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Abstract

The continuous indentation technique, because itis fast, precise and nondestructive, has been widely used to determine such mechanical proy
as flow properties, residual stress, fracture properties, viscoelastic properties and hardness of materials and structural units. lroparticodar, ¢
indentation by a spherical indenter can provide hardness and flow properties, such as yield strength, tensile strength and work-hardening expc
using the characteristic that strain from the loaded indenter changes with indentation depth. Since the stress and strain values on the fow prop
are defined based on the contact area between the indenter and material in the loaded state, accurate determination of the contact area is es
Determination of the contact area is closely connected with the pile-up/sink-in behavior.

In this study, the pile-up/sink-in phenomenon is considered as two independent behaviors, elastic deflection and plastic pile-up, which car
respectively described by a formula. The formulas can be obtained from FE simulation with conditions reflecting real indentation tests for materi
used for various purposes and with a wide range of material properties. By analyzing indentation morphology from the FE simulation, the t
phenomena were quantified as formulas. In particular, plastic pile-up behavior was formulated in terms of work-hardening exponent and indenta
ratio.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Early research on determining the contact area considered
elastic deflection and plastic pile-up as one phenomenon, “pile-
Continuous indentation technique has been most widely usedp/sink-in”, and represented it as a function of the work-
to determine many kinds of mechanical properties, such as flolvardening exponent of the indented mateftl-15] More
propertieq1,2], residual stresg3,4], fracture propertie§b,6], recent work has reported that the pile-up/sink-in is related to
viscoelastic propertie§,8] and hardnesf®,10], because of its yield strain (the ratio of yield strengttito elastic modulus)
fast, precise and nondestructive merit. Among them, continuouand indentation ratio (indentation depttover indenter radius
indentation using a spherical indenter can provide Brinell hardR) as well as to the work-hardening exponent, but did not
ness and flow properties, such as yield strength, tensile strengtlescribe the phenomenon as a formula containing these param-
and work-hardening exponent, using the fact that strain froneters[16,17] Because the concept of pile-up/sink-in behavior
the loaded indenter changes with indentation depth. Becausecludes the two phenomena “elastic deflection” and “plastic
the stress and strain values on the flow curve are defined on tipile-up”, it is natural that more than three parameters influence
basis of the contact area between indenter and material in ttiee behavior, and thus, that it cannot be quantified in any one
loaded state, accurate contact area determination is essentialftsmula.
accurate stress and strain values. Determination of the contact In this study, the pile-up/sink-in phenomenon is considered
area is closely connected with elastic deflection and the plastiwvo independent behaviors, “elastic deflection” and “plastic pile-
pile-up behavior of the material-indenter contact region. up”, which can be described by one formula each. The formulas
can be obtained from FE simulation with the boundary condi-
tions reflecting real indentation tests for materials with a wide
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in particular, plastic pile-up behavior was formulated in termsto which the maximum indentation deplax is reduced by
of the work-hardening exponent and indentation ratio. elastic deflection of the material, where the differencé gy
and hq is the elastic contact depth hi. The increase in depth
from i by the plastic pile-up phenomenon is definechaﬁé.

2. Theoretical background and modeling ) )
Finally, thereal contact depth h¢ is expressed as:

2.1. Indentation load—depth curve and indentation he = hmax+ hpile = hmax — ha + h;ile' )
morphology

The indentation load—depth curve, primary data obtained-2 Frevious research on contact area
from the continuous indentation test, shows the load imposed on .
the material by the indenter and the depth to which the inden- Research on determml_ng a}n accurate COT“aFt area‘ has two
ter penetrates (sédg. 1). Several depths are defined from this branches: work considering ‘elastic deflection’ and ‘plastic

curve. Thenaximum depth hmay is the total displacement of the pile-up’ islone é)hen?(menond n_am?Ly th((aj.f;plle—l:p:/&nk—r:n’
material and the indenter atiximum load Lmax, including elas- (approach 1), and work considering them different two phe-

tic and plastic deformation. In unloading, elastic deformation igiomena (approgch 2)' In apprqach L, _Nor_bury and Samuel sug-
fully recovered and the initial slope of the unloading curve is thegeSted for th_e first time that plle_-up/smk-ln was refated to the
indentation stiffness of the specimen and the indefitdtus, work-hardening exponen.t of the indented matefid]. Subse-
thefinal depth ks is the plastic deformation of the material. quent!y, Mattheyvs{13], .H|Il_et al. [14] and Alcgh _et aI.[15]

In addition, some indentation depths are defined from thgescrlbed thg pile-up/sink-in effect as aquaqtltatlve function pf
indentation morphology (sd&g. 2) at maximum load. Theon- work-hardening exponent through an analysis based on FE sim-

tact depth he is the depth of actual contact between material andJIatlon. Since these functions contain only the work-hardening

indenter at maximum load. Thiflection depth hq is the depth exponent, they cannot describe the pile-up/sink-in behavior of
materials having different material properties. For this reason,

Taljat and Pharr suggested, from FE simulation assuming very
' simple plastic deformation behavior, that pile-up/sink-in behav-
! ior was related td’/E andi/R as well asn, hereY/E is yield
4 —_— strain andRr is the radius of the ball indent¢t6]. However,
) a quantitative equation or function was not suggested in this
work due to the complex relation among the properties, inden-
tation parameters and pile-up/sink-in parameter, and the results
were hard to apply to the deformation behavior of real materi-
als due to the assumption of simple linear plastic deformation
behavior.
On the other hand, in approach 2, Herbert et al. suggested
Lmax determining contact area by using only the ‘elastic deflection
effect’ [18]:

LOADING

UNLOADING

LOAD, L

he & hz = hmax — hd (2)
hg = CU(hmax— hi)- (3)

L where/; is the intercept depth obtained by extrapolating the

—— h; —’l tangent line of the initial unloading curve fo=0, as shown in
- [ Fig. 1, andw is a constant related to the geometry of the inden-
ter; w=0.72 for a conical indentety =0.75 for a paraboloid
of revolution andw =1 for a flat punch. However, it has been
found that neglecting the ‘plastic pile-up effect’ can under-
Fig. 1. Indentation load—depth curve. estimate the true contact area by as much as ¢D9220]

For this reason, the equation used by Herbert et al. is inad-

equate to determine a precise contact area, but is pertinent

to determining an elastic deflection deptl In the present

hmax

DEPTH, h

i study, /¢ in Herbert et al. is called, the elastic contact depth
L h, hol T CE —F T excluding plastic pile-up/sink-in effect. Subsequently, Ahn and
““'--—--\T_/ N ... g Kwon [1] suggested that contact area could be determined by
By \ h describing the plastic pile-up height increase frognthrough
;/ Hill's equation. The work was the first suggestion that elastic

deflection and plastic pile-up should be handled by individ-
Fig. 2. Indentation morphology by spherical indenter at maximum load.  yal equations or functions. However, in R§f], the plastic
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pile-up effect was represented as a function of only the workmaterial properties was covered by valuesnofvith range
hardening exponent, without consideration of the indentatiorirom 0.05 to 0.5, from 100 to 800,E from 100 to 400 and
ratio. v of 0.3.

3. Simulations and experiments 4. Results and discussion

Simulation of the indentation process was carried out using-1- Indentation parameters related to determining contact
ABAQUS finite element code. An axisymmetric FE analysisarea
was employed with the indenter modeled as a rigid spherical
ball. A cylindrical specimen of diameter 200mm and height The behavior treated in previous research as pile-up/sink-in
100 mm was modeled with 3738 linear four-node elementswas divided in this study into two behaviors: elastic deflection
indenter diameter was 1 mm. The indentation depth was selectéd plastic pile-up. Hence, the key indentation parameters for
as 25Qum, as in the indentation test. A cylindrical coordinate determining an accurate contact area are the elastic deflection
system with radial coordinateand axial coordinatewas used. ~depthiq and the plastic pile-up deptt;.. As hy;e is the depth
The bottom surface of the specimen has theisplacement generated by plastic deformation during indenter penetration
fixed, whereas free movement is allowed in thiirection. The  into the material, it is related to such plastic materials prop-
appropriate boundary conditions for modeling the axisymmetri€rties as the work-hardening exponerénd indentation ratio
behavior were applied along the centerline, and a free surfadéR, equivalent to the indentation strain. On the other hand,
was modeled at the top and outside surface of the specimeRg€causéq is the depth induced by elastic deflection of material
A friction coefficientu of 0.2 was used in the computations to during loading, it is also related to such elastic parameters as
model the behavior of the indenter/specimen interface, whiclield strain,Y/E. Because previous research had focused on the
was determined as the optimal condition reflecting well theheight increase from the reference plane, including both elastic
real indentation load—depth curve though the comparison of th@eflection and plastic pile-up effects, the resultsigie/imax,
result from simulation with that from continuous indentation Were related ta/E as well as to: andh/R. Fig. 3 the results
test although the influences of friction were examined uging from FE morphology, shows these relationshigge/iimaxis the
0f0.1, 0.2, 0.3 and 0.5. ‘pile-up/sink-in parameter’ in Hill's and Matthews’ research. As

The basic input material properties were the true stress—trugown in the figure, the pile-up/sink-in parameter changes with
strain curves, elastic modulus and Poisson’s ratio for each matd&!E for fixed n and indentation ratio.
rial shown inTable 1 Tensile properties were measured from  Onthe other hand, a pure plastic pile-up parameter defined as
tensile tests using the Instron 5582 according to ASTM E8-00/piie/ /1¢ in this study was nearly independentldf, as shown
Elastic modulus and Poisson’s ratio were measured by the ultrd2 Fig. 4 This means that plastic pile-up/sink-in behavior is the
sonic method using Tektronics Inc.’s TDS220. And 36 imaginaryonly plastic characteristic almost independent’#, an elastic
materials, shows Hollomon type plastic stress—strain behavioBroperty; hence, the behavior can be represented as a function of
were made for the different conditions of E and Y within 7 andA/R if elastic deflection and plastic pile-up/sink-in effects
range of the properties for metallic materials. The variety ofare separated.

Table 1
Materials used in this study
Material Class Yield strength Tensile strength Work-hardening Elastic modulus Poisson’s ratio
[MPa] [MPa] exponent [GPa]
Al2011 Aluminum alloy 270.00 474.00 0.1858 74.09 0.3355
API| X42 Pipe steel 436.20 619.70 0.1440 206.52 0.2969
API| X65 Pipe steel 494.72 647.39 0.1532 216.28 0.2687
KP Pipe steel 765.50 1003.40 0.1237 211.18 0.2861
NAK Plastic mold steel 1207.44 1358.98 0.0508 202.62 0.2868
SA508 Pressure vessel steel 638.42 960.39 0.1376 201.67 0.2957
SCM21 Structural steel 279.53 628.97 0.2057 208.83 0.2684
SCM440 Structural steel 654.07 1027.22 0.1598 210.64 0.2885
S45C Structural steel 374.14 920.13 0.3378 209.05 0.2873
SK3 Tool steel 244.10 690.70 0.2640 208.74 0.2929
SK4 Tool steel 311.15 833.14 0.2115 209.15 0.2908
SKD11 Tool steel 242.90 932.10 0.2759 215.66 0.2942
SKD61 Tool steel 350.25 901.21 0.2910 221.48 0.2676
SKH51 Tool steel 263.85 920.13 0.2591 246.80 0.2411
SS400 Structural steel 272.70 514.36 0.2345 211.26 0.2984
SuJ2 Bearing steel 322.80 795.30 0.2442 214.85 0.2864
SUS304 Stainless steel 306.40 1076.71 0.3418 197.95 0.2901

SUS316 Stainless steel 366.65 956.93 0.2806 197.16 0.2913
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Fig. 3. Dependency of pile-up/sink-in parameter on work-hardening exponent and yield strain gz (&)= 0.2; (b)Amax’R =0.4; (C)hmax’R =0.2,Y/E=0.004;

(d) hmaxR=0.2,n=0.1; (€)Y/E=0.004,n=0.1 (based on the results of imaginary material).
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Fig. 5. Comparison of results betwegn from Eq. (4) and from indentation  Fig. 6. Plastic pile-up parameter as the functiongf,/R (based on the results
morphology (based on the results of imaginary material). of imaginary material).

converted to:
4.2. Determining elastic deflection depth

Lmax (4)

In this study, the deflection deptly was determined from Si
indentation morphology by FE simulation. However, in an actuawhere Sj, the experimentally measured stiffness of the upper
continuous indentation test, it would be determined from goortion of the unloading data, is related to the reduced modulus
specific equation by using indentation parameters from thé&r:
indentation load—depth curve. Doerner and Nix’s or Oliver 2
and Pharr's equation, Eq4), was mostly used as the spe- Si = ﬁEr\/“TC (5)
cific equation. To verify the equation, the deflection depth
determined by analyzing the indentation load—depth curve b)|/—|ere
FE simulation based on the equation was compared to thel  1-— v 1 viz
deflection depth derived from indentation morphology by FEE, ~ E + E;
simulation.

Fig. 5 compares the deflection depth results for material
having work-hardening exponent 0.2 and differ&t values.
The results of Eq(4) accord well with that from morphol-
ogy with an error range smaller than 5%; thus, this equatio
is good enough to describe elastic deflection depth. In addiz 3 peermining plastic pile-up depth considering
tion, the increase dfy with Y/E indicates that elastic deflection
depth depends only oWE because it is an elastic character-
istic that is recovered after unloading. The elastic deflection The plastic pile-up parametégne/h’g has an almost linear
depth can be calculated from Eg@) and the equation can be relation with the work-hardening exponent at fixed indentation

hg=w

(6)

whereE andv are elastic modulus and Poisson’s ratio for the
ss.pecimen and;; andv; are the same parameters for the inden-
ter. Since elastic deflection depth is related it is an elastic
IE)roperty; as stated above, is dependent oil/E.

indentation ratio
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Fig. 7. First step of functionization; polynomial fitting for the fixagay/R.
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Table 2 ‘ T T T
Determined constants of E(Q) 0304 ® afiing 1
Polynomial Fit 1
hmax/R o b1 by 0.28 4 4
0.1 0.2002 —3.4414 0.1098 0.26. ]
0.2 0.2592 —3.4234 0.0798 '
0.3 0.2835 —3.4242 0.0584 5 024 ]
0.4 0.2889 —3.4016 0.0710 '
0.5 0.2867 —3.4221 0.0615 s | ]
ratio, as shown irFig. 4(a). On the other hand, for different 0-£0 1
hmax/R, the plastic pile-up parameter has a quadratic relation ;| ]
with imax/R, @s shown irig. 6. To reflect the dependence of the

plastic pile-up parameter on batrandimay/R, a second-order 0.1 0.2 03 0.4 0.5
bivariate dependency is introduced: h, /R
h* h h 2 Fig. 8. Determination of as the function ofimax/R.
pile 2 max max
}ré—a(1+bln+b2n)<l+01 R +62< R ) ,
(7) T ¥ T T T T T
0.3 .
wherea, b1, by, ¢1 andca are constants. &
The function describing the plastic pile-up effect is deter- § g5 < i
mined in two steps. First, aterm of the work-hardening exponent '§_
is formulated as Eq8) for fixed imax/R values. Second, avari- g o.1-  * i
ableq is represented as a function/gfa,/R: w 4
% E 00 .
e -
;Z* = a(1+ b1n + bon?), ® F
c £ -0.14 E
where "3
) < o2 e -
hmax hmax T T T T T T T T
«=a (1 Ta— el 5 ©) 0.2 0.1 0.0 0.1 0.2 0.3
h . /h* calculated from Eq. (10)

pile
In the first step, fitting results are shownFig. 7 as proce- _ L
dures to determine a function af Even though the term for Fig. 9. Comparison of the results betweleg“i\e/hg from the function in this
L e study and from FE morphology.
n was initially taken as second-order, the fitting results were
nearly linear forn. The constants determined from fitting (see
Table 9 show that the term for the work-hardening exponent isS. Conclusions
nearly first-order linear due to the very small constgntThis
result is similar to McClintock’s linear relationship betweenthe  Previous research regarded the pile-up/sink-in effect as one
pile-up parameter and work-hardening expon@2i. Theb;  phenomenon including elastic deflection and plastic pile-up and
andb, values for differentr values, meaning differerina /R  tried to find the relationship between it and various material
values, are nearly constant, showing the independency betwegroperties or indentation parameters. The present study used FE
two terms and the validity of the function shape. simulation for real and imaginary materials to reconfirm that
The variablex changes witthmay/R as shown irFig. 8 and  the pile-up parameteipjie/imax in this previous research has
therefore, can be fitted as a second-order termkfge/R. The  a complex relationship with, Y/E andhmaydR. We, therefore,
function for plastic pile-up/sink-in can now be expressed by alivided the pile-up/sink-in phenomenon into two phenomena,

second-order bivariate: elastic deflection and plastic pile-up, which could be described
n*. by two equations.
p:e = 0.131(1— 3.4231 + 0.07%?) Elastic deflection is well explained by the equation suggested
he by Oliver and Pharf9], on the basis of the results from this
Imax Bmax \ 2 equation and from indentation morphology by FE simulation.
x |1+ 6‘2587 - 8‘072( ) (10)  Pplastic pile-up, excluding elastic deflection, was related to

andhmax/R but not toY/E; by analyzing the relationships among
To show the validity of Eq(10), the results of the plastic pile-up indentation morphology, input properties and indentation
parameteh;;”e/hﬁfrom the equation are comparediy. 9with parameters, the plastic pile-up was represented as a formula
those from indentation morphology in FE simulation. Agree-of second-order bivariate shape foand imax/R. The plastic
ment is good for materials having different work-hardeningpile-up parameter from this formula agreed well with that from
exponent and indentation ratio. indentation morphology by FE simulation, showing that the
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plastic pile-up/sink-in phenomenon is explained well as the[9] w.C. Oliver, G.M. Pharr, J. Mater. Res. 7 (1992) 1564.

function of only two parameters,andimax/R.
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