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Abstract In material nano- and micro-indentation research,
it is well accepted to use the initial unloading stiffness of
the load-depth curve to determine the material’s Young’s
modulus. This approach requires the use of high-precision
displacement sensors in order to calibrate the loading
apparatus system compliance and thus obtain the load-
depth curve accurately. In this research, using a transparent
spherical indenter coupled with a multi-partial unloading
technique, we present a simpler approach to measure the
material’s Young’s modulus. Experimental results of several
metallic alloys and related discussions are presented.

Keywords Transparent indenter measurement (TIM) -
Spherical indentation - Young’s modulus measurement -
Load-depth curve - Multi-partial unloading

Introduction

In material nano- and micro-indentation research, among all
the indentation parameters, load-depth relation and unload-
ing characteristics have been studied extensively either
experimentally or numerically to elucidate the relevant me-
chanical behavior or properties. For example, it is well
accepted to use the initial unloading stiffness of the load-
depth curve to determine the material’s Young’s modulus
[1-4]. This approach can be traced back to Sneddon’s [1]
classical elastic indentation solutions which describe the
general relationship among the load, displacement and
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contact area for any punch that can be treated as a solid of
revolution of a smooth function. In the 1970s, Bulychev
et al. [2] defined the initial unloading slope and reduced
modulus, thus providing a theoretically sound methodology
for determining the Young’s modulus. This method is
applicable to both spherical and pyramidal indenters. Using
instrumented indentations, Doerner and Nix [3] further
investigated the unloading characteristics. In 1992, Oliver
and Pharr [4] showed that Bulychev’s technique can be
applied to any indenter that can be described as a body of
revolution of a smooth function.

In the indentation research for Young’s modulus mea-
surement, the contact area and initial unloading stiffness are
the key parameters to be determined. However, in most
cases, direct measurement of the contact area is not
applicable or not possible. Typically, the unloading stiffness
is used to estimate the contact area through some iterative
algorithm [5, 6]. Furthermore, high-precision displacement
sensors are needed in order to accurately obtain load-depth
curve and the unloading stiffness data [2—4]. As for the
direct measurement of contact area, Kleesattel [7] designed
a special apparatus for direct measurement of the contact
region through a spherical sapphire indenter while con-
ducting indentation tests, but the scanning method yields
only one line of the contact region, and real-time access of
the indented surface is not possible. By applying a special
lighting technique, Frank [8] developed a transpyramidal
indentation viewing system. It was also implemented by
Sakaia et al. [9] using a similar technique. Recently, we
have developed a Transparent Indenter Measurement (TIM)
technique [15, 16]. By integrating a Twyman-Green type
interferometer with the spherical transparent indenter head,
the TIM system can directly measure the indentation-induced
out-of-plane deformation as well as the indented surface. It
was found that by using the difference of out-of-plane
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Fig. 1 Simplified transparent indenter measurement technique with
in-line imaging system

deformation, Young’s modulus can be evaluated without
unloading stiffness measurement. Recently, a similar TIM
approach was also done by Miyajima and Sakia [10] using
sapphire spherical indenters on Aluminum and Zirconium
oxide materials.

In this paper, we present a simplified TIM method for
material’s Young’s modulus measurement. Compared with
our previous work [15, 16], the simplified TIM method
does not include interferometric optics and requires only a
millimeter-size sample alloy for the indentation test, thus
greatly simplifying the indentation test setup.

Theory

As shown in equation (1) [2-4], for material’s Young’s
modulus measurement using depth-sensing indentation
method, the initial unloading stiffness (dp/dh) of a load-
depth curve and the contact area (4) are the key parameters
to be determined. Usually, the contact area, 4, is estimated
indirectly from the measured unloading stiffness coupled

Fig. 2 Schematic load-

displacement curve of a TIM —~ A
indentation test. (a) With one a
additional partial unloading 8
(b) With multi-partial unload- 3

ings during one indentation test

with iterative scheme [5, 6] or determined afterwards using
microscopic methods, such as optical microscopy, SEM,
AFM, etc.

dp 2

where P is the indentation load, / is the indentation depth,
A 1is the indentation contact area, E, is the reduced modulus
and El = I_EVZ + l;:", where E is the Young’s modulus, v is
Poisson’s ration of the specimen, and subscript 0 denotes
the indenter’s mechanical properties.

Figure 1 shows the simplified optical TIM method
whereas the contact area, A4, is measured directly through
a transparent spherical indenter. As for the unloading
stiffness (dp/dh) measurement, a closed-loop control PZT
actuator is implemented in the TIM apparatus as the loading
device to conduct this measurement. The PZT actuator
provides high resolution displacement control (£2 nm).
However, the measured PZT tip displacement, /pygp,
includes both the loading system displacement, /4, and the
indention depth, 4, i.e., hpz7=h,+h. In terms of compliance,
it can be written as

dh dhs  dh
PZT _ i

— 2

dp dp dp @
Substitute equation (1) into equation (2),

dh dhy 1 1
PZT _ i ﬁ R (3)
dp dp 2 \AE,

or

dh 11
PZT:CS+ﬁ__ 4)
dp 2 VAE

where C; = ’g}'j is the system compliance, including the

loading frame and all other components in the system.
During a simplified TIM indentation test, the system
compliance (Cj) is assumed to remain constant within a
proper loading range.
Under this assumption, as shown in Fig. 2(a) and based
on equation (4), for a simplified TIM indentation test with

Load (P)
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two adjacent loading/partial unloading steps, the unloading
compliances for both steps 1 and 2 can be written as:

dhpzr 1

e+ L1 5
dp ‘ 2 /A, E,
thZT| —C +ﬁ 1 (6)
ap * 72 4 E

Subtracting equation (5) from equation (6), the system
compliance is cancelled out, and the difference of unload-
ing compliance becomes,

thzrl _thzrl _ﬁi 1 B 1 )
dp * dp ' 2 E\VA& A

Thus the reduced modulus can be calculated from equation (7):

(k%)

Er = (8)

dhpzr
— |

Equation (8) shows that the reduced modulus can be
obtained experimentally from two partial unloading steps of a
TIM indentation test. Young’s modulus of the tested material
can thus be determined from the reduced modulus E,,

1 -2

E=——= ©)

E, Eo

This procedure can be further extended into multi-partial
unloading steps, as shown in Fig. 2(b) with the corre-
sponding in-line contact area measurement. Let’s rewrite
equation (4) as equation (10) such that both a (reciprocal of
reduced modulus) and b (system compliance) can be ob-
tained through linear regression.

-
dp E, 2 VA4
ory:ax—i—bwherey:%,a:é,ngﬁ,b:Cs.

Equation (10) provides a convenient guideline to justify
the validity of the proposed methodology, i.e., if the system
compliance changes during the indentation loads, the linear
relationship as depicted in equation (10) can not be
maintained.

Further Discussion of System Compliance

For mechanical property measurement using instrumented
nano/micro indentation technique, the effect of the system
compliance is always a concern and this is why in-situ high
precision and sometimes sophisticated displacement sensor
is often used to remedy this problem. In this paper, we

propose a rather simple approach to try to alleviate this
problem by making the assumption that within a selected
loading range (of an indentation test where data are
collected for mechanical property evaluation) the system
compliance is constant (i.e. load versus load-line system
displacement is linear within the loading range). We
acknowledge that, experimentally, it is difficult to conduct
direct measurement of the system compliance and thus
prove the validity of this assumption. However, we noticed
the investigation work of Oliver and Pharr [4] on system
compliance measurement. Their approach is similar to what
described in this paper, the difference is that instead of
calculating the Young’s modulus as proposed in this paper,
it was used for system compliance determination [4].
Specifically, equation (10) shows that if the system
compliance, C,, is constant within the loading range, a plot
of the measured compliance (y) versus JLZ should be linear,
and the intercept is the system compliance C;. This
procedure was used by Oliver and Pharr [4] for system
compliance determination.

Experiments
Experimental Setup

As shown in Fig. 1, a sapphire half-spherical indenter
(1.5 mm diameter in this research) is attached to a hollow
stainless steel supporting block, which is then attached to a
load cell and PZT actuator. A mirror is mounted inside the
hollow stainless steel supporting block. An exchangeable
long working distance microscope is attached to the
indentation apparatus to capture the surface indentation
images (i.e., the indented area, 4). For the micro-indenta-
tion tests conducted in this paper, a 10x objective lens was
used and through image analysis and calibration, the edge
detection resolution of the indentation zone has an error of
less than 0.5 pm.

In order to run the indentation test and acquire related
load-displacement data and indented area images automat-
ically, two LabVIEWT™ programs were developed. One
detects the initial contact between the indenter tip and
specimen, and the other controls the indentation test as well
as the data and image acquisition.

Test Procedure

A typical TIM test involves two steps. The first step is the
initial adjustment. The specimen is first attached to the
specimen holder and a drop of index matching fluid is poured
to fill the gap between the indenter tip and the specimen. The
initial contact between the indenter and the specimen surface
is established by running an initial adjustment program,
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which automatically moves the indenter until it reaches the
initial contact position. For this research, the initial contact
criterion is set to within a certain threshold load (~0.1 N).
When the applied load approaches the threshold load, the
indenter will stop moving, record and set the initial contact
position. If initial contact is to be avoided, the program can
also retract the indenter to a certain distance after the initial
contact has been found. After the initial contact is estab-
lished, another LabVIEW™ program is used to define the
indentation parameters (i.e., multi-partial unloading steps,
data and image file names, velocity control, etc), and then
conduct the indentation test automatically. For the results

SEM

(c)

shown in this paper, all tests were conducted with ten
loading/partial unloading steps, and each partial unloading
displacement was either 0.5 or 1 pwm, nominally.

Table 1 Measured Young’s modulus of Al 7075-T6

Test Young’s modulus (GPa) Error (%)
#1 66.5 =73

#2 68.2 -4.9

#3 73.6 +2.6

#4 72.4 +0.98

#5 62.9 -12.3
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Test Materials

Two alloys, Al 7075-T6 and Inconel 783 were selected for
verification tests, and one research alloy Re-(26-30wt%)Cr
was also investigated. The cast alloy Re-(26-30wt%)Cr
was obtained from Oak Ridge National Laboratory (ORNL)
as reported in [13, 14]. The published Young’s modulus
values for Al 7075-T6 and Inconel 783 are 71.7 and
177.3 Gpa, respectively [11, 12]. The Inconel 783 alloy had
standard heat treatment (1120°C/1 h/AC+845°C/8 h/AC+
720°C/8 h 50°C/h 620°C/8 h/AC). The Young’s modulus of

0.002 0004 0006 0.008

Variable x (1/um)

(d)

0.01 0012

the sapphire indenter is 340 Gpa with Poisson’s ratio equal
to 0.29.

Results

Al 7075-T6

Figure 3(a) shows the indentation load and displacement

data. A detailed partial unloading step was inserted into
Fig. 3(a) to manifest the partial unloading. Prior to each

SEM
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Table 2 Measured Young’s modulus of Inconel 783

Test Young’s modulus (GPa) Error (%)
#1 180.4 +1.7
#2 181.6 +2.4
#3 179.5 +1.2
#4 167.1 -5.8
#5 181.0 2.1

partial unloading, image of the indented contact zone was
digitally captured in real time. Figure 3(b) shows the typical
indented surface images at unloading steps 1, 5 and 10. The
frame dimension for each image is 395 um by 377 um.
Those images were then processed to obtain the contact

area at corresponding loading/unloading steps. Based on
the unloading line data, compliances at each unloading step
were calculated. The processed data are shown in Fig. 3(c),
which shows the existence of a linear relationship within
most of the applied indentation loading range. However, the
data starts to deviate from the linear relationship at higher
indentation loads, indicating the breakdown of the constant
system compliance assumption, as discussed in the “Theory”
and “Further Discussion of System Compliance” sections.
Using the linear unloading line, Young’s modulus was cal-
culated by applying Equation 10 and assuming a Poisson ratio
of 0.3. Table 1 summarizes the results from five indentation
tests. An average value of 68.7 Gpa with a 4.4 Gpa standard
deviation was obtained. The experimental data obtained are
in good agreement with the book value of 71.7 Gpa.

Fig. 5 Results of cast Re-(26— 240
30wt%)Cr indentation test. (a)
Load displacement curve with 200
multi-partial unloadings. (b)
Indented surface at unloading =160
steps 1, 7, and 8, field of view: =
395 umx377 pum. (¢) Compli- z
ance y = dl:;;;ﬂ vs. Variable e L
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Inconel 783

Test results for Inconel 783 are shown in Fig. 4. Based on
the linear unloading line data [e.g. Fig. 4(b,c)], compliances
were calculated. The indented surface images were pro-
cessed to obtain the contact area at corresponding loading/
unloading steps. Similar to the Al 7075-T6 test, a linear
relationship is observed within most of indentation loads
[Fig. 4(d)] and the data starts to deviate at higher
indentation loads. Again, using only the linear part in
Fig. 4(d), and based on equation (10), Young’s modulus
values were calculated. Table 2 summarizes the results for
Inconel 783 from five indentation tests. An average value
of 177.9 GPa with a 6.1 GPa standard deviation is obtained
and agreed well with the book value of 177.3 GPa.

Re-(26-30wt%)Cr

An exploratory indentation test on a cast alloy Re-(26-30wt%)
Cr[13, 14] is shown in Fig. 5. The load-depth curve shown
in Fig. 5(a) clearly shows a sudden decrease of load
between Steps 7 and 8. This was due to the onset of slip
band formation near the surface high tensile stress region, as
shown in Fig. 5(b). Due to the sudden change of the load,
there is a noticeable compliance change in unloading step 8,
as shown in Fig. 5(c). Using indentation data before Step &,
the Young’s modulus was determined to be 234 GPa.

Conclusions

In this paper, without interferometric optics used in the
original TIM technique [15, 16], a simplified TIM
technique has been developed. Coupling with a multiple
partial unloading testing procedure, material’s Young’s
modulus can be determined using the simplified TIM
method. Verification tests on Al 7075-T6 and Inconel 783
were conducted and the results agree well with the
published values. An exploratory test of a new cast Re-
(26-30wt%)Cr alloy was also conducted. Test results show
the capability of the simplified TIM method to detect the
sudden onset of slip bands.

It should be noted that under large loads, the system
compliance may change appreciably and the proposed
method to obtain the material Young’s modulus may not be
applicable. It is also possible that the multi-partial unload-

ings can accumulate surface microstructural damage thus
lowering the Young’s modulus calculation using the unload-
ing line approach.
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