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a b s t r a c t

The uniaxial tensile properties of metallic materials can be determined by representing the indentation
stress and strain by the load/depth parameters from instrumented indentation tests using a spherical
indenter. Here we propose a modified algorithm for evaluating the tensile properties of Ti alloys with
low E/�y values by taking into account the plastic constraint effect in low-strain regions. The ratio of elastic
eywords:
pherical indentation test
epresentation method
i alloys
lastic constraint factor

modulus to yield strength, E/�y, can be interpreted as a measure of the amount of deformation plastically
accommodated during indentation. For low E/�y materials, deformation is elastic-dominated, so less
constraint occurs than in high E/�y materials. Finite element methods and spherical indentation tests
were used to explore the constraint effect for a variety of materials characterized by different E/�y. The
constraint factors were plotted as (E/�y)(a/R) based on expanding cavity model. The modified approach
was experimentally verified by comparing tensile properties from uniaxial tensile test and instrumented

indentation tests.

. Introduction

Indentation testing, originally developed to evaluate hardness,
as been extended in recent decades to characterize other mechan-

cal properties such as tensile properties [1–6], fracture toughness
7–9] and residual stress [10–12]. Although many indentation
xperiments are conducted with sharp indenter, e.g. the Vickers
ndenter at macro scales [13–16] and the Berkovich three-side
yramid indenter at nano scales [17,18], the spherical indenter has
istinct advantages in evaluating diverse material properties.

The usual algorithm for obtaining uniaxial stress-strain curve
nd tensile properties by the spherical indentation test has four
teps; step 1—determination of contact area, step 2—representation
f true stress and strain, step 3—fitting to constitutive equation,
nd step 4—evaluation of tensile properties [19]. This method was
egistered as an ISO technical report in 2008, ISO/TR29381 [20]. The
ost important step is step 2, representation of stress and strain.
Following Meyer’s approach [21], Tabor (1951) proposed that

he indentation mean pressure (pm) can be converted to stress in

niaxial testing, and d/D to strain [1]. In general, the amount of
eformation or strain around the indentation will vary from point
o point. However, Tabor suggested that when full plasticity is
eached, there will exist average or mean value in the deformed
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zone. On the basis of experimental results, Tabor proposed the
following relations:

�r = pm
 

(1)

εr = f
(
d

D

)
(2)

where �r, εr are the ‘representative’ stress and strain induced by
indentation, and  is the plastic constraint factor. This relation-
ship is widely used in indentation research and there are many
definitions of the plastic constraint factor,  . For most metallic
materials, a constant value of 3.0 is used by assuming a fully plastic
indentation process [1,7,19,20,22–24,26].

However, it is difficult to use the above representation method
directly for materials with low E/�y (<300) values such as Ti alloys,
due to their low constraint effect in low-strain region. The con-
straint effect evolving during indentation is strongly dependent
on the comparative amounts of elastic and plastic deformation as
expressed by the ratio of elastic modulus to yield strength, E/�y.
This parameter is the reciprocal of the elastic strain and can there-
fore be used as a measure of the plastically accommodated amount
of deformation during indentation. Instead of E/�y, Johnson (1970)

used (E/�y)(a/R), which can be interpreted as the ratio of the strain
imposed by the indenter to the elastic strain of the material [25].
Fig. 1 is a schematic representation of the relation between pm/�r

and (E/�y)(a/R). Matthews (1980) calculated the pressure distribu-
tion beneath the indenter and correlated the indentation pressure
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Table 1
Chemical compositions (as received).

Material C Si Mn P S Cu Ni Cr Mo V Al Fe Sn

SKD61 0.392 1.00 0.365 0.024 0.005 0.106 0.239 5.11 1.13
SCM21 0.180 0.350 0.850 0.030 0.030 1.20 0.300
S45C 0.440 0.259 0.750 0.014 0.004 0.010 0.020
SK4 1.00 0.350 0.500 0.030 0.030
SKS3 1.00 0.350 1.20 0.030 0.030 0.250 0.250 1.00
Ti–5Al–2.5Sn 0.100
Ti–6Al–4V 0.100
Ti–6Al–6V–2Sn 0.050
Ti–7Al–4Mo 0.100

elastic
regime

transition
regime

plastic
regime

elastically-
dominated

plastically-
dominated

2.5 10 50-200

2.1

1.1

3.0

pm/σr

(E/σy)(a/R)

Fig. 1. A schematic representation of the relation between pm/�r and (E/�y)(a/R).
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Fig. 2. The stress–strain curves evaluated by instrumented indentation testing for
the carbon steels.
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with the strain-hardening exponent [27]. Taljat et al. (1988) also
the found that the plastic constraint factor decrease with increas-
ing strain-hardening exponent [28]. Gao et al. (2006) developed
analytical solutions for power-law and linear hardening materials
[29]. Kumaraswamy et al. (2006, 2010) showed the temperature
dependence of the constraint factor under elastic-plastic transi-
tion deformation conditions [30,31]. Lee et al. (2007) assessed the
constraint factor using a relative depth for bulk metallic materials
[32].

In this study, we propose a modified representation method for
Ti alloys that takes into account their constraint effect in the low-
strain region. Finite element methods and spherical indentation
tests were performed to explore the constraint effect for a variety
of materials characterized by different ratios of elastic modulus to
yield strength, E/�y.

2. Experiments

Four Ti alloy samples were prepared for spherical indenta-
tion and uniaxial tensile testing, and five carbon steels were also
examined for comparison. The chemical compositions of speci-
men were summarized in Table 1. Spherical indentation tests were
conducted using the AIS2100 instrumented indentation system
(Frontics, Inc., Korea) with force resolution 55 mN and displace-
ment resolution 100 nm. The indenter was a tungsten carbide ball
of radius 250 �m, and the final depth was 100 �m. The inden-
tation speed was 0.3 mm/min and multiple unloadings down to
50% of maximum load at each point were applied. The specimen
surface was mechanically ground using emery paper and finely
polished with 0.5 �m alumina powder. Uniaxial tensile tests were
performed using Instron 5582 (Instron, Inc., USA) at cross-head
speed 0.5 mm/min for specimens with gauge length 25 mm and
diameter 6 mm, according to the ASTM E-8M standard [33]. The
elastic moduli of the samples were measured by an ultrasonic
pulse-echo technique using a two-channel digital real-time oscil-
loscope on TDS220 (Tektronics, Inc., USA).
Finite element simulations were performed using the
ABAQUS/Standard 6.5 code to determine the transition regime
by evaluating the contact area during indentation loading. The
indenter was considered as a rigid spherical ball. The specimen
was modeled using the 2D axially symmetric isotropic element

Table 2
Material properties from uniaxial tensile tests and ultrasonic method.

Material �y (MPa) �UTS (MPa) n E (GPa) v

SKD61 371.45 781.33 0.241 213.55 0.302
SCM21 271.04 653.39 0.222 193.78 0.303
S45C 362.72 774.19 0.258 211.88 0.279
SK4 435.29 748.62 0.180 203.93 0.311
SKS3 434.95 755.50 0.218 209.61 0.310
Ti–5Al–2.5Sn 885.57 1038.01 0.066 130.31 0.294
Ti–6Al–4V 937.13 1099.82 0.080 109.64 0.333
Ti–6Al–6V–2Sn 1009.23 1172.56 0.076 121.78 0.324
Ti–7Al–4Mo 1030.57 1141.56 0.055 132.10 0.339
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Table 3
(E/�y)(a/R) with increasing a/R from finite element simulation for (a) SKD61 and (b)
Ti–5Al–2.5Sn.

SKD61 Ti–5Al–2.5Sn

Depth (�m) a/R (E/�y)(a/R) Depth (�m) a/R (E/�y)(a/R)

1.56 0.0142 45.05 1.76 0.0140 11.30
2.66 0.0189 59.83 3.26 0.0200 16.12
3.98 0.0239 75.47 4.50 0.0238 19.20
6.07 0.0292 92.20 6.39 0.0292 23.53
8.48 0.0348 110.08 9.13 0.0349 28.15

F
T

(E/σ
y
)*(a/R)

Fig. 3. A plastic constraint factor as a function of (E/�y)(a/R) for Ti alloys.

CAX4R) and the number of elements was approximately 40,000 by
iased meshing. A 0.2 friction coefficient at the indenter-specimen

nterface was used in the computations. The input material prop-
rties were the tensile stress-strain curves, elastic modulus, and
oisson’s ratio for each material listed in Table 2.

. Results and discussion

.1. Comparison of indentation and tensile test results
The stress-strain curves evaluated by the instrumented inden-
ation test were compared with those evaluated by uniaxial
ensile test (see Fig. 2). The ferrous metals showed good agree-
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14.12 0.0471 148.94 16.97 0.0491 39.64
19.81 0.0541 170.97 20.41 0.0544 43.88
32.36 0.0694 219.29 32.85 0.0697 56.28

ment with the uniaxial tensile test with a constant plastic
constraint factor 3.0 throughout the strain region. In addi-
tion, the error range in yield strength and ultimate tensile
strength obtained was ±10% of the tensile test results. How-
ever, the results for Ti alloys underestimated the stress at low
strains, thus caused the underestimation of yield strength (see
Fig. 4).

Table 3 shows the development of (E/�y)(a/R) with increasing
a/R for SKD61 and Ti–5Al–2.5Sn from the finite element method.
Note that increasing a/R corresponds to increasing penetration
depth. The boundary between the transition and fully plastic
regime is a little ambiguous, but Johnson suggested that fully plas-
tic deformation is reached at a value of (E/�y)(a/R) ≈ 40 [25]. The
results show that the SKD61 with high E/�y value easily exceeds
the value of (E/�y)(a/R) ≈ 40, the boundary between transition and

fully plastic regime, at very low depth, thus reaching the fully plas-
tic regime. For materials with high E/�y (>300), such as ferritic and
austenitic steels, the deformation easily moves to the fully plastic
regime even at very small indentation strain, and it is thus appropri-
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Table 4
Tensile properties from tensile tests and spherical indentation tests.

Material Yield strength (MPa) Ultimate tensile strength (MPa)

Tensile Indentation Error (%) Tensile Indentation Error (%)

SKD61 371.45 370.02 −0.38 781.33 777.55 −0.48
SCM21 271.04 311.24 14.83 653.39 656.31 0.45
S45C 362.72 358.01 −1.30 774.19 761.48 −1.64
SK4 435.29 463.84 6.56 748.62 781.24 4.36
SKS3 434.95 476.74 9.61 755.50 805.90 6.67
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Ti–5Al–2.5Sn 885.57 953.23
Ti–6Al–4V 937.13 987.36
Ti–6Al–6V–2Sn 1009.23 1070.28
Ti–7Al–4Mo 1030.57 1065.30

te to use a constant constraint factor in defining the representative
tress.

On the other hand, Ti–5Al–2.5Sn with low E/�y value cannot
each the boundary of the transition/fully plastic regime in the
ow penetration depth. The Ti alloys have a low elastic modulus
nearly 110 GPa) and high yield strength, so the deformation in
lastic–plastic transition regime may be dominant. Eventually the
onstraint factor increases until the deformation reaches the fully
lastic regime and the value is below 3.0.

.2. Modification of plastic constraint factor

Because of the results above, the plastic constraint factor for Ti
lloys at low strain was modified for accurate evaluation of ten-
ile properties. The ratio of indentation pressure to uniaxial stress
as correlated in a nondimensional function of (E/�y)(a/R), which
ay be interpreted as the ratio of the representative strain imposed

eneath the indenter (a/R) to the elastic strain (�y/E). Thus, a high
E/�y)(a/R) value means that plastic deformation dominates elastic
eformation:

a/R

�y/E
≈ �εr
εy

≈ �εp
εy

(3)

here � is a experimental constant known as 5.0 by Tabor [1].
Fig. 3 shows the plastic constraint factor as a function of

E/�y)(a/R) for the four Ti alloys. Johnson’s expanding cavity model
s often employed to describe stress responses of elastic–plastic

aterials because of its simplicity. However, the model has a critical
imitation: the plastic hardening effect in metal was not considered.
n this study, we adopted Gao’s modified expanding cavity model
29] to find the relation between pm/�r and (E/�y)(a/R). Eq. (4) was
btained under the assumptions of isotropic hardening, power-
aw hardening and monotonic loading, and Hencky’s deformation
ehavior:

pm
�y

= 2
3

{(
1 − 1

n

)
+ 1
n

(
1
4
E

�y

a

R

)n}
(4)

This model reduces to Johnson’s expanding cavity model for
lastic-perfectly plastic materials when the strain-hardening effect
s not considered (n → 0).

To define the plastic constraint factor, we correlated the inden-
ation pressure with the flow stress rather than the yield stress.
rom the strain distribution beneath the indenter, the representa-
ive strain was defined as 0.25a/R [29]. By adopting the power-law
ardening equation, we obtained the relation

= pm
�r

= pm
Kεnr

= pm
�y

(
1
4
E

�y

a

R

)−n
= 2

3

{(
1 − 1

n

)(
1
4
E

�y

a

R

)−n
+ 1
n

}
(5)
here K is the strength coefficient.
On the other hand, Eq. (5) predicts lower indentation pressure

alues than those experimentally measured due to assumption
hat core are purely hydrostatic. The best estimate of the indenta-
ion pressure for the spherical cavity model was proposed through
.64 1038.01 1064.89 2.59

.36 1099.82 1026.47 −6.67

.05 1172.56 1205.11 2.78

.37 1141.56 1144.74 0.28

adding 2�y/3 to the indentation pressure based on Johnson [25],
Feng et al. [34]. The final relation between pm/�r and (E/�y)(a/R) is:

 = pm
�r

= 2
3

{(
1 − 1

n

)(
1
4
E

�y

a

R

)−n
+

(
1 + 1

n

)}
(6)

However, we need to predetermine the yield strength in order to
evaluate the stress–strain curve using Eq. (6) by spherical indenta-
tion test only. Hoyt suggested that the material constant A in Meyer
equation (Eq. (7)) is the measure of the resistance of metals to initial
penetration [35].

P

d2
= A

(
d

D

)m−2

(7)

George et al. proposed an empirical relationship between the
0.2% offset yield strength and the constant A that can be written as
[36]

�y = c × A (8)

where c is a constant that varies with the specific material class.
George et al. found c to be 0.224 for the sheet steel grades. In this
study, the c value for Ti alloys was determined with a known value
of �y, the value was 0.3. The results for yield strength using Eq. (8),
as listed in Table 4, show good agreement with those of the uniaxial
tensile test.

3.3. Stress–strain curve calculation

Fig. 4 compares the stress–strain curves for Ti alloys obtained by
the modified representation approach to tensile curves from uni-
axial tensile testing, and Table 4 summarizes the tensile properties
obtained from indentation and tensile test. The yield and tensile
strengths from IIT were within ±10% of those from tensile tests.

4. Conclusion

A modified representation method was proposed to estimate
indentation tensile properties for materials with low E/�y value,
such as Ti alloys. For low E/�y materials, the elastic-dominated
deformation occurred compared to high E/�y materials; this caused
less constraint in the low-strain region during indentation. The con-
straint factors were plotted as (E/�y)(a/R), i.e. the ratio of the strain
imposed beneath the indenter to the elastic strain in the material,
and a relation between the two parameters was proposed based

on Gao’s modified expanding cavity model. Tensile properties from
the spherical indentation test were experimentally verified by com-
parison to the stress-strain curve and tensile properties from the
uniaxial tensile test. The yield and tensile strength obtained were
within ±10% of those from tensile tests.
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