before un-
loading is lengthened, such as shown in the unloading
curve for load schedule (iii).

[0007] When a "nose" occurs, the elastic modulus
cannot be accurately calculated using the Oliver-Pharr
scheme, because the apparent contact stiffness S, be-
comes negative. Moreover, even if a "nose" does not
occur, the presence of creep can cause serious errors
in the estimation of the elastic modulus, if the creep ef-
fect is not corrected. Moreover, creep effects can be-
come significant in certain circumstances, such as
where an indentation is performed at a temperature of
a significant fraction (e.g., more than 40%) of the abso-
lute melting temperature or where a nano-sized inden-
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tation is performed by exerting a very large pressure on
the sample.

[0008] The present invention provides a method for
measuring elastic properties, such as the elastic modu-
lus of an object, that avoids the above problems. More-
over, the present invention provides a method for meas-
uring the clastic modulus of a solid material by depth-
sensing indentation where the creep effect is corrected.
Furthermore, the present invention provides a method
for correcting a creep effect occurred when measuring
clastic properties of a solid material by depth-sensing
indentation.

SUMMARY OF THE INVENTION

[0009] This invention provides a method for measur-
ing elastic properties of an object, such as by depth-
sensing indentation. The present invention also pro-
vides a method for correcting creep effect occurred in
measuring the clastic modulus of various materials by
depth-sensing indentation. The method can comprise
defining a correction term in the contact compliance be-
tween an indenter tip and an object to be measured. In
one embodiment, the correction term can be defined by
equation (4) below. The method can also comprise
quantifying the correction term by measuring the related
quantities from the indentation data. In one embodi-
ment, curve fitting can be employed in quantifying the
correction term. The creep correction term can be re-
moved from the apparent contact compliance in the cal-
culation of the sample modulus. Such a correction pro-
cedure can be incorporated easily into the analysis soft-
ware of any existing depth-sensing indentation system
based on the Oliver-Pharr scheme.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] These and otherfeatures, aspects, and advan-
tages of the invention will become much more apparent
from the following description and accompanying draw-
ings, in which:

Figs. 1ato 1c show the P-tcurve, the h-tcurve, and
the P-hcurve respectively in one embodiment of the
invention for modulus measurement using depth-
sensing indentation;

Figs. 2a and 2b are the displacement-time curves
of the load holding process after correction of ther-
mal drift in (a) Al, load = 2918.1 £ 1.5uN and (b)
NizAl(111), load = 4964.6 + 2.1uN, respectively;
Figs. 3a and 3b show load schedules used in the
experiments, in which Fig. 3b shows the three dif-
ferent load schedules used on a sample material of
aluminum;

Fig. 4ais an enlarged view of the unloading portions
of the load-displacement curves showing creep ef-
fects thereon after correcting thermal drift in alumi-
num; and Fig. 4b illustrates the fitting by equation
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(5) of the unloading curve for Cu(111) with large
creep effects, wherein unloading rate = 12.47uN/s,
and creep factor C = 60.3%; and

Figs. 5a to 5¢ show different modulus-creep factor
curves obtained by the Oliver-Pharr scheme and
the invention for sample materials of (a) Al, (b) Cu
(111), and (c) NisAl (111), respectively.

DETAILED DESCRIPTION OF THE INVENTION

[0011] Exemplary methods embodying the principles
of the present invention are shown throughout the draw-
ings and described in the various embodiments below.
[0012] Theinventionis contemplated to measure var-
ious properties of various materials. For example, the
invention can measure the clastic properties, such as
elastic modulus of a sample material. In the method of
the invention, one or more correction term can be ob-
tained and used to correct one or more measurement
errors occurred during the measurement of the sample
material properties. In one embodiment, a depth-sens-
ing indentation system can be used for measuring the
elastic modulus of a sample material. In such an em-
bodiment, the contact stiffness between the depth-sens-
ing indenter and the sample material, after correcting
creep effects, can be obtained and used as a corrected
term. In another embodiment, one or more corrected
terms can be used to obtain the properties, such as the
elastic modulus, of the sample material.

[0013] According to one aspect of the invention, a
method is provided to measure elastic properties of var-
ious materials using one or more corrected terms. Ad-
ditionally or alternatively, the method can comprise
quantifying the corrected terms.

[0014] In one embodiment, a method is provided to
measure the elastic modulus of a material during the un-
loading process in depth-sensing indentation. The
method can comprise one or more of the following:

(a) measuring the indenter displacement drift rate
hy, just prior to the unloading process;

(b) measuring the apparent contact stiffness S, (the
rate of change of load with respect to indenter dis-
placement) at the onset of the unloading process;
(c) obtaining the contact stiffness S based on one
or more of the indenter displacement drift rate Ay,
the apparent contact stiffness S, and P, wherein P
is the imposed unloading rate at the onset of the
unload process;

(d) using the value of S obtained from step (c) to
calculate the contact area A based on equation (2);
and

(e) using the value of S obtained from step (c) above
and the value of A, from step (d) above to calculate
the reduced modulus E, based on equation (1).

[0015] According to another aspect of the invention,
a method is provided to correct various measurement
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errors, such as occurred when measuring various prop-
erties of a sample material. In an embodiment where a
depth-sensing indentation system is used for measuring
the elastic properties of a sample material, the method
of the invention is capable of correcting various meas-
urement errors, such as caused by creep and/or thermal
drift, as will be described in details below.

[0016] In one embodiment, a method is provided to
correct various measurement errors during an unload-
ing process in depth-sensing indentation. The method
can comprise one or more of the following:

(a) measuring the indenter displacement drift rate
hy, just prior to the unloading process;

(b) measuring the apparent contact stiffness S, (the
rate of change of load with respect to indenter dis-
placement) at the onset of the unloading process;
and

(c) obtaining a correction term based on one or
more of h,, S, and P, wherein P is the imposed

unloading rate at the onset of the unload process.

[0017] In an embodiment where the measurement is
carried out by using a depth-sensing indentation sys-
tem, the correction term can concern the contact stiff-
ness and/or the contact area as will be described in de-
tails below.

[0018] The contact stiffness Scan be obtained in var-
ious manners. For example, the contact stiffness S can
be obtained by taking one or more of the following fac-
tors into consideration: the observed (or apparent) con-
tact stiffness S, the indenter displacement rate h,. and
the unloading rate P. In an exemplary embodiment, the
contact stiffness Sto be used in equation (1) can be giv-
en by the following equation:

. b
=+
s, "

>

1
s @

s

wherein the correction term is capable of correcting
creep and/or thermal drift. In an exemplary embodiment
such as shownin Fig. 1, h, can be the indenter displace-
ment rate recorded at the end of the load holding period
preceding the unloading process. In another exemplary
embodiment, P can be the unloading rate at the onset
of the unloading process. In a further exemplary embod-
iment, S, can be the contact stiffness at the onset of the
unloading process. The observed (or apparent) contact
stiffness S, the indenter displacement rate hj, and/or
the unloading rate P will be described in detail below.
[0019] In one embodiment, to evalvate the apparent
contact stiffness S, at the onset of the unloading proc-
ess from the unloading portion of the load-displacement
P-h curve, the load-displacement P-h curve can be first
fitted by the following equation;
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h=nhy+ AP" + AP (5)

wherein hy, A, Ay, m, and n can be fitting constants.
For example, h, can be about 520.55+0.15; A, can be
about 0.254+0.003; A, can he about 7.7E-23+4.8E-22;
m can be about 0.5; and/or n can be about 5.90+0.71.
Equation (5) can provide very good fit to the onset por-
tion of the unloading process. In another exemplary em-
bodiment, R2 can be about 0.97785. In one exemplary
embodiment, the curve fitting of the load-displacement
P-h curve can be carried out during an initial part of the
unloading process. In another embodiment, the contact
stiffness at the onset of the unloading process can be
defined as S, = dP/dhl , wherein "u" denotes the onset
of the unloading process. In an exemplary embodiment,
S, can be calculated, such as by differentiating equation
(5).

[0020] In another embodiment, the indenter displace-
ment rate hy in equation (4) can be obtained by fitting
the displacement-time h-t curve during the load holding
period or prior to the unloading process by the following
empirical law:

h® = hy+ Bt-t) "+ Kt 6)

where h, B, t;, and K can be fitting constants. For exam-
ple, h; can be about 568.66+0.03;  can be about
2.94+0.01, f; can be about 237.32+0.05; and/or K can
be about 0.0062+0.0001. Alternatively, h;can be about
184.754+0.022; B can be about 1.320+£0.010, f;can be
about 274.927+0.096; and/or K can be about
0.00315+0.00009. The above equation is capable of
providing very good fittings to the displacement-time h-
tcurves. In an exemplary embodiment, R2 can be about
0.99753. In another exemplary embodiment, R2 can be
about 0.99013. In one embodiment, the indenter dis-
placement rate h, can be obtained as follows: h, = dh/
dll,, wherein "h" can denote the end of the load holding
period. In a further embodiment, the indenter displace-
ment rate hy, can be obtained by differentiating equation
(6). It will be appreciated that various alternate embod-
iments of calculating the contact stiffness S, the ob-
served (or apparent) contact stiffness S, the indenter
displacement rate hy, and/or the unloading rate P are
within the scope of the invention.

[0021] Additionally or alternatively, the correction
term can be based in part on the contact depth A,. In an
exemplary embodiment, the contact depth h_can be de-
termined from the Oliver-Pharr scheme after thermal
drift correction and contact stiffness correction due to
creep effects. In another exemplary embodiment, the
corrected contact stiffness S obtained from the above
equation (4) can be used in equation (2) to obtain a con-
tact depth h.. The corrected contact depth h, can then
replace the uncorrected contact depth to obtain the elas-
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tic modulus of the sample material as in the Oliver-Pharr
scheme. It will be appreciated that various alternate em-
bodiments of obtaining the contact depth h, are within
the scope of the invention.

[0022] The method of the invention will now be de-
scribed through the various experiments. The invention
can be used to measure elastic properties of various
materials. In the embodiments such as shown in Figs.
1 and 2, the following three materials can be used: a
single crystal of NizAl, a single crystal of copper, and a
polycrystalline Al. In an exemplary embodiment, the
NigAl single crystal can have various compositions. For
example, the composition of the NizAl single crystal can
be of about 75 at. % Ni, about 16.7 at.% Al, about 8.0
at.% Cr, and about 0,3 at.% B, In another exemplary em-
bodiment, the copper single crystal can have a purity of
up to 99,99%. In a further exemplary embodiment, the
polycrystalline Al can have a grain size of approximately
1 to 2 mm. It will be appreciated that various alternate
embodiments of sample materials are within the scope
of the invention.

[0023] Optionally, the sample materials can be sub-
jected to various processes prior to the measurement.
In one embodiment, the crystal material can be homog-
enised prior to nanoindentation. For example, the crys-
tal can be homogenised at about 1250°C for about 120
hours. In another embodiment, the copper single crystal
can be annealed for about 5 hours at about 800°C. In a
further embodiment, the polycrystalline Al can be in the
as-cast state. It willbe appreciated that various alternate
embodiments of processing the sample materials are
within the scope of the invention.

[0024] In one embodiment, the indentation surfaces
of the various sample objects can be prepared by vari-
ous methods. For example, the crystal materials can be
prepared by having their (111) surface for indentation
cut by various means. In an exemplary embodiment, the
NisAl or the Cu crystal can have its (111) surface for in-
dentation cut such as by a spark machine. Additionally
or alternatively, the (111) surface for indentation can be
subjected to various processes, such as grinding and
electropolishing. In one embodiment, the Al surfaces
can be electropolished. It will be appreciated that vari-
ous alternate embodiments of processing the indenta-
tion surfaces of the sample materials are within the
scope of the invention.

[0025] The indentation process can be carried out us-
ing various conventional indentation equipment. For ex-
ample, the indentation process can be carried out with
nanoindenters or atomic force microscopy (AFM) set-
ups with a Berkovich tip, such as those manufactured
by Hysitron Inc. or TM Microscopes. In one exemplary
embodiment, the indentation process can be carried out
at room temperature.

[0026] Variousload schedules canbe employedinthe
indentation process. For example, the load schedules
can be similar to that as shown in Fig. 3a or Fig. 3b. In
one embodiment, the load can be ramped up quickly to
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the peak value. In an exemplary embodiment, the load
can reach its peak value within a short period of time,
such as within about 50 seconds. The peak value of the
load can vary depending on the sample material. For
example, the peak value of the load can be from about
3000uN to about 5000uN. In one exemplary embodi-
ment, the peak load value for Al can be 2918.1 £ 1,5uN.
In another exemplary embodiment, the peak value for
NizAl(111) can be 4964.6 £ 2.1uN.

[0027] In another embodiment, the load can be held
at its peak value for a predetermined period of time. In
an exemplary embodiment, the load holding period can
be up to about 100 seconds. In another exemplary em-
bodiment, the load holding period can be more than 50
seconds. In a preferred embodiment, the load can be
ramped up quickly to the peak value followed by a rapid
unloading process. Such a load schedule is capable of
initiating the indent shape so that time-independent
plasticity can be made negligible in subsequent stages.
[0028] In a further embodiment, the load can be
ramped up again to the peak value after the initial un-
loading process. In an exemplary embodiment, the load
can be held for a load holding period after being ramped
up again to the peak value. The contact stiffness S for
modulus calculation can be measured from the final un-
loading process. It will be appreciated that various alter-
nate embodiments of load schedules of the indentation
process are within the scope of the invention.

[0029] Various methods can be adopted to correctthe
measurement error caused by thermal drift. In one em-
bodiment, low-load holds can be applied to the sample
material during the indentation process. In an exemplary
embodiment, low-load holds, such as about 15% of the
peak load, can be placed towards the end of the final
unloading process. In anther exemplary embodiment,
low-load holds can be placed between the cycles to
measure the thermal drift rate. Such low-load holds can
be usedto assess the fluctuation of the thermal drift rate
during the entire measurement. For example, when the
thermal drift rate changes beyond a predetermined val-
ue during the measurement, the results gathered under
such circumstances can be discarded.

[0030] Creep effects can have significant impact on
the modulus measured. For example, the following
creep factor C can be used to represent the importance
of creep over elasticity

h;.S
C= T @

wherein A is the creep portion of hh. In an exemplary
embodiment, h° can be obtained by subtracting the
thermal drift rate from hg,. According to equation (7), a
large creep factor C can result from a slow unloading
rate and/or a short load holding period, which can cause
a high creep displacement rate at the end of the load
holding period.
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[0031] Fig. 4b shows a "nose" occurrence in the load-
displacement P-h curve during an unloading process in
Cu. The indentation conditions can he such that the
creep factor defined in equation (7) can be about 60%
so that the creep effect is significant. According to one
embodiment of the invention, equation (5) can provide
very good fit to the onset portion of the unloading proc-
ess. In an exemplary embodiment, the value of S, fitted
by equation (5) can be about 3454 uN/nm. In another
exemplary embodiment, R2 = 0.97785.

[0032] Figs. 5ato 5¢ show modulus-creep factor E-C
curves containing modulus data measured from three
sample materials. The creep factors Cin Figs. 5a to 5¢
can be defined by equation (7). All modulus results
shown in Figs. 5a to 5¢, whether corrected for creep or
not, have been corrected for thermal drift and machine
compliance. As shown in Figs. 5a to 5¢, modulus values
obtained without correcting creep effects increase when
the creep factor Cincreases. For example, the apparent
modulus for Al and Cu is dramatically high, such as over
2000GPa, when the creep factor Cis higher than about
1.4.

[0033] Figs. 5a to 5¢ also show the modulus values
obtained based on equations (1) and (2) wherein the
contact stiffness Sis corrected by equation (4). Afterthe
creep effect is corrected by equation (4), the calculated
modulus values tend towards a constant value. Accord-
ing to one embodiment, the corrected modulus is about
72.3+7.5GPa for Al, about 116.9+11.1GPa for Cu, and
about 189.9+11.9GPa for NizAl. The theoretical values
of the reduced modulus calculated using the method or
Vlassak and Nix are 74.8 GPa for polycrystalline Al,
125.9 GPa for Cu(111), and 201.9 GPa for NizAl(111).
Such theoretical values of the reduced modulus all fall
within the corresponding modulus value ranges meas-
ured by the method of the invention.

[0034] It will be appreciated that the various features
described herein may be used singly or in any combi-
nation thereof. Therefore, the present invention is not
limited to only the embodiments specifically described
herein. While the foregoing description and drawings
represent a preferred embodiment of the presentinven-
tion, it will be understood that various additions, modifi-
cations, and substitutions may be made therein without
departing from the spirit and scope of the present inven-
tion. In particular, it will be clear to those skilled in the
art that the present invention may be embodied in other
specific forms, structures, arrangements, proportions,
and with other elements, materials, and components,
without departing from the spirit or essential character-
istics thereof. One skilled in the art will appreciate that
the invention may be used with many modifications of
structure, arrangement, proportions, materials, and
components and otherwise, used in the practice of the
invention, which are particularly adapted to specific en-
vironments and operative requirements without depart-
ing from the principles of the present invention. The
presently disclosed embodiment is therefore to be con-
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sidered in all respects as illustrative and not restrictive,
the scope of the invention being not limited to the fore-
going desctription.

Claims

1. Amethodformeasuring the contact stiffness during
an unloading process in depth-sensing indentation,
comprising:

measuring the indenter displacement drift rate
hy, just prior to the unload process;

measuring the apparent contact stiffness S, at
the onset of the unloading process; and
obtaining the contact stiffness S based on one
or more of the indenter displacement drift rate
hp, the apparent contact stiffness S, and P,

wherein Pis the imposed unloading rate atthe
onset of the unload process.

2. Themethod of claim 1, wherein the contact stiffness
S is obtained based on the following equation:

1 hh
— + 5.
S, |A

1
5

3. Amethod formeasuring an elastic property of a ma-
terial, comprising obtaining a first correction term for
correcting a creep effect.

4. The method of claim 3, comprising obtaining the
first correction term based in part on one of more of
the indenter displacement drift rate A, the apparent
contact stiffness S, and the imposed unloading
rate Pwherein:

the indenter displacement drift rate hh is meas-
ured prior to the unloading process;

the apparent contact stiffness S, is measured
at the onset of the unloading process; and
the imposed unloading rate P is measured at
the onset of the unloading process.

5. The method of claim 4, wherein the first correction
term is based in part on the elastic contact stiffness
S.

6. The method of claim 5, wherein the contact stiffness
Sis obtained by the following equation:

1
S, 1A

1
S

7. The method of claim 3, further comprising obtaining
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a second correction term for correcting a creep ef-
fect.

The method of claim 7, wherein the second correc-
tion term is based in part on one or more of the fol-
lowing: the maximum indenter displacement, the in-
denter geometry, the maximum load imposed, the
apparent contact stiffness measured at the onset of
the unloading process, the indenter displacement
drift rate measured prior to the unloading process,
and the imposed unloading rate measured at the
onset of the unloading process.

The method of claim 7, wherein the second correc-
tion term is based in part on the contact depth h,.

The method of claim 9, wherein the contact depth
h, is obtained based on the following equation:

wherein h,, is the maximum indenter displace-
ment, € is a constant depending on the indenter ge-
ometry, P, is the maximum load imposed, S, is
the apparent contact stiffness measured at the on-
set of the unloading process, hy, is the indenter dis-
placement drift rate measured prior to the unloading
process, and Pis the imposed unloading rate meas-
ured at the onset of the unloading process.

The method of claim 3, wherein the indenter dis-
placement drift rate hh is obtained by curve fitting of
the data of indenter displacement-time h-tcurve pri-
or to the unloading process by the following equa-
tion:

) = b+ B(tt)" + Kt

wherein hy, B, t, and K are fitting constants.

The method of claim 3, wherein the apparent con-
tact stiffness S, is obtained by curve fitting of the
data of load -indenter displacement P-h curve dur-
ing an initial part of the unloading process by the
following equation:

h=hy+ AP" + AP"

wherein hy, Ay, As, m, and n are fitting constants.

A method for correcting creep effects in the meas-
urement of a material property during an unloading
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14.

15.

16.

17.

18.

19.

12

process in the depth-sensing indentation, compris-
ing:

measuring the indenter displacement drift rate
hy, prior to the unloading process;

measuring the apparent contact stiffness S, at
the onset of the unloading process, and
obtaining a correction term based on one or
more of the indenter displacement drift rate hy,
the apparent contact stiffness S, and P

wherein Pis the imposed unloading rate atthe
onset of the unload process.

The method of claim 13, wherein the correction term
concerns the contact stiffness S.

The method of claim 14, wherein the contact stiff-
ness is calculated according to the following equa-
tion:

1
S, 1A

1
S

The method of claim 14, further comprising obtain-
ing a second correction term.

The method of claim 16, wherein the second cor-
rection term is based in part on one or more of the
following: the maximum indenter displacement, the
indenter geometry, the maximum load imposed, the
apparent contact stiffness measured at the onset of
the unloading process, the indenter displacement
drift rate measured prior to the unloading process,
and the imposed unloading rate measured at the
onset of the unloading process.

The method of claim 16, wherein the second cor-
rection term is based in part on the contact depth
h,based on the following:

1 h:/J

D I e

5, 17)

-y

e 7 Umax Ak

wherein h,,.. is the maximum indenter displace-
ment, P, is the maximum load imposed, ¢ is a
constant depending on the indenter geometry, S, is
the apparent contact stiffness measured at the on-
set of the unloading process, hy, is the indenter dis-
placement drift rate measured prior to the unloading
process, and Pis the imposed unloading rate meas-

ured at the onset of the unloading process.

The method of claim 15, wherein the indenter dis-



20.

13 EP 1314 970 A2

placement drift rate hh is obtained by curve fitting of
the data of indenter displacement-time h-tcurve pri-
or to the unloading process by the following aqua-
tion:

h®) =h,+ B(tt)" + Kt

wherein hy, B, t;and K are fitting constants.

The method of claim 15, wherein the apparent con-
tact stiffness S, is obtained by curve fitting of the
data of load -indenter displacement P-h curve dur-
ing an initial part of the unloading process by the
following equation:

h=hy+ AP"+ A, P"

wherein hy, Ay, Ap, m, and n are fitting constants.

10

15

20

25

30

35

40

45

50

55

14



EP 1314 970 A2

Load P

Fis. {a W s

time ¢

indenter
displacement

h thJ’

ume /

A

Fig dc i

i



EP 1314 970 A2

experimental data

——n=hep(et) ke OO2LTE

600
N 'Za
\6 ESQO
£
= 5804
5704
200 400 600 800
< t(s)
experimental data
200_-——-'n=h(+p(pt')mﬂ({ 0.00\93nml$
~ 195
Fig.2b  E
-3
190+
85 e e e e
300 450 600 750 800

t(s)

10



EP 1314 970 A2

3000

F‘j . 34 gzooo

9 1000

H

Q
0 200 40Q 600 BR0OC 1000
Tima (3)

2000
51500
2
E
31000
F.‘ﬂ--317 z
0041 1) (i1) (iii)
I e T,
0 100 200 300 400 500 600

Time (s)

11



EP 1314 970 A2

2000+
15004
Z
. >~ 1000+
, g 4 3
=}
- 500
(1) (i) (iii)
0 ~ r v r \
415 420 425 430 435 440
Displacement (nm)
hsh,vA, P +AP"
—experimental data
5384
-F‘ 4 b 5361
iy - £
£ 534
=
5§32+
530 5 y y )
1000 2000° 3000 4000 S000 G000 7000

P (uN)

12



Fig.Sa

Fig.5b

Fvg LY

E(GPa)

E(GPa)
8

EP 1314 970 A2

2700
2550 | —— Oliver-Pharr method f

—-=Croap carrected
350

300
250
200
150
100

50— —
00 02 04 06 08 10 12 14
c

2000,
17501 —a— Olivor-Pharr method

~Q— Croqp cotrected

LR e S —
0.0 02 0.4 06 03 1.0 12 14
C

280 12 Ollver-Pharr method
——Creap Gorrecte

13



	Bibliography
	Abstract
	Description
	Claims
	Drawings

