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ABSTRACT

The application of the concept of the representativain is often used in the stress-strain
curve determination from indentation test becausan significantly simplify the analysis of
the indentation response. A new methodology foemeining the representative strain for
Vickers indentation is presented in this articlelléwing a procedure based on finite element
simulations of indentation of elastoplastic matsriawo representative strains are defined:
the representative strain characteristic of the mg@essure and the representative strain
characteristic of the Martens hardness or the itadiem loading curvature. The results
obtained from this methodology show that thereasuniversal value of representative strain
independent of the mechanical parameters of méendented by Vickers indentation. It is
also shown that the representative strain, obtadayedickers indentation is much lower when
it is obtained from the relationship between thpligg force and the penetration depfhl,
rather than from the relationship between the applorce and the contact radil’sa. The
values of the calculated representative strainsvshwat simultaneous measurement of
relationshipsF-a and F-h make it possible to characterize the hardening Veith two
unknown parameters by Vickers indentation.

Key words: Mechanical properties determination;Réis Indentation; representative strain; Constraattor;

Hardness, Indentation curve.

1. Introduction

Indentation tests can be used not only for the uatmin of hardness, but also in the
determination of other mechanical properties sugshYaung’'s modulus and stress—strain
curves. The application of the concept of the regméative strain can significantly simplify
the analysis of the indentation response and wésnofised in the stress-strain curve
determination from indentation test (Tabor, 195liarfBakopoulos and Suresh, 1999;
Venkatesh et al., 2000; Dao et al., 2001; Chollacet al.,2003; Bucaille et al., 2003;
Kermouche et al., 2005; Ogasawara et al., 2005;ddoHuber, 2006; Antunes et al., 2007,
Kermouche et al., 2008). In the case of conical ntatéon, the representative strasp, is
independent of the size of the indentation and n@pen the half apex angle of the indenter,
6, which is equal t070.3° for a conical indenter equivalent to the Vickemslanter. The
studies performed on the representative strainiakers indentation can be divided into two
groups, a first group which is based on the Meams$ure (Tabor, 1951; Samuels and
Mulhearn, 1957; Giannakopoulos et al., 1994; Chaud®98; Giannakopoulos and Suresh,
1999; Venkatesh et al., 2000; Mata et al., 2002m€eiche et al., 2005; Kermouche et al.,
2008; Branch et al., 2010) and a second group whibhsed on the Martens hardness (Dao et



al., 2001; Bucallle et al., 2003; Chollacoop et2803; Ogasawara et al., 2005; Cao and
Huber, 2006; Antunes et al., 2007). The first grofigtudies concerns the definitions of the
representative strain, which can lead to a relatigpnbetween a constan@ , called “the

constraint factor”, the Hardnedd, and the flow stressy,, at a representative value of the

plastic straing i.e.:
c.=1 ®

UR
In this relationshipH corresponds to the mean contact pressure, whicélésllated from the
diameter of the contact circle at full load (assdrtebe equal to the diameter of the residual
impression in the surface).
The second group of studies concerns the definitadrtbe representative strain, which can
lead to a relationship between the reduced Youmpslulus, E', the indentation loading

curvature,C,_, and the representative stress,i.e. (Dao et al., 2001):

F E
CL = F = O-erl(;j (2)

R

In this relationship, the determination of the lmadcurvature,C,  leads to the determination

of the “Martens” hardnessiM , which is equal to the following expression in ttese of
Vickers indentation:
F C,

M= = 3
26.430°  26.4: ®)

The concept of representative strain was firstoshiced by Tabor (1951) to relate its
corresponding representative stress to the Measstme value. Tabor proposed, from
experiments on essentially two materials, mild Isteel copper, that the representative strain
is equal to 0.08 in the case of Vickers indentatibms value is obtained so that the ratio of
the Mean Pressuré], to the corresponding representative stregsis equal to 3.3 (value
previously determined from experiments performedvonk-hardened metals) (Tabor, 1951).
The value of 0.08 proposed by Tabor is similarht® ¥alue of 0.07 reported by Samuels and
Mulhearn (1957) in the case of Vickers indentationannealed 70:30 brass. This proposition
is also close of the numerical results obtained/laya et al. (2002) for conical indentation of
elastic plastic materials with various Young modull, Yield stress,oy, and hardening
exponenm, i.e. &£=0.1. With this value of representative strain, thto of the hardness] to

the corresponding representative stremswas found equal to 2.7. For Mata et al. (2002), the
accuracy of Tabor’'s equation is limited to the yulilastic contact regime. As long as this
regime prevails, Tabor’s equation, il8/ge-0.0s7=3.3, is found to be extremely accurate as
hardness values estimated by this equation.

From an experimental investigation of the surfand aubsurface strain hardening around
Vickers indentations in annealed copper, it wagmeied that the maximum plastic strain
occurs in a subsurface region close to the indiemtaip where the estimated plastic natural
strain is in the range from 0.25 to 0.36 (Chaudt®98). Srikant et al. (2006) found similar
values of maximum strain for similar experimentahditions (maximum plastic strain in the
range between 0.22 and 0.31). Chaudhri (1998) stighat the equivalent strain associated
with a relatively large Vickers indentation shodid 0.25-0.36 for annealed metals having a
power law uniaxial stress vs strain relationshimprébver, finite element computations using
a conical indenter equivalent to the Vickers inden=70.3°)show that the equivalent



plastic strain within a 7075-T651 aluminium exceEsPo in the majority of the volume
directly beneath the indenter. Giannakopoulos et(E94), Giannakopoulos and Suresh
(1999) and Venkatesh et al. (2000) used a “chanatitestrain” of 29-30% within the context
of their formulation. Giannakopoulos and Sures@)%uggested that the region of material
experiencing strains beyond 29% under the indesbibits plastic “cutting” characteristics
and may be modelled using slip line theory. Thesl@es are considerably higher than the
value of 0.08 proposed by Tabor (1951) almost Gis/ago. Tabor's proposal was based on a
fundamental assumption according to which the rafi&¢/ickers hardness to uniaxial Flow
stress, corresponding to any prior strain plusdational strain introduced by the indentation
process, should be universally constant and equd&l3. This original definition does not
represent any apparent physical transition in macharesponse. Moreover, this assumption
has not been fully justified so far, experimentalytheoretically. Chaudhri (1998) also shows
that there is very little difference between chogsi =0.08 ands = 0.2 as far as the ratio of
the Vickers hardness to the flow stress is conckrRer Chaudhri (1998)z =0.08 is not a
unique value of the equivalent strain introducedablyickers indentation. He suggests that a
better choice of the equivalent strain should leted to the maximum strain produced in the
deformed zone. For Branch et al. (2010), the blesice is rather the volume average plastic
strain within the plastic zone of Vickers indentati Some authors have concluded that the
Mean Pressure does not depend on a unique repdgenstrain. Dugdale (1958), who
investigated the stress-strain curves and Vickardress of a number of metals, alloys and
nylon, has proposed that the stress-strain curpds @ strain of 0.15, and not just the stress
corresponding to a single value of strain, arevase in predicting their Vickers hardness
values. For Larsson (2001), at indentation of Fgjakstic power-law materials, the hardness is
well-described by a single representative strauellen the spirit of Tabor. In this case, the
Vickers Hardness calculated with the constant waliie= 2.55 andgz=0.18 orCg= 2.8 and
&=0.15 are in fairly good agreement with the nunarmesults. In a general situation, i.e. at
indentation of materials with more irregular strsi®in relations, Larsson (2001) found that
the concept of a single representative strain isonger valid. For this general situation, an
alternative two-parameter description of the MeaesBure is suggested with the two
parameters corresponding to the stress levelsatd235% plastic strain. To conclude, the
different studies on a material-dependent reprasigratplastic strain valid in the conversion
of flow stress to Mean Pressure suggest that thexg not be a universal value for the
equivalent strain introduced by a Vickers indeiotati

In the case of “Martens” hardness, Dao et al. (208hows that the value of the
“representative” strain depends on the choice attional definitions that is used to relate
certain indentation parameters to certain mechhprogperties. Using dimensional analysis, a
set of new universal dimensionless functions wassttacted to characterize instrumented
sharp indentation. Based on this dimensional arslys representative plastic strafp =
0.033 was identified as a strain level which alldas the construction of a dimensionless
description of the indentation loading responsdependent of strain hardening exponent
(EQ. (2)). In their work, Dao et al (2001) discudmut the underlying connections between
the different functional definitions given for coal indentation (Tabor, 1951;
Giannakopoulos et al., 1994; Giannakopoulos an@&sBuirl999; Dao et al., 2001) and the
corresponding representative strain levels. It sfasvn that the differences in the magnitude
of the strain came from their different functiondéfinitions. For example, the work
performed by Dao et al. (2001) demonstrates clehdy the representative strain is not the
same if we consider the “Martens” hardness (3.32th® Mean Pressure (8%).

Cao and Huber (2006) show that different defingia the representative strain, can lead to a
one-to-one relationship with high level of accurd®tween the reduced Young’s modulus,
the indentation loading curvature and the reprediet stress.



For methods using the energy-based representdata@ sind methods using a stress-state-
based definition of the representative strain, @ad Huber (2006) reportegi values in the
range 0.023-0.095. Lastly, Antunes et al. (200ppmed material-dependent representative
plastic strain values ranging between 0.034 and2).0

Clearly, the values for representative plasticistrary over a broad range. These values
depend on the choice of the functional parameteaswere used to describe the indentation
process (Martens hardness or mean pressure) anel etdained from curve fitting the
indentation responses of a certain range of mafemgerties. It seems that, as for the Mean
Pressure, the “Martens” hardness can not be detedrfrom Eqgs. (2) and (3) if a universal
value for the equivalent strain introduced by akérs indentation is used.

The present work is conducted with the objectivestaflying the concept of universal value
for the representative strain introduced by a anicdentation equivalent to the Vickers

indentation. A finite element study on elasto-ptashaterials with a Hollomon hardening

behaviour is presented in order to define news esmlof representative strain. Two

representative strains will be define: the repregere strain characteristic of the mean
pressure and the representative strain charaatesfshe Martens hardness or the indentation
loading curvature.

2. Numerical method and new definition of the reprsentative deformation
2.1. F.E. model

The finite element analysis presented here asswamesnical perfectly rigid indenter in
frictionless contact with the flat surface of theesimen (Fig. 1). The simulations were
performed in axisymmetric mode using the largeirstedastic-plastic feature of the Abaqus
finite element code.
The included half apex angle, of the rigid conical indenter was 70.3° (see Riy. This
value of apex angle gives an identical relationsiffipontact area—depth of penetration as the
Vickers indenter.
12516 four-noded axisymmetric quadrilateral elemeamtade up the FE models, with the
finest mesh in the region of the indented matefliakere were 300 elements in contact with
the indenter during maximum indent depth, whichvpted sufficient resolution (Fig. 1). The
maximum depth of penetration was chosen so thadjlinases, the contact radius be 4920
times smaller than the total length of the mesh.
The constitutive model of the elastic-plastic in@gehmaterial was taken to follow the well
known J,-associated flow theory with rate-independent deadiron. The isotropic hardening
is described by the Hollomon power law, expresseldp (4).

o=Ee (Hooke if e<o,/E

(4)

o=E"0;"¢" (Hollomon) if e20,/E

whereE is the Young modulusy, the yield stress amithe hardening coefficient.

The finite element simulations were performed fatenials with Poisson’s values 0.3.

In the simulation, 272 different combinations o&stlc plastic properties listed in Table 1
were investigated to determine the Mean Pressur@ the Martens hardness and
corresponding representative strains.



E (MPa)

210000

oy (MPa)

10 16 25 40 63 100
160 250 400 630 1000 1600
2500 4000 6300 10000

n

0 0.0125 0.025 0.05 0.075 0.1
0.125 0.15 0.2 0.25 0.3 0.35
0.4 0.45 0.5 0.55 0.6

Table 1: Material properties used in the presentmaations, Poisson ratio=0.3.

Zoom 1

4

conical perfectly

Axis of /'l rigid indenter
symmetry
208 Zoom 3
H 1T/
I > T T T
| i immm
AN 1 1 1| 1
7

4920 Zoom 2

Fig. 1 : Typical finite-element mesh, composedafrinoded axisymmetric elements and the
rigid indenter with an equivalent half cone angl@©®.3°: overall mesh and detail in the
region of contact.

2.2. Relationships between representative strain dnMean Pressure or “Martens”
hardness

In the various studies on the stress-strain cumerthination from indentation test, the
representative stress was calculated from a plasjigvalent strain,s,, (Tabor, 1951,
Giannakopoulos et al., 1994; Chaudhri, 1998; Gikopaulos and Suresh, 1999; Venkatesh
et al., 2000; Larsson, 2001; Cao and Huber, 200&nd&h, 2010), from a total equivalent
strain, &5 (Mata et al., 2002), or from a “characteristid’agh corresponding to the nonlinear
part of the total effective strain accumulated belthe yield straing,, (Dao et al., 2001,
Cao and Huber, 2006).



In this work, it is considered in a first step thia¢ representative straig,, corresponds to the
total strain “characteristic” of the Vickers indaton.

2.2.1 Mean Pressure

Fig. 2 shows the values of the / E dimensionless Mean Pressure obtained for the studie
materials.

3
18(6/E)

Fig. 2 : Values of théd / E dimensionless Mean Pressure in functiompf E (in linear and
logarithmic scale) and n.

Fig. 2 shows that the increase in Mean Pressutte &jt E (in linear and logarithmic scale)

and n is non linear.
When the Yield stress is exceeded, Egs. (1) andiyé)

In(%)znln(ER)+(1—n)ln(iEyJ+In(CF) (5)
SubstitutingK =(1-n) In(U—EY) in Eq. (5) leads to:
In(ch—'EJ:In(ER)n+K (6)

With the assumption that the representative defoomas,,, is constant, Eq. (6) shows that a
linear relationship is obtained between n and Krfiaterials of same4/(C.E) ratio. Fig. 3
represents the values bf(H/E) obtained by F.E.M. in the n-K diagram. In thisufig, it is
seen thatin(H/E) is about constant following a straight line in thek diagram. The
deviation from the constancy &f(H/E) following a straight line in the (n-K) 2 dimens®n
space is due to the variations of the represesetatnain,s, and constraint factoiC.. .



In (H/E)

0.6
H/E=
0.4 H/E=1/525
H/E=1/117¢

n
H/E=1/2625
H/E=

0.2 |1/5870

0.0 |
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Fig. 3: H/E ratio values obtained for the various values ahdK parameters studied in
this work.

Fig. 3 shows that the constancy of(H/E) following a straight line in the (n-K) 2
dimensions space is obtained for materialsHgfE ratio equal td/21. This result indicates
that the representative straigy,, and the constraint facto€_ , are almost constants for these
materials. Fig. 4 confirms that the dimensionlessss-strain curvego/E-¢) of these
materials intersect approximately at a same vafigtrain, £,. Constanto,/E and constant
H/E ratio has for consequence the constancyCpf for materials of H/E ratio equal
tol/21.
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Fig. 4. 0/E - £ curves for materials withd /E =1/ 21 in Vickers indentation.

On the other hand, Fig. 3 shows that the constaﬁdy(H/E) following a straight line in
the (n-K) 2 dimensions space is not obtained fotenels of H/E ratio equal tdl/105. This
result indicates that the representative straign, and the constraint factoiC., are not
constants for these materials. Fig. 5 confirms that dimensionless stress-strain curves
(0/E-¢) of these materials are not intersect at a sameevall strain,&,. Non constant
o./E ratio and constantH/E ratio has for consequence the non constancgoffor
materials ofH/E ratio equal t4/105.



1/200

1/250 A

B i

E/5,=370.9 n=0.075

------------- E/,=1679.9 n=0.35
E/c,=2525.7 n=0.4
—_— E/5,=4096.0 n=0.45

11333 4 (. -
N g ———— Elo,=4133n=0.1
= . Elo,=462.2 n=0.125
oo Il — —  El5,75192n=0.15
| — — — Elo,=6643n=02
— — — Elo,2871.91=025
# —  E/6=118371n=03
1/1000 i '
i/

T T T
0.00 0.05 0.10 0.15 0.20

Fig. 5: g/ E - € curves for materials withd /E =1/105 in Vickers indentation.

If it is considered that the constraint fact@, , is locally constant for materials of same

H/E ratio, the representative strain can be determfoednaterials of sameH/E ratio by
differentiation of Eq. (6). This differentiation\gs:

£q = exp{—(i—ﬁjw J (7)

2.2.2. “Martens” hardness

It can be deduced from Eqg. (2) that the represestatress is:

- G
O-R_CLrlz(E*j (8)

Following the same procedure as for the Mean Presggs. (3), (4) and (8) give:

|n((%jn3(%n= In(e,)n+K ©)

In the case of conical rigid indenter, Eq. (9) shotwat the representative strain can be
determined for materials of sankéM /E ratio and same Poisson’s ratio by using Eq. (7).

Fig. 6 represents the valueslni(HM/E) obtained par F.E.M. in the (n-K) diagram.

This figure is similar to Fig. 3,e,, In(HM/E) is about constant following a straight line in
the (n-K) diagram. The deviation from the lineariation of In(HM/E) in the (n-K) 2
dimensions space is due to the variations of theesentative strairg, .
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Fig. 6: HM/E ratio values obtained for the various values ahdK parameters studied in
this work.

2.3 Representative strain determination from F.E.Mresults

The values of representative strain were obtainad £g. (7) and from the numerical results
of Mean Pressuré{, and “Martens” hardnesBlM by using the following procedure.

Figs. 3 and 6 show that the natural logarithm ofNM®ressureil, and “Martens” hardness
follow locally a straight line in the (n-K) diagrartt can be deduced from these figures that,
locally:

In(@j:antBKﬂ( (20)

In order to determine the valuesaff3 andy of this equation, the (n-K) diagram was divided
in small trapezoids with vertices defined by therfalosest numerical values of (n-K). For
each trapezoid, the values @f B andx are obtained by the minimisation of the following
system of equations with the least square method:



i['” (wj-a n-BK ‘)(J (11)

i=1
WhereH; andHM; are respectively the Mean Pressure and “Marteasdriess at the four
vertices of each trapezoid. With the assumption the constraint factorC., and that the

dimensionless parametErS(HM/ E*), are constant in each trapezoid respectively for

materials of sameH/E ratio and samelM /E, the representative strain can be deduced for
each trapezoid from Eq. (7) with:
a(In((H, or HM,)/E)) o(In((H, or HM,)/E))

on —a oK =F (12)

3. Results and discussion
3.1 Mean Pressure
3.1.1 Representative strain

Fig. 7 shows the values of the representativersitalculated from the Mean Pressure by
using Egs. (7) and (12).

R

s Limit of the
range of materials
studied by
Mata et al. [8]

= = |sovalues of
H/E ratio

0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.22
0.24
0.26

1e-4 1e-3 1e-2
o-Y/E

Fig. 7: Representative strain calculated from theaMPressure (total equivalent strain).



From Fig. 7, it is clearly shown that the univengalue for the equivalent strain introduced by
a Vickers indentation doesn't exist if we consitter Mean Pressure. Fig. 7 confirms that the
representative strain is about constant for matemén H/E =1/21 and 0.<n< 0.4%. This
figure also confirms that the representative stxary depending on the hardening exponent
for material of H/E ratio equal t0l/105. Moreover, Fig. 7 shows that the representative
strain is not constant for the materials studiedMaya et al (2002)z=0.1 proposed by Mata

et al corresponds to an average value of the reptasve strain obtained for the different
materials studied by these authors. More genertily,representative strain is in the range

from 0.2 to 0.25 for materials of small hardeningp@nent and smalo,/E ratio. For
materials of large hardening exponent and lasgéE ratio the representative strain is about

equal to 0.1.
In order to compare with the Tabor’s value (1958, 0.08, the representative plastic strain
obtained with our procedure is shown Fig. 8.

& Materals
studied by
Thabor [1]

e Materials
studied by
Chaudhri [9]

— Materials
studied by
Larsson [15]

0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
022

6,/E->0

o
[
=

0.26

1e-4 1e-3 1e-2

cry/E

Fig. 8: Representative plastic strain calculatedifthe Mean Pressure.

Fig. 8 shows thatzp=0.08 is in fairly good agreement with the numdrieaults for materials

with large work-hardening exponent. The comparisetwben our results and those obtained
by Chaudhri (1998) also shows that the represeetatirain value which corresponds to the
maximum plastic strain in the indented plastic zarme plastic natural strain in the range
from 0.25 to 0.36, is very higher that the représemplastic strain value obtained from our
procedure. This indicates that the choice of thegimam plastic strain as a representative



deformation is not correct in order to determine $fress-strain curve of materials from the
Mean Pressure measurement. Concerning the repmégenlastic strain of Larsson (2001),
i.e. &p=0.15-0.18 , this one corresponds to the averaglkoske obtained from our procedure
which are in the range between 0.09 and 0.26 (gp8)

For materials with low work-hardening exponent, ttepresented plastic strain values
obtained from our procedure are higher than the Tab@alue, i.e.&gp=0.08. It is useful to
remind that Tabor's proposal was based on a fundaimessumption according to which the
ratio of mean contact pressure to uniaxial flovesdt corresponding to any prior strain plus
an additional strain introduced by the indentapoocess, should be universally constant and
equal to 3.3. For material of low work hardeningp@exent, there is very little difference
between choosing:r=0.08 and the representative strain obtained franpoocedure as far as
the ratio of the mean contact pressure to the §ivass is concerned.

3.1.2. Constraint Factor

The values of constraint factor obtained from Eq.aid the values of representative strain
shown Fig. 7 are given in Fig. 9.

Cf

= = |sovalues of
H/E ratio

e Materials
studied by
Thabor [1]

o Materials
studied by
Chaudhri [9]

Materials
studied by
Larsson [15]

w— | imit of the
range of
materials
studied by
Mata et al. [8]

Lol
- o ®©

o, /E-->0

T LT

R3S IR RS K I 1K1 IR
© W0~ OO e W N

Fig. 9: Values of the Constraint Fact@, , obtained from Eq. (1) and the values of
representative strain.



As for the case of the representative strain, &igonfirms that the constraint factor is about
constant for material witH/E =1/21 and 0.< n< 0.4E. This figure also confirms that the

constraint factor vary depending on the hardenimgpeent for material oH/E ratio equal
to 1/105. From Fig. 9, it is clearly shown that the uniargalue for the constraint factor
introduced by a Vickers indentation doesn’t eXisteé consider the Mean Pressu@. =2.7

was obtained by Mata at. (2002) under frictionless condition and with tres@amption that
& =0.1. Fig. 9 shows that this value is close to theedéht values of constraint factor

obtained from our procedure for the materials €tddiy Mata et al. (2002). Fig. 9 also shows
that Ce= 2.8 obtained by Larsson (2001) for indentationigid-plastic power-law materials
under frictionless condition corresponds to therage of those obtained from our procedure
which are in the range between 2.6 and 2.9. Bygudhe Tabor approximation (i.e.
& =0.08), the ratio of the Mean Pressure to flow stress, was found to be about equal to

3.3 in the case of Vickers indentation of work-leareld steel, cooper or aluminium (Tabor,
1951). In the case of work-hardened Copper, Cha(ti®®8) found that the ratio of the Mean
Pressure too, is approximately constant at 3.0-3.5 depending tioe value of the

representative strain. Fig. 9 shows that the nwakwalues ofCr determined from our
procedure are lower than the experimental valueSroproposed by Tabor and Chaudhri.
Compared to our results, the larger valuesGpf found by Tabor and Chaudhri from
experimental test can be due to the effect of tletidn coefficient, iz, on the indentation

response of the studied materials. The effect ofidm on the indentation response will be
studied in the following section.

3.1.3 Effect of friction on the representative strand constraint factor values

From numerical and experimental investigationsarfical indentation with half angle greater
than 60 °, it was concluded that adhesion andidndbetween the indenter and the substrate
were found to have only a small effect on the hasdnand th&-h curve (Li et al., 1993;
Giannakopoulos et al., 1994; Larsson et al., 1@i@nnakopoulos and Larsson, 1997; Mata
and Alcala, 2004; Antunes et al., 2006). Only akincrease in hardness occurs for friction
contacts as compared to frictionless ones (Li et1893; Mata and Alcala, 2004; Antunes et
al., 2006). For example, Antunes et al. (2006) tboo variation of hardness between three-
dimensional numerical simulations of Vickers inggian performed withx=0.08 and

4 =0.24 and Giannakopoulos et al. (1994) and Mata et@Z2found that friction increases
by less than 8% the average contact pressure edtéom frictionless indentation. The small
effect of the friction on the hardness can be erplay the fact that the tangential
displacements at the contact region were very souatipared to the vertical ones, except
very close to the tip of the indenter (Giannakopeuét al., 1994; Larsson et al., 1996).
Despite that only a small effect of friction on thardness was observed, friction between
indenter and half space reduces the amount ofupil&t the edge of the indenter and
influences considerably the stress and strain diéfdthe proximity of the contact region
(Mata and Alcala, 2004; Antunes et al., 2006). Fthree-dimensional numerical simulations
of Vickers indentation of AISI steel and Nickel, thnes et al. found that the distribution of
the equivalent plastic strain under the indentequise dependent on the value of the friction
coefficient. For low values of the friction coefat (¢ =0.04), the maximum value of the

equivalent plastic strain is quite higk1.27), and it is located on a small area at the surface
of the indentation. In the case of a high frictamefficient (¢« =0.24), the maximum value of



the equivalent plastic strair=(.38) is lower and it is located not only at the sueféeit also

at a certain depth value under the indentationasarfMoreover, the deepness of the plastic
deformed region increases with the value of thetitm coefficient (Mata and Alcala, 2004;
Antunes et al., 2006).

Additional calculations were performed in orderstady the friction effect on the values of
constraint factor and representative strain oftio&ers indentation of the annealed mild steel
studied by Tabor E/ay =21000/23n= 0.19). It is assumed that the value of the friction

coefficient between well polished metallic surfacesl diamond lies within 0.1 and 0.15
(Tabor, 1951; Giannakopoulos and Larsson, 199%)thecalculations was fixed at 0.15.
H =1540MPa and H = 165MPa were found for the frictionless case and for Viske
indentation performed withy = 0.15, respectively. This results shows that frictionreases
the hardness by 7%, which is in agreement withpifeious results obtained for Vickers
indentation (Giannakopoulos et al., 1994; Mata #&hchla, 2004). The procedure given
paragraph 2.3 was performed from a trapezoid wehtices defined by the following
combinations of elasto-plastic propertigs= 210000 o, = 160, 250n=0.15, 0. With the

proposed procedures,, =0.069: was obtained for Vickers indentation witpy=0.15.

Compared with the frictionless case, for whiclz,, =0.094¢ was obtained, it can be

concluded than friction has for consequence thee@se in the value of representative strain.
This result is in agreement with the decrease enntlaximum plastic strain with the increase
in the friction coefficient observed by Antunesaét (Antunes et al., 2006). These values of
hardness and representative strain lea@,te 2.755 and C, = 3.135 for the frictionless case

and for Vickers indentation performed wijin=0.15, respectively. The values of constraint
Factor obtained in the case of contact with frictiare close to the experimental values
obtained by Tabor (1951) and Chaudhri (1998). Ishewn that the increase in constraint
factor occurs for friction contacts as comparedritionless ones because of the increase in
hardness and decrease in representative strain.

3.2. Martens hardness
3.2.1. Representative strain

It is useful to remind that the representativeistpresented in this section is characteristic of
the “Martens” hardness in the case of a conicagmber equivalent to the Vickers indenter.
This representative strain is thus characteridtib@ relationship between the applied logd,
and the penetration depth, or relationships between the combinations oféhgsrameters,
as for example, the total work-applied load relaginip or the total work-penetration depth
relationship.

Fig. 10 shows the values of the representativensti@culated from the “Martens” hardness
by using Egs. (7) and (12).
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Fig. 10: Representative strain obtained from thet®fs Hardness (Totale representative
strain)

As for the case of the Mean Pressure, Fig. 10 shio&tsno universal value for the equivalent
strain introduced by a Vickers indentation existeé consider the “Martens” hardness. For
the studied materials, the values of the represeatstrain obtained from the “Martens”
hardness, lie between 0.025 and 0.095 which areg wenaller than the values of
representative strain obtained from the Mean Pressthich are in the range between 0.09
and 0.26. Chollacop et al. (2003) proposed revalgarithms using dual sharp indenters to
determine stresses for two representative straidstlaus stress-strain curves of power law
strain hardening materials. The proposed methogakbfased on the measurement ¢+
curve (or Martens hardness). From this methodologpresentative strains in the range
between 1.7% and 8.2% were identified for conioalenters of semi-apex angles ranging
between 50° and 80°. The comparison between theesadf representative strain given in
Figs. 8 and 10 shows that a similar procedure basedhe measurement of tHea
relationship (or mean pressure) should lead tottetbprediction of stress-strain curves for
large values of plastic deformation.

In order comparing our results to the represergagivains proposed by Dao et al. (2001) and
Cao and Huber (2006), the “characteristic” straig, corresponding to the nonlinear part of

the total effective strain accumulated beyond tleddystrain was calculated from the total



strain &;. Fig. 11 shows the values ef,obtained from our procedure for the various studied
materials.
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Fig. 11: Representative strain obtained from thetéfs Hardness (Representative strain
corresponding to the nonlinear part of the totldaive strain accumulated beyond the yield
strain).

Using dimensional analysis, a representative stfgire 0.033 was identified by Dao et al.

(2001). This value lies within the range of reprgagve strains determined from our

procedure for the materials studied by Dao et @012. The representative strain defined by
Dao etal. becomes very different from our results for matleriof largeo,/E ratio, for

which &o is about equal to 0.065. Our results are in acmrd with those obtained by
Ogasawara et al. (2005) and Cao and Huber (2006¢el, in their paper, Ogasawara et al.
(2005) argued that the constant representativensdefined by Dao et al. (2001) only works
well for a limited range of materials.

In the work of Cao and Huber (2006), it is alsorfd that the representative strain defined by
Dao and al. (2001) cannot lead to a one-to-ongioakhip between the representative stress,
indentation loading curvature, and reduced Youmngdglulus. In order to obtain a one-to-one

relationship with good level of accuracy between/C, and C_/E for the studied
materials, Cao and Huber (2006) proposed to dé¢fiegepresentative strain as a function of
C/E* instead of a constant (Eqg. (17) in Ref. (Cao &hudber, 2006)). Fig. 11 shows that the

values of the representative strain obtained by(Ed) in Ref. (Cao and Huber, 2006) are
very close to those obtained from our procedure.



3.2.2. Constraint Factor

The values of theHM/o, ratio obtained from Egs. (2) and (3) and the valuwd
representative strain shown Fig. 10 are given ¢n E2. The meaning of thelM /o, ratio is

similar to that of the constraint factor calculafesin the mean pressurélf oy ).

As for the case of the constraint factor, Fig. I®wes that theHM /o, ratio varies
significantly depending on the values of n amg/ E. Fig. 12.a shows that the values of the

HM/o, ratio obtained from Egs. (11) and (17) in the wofkCao and Huber (2006) are in

fairly good agreement with those obtained from @uocedure. Despite the difference
between the representative deformation identifigddbo et al. and those determined in the
presented work, théiM /o, ratios proposed by Dao et al. (2001) are alscedour results

(Fig. 12.b).
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Fig. 12: Values of thédM /o, ratio obtained from Egs. (2) and (3) and the vslofe

representative strain. (a): comparison with thei@slof Dao et al. (2001); (b): comparison
with the values of Cao and Huber (2006).

3.3 Discussion about the definition of the represeative strain

As mentioned in introduction, the representativaisf &, is a key input parameter for any
methodology that attempts to extract plastic prigerfrom Martens hardness or mean
pressure. Concerning the methodologies based oMéreens hardness, Dao et al. (2001)
have used a dimensional analysis to estinggtéor Vickers indentation as 3.3%. Chollacoop
et al. (2003) extended this analysis for conicdkeimters of different semi-apex anglésand
show that & linearly decreases with increasiry The experiments of Chollacop and
Ramamurty (2005) show that the developed algoritttnessess properties of materials based
on the use of these representative strains préukcstress-strain curve with good accuracy.
The accuracy of thes values estimated by Dao et al. (2001) and Chotipcst al. (2003) on
one side and by Atkins and Tabor (1965) on the rotths compared by Chollacop and
Ramamurty (2005). From the experimental values eampressure and using the constraint
factor, Cr, and & values given by Atkins and Tabor (1965) for diéfiet conical indenters,
they show that the estimated flow stresses are raiynesignificantly larger than the
corresponding flow stresses obtained from uniaeasile tests. An examination of Fig. 10 in
Atkins and Tabor (1965) also shows that the eseohfibw stresses is always larger than the



corresponding flow stresses obtained from uniateusile tests. For Chollacop and
Ramamurty (2005), this result demonstrates thatghalues estimated by Chollacoop et al.
(2003) from Martens hardness are relatively mooeiaate than those proposed by Atkins and
Tabor (1965). As it was mentioned by Chollacop &mmamurty (2005), the choice of the
representative strain is not the only reason ofdherestimation of the flow stress. They
indicate that this overestimation is probably daethte implicit assumption by Atkins and
Tabor (1965) that the constraint factGg for a given cone angle is independent of prior
plastic strain. Indeed, Fig. 9 shows tatvaries depending on the hardening exponent and
the yield stress of the indented material. Fomtia¢erials studied by Atkins and Tabor (1965),
Fig. 9 shows that the constraint factor is in thage between 2.8 and 2.9. These values
obtained under frictionless conditions are higheat theCr values obtained by Atkins and
Tabor (1965) from experiments, i.e. 2.54C< < 2.7. From the results shown by Chollacop
and Ramamurty (2005) and Atkins and Tabor (see Fign Atkins and Tabor (1965)), we
can conclude that the overestimation of the floresst found by Atkins and Tabor (1965) is
mainly due to the underestimation of the constréactor rather than the accuracy of the
representative strain.

Several studies were conducted to find a physiemmng of the representative strain and
connect this representative strain with the quandit plastic strain induced by conical
indenters (Branch et al., 2010; Prasad et al.,20rRsad et al. (2011) show that thevalues
given by Chollacoop et al. (2003) and Bucaille kt(2003) obtained using dimensional
analysis are in excellent agreement with those cegpas the volume-average strain within
the elastic—plastic boundary. Branch et al. (2GI®ws that a method based on this average
plastic strain accurately predicts the increasmdentation hardness within the plastic zones
of both Vickers and Rockwell C indents for bothelam and power law strain hardening
materials. Some aspects about the connection betiheeaepresentative strain and the plastic
volume-average strain are to be discussed.

In the study of Branch et al. (2010), the predictaf the micro-vickers hardness profile is
based on the assumption that the constraint fa&toonstant independently the degree of the
work hardening of the material. Figure 9 shows that assumption is not true. It can be also
noticed that Branch et al. (2010) found that th@esentative strain depends on the material,
i.e. & of 0.052 and 0.035 for a power law strain hardgmmaterial (P675 SS) and a linear
law strain hardening material (303 SS), respectivil contradiction with this result, they
consider that the representative strain does nperde on the degree of work-hardening of
each material. The work hardening of a materialcwhollows a power law model leads
however to a “new” material which can be sometimexielled better as a linear hardening
material.

On the other hand, only plastic strains above 0&®@2included in the determination £fin

the analysis of Branch et al. (2010) and Prasad. §2011). Branch et al. (2010) justify this
value because it is consistent with the commonndefn of the 0.002 offset yield strength.
However, FEM results show that a little differemeehe value of the offset yield strength has
as a consequence a strong difference in the plestie size and thus a strong difference in the
value of the volume-average plastic strain (Fig. I8 consequence, the determination of the
values of representative strain is subjective i mbtained from the values of volume-average
strain calculated within the plastic zone of thdentation. The representative strain defined
as the volume-averaged plastic strain within tlastd zone of the indentation was validated
by Branch et al. (2010) from the measurement ofiibeease in indentation hardness within
the plastic zones obtained with both Vickers andk®@Il C. However, because of the high
values of plastic strain at locations nearest ¢ostlrface, a noticeable variation in the value of
the representative strain has only for consequansmall variation in the hardness profile.
Therefore, the good agreement between the predmsteb-indentation hardness values and



the experimentally measured hardness values camatidate the representative plastic strain
proposed by Branch et al (2010). Lastly, Prasadl.e2011) show that, contrary to tlag
values given by Chollacoop et al. (2003), the expental values of Atkins and Tabor (1965)
are considerably higher than those computed asdluene-average strain within the elastic—
plastic boundary. From this result, they concludiédt the universal definition of
representative strain given by Atkins and Tabo6g)9s not valid for conical indentation. In
our opinion, the fact that the volume-average stisicloser to the representative strain given
by Chollacoop et al. (2003) than to the represamatrain given by Atkins and Tabor (1965)
does not mean that the representative strain datdnomF-h curves (or Martens hardness) is
valid and that the representative strain basedhemiean pressure is not valid.

As mentioned by Dao et al (2001), the value ofrépresentative strain depends on the choice
of functional parameters that were used to desdtigeindentation process (the Martens
hardness or the mean pressure). We demonstratesipdper that the representative strain
also depends on the mechanical properties of tdented material. Further investigations
must be performed to better understand the cororedietween representative strain and
physical quantities.

Plastic strain
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Fig 13: Plastic strain distribution induced by aatiindenter equivalent to the Vickers
indenter obtained for a material with E=120000 M&Ras 3 MPa and n=0.466 (material
similar to that studied by Prasad et al. (2011)).

Conclusion

In the present work, an investigation on the d&bniof the representative strain in conical
indentation was carried out. Following a procedbnased on finite element simulations of
indentation of elasto-plastic materials, news valokrepresentative strain were determined.

Contrary to all previous studies, the proposed gulace is based on no assumption. This
procedure leads to the determination of valuespfasentative strains valid for power law



strain hardening materials. Two representativarstravere defined: the representative strain
characteristic of the mean pressure and the ramise strain characteristic of the Martens
hardness or the indentation loading curvature. rEiselts obtained following our procedure
clearly demonstrates that the representative stejnis not the same if we consider the

Martens hardnessiM, or Mean pressurdidl. For the studied materials which include
engineering materials, the values of the repretigatatrain obtained from the “Martens”
hardness, lie between 0.025 and 0.095 dependintheomaterial. If the Mean pressure is
considered, the values of the representative dimlretween 0.08 and 0.25, depending on the
material. These results show that the mean presss®d representative strain is higher than
the Martens hardness-based representative strhia.r@sult means that reverse algorithms
using dual sharp indenters based on the measureofietite F-a relationship (or mean
pressure) should lead to a better prediction @sststrain curves for large values of plastic
deformation. As for the case of representativeirstrao constant values of constraint factor
H/o, and ofHM /o, ratio were found for the studied materials.

The concept of representative strain and constfaator, Cr, or I dimensionless functions
was introduced with the objective converting thedhass-strain to the stress-strain curve of
the studied material. The ideal situation prevéailshese parameters are independent of
material being indented. The presented results shattthe concept of universal value for the
representative strain or the constraint factooohiiced by a Vickers indentation doesn’t exist.
The representative strain induced by a conical riteteequivalent to the Vickers indenter
depends on both studied material and measured igesnfMartens hardness or mean
pressure).
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