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Abstract An optical Transparent Indenter Measure-
ment (TIM) method was developed for measurement
of material surface mechanical properties. During the
spherical indentation test, in-situ measurements of
indentation-induced surface out-of-plane displace-
ments were obtained using an integrated phase-shifting
Twyman-Green interferometer. Based on elastic re-
covery theory and 2D finite element analyses, a
procedure was developed to determine the material
Young’s modulus using the measured surface out-of-
plane displacements. During the spherical indentation
test, contact radii were also measured and used to
estimate the material post-yielding true stress-strain
curve using Tabor’s empirical relation. An experimen-
tal TIM apparatus was assembled to test on two
engineering alloys and the results showed good agree-
ment with known material properties.

Keywords Transparent indenter measurement -
Spherical indentation - Young’s modulus -
Out-of-plane displacement - Stress-strain curve

Introduction

Since Tabor [1] showed the application of spherical
indentation approach to obtain material post-yielding
true stress-strain curve, spherical indentation technique
has been applied to determine material mechanical
properties such as Young’s modulus and post-yielding
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behavior [2-18, 20-23]. The indentation parameters
such as load, indentation depth, contact radius and
unloading characteristics have been studied extensively
either experimentally or numerically [1-25]. In the early
1970s, with the work of Sneddon, Bulychev et al [2, 3],
unloading stiffness method was successfully used to
measure material Young’s modulus. Later, it was
extended to brittle material with depth-sensing Vickers
indentation by Loubet [4]. Doerner and Nix [5] studied
the unloading characteristics using instrumented inden-
tation. Oliver and Pharr [6] studied the unloading
behavior of six different materials, and concluded that,
instead of a straight line, the unloading load-depth
curve actually has a similar power law form to that of
the loading-depth curve. Therefore, only initial unload-
ing stiffness is suitable for the Young’s modulus de-
termination. With the development of various thin film
materials, depth-sensing indentation is often applied to
evaluate mechanical properties of thin film materials [6,
9,11, 13-15].

However, indentation test is a complicate mechan-
ical process. It involves complex contact mechanics
and nonlinear plastic deformation. Analytical solutions
are difficult to obtain. As a result, much of the un-
derstanding of the indentation process has been
acquired through experiments and finite element
analyses. Thus accurate experimental measurement of
indentation parameters is critical in determining ma-
terial surface mechanical properties using indentation
technique. With the advancement of computational
mechanics, fully elastic-plastic finite element analyses
have provided further understanding of indentation
process. From finite element analyses, indentation
parameters, such as loading-unloading characteristics,
surface deformation, stress distribution and elastic
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recovery can be analyzed to study the indentation pro-
cess for both bulk and thin film materials. 2D finite
element analyses [7-15] were often used for simulating
axisymmetric indentation process, and 3D analyses
were used for more complicated and general cases
[15-18].

Since indentation unloading is elastic, direct surface
displacement measurement of the unloading elastic
recovery can potentially be used to obtain the material
mechanical properties. However, to the best of our
knowledge, no such experimental work has been
reported in the literature. Experimental measurements
of indentation-induced deformation were only carried
out for residual fields. As early as in the 1930s, Nadai
[19] showed different deformation modes after a
cylindrical punch. In the 1970s, Underwood [20]
applied optical interferometric method to study the
residual out-of-plane deformation and correlated to
residual stress of the specimen prior to indentation
tests. Szutkowska [21] studied the fracture toughness,
deformation and hardness by Vickers indentation

Fig. 1. Axisymmetric 2D
FEA model

without further analyses. Alcala et al [22] correlated
piling-up and sinking-in to material uniaxial strain
hardening exponent n by studying residual indent
profiles. Sub-surface deformation was also experimen-
tally studied to estimate the stress-strain distribution
underneath the indentation using bonded-interface or
sectioning method [15].

It should be noted that to quantify the post-yielding
stress-strain data using Tabor’s empirical relation
[equation (1a) and (1b)] [1], accurate measurements
of indentation contact radius and applied load are
necessary.
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Table 1 Material matrix for FEA

Specimen(IN783) Indenter
E=177.3 GPa Rigid indenter
oy = 779 MPa Deformable indenter
ou = 1194 MPa (20%strain) (BK7 optical glass)
v=0.31 E=81 GPa

v=0.206

where o and ¢ are the post-yielding true stress and
strain, d is the contact diameter, D is the indenter
diameter, P,, is the mean pressure and C is the con-
straint factor.

In a load-depth sensing indentation, indirect es-
timation of the contact radius has been carried out
using load-depth data. To construct the post-yielding
data points, multiple loading-unloading processes are
generally involved and certain assumption of the ma-
terial properties and specific material parameters must
be assigned [23]. Thus far, direct contact radius mea-
surement is only applicable to residual indentation
fields for the case of spherical indentation. As for the
constraint factor, C, it has been shown that C = 2.8
works quite well for steel and copper alloys [1], but for
other alloys, different C values ranging from 2.45 to 3.1
were suggested depending on the material strain hard-
ening property [7, 15, 22, 23].

In this research, a new experimental method, Trans-
parent Indenter Measurement (TIM), which is capable
of real-time in-situ surface out-of-plane displacement
and direct contact radius measurements, was devel-
oped to evaluate material surface mechanical proper-
ties based on spherical indentation. During the
indentation test, in-situ measurement of out-of-plane

displacements was carried out using phase-shifting
Twyman-Green interferometry. Using elastic recov-
ery theory and 2D finite element simulation, a pro-
cedure was developed to determine material Young’s
modulus based on the measured out-of-plane displace-
ments. The transparent indenter design also allows for
direct measurement of contact radius which is then
used to estimate the post-yielding true stress-strain
data based on equation (1).

Elastic Recovery and Finite Element Analysis

Elastic Recovery and Evaluation
of Young’s Modulus

Since indentation unloading is an elastic process, the
elastic solution based on contact mechanics is applica-
ble to characterize the unloading process. For inden-
tations on pure elastic materials, both flat-end punch
and spherical indentation solutions are available.

For flat-end punch, elastic surface out-of-plane
displacement, w, under load P is described as [2],

()
N ap>a
P

For spherical indentation [24, 25],

(2)

31—-12 P . 1 /(a
e
p>a

(3)

Where a is the contact radius and p is the distance to
the indentation center.

Fig. 2. Schematic optical
layout of the Through In-

denter Measurement (TIM)
system. PBS: Polarization

cubic beam-splitter; NBS:
Non-polarization cubic

beam-splitter; LCVR: Liq-
uid crystal variable retarder;
M: Reference mirror; A/4:
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For an elastic-plastic indentation test, the distribu-
tion of unloading-induced elastic recovery (Aw) can be
modeled by either flat-end punch or spherical inden-
tation model.

For the flat-end punch model,

For the spherical indentation model,

a3

31-2 P .
AW(p):ZTy—{(Zaz—pz) sin”! (%) +a\/p2—a2},
p>a

)

From equations (4) and (5), Poisson’s ratio and
Young’s modulus are the only two mechanical prop-
erties involved. Young’s modulus can be calculated
from the elastic recovery distribution if Poisson’s ratio
is known. By re-writing equations (4) and (5), both
models can be transformed into a linear relationship
using an intermediate variable ¢,

Aw(t) = mt +b (6)

SEM

Where for flat-end punch,

.1 (a

t=sin | — Ta

() o

1-2 P

m=—p— (8a)

And for spherical indentation,
t= [(2012 —p?)sin”! <£> +av/p? — az} (7b)
p

31— P

L (8)

The variable b in equation (6) is used to compensate
the rigid body motion in experimental data.

By converting experimental Aw~p data to Aw~t
relation, m can be calculated from linear curve fitting
of the Aw~t data. Then using measured load P and

Table 2 Error % of Young’s modulus calculation, FEA

Rigid indenter Deformable indenter

<0.6%
<0.2%

Flat-end model
Spherical model

<3.3%
<1.7%
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Fig. 4. Indenter of TIM

system Mounted Half
Ball Indenter on
a Beamsplitter

Excessive glue

(a) 3D view of a mounted indenter

(b) Through indenter view, white light illumination

Fig. 5. Initial fringe pattern
in TIM system L1 L2
AT A

(b) Theoretical initial fringe patterns

SEM
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Fig. 6. Typical TIM system
initial fringe patterns

contact radius, a, the Young’s modulus can be deter-
mined by re-writing equation (8a) and (8b).
P 1

E=(1-1) — (flat-end punch) (9a)

E = 3 (1-27) P 1 (spherical indentation) (9b)
4 Tad m

Finite Element Analyses

A series of elastic-plastic finite element analyses were
conducted to investigate indentation elastic recovery
and develop procedures for Young’s modulus calcula-
tion. Figure 1(a) shows the 8 mm x 8 mm axisymmet-
ric 2D model with 2 mm-diameter indenter. General
purpose finite element software package ABAQUS™
was chosen to carry out all simulations. Both rigid and
deformable indenters were considered to study the
effect of indenter rigidity on elastic recovery. Figure
1(b) and (c) show the finite element mesh design which

(e=w) SEM

(e) Phase map

(f) Unwrapped phase

consists of 6481 axisymmetric four-node linear quadri-
lateral elements. Reduced integration was chosen and
ABAQUS™ has built-in hourglass control for the
chosen type of element. Table 1 shows the material
matrix used in all simulations. The materials are IN783
superalloy [28] as substrate and optical glass BK7 as
indenter material.

Experimental Program
Transparent Indenter Measurement (TIM) Method

Figure 2 shows the optical principle of the TIM
method of which Twyman-Green interferometer and
spherical indentation are integrated together. A 2 mm-
diameter transparent indenter is attached to a non-
polarizing cubic beam splitter. The two stacked cubic
beam splitters are used to transfer load, incident light
and capture images during the indentation test.



Exp Mech (2006) 46: 91-103

97

———= 1.0mm

Fig. 7. Comparison of experimental and theoretical initial fringe
patterns

The integrated Twyman-Green interferometer [26]
is used to directly measure indentation-induced surface
out-of-plane displacements. By introducing phase
shifting technique, the measurement spatial resolution
is further enhanced. As shown in Fig. 2, the beam
incidented to the specimen has the polarization
direction perpendicular to the paper and is reflected
back to the imaging system. The reference beam
passes through a quarter waveplate twice, thus the
polarization direction is changed 90 degree. These two
beams are now mutually perpendicular. Phase shifting
is introduced as these two mutually perpendicular
beams entering the liquid crystal variable retarder
(LCVR). A polarizer is used to view fringe pattern in
the imaging system [27]. Phase-shifting technique is
used to improve the fringe measurement resolution
and accuracy [29].

Test Procedures

A typical TIM test involves two loading-unloading
procedures at the same indentation spot. The first
loading-unloading is aimed to measure Young’s mod-
ulus, and the second is aimed to establish post-yielding
stress-strain data.

At the first loading-unloading, a small load is
applied and the in-situ out-of-plane displacement is
measured. Then the load is released and the cor-
responding in-situ residual out-of-plane displacement
is measured. From the two measured out-of-plane
displacements, Young’s modulus is calculated follow-
ing the procedure described earlier. After the first
loading-unloading procedure, a sequence of monoton-
ically increasing loads is applied at the same indented
location. Here the measurement is focused on the
post-yielding stress-strain data. Using TIM method,
contact radii and applied loads are measured incre-
mentally to obtain sufficient data which are then used

to establish the post-yielding stress-strain data using
Tabor’s empirical relation, i.e., equation (1a) and (1b).

Test Alloys

Experiments were done on two materials, IN783 and
Al6061-TO. Initial residual stress is assumed negligible
for both alloys. The IN783 superalloy had standard
heat treatment (1120°C/1 hr/AC + 845°C/8 hrs/AC +
720°C/8 hrs 50°C/hr 620°C/8 hrs/AC). A simplified bi-
linear stress-strain curve as shown in Table 1 [28] is

S e ....ﬂ
(c) Generated fringes with carrier removed
numerically from (b)

Fig. 8. Inclination problem during indentation loading and
unloading

(e=m) SEM
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Fig. 9. Indentation of
IN783 superalloy

(d) Unloadlng frlnge pattern (e) Phase map (f) Contact radius

used for the elastic-plastic finite element indentation 0.67 :
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. . (c) Aw ~ ¢ relation in spherical model
As shown in Fig. 4(a), a 2 mm-diameter transparent Fig. 10. Experimental elastic recovery and Aw~t relation for
indenter is attached to a cubic beam splitter. The IN783

(e=w) SEM
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Table 3 Error % of Young’s modulus calculation, Experimental

IN783 (177.3GPa)

Al 6061-T0 (69GPa)

Average Max. error Average Max error
Flat-end model 187.0 GPa <6% 72.6 GPa <6%
Spherical model 174.5 GPa <5% 70.3 GPa <4%

excessive glue around the indenter edge (corona) will
cause the formation of irregular fringes around the
indenter. While conducting indentation test using the
indenter, the gap between the indenter and specimen
surface is filled with index matching fluid. Figure 4(b)
shows the through indenter view using white light
illumination.

The index changing rate of matching fluid is
approximately 0.0004/°C. Without strict temperature
control, initial fringe pattern is inevitable. However,
using phase-shifting technique, this initial fringe pat-
tern can be easily subtracted. The formation of the
initial fringe patterns is discussed below.

As shown in Fig. 5(a), the relative optical path
difference (OPD) between L; and L, is,

OPDjpjsiar = 2
* (nlndemer R =12+ Rindex_fluid (R - VR - r2>)

-2x nlndenterR
(10)

Figure 5(b) shows numerically generated fringe
patterns using equation (10) for a 2 mm-diameter

Fig. 11. Indentation of
Al6061-T0

(d) Unloading fr

BK?7 indenter with ngg, = 1.51509 (at wavelength 632.8
nm), and the index matching fluid, 7;4ex_fuia = 1.5171
(at wavelength 632.8 nm and 15°C).

Using TIM method, initial (no load applied) phase-
shifted fringe patterns are shown in Fig. 6(a) to (d).
Figure 6(e) and (f) show the corresponding phase map
and unwrapped phase map. The outer denser irregular
fringes are due to the excessive optical glue, as showed
in Fig. 4(a). Also shown in Fig. 6, the white circle
denotes the 2 mm-diameter indenter boundary.

Figure 7 shows comparison between experimental
and theoretical initial fringe patterns, which shows
good agreement in the central region (about 80% of
the indenter radius R).

The initial fringe patterns will be superimposed to
the indentation-induced out-of-plane displacement at
each loaded stage. However, for Young’s modulus
measurement, the initial fringe patterns are automati-
cally canceled out, this is explained in the following.

Upon applying load, due to the out-of-plane dis-
placement, total OPD becomes,

OPDLoading =2x Nindex_fluid X W Loading

-+ OPDjjisiat

(11)

inge pattern (e) Phase map (f) Contact radius

(e=m) SEM
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After unloading,

OPDUnLoadmg =2x Nindex_fluid X Wunloading

+ OPDjyitiar (12)

Subtracting equation (11) from equation (12),
relative change of OPD is,

AOPD =2 x Nindex_fluid X (Wunlouding - WLouding) (13)
and the elastic recovery is,

AOPD

AW =——"—
2 % Nindex _fluid

Automatic Cancellation of Carrier Fringes

During loading, the specimen or indenter may be
slightly tilted due to loading frame rigidity and
specimen mounting. Therefore, the fringes will no
longer be symmetric, as typically shown in Fig. 8.
There are two approaches to solve this problem. One
is to adjust the reference mirror to restore the sym-
metry. Another is to use the axisymmetric feature of
the indenter to automatically cancel out the inclination-
induced asymmetric carrier fringes. During indentation
test, it is difficult to make accurate alignment to
minimize carrier fringes. Usually, one or half carrier
fringe pattern will be present. Therefore, it is also
necessary to find a procedure to correct this carrier
effect.

Based on the coordinate system in Fig. 8(a), the
carrier-induced artificial displacements are,

W = Wreq +arx + bLy +cL (15)

Based on the coordinate system in Fig. 8(b), the
corresponding displacement fields in quadrant 1 to 4
can be described as,

Wi =wp +arx+bry+cp (16)
Wpr =wp —arx+bry+cp (17)
Wes =wr —arx —bry +cp (18)
Wgar =wp+arx —bry+cp (19)

After unloading, the carrier coefficient a, b and ¢
may be different, i.e.,

Wal.u = Wu +aux + buy +cy (20)

Wpru = Wy — QuX + buy +cy (21)

SEM

Wedu = Wy — QyX — buy +cy (22)
Wad_u = Wy + ayX — buy + cu (23)

Subtracting equations (20-23) by equations (15-19),
and adding together,
Awgi + Awgp + Awgz + Awgy = 4Aw + 4Ac (24)

The elastic recovery can be written as,

1
Aw =7 (Awgi + Awgo + wgs + Awgs) — Ac (25)
0.3 g
0.25 A | ——AI6061-T0 elastic|_|
’ \ recovery
0.2 :
E 0154
s
3 01 : :
A B !
0.05 :
Region for curve fitting
0 ‘ ‘ ‘ ‘
0 02 0.4 0.6 0.8 1
p(mm)
(a) Elastic recovery
0.3

=}
S N
[T

1
1}
1
T B A E
Z0.15 :
2 H
1
[} 1
0.1 i T
0.05 —e— Flat-end punch model H
0 / ! !
0 0.1 0.2 0.3 0.4 0.5 0.6
Intermediate variable ¢
(b) Aw ~ ¢ relation in flat-end punch model
0.3 T
1}
0.25 i
:
~ 02 :
E '
2015 :
3 s
0.1 :
—e— Spherical indenter
0.05 model ]
H H
0 . .
0 0.01 0.02 0.03

Intermediate variable t

(c) Aw ~ ¢ relation in spherical model

Fig. 12. Experimental elastic recovery and Aw ~ f relation for
Al6061-TO
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Fig. 13. Post-yielding results
for IN783

904N
(a) Typical in-situ contact radius measurement for IN783 superalloy

806N

1200

1000 /"
800

—— 783 true stress-strain
—o— In-situ measurement
T T

0 T
0 0.02 0.04 0.06 0.08
strain

(b) Post-yielding stress-strain data compared with true stress-strain curve

equation (25) shows that the carrier effect can be
automatically canceled out if elastic recovery is averaged
in four center symmetric directions. An example is
shown in Fig. 8(c), where using the above mentioned
procedure, the carrier fringes were removed.

Elastic Recovery and Young’s Modulus

Figure 9(a) shows typical fringe pattern at a loaded
state, where the outer white-lined circle denotes the
indenter boundary. Figure 9(b) shows the cor-
responding phase map. Figure 9(c) is used to measure
the contact radius. Figure 9(d) shows fringe patterns
after unloading and Fig. 9(e) shows the corresponding
phase map. Figure 9(f) shows the residual indent after
unloading. No noticeable change of the contact radius
was found between loaded and unloaded states. The
phase map was first unwrapped to make it continuous,
and then convert to displacement. As shown in Fig.

10(a), elastic recovery was calculated by subtracting
the loaded and unloaded displacements. Using equa-
tion (7), elastic recovery was changed to Aw ~ ¢
relation as shown in Fig. 10(b) and (c) for flat-end
punch model and spherical indentation model, respec-
tively. The linear portion was chosen to calculate the
slope m. The corresponding region was marked in Fig.
10(a). Young’s modulus was then calculated based on
equation (9). Results are shown in Table 3.

Figure 11 shows the loaded and unloaded fringe
patterns, phase maps and contact radius images of one
indentation for Al6061-T0. The apparent carrier fringes
were automatically canceled out by averaging the elastic
recovery in four center-symmetric directions. Figure
12(a) shows the elastic recovery plot. For the Aw ~ ¢
plots shown in Fig. 12(b) and (c), the linear portion was
identified and corresponding region was marked in
Fig. 12 using vertical dashed lines. Table 3 shows error
percentage for the Young’s modulus calculation.

(e=m) SEM
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Fig. 14. Post-yielding results
for Al6061-TO

69.IN 84.0N
95.IN 99.6N

(a) Typical in-situ contact radius measurement for A16061-TO alloy

140
120 *wé
—~ 100
@©
g a0
g 60
? 40
20 —— Al6061-TO True stress-strain
0 —e— In-situ measurement
0 0.02 0.04 0.06 0.08 0.1
Strain

(b) Post-yielding stress-strain data compared with true stress-strain curve

Contact Radius Measurement for Post-Yielding Stress-
Strain Determination

After the Young’s modulus measurement, a sequence
of monotonically increasing loads was applied at the
same indented location. [n-situ contact radius meas-
urements were conducted to determine post-yielding
stress-strain data using equation (1).

For steel and copper alloy, C = 2.8 was used by
Tabor [1] with excellent correlation. However, in
general, it was found to be strain hardening dependent,
as discussed by Taljat [7]. Figure 13(a) shows the
in-situ contact radius measurement of IN783 superal-
loy with increasing loads. Figure 13(b) shows the post-
yielding stress-strain data using C = 2.9. Figure 14(a)
shows the in-situ contact radius measurement of
Al6061-TO alloy with increasing loads and Fig. 14(b)
shows the comparison between indentation stress-

(e=w) SEM

strain and true stress-strain with C = 2.8. Good agree-
ment is noticed.

Conclusions and Discussions

An in-situ Transparent Indenter Measurement (TIM)
method was developed. Using the TIM method,
Young’s modulus and post-yielding stress and strain
data can be measured through measured surface out-
of-plane displacements and contact radii. Testing
results of IN783 and Al6061-TO alloys showed good
agreement with known material properties. Finite
element analyses also confirmed elastic recovery is a
valid approach to determine the Young’s modulus
using either flat-end punch or spherical indentation. A
method of automatically eliminating carrier fringe



Exp Mech (2006) 46: 91-103

103

patterns was developed for the purpose of automatic
operation of the TIM method.
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