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The continuous indentation test, which applies an indentation load to a material and
records the indentation depth, yields indentation tensile properties whose accuracy can
vary depending on such experimental parameters as number of unloadings, unloading
Dongil Kwon rati_o, maximum depth ratiq and in_dent(_ar radius. The Ta_guch_i method was used to quantify

their effects and to determine their optimum values. Using signal-to-noise ratio calculated
from the error in the indentation tensile properties, the criterions and the optimum values
for the experimental parameters were presented. The indentation tensile properties evalu-
ated with the optimum parameters were in better agreement with the tensile properties.
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| Introduction In this study, the Taguchi method was applied to analyze the
Wg?frfects of the experimental parameters on the accuracy of the in-

.tSTg?.gomr'Qg?tus g]dr?r?tattkll%ntéztﬁthlse mgslé ise?.ggign;%gltfr. ntation tensile properties quantitatively, and the criterions and
ItS various I1s. buring d IS appli e optimum values for evaluating the exact indentation tensile
with an indenter, and the load and the indentation depth are re-

ded simul Iv. The simplest load-denth - operties were presented. Finally, the indentation tensile proper-
corded simultaneously. The simplest load-depth curve Is presenyiil” o\ ajuated with the optimum values were compared with

Fig. 1, which includes one loading curve and one unloading CUnge results of uniaxial tensile tests in order to verify the validity
The maximum depthh ., is the total displacement of the mate-gf thig study.

rial and the indenter at the maximum lod@,,,, including the
elastic and plastic deformation. When unloading, the elastic defor-
mation is fully recovered and the initial slope of the unloading
curve is the indentation stiffness of the specimen and the indentér, Theoretical Background
S[1,2]. Therefore, the final deptln; , means the plastic deforma-

tion of the material. 2.1 Evaluation of Indentation Tensile Properties. The

ethod used here to evaluate the indentation tensile properties is

Doerner and Nix[2] showed that elastic modulus could b g .
evaluated by this test, and Oliver and PHarfrsettled a method to ased on the study .Of Ahn and Kw{ﬁ]. The strain |s.der|ved by .
erentiating the displacement in the depth direction. By multi-

. - diff
evaluate elastic modulus and load-on hardness. However, it is gibf{ n ) X
ing on progress to evaluate the other mechanical properties s ng by a constant=0.12, we can obtain the true straf.
as fracture toughneds,4], tensile propertie$5,6], viscoelastic a
propertied 7,8] and residual streg®,10]. Among them, the meth- g= — — (1)
ods to evaluate tensile properties are being tried to use in some V1-(a/R? R

industrial fields because they can be applied to materials WifhereR is the indenter radius and a is a contact radius. Several
local property gradients and to materials in use that cannot Resaarchers showed that the true stress is proportional to mean

applied for uniaxial tensile test. In addition to that, the standargyniact pressure in the fully plastic stage6,11,12:
ization of the method is being tried.

However, the methods require some unloading procedures in a 1 P
test as shown in Fig. 2 due to the calibration of the contact depth AT _a2 (2
and the iteration procedure explained later. Several experimental m
parameters should be determined before the actual test whosewgfere P is the indentation load and the value @f plastic con-
fects on numerical calculations are not researched quantitativetyaint factor, is about 3.5.
in previous research¢s,6]. They showed the theoretical analysis The contact radius in Eq. (1) and Eq.(2) can be calculated
only and ignored the effects of the experimental parameters on fiem the contact depth for a given ball indenter. The contact depth
tensile properties evaluated by the continuous indentation testust be calibrated by taking elastic deflection and pile-up/sink-in
which are defined as the indentation tensile properties in thigo account. The contact depth as affected by the elastic deflec-
study. However, it is observed experimentally that the indentatigian, h%, can be obtained by calculating the initial slope of the
tensile properties vary with the experimental parameters. Thetgloading curves, i.e[1]
fore, the research about their effects and their optimum values for
accurate results is needed in order to use in industrial fields and to h* =h o @ )
legislate a standard. ¢ = Nmax S

) ) o o Pile-up/sink-in can be calibrated 1j$3,14]
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i Table 1 Experimental schedule based on the Taguchi method

H
] B Indenter Unloading
Number of Maximum radius ratio
No. unloadings depth ratio (mm) (%)
1 15 0.5 0.5 50
2 15 0.4 0.25 100
3 15 0.6 0.375 30
4 7 0.5 0.25 30
o 5 7 0.4 0.375 50
) 6 7 0.6 0.5 100
S UNLOADING P 7 10 0.5 0.375 100
o 8 10 0.4 0.5 30
9 10 0.6 0.25 50
- cause that is directly related to the range of the true strain as
f l shown in Eq.(1). It is also essential to determine how much the
h ] size of the indenter is.
' h_ These four kinds of the experimental parameters are named as
i ! number of unloadings, unloading ratio, maximum depth ratio and
DISPLACEMENT, h indenter radius, respectively. The unloading ratio is the ratio of the
) unloading curve to the full unloading curve. The maximum depth
Fig. 1 The simplest load-depth curve of continuous indenta- ratio is the ratio of the maximum depth to the indenter radius,
tion test hmax/R- These four parameters are essential in building the gen-

eral load-depth curve in Fig. 2 to evaluate the indentation tensile

properties, and expected to have strong relationships to variables

) ) . in the calculation of the load-depth curve such as the true stress,

wherea, is the contact radius calculated fronf and n is the the true strain, the indentation stiffness, the strength coefficient

work-hardening exponent. and the work-hardening exponent. They are thus the most impor-
The true strain and the true stress calculated by(Bcand EQ.  tant experimental parameters affecting the accuracy of the inden-
(2) are inserted into tation tensile properties.
o=Ke", ®) 2.3 Taguchi Method. Studying the effects of experimental

whereK is a strength coefficierjtL5]. The iteration is performed Parameters requires many experiments, much time and some cer-
until n in Eq. (4) and Eq.(5) are the same. AfteK andn are tain StatIStICf'i| techmques for quantitative evaluatloln of the effects.
determined, the constitutive equation in the fully plastic regim¥arious design-of-experimeiDOE) methods are widely used to
can be obtained. The yield strain is assumed 0.01, which wiluce this problem. DOE methods set up the efficient experimen-
determined experimentallyL6] and the tensile strain is assumed@l schedule and produce a statistical analysis to indicate quickly
to be same with the work-hardening exponghb]. The yield and easily what parameters are important for the final results.

strength and the tensile strength are calculated by inputting thesén particular, the Taguchi method is one of the most powerful
two strains in Eq(5). DOE methods for experimen{d7]. The method has been used

popularly in the various fields, especially in the development of
new products or the quality control. The method builds the most
Test. As indicated, the methodkS,6] require some unloading &ffective experimental schedules using orthogonal tables, and ana-
procedures in a test as shown in Fig. 2. Generally, the load}¢eS data easily and effectively with the signal-to-noisiN(
removed not totally but partially in order to reduce the testinfft°:

time. They can be alternated how many there are the unloading Signal
curves and how much the load is partially removed. It is also = (6)
important how much the indenter moves down in a material be-

In general, we get a better signal when the noise is smaller, so that
a largerSNratio yields better final results. Increasing il ratio
makes the final results more desirable. That means the divergence

2.2 Experimental Parameters in Continuous Indentation

" Noise’

1407 ' T ' ] of the final results becomes smaller. This is the most important

120 4 feature of theSN ratio and the Taguchi method.
S 4 ] The method requires some experiences about the study and the
X 1004 . experiments when the ranges of parameters are determined. It is
B 1 1 recommended to set relatively large ranges with two or three lev-
9 8o 7 els in the first time such as to use a net having large mesh size.
5 | After confirming important parameters and ranges, the experimen-
£ 9] i tal schedule is built using small ranges with many levels. Another
‘d:'; 404 j special feature of the method is that the interaction among the
b parameters is generally ignored for convenience. Though the ef-

204 4 fects of parameters can be misconstrued due to ignoring interac-
tions, the optimum values determined by the method are always
reasonablg17].

0 T T T T
000 005 010 0315 020 025  0.30

Indentation Depth (mm) Il Experimental Procedures
Fig. 2 General load-depth curve for evaluation of indentation Using the Taguchi method, the experimental schedule was built
tensile properties using theLq(3%) orthogonal table shown in Table 1. All values
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The number of unloadings

Fig. 3 Testing apparatus for continuous indentation test Fig.4 SN ratio of the number of unloadings

were randomly arrayed according to the rule of the orthogonal

table. Use of the Taguchi method can reduce the number of ex-

periments necessary by almost 90 percent. ber of unloadings is identical to the number of true stress-true
The materials tested were SCM400 steel, STD61 steel, SKBain pairs inserted in E@5). Since the values df andn in Eq.

steel, A335-P12 steel, A335-P91 steel, KP5 steel, and A106 std8), are determined by logarithmic fit of the pairs, employing too

all popular industrial steels. The specimens were cut to 46w pairs is likely to yield unreliable values ¢ andn. Small

X 25X20 mm, ground and polished withm alumina. Continu- Vvariation in the logarithmic fit makes large scatter of the final

ous indentation tests were performed for each material accordiggults.

to Table 1 using Frontics, Inc.’s AIS2000 equipmésee Fig. 3. On the other hand, if there are too many pairs, many true

To confirm reproducibility of the load-depth curves, the same egtresses will be calculated in the low load range and the first

periments were repeated three times. The indentation tensile proploading curve starts at too small indentation load because the

erties were obtained by analyzing the load-depth curves accordimgjoadings are made at the same intervals. The true stress defined

to Ahn and Kwon’s study[5]. Uniaxial tensile tests were alsoin Eq.(2) is based on the assumption that the deformation occurs

performed using an Instron 5582 to compare the results with tiethe fully plastic stage, and this assumption is not valid at low

indentation tensile properties. load ranges because the effects of elastic deformation can remain.
. ) According to the previous resear¢h8], the fully plastic range
IV Results and Discussion begins at more than several kgf. Moreover, the load-depth curves

'lp_ low load ranges cannot be reproduced because of limits of
resolution on the load sensor and displacement sensor. Therefore,
éhe true stresses obtained at low load ranges can be inaccurate,
gd there should be a certain optimum value for the number of
loadings, which is ten times in this study.

The tensile curves of all materials showed very high reprodu
ibility. The tensile properties are shown in Table 2.

The SN ratios were obtained by calculating the difference b
tween the tensile properties and the indentation tensile propertie

Since small error is desirable, a “the-smaller-the-better type ch&?
acteristic” SN ratio was calculated by 4.2 Unloading Ratio. Figure 5 shows that th8Nratio de-
X creases as the unloading ratio increases, which means that 30
SN=—10 |0{E2 yi2 , @) percent is the optimum value of the unloading ratio _in the_ 30
Xi=1 percent to 100 percent range. That means the unloading ratio af-
yvherex is the number of all data points aydis the value of the I;ancéls ttt?:r;%?g,r?ir?lgltlgf \I/g?jgtii,“g?e;:ﬂzltlf properties negatively
ith data point. The unloading ratio means how much the load decreases at the
4.1 Number of Unloadings. The SN ratio is a maximum unloading stage: for example, a 100 percent unloading ratio means
when the number of unloadings is ten times, as shown in Fig. 4.
The SNratio increases in the front part and vice versa. That means
the number of unloadings has positive and negative effects simul-
taneously on the accuracy of the indentation tensile properties. -26.0 : — . . . —
The several unloading stages are needed to calculate the inden-
tation stiffnessSin Eq. (3), which is used to calibrate the inden-

-26.5 o b

tation depths; the calibrated indentation depths are used ifilEq. 2704 i
. . i °
and Eq.(2) to obtain the true strain and the true stress. The num \.
o -27.5 -1
. . E -28.0 -
Table 2 Tensile properties of seven steels used here =
7 i J
Yield strength Tensile strengthWork-hardening Uniform 288 |
Materials (MPa) (MPa) exponent  elongation 2004 d
SCM400 605 955 0.182 0.0965 B
STD61 338 755 0.229 0.202 2951
SK3 244 691 0.264 0.182 300
ASISP12 285 583 0232 0244 I S A A A S A
KP5 766 1003 0.123 0.0689 The unloading ratio(%)
A106 334 670 0.222 0.156

Fig. 5 SN ratio of the unloading ratio
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Fig. 6 SN ratio of the maximum depth ratio Fig. 7SN ratio of the indenter radius

) ) 4.4 Indenter Radius. There is relatively little variation in
that the load decreases to zero. The unloading curve is usedy@ gy ratio for the indenter radius, as shown in Fig. 7, which
calculateS. The unloading curve is expressed by a power-lageans that the effects of the indenter radius may be negligible.
fitting as[1] The indenter radius is likely to determine the true strain as given

P=K(h—h)™ ®) in Eqg. (1). However, the maximum strain is dependent only on the
E maximum depth ratio in Eq8), and this equation is identical to
whereh is the indentation depth, aridm, andh; are determined Ed. (1) if hy.is changed tdw. The true strain is dependent only
by a least-squares fitting procedugis given by on the maximum depth ratio, which means the indenter radius has
little effect on the true strain.

B drP _ m—1 The indenter radius affects the range of the contact radius a in
S= ‘dn =mk(Apa—h)™ ©) Eq. (2) by which the true stress is calculated. Materials tested by
N=Nmax different indenter radii can be assumed to have identical maxi-

SinceSis defined under the assumption of fully elastic recoverjnUm depth ratios and eventually identical true strains because the
the exact value o8 cannot be calculated if the unloading curvé®'thogonal table distributes the effects of each experimental pa-
contains the effects of plastic deformation. Marx and Batka] rameter equally. Moreovgr, all materllals experience 'ghe same de-
showed that a small unloading ratio is favorable for calculating dArmation stages in the indenter radius range used in this study.

exact elastic modulus; this means that an unloading curve witigcording to plasticity theory, the same stresses should be mea-

small unloading ratio reflects elastic recovery better and evenfti'ed in materials that have the same strain and the same defor-

ally an exacScan be obtained. For these reasons, a small unlodgation history. Thus, the indenter radius has little effect on the
ing ratio has positive effects on ti&N ratio and the indentation TU€ Stress. It is observed that the mean pressure related with the
tensile properties. true stress in Eq(2) increases rapidly in low load range or when

the small indenters are used, which is called Indentation Size Ef-

4.3 Maximum Depth Ratio. SN ratio increases as the fect (ISE). However, ISE is observed when the width of impres-
maximum depth ratio increases from 0.4 to 0.5 and slowly irsion is below about fifty microns, which is much smaller than the
creases from 0.5 to 0.6, as shown in Fig. 6. The optimum valuewidth in this study{21]. For these reasons, the indenter radius has
the 0.4-0.6 range is found to be 0.6. That means the maximuittie effect on the true strain and the true stress, which make up
depth ratio has positive effects on the accuracy of the indentatitite tensile curves. Therefore, the effects of the indenter radius can
tensile properties, and, therefore, a larger value is desired.  be negligible.

The maximum depth ratio is closely related to the true strain of
Eqg. (1). Thus, regardless of the indenter radius, the maximum
value of the true strain is determined in terms pf,,/R the o
maximum depth ratio, as follows:

4.5 Evaluation of Indentation Tensile Properties With the
ptimum Parameters. The indentation tensile properties of the
seven steels were reevaluated with the optimum parameters, and
compared with those with conventional parameters in Figs-8
e —0.12 1 -1 (10) C). The diagor_lal lines in each figure mean that the indt_entation
max Nmax Pimax) 2 tensile properties are perfectly equal to the tensile properties from
1_2(?) +( R uniaxial tensile tests. The results with the optimum parameters
(O) are closer to the diagonal lines than those with conventional
When the maximum depth ratio is 0.4, 0.5, and 0.6, the maximuparameters(®) for yield strength, tensile strength, and work-
strain is 0.160, 0.208, and 0.275, respectively. Many metals havardening exponent. Especially, much better results are observed
maximum strains, also called uniform elongation, of about 0.%or the materials with high work-hardening exponent. The accu-
Three metals of the seven metals used in this study have moaey of yield strength is improved 9.98 percent, tensile strength
than 0.160, and one metal more than 0.208. Since a maxim@36 percent and work-hardening exponent 13.0 percent better
strain of 0.160 is insufficient to derive the stress-strain curves tifan the results with the conventional parameters. Moreover, it is
metals and 0.208 is a little insufficient, a larger maximum deptbbserved that the divergences of the each indentation tensile prop-
ratio is preferred and there is some difference in the degrees of ey are much decreased.
SN ratio increase of the 0.4-0.5 range and the 0.5-0.6 rangeSince the deformation of the material in the continuous inden-
However, an unreliable load-depth curve can be obtained mdegion test is not a chemical reaction but a physical reaction, it is
than 0.6 of the maximum depth ratio because the contact radeipected that there may be very little interaction. The final pur-
increases very slowl}20]. Therefore, 0.6 is the optimum value ofpose of this study is to obtain the optimum parameters, which is
the maximum depth ratio. not affected by the interaction. Therefore, though the interactions
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E 800 T T T v T (1) The indentation tensile properties vary with the experimen-
= ce tal parameters that are included as variables in the numerical cal-
% 700 y culation procedures of the load-depth curves.
2 (2) The optimum experimental parameters were determined for
(] . . . . . .
= 600+ L - evaluation of the indentation tensile properties by adapting the
s g Taguchi method, one of design of experiment methods. Ten times,
‘é 500 . 30 percent and 0.6 were determined as the optimum values of the
g ] number of unloadings, the unloading ratio and the maximum
£ 001 i depth ratio, respectively. The effects of the indenter radius can be
=4 ° negligible. o _ _
2 a0l O8O . (3) The validity of the optimum parameters was confirmed.
g | OO. | The indentation tensile properties with the optimum parameters
T L0 — : : - were in better agreement with the tensile properties from uniaxial
> o a00 400 500 600 700 800 tensile tests than before.
Yield strength from continuous indentation test(MPa)
(a) Acknowledgment
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a nw T v J T T Technology and Standards.
£
2 1000 ® 0 e
o PY Nomenclature
g 9004 ] a = contact radius
‘é‘ a, = contact radius considering elastic deflection only
o 80 ° 7 h = indentation depth
;_:', 5 h¥ = contact depth considering elastic deflection only
2 7 90 o i h; = final depth
2 hmax = Maximum depth
E=3 max p
s o 1 K = strength coefficient
] k = fitting constant of unloading curve
g o e o — - T o m = exponent of ynloadlng curve
Tensile strength from continuous indentation test(MPa) n = work-hardening exponent
P = indentation load

(b) Pmax = maximum load
= indenter radius

R

? S = indentation stiffness

Q T T T T T T T T T T . .

< oz - SN = signal-to-noise

'2» 026 ®¢ O - X = number of all data

& 0l ] y; = value of the ith data point

I : e © C a = constant related with true strain

© 022 [e] e .

»4‘-'- 1 e = true strain

g 0207 Emax = Maximum strain

o “] ] o = true stress

£ o] 1 V¥ = plastic constraint factor

§ 014} y o = indenter geometry constant
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