
C
i

S
a

b

c

a

A
R
R
2
A
A

K
I
P
P
V
I

1

p
t
m
m
f
a
h
i
i
a
H
t
v
T
g
d
a
t

0
d

Materials Science and Engineering A 535 (2012) 197– 201

Contents lists available at SciVerse ScienceDirect

Materials  Science  and  Engineering  A

jo ur n al hom epage: www.elsev ier .com/ locate /msea

orrelation  between  the  plastic  strain  and  the  plastic  pileup  of  the  instrumented
ndentation  by  utilizing  the  interrupted  tensile  test

eung-Kyun  Kanga,∗,  Jong-Heon  Kima,  Yun-Hee  Leeb,  Ju-Young  Kimc, Dongil  Kwona

Department of Materials Science and Engineering, Seoul National University, Seoul 151-744, Republic of Korea
Division of Industrial Metrology, Korea Research Institute of Standards and Science (KRISS), Daejeon 305-340, Republic of Korea
School of Mechanical & Advanced Materials Engineering, UNIST, Ulsan 689-798, Republic of Korea

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 18 November 2011
eceived in revised form
9 November 2011
ccepted 13 December 2011
vailable online 22 December 2011

a  b  s  t  r  a  c  t

The  experimental  approach  to  analyze  the  direct correlation  between  the plastic  pileup  and  the plastic
strain  of  the  Vickers  indentation  test  was  presented.  The  correlation  between  the  yield strain  and  the
plastic  pileup  was analyzed  through  the  interrupted  tensile  test  of  SUS316L,  the  stainless  steel  in which
the  strain  hardening  phenomenon  one  of the  two major  factors  affecting  the  plastic  pileup  is fixed.  Finally,
it was  checked  that  the plastic  strain  is  the parameter  directly  affecting  the  plastic  pileup  and  that  the
relation  through  the  linear  function  can  be  analyzed.  Moreover,  as for  the  depth  of  the  indentation  test,
eywords:
nstrumented indentation
ileup
lastic strain
ickers hardness

it was  also  checked  that  the plastic  pileup  can  be  corrected  through  the  factor.
© 2011 Elsevier B.V. All rights reserved.
nterrupted tensile test

. Introduction

The instrumented indentation test applying the hardness test
rinciple is the technology evaluating the mechanical charac-
eristics of a material by minutely deforming the surface of a

aterial from the penetration load and depth curve. The instru-
ented indentation test [1–15] has the characteristics different

rom the hardness tester measuring the contact area through the
ssistance of the optical equipment. Differently from the current
ardening test that could not measure the indentation depth, the

nstrumented indentation test directly measuring the depth in the
ndentation process has the advantage of measuring the contact
rea from the load–depth curve without observing the indent.
ence, the specimen size is minute so that it can be also applicable

o the material for which it is inconvenient to use the surface obser-
ation equipment or is impossible to use the optical equipment.
he contact area is calculated from the contact depth and from the
eometry of the indenter. However, because of the elasto-plastic
eformation occurring around the indenter, the measured depth

nd the actual contact depth have different values. Therefore, it was
he important research to analyze the elasto-plastic deformation
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E-mail address: kskg7227@snu.ac.kr (S.-K. Kang).

921-5093/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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for measuring the correct contact depth (hc) and calculating the
contact area (Ac).

The elastic deformation appears as the elastic deflection (hd)
that when the force is put on the point, the neighborhood around
the force point not directly affected by the force is pulled down
together due to the elastic bonding with the force point. As for
the elastic deflection, the analytic formula using the Hertz con-
tact formula assuming the contact of a spherical body exists. The
Oliver–Pharr formula [2] for various indenters is being widely used:

hd = �
Lmax

S
, (1)

Lmax is the maximum indentation load, S is initial unloading stiff-
ness during unloading, and � is the constant depending on the
indenter shape (0.72 is used for Vickers and Berkovich indenters).
When the plastic deformation occurs, the volume of the total sys-
tem does not change so that it is accumulated around the indenter;
it is called the plastic pileup (hp). The analytical solution on the
plastic pileup of the indentation test does not exist, so most of
researches [4–14] were done by interpreting relation between the
parameters representing the plastic deformation and the plastic
pileup.

The plastic pileup is the phenomenon caused by the plastic

deformation of a material and is known to be affected by the plas-
tic strain and the strain hardening behavior [4–14]. And previous
research [4–14] on the correlation between the plastic pileup, plas-
tic strain and the strain hardening exponent (n) was  done through
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he test on the 24 metal materials. An interesting fact is that dif-
erently from the matter known, the direct interrelationship did
ot appear between the strain hardening exponent and the plas-
ic pileup. On the other hand, it was characterized that there is
he linear relation between the yield strain inversely proportional
o the plastic strain and the plastic pileup even there is scatter-
ngs for some materials. When the maximum load is engaged, the

aximum depth from the reference surface becomes the maxi-
um  indentation depth (hmax). The actual contact occurring depth

hould add the plastic pileup to the maximum indentation depth.
f the load is removed, the elastic part is recovered. The maximum
epth of the indent remaining on the reference surface becomes
he final indentation depth (hf). The recovery occurs vertically so
hat the fixed diagonal length (d) of the indent is maintained.

The ratio of the contact depth reflecting the plastic pileup and
he maximum indentation depth was expressed as the factor fv.
t was experimentally checked that fv is linearly proportional to
he yield strain [9,15].  The technology that can correct the plastic
ileup only through the indentation test was proposed by finally
xpressing the yield strain as the depth of the indentation test:

v = 9.99 × 10−3 hmax

hmax − hf
+ 1.00, (2)

c = fvhmax. (3)

he above result is useful to practically derive the contact area.
owever, it has the limitation that the relation between two  fac-

ors involved in the plastic pileup was not clearly analyzed. In order
o check the effect that each factor makes on the plastic pileup, it
s important to check the effect of another variable in the situation
hat a variable is fixed. However, it is very difficult to keep the sup-
ly and demand of the material to check the effect of another factor
y controlling one variable out of two variables (strain hardening
nd plastic strain). In order to resolve the problem, the research
as done to analyze the independent relation between the plas-

ic pileup and the plastic strain by manufacturing the specimen
ngaged the pre-strain through the interrupted tensile test in the
ustenitic stainless steel with the constant ratio of strain hardening.

. Experiments

SUS316L, the stainless steel of the austenite series was selected
s the material for the test. It is suspended after the engineering
train with 5%, 10%, 20%, and 30% is applied to the tensile speci-
en  processed as the plate through the tensile test on the basis

f ASTM standard E8-04 (2002). Afterwards, the middle surface of
he tensile specimen is cut to prepare the indentation test. The
ensile test is done through the Instron 5582 (Instron, Norwood,

A). The total 5 kinds of specimens including the specimen that
id not go through the tensile test were prepared. The surface of
he specimen was grounded with the 1 �m Al2O3 powder for the
ndentation test. Frontics AIS3000 (Frontics, Seoul, Korea) was used
s the indentation tester. The Vickers indenter manufactured with
iamond was used as the indenter. The indentation depth was  con-
rolled as 80 �m and the indenting rate was 0.3 mm/min. In order
o calculate the contact depth, the surface observation using the
ptical microscope was made. The diagonal length (d) of the indent
as measured. On the assumption of the ideal indenter shape, the

ontact depth (hc) is calculated from the indenting angle (�) and
rom the diagonal length of the indent:

(
d

) (
d

)
d
V

c =
2
√

2 tan �
=

2
√

2 tan 68◦ ≈
7

. (4)

he contact depth calculated from Eq. (4) was converted into fv
hrough the Eq. (3).  As for the maximum indentation depth and the
Fig. 1. The results of the tensile test to the interrupted point.

final indentation depth, the values measured from the indentation
test were used.

3. Results and discussion

The result of the tensile test on SUS316L is shown in Fig. 1. It
represents the result of the tensile test being performed without
interruption and the tensile curve interrupted in 5%, 10%, 20%, and
30% (the true strains with 4.9%, 9.5%, 18.2%, and 26.2%, respectively),
respectively. The recurrence between tensile tests was very good.
It could be checked that it is the same type of the material with the
same tensile property. Therefore, it can be assumed that the spec-
imen used in the test is the one of the same kind of the material
having the difference of the pre-strain based on the interruption. It
is known that as for the stainless steel of the austenite series, the
shape of the plastic interval turned out to be straight. The result of
the test showed that the plastic interval is straight. It was checked
that the strain hardening is fixed regardless of the strain. If the
pre-strain is given to the material, it becomes the specimen with
the tensile property different from the material without pre-strain.
Due to the phenomenon caused by the characteristics of the elasto-
plastic deformation, the elastic deformation does not generate the
permanent change of a material, but the plastic deformation gener-
ates the permanent deformation by changing the microstructure.
The plasticity is also has directivity of deformation. If the load is
removed from the specimen that went through the plastic deforma-
tion through the uniaxial tensile test, the elastic deformation part
is recovered linearly. However, the permanent plastic deformation
is maintained. If the load is reengaged, the elastic deformation is
started again, but the plastic deformation appears after the perma-
nent deformation due to the previous deformation. Therefore, the
specimen with the pre-strain has the yield strength and strain that
are different from those of the specimen with the deformation not
achieved (Fig. 2). According to the same principle, the specimens
with the 5%, 10%, 20%, and 30% pre-strains become the materials
having the mutually different yield strength and strain with the
different micro structure. The yield strength of the specimen with-
out deformation and of the specimen with the 5%, 10%, 20%, and 30%
pre-strains authorized is 252, 396, 490, 633, and 736 MPa, respec-
tively. Their yield strain (�y/E) is 0.126%, 0.198%, 0.245%, 0.317%,
and 0.368% respectively.

Here we  needed to discuss about the strain hardening expo-

nent which is used as a parameter of strain hardening of metal.
Strain hardening exponent is defined from the Hollomon’s equation
which mathematically describes the stress–strain (�–ε) relation
during plastic deformation. Since it is generally related with strain
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the indentation test is inversely proportional to the indenting
angle. In case of the Vickers indenter with the angle of the inden-
ter fixed [23–25],  the deformed volume is increased depending
on the indentation depth, but the average strain is not changed.
Fig. 2. The change of the yield st

ardening behavior (if strain hardening exponent is large, there
s more strain hardening), many researcher tried to develop the
mpirical relation between strain hardening exponent and pileup
n indentation [4–14]. In the case of austenitic steel which has lin-
ar plastic stress–strain relation, however, it is difficult to define
train hardening exponent. We  illustrated logarithms of plastic
tress–strain of interrupted tensile samples in Fig. 3. Each line is
inear fit of each curves and its slope represent strain hardening
xponent by Hollomon equation. Intuitively we  know that Hol-
omon equation is not suitable for these materials and the definition
f strain hardening exponent as a quantitative index is meaningless
16–19]. Even interrupted curves just translated in the stress–strain
lane, strain hardening exponents of all interrupted specimens are
ifferent each others because it is the denoted as a logarithms plane.
here are several well-known constitutive equations for describing
he stress and strain curve of linearly hardened stainless steels, such
s the Ludwigson and Voce equations [16,20,21].  However, these
quations were devised on the basis of the mathematical descrip-
ion, and the parameters of constitutive equation are not enough
o index strain-hardening effect independently [20]. For this reason
e suggest the slope of stress–strain curve as a useful parameter

or the strain-hardening index related to pileup in linear harden-
ng materials. The affection of strain hardening on pileup is related

ith the hardness difference between the deformed zone which
s hardening by plastic deformation and undeformed zone which
s constraining the plastic deformation. In the case of linear hard-

ning materials, the hardening ratio is constant for entire plastic
eformation so we can assume that the strain hardening behavior
f interrupted sample is almost coherent.

Fig. 3. The variation in strain hardening exponent of interrupted tensile test.
sing the interrupted tensile test.

On the other hand, yield strain has been changed by inter-
rupted tensile test and its effect on pileup can be demonstrated. The
average strain in the lower part of the indenter by the indenter is the
function of the indenter angle. Ahn and Kwon [22] defined the aver-
age strain by averaging the shear strain with the volume deformed
by the indenter in the indenting direction and checked that the
average strain is proportional to the contact angle. Moreover, the
contact angle has the functional relation with the indenting angle
so that it can be known that the average strain generated from
Fig. 4. The linear correlation between plastic pileup and (a) yield strain and (b)
indentation depth.
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[6] Y.T. Cheng, C.M. Cheng, Appl. Phys. Lett. 73 (1998) 614–616.
[7] Y.T. Cheng, C.M. Cheng, Surf. Coat. Tech. 133–134 (2000) 417–424.
Fig. 5. The linear increase in elastic deflection as pre-strain increases.

t is defined as the geometrical self-similarity in the indentation
est. Hence, the average deformation rate generated during the
ndentation of the Vickers indenter is fixed, and the quantity of
he generation of the plastic strain is inversely proportional to the
eneration of the yield strain. Hence, if the plastic pileup of the
pecimen with the yield strain changed is compared, the relation
etween the yield strain (or plastic strain) being independent of the
train hardening and the plastic pileup can be verified experimen-
ally. In order to directly check the inversely proportional relation
ith the elastic strain, the yield strain for four specimens and fv are

hown in Fig. 4. It can be checked in Fig. 4a that the reciprocal of
he yield strain has the very highly related linear relation with fv.
he relation is as follows:

V = 1.1897 × 10−4
(

�y

E

)−1
+ 0.9638. (5)

t shows the consistence with the result of the previous research.
specially, the test result is meaningful in a sense that it was
hecked that the plastic strain has direct correlation with the plas-
ic pileup by changing only the yield strain in the same kind of

aterials of which strain hardening behavior is controlled.
It is noted that fv does not directly represent pileup because

t include elastic deflection as well; however, we can say that the
ariation in fv in this discussion describes pileup. Because the elastic
esponse is inherent regardless of pre-strain conditions, we  expect
hat the variation of elastic deflection will constantly affect fv. We
ound experimentally that elastic deflections constantly increase
sing Eq. (1) as 2.81 ± 0.15, 3.15 ± 0.04, 3.31 ± 0.21, 4.29 ± 0.07, and
.79 ± 0.16 �m for specimens without deformation and for spec-

mens with 5%, 10%, 20%, and 30% pre-strains, respectively. The
inear increase of the elastic deflection is shown in Fig. 5.

On the basis of the above result, it can be concluded that
he quantity of the generation of the plastic deformation directly
nduces the plastic pileup and that the plastic pileup can be esti-

ated through the yield strain. However, the evaluation of the
ontact area only through the indentation test is still impossible
nly through the relation between the yield strain and the plastic
ileup. The factor proposed to solve this problem is the ratio of the
ecovered indentation depth and the maximum indentation depth.
he yield strain is understood as the ratio of the elastic strain (of the
ecovered deformation) to the maximum strain in the tensile test
6,9,15]. Application of the same principle to the indentation test

an make the ratio that the recovered depth (hmax − hf) takes from
he total depth understood as the deformation quantity caused by [
ngineering A 535 (2012) 197– 201

elasticity. It was  checked in Fig. 4b that fv and (hmax − hf)/hmax are
directly compared to express them as the following linear equation:

fV = 1.1430 × 10−2 hmax

hmax − hf
+ 0.9028. (6)

There are two occurring question from this relation: why con-
stants are too much different from previous results and how the
fv can be below 1. One convincing answer is indenter bluntness.
When we  calculated the contact depth from the diagonal length,
we assumed the perfect geometry of Vickers indenter. However, it
is well known that there is an inevitable bluntness of sharp inden-
ter and it misleading the geometrical calculation between contact
depth and contact area [10,26–28].  Because the relation between
contact depth and contact area depends on the tangential func-
tion of indenter angles so small difference in indenter angles cause
large error in the calculation of contact depth. Miscalculated con-
tact depth is directly related with each constants of Eq. (6) as fv
is including miscalculated angle. For this own indenter, however,
this relation still valid to calculate the contact area (not real contact
depth) from the indentation depths. Finally, we can conclude that
Eq. (6) gives imaginary contact depth which evaluate contact depth
using perfect indenter geometry from the indenter imperfect and
yield strain of indentation.

4. Conclusion

The research presented the experimental approach to the analy-
sis of the correlation of the plastic pileup generated in the corner of
the Vickers indenter with the plastic strain. The interrupted tensile
test was applied to stainless steel SUS316L material showing the
linear strain hardening characteristics. The strain with four pre-
strains authorized and the specimen without deformation were
utilized. The plastic strain is inversely proportional to the yield
strain in the Vickers indentation test with the average strain fixed
so that the relation with the plastic pileup can be found through the
yield strain. The yield strain was  changed through the interrupted
tensile test. The yield strain was directly compared with the plastic
pileup. The reciprocal of the yield strain and the plastic pileup, fv,
have the linear relation of the linear equation each other. In order to
correct the plastic pileup by utilizing only the indentation test, the
elasticity strain was substituted for the yield strain. Finally, it was
verified that the reciprocal of he yield strain of the indentation test
hmax/(hmax − hf) and fv have the linear relation of the linear equa-
tion each other. The previous research on the clarification of the
relation of the plastic pileup with the yield strain without exclud-
ing the effect caused by the strain hardening was supplemented so
that it was  checked that the plastic strain is the direct factor affect-
ing the plastic pileup and that the plastic pileup can be corrected
through it.
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