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Abstract: In this paper, we propose a method to evaluate the material properties of high-yield strength materials
exceeding 10GPa from spherical indentation. Using a regression equation considering four indentation variables, we
map the load displacement relation into a stress-strain relation. To calculate the properties of high-strength materials,
we then write a program that produces material properties using the loading / unloading data from the indentation test.
The errors in material properties computed by the program are within 0.3, 0.8, and 6.4 for the elastic modulus, yield
strength, and hardening coefficient, respectively.
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Fig. 1 FE model for /,/D=20% indentation analyses

3
ARSI steat el R
487 HNH QA CAX4 S ALE L =
Asstaar dadeirs 3l 4599 2o Ha
8437 9 AAY A7]E WA HA .S
AR 2Ae HE e of

A k16000 719] 484 FUIH 8 AER FAH
S, vl wEbA] £k ]

Zo)gde 1w
]_r/]_‘ 1 dlo

Ol
it
Lo
Ho

{f
o,
(0

F

SRA PHE vl AASE Gdwel Agel 1o
e MR £48 sk AolAH, ofd uE
We  dHAgiel  2REE, A A
PRASE gEglen aelshs AE WANA

Coulomb WFEASF f = 0.1 0] s
aPol&e ALY HFaS

SR E ¢, & AT J% HPEE vk
el 3

[o

H
QA AellA Atk 24 fdoll= J, TEAA

fllo

288t} Abaqus ZE 1 oA T3 A

NLGEOM (Nonlinear Geometry)

shd, a8 ds AF WY sHe

A A} g2 e S AA "o

AA reizlolh vl Afo} HrjH o

o= YT & Stk o= A ARk
3

4o o
tlo o ok

ol
o
o %
(2

>
Lo
-

ox, B oft rlo mo it o o rlu rfu

}_

—

)

fo 2 <t

o
oy T

O
—

)
2
MPoR A JP A e 2y e
Axstd 5 9 B3l Utk Teht o A¢ e
BAAE e AR 05T HF-M FHS



IFE g gk A BAAHIH 1081

Uebd o glem, o9t @2 sF-we] 49 0.4
A o= Qe AmEAdo] dejet thEA AAkE
XX o) M o Lg I al- ololzlol®E = diamond indenter

17k et ]_9} = A gnels St 0.2 | £=1000 GPa, v=0.07
NezA SEE 4 gem, kel Aol 20%
(/D) SEYSNAE A8 BAZ} BASA o) A
ool AzEl thal A H7e) 20%E ALY = %0
ZolZ MA st} =

~02 F—m- _-~" rigid sphere
AES gjotolpg| = material
3. 71 TR0l E=300GPa, v=03, o, =30 GPa, n =3
5 = o -0.4 ‘ ‘ ‘
clolA|sle E5t ¥EW

3'12'2' = l;' NN :j s 0.0 0.2 0.4 0.6 0.8

QRS SE-WANRH AFIHAe) 271718719} o
2 Z=1 A ol AE = o)t} (711~13) 01-01 & o
o R ‘}_J‘%lﬂﬂ— L. AR o5 Fig. 2 Deformed shape of diamond indenter at loaded state
TF TS 277E7] SRAE FES A5
stefel F7bqQl Aol dastth AEAde  ojong Ak e 4 el de FAREAAL
271718712 BES ok W2 Sneddon™ H Lige mao wag.
Pharr 510 AT o] FE AZHEL €A
HAAEE 438 AR ddIdS WY o84S ¢ = fi (&0 E[E))+ £ (655, E[E ) (R, /D) (3)

ek okel z B ASE Aot} A E e} EFAA :
SN Y wAR N DIART VLY Gl 4w 9 9ol Gl Al
A7 =, dleA] AP o= Qe S IE ZaishA 2 (2)7]_ A &)}, Leec(l)o QJul &
O 71 FHALO o|= Sl oA T Q = - =0
MBS shio @A clgol AR A msel A g o 100-3000 MPayel sl T B AR
PSS dlofuty. ojefd @Aele] Zi wAlH gt e s, A (2)-3)S EF =437t
S A7) Yol Lee VS Bl zlE o] ¢l Tzade A48T 1Yy uAE ZHJEJ_(O' —1-
Al E A ()Y Zo] RAAT k& =Yk 5. orolol A= orolzlo] Aol & o
30 GPa) ol 3k gdolM= FdAre] A E ol
£ 1-v? 1) AA AR Aol 2 2AkE oF7|gith Fig. 2+
A [ (68)=(1-v,)[E, & o] E=300GPa, 5,= 0.1,n =3 A 20| that
o 01}\] ]‘4—0]0]—‘5’_1: O]—O]z]_/] HARA = E_o:]_%_]:],

— _ . H H 1T o o--& RN

0117]/\‘1 dmaXT: }’]EH%L?:}Z:J_O] hmax oﬂj\‘]gl p1le—up/ gé}g_o] ;Fsﬂoﬂjﬂ Z—];(] _6 ] 51\401]/]_ 9}]\%% %—]_ _/':
sink-in Y& 1A FIH AA AS5Ad AA ATt 2 -3 EFE WS 3ol Eataid
oW, ESt B, vt v A7 ARSH 94 GE Jog auge qasm ore)azel 24047
= Felerlelt. Axeh olsh 2o oz Zedrs} rAw
RS WEAE S TR BT aap) gene wamdas faasdie 59

F shie A3U9A49) 54 5 o5

ME]—. ]-— pile—up / sink-in @4 T2 Ag A
71 Al 71 AAl A= 7 e 30 SEALEl MZEOFOIRIZ |
pile-up / sink-in & A 40 AA HFUY S EE R R E LSRN ERCE &
AR d= T 7leh FAoRNE Ut ol 8l Sigg o)2ry g3e w2e AEaleoe] 0o
At bl AHAAE HEWOZ F5A Ao) 2xbv}
d 2D 2] @ 88710 el S ool Fig3 A Al
’ HEE E FAdE ole A sk RS
)0l hie PAl FASE pile—up I sink-inS X A TAEAHAS e A9 AR E

15
P Az gl zel, b VE FHoREH SHY HFWor AIY Fig 404 AEF AL
dzololtt. Hill 59 dTA ol5] HE 2 A4 E AFEHY wAEnAE HEUeR A
hih)o 2 Fdet AA ddzdoleld 49dE I dolvh $AF ¥ vz e, el 9%
e AR 2L g o9 S0 de Aol 0.2% olatolth. B A R E 2 v A
Fassidor Ao 2L A 4 )y WMITA FAGFES GAA el FAAF 27
o] M= BAX 9} zlole] Frw FHI T, 0.0625% A7 2WUF QAER FAHo

TR A S
H\l o

m Jo 1X



1082

)

% %] - Karuppasamy Pandian Marimuthu - ©] %18 - o]3

last 2 nodes 7 =
in contact ~ A

[
o

1
P first 2 nodes
e not in contact -

o
A H b R SE,#_,,

T

N

Fig. 3 Evaluation of d by taklng the intersection (-+-) of two lines that are 1passmg through the last two nodes in contact
and first two nodes not in contact, respectively [Hay and Crawford ¢
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Table 1 Material properties for FE analyses

Parameter Values used for FEA
E 100, 200, 300GPa
v 0.3
Eo 0.01 - 0.1
n 1.1,1.5,2,25,3,4,5,7,10, 13,20, 50
f 0.1
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020 | : 020 |
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0.20 1
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0.0 0.1 0.2 03
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Fig. 6 Equivalent plastic strain vs. indentation depth data
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| Assumption of &, n', E'

]

L

Computation of d using Eq. (9)
(d/DY = f*(h,/D, &, n', E'/E,)

Computation of g;, ' using Eq. (10)—(11)

&, = f*(h/D, &, n', E'[E)
v' = fY(hID, &, n', E'/E)

1]
Computation of o'
o' = P/(D*y")
|
]
Computation of K1, n™!using Eq. (5)
o = K1+151/n’“
¥ i=i+1
Computation of E*! using Eq. (13)
E" = fid' e, n" E'[E)
¥
Computatlon of o', &
= E i+1 (K i+l JE +1) o)

gi+l — O_:;+1 /EHI

o

¥

e=Max(g°

Computation of error

i+l
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Table 2 Comparison of computed material property values
to those given

o,/ E " Computed Error Computed Error
(GPa) o,/ E (GPa) (%) n (%)
5 0.99/100 1.1/0.2 4.8 33
1.00/ 100 0.2/0.1 6. 2.1
1/100 7 / / ?
13 1.00/ 100 0.3/0.0 12.6 34
20 1.00/ 100 04/0.0 18.9 5.7
5 3.01/100 04/0.3 52 4.0
02/1 . 1 2 2.
37100 3.02/100 0.5/0 7 5
13 3.00/ 100 0.0/0.1 12.8 1.9
20 29.9/100 0.2/0.0 19.0 5.0
5 5.03/100 0.5/0.0 5.0 0.2
5.00/ 100 0.1/0.1 6.9 0.9
5/100
13 4.98 /100 0.3/0.0 12.4 4.8
20 5.00/ 100 0.1/0.0 19.3 3.7
5 8.15/100 1.9/0.0 5.5 8.3
8.12/100 1.5/0.0 7.8 12.0
8/100
13 8.02 /100 0.2/0.0 13.4 2.7
20 8.02/100 0.2/0.0 20.4 1.8
5 1.98 /200 1.1/0.1 49 2.6
1.98 /200 1.0/0.0 6.8 3.5
2/200 7 / /
13 1.98 /200 0.8/0.0 12.3 5.5
20 1.98 /201 1.0/0.5 18.2 9.2
5 6.02 /200 03/0.2 4.9 1.6
. 2 . . . .
6/ 200 6.03 /200 0.6/0.0 7.0 0.8
13 6.06 /200 1.0/0.2 13.7 5.3
20 6.13/200 2.1/04 26.3 31.5
5 10.00/200 0.0/0.2 5.0 0.6
10.02 /200 0.2/0.0 7.0 0.0
10/200
13 9.96 /200 04/02 11.6 10.5
20 9.94 /200 0.6/0.3 16.8 16.1
5 16.34 /200 2.1/0.0 5.6 11.6
16.23 /200 1.4/0.0 7.8 11.5
16/200
13 15.98 /200 0.1/0.0 12.7 24
20 15.89 /200 0.7/0.2 17.3 134
5 2.93/300 24/0.0 4.8 3.6
3.00/299 0.1/13 .0 0.5
3/300 7 / / 7
13 3.02/299 0.6/0.6 13.2 1.7
20 2.98 /301 0.8/0.8 18.4 7.8
5 8.92 /301 09/1.1 4.7 5.7
8.95/301 0.5/0.5 6.6 5.7
9/300
13 9.05/300 0.5/0.1 13.1 0.6
20 89.7 /300 0.3/0.0 18.0 10.2
5 15.04 /300 0.3/0.0 5.1 1.1
15.00 /300 0.0/0.0 7.0 0.6
15/300
13 14.98 /300 0.1/0.1 12.8 1.8
20 15.02 /300 0.2/0.0 20.5 2.8
5 24.39 /300 1.6 /0.1 5.5 10.7
7 24.19 /300 0.8/0.0 7.6 8.8
24/300
13 23.98 /300 0.1/0.0 13.0 0.2
20 23.81/300 0.8/0.1 16.7 16.4
Tt WP Y] A, FH A= 64%E FE,
GRPw we) vha vk ol $U-WYE S
4 (5)2) B HAN 0 kS D= eI, £HT

qd
3
E=50GPa, o,=1GPa, ¢, =0.02
n=3,4,7,20
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Fig. 13 Comparisons of computed stress-strain curves with
those given for £,=0.02 [E=(a) 50 (b)400 (c) 600
GPa]
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