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< SUMMARY >

Purpose &
Contents

v' The overall purpose of this study is to develop a technique to
diagnose fragility of steel structures wunder earthquake by
investigating strain rate effect of structural steel using
nanoindentation experiments.

v" The yearly goals of this study are fol lows:

e 1st year: Development of strain rate effect equation of
structural steel using nanoindentation

e 2nd year: Development of a diagnose technique for fragility of
steel structures under earthquake considering strain
rate effect of steel

v Determination of strain rate effect (SRE) equation of structural
steel by nanoindentation

e Reference study about SRE of steel
e Nanoindentation experiments on structural steel with different
indentation speed
e Establishment of non-dimensional equations about SRE based on
nanoindentation observations
* Determination of coefficients for the established non-dimensional
equations with the aid of finite element analysis

v Verification of the determined SRE equations by nanoindentation

e Experiments for tensile strength of steel with different loading
speed

e Determination of SRE equation by regression analysis of tensile
strength test results

e Comparison with SRE equation by nanoindentation

v’ Establishment of the relationship between SRE and fatigue of

structural steel
e Fatigue experiments of steel with three different loading cycles
e Determination of SRE equations for the fatigued steel by
nanoindentation
* Investigation of the relationship between SRE and fatigue of
steel

v" Structural analysis of steel structures considering SRE

* Development of a finite element (FE) model for steel structures
considering strain rate effect

e Sensitivity analysis of the FE model for the coefficient of in
SRE equations

e Structural analysis of steel structures for seismic loading

v Development of a diagnose technique for seismic fragility of steel

structures considering SRE
e Development of fragility ocurves of steel structures for
ear thquake
* Analysis of seismic fragility curve change according to the

_6_



change of coefficient of SRE equations
e Proposition of an algorithm to diagnose seismic fragility of
steel structures

v" 5 SCI journal papers, 1 patent application
* First year
- (1 Journal) Strain rate effect equation of structural steel by
nanoindentation
- (2 Journal) Comparison of strain rate effect equations of
structural steel by tensile strength tests and nanoindentation

Results exper iments respectively
e Second year
- (1 Journal) Structural analysis of steel structures considering
strain rate effect for seismic loading
- (1 Journals, 1 Patent) Seismic fragility curves of steel
structures considering strain rate effect
e The technology to determine strain rate effect equation by
nanoindentation is applied to a non-destructive diagnostic
methodology to measure strain rate effect of steel structures
 Seismic fragility of steel structures can be diagnosed by
structural analysis based on strain rate effect equations of steel
e Seismic fragility of steel structures can be used as a maintenance
Expected index for service life of steel structures

Contribution

e Strain rate effect of steel should be considered for a design of
steel structures subjected to impact or seismic loadings

e An algorithm to diagnose seismic fragility of steel structures is a
basic key technology for seismic design of steel structures

e Efficient wutilization of resources is possible by avoiding
excessive seismic design with the seismic design of steel
structures including strain rate effect of steel

Keywords

. . o Strain rate o Steel
Nanoindentation Fragility Seismic
effect structure
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=d= S5 A= =dd=
Hard aluminum oxide coating for various applications 2015
Actuatable capacitive transducer for quantitative
nanoindentation combined with transmission electron 2010
microscopy
Nanoindenter 2010
Micromachined comb drive for quantitative nanoindentation 2009

L= Device and method for  optical nanoindentation 2008
measurement
Nanoindentation surface analysis method 2008
Nanoindenter tip for uniaxial tension and compression 2007
testing
Nanoindentation surface analysis tool and method 2006
MEMS nanoindenter 2005
Power law creep stress index testing method based on 2014
nanoindentation steady-state process
Nanoindentation test desk and experimental method for 2012
interfacial shear force of carbon fiber composite

= Precise nanoindentation test device 2011
Nanoindentation/cutting test device 2011
AFM  (Atomic Force Microscope)-based device for
performing nanoindentation measurement on surface of 2010
microparticle
Improvement method for measurement error caused by 2014
sink-in phenomenon of nanoindentation
Process for determining viscous, elastic, plastic, and

o vt adhesive (VEPA) properties of materials using AFM-based 2008
or conventional nano-indentation
Improved device for nanoindentation system 2007
Auxiliary apparatus of specimen carriage for nanoindenter 2007
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%3 A $49 fitting 39 v %

Hl HZ H3 H4 H5 HG Gl GQ
gy 1.39E+3 1.34E-1 475E+1 7.09E+1 -4.13E+1 -6.53E+1 -248E+1 1.00E+2
Q9 -1.06E+3 -8.58E-2 -3.11E+1 -5.69E+1 2.92E+1 3.78E+1 8.14E+0 -3.67E+1
a3 3.25E+0 -2.28E-2 1.42E+1 1.29E+1 -5.54E+1 2.90E+2 -8.87E+0 2.85E+1
agy, 2.68E+1 -8.75E-3 -3.84E+0 5.02E+0 -3.06E+1 1.68E+2 -4.69E+0 1.69E+1
Qg 7.68E+0 -8.65E-4 -1.45E+0 7.95E-1 -5.72E+0 2.95E+1 -7.88E-1 2.86E+0
Qg -3.97E+2 3.80E-2 9.92E-2 -1.93E+1 5.19E+1 -4.12E+2 1.50E+1 -3.52E+1
Qg3 -2.7T1E+2 1.36E-2 1.66E+1 -7.69E+0 2.58E+1 -2.39E+2 8.10E+0 -2.13E+1
Aoy -5.01E+1 1.25E-3 3.87E+0 -1.21E+0 5.04E+0 -4.18E+1 1.36E+0 -3.56E+0
Qg 1.35E+2 7.81E-3 6.90E+0 1.44E+1 -3.38E+0 -6.61E+0 -8.53E-1 4.53E+0
Qg9 5.83E+1 4.39E-3 -6.19E+0 -2.75E+0 1.38E+1 -6.71E+1 1.67E+0 -6.10E+0
Qsq 2.86E+1 1.85E-3 -7.36E-1 -1.02E+0 7.96E+0 -3.91E+1 8.74E-1 -3.60E+0
Qgy 4.04E+0 1.99E-4 6.84E-2 -1.62E-1 1.48E+0 -6.84E+0 147E-1 -6.12E-1
ay -1.86E+1 -1.16E-3 —-6.25E-1 -1.28E+0 9.81E-1 3.10E-1 2.67E-2 -1.87E-1
Qo -7.83E+0 -3.04E-4 6.12E-1 1.88E-1 -8.08E-1 5.29E+0 -1.02E-1 3.96E-1
Qy3 -3.75E+0 -1.12E-4 1.40E-1 6.26E-2 -4.90E-1 3.09E+0 -5.28E-2 2.33E-1
ayy -5.64E-1 -1.18E-5 9.01E-3 1.00E-2 -9.28E-2 541E-1 -8.90E-3 397E-2
by, -2.53E-2 -1.02E+2 -1.05E+0 -1.37E-1 2.07E-1 -1.63E+0 -3.90E-2 1.24E-2
by, -5.59E-2 -2.00E+2 3.14E+0 3.37E-1 798E-1 6.78E+0 -5.15E-2 1.99E-2
b 7.36E-3 2.10E+1 -2.68E-1 -4.32E-2 -7.74E-2 -4.52E-1 1.63E-2 -4.77E-3
b, -4.46E-4 -1.02E+0 1.21E-2 2.69E-3 4.28E-3 2.62E-2 -8.64E-4 3.03E-4
by, 9.20E-6 1.76E-2 -2.24E-4 -5.72E-5 -8.69E-5 -6.26E-4 1.51E-5 -6.26E-6
522 -4.02E-5 3.56E-3 2.31E-3 2.03E-4 2.53E-3 2.18E-2 -1.66E-3 2.22E-4
1323 3.66E-6 -71.56E-4 -2.88E-4 -1.82E-5 -3.14E-4 -2.98E-3 1.15E-4 -1.67E-5
by, -9.46E-8 1.95E-5 8.13E-6 4.69E-7 1.11E-5 1.10E-4 -2.49E-6 4.29E-7
b31 -2.98E-3 -1.62E+2 —-2.98E+0 -4.78E-1 2.64E-1 -1.09E+1 1.23E-1 -3.51E-2
b32 -3.65E-3 3.10E+1 -2.94E-1 1.04E-1 -1.78E-2 1.12E+0 -4.14E-2 1.20E-2
b33 4.712E-4 -2.10E+0 5.04E-2 -8.16E-3 -8.15E-4 -6.60E-2 1.53E-3 -8.18E-4
b34 -1.34E-5 4.62E-2 -1.34E-3 1.95E-4 3.87E-5 1.38E-3 -1.50E-5 1.76E-5
b41 -9.95E-2 -1.83E+2 2.63E-1 3.76E-1 1.54E+0 6.52E+0 -1.31E-1 413E-2
by 212E-2 2.40E+1 1.17E+0 -9.80E-2 -2.93E-1 -9.16E-1 3.96E-2 -1.36E-2
b43 -1.56E-3 -1.01E+0 -1.25E-1 8.42E-3 2.02E-2 5.75E-2 -1.06E-3 9.22E-4
by, 3.57E-5 1.29E-2 3.12E-3 -2.12E-4 -4.37E-4 -1.12E-3 7.66E-8 -1.97E-5
R? 0.994 0.995 0.993 0.995 0.995 0.993 0.994 0.994

(5) Agtel el
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= LA A o]lFdUAd(dual nondestructive

by € W, 5, R

m m

%
A o] Mg o 3~239 4



(6)

3 = = > =] >~
Iso-line W E4X+= SASAHY #dHE FAY 55, e, e, ¢, €, oL

- = =] =] 2 A = - =
B AN EE /aym, n Dag 2487 A8l 2o AFT Gow ARHE £EH
¢ 2HEE)E &%
EES] H%£7o2 wet Bloyl, n Rodl 23S WsAPoms 74 vase
wes A48T 7 Ue
[ Berkovich indentation test ] [ Spherical indentation test ]
Obain the indentation parameters: Obtain the indentation parameters:
C, W, W, 5, by, and set the ranges C, W, W, S, by, and set the ranges
and increments i.!f?. & nand a and increments ofE—', £, nand a
¥ Ty
[ Determine: 6, = B/Subdeses | | Determine: 6, = Bu/Sihudies |
[ Set the value of o €[3,23] ]
Draw iso-lines Gy = (P /Sulindeese 1 a0 Gy = (B /5, Jeese 2 in the same
(E. /gy, —n ) space and find out the intersection of two iso-lines &, and G,.
Obtain @), and n
[ Determine: I, fi,i=1-6 ]
The set of (g, n and a) leads to minimize the efficient errer (EE)
Cefficient = EE= Z \'l(”:_lr] )?'
im
[ Obtain the values of o J
{ Mechanical properties (7, n, and a} ]
Iy 35 AgE s A%
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dag]Fel 4E HolHE A3
1¥36a 9k 36bel input AE 549 807HA = AltE dugFoRFEH 454
AE9 HWE e
2736c ¢ 36del  n o ZZFE A Ao 107 d4H AE SA I 495
of Aol e hehy
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Eeh AAFE o
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F 498 HEE S0 AZY o Hiol

Brkovich indenter tests

Spherical indenter tests

Material properties

W, W c P, h, w, W, P, h, o, n a
(vrm)  (Vmm)  (Wmm?)  (mn)  (m) (¥mm)  (Nmm) () () (um) ) ()
(a) SR=0.04 s
Test 1 01201 000307 45712 1815 19925 0.0993 0.00214 89.88  1999.3 35449 023 130
Test 2 0.1197 000306 44699 182.2 2019.0 0.0983 0.00212 8397 1979.2 355.06 020 12.1
Test 3 0.1197 000301 44086 180.6 2024.2 0.0968 0.00206 87.61 1949.0 34655 021 121
Test 4 01199 000303 45277 1852 20223 0.1003  0.00213 90.78  2007.4 34742 021 121
Test 5 01228 000315 42726 1744 20205 0.1008 0.00218 91.24 20188 35659 020 120
(b) SR=0.1 s’
Test 1 01386 0.00968 46224 193.2 20446 0.0019 0.00249 92.87  1993.0 37157 022 110
Test 2 01403 0.00894 45099 189.1 2047.4 0.0019 0.00249 93.77  2023.0 36663 021 113
Test 3 01451 0.00980 46259 193.3 20442 0.0019 0.00246 92.42 19833 37048 021 116
Test 4 01332 000872 44663 186.2 20416 0.0019 0.00240 91.97 19736 35841 021 116
Test 5 01416 000783 45190 1830 2039.9 0.0019 000245 9242 19833 36268 022 10.1
(a) SR=0.2 s
Test 1 01530 001145 48556 209.3 2076.0 0.0019 0.00260 96.41 19987 38541 021 103
Test 2 01512 000967 45722 197.0 20755 0.0019 000256 9551  1980.0 38290 021 103
Test 3 01428 000865 45431 193.7 20647 0.0019 000251 9415 19518 37660 023 10.1
Test 4 01491 0.00902 45547 194.7 2067.7 0.0019 0.00262 97.32 20175 38282 023 103
Test 5 01479 000958 47468 203.8 2072.1 0.0019 0.00264 97.77 20225 38420 023 105
(b) SR=04 s’
Test 1 01730 000850 48734 2081 2066.3 0.0020 0.00280 99.09  1994.9 39322 023 96
Test 2 01727 000197 49936 217.0 2084.4 0.0020 0.00280 100.0  2013.1 38780 023 96
Test 3 01747 000205 49429 2154 20877 0.0020 0.00276 9363 1985.7 38741 024 94
Test 4 01677 000890 48905 207.7 2060.6 0.0020 0.00273 9318 19766 38541 021 94
Test 5 01609 000900 49315 210.0 2063.7 0.0020 0.00277 9363 1985.7 39193 024 98
o Aol skt HEE gy AA AY
(1) =248 3
o A A MTS = 7|AE At&3te] 3%
o 1X107°s7'9 AA3 HYE At £E=2 4 FH A ZEZ0.4%, 0.6%, 0.8%,
1.0%0°l et H=AHES FAF
* LCF1(£04%9] ¢,), LCF2(+0.6%°] ¢,), LCF3(£0.8%%] ¢,) % LCF4(£1.0%9] ¢)=

g

a

o AFE ASTM % =0 wat 3% ar, 18419 AF7] 3 Z(low-cycle fatigue) A 2

Eﬂ 14.1:/]. ]
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(d) 94 A1

a9 41 AFr] v zek A d 1T

(2) Yoz ¥z A8 & FAe WydE =8y WAy 24
¥ 5. SS400 7x=& A9 sEd FAAE(n W.%)

Material C Si Mn P S Al Ca

SS 400 0.05 0.037 0.46 0.013 0.002 0.044 0.0017
ote]l AAL QE AEE ALgste] vz2ay 71 Aol A AFAL A&
AdE HAZAE ZY ZHYolE AAS o ZA wEZY A Hro Y oy B3 Fi
7 o] & (silicon carbide paper)= 3 A ste] FEgg THS sy
o] Aate & 794 F HE WA 40nm o), ¢+E A|Ho] ol wEE
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LCF1(£04%°] &,), LCF2(£0.6%2] ¢,), LCF3(£0.8%¢] ¢,) 2 LCF4(£1.0%2] ¢,

£ vz g3 g dis) d5FA4SHCSM) ddAdds Aol 423

CSM 44 st5 &= AP FAARE gle] 0.002s 'olA 02s '7hA 9] the ®

Ho HE W Ao] REox 43

S 87 A8 1,140GPae] ' A9l 0.072] Folsn

= A}83}= Berkovich indenterE AF-&

FE S50 g8 Hoj= 207H4 4TS +I

Az A3 dolEE Bl SS400 72§ AAe WEE wgE s AdAsr] A8l
oA 300mN/min® YA HE/AE w9 190mNe] HstEow AYE ¢y

:{7

& me|

E o] Jof| A Er_z&oo]g‘
= A= ==

(3) WHEakF sfoll A mAl 2] X135}

o,

i
g

s3) vAlzst ZAe AAH 54 wE AE o= A% Abe]d sEHel
#AE olssty] Asl, e WY AE duold W= vy Pz AY TEE
A2 Au A (TEM)S AF&3sko] AAF

TEM Al =8 7] Al= ofell 13429 2+

a9 42, AF7] 25 e A9 R E dSseE TEM Al 2H

943 27) NEA A9 FRE e, Td4-461 04%, 06% 2 10%9] M
g AZ FzoN Bw F A]ﬁjcﬂw b ol e A F2E e
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(b) 0.2pme] A9 Fx=
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(b) 02pume] AY +x
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(4) 2 Wy A% e gy ug
o A7 AR FEAE-HIE £= WAAES A Slal 2 iy AF ol el
0.02s "ol A 0.2s'7hA 9] A& T2 MEE £E2 HA 0CSM 4dS 53
o I¥47E LCF1(W Y X Fe=1404%), LCF2(ME 21 Fe =+0.6%), LCF3(HE X Ze =+
0.8%) B LCF4(¥ & 1Ze=141.0%)° 49 =4l tist ¥ E £xa3E vehd
o HYE Soe vHE/AE 4% 2v]d 2 9% vAE A & F Ue
o 3tT WAl i Hdl WA= Ee g st A AAHAAT WEE £
ol Zriehd Arjatgol Fkstel SEREe TARE & & AL
o A7 AAEE 4714 LCF dlde] o9 SHo=FH, steaEd Uy 3o
AE 198489 YERY
« AEHoz, & WY AL fuolN ¥ AFAE Urhtm, o 24 e A
YHoz Z7}
o WHE T SM490 T-x& Al gk o] Aol A Had A vl dX| 9
a) 280 b} 250
—=—Strain rate: 0.02 {1/5) LCF1 (£, =0.4%) —=— Sirain rate: 0.02 {1/8) LCF2 (g, =0.6%)
—c— Gtrain rate; (.04 (1/5) — e Girain rate: 0.04 (18}
200 1 Serain rate: 0.1 (1/8) )‘ﬂ 200 1 —o—Sirain rate: 0.1 {1/s}
== Shrain rate: 0.2 (15s) f{_‘{f: ==—=Sirain rade; 0.2 [}
-3 i F
E E 150 1
3 F
-1
E E_ 100 1
2 <
5,&_
o - - - .
0 500 1000 1500 2000 S00 1000 1500 2000
Indentation depth (nm} Indentation depih (nm)
e CF3 =0.8% V-2 LCF4 (£, =1.0%)
——— Stenin rafe: 0.02 {118 LEFS (8, =0.8%) ——— Siraiin rate: 0.02 [1/8)
e Sitrain rate: 0.04 (1i8) ﬁ —— Sirain rala: 0.04 {1/8)
200 1 s Sivain rane: 0.1 (3} ,_fg 19
£ o == Strain rata; 0.1 (1/5)
e Strain raie: 0.2 (15} 4 A 2
s y =z i ;
% s | % i50 4 =0="Strain rale; 0.2 {15}
i g
k]
£ 100 4 § 10
z
50 4 50 1
o 0

1000 1300 2000

Indemation depth {nm)

Y 47 ¢ E 3

o 00
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BAE dolHE B 2AF
SS400 T ZFAel SRS w2704

Ho
A WA PHE Ao, =ae & ALEgste] FBPE ol RRE Aatela, T oAA Y

R S

WS AlkortalAlkorta et al, Critical examination of strain rate sensitivity
measurement by nanoindentation methods: application to severely deformed niobium,
2008191 ©la] Aok olelsh e WAAS AHgslel AL Gy WgoRRH F4
gt

Aln(he,) In(hy/hy)

Alnf(t,.) ~ Inlt/t,)

ANA Dy M3 e,) 2 power-law Tl o3 7]ed 4 A2z HA9E 47
Ao A Zg=z oFg] AFS ALoA 10029 A AZFESH 300mN/ min® 7FeE/
==

4l & sholl A 3

SRS=m=2

o, =ac" & A&t AMtE SRS A¥e 1749a0l e
Az mdzrE Aol ghe 1dble] Uetda, ®eA F oUWoziRE AtE
el W

(6]

EOOIM 2 5 %ol ez g AFeIA AL SRS Fe RE Azt A
8l -715%914 508%Atele] dl extw AWH FEBme Ge e
Rk

Mz o2 HEE 4ol A5 (constant loading)S =9t g ¢
S A=)

AR gadew vaded /9%
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RowE H

WEE SEE 49 299 3Yx el 9ol A 9 Fol SRS @l wHE
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a) b) 155
155 | LCFOL, £, = 0.4% LCF 02, £, = 0.6%
— B4
154 SRSy cp g1 =0.04240.001 153 SRS cp oz =0.039+0.002
£153 } — g
: — £ 152
i = j =
T 152} T yiy
- 151 | *P1:Zhereey = 0.0431n[tr,0p]+15.209 -  P1:2hereep = 0.0364I0[1,, 4] +15.018
= P2 2heroep = 0.04MA[E rpep] #15.077 160 * P2: 2k, pep = 0.041410[L,,, ]+15.025
150 [« P3 2hrpep = 0.042IN[Ecrerp]+15.048 148 |+ PX2h.., = 003%inft, . ]#15.057
14.8 148 . . " ;
42 4.4 45 48 5 52 38 4.1 44 47 5 53
in[trrﬂ'p] [nltcr&ep]
(a)LCF1(e,=0.4%) (b)LCF2(¢,=0.6%)
€l 155 d) 155
LCF 03, £, = 0.8% LCF 04, £, = 1.0%
B k 154 }
SRS, cp oz =0.02140.001 153 | SR31cr 04 =0.028:10.002
= 153 =
g g 152 b ’#
= 152 | E——— = =
E £ 151 |
~ ; o~
151 i F"]:Zhu.ﬁl._, = D.ﬂjﬂlf]’l[fguep]ﬂﬁ.ﬂ?l i | aP1- Zhrrmp — ﬂ.LiZ‘?lEn[t“m,]als.ods
= P2 Zhcrpep = 0.0304I0[Eppp ]+15.088 ’ ® P2 2R gy = D.0273I0[L 11 ggp]+15.052
190 T o P2 2hereep = 0.0318In[tcreep }+15.092 149 | «P32h,,,,, = 0.0301inft,,,,,]+15103
14.9 : : : . 14.8 r ' ; :
34 37 4 43 46 49 34 a7 4 4.3 46 48
Inft . eepn] Inftereep]
(c)LCF3(¢g,=0.8%) (d)LCF4(e,=1.0%)
g% 5l AYE Y ES AHEE WP E AR 4
E 6 4G st Sx9 A= Y AES AFESHA
de MYE S UEe 3 vw
HEgE £ R E(SRS)
A&t 44 SR 2 2H%)
LCF1 0.045 0.042 5.62%
LCF2 0.040 0.039 4.46%
LCF3 0.032 0.031 3.12%
LCF4 0.026 0.028 -7.15%
0.08
=
5 0.06 1
E N e 30
2 0.04 - e
] TN
E S
-E / h“iq‘.—
% 0.02 1 SRS=-0.0333¢, + 0.059
R% = 0,989
0.00 . . . v
0.2 0.4 0.6 0.8 1 1.2
Strain amplitude (%)
a9 52 o Wy FE oA A SS400¢] W E Y=

o WHE SO Ao MYPE

N Ase 19529 o] el

A =
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K/\Vp = e

o] 7] K+ constant factoro]™, %32 (o)
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Jza,ub\/;

A7 a, p ¢ b= 2+ constant factor, A EA AlS9 Burgers WEH S w3t
fese-H YA 27] dAlE of Aoz xdE & S
bK

oc=aubvp= Oélid
of A& a, p, b B K7 FoIzl - i3] dAs7] wliwel FEsHe] Hd o
2} A7)0l REuE S LERYY
HE 4 15ume] ddar]el d&sk= 2,000nme] HoiH S Zhe W9 Aol =
A s v A9 AR AV]E 1944469 A AlE wRel 2ol 0.5~25um H Y
of 3t
Hdol B A9 dAE HEsh] wwol, dA dAdAdY VA 54 B guks
2 Hr gk
Hat QA A7 7F FAaskr] wded Wy R Fo] Frkstel| wel ALEET SUFshe
Aol o] FEsHE, FHAE 9 AYAEY FUE olojA= A Holto] &, ¥
& 29 (gradient model), 18 44-46°] YEIW mlo] 2 % evolutiono ZHE &
Z~ o] o
oo™
Agel Wy Asle A9 Ao 73 dlE 5o Aoe dEgEsiH A=RE
HO]-‘H?;S:}
A Hesh vhep o] AP L HHESF Sl B AYE LAY
Aol 7hsld of d9le gk o dAteA thE FOoE o] F3t
ol gt Hslet FoA8S e AU E Wl
ol FelE T2 JAAA, AL 5, e m1ie]H(easy slip system) 2
71ef A3 o= s EAst
A9e =S 587 8 o B 3o a3}
Sgo] F7kste] wet dele 7] A HAAM AEE A= ¥Y 2 F Ue

!

Holte] o] Z[M.R. Staker, D.L. Holt, The dislocation cell size and dislocation density
in copper deformed at temperatures between 25 and 700°C, 1972]°l 7]%3}¢], Ye<]
AF[D. Ye, S. Matsuoka, N. Nagashima, Determination of fatigue mesoscopic
mechanical properties of an austenitic stainless steel using depth sensing
indentation(DSI) technique, 20071 4AF 27|17} 22 AP = EZo] AY ST
e o =2 rE §ES Zdevs S Hols
uheba], W PR A7) A wiEe] WMy HFo] I
hardening exponent)®= S7}sto] A& dgt npzg=o] F7}
SS400 T7+x8 ZAe] SRS Ase Wy FEH o] F
wolow REEStE sl A Jp A7]e] WSt 7]
AA = Sk} Ao m=d of A3 o] SRSE 4 Ax, WIEESE 9 &4

FA(V) FER E2E T F AdS

& 7 3} A 4= (strain

o] 714 k¢ 7% Boltzmann 4+ dijees 2%
aupbecK

= Taboré] A c= §3 —

=
il
Ho
i
JE
_\-‘;_I‘
Sy
Il
3
Il

o} &= o SRS

= ooty A3 o] YA 279 F5E xAdE F US



3v3k,T ,
m=—""_d=k'd
apubec KV
o Fol Bl Wl a, p, b, k, c LV & ¥ o]z A= AP wEo
SRS7F A9 4=+ 271l vieEgtt= A Hag
o A =7 thE SRS A& A= Kashyap & Mukherjee[B.P. Kashyap, A.K.
Mukherjee, Investigation of grain growth and strain rate sensitivity if a superplastic
micro duplex steel at 1000°C, 1983] % Jia et al[D. Jia, K.T. Ramesh, E. Ma, Effects
of nanocrystalline and ultrafine grain sizes on the constitutive behavior and shear
bands in iron, 2003] &°] Hig Aol kA BTy} LX|F
o AEAoR WYPE IFH fdo] ¢ FrkstH M9 dAe "yt Avle A ow
Aste] AY 24 WYPE S W=

= 4
AR MATRY ARZRE FE T 5 UAS

o Atz st AFEES HIE F5E T
o A AEFo Wk A FEEe FF W F(remaining deformation)S HIH O R T ERE
o] M AEE FT79 o] A

&34 % (Damage level) 25 W3 = (mm)
1] ¢k(Slight) 1.0
% 7H(Moderate) 10.0
¥} tH(Extensive) 50.0
&3 (Collapse) 50.0
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Shape: |

Mame: Section_cal

shape: |

) k|0 A2 kD
_l_-—bz—:—- he |0.933196 _l_ « b ke 0.105664
| bi: | 0.423037 | bl: 0103124
i : T |
g === 1 e T-“-l'-l b2 | 0423037 t, “"-T““"T“ +{ b2 0103124
(il | h 1 |0.042672 t,—] f— | h th: |0.008763
l 12 |0.042672 h 2 0008763
J'_I 1 t3: | 0.024003 ll ] t3:  Gu0aT112
sl The—s—]
(a) (b)
% 55 ATE Zyde] (a) X il (b) 7le 9
%8 FHaidAs g AAY 44
3 5
355 350 MPa
IR 7800 kg/m?
e A5 2.1011.N/m?
sEobg ] 03
F3F 8 A 3f 4] of) A AR =) HEE  ESE=3 I (strain  rate  effect)=  oFH 9
Cowper-Symmonds =38 Al-g&3te] 1g
[ - \1/n
- €
= £l 1
A fe WEE S5 eo e FELH
D¢ n& Cowper-Symmonds =& AFE dukx oz 403 5E A&



vt U E S8 s e Axe Aol gk Hekm dry s
3E 9. frera iAol AREE 5071 A% 9t

15 A Ho Ak 12 22F 33 43}
= 7tEE(g) HesF(a) IsFlm AeFl:) Is55(m:)
1 1940, El Centro Site, 270 Deg 0.3569 1.47 2.16 1.15 1.17
2 1940, El Centro Site, 180 Deg 0.2142 2.13 2.36 0.84 2.49
3 1940, El Centro Site, Vertical 0.2468 8.42 8.44 8.96 8.59
4 1952, Taft Lincoln School, 69 Deg 0.1557 1.38 1.36 1.64 1.62
5 1952, Taft Lincoln School, 339 Deg 0.1793 2.98 2.28 3 2.37
6 1952, Taft Lincoln School, Vertical 0.1048 4.38 1.31 4.37 1.44
7 1952, Hollywood Storage P.E., 270 Deg 0.0592 1.06 2.03 0.95 0.97
8 1952, Hollywood Storage P.E., 0 Deg 0.042 1.2 0.31 0.28 1.02
9 1952, Hollywood Storage P.E., Vertical 0.0205 0.47 1.02 1.83 1.42
10 1971, San Fernando, 69 Deg 0.3154 2.94 2.93 291 3.01
11 1971, San Fernando, 159 Deg 0.2706 2.15 2.16 1.83 1.84
12 1971, San Fernando, Down 0.1563 4.88 4.86 4.9 4.99
13 1979, James RD. El Centro, 220 Deg 0.7777 1.59 1.8 1.83 1.56
14 1979, James RD. El Centro, 310 Deg 0.5952 1.4 1.61 1.64 1.37
15 1979, James RD. El Centro, Up 0.4784 0.53 0.43 9.37 9.34
16 1985, Mexico City, Station 1, 180 Deg 0.1711 0.49 0.49 0.48 0.5
17 1985, Mexico City, Station 1, 270 Deg 0.0998 0.49 0.48 0.48 0.51
18 1994, Northridge, Sylmar County Hosp., 90 Deg 0.6038 1.58 1.17 1.13 1.15
19 1994, Northridge, Santa Monica, City Hall Grounds, 0 Deg 0.3695 15 2.68 2.72 1.48
20 1994, Northridge, Santa Monica, City Hall Grounds, 90 Deg 0.8823 0.43 4.4 4.42 4.38
21 1994, Northridge, Arleta and Nordhoff Fire Station, 90 Deg 0.3437 0.83 1.08 0.85 0.87
22 1989, Loma Prieta, Oakland Outer Wharf, 270 Deg 0.2755 1.7 1.58 0.7 0.68
23 1989, Loma Prieta, Oakland Outer Wharf, 0 Deg 0.2196 0.63 1.3 1.45 1.33
24 1971, San Fernando Pocoima Dam, 196 Deg 1.0748 2.33 2.49 2.35 2.3
25 1971, San Fernando Pocoima Dam, 286 Deg 1.1697 478 2.53 2.56 3.73
26 1966, Parkfield Cholame,Shandon, 40 Deg 0.237 0.95 2.1 3.7 0.84
27 1966, Parkfield Cholame,Shandon, 130 Deg 0.2747 2.03 2.37 3.13 0.88
28 1971, San Fernando 8244 Orion Blvd., 90 Deg 0.2547 0.57 0.61 3.16 3.18
29 1971, San Fernando 8244 Orion Blvd., 180 Deg 0.1342 0.34 0.32 0.35 0.37
30 Method of Seismic Intensity— level —Type I 0.1043 0.6 0.24 1.2 1
31  Method of Seismic Intensity- level —Type II 0.1207 1.2 2.57 0.4 3.03
32  Method of Seismic Intensity— level —~Type III 0.1431 1.06 0.52 0.7 0.82
33 T1-I-1 (1978, MIYAGI-Coast, LG) 0.3251 0.73 0.6 0.53 0.43
34 T1-1-2 (1978, MIYAGI-Coast, TR) 0.3262 04 0.9 1.13 0.33
35 T1-1-3 (1993, HOKKAIDO-S/W_Coast, LG) 0.3291 0.65 0.6 0.47 0.55
36 T1-1I-1 (1968, HYUGANADA-Coast, LG) 0.3698 0.75 0.9 0.45 0.65
37 T1-11-2 (1968, HYUGANADA-Coast, TR) 0.3925 0.07 0.4 0.85 0.45
38  T1-TI-3 (1994, HOKKAIDO-EastCoast, TR) 0.3721 0.42 0.94 0.26 0.72
39 T1-1II-1 (1983, NIHONKAI-Central, TR) 0.4419 0.57 0.47 0.7 0.33
40 T1-10-2 (1983, NIHONKAI-Central, LG) 0.4324 0.62 0.77 0.52 0.43
41  T1-1I-3 (1994, HOKKAIDO-EastCoast, LG) 0.4472 0.47 0.3 0.1 0.48
42 T2-1-1 (1995, HYOUGOKEN_South, NS) 0.8281 1.37 14 1.6 3.4
43 T2-1-2 (1995, HYOUGOKEN_South, EW) 0.781 1.87 2.07 1.83 2.03
44 T2-1-3 (1995, HYOUGOKEN_South, NS) 0.7955 1.47 3.63 1.37 15
45 T2-1I-1 (1995, HYOUGOKEN_South, NS) 0.7004 0.97 0.82 0.9 1
46 T2-1I-2 (1995, HYOUGOKEN_South, EW) 0.6859 0.92 0.62 0.6 0.9
47 T2-1I-3 (1995, HYOUGOKEN_South, N30W) 0.7509 0.75 0.77 1.57 0.8
48 T2-T-1 (1995, HYOUGOKEN_South, N12W) 0.6027 0.5 0.52 0.66 0.54
49 T2-1I-2 (1995, HYOUGOKEN_South, NS) 0.5685 1.36 0.6 0.62 1.34
50 T2-T1I-3 (1995, HYOUGOKEN_South, EW) 0.6314 0.6 0.62 0.46 0.78
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570 399 1¥W A2 3kel 1940, El Centro Site, 270 Degoll thdh AL o= B
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il

3 BlA AdE x109 Zo] FEF
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E 10 BRI Fmm), AFE SEEHE neloA 2 FReads A
No 0.1g 0.2g 0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 09g 1lg 1.1g 1.2¢g
1 0 0 0 0 0.14 0.17 0.13 15.33 17.08 13.72 29.2 60.4
2 0 0 0 0 0.08 0.09 6.26 13.61 16.68 2355 3628  39.44
3 0 0 0 0 0 0 0 0 0 0 0.9 0.98
4 0 0 0 0.44 0.55 0.13 1.83 11 5.3 151 5.58 16.71
5 0 0 0 0 0 1.65 1.93 2.21 3.09 10.07 1728 3231
6 0 0 0 0 0 0 0.33 0.36 0.31 0.77 6.3 15.23
7 0 0 0 0 0 0 0.2 2.88 2497  50.04 6615 7655
8 0 0 0 0.09 0.12 16.66 8.82 10.26 6.3 24.08 5509 5868
9 0 0 0 0 0.36 5.61 2662 4351  26.66 2.42 1819 1851
10 0 0 0 0 0 0 0 0 0 0 0 0
11 0 0 0 0 0 0 1.72 1.77 5.51 16.42 19.18 8.06
12 0 0 0 0 0 0 0 0 0 0 0 0
13 0 0 0 0 0 0 0 1.81 2.04 4.48 1793 3397
14 0 0 0 0 0 0.06 1.07 13.8 1852 7.33 0.53 3.21
15 0 0 0 0 0 0 1.74 1.99 2.23 2.48 2.73 2.98
16 0 0 0 0 0 0.04 3.36 2.92 22.22 32.7 333 2358
17 0 0 0 0 0 0.95 1.1 1248 4751 9443 1674 2637
18 0 0 0 0 0 0 0.04 0.05 0.06 6.82 2219 3811
19 0 0 0 0 0 0 0.04 0.04 0.05 0.13 5.85 2.2
20 0 0 0 0 0 0 0.06 0.07 0.08 0.08 0.09 0.1
21 0 0 0 0.07 0.08 0.1 12.06  13.96 3.53 11.62 40.1 74.41
22 0 0 0.14 8.06 11.68 51.6 64 71.33 7469 8225 1083 1182
23 0 0 0.02 1.18 39.15 4271 1561 3421 6047 8929 1077 1337
24 0 0 0 0 0 0 0 0 0 0 0.28 0.3
25 0 0 0 0 0 0 0 0 0 0 0.12 0.13
26 0 0 0 0 0 0 0 0 0 0 0.82 0.89
27 0 0 0 0 0 0 0 0 0 0 0.12 0.13
28 0 0 0 0.55 1.99 15.63 4.87 8.71 2875 3652 4026 4201
29 0 0 0 0 1.13 1.36 9.27 33.21 535 5539 6227 6647
30 0 0 0 0 4.84 5.8 5.01 0.46 2.4 1835 3938 5492
31 0 0 0 0 1.55 1.86 11.13 2.78 1892 2491 38.15 34.3
32 0 0 0 0 10.93 13.11 7.65 9.03 4777  163.0  341.8 5528
33 0 0 0 0 9.86 4076 7149 1134 1794 342 4816 7233
34 0 0 0 0 0.49 2.34 4343 7322 114 1725 1157 1614
35 0 0 0 0 21.85 2621 4723 7373 1297 2399 3830 5450
36 0 0 0 0 9.82 2235 5639 8165 1730 2180  337.0 5149
37 0 0 0 2157  29.11 73.04 1731 2635 3613 5075 7052 8888
38 0 0 0 0 7.27 2373 4506 1132 120 1256 1669  309.1
39 0 0 0 0 1516 2647 7379 7771 5216 4749 2615 2614
40 0 0 0 0 12.08 1393 1497 3557 2165 3323 4707 6458
41 0 0 0 0 3.63 17.66 46.4 56.8 4867  10.26 5.22 73.42
42 0 0 0 0.92 1.15 1577 3077 4697 5608 6894 9865 9861
43 0 0 0.01 0.01 1.27 29.63 6397 85.2 88.04 89.8 8329 7247
44 0 0 0.2 0.27 0.37 1749 3686 3868 3812 31.7 15.79 18.8
45 0 0 0.49 0.65 1.42 2375 2177 2496 4802 5865 6481 6566
46 0 0 0 0 0 0 2596 3003 3889  31.88 12.84 9.95
47 0 0 0 0.62 0.77 2.6 951 1937 3725 379 21.08 1.97
48 0 0 0.37 05 2.15 3229 5951 84.47 87.3 9211 9942  94.39
49 0 0 0.75 1 4.23 0.92 591 9.39 3271 9741 130.7 1424
50 0 0 0 0.23 0.29 232 48.08 4728 4667 3849 2852 2.25
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# 12 PGACl m& &4 459 =
PGA(g) >none >slight >moderate >extensive >collapse
0.1 50 0 0 0 0
0.2 50 0 0 0 0
0.3 50 7 0 0 0
0.4 50 15 3 1 0
0.5 50 30 20 7 0
0.6 50 34 26 19 2
0.7 50 42 35 21 7
0.8 50 43 38 28 11
0.9 50 43 39 31 13
1 50 43 40 34 17
1.1 50 48 41 36 18
1.2 50 48 42 35 23
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AN Hano Indenter

Repart the results after doing nanoindentation test.

Day: 2017/05/05

The mumber of indenter points: 30 points
Loading rate: 100, 300, 1200 ml¥/min
Unloading rate: 100, 300, 1200 md/min
Maximum of load: 190 m

Day: 2017/05/18

The number of indenter points: 10 points
Loading rate: 100 mlN/min

Unloading rate: 100 mI¥/min

Maximum of load: 190 m

Day: 2017/05/19

The number of indenter points: 100 points
Loading rate: 300 ml/min

Unloading rate: 300 mMN/min

Mazirmum of load: 190y

Day: 20170525

The number of indenter points: 20 points
Loading rate: 300 mN/mn and 00, 1200 mN/min
Unloading rate: 300 mMN/min and 200, 1200 mM/min
Maximum of load: 190mld

Day: 201705726

The mumber of indenter ponts: 100 points
Loading rate: 300 mN/min

Unloading rate: 300 mM/min

Maximum of load: 190mid
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AN Hano Indenter

Feport the results after doing nanoindentation test.

Day: 2017/06/02

The number of indenter points: 10 points
Loading rate: 300 mN/min

Unloading rate: 300 mN/min

Maximum of load: 190 mN

Day: 2017/06/16

The rumber of indenter points: 20 points

Control the position of microstructure phase such as Pearlite and Ferrite
Loading rate: 300 mN/min

Unloading rate: 300 mMN/min

Maximum of load: 190 mN

Day: 2017/06/23

The number of indenter points: &0 points
Loading rate: 300 mN/min

Unloading rate: 300 mMN/min

Maxirmum of load: 190 mI

The image the nondestuctive indentation experiments
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J1918 Nano indenter

Report the results after doing nanoindentation test.

Day: 2017/07/27

Using Optical microscope to take several 1mages as follows:

/e
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Indentation position of Ferrite component
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AN Hano Indenter

Report the results after doing nanoindentation test.

Day: 2017/08/03

Using Optical microscope to take several images

Day: 2017/08/17

Using Optical microscope to take several images

Day: 20170824

Investigate the indentation size effect on the cementite position
The number of indenter points: 10 points

Loading rate: 300 mN/min

Unloading rate: 300 mIN/min

Mazximum of load: 190mM

Day: 20170825

Investigate the indentation size effect on the ferrite position
The number of indenter points: 20 points

Loading rate; 300 mN/min

Unloading rate: 300 mMN/min

Maximum of load: 190mid
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Nano indenter

follows:

Day: 2017/09/22

Using Optical microscope to take several microscope images of SS400 steel as

2/4
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Objective
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Sample Description
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Process
« 1-1. Cold Mounting

EpoxySet, EpoxySet, 32m Diameter,
Item p b
Resin Hardener 2-Part Mounting Cups
Consumables et
145-20005 145-20010 197-10005
Number

— EtH| 9 A0 ZE ALE "HE (10 page)

« 1-2. Mixing & Cure Time

Mixin EpoxySet Resin 100 : 12 EpoxySet Hardener
xing Ratio (by WEIGHT)

_(r:_u_re 8 hours / 480 minutes
ime

Mounting &=

AIE HK 2| ME]
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Process
« 2-1. Grinding & Polishing by MetPrep3/PH-3™ Individual Pressure Polishing
Grinding Polishing
Step 1 2 3 4 5 6
. 400 Grit 600 Grit 800 Grit 1200 Grit
Abrasive | © g00) | (p-1200) | (P-2400) | (P-2400) 34 G
. . . : : Colloidal

Type SIiC SiC SiC SiC Diamond Silica

Carrier Abrasive Abrasive Abrasive Abrasive Suspension | Suspension
Disc Disc Disc Disc P P

Item No. 50-10070 50-10075 50-10076 50-10077 90-3AB3 180-25000

Polishing . .

Cloth White Label| Final-POL
Item No. 90-700-500 | 90-700-705
Coolant Water Water Water Water PurpleLube -
Item No. - - - - 90-205010 -

Platen 150 / 150 / 150 / 150 / 120 100 /

Speed(RPM) Com Com Com Com / Com Contra
/ Direction 4 P P P P
Sample
Speed (RPM) 120 120 120 120 110 90
Force (IbF) 4 4 4 4 4 4
Time (min) | Until Flat 2'00" 300" 3'30" 3'00" 3000

— & & 22F MY ZE& (7 page)

» 2-2. AD-5™ Dispensing Parameters

Step 5 6

Type Diamond Suspension & Greenlube™ Colloidal Silica Suspension
Pulses / Min 5 6
Pulse Length 0.5 sec. 15 sec.
Water Flush Off On
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gl R 22F
« Grinding & Polishing

Silicon Carbide Paper

MetPrep3/PH3 & AD-5

FinalPOL

Diamond PurpleLube Colloidal Silica
Suspension Suspension

- 8" 400, 600, 800, 1200 SiC Paper

- 8" White Label, Final-POL Cloth

- 3um Diamond Suspension & PurpleLube
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ARTICLEINFO ABSTRACT

Keywords: In this paper, a method for identification of the plastic properties of structural steels that exhibit a plastic plateau
Dimensional analysis in their stress-strain curve from spherical indentation was proposed based on the results from extensive di-
FE analysis mensional analyses and finite element (FE) simulations. Three explicit relationships, which related the properties

Plastic properties
Structural steel
Spherical indentation

of structural steel to the response from spherical indentation, were established. Considering that elastic modulus
of structural steel was priori known since it can be extracted from the conventional methods, the plastic para-
meters of steel including yield strength (o,), the strain hardening exponent (), and the ratio (a) between the
strain at beginning-point of strain hardening (e,) and the yield strain ( ¢,) can be determined from a spherical
indentation load-depth (P-h) curve using three proposed dimensionless functions. The spherical indentation
process was simulated by using a finite element program, and a large number of analyses with different com-
binations of steel properties were conducted. From the FE analyses results, the functions were established from
regression analyses, and a reverse algorithm was suggested. Spherical indentation, tensile tests, reverse analyses
were carried out on three different structural steels (SS400, SM490, and SM520) to validate the proposed al-
gorithm.

1. Introduction and Pharr [6,7], many researchers have proposed other methods for

characterization of the plastic properties of materials from spherical

Instrumented indentation has been commonly used in measuring
the mechanical properties of materials in many engineering fields [1].
In the indentation test, the material parameters are simplicity related to
the indentation characteristics that are exhibited through the load-
depth (P-h) curve. The main objective of indentation analysis is to
correlate the shapes factor of the indentation P-h curve and indenter
geometry with material properties, such that the properties can be ex-
tracted from indentation tests [2]. Among the various shapes of the
indenter tip, spherical indentation is one of the earliest studied through
the Brinell hardness test and Hertz solution in the 1900s [3]. Due to the
fact that sharp indentation produces phase transformation and micro-
cracking even at a relatively small load, the indenter sharpness has a
significant effect on the mechanisms, and it is hard to achieve the exact
tip-sharpness during the manufacturing process, spherical indentation
has been extensively used since these factors can be avoided [4]. While
the methods to determine the elastic modulus of materials from sphe-
rical indentation are well established by Fischer-Cripps [5] and Oliver

* Corresponding author.
E-mail address: sekim@sejong.ac.kr (S.-E. Kim).

https://doi.org/10.1016/j.msea.2017.10.097

Received 5 September 2017; Accepted 27 October 2017
Available online 28 October 2017

0921-5093/ © 2017 Elsevier B.V. All rights reserved.

indentation [8-20], in which the dimensional analysis that has ex-
hibited the relationship between the properties of materials and the
characteristics of spherical indentation was used [12-18]. However, the
methods proposed in these studies are just valid to the materials that
their true stress- strain behavior can be accurately modeled by a power
law description or an isotropic hardening law. In other words, the
materials model used in the established methods can be expressed as
[12-18]:

| Ee (e<g)
o= o [1+ E(e—¢g)o]" (>¢) 10

Structural steels exhibit Luders behavior, which is a plastic in-
stability associated with the unpinning of dislocations from the inter-
stitial elements in solid solution such as carbon or nitrogen [21], in
their stress-strain curve. The Luders band (plastic plateau) initiates
from the “upper yield stress” (point B) and ends at the beginning-point
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Fig. 1. Schematic {llustration of a typieal stress-strain behavior of structural steels.

of strain hardening (point D), as illustrated by the solid curve from B to
D in Fig. 1. In the use of structural steel, the yield strength is described
by “lower yield strength”, which is cited by either the minimum stress
(point C in Fig. 1) or mean stress during Luders band, instead of “upper
yield strength” due to the fact that measurements of the “upper yield
strength” are extremely sensitive to how axially the load is applied
during a tensile test [22]. In this study, the material model of structural
steel is simplified by assuming that the plastic plateau in its stress-strain
curve is perfectly plastic as represented by the dotted line from A to D in
Fig. 1. From this assumption, which is demonstrated to be acceptable to
accurately reflect the material properties of structural steel [23-27], the
stress-strain curve of structural steel can then be expressed as [23]:
Es (e<g)

(5, <8 <gy)
&1+ B — &)l aoy)l” (6 50) @
where a is defined as the ratio between the strain at beginning-point of
strain hardening (e,) and the yield strain (g,). Using the expression of
the material stress-strain curve in Eq. (2) and the popular range of a
from 7 to 23 [28], the method to estimate two plastic properties {¢, and
1) with respect to a of structural steels using Berkovich indentation was
well established [23]. However, the limitation of this method is that the
a value should be known in advance to accurately estimate the two
plastic properties of structural steels.

The aim of this study is to further extend the previous work for
spherical indentation and to overcome the aforementioned limitation of
the method presented in the previous work. A new reverse algorithm
for determining the plastic parameters of structural steel from spherical
indentation was established. Spherical indentation and tensile tests
were carried out on structural steels to validate the proposed algorithm.

Materials Science & Engineering A 711 (2018) 44-61

{«— Symmetric axis

g

J<— Rigid spherical indenter

direction

Constrained in x

H Fixed along with the line

Fig. 3. Two-dimensional axisymmetric FE model used in

Table 1
Parameters used for defining combinations of material properties.

the analyses.

E(GPa} g, (MPa} n a
#325 Combinations of material properties 10 235 0

60 285 0.10 7
Polsson's ratio 110 335 0.20 16
=03 160 385 0.35
fin/R = 0.3 210 435 0.50 23

260 535

* After eliminating the identical combinations when n = 0 and some others that have

similar E/g; ratio.

1 ° a=7 E =210 GPa %
o | * @78 o=3BMP o g
T o =2 n =02 wﬂnﬂ%
3 o0 °A . n‘; 0 ° ° §
o a -]
— i o®° ade0®
E w0 o°°n 'u:nbu g
£ £
oy 9 o,e-: 2,0
6° '8 00° ®
20 - s8° H
% &
KE £
] ok
s of 5
0 <& : ‘ . - : .
0.00 0.10 0.20 0.30

Fig. 4. Effect of a on indentation P-h curve.

Fig. 2. Representation of a spherical indentation: (2} the indenter

and specimen, and (b} load — penetration depth curve [18].

(a)
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Fig. 5. P-h eurves of spherical indentation at dif-
o E=10GPa & =335 MPa § E = E=10GPa o, =335MPa e‘j." ferent hp,/R ratios.
6.0 4 » £=60GPa 0 =02 a8 60 1 + f=s0GPa n =02 Y
s« F=110GPz =16 Jonah 4 F=110GPa & =16 ea‘A.A‘;J
4 <« E=160GPa DL:" » E=160GPa “:‘:':‘*‘ .
+ £=2106GPa 0lft, s + E=210GPa e
4,0 - ° E=260GPa QBiat e _ A0 ¢ E=260GPa 0% i4let
z Stk =2 o Mt A
1l £ atih
E I aReld e — St oo
P Do h 9 a0
o %t:A + +} - % a%}ﬁ,v’ s o4
2.0 A Lty & 20 - A .o o
opth,t & ‘§°¢ nu" & 4
] f\?ﬁ'q. u'i,é'nnh? g“t‘ Lo o Y
" (fe”  aesand® S i i %
gof? on o o8
0.0 +#%e520050000°" N A — 0 i ) T et —
0.00 0.01 0.02 0.03 0.00 0.10 0.20 0.30
hm/R hm/R
(a) Low penetration depth (b) Large penetration depth
Table 2
Elastic modulus obtained from spherical indentation at different him/R ratios.
FE analysis cases Input hm/R = 0.03 hm/R = 0.3
E (GPa) E (GPa) % ett. E{(GPa) % err.
1 10 9.82 -1.76% 10.44 4.39%
2 60 58.95 —1.74% 63.45 5.74%
3 110 106.48 —3.20% 115.60 5.09%
4 160 153.02 —4.36% 168.13 5.08%
5 210 201.83 —3.89% 218.68 4.13%
6 260 256.12 —1.49% 271.83 4.55%

2. Backgrounds and finite element simulation of spherical

indentation
2.1. Backgrounds
& 1 e n=035
A representation of a spherical indentation is schematized in Fig. 2. %20 4w s
The load -penetration depth {(P-h) curve (Fig. 2b) provides various % n.- i
characteristic parameters of indentation that allow the extraction of W | Fialln
indented material properties including elastic and plastic properties. 10
Elastic modulus E of elasto-plastic solids can be extracted from the ]
following relations [6,7]:
9 — T 7T 71— T
YT 8 0 200 400 600 800 1000 1200
24
3 A @) Efoy
Lew? 1-92T" (b) =16
Br=| == 40
£ H “ e n=0.0
where g is a factor related to indenter shape; S is contact stiffness, E, is 1 « n=0.1
reduced modulus, A, is the projected contact area, and E; o, E, and » 30 A A nepz
are the modulus and Poisson's ratio of the indenter and the indented - 1 )
material, respectively. The contact stiffness S can be calculated using %20 i ® i
the following equation [6]: % 2 n=05
P w 1—Fitalin
S=—=L1 = mB(hy,— k)" 10 -
@y, ®)
i
0 200 400 600 800 1000 1200
Efoy
(¢) =23
Fig. 6. Relationship between bl /W; and Eyfay obtained from FE analysis results.
46
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Table 3
Fitting parameters agz.

©

Fig. 7. Fitting surfaces of a;(n, @): (a) a1(n, a), (b) az(n, a), (c) a3(n, a), and (d) aq(n, a).
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(d

G, k) g

i=1 i=2 i=3 i=4
(0, 0) 7.163E —01 3.105E —02 2.111E - 06 —7.647E —10
1,0) 6.093E- 01 -1.177E —02 —8.512E -05 2.391E - 08
(2,0) 5.543E +00 —1.941E - 01 1.382E - 04 —5.866E —09
(3,0 —8.983E +00 2.856E —01 —5.668E —05 —3.466E —08
0, 1) 2.051E —03 —6.359E —05 1.726E —08 —1.405E —-11
1,1 3.981E —02 —7.835E —04 —3.457E —07 3.900E —-10
2,1 —7.625E —01 2.265E —02 4.110E —08 —2.713E -09
3.1 1.189E +00 —3.317E —-02 —2.297E —06 4.767E —09
0, 2) —5.510E —05 1.693E —06 —6.644E —10 5.457E —13
1,2 —2.364E —03 5.202E —-05 1.734E - 08 —1.311E -11
2,2) 2.376E —02 —6.569E —04 1.973E - 08 5.379E —11
(3,2 —3.631E - 02 9.490E —04 —2.738E —08 —8.083E -11
R? 0.9952 0.9929 0.9997 0.9980
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® n=0.1

2005 4 =02 o n=035
1. 5 n=05 — FRalln
0 4 T T T
0 40 80 120 160
We/Wt
(a)a=7
1200 -
900 -
8 600 -
oy
% n=01
300
4 n=0.2 ¢ n=035
r B n=0.5 —Fitalln
0 T T T T T T T
0 40 80 120 160
We/Wt
b) a=16
1200 -
900 +
a
£ 600 -
9 _
o n=0.0 x =01
300 4 4 n=02 & n=0.35
] = np=0.5 —Fitalln
0+ T T T
0 40 80 120 160
We/Wre
©)a=23

Fig. 8. Relationship between F/ay and Wi/W; obtained from FE analysts results.

where the unloading force P, is demonstrated to be well fitted by a
power-law function as B, = B(h — i,)". In Eq. (5), Ry, k,, and B and m
are the maximum penetration depth, the residual impression depth, and
the fitting parameters. For a spherical indenter, A, is computed by
A, = m(2Rh, - h2), where R is the radius of sphetical indenter and h, is
the contact depth, which is determined as k. = (k,, + h,)/2 [6].

In regard to the determination of the plastic properties of materials,
dimensional analysis has been commonly used to analyze and establish
the relationship between plastic parameters and the spherical in-
dentation response. In this work, the dimensional analysis is also used
to correlate the spherical indentation response and the properties of
structural steel, of which the true stress-strain curve can be approxi-
mated by Eq. (2).

48
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For the spherical indentation of structural steel, the indentation
force P during loading can be described as [13]:

P=P(E v B v 0un, a b R) (6
or in the following form when reduced modulus E, is used:
P=P(E, g, nahR) (7)

Note that friction coefficient k, which is also included in Eq. (6), isa
constant during indentation and can be ignored in dimensional ana-
lysis.

Applying the IT theorem in dimensional analysis [29], Eq. (7) can be
expressed as:

P athHf(E, n, a, E]
g, R 8)
The total indentation work occutred during loading is determined
from the area integration of the load curve from 0 to the maximum
depth hy, (Fig. 2b), as follows:
him
W=y ©
From Egs. (8) and (9), for a given indentation depth h, and an in-
denter radius R, the total indentation work can be expressed as the
following equation:

E,
W= cryh,?jﬂf[—', i, o:)
7

v {10)

Since ¢, and E, have the same dimensional unit, Eq. (10) then can be
written in the alternative form as

Eh;
T - IR E,n,a
W Ty

Similar to the loading curve, the unloading part can also be ex-

(11)

pressed as a function of the indented material and indenter properties,
as follows:

B = RAE, v, E;, v, 0y, 1t, ¢t, By By R) 12)
and in a dimensionless form as
B = Uyhzﬂzﬂ[i, n, h—m, L)
ay R hy as3)
Note that P, = 0 when h = h;, leading to
L ¥ H}(E n, h—mJ
i % R a4

Combining Eqs. (13) and (14) leads to the elastic indentation work
as

i
W, = f " Bdh = ayhéﬂf[ﬁ, n, a, ﬂ]
oy Ty R (15)
For a given indentation depth h,, and an indenter radius R, the

elastic indentation work can be expressed as the following form:

W, = nyhéﬂf[é, n, oz]
o (16)

Combining Eqs. (10) and (16) leads to
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il
'[4"

4,
4,

(d)

Fig. 9. Fitting surfaces of b;(n, a): (a) bi(n, ), (b) ba(n, a), (¢) b3(n, a), and (d) bs(n, a).

G0 by

i=1 i=2 i=3 i=4
(0, 0) 3.055E +00 8.202E +00 —4.683E —03 —2.413E —-04
1,0) —3.993E +01 4.494E +00 5.277E —01 4.128E —02
2,0) —3.229E +02 1.576E +02 —4.511E +00 —3.717E -01
(3.0) 7.700E +02 —3.926E +02 3.199E +01 6.236E —01
©, 1) —1.060E -01 3.469E —02 3.267E —05 2.521E —05
1, 1) —4.249E - 01 5.681E —01 —2.021E —-02 —3.946E —-03
21 3.248E +01 —1.597E +01 4.226E —01 3.418E —02
3.1 —5.378E +01 3.155E +01 —2.672E +00 —5.665E —02
0, 2) 3.015E —03 —1.017E - 03 4.542E —06 —6.536E —07
1,2 3.834E —02 —2.332E -02 2.519E —04 9.682E — 05
2,2) —7.688E —01 3.923E -01 —9.024E —03 —8.288E —04
(3,2) 1.096E +00 —7.022E -01 5.851E —02 1.375E - 03
R? 0.9878 0.9963 0.9999 0.9891
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Fig. 10. Relationship between S/F,hy, and Ey/gy, obtained from FE analysis results.

We % a7
Alternatively, Eq. (17) can be written as
B_ m(ﬁ, i a)
Ty W {18)
Eq. (13) can also be put in another dimensionless form, as follows:
B= E,hznf[i ma, iz, i}
% R by a9

50
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Eq. (19) leads to the slope of unloading curve as:
b B
R’ i

The contact stiffness then can be obtained by evaluating Eq. (20) at
=l

dB,

dh

= E,hil} E, n, o,
Ty 20)

_dn
~ dh

= Erhmﬂal [£4 oy ﬂ}
ay R

S

=t 21)

For a given h,, and R, the contact stiffness can be expressed as the
following form:

S= 4R = E,hmni(ﬁ, n, a)
dh |y, % (22)
or
2Ol
Ehy, ay 23

The three dimensionless functions 7, IL, and Ik can be formulated
using the results of FE analyses. These three dimensionless functions
allow the extraction of the yield strength ¢, the strain hardening ex-
ponent n, and a, once the elastic modulus E, which can be obtained
using Eqs. (3) and (4), is known.

2.2, Finite element simulations

To correlate the properties of structural steel to load-penetration
depth curves of indentation, sphetical indentation process was simu-
lated and analyzed using the commercial nonlinear finite element (FE)
analysis program ABAQUS [30]. Taking the symmelrry into account, the
spherical indentation procedure was simulated by an axisymmetric
two-dimensional finite element model. The specimen was considered as
a large cylinder with the radius and the height equal or fifty times
larger than the contact radius at maximum penetration depth. These
dimensions were found to be large encugh to approximate a semi-in-
finite half-space for indentation [18]. The elements were modeled to be
finest near the contact region and to be gradually coarser further from
the contact region to save the computational time but still ensure the
accuracy of the numerical analysis, leading to a mesh of 10,000 four-
node bilinear axisymmetric quadrilateral elements. The mesh was also
designed to ensure that no less than 16 elements came into contact at
the maximum load in each FE analysis. The rigid movable analytical
surface was used to model the indenter and Coulomb's friction behavior
was used between the contact surfaces. The friction coefficient k was
chosen as 0.15 since typical friction coefficient between well-polished
metallic surfaces and diamond lied within 0.1 and 0.15 [18], and this
value was also used in most literature in the area of indentation si-
mulation. The indentation was modeled as displacement controlled by
allowing the rigid indenter moved along the axis of rotation y and pe-
netrated the specimen up to the maximum depth. The nodes on the axis
of rotation y could be moved only along the axis itself, while the bottom
of the specimen was fixed. The maximum depth was fixed at 0.3 times
of indenter radius R for all analyses in this study. Fig. 3 shows the mesh
design and a typical Von Mises stress contour at the maximum load of
the axisymmetric FE models. In order to formulate the three di-
mensionless functions 7, IL, and IT;, FE analyses were conducted for
325 combinations of different properties as listed in Table 1. Poisson's
ratio of 0.3 for steel was taken for all FE analyses. Note that the elastic
modulus is obtained from the spherical indentation by using the
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ci(n )

Table 5
Fitting parameters Cy.
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(d)

Fig. 11. Fitting surfaces of ¢ (n, a): (a) c1(n, a), (b) cz(n, a), (¢) cz(n, @), and (d) c4(n, o).

(] Cijic

i=0 i=1 i=2 i=3
0, 0) —1.880E - 01 1.382E +00 —1.053E - 01 1.428E —04
(1,0) 4.600E +01 —2.722E +01 4.959E + 00 —2.970E —01
(2,0) —1.820E +02 1.160E +02 —2.341E +01 1.517E +00
(3,0) 2.046E +02 —1.335E +02 2.770E +01 —1.840E +00
0, 1) —2.835E —02 1.832E —02 —3.759E —03 2.412E —04
1,1 —7.662E +00 4.799E +00 —9.387E - 01 5.851E —02
21 3.329E +01 —2.112E +01 4.225E +00 —2.693E —01
3,1 —3.822E +01 2.438E +01 —4.916E +00 3.164E —01
0, 2) 1.056E —03 —6.731E —04 1.357E —04 —8.612E —06
1,2) 2.161E —01 —1.371E -01 2.728E —02 —1.725E -03
2,2) —1.034E +00 6.575E —01 —1.318E - 01 8.401E —03
(3,2) 1.216E +00 —7.734E —01 1.553E -01 —9.928E —03
R? 0.9936 0.9939 0.9944 0.9944
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Fig. 12. Reverse algorithm for determining the plastic parameters.

\a;\al_, +q:r/:l | a

method proposed by Oliver and Phatr [6,7], which is generally used for
indentation with relatively low penetration depths and materials ex-
hibiting the sink-in around the imprint (materials with low stiffhess)
during the indentation, The method therefore may not be accurate for
indentation with large penetration depths such as 0.3 R and materials
showing the pile-up around the imprint (materials with high stiffness)
in this study. Six additional FE analyses of spherical indentation at a
low penetration depth (h»/R = 0.03) were also conducted on materials
with a wide range of stiffness in order to demonstrate that Oliver and
Phart's method could be accurate in determination of elastic modulus of
materials with not only low stiffness but also high stiffness from a
spherical indentation with not only low penetration depths but also
large penetration depths. Six combinations of different material prop-
erties with specific values of 0;, n, and a, and various values of E from
10 to 260 GPa were used as the input data of the additional FE analyses
of spherical indentation at low penetration depth of h,,/R = 0.03.

3. Finite element analysis results
3.1. Numerical spherical indentation responses

Fig. 4 presents a number of selected spherical indentation curves
from numerical analyses, where the effect of the feature property of

52
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Fig. 13. Comparison between predicted material properties obtained from the reverse
analysis and 30 combinations of input material properties (£ = 210 GPa, & = 186, gy,
varied from 235 to 535 MPa, and n varied from 0 to 0.5) used in the numerical simula-
tion: (2) E and oy and (b} o, and n.

Table 6
Properties of each material obtained from tensile test.

Materials Spe. No. E(GPa) G, (MPa} n o
58400 51 210.2 306.9 0.203 17.6
52 213.2 305.6 0.205 18.0
83 208.4 307.2 0.205 18.7
Ave 210.6 306.6 0.204 18.1
SM490 81 212.3 353.7 0.267 13.5
52 212.1 354.3 0.262 13.4
83 210.8 352.6 0.268 13.4
Ave 211.7 3535 0.266 13.4
SM520 81 214.4 423.6 0.203 59
52 212.2 421.7 0.193 6.4
83 211.7 425.6 0.207 6.3
Ave 212.8 423.6 0.201 6.2

structural steel (o) on the indentation load-depth curves is shown. It is
seen from this figure that a has a significant effect on the indentation
response. For specific values of other material properties (E, oy, and n)
the indentation load for the same maximum penetration depth
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Fig. 14. Load-penetration depth (P-h} curves of spherical indentations.

decreases with increasing a value.

Fig. 5 shows the spherical indentation P-h curves from the addi-
tional FE analyses at low penetration depth (Fig. 5a) and the indenta-
tion curves from FE analyses at large penetration depth that have the
same input material properties with the additional ones (Fig. 5b). From
each of these curves, the indentation characteristics (§ and A,) were
obtained and the cotresponding elastic modulus was then calculated by
using Oliver and Pharr's method as Eqs. (3) and (4).

The determined elastic modulus values from FE analyses of sphe-
rical indentation at both low and large penetration depths are presented
in Table 2, together with their errors when compared to the
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corresponding modulus values input in FE analyses. As is seen from this
table, Oliver and Pharr's method is accurate in determination of elastic
modulus of materials with both low and high stiffness values from a
spherical indentation with not only a low penetration depth (with small
relative errors of —4.36% to —1.49%) but also a large penetration
depth (with the relative errors of 4.13-5.74%). In regard to 325 FE
analyses, the indentation characteristics including W, W,, s, S, and E,
were determined from each indentation P-h curve and used to construct
three dimensionless functions 5, I, and L.

3.2. Dimensionless functions

The relationship between E, 3/ W and E;/g, obtained from 325 FE
analysis results are presented in Fig. 6. It is seen from this figure that for
all n and a, third order polynomial functions can well describe these
relationships with the errors of less than 0.03% (R-squared values be-
tween 0.9997 and 1). The dimensionless function IT;, which displays
the relationship between EJi7/W; and E/gy, then can be written as
follows:

4 i=1
ool

i=1

EP h?’zﬂ
W

(24)

where a; (i, @) are the fitting parameters depending on n and a.

The fitting parameters «,(n, ) were found to be fitted to two di-
mensional third order polynomial equations of n and a with the R-
squared values between 0.9929 and 0.9997, as follows:

4 3
atn @)=y, ¥, apn et
=1k (25)

Fig. 7 shows the fitting surfaces of a;(r, @), while the fitting para-
meters of these surfaces ay are listed in Table 3. From Eqs. (24) and
(25), the dimensionless function II; can be written in a polynomial
equation as:

ZE95)

i=1 j=1 k=1

i1
E
| =
oy

Fig. 8 presents the relationship between E,/g, and W/, from 325
FE analysis results, It is seen from this figure that for all n and @, third
order polynomial functions can well describe these relationships with
the errors of less than 0.01% (R-squared values between 0.9999 and 1).
The dimensionless function II;, which shows the relationship between
E,/g, and W/ W,, then can be written as follows:

4 =1
Er Z W
L a)(—)
5 - W

where b;(r, @) are the fitting parameters depending on n and a.

The fitting parameters b;(n, a) were found to be fitted to two di-
mensional third order polynomial equations of n and a with the R-
squared values between 0.9878 and 0.9999, as follows:

4 3
bi(n, @) = E Z by;cnjflak’l

Jj=1 k=1

(26)

27

(28)

Fig. 9 shows the fitting surfaces of b;(n, @), while the fitting para-
meters of these surfaces by, are listed in Table 4. From Eqs. (27) and
{28), the dimensionless function Il can be expressed in a polynomial
equation as:
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Table 7
Indentation parameters and elastic properties extracted from indentation.

Materials Science & Engineering A 711 (2018) 44-61

Spherical indentation parameters

Oliver and Pharr [6,7]

Fiy (i} W, (N mm) W, (N mm) S (N/mm} E, (GPa) E (GPa) Y%errE E*, (GPa)
() 55400 steel
Test 1 0.001522 4.412E—-05 7.529E —07 1341.1 188.8 205.7 —2.3%" 226.0°
Test 2 0.001524 4.793E-05 8.916E—07 1352.5 1%90.5 207.9 —-1.3% 228.4
Test 3 0.001518 4.781E-05 9.098E - 07 1326.9 187.1 2035 —3.4% 223.6
Test 4 0.001520 4.108E-05 6.542E-07 1335.2 187.9 204.5 —2.9% 224.7
Test 5 0.001523 4.346E-05 7.594E - 07 1298.2 182.6 197.6 —6.2% 217.2
Test 6 0.001522 3.989E-05 6.221E-07 1330.1 187.0 203.3 —3.5% 2234
Test 7 0.001521 4.165E—-05 7.061E—-07 1287.9 181.2 195.8 —7.0% 215.2
Test 8 0.001524 4.508E-05 8.392E-07 12731 179.2 193.3 —8.2% 212.4
Test 9 0.001523 4.572E-05 8.576E - 07 1284.0 180.7 195.2 —7.3% 214.6
Ave. 200.8 —-4.7%
STDEV 11.0
cov® 5.2%
(b) SM490 steel
Test 1 0.001524 5.574E-05 1.347E—06 1234.6 180.1 194.4 —8.2% 213.6
Test 2 0.001524 5.158E—-05 1.170E-06 1223.2 178.3 192.1 —9.3% 2111
Test 3 0.001524 6.545E-05 1.938E—06 1240.3 184.3 199.8 —5.6% 219.6
Test 4 0.001524 6.114E-05 1.665E - 06 1236.8 181.7 196.5 —7.2% 2159
Test5 0.001524 5.050E—05 1.119E-06 1227.5 179.0 193.1 —8.8% 212.2
Test 6 0.001521 5.077E-05 1.110E-06 1250.3 181.2 195.8 —7.5% 215.2
Test 7 0.001523 5.133E-05 1.123E—06 1254.8 182.1 197.0 —6.9% 216.5
Test § 0.001525 6.474E-05 1.920E - 06 1217.8 180.7 195.2 —7.8% 214.6
Test 9 0.001527 6.530E—-05 1.902E—06 1260.8 186.0 202.1 —4.5% 222.1
Ave. 196.2 —7.3%
STDEV 15.8
cov® 7.4%
{c) SM520 steel
Test 1 0.001534 6.988E - 05 1.897E - 06 1344.3 193.6 212.0 —0.4% 2329
Test 2 0.001537 7.156E—05 2.041E—-06 1322.1 189.3 206.3 —3.0% 226.8
Test 3 0.001522 6.121E-05 1.663E - 06 1201.6 175.7 188.9 -11.2% 207.5
Test 4 0.001524 7.184E—05 2.024E — 06 1357.5 195.5 2145 0.8% 235.7
Test 5 0.001526 6.724E-05 1.912E-06 1267.8 183.7 199.1 —6.4% 218.8
Test 6 0.001522 6.438E—05 1.878E—06 1187.9 173.8 186.4 -124% 204.8
Test 7 0.001521 7.188E-05 2.107E - 06 1328.0 191.8 200.7 -15% 230.4
Test 8 0.001527 7.073E—05 2.131E-06 1269.4 184.6 200.2 —5.9% 220.1
Test 9 0.001529 7.405E - 05 2.246E - 06 1315.4 189.5 206.5 —2.9% 227.0
Ave. 202.6 —4.8%
STDEV 13.8
cov*® 6.5%

2 All errors were calculated as (X — Koo Xenp , where X7 [s a variable.
bEr=[(1 —vA/EL
£ COV: Coefficient of variation,

Wi

B 4 4 3 i-1
==L buknj’lak’l[w)

Similarly, Fig. 10 presents the relationship between S/E.h,, and
E,/ oy from the 325 FE analysis results. It is seen from this figure that for
all n and a, third order polynomial functions can also well describe
these relationships with the errors of less than 1.5% {R-squared values
between 0.9862 and 0.9972). The dimensionless function IIs, which
displays the relationship between S/E, ki, and E,/gy, then can be written
as follows:

4 i-1
Z ¢ (n, @) 1n(5)

i=1 Iy

29)

S —
thm

(30)

where (i, @) are the fitting parameters depending on n and a.
The fitting parameters ¢;(#, &) were found to be well fitted to two
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dimensional third order polynomial equations of n and a, as follows:

4 3
gln,a)= E E eyttt
=1 k=1 (31)

Fig. 11 shows the fitting surfaces of ¢ (n, a), while the fitting
parameters of these surfaces cyy are listed in Table 5. From Egs. {30) and
{31), the dimensionless function ITs can be expressed in a polynomial
equation as

4 ki i—1
Z E E ey ndtaft 1H(£J

i=1 j=1 k=1

S -
Ehy,

(32)

Using Eqs. (26), (29), and (32), a simple reverse algorithm is sug-
gested to extract the yield strength gy, strain hardening exponent n, and
o from P-h curves of spherical indentation, as illustrated in Fig. 12. Note
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Fig. 15. Comparison of P-h curves between expeti-
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Table 8
Gomparison of indentation parameters between experiment and FE analysis.
Materials by (mm) Ry (mm)} h, (mm) Ag (mm?) 5 (N/mm} W (N mm) W, (N mm)}
55400 Exp. 0.001523 0.001439 0.001481 3.96E— 05 1298.2 4.346E —05 7.594E—07
FE anal, 0.001500 0.001450 0.001475 3.95E-05 13331 4.117E-05 7.830E—07
% emr -1.5%" 0.8% —0.4% —0.3% 27% -53% 3.1%
SM490 Exp. 0.001524 0.001439 0.001482 3.97E-05 1234.6 5.574E-05 1.347E-06
FE anal. 0.001500 0.001458 0.001479 3.96E—05 13521 5.351E-05 1.432E—06
Y% err -1.6% 1.3% —-0.2% —-0.2% 2.5% —4.0% 6.3%
SM520 Exp. 0.001534 0.001409 0.001472 3.94E-05 1344.3 6.988E —05 2.371E—06
FE anal. 0.001515 0.001440 0.001477 3.96E—-05 1400.3 6.803E —-05 2.512E-06
% err -1.2% 2.2% 04% 0.3% 4.2% —2.7% 5.9%

2 All errors were calculated as (Xrsenel — Xesp )/ Xewp , Where Xpx ma 15 2 variable.

that for the reverse algorithm, the spherical indentation is performed
with a maximum indentation depth of 0.3R and the indentation para-
meters (.0, W, W, S, 4,) are used as input data. To reduce the
complexity in solving the equations, the a value is first assumed and the
yield strength o, is then computed with respect to the strain hardening
exponent n using Eq. (29). The strain hardening exponent is then cal-
culated from Eqs. (26) and (32) as ng, and ey, respectively, and the
corresponding values o, (; and o, i are obtained. The values of  and
oy are then evaluated by checking the difference between o, (, and g, ()
as well as between ngy and ngp. The calculated iteration restarts with an
assumption of a value until the difference between o, ) and o, (i, and
between ng, and ngy is less than 5% and 109%, respectively. The yield
strength of material is then determined as the average values of @, ¢
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and ¢, qp, while the strain hardening exponent of the material is ob-
tained by averaging the values of ng, and ngy,. It should be noted that
the criteria 5% for yield strength and 10% for strain hardening ex-
ponent come from the experimental results that with a priori known a
value of a material, the obtained o, ; and o, y as well as ny; and ngy
are different, and the difference is within 5% and 10%, respectively, as
detailed in the next section.

4. Verification
4.1. Numerical verification of the reverse algorithm

The proposed reverse algorithm is first numerical validated by using
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Fig. 16. Stress contour beneath spherical indentation of (2} 58400, {b) SM490, and (c} SM520.

the indentation responses from the FE analyses. The characteristics of
indentation load- depth curves (h,,, h,, W,, W,, and S) obtained from 30
selected FE analyses with different combinations of material properties,
where E = 210 GPa, a = 16, 0, varied from 235 to 535 MPa, and n
varied from 0 to 0.5, are used as the input data of the reverse algorithm.
Elastic modulus E was first caleulated from the corresponding in-
dentation parameters {h,, b, and S), the other material properties (o,,
n, and a) were then determined by changing o value in the range from 1
to 23 with the increment of A = 0.2 until the difference between o, ¢
and o, qp and between ng; and nyy, is less than 5% and 10%, respec-
tively, Fig. 13 shows a comparison between the predicted material
properties obtained from the reverse analysis and 30 combinations of
input material properties in the numerical simulation. It can be seen
from this figure that all calculated combinations well match the input
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combinations, with all errors of each material property less than 5%. It
should be noted that the errors may be reduced by using smaller in-
crement of a during the reverse analyses and the overestimation of all
calculated E values (Fig. 13a) could be resulted from the calculation of
the projected contact area using equation A, = 7(2Rh, — hZ) in the
case of material with high elastic modulus, which exhibits the pile-up
during indentation. However, such a small overestimation of less than
5% would be acceptable for the reverse algorithm.

4.2, Experimental verification of the FE model and reverse algorithm
In order to verify the accuracy of the developed FE model and ex-

perimentally validate the proposed algorithm, the tensile tests, sphe-
rical indentations, and FE analyses of three types of structural steel
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(a) SS400

% =T

(c) SM520

$S400, SM490, and SM520 were carried out. For tensile loading tests,
the specimens were made, and the tests were carried out according to
ASTM standards [22]. The test results of 55400, SM490, and SM520
steels are presented in Table 6. The samples for spherical indentation
were prepared according to ASTM E3-01 standard [31]. The procedure
for preparation of the specimen according to the standards consists of
several steps including mounting the specimen in epoxy, polishing
specimen sutface by several types of silicon carbide papers 12 h, poly
diamond particles for 7 h, and colloidal silica for 3 h with the last fi-
neness in the range of 40 nm in order to make the specimen surface to
be a flat and smooth. Such a flat and smooth surface is an important
criterion for nanoindentation tests to reduce the error during the tests.
The tests were then performed according to ISO 14577 and ASTM
E2546-07 standards [32,33] using a Nano Hardness Tester made by the
Swiss Center for Electronics and Microtechnology. The spherical in-
denter is made of industrial diamond, which has an elastic modulus and
Poisson's ratio of 1141 GPa and 0.07, respectively. The maximum in-
dentation depth of 0.3R was applied to all indentation tests of SS400,
SM490, and SM520, where R = 5 um is the radius of spherical indentet.
Note that the properties and dimension of the indenter tip were pro-
vided by the manufacturer. Fig. 14 presents the P-h curves of nine ex-
perimental spherical indentations of $5400, SM490, SM520 steels.
From the experimental indentation curves, the total indentation
work W, and elastic work W, was determined. The contact stiffness S
was determined by first fitting 67% of the highest part of the unloading
curve to a power law function B, = B{k — 1,)" and then using Eq. (5).
The reduced modulus E,. was calculated using Eq. (3) and then the
elastic modulus E was determined using Eqs. (3) and (4). Table 7
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Fig. 17. Optical images showing the microstructure
of (a) 55400, (b) SM490, and ()} SM520.

(b) SM490

presents the indentation parameters and the elastic properties of all
materials from all indentation tests, together with the corresponding
relative errors when compared to the tensile test results. As can be seen
in this table, the elastic modulus obtained from each indentation test is
in good agreement with that from the tensile tests with the relative
error within 109 for all steels except the results from test 3 and 6 in the
case of SM520 steel. However, the elastic modulus value of each ma-
terial averaged from nine indentation tests agrees well with that ob-
served from tensile tests with a quite small relative error of —4.7%,
—7.3%, and —4.8% in case of 55400, SM490, and SM520 steel, re-
spectively.

Prior to the validation of the proposed algorithm, the accuracy of
the developed FE model and the compliance of the indentation bench
were verified by comparing the load-penetration depth curves and in-
dentation characteristics obtained from FE analyses with those obtained
from experiments of spherical indentation. The properties of SS400,
SM490, and SM520 steels observed from tensile tests were used as the
input data of the FE analyses. Fig. 15 shows the comparison between
load-penetration depth (P-h) curves from FE analysis and selected ex-
periment of spherical indentation of 55400, SM490, and SM520 steels.
It can be seen from this figure that the simulated curves are in a very
good agreement with the selected experimental curves for all three
types of steel. The characteristics (M, fts iy Ap S, W, and W) of the
selected experimental and simulated indentation P-k curves were cal-
culated and compared. Table 8 presents the calculated characteristics
from both selected experimental and simulated indentation curves as
well as the comparison between them. It is seen from this table that the
indentation parameters obtained from simulated indentation curve are
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Table &

oy and n of materials extracted from spherical indentation using proposed reverse algorithm.
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(I} Using Eqs. (26] and (

(I} Using Eqs. (29} and

Diff. between (I} and (I}

a, (MPa} % ert g, f % et n a, (MPa} % err gy fn % ert n o, n
{a) 85400 steel
Test 1 304.4 —0.7%* 0.194 —4.8% 294.5 -4.0% 0.209 2.2% -3.2%" 7.3%
Test 2 3234 5.5% 0.218 6.8% 322.7 5.3% 0.219 7.2% —0.2% 0.4%
Test 3 335.6 9.4% 0.204 0.2% 3347 9.2% 0.206 0.8% —0.2% 0.5%
Test 4 284.4 —7.3% 0.185 -9.2% 274.4 -10.5% 0.201 -1.7% —3.5% 8.3%
Test5 301.0 —1.8% 0.194 —4.9% 300.7 —1.9% 0.194 —4.7% -0.1% 0.2%
Test 6 266.4 -13.1% 0.200 -1.9% 267.4 -12.8% 0.199 —2.6% 0.3% -0.7%
Test 7 287.4 —6.3% 0.195 —4.6% 291.8 —4.8% 0.188 —8.0% 1.5% -3.5%
Test § 3145 2.6% 0.199 -2.7% 319.7 4.3% 0.191 —6.4% 1.6% -3.8%
Test9 3189 4.0% 0.201 —1.5% 324.6 5.9% 0.193 —5.5% 1.8% —4.1%
Ave, 304.0 —0.9% 0.199 -2.5% 303.4 —1.0% 0.200 —2.1%
STDEV 20.7 0.010 22.4 0.010
cov® 6.7% 4.9% 7.3% 5.0%
(b) SM490 steel
Test 1 359.5 1.7% 0.246 -7.6% 356.6 0.9% 0.249 —6.6% —0.8% 1.1%
Test 2 322.5 —8.8% 0.251 —5.5% 333.1 —5.8% 0.241 —9.4% 3.3% —4.2%
Test 3 405.7 14.8% 0.301 13.2% 399.3 13.0% 0.306 15.0% -1.6% 1.6%
Test 4 386.4 9.3% 0.276 3.6% 392.2 10.9% 0.271 1.8% 1.5% -1.8%
Test 5 310.4 -12.2% 0.256 -3.9% 322.1 -8.9% 0.244 -8.2% 3.8% —4.6%
Test 6 319.1 —9.7% 0.246 -7.5% 334.3 -5.4% 0.231 -13.2% 4.7% -6.2%
Test 7 321.7 —9.0% 0.246 -7.6% 328.5 -71% 0.239 -10.1% 2.1% -2.8%
Test 8 406.3 14.9% 0.294 10.5% 403.4 14.1% 0.296 11.4% —-0.7% 0.8%
Test 9 396.6 12.2% 0.305 14.5% 405.0 14.6% 0.298 12.0% 2.1% -21%
Ave. 358.7 1.5% 0.269 1.1% 363.8 2.9% 0.264 —0.8%
STDEV 38.7 0.024 35.2 0.028
cov® 11.0% 8.9% 9.9% 10.4%
(c) SM520 steel
Test 1 430.5 1.6% 0.212 5.7% 414.6 —2.1% 0.223 10.7% —-3.7% 4.8%
Test 2 443.1 4.6% 0.213 5.9% 450.9 6.4% 0.208 3.4% 1.8% -2.4%
Test 3 397.1 —6.3% 0.203 0.8% 396.1 —6.5% 0.203 1.2% —0.3% 0.4%
Test 4 462.1 9.1% 0.208 3.4% 452.7 6.9% 0.214 6.3% —2.0% 2.8%
Test 5 422.2 —0.3% 0.215 7.2% 436.4 3.0% 0.206 2.4% 3.4% -4.4%
Test 6 423.8 0.1% 0.204 1.3% 429.6 1.4% 0.199 -0.8% 1.4% -21%
Test 7 456.6 7.8% 0.218 8.4% 471.5 11.3% 0.209 3.8% 3.3% —4.2%
Test 8 438.7 3.6% 0.225 12.0% 458.1 8.1% 0.213 6.0% 4.4% -5.3%
Test 9 464.9 9.7% 0.220 9.4% 485.5 14.6% 0.207 3.2% 4.4% -5.7%
Ave. 437.7 3.3% 0.213 6.0% 443.9 4.8% 0.209 4.0%
STDEV 25.0 0.014 33.2 0.010
cov® 5.9% 7.0% 7.8% 5.1%

* All errors were calculated as (Xir — X))/ Xy , Where X s a variable.

® The diff. between (I} and (I} were caleulated as Or) — Xun ) Xpy, whete X is a variable.

© COV: Coefficlent of varfation,

in good agreement with those obtained from experimental curve for
three types of steel with most relative errors less than 5%. The good
comparisons of indentation curves as well as characteristics of in-
dentation curves between FE analysis and experiment indicate that the
developed FE model is accurate to simulate the spherical indentation.

It is noted that the spherical indentation with a tip of 5 pm radius
“feels” a fully plastic volume with surface diameter of about 2.92-3.20
times the contact diameter, which is about 7.14 pm when the pene-
tration depth is of 0.3 times spherical tip radius, as indicated from the
FE analysis results (Fig. 16). It means that, with a fully plastic volume
that has a surface diameter of about 20.85-22.85 um, a composite be-
havior is usually measured from a spherical indentation instead of a
microstructure grain of $S400Q, SM490, and SM520, which is about
5 um to less than 20 um as can be seen in Fig. 17. To avoid the mea-
surement of the properties of a singer microstructure grain in the case
that the indentation “falls” on the largest grains of the steels, a larger
than nine number of tests were performed on each steel and nine tests,
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of which the responses exactly reflect the properties of S§400, SM49Q,
and SM520, were chosen to investigate, as shown in Fig. 14. To validate
the proposed algorithm, the characteristics (M, S, W, and W.) of
spherical indentation curve from nine experiments of $S400, SM490Q,
and SM520 steels were used as the input data for the algorithm to ex-
tract the plastic parameters {a, g,, and n) of these steels. The extracted
properties were verified by comparing with the results from the tensile
tests of three structural steels. Since the a values of $5400, SM490, and
SM520 steel can be observed from the tensile test results, they are used
to directly determine @, ¢ and ng, by solving Eqs. (26) and (29) as well
as o, qp and ngy by solving Eqs. (29) and (32). The criteria for the
proposed treverse algorithm, which allows estimating the material
plastic parameters even when the a value is unknown, is then estab-
lished based on the difference between the determined o, values as well
as between the determined n values.

Table 9 presents the determined o, and n values from each in-
dentation test of all materials, together with their error when compared
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Fig. 18. Estimated stress-strain curves compared with experimental curves.

to the corresponding properties obtained from tensile tests. It is seen
from this table, with a priori known a value, the ¢, and n values ex-
tracted from indentation tests of each material using the proposed re-
verse algorithm agree well with those observed from tensile tests. All
indentation tests of three materials exhibit relative errors from —13.2%
to 15.0% for yield strength and from —9.2% to 10.7% for the strain
hardening exponent. Especially, most indentation tests of $5400 and
SM520 steel display relative errors within = 10% for both yield
strength and strain hardening exponent obtained by using Egs. (26) and
(29) as well as Eqs. (29) and {32). These etror values could be
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acceptable when compared with others studies [12-16], however, they
can be still minimized by averaging the obtained values from a number
of indentation tests as nine tests for each material in present study.
Indeed, the g, and n values of each material averaged from nine in-
dentation tests are very consistent with the tensile test results with
relative errors from —1.0% to —0.9% and from —2.5% to —2.1% for
$8400, from 1.5% to 2.9% and from —0.8% to 1.1% for SM490, and
from 3.3% to 4.8% and from 4.0% to 6.0% for SM520, respectively.

Since the plastic parameters of these steels have been determined
from indentation tests, together with the assumed material model used
in this study, the stress-strain curve of steels can be drawn. Fig. 18
shows the estimated stress-strain curves of all steels compared with the
corresponding curves obtained from tensile experiments. Good agree-
ment between experimental and estimated curves for all steels is ob-
served from this figure. These good comparisons and obtained results
indicate that, with a priori known « value, reliable yield strength and
strain hardening exponent values can be obtained from the proposed
reverse algorithm by using both combinations of Eqs. (26) and (29), as
well as Eqs. (29) and (32). However, the a value of a certain material is
generally unknown without carrying out a tensile test. In case the a
value of a material is a priori unknown, the plastic parameters of
structural steel will be determined by performing the caleulated itera-
tion procedure using the proposed algorithm. As discussed in Section 3,
the caleulated iteration procedure will be completed whenever the
obtained yield strength values ¢, ; and o, o as well as the obtained
strain hardening exponent values nyy and ny, are considered to be the
same. In fact, with a given a value, these parameters are found to be not
the same, as is seen in Table 9, where the difference between o, (, and
0y (my as well as ngy and ng are also presented. It is recognized from this
table that the difference between oy ) and gy () is within in * 5% and
between iy and ne is within + 10% for all the tests of three materials.
Note that these differences come from comparing the results obtained
from Eqs. (29) and {32) to those obtained from Eqgs. (26) and (29). The
results from later combination of the equations were chosen for com-
parison since this combination provided smaller relative error in esti-
mating yield strength. The compared results indicate that the obtained
0y @y and @, g as well as ngy and gy, when their difference is
within + 5% for yield strength and + 10% for strain hardening ex-
ponent, are acceptable to be accurately reflected the actual plastic
properties of a material. The criteria of = 5% for yield strength
and *+ 10% for strain hardening exponent are then applied to the pro-
posed algorithm in this study. Fig. 19 presents an example to show the
evolution of o, ¢y and 0, g as well as ng, and nyy according to the
change of a value during various iterations of the reverse algorithm for
a representative experimental indentation test of each steel.

It is worthy to note that the proposed reverse algorithm may provide
more than one set of plastic parameters in some cases. Indeed, it is clear
in Figs. 6, 8, and 10 that the curves corresponding to different n values
are cross each other or somewhat identical when the ratio of E;/o, (in
Figs. 6 and 8) and In(E;/g,) (in Fig. 10) is smaller than 226 and 3.9,
respectively. This observation implies that the solution of it value may
not be unique when using functions f; and I, in the region of
E;/a, < 226 and function 1% in the region of In(E,/;) < 3.9. Due to the
fact that the reverse algorithm is proposed for determination of plastic
properties of structural steels, of which the E,/g, ratio is always greater
than 226, the solution of the algorithm is then ensured to be unique. In
other words, the uniqueness of the proposed reverse algorithm is en-
sured for determination of the plastic parameters of structural steels, as
it is shown in Fig. 19
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5. Conclusion

In this study, dimensional analyses and finite element simulations
were carried out to establish a reverse algorithm for identifying the
plastic properties of structural steel from spherical indentation. Based
on the finite element analysis results of 325 different combinations of
material properties, a new set of dimensionless functions is constructed
to relate the spherical indentation parameters and the material prop-
erties. A reverse algorithm that allows for the determination of the
plastic parameters of structural steel including yield strength, strain
hardening exponent, and a value of structural steel from a single load-
penetration depth curve of spherical indentation is then established.
Spherical indentation and tensile tests were performed on SS400,
SM490, and SM520 steels to validate the accuracy of the proposed re-
verse algorithm, For all indentation tests of three materials, the relative
error of reverse algorithm from a single indentation test is from
—13.2% to 15.0% for yield strength and from —9.2% to 10.7% for the
strain hardening exponent. The error of the algorithm is demonstrated
to be minimized by averaging the results obtained from nine indenta-
tion tests. Indeed, the average o, and n values of each material com-
puted from nine indentation tests are very consistent with the tensile
test results, with relative errors from —1.0% to —0.9% and from
—2.5% to —2.1% for $8400, from 1.5% to 2.9% and from —0.8% to
1.1% for SM490, and from 3.3% to 4.8% and from 4.0% to 6.0% for
SM520, respectively. The results indicate that the proposed reverse
algorithm in this study can provide reliable plastic parameters of
structural steel from spherical indentation.
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1. Introduction

Welding has been used as an advantageous method to form
strong connection for transferring loads between members in steel
structures. During the welding process, the temperature change
causes solid-state phase transformations, which lead to three dif-
ferent main regions; fusion zone (weld metal-WM), heat-affected
zone (HAZ), and base metal (BM) in the weld zone as well as the
complex microstructure in WM and the difference in microstruc-
tures of HAZ and BM [1-3]. The properties in WM, HAZ, and BM
regions, which are dominated by their final microstructure charac-
teristics such as the volume fraction and mechanical properties of
microstructural phases, govern the performance of the weld joint.

* Corresponding author.
E-mail address: sekim@sejong.ac.kr (S.-E. Kim).

http://dx.doi.org/10.1016/j.conbuildmat.2017.08.033
0950-0618/© 2017 Elsevier Ltd. All rights reserved.

Therefore, the final microstructural characteristic including vol-
ume fraction and basic mechanical properties (hardness H, elastic
modulus E, and yield strength ) of component phases, these basic
properties in WM, HAZ, and BM regions, as well as the relevance
between them need to be investigated, especially for the weld zone
of SM520 steel, which is a very commonly used structural steel in
Korea.

Instrumented indentation technique has been widely used in
many engineering fields as a powerful tool for characterization of
material properties [4]. Since the technique allows accessing to
the local properties in the indented area, it has been extensively
utilized for investigating the properties of inhomogeneous materi-
als such as cementitious materials, concrete, asphalt binder, or
steel weld zone [5-11]. It has been indicated that in the indenta-
tion test on inhomogeneous material, the high indentation depth,
roughly h/D > 6 (h is the indentation depth and D is the character-
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istic size of the phases) of the phase provide access to homoge-
nized material properties of the composite, while low indentation
depth (h/D < 1/10) provide access to the properties of microstruc-
tural phase [11-13].

In this study, the volume fraction and properties of microstruc-
tural phases, the mechanical properties in the weld zone of SM520
steel and the relevance between them was investigated. For this
purpose, indentation tests with low and high indenting depths that
provide the response of microstructural phase and composite,
respectively, were performed on the weld zone of SM520 steel.
Since the indentation tests with low and high indenting depths
in this work were undertaken at nano- and micro-length scales,
they were denoted as nano- and micro-indentation, respectively.
Optical microscopy examinations, statistical analysis of indenta-
tion test results, and finite element (FE) analyses were also
conducted.

2. Methods
2.1. Instrumented indentation testing

A typical load - penetration depth (P-h) curve of an elastic-
plastic material to a Berkovich indentation is illustrated in Fig. 1.
Several mechanical properties of indented material including hard-
ness, elastic modulus, and yield strength can be extracted from the
P-h curve. One of the most popular methods to determine the hard-
ness and elastic modulus of material at indenting point is that of
Oliver and Pharr [14]. According to this method, the hardness
can be determined from the applied load P,, at the maximum pen-
etration depth h,, and the projected contact A, as follows:

P
H=7" )

The elastic modulus can be determined using the relations
between reduced modulus E, and the initial unloading slope S,
the projected contact A, the correlation factor for indenter shape
B, the elastic modulus and Poisson’s ratio of the indented material
and indenter E, p, E;, and p;, respectively, as follows [14]:

/T S
=R 2
E= TN (2)
1-v2 1-92]"
E = 7+ E (3)

where E;, p;, and B are known for a given indenter and other param-
eters Py, hm, S, and A, can be directly or indirectly obtained from the

1,
P T
" dhl,,
Wi=W,+ W, Unloading
o= f)
=l ’1
S| Lo
=1 oading
R T~
Wy
We
h, hn =
h (Penetration depth)

Fig. 1. Typical load - penetration depth (P-h) curve.

P-h curve of indentation. The details for determination of these
parameters can be found in the literature [14]. Note that Oliver
and Pharr’s method allows extracting the hardness and elastic mod-
ulus of microstructural phase and composite in case of nano- and
micro-indentation, respectively.

The microstructural phase in steel can be considered as a pure
metal and its true elastic-plastic stress-strain behavior can be clo-
sely approximated by a power law description, which is illustrated
in Fig. 2a and expressed as follows [15-18]:

o {Eg (e<gy)
ol +Ee-g)/0" (E>48)

where o, is the initial yield stress, and n is the strain hardening
exponent.

The structure steel (composite in this work) exhibits Luders
behavior, which is a plastic instability associated with the unpin-
ning of dislocations from the interstitial elements in solid solution
such as carbon or nitrogen [19], in their stress-strain curve and the
solid curve in Fig. 2b is an illustration of a typical true stress-strain
behavior of structural steel. The Luders band (plastic plateau) initi-
ates from the yield strain (g,) and ends at the beginning-point of
strain hardening (&) can be assumed to be perfectly plastic pla-
teau that is represented by the dotted line in Fig. 2b. From this
assumption, which is demonstrated to be acceptable to accurately
reflect the material properties of structural steel [20-24], the true
stress-strain curve of structural steel can then be expressed as
[20]:

@)

Ee (e<g)
c={ 0, (ey<e<ey), ()
oy[1+E@E - &)/ (00y)]" (& > &)

Since the true stress-strain behaviors of microstructural phase
and the composite obey different constitutive laws, two separate
methods need to be used for determination of their yield strength.

For determination of the yield strength of microstructural
phase, a reverse algorithm proposed by Dao et al. [15], which has
been considered a common method for determining the yield
strength ¢, and strain hardening exponent n of material exhibited
a power law elastic-plastic stress-strain behavior from the indenta-
tion P-h curve was used. The details of the algorithm can be
referred to the literature [15]. For determination of the yield
strength of the composites in the weld zone, an algorithm pro-
posed by the authors that allows extracting yield strength ¢, and
strain hardening exponent n of structural steels, of which exhibit
plastic plateau in their true stress-strain curve (Eq. (5), was used
[20]. In this method, the yield strength o, and strain hardening
exponent n of composite materials can be determined with respect
to a using the following polynomial equations [20]:

L Y (%) - ©)
Gy "" C

4 4 3 g E i-1
e Brer o (Z)] ”

where o is defined as the ratio of the strain at starting point of
strain hardening and the yield strain, C is the loading curvature,
E=[1- vz)/E}’l, and ag and by are coefficients (Appendix A).
The o value of the weld zones can be obtained with the aid of FE
analysis of indentation by correlating the experimental with the
simulated load-penetration depth curves. The details of the proce-
dure for determination of the yield strength in the weld zones from
the proposed method and FE analysis can be found in the previous
works [21,22].

- 168 -



178 T.-H. Pham, S.-E. Kim/ Construction and Building Materials 155 (2017) 176-186

o=Reg"

@

Fig. 2. Models for mechanical behavior of materials: (a) power-law work hardening and (b) power-law work hardening with plastic plateau.

In this study, Oliver and Pharr’s method was used for extraction
of hardness and elastic modulus of both microstructural phase and
composite, Dao’s algorithm was used for determination of the yield
strength of the microstructural phase, while the yield strength of
composite in SM520 steel weld zone was estimated using the
method proposed by the authors with the aid of FE analysis. Note
that estimating n using Dao’s algorithm suffers from high sensitiv-
ity, especially at nano-length scale [25]. That is the reason n was
not chosen to be investigated in this study.

2.2. Statistical deconvolution analysis

Since there are different microstructural phases presented in
the weld zone and they could not have been identified without
alternative tests, the statistical deconvolution analysis technique
[26] was used to identify and quantify the existent microstructural
phase and their properties in the weld zone. The principle of the
technique is that with a large enough number of indentation tests,
the mechanical property x=(E, H, g,) of each microstructural
phase J can be best approximated by a Gaussian distribution:

1 —(x— )’
B = e (TZJ> ®)

where py and s; represent the mean and the standard deviation of all
Nj values of the J-th phase, respectively:

1Y 5 1 X
1 :ﬁ];xk and s; :m;w - ) ©)

The overall experimental frequency density of the mechanical
property x =(E, H, o,) obeys the theoretical probability density
function called convolution function of n normal distributions, as
follows:

n

P(x) = _fip®) (10)

The volume/surface fraction f; = N;/N occupied by the J-th
phase is subjected to the constraint:

};f,:l (11)

o,

Oy b Promc==

& Ext €

(b)

where N and n are the total number of indentation tests and the
number of different phases identified by the property x = (E, H, o,)
on abscissa, respectively.

The mean value yj;, the standard derivation s;, and the volume
fraction f;; can be determined by minimizing the standard error,
as follows:

m N i 2 n
Find (f},s;, f4) from minzw with the constraint y °f; =1
=1 =
(12)
or by maximizing the R-squared, which can be computed as:

R=1- SEy(x) — p(xi)]z (13)
Y ) -y

where x; and y(x;) are the i-th abscissa and ordinate value of the
experimental frequency density results, respectively; m is the num-

Indentation

series consisting
of 5 x26 indents

Fig. 3. Indentation sample and indenting locations.

Table 1

Chemical compositions steel and weld material (in wt%).
Material C Si Mn P S Al Cu
SM520 0.17 041 139 0017 0.001 0.04 0.02
ER705-6 0.12 0.35 144 0017 0.001 0.04 0.02
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(b) Side view

(a) Top view

Fig. 4. Specimens fer tensile tests.

Table 2

Characteristics of true stress-strain behavior obtained from tensile test of SM520 steel.
Spe. No E (GPa) ay (MPa) n & &g o
51 214.44 423.6 0.203 0.00198 0.0116 58
S2 212.23 421.7 0.153 0.0019% 0.01263 6.4
53 211.71 425.6 0.207 0.00201 0.01268 6.3
Ave 212.79 4236 0.201 0.0019% 0.01232 6.2

{‘ 40pm O

Fig. 5. Micrestructures in SM520 steel weld zone.

using metal arc welding with an ER 705-6 electrode, a voltage of
22V, and a current of 100 A. Table 1 presents the percentage
weight compositions of SM520 steel and weld material. A slice
cut across the weld and out from the welded plate was used for
indentation specimen, which was prepared according to ASTM
E3-01 standard [27]. The specimen surface was mounted in epoxy

ber of intervals (bins) used to construct the experimental frequency
density, and p(x;) = > 1f;p(x) is the value of the theoretical prob-
ability density function at point x;. The unknowns py, 55, and f;; values
of n phase can be obtained from the above convolution analysis.

3. Experimental details

Two SM520 steel plates with 12 mm thickness were welded in
form of double V groove butt (12 mm of width and no root gap) by

and first mechanically polished with different silicon carbide
papers, poly diamond particles, and colleidal silica in order to
obtain a flat and smooth surface finish. This procedure was
achieved in seven stages of increasing fineness with the last one
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Fig. 6. Representative P-h curves in the weld zone.

(a) Nano-length scale

(b) Micro-length scale

Fig. 7. Berkevich indentation at small and large scale in the weld zone.

being in the range of 40 nm. The flat and smooth specimen surface
was then electropolished using nital 3% with a voltage of 22 V for
1-2 min to remove the disturbed surface layer that was introduced
during the mechanical polishing step. The above polishing proce-
dures were carefully carried out in order to get rid of introducing
surface roughness during the similarity analysis and to reduce
the error of indentation tests [28], as well as to ensure the identi-
fication of the material properties instead of the distributed surface
layer [29].

Indentation tests were performed using a Nano Hardness Tester
machine according to ASTM E2546-07 and ISO 14577 standards
[30,31]. The Berkovich indenter, which is made of diamond with
E;=1141 GPa and p=0.07, was employed.. For indentation with
low indenting depth, the tests were carried out in three regions,
BM, HAZ, and WM of the weld. As indicated [10,11,26], a series
of more than 300 nano-indentation tests need to be performed to
identify the actual values of volume fraction and properties of
the microstructural phases. Due to the limitation of testing condi-
tion, in which more than 300 indenting points cannot be indented
in one testing time, three grids of 11 x 11 nanc-indentations with
grid spacing of 50 pum were undertaken at each individual weld
zone, leading to a total of 363 indenting points with three indent-
ing areas of 500 x 500 um? at each region. For indentation with
high indenting depth, a series of micro-indentation tests with
5 x 26 indenting points was performed across the weld zone. A
fixed maximum load of 6 mN and 160 mN at a constant loading
and unleading rate of 12 mN/min and 320 mN/min was applied
for nano- and micro-indentation tests, respectively. The maximum
load of 6 mN for nano-indentation tests was chosen based on the
results of the experimental iterations to yield a maximum indenta-
tion depth in the range of 150 to 350 nm for the three different
regions in order to satisfy the scale separability condition and

the 1/10 rule of thumb, which were required to properly identify
each phase property [10,11], while the maximum load of 160 mN
for micro-indentation tests was chosen to make sure that the com-
posite behavior can be measured from the tests across the weld
zone. The specimen was etched in nital 3% for 35 s after the inden-
tation tests for the microstructure examinations, which were con-
ducted by using an optical microscopy. Fig. 3 shows the sample
surface after etching, on which the indenting locations are also
indicated.

Tensile tests were conducted according to ASTM standard [32]
by using an Instron testing machine for three specimens of
SM520 (labeled N1, N2, and N3) and three welded specimens
(W1, W2, and W3), which were cut out from the welded plate with
the same dimensions as SM 520 steel specimens. Fig. 4 shows the
top and side views of all steel and welded specimens and Table 2
presents the characteristics of the true stress-strain behavior
obtained from the tensile tests of SM520 steel.

4. Results and discussions
4.1. Microstructures

The microstructures observed in BM, HAZ, and WM are pre-
sented in Fig. 5. The microstructure of BM composes of ferrite with
the grain size of about 10-40 um and pearlite, as shown in Fig. 5a.
The microstructure of HAZ shown in Fig. 5b includes grain polygo-
nal ferrite with the size of about 5-10 pm and peatlite, which is
distributed relatively regularly around ferrite grains. It is recog-
nized from Fig. 4a and b that the ferrite and pearlite grains in
BM are much larger than those in HAZ. Totally different from BM
and HAZ, the microstructure of WM consists of ferrite plates with
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different orientations, lamellar pearlite, and an amount of degener-
ated pearlite followed by small and thin martensite segments. The
microstructures observed from the weld zone are consistent with
others reported in literature [33-37].

4.2. Indentation response and data analysis

The representative load-penetration depth (P-h) curves in three
regions of the weld zone are presented in Fig. 6. As is seen from this
figure, the shape and magnitude of the P-h curves of both nano-
and micro-indentations change significantly with the individual
weld zone, signifying that the indentation response at both indent-
ing length scales is highly sensitive to the metallurgical condition
resulting during the welding. The high sensitivity of the P-h curves
to the metallurgical conditions has also been indicated in the pre-
vious works for other weld zones [10,11]. For SM520 steel weld
zone in present study, same trend observed from both nano- and
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Fig. 9. Frequency plots in HAZ for (a) E: the bin-size is AE = 10 GPa, (b) H: the bin-
size is AH =150 MPa, and (c) o3 the bin-size of Agy, =25 MPa.

micro-indentations that the maximum penetration depth in WM
is smallest, while the depth in BM is larger than that in HAZ.

Fig. 7 shows representative optical images with a high resolu-
tion of the residual impression from Berkovich nano- and micro-
indentations in BM. As seen from these figures, the Berkovich
residual impression of both nano- and micro-indentations mani-
fest virtually no pile-up or sink-in, indicating that the applied
methods for determination of the mechanical properties works
well in the case of SM520 steel weld zone [38]. It is also noted from
Fig. 7 that while the size of indents at nano- length scale is much
smaller than the microstructural grains size, the size of indents
at micro-length scale is quite similar to the grains size in BM,
which is twice to fourth times larger than the grains sizes in HAZ
and WM. These observations indicate that the nano- indentations
always lead to the response of the microstructural phase, while a
composite behavior can also be ensured to be obtained from the
micro-indentations in the weld zone. Prior to extracting the
mechanical properties, the P-h curves of indentation tests at both
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scales were manually inspected to detect the curves that deviate

from the theoretical relation P = Ch* during the loading for sharp
indentation. As indicated [12], these curves clearly violate the
self-similarity of continuum indentation analysis and must be
eliminated from the statistical deconvolution analysis. The largest
percentage of excluded curves was related to the procedure of sur-
face preparation and the number of curves discarded for this rea-
son was generally smaller than 5% [28]. For the present weld
zone, while the number of discarded curves of 12, 17, and 29 from
a total of 363 nano-indentation tests in each individual weld zone,
BM, HAZ, and WM corresponding to 3.3%, 4.6%, and 8.0%, respec-
tively, are quite reasonable and acceptable, no curve from 130
micro-indentation tests is discarded. The rest of the nano-
indentation curves and all the micro-indentation curves were ana-
lyzed to obtain mechanical properties of indented materials. The
obtained mechanical properties of both microstructural phases
and materials across the weld zone are detailed below.

Table 3
Deconvolution results of x = (E, H) in the weld zone.
Region Phase ] X it (GPa) fi (%)
BM LF E 198.6 543
(351) H 2.88 52.6
HF E 2638 248
H 367 273
P E 316.1 209
H 449 201
HAZ LF E 195.7 388
(346) H 298 41.2
HF E 265.2 399
H 371 36.8
i E 3198 213
H 4,68 22.0
WM LF E 186.2 235
(334) H 3.03 204
HF E 2450 61.8
H 3.8% 64.2
P E 306.9 14.7
H 5.03 15.4
" Number of indentation tests.
Table 4
Deconvolution results of x = gy, in the weld zone,
Location Phase | fi=oy (MPa) fi#)
BM F 394.4 793
(351Y E 521.7 207
HAZ E 427.9 80.1
(346) P 628.3 19.8
BM F-1 317.4 383
(334) F-2 4442 45.7
B 654.6 15.0

" Number of indentation tests.

4.3. Mechanical properties of microstructural phases in the weld zone

The experimental frequency density (FD) of the elastic modulus,
hardness, and yield strength determined from the 351 nano-
indentation P-h curves (after eliminated 12 defective curves) in
the BM and their fitted probability density functions (PDF)
obtained from statistical deconvolution analysis are presented in
Fig. 8. The similar curves obtained from 346 tests in HAZ and
334 tests in WM are shown in Figs. 9 and 10 respectively. The FDFs,
which were created from the deconvoluted phases, are also dis-
played in Figs. 8-10. The deconvolution analysis results of x = (E,
H) obtained from nano-indentation tests in the three regions are
listed in Tables 3, while that of g, are summarized in Table 4. As
can be seen from these tables and Figs. 8-10 that two different
stiffness ferrite types (low stiffness ferrite LF and high stiffness
HF) and pearlite P are characterized in each region of the weld zone
from the analysis of E and H results, two different strength ferrite
types (F-1 and F-2) and pearlite are identified in WM based on
the analysis results of g, spectrum, and ferrite F and pearlite can
be clearly distinguished from probability density function of yield
strength in BM and HAZ. By comparing with the results of theoret-
ical volume fractions and reported microstructural properties val-
ues in the literature [10,11,39-42], the results of volume fractions
and properties of the microstructural phases obtained from nano-
indentation tests are acceptable for the SM520 steel weld zone in
this study.

4.4. Mechanical properties in the weld zone

In regard to P-h curve of 130 micro-indentation tests, the E and
H values at each indenting point were extracted using Eqs. (1) to
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Fig. 11. Mechanical preperties in the weld zene,

(3). The g, in BM region was determined based on the o value of
6.2 obtained from the tensile tests by using Eqgs. (6) and (7). To esti-

mate G , in HAZ and WM, the representative o value of these
regions was characterized with the help of FE analysis results as
presented in Section 2. Note that the BM, HAZ, and WM regions
were easily identified after surface etching and this identification
reveals that the indenting series with 5 x 26 points covered a
length of 5.0 mm across the weld zone including approximately
2.3 mm of the HAZ region. For the set of simulated P-h curves, FE
analyses were conducted for the total of 560 combinations of dif-
ferent material parameters, in which o varied from 3 to 9 (for every
1), ¢, varied from 325 to 550 (for every 25 MPa), and n varied from
0.18 to 0.25 (for every 0.01). Poisson's ratio was chosen to be 0.3
and elastic modulus of E = 206.3 GPa that was averaged from E val-
ues obtained from all micro-indentation tests in HAZ and WM
regions was used for all FE analyses. The above ranges of a, ¢y,
and n were chosen after paying a special attention to o, ,, and n
values observed in BM and doing some prior FE analyses in order
to reduce the number of FE analyses. The loading part of P-h curve
drawn up to 160 mN was compared with the experimental curves
at the middle indenting column in HAZ and WM regions to deter-
mine the corresponding @ values and the obtained value of o =5
and o =6 was considered the representative ¢ value for HAZ and
WM region, respectively. Since o values of HAZ and WM regions
can be obtained, the yield strength ¢, at each indenting point in
these regions can then be determined using Eqs. (6) and (7).
Fig. 11 shows the distribution across the weld zone of £, H, &,
and n where each data is averaged from 5 values at each indenting
column. The standard deviation of the data is also presented in the
figure as an error bar. Note in this figure that the dashed lines rep-
resent the average values of all data peints in the WM and BM
regions, while the dotted line is the linear fitting of all values in
HAZ regions. As the results, E, H, o,, and n values in HAZ gradually
increase in the direction from BM to WM region. The distribution
trend of mechanical properties in HAZ region is consistent with
the reported results for other structural steel weld zones [21,22].
The responsibility of the microstructure changes during welding
for the distribution trend of mechanical properties in HAZ regions
has also been discussed in the previous works [21,22]. Table 5 pre-
sents characteristics of true stress-strain behavior in BM, HAZ, and
WM, including the average value of E, H, g,, and n in these regions.
As can be seen from this table, the average values of all properties
in HAZ are higher than those in BM and the results of E, & ,, and n
in BM obtained from indentations are recognized to be agreed well
with the corresponding characteristics of true stress-strain behav-
ior obtained from tensile tests of SM520 (Table 2) with a small rel-
ative error of —1.96%, 0.66%, and +7.46%, respectively. To examine
the results obtained from indentation tests in HAZ and WM
regions, FE analysis of tensile test using ABAQUS program was con-
ducted [43]. The steel and welded specimens for tensile tests were
modeled using 8-node element C3D8R. The material model for
structural steel expressed in Eq. (5) was used for the material prop-
erties definition of SM520 steel {BM) as well as of both HAZ and
WM regions. The FE model was first verified by simulating the ten-
sile test of SM520 steel. The characteristics of true stress-strain
behavior of SM520 steel in Table 2 were taken for the input data
using Eq. (5) and the Von Mises yield criterion was applied for
determining the occurrence of the plastic deformation in this sim-
ulation. The equivalent Mises stress is given by the following
expression:

Guts = \/(U‘ ] 4 ’203)2 416 8 (14)

where Gy, G, and ©; are the three principal stresses and whenever
Gpises T€Aches the yield strength g, the material undergoes plastic
deformation.
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Fig. 12 shows the comparison of the failure mode and Fig. 13
shows the comparison of load-strain curve between simulation
and experiment of SM520 steel specimen. Good agreement
between both the simulated and experimental failure mode and
load-strain curve observed from these figures indicates that the
developed FE model can be used to accurately simulate the tensile
test. The tensile test of welded specimen was then simulated using
the developed FE model. The weld portion including WM and HAZ
regions were also taken into account and the mechanical proper-
ties obtained from micro-indentation tests were taken for the def-
inition of the properties in these regions using Eq. (5) (see Table 5).
Fig. 14 shows the comparison of the failure mode and Fig. 15 shows
the comparison of load-strain curve between simulation and

Table 5

Results from micro-indentations.
Lecation E (GPa) H (GPa) ay (MPa) n
EM 208.60 3.06 426.41 0216
HAZ 21223 319 47092 0230
WM 196.44 3.48 434.57 0214

,- bt & o

(a) Experiment

(b) FE simulation

Fig. 12. Failure mode of steel specimen.
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Fig. 13. Comparison of load-strain curve of steel specimen.

(b) Simulation

Fig. 14. Failure mode of welded specimen.
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Fig. 15. Comparisen of load-strain curve of welded specimen.

experiment of the welded specimen. Good agreement between
both the simulated and experimental failure mode and load-
strain curve observed from these figures indicates that the proper-
ties (E, ¢, and n) determined from micro-indentation tests in HAZ
and WM regions are reliable and valid. Concerning the hardness,
the values of H = 3.06 GPa, H = 3.19 GPa, and H = 3.48 GPa(Table 5)
that represent to the hardness of BM, HAZ, and WM, respectively,
are consistent with the related literature [1-3].

4.5. Mechanical properties of microstructural phases related to
material properties in the weld zone

In general, the phases in a material composing of two or more
microstructural phases with different properties subjected to load
deform differently. The performance of the material is governed by
the property difference between the phases and the morphology
and volume fraction of the phases [44]. It is recognized from Tables
3 and 5 that the properties and volume fraction of component
phases in BM, HAZ, and WM play a decisive role to the properties
of material in these regions. Indeed, the elastic modulus values of
LF, HF and P phases are respectively quite similar in BM and
HAZ, however, the higher volume fraction of HF phase in HAZ leads
to the higher elastic modulus in this region when compared to BM,
while the lower elastic modulus of all microstructural phases in
WM cause its lower elastic modulus when compared to BM and
HAZ (Table 5). Similarly, the highest hardness value of all
microstructural phases in WM when compared to those in HAZ
and BM is the main reason that the hardness in WM is highest in
the weld zone, and the lowest hardness in BM is due to the lowest
hardness value of LF, HF, and P phases in BM compared to those in
HAZ and WM. In regard to the yield strength, the influence of yield
strength of the component phases on the strength of material is
clearly observed in BM and HAZ. With the similar volume fraction
of the F and P phases in both BM and HAZ, the higher strength in
HAZ when compared to that in BM is mainly caused by the higher
strength of F and P phases in this region than those in BM. Gener-
ally, the law of mixture rule is just applicable for elastic modulus
instead of strength of materials. However, it is interesting to realize
that the yield strength of BM, HAZ, and WM in this study is obeyed
the law of mixture rule even though that it could be a coincidence.
Indeed, the calculated strength of BM, HAZ, and WM of
420.75 MPa, 467.78 MPa, and 425.93 MPa, respectively, which is
computed from the strength of their component phases by using
the simple law of mixture rule o, =f.6r+ f,0p in cases of BM
and HAZ and ¢, =f;_10r_1 +fr_20r_2 + fpop in case of WM [44],
is agreed well with that extracted from the indentation at large
scale with a relative error of —0.98%, —0.74%, and —1.98%, respec-
tively. Although the above agreement could be a ceoincidence
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rather than a rule, this result indicates completely that the strength
of material within the weld zone is governed by the strength of
their microstructural phases.

5. Conclusions

In this study, nano- and micro- indentations were used for
investigating the mechanical properties of microstructural phases
and materials within the weld zone of SM520 steel. Nano- and
micro-indentation tests, optical microscopy examinations, statisti-
cal analyses, and FE analyses were carried out. Some following con-
clusions can be drawn from the test and analysis results:

In the investigating SM520 steel weld zone, the microstructure
in BM and HAZ include ferrite and pearlite, where their grains in
BM are much larger in size and different in morphology compared
with those in HAZ. The microstructures of WM are ferrite plates
with different orientation, lamellar pearlite, and an amount of
degenerated pearlite.

The indentation responses at both nano- and micro-length
scales are highly sensitive to the metallurgical conditions during
the welding. The maximum penetration depth in WM is smallest,
while the depth in BM is larger than that in HAZ.

The results from nano-indentations show that two different
stiffness ferrite types are characterized in each region of the weld
zone from the analysis of E and H results, two different strength
ferrite types identified in WM based on the analysis results of g,
spectrum. Nonetheless, the compositions and mechanical proper-
ties of the component phases were accurately determined from
statistical analysis of elastic modulus and hardness as well as yield
strength obtained from indentation at small scale. The hardness
and yield strength of both ferrite and pearlite phases increase from
BM to HAZ due to the grain refinement and the change of grain
morphology in HAZ during welding process.

The results from micro-indentations exhibit that the elastic
modulus, hardness, yield strength, and strain hardening exponent
values in the HAZ gradually decrease in the direction from WM
to BM region. The average values of all properties in HAZ are higher
than those in BM.

The mechanical properties of the materials within the SM520
weld zone are mainly governed by the properties and volume frac-
tion of their microstructural phases. The higher volume fraction of
HF in HAZ phase leads to the higher elastic modulus of this region
compared to that in BM, while the lower elastic modulus of all
microstructural phases in WM cause its lower elastic modulus
when compared to BM and HAZ. The highest hardness value of
all microstructural phases in WM when compared to those in
HAZ and BM is the main reason that the hardness in WM is highest
in the weld zone, and the lowest hardness in BM is due to the low-
est hardness value of LF, HF, and P phases compared to those in
HAZ and WM. The higher strength in HAZ when compared to that
in BM is mainly caused by the higher strength of F and P phases in
this region than those in BM and the yield strength of BM, HAZ, and
WM in the present weld zone is somewhat obeyed the law of mix-
ture rule.
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Appendix A

See Appendix Table Al and Table A2

Table Al

Coefficient ag.
(k. ) Qg

i=4 i=3 i=2 i=1

(1, 1y —1.710E -1 1.629E+0 1.144E+2 —4.574E+1
(2,1) 1.395E-2 —1.195E-1 2.955E-1 —1.843E-1
3B.1 —4.231E-4 3.903E-3 —8.428E-3 5.243E-3
(1,2) G.840E+0 7.873E+0 5.240E+1 —6.180E+1
(2.2) —1.193E+0 2.573E+0 —5.962E+0 3.952E+0
(3.2) 3.876E-2 —1429E-1 1.858E-1 —5.743E-2
(1,3) —1.196E+2 5.892E+2 —5.072E+2 4.656E+2
(2.3) 1.194E+1 —5.351E+1 5441E+1 —1.804E+1
(3.3) —3.417E-1 1.631E+0 —1.443E+0 2.175E-1
(1. 4) 1.881E+2 —4.190E+2 4267E+2 —2.408E+2
(2.4) —1.845E+1 3.178E+1 2.717E+0 —1.053E+1
(3.4) 5.023E-1 —1.147E+0 3.126E-2 5.674E—1

Table A2

Coefficient by
(k. ) By

i=4 i=3 i=2 i=1

(1. 1) —6.187E-2 8.766E—1 —3.087E+0 6.085E+0
(2.1 2.285E-5 —7.846E—4 5.723E-3 —1.085E-2
(3.1 —4.241E-6 8.032E-5 —4.539E—4 7.676E—4
(1.2) $.840E-1 —1.477E+1 6.723E+1 —9.676E+1
(2.2) —6.638E-2 9.160E—1 —3.509E+0 5.367E+0
(3,2) 1.877E-3 —-2.619E-2 1.147E-1 —1.630E-1
(1.3) —4.036E+0 6.074E+1 —2.847E+2 4.247E+2
(2.3) 4.241E-1 —6.122E+0 2.797E+1 —4.112E+1
(3.3) —1.324E-2 1811E-1 —8.782E-1 1.301E+0
(1, 4) 4.871E+0 —7.308E+1 3.440E+2 —5.160E+2
(2. 4) —5.777E-1 8.304E+0 —3.875E+1 5.745E+1
(3, 4) 1.875E-2 —-2.718E-1 1.257E+0 —1.870E+0
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SM490, a structural steel, has been widely used in the construction of buildings, bridges, and tunnels due
to excellent machinability and weldability. Since the mechanical properties of structural steel are impor-
tant material input data in engineering design as well as in both static and dynamic analyses of structure,
the important task is to deeply understand the mechanical properties of structural steel and the effecting
factors on these properties, in which the strain rate effect is most important. In this study, the indentation
strain rate effects on the mechanical properties of SM490 steel, including hardness, yield strength, the
strain hardening exponent and shear stress were investigated using the nondestructive indenting tech-
nique. The dynamic tensile tests were performed at different strain rates to demonstrate that the strain
rate effects on the hardness and yield strength investigated by using indentation are reliable. The strain
rate sensitivity value of SM490 steel obtained using the nondestructive indentation experiment was
reported. The linear relation between the indentation strain rate (£;) and uniaxial strain rate (€) was dis-
covered, and the coefficient C, of 0.15 relating to both strain rates was well estimated. A modified method
was also proposed to determine the values of plastic properties considering uncertain contact stiffness at
high indentation strain rates. The results were used to assess and understand the variation of mechanical
properties of SM490 as the indentation strain rate changes.

© 2017 Published by Elsevier Ltd.

1. Introduction

ments. For instance, the indentation specimen can be used many
times; therefore, it can save time and cost for the preparation of

The depth sensing instrumented indentation experiment is
most commonly used to estimate the mechanical properties of
materials at the micro- and nano-scale [1-3]. It can be normally
used to investigate the microstructure as well as to determine
the mechanical properties of hardness and elastic modulus. The
sharp indentation experiment is more advantageous than tradi-
tional experiments including the tension and compression experi-

* Corresponding author.
E-mail address: sekim@sejong.ac.kr (S.-E. Kim).

https://doi.org/10.1016/j.conbuildmat.2017.12.122
0950-0618/© 2017 Published by Elsevier Ltd.

a specimen, and the short testing time also is another advantage
of the sharp indentation experiment. Therefore, the nondestructive
indentation experiment is a good choice to replace the traditional
tests, such as the time-consuming compressive or tensile experi-
ments, for determining the mechanical properties of material.
Normally, the instrumented indentation test can be carried out
by controlling the constant loading rate (CLR) and constant loading
strain rate (CSR) [4-8]. Many researchers have investigated the
indentation strain rate effects on the hardness or indentation stress
[9-12]. According to the indentation technique, the strain rate
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effect on hardness is often considered using the strain rate sensi-
tivity concept which is defined as the change in the indentation
hardness (H) divided by the change in the indentation strain rate
at a constant temperature [9].

The influence of the indentation strain rate on the plastic prop-
erties, such as yield strength, has been studied by using the loading
tensile test [11,12]. Although this approach provides an acceptable
result, performing the traditional tensile tests at various uniaxial
strain rates is a rather time-consuming task and is uneconomical
because of the high cost involved. Another approach that uses
the instrumented indentation technique has been used to investi-
gate the strain rate effect on the yield strength based on the ratio of
hardness and yield strength [13]. This ratio was assumed that the
yield strength is one-third of the hardness value, in which the
hardness is firstly obtained by using the nano-hardness test at var-
ious indentation strain rates, and the corresponded yield strength
is then determined as o, = H/3. However, Cahoon et al. [14] indi-
cated that this assumption was valid for several cold worked mate-
rials, and this ratio of several other materials changed in the range
from 3.4 for alloys with a low strain hardening coefficient to 6.0 for
alloys with a high strain hardening coefficient. To investigate the
strain rate effect on the yield strength using the sharp indenter
experiment, the tension and nondestructive indentation experi-
ments have to be simultaneously carried out. Thus, this approach
is a rather time-consuming task.

The aim of this study is to investigate the indentation strain rate
effects on the mechanical properties of SM490 steel using the non-
destructive indentation experiment. Based on the indentation
parameters extracted from the load-displacement curves at differ-
ent indentation strain rates, the corresponding material properties
can be estimated; therefore, the strain rate effects on these mate-
rial properties can be directly investigated using solely the sharp
indenter test results. For this purpose, the sharp indenter-
constant loading rate (CLR) experiments are performed at room
temperature at various indentation strain rates. The indentation
creep (IC) experiments are also performed to estimate the strain
rate sensitivity value. The indentation strain rate effects on the
hardness, yield strength, strain hardening exponent (n) and inden-
tation shear stress (Tpgentarion) are investigated and discussed. The
dynamic tensile tests were performed at different strain rates to
demonstrate that the strain rate effects on the hardness and yield
strength investigated by using indentation are reliable, The corre-
lation between the indentation strain rate and uniaxial strain rate
is discovered. An efficient method was also proposed to estimate
the yield strength considering the uncertain contact stiffness at
high indentation strain rates.

2. Methods
2.1. Conventional method for determining mechanical properties

Fig. 1 exhibits the indentation load-displacement curve of
elastoplastic material including the loading and unloading
regimes. According to the loading regime, the power-law function,
P = Ch*, where k is in the range of 1.5-1.9, is normally used to
describe the loading stage, where C and h are the loading curvature
and indentation penetration depth [15-17]. However, the second-
order function (k = 2), which was used in the previous method for
determination of yield strength and strain hardening exponent
[18], was demonstrated to approximately describe the relationship
of applied load and displacement at loading stage in case of the
sharp indentation [19-22]. The unloading regime is described by
using a power-law function as P = B(h — hy)", where B is constant
and hy is the final displacement of unloading regime.

The hardness can be extracted as the following equation [2].

i dp
dh [he

Loading curve

Unloading
curve

h: hm
h (Penetration depth)

Fig. 1. A typical load-displacement curve (P-h) of elastoplastic material obtained
using a nondestructive indentation experiment.

_Pn
A

where P,, is a maximum load, A. is the contact area that depends on
the geometry of the indenter tip and is therefore defined as
A= 24.5h§ for the Berkovich indenter tip, in which h, is the contact
depth. Elastic modulus (E) is also determined based on the relation-
ship between the material properties of the indenter tip and the
reduced modulus (E;), and expressed as [2]

1_17N+17ﬁ

E. E E;
where E;, ¢; are the elastic modulus and Poisson’s ratio of industry
diamond.

According to the determination of yield strength of structural
steel from the indentation load-displacement curve, a method
was well established [18]. This method includes a reverse algo-
rithm that uses the reduced modulus, maximum load, loading cur-
vature, and contact stiffness as the input data. The reverse
algorithm consists of two dimensionless functions, which are
expressed as follows:

'—1‘[—4 4 3 g £ i-1 3
O'—y7 17‘222 auk o (f) ( )

H 1)

@)

S 4 4 3 e (E i1 )
FR = I, = ZZZ by ~io/ ln(g—y) 4)
where a and by are coefficients, C is the loading curvature, and o
represents the plastic plateau in stress-strain curves of structural
steel [4,7,18].

2.2. Determination of strain rate sensitivity

Strain rate sensitivity (SRS) is an indication of the effects of
strain rate on material properties such as hardness. In earlier
works, SRS for the tensile test was defined as the change in the
yield stress or tensile strength divided by the change in the uniax-
ial strain rate (€) at a constant temperature using the following
equation [23,24]

B dlog, (U—"n)

~ dlog, £ ©)
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For nanoindentation, SRS was alsc defined as the slope of the
log (hardness)-log (indentation strain rate) curve and expressed
as [9]

aln(H)

~ BIn) (6)

Myndentation

The indentation strain rate (£;) was defined as the displacement
rate (h =dh/dfy divided by displacement (h) as
f=f=f-=1 (§ - %) ~1&;, where ¢ was a loading strain rate.
The strain rate sensitivity value was discovered to be in the range
of 0.005-0.12 for most metal [9]. For commercial low-carbon steel,
SRS value was reported to be in the range of 0.045 = 0.004 [23].

2.3. Modified method for estimating the yield strengih at a high
indentation strain rate

This study provides a modified method that considers the
uncertain contact stiffness at a high indentation strain rate to esti-
mate the plastic properties of structural steel. This method begins
by performing a sharp indentation experiment at a high indenta-
tion strain rate to measure several indentation parameters, and
then the corresponding indenting load to displacement curve can
be obtained. Normally, the contact stiffness is defined as the initial
slope of the unloading regime and is extracted from the load-
displacement curve. In this curve, the unloading regime is
described by a power-law function, and then the contact stiffness
is evaluated as follows:

S= % =mB(hy — h )" (7)

It can be recognized that the contact stiffness depends on the
number of measured points on the unloading regime; however,
the indentation testing time at a high indentation strain rate is
very fast, leading to the number of measured points on unloading
regime to be not great enough for obtaining the correct contact
stiffness value. Therefore, the value of contact stiffness at high
indentation strain rates might be uncertain. It is necessary to pro-
pose a method allowing the determination of the real plastic prop-
erties considering the uncertain contact stiffness at high
indentation strain rates.

Fig. 2 presents the comparison of the previous and modified
methods. The previous method first performs indentation experi-
ment to measure the load-displacement curve, and then the inden-
tation parameters, such as a maximum displacement (R,)
maximum load (P}, and contact stiffness {S) can be determined.
The values of contact area (A.), reduced modulus (£, hardness
(H) and yield strength (#,) can be derived.

Fig. 2b presents the procedure of modified method. The new
analysis begins by constructing the relationship between contact
stiffness and strain rate based on the experimental values of S at
the strain rate range of 0.004-0.2 s~ . The value of S at high strain
rate indentation is interpolated from this contact stiffness-strain
rate relationship and is applied as a known parameter. The modi-
fied method then calculates the contact depth, h., (the direct mea-
surement of k. was erroneous at high strain rates) by using the
following equation:

he = hy — 0.75P /S (8}

As the loading stage is correctly measured, the direct measure-
ments of load-displacement data remain valid and can be used to
determine hardness and yield strength. By having P,, and h;, hard-
ness can then determined by using Eq. (1), and the plastic proper-
ties can be also estimated by performing the proposed reverse
algorithm by Egs. (3) and (4).

3. Experimental procedure
3.1. Specimen preparation

The major chemical composition in the percentage weight of
SM490 structural steel is summarized in Table 1. The structural
steel sheet was produced through the traditional cell cast method
and then was cut into a plate size of 300 mm x 300 mm. The rect-
angular flat plate specimen with a size of 20 mm x 12 mm x 8 mm
was employed in nano-hardness tests. To achieve a smooth and flat
surface, the specimen was put in a circle epoxy matrix mold and
then was polished with several silicon carbide papers, poly dia-
mond particles, and colloidal silica. Fig. 3 shows the samples of
SM480 structural steel after being mounted and polished. Using
the above procedure, seven stages of increasing fineness can be
achieved, in which the last stage is in the range of 40 nm. The spec-
imens for dynamic tension tests were designed following the ASTM
standard [25].

3.2. Nano-hardness test

The nondestructive indentation experiment has been used to
determine the elastic-plastic properties of SM490 structural steel.
These tests were carried out at rcom temperature using the contin-
uous stiffness measurement {CSM) technique by controlling the
indentation strain rate that varies in the range from 0.004s ! to
0.4 s, In this study, the Berkovich indenter was used to perform
all nano-hardness experiments and was made of an industrial dia-
mond with a Poison’s ratio and an elastic modulus of 0.07 and
1140 GPa, respectively. The half-angle of the indenter is 65.3°. At
least five tests were performed with the same indentation strain
rate on leading and unloading without a holding time. The maxi-
mum displacement of 2000 nm was used to all points during the
nanoindentation tests of SM490 steel. The dynamic loading tensile
tests were performed using the dynamic actuator and tested fol-
lowing the ASTM standard [25]. The high-speed tensile experiment
utilizes the hydraulic system to obtain a maximum actuator test
speed of 1000 mm/s and a load capacity of 250 kN. The high-
speed loading tensile test system was shown in Fig. 4.

4. Results
4.1. The load-displacement curves

From the indentation parameters, the load-displacement curves
are constructed, and the results are clearly shown in Fig. 5. It can be
seen from these load-depth curves that the maximum loads
increase as the indentation strain rate increases from 0.004 5! to
0.4 s~!, while the maximum displacement is kept to be constant
for all indentation tests; therefore, the loading curvature values
increase as the indentation strain rates increase. Indeed, it can be
clearly seen from Fig. 6 that the loading curvature quickly
increases as the strain rate increases from 0.004s™' to 0.2s™
and slightly increases at high indentation strain rates. In the
unloading regime, the contact stiffness defined as the initial
unloading slope is carefully obtained, and the results are shown
in Fig. 7. It can be observed that the contact stiffness value
increases as the indentation strain rates increase, and the relation-
ship between contact stiffness and indentation strain rate is linear
and expressed by the following equation;

S=ag+b 9

where a of 1461.6 and b of 1922.2 are the dependent material con-
stants; & is the indentation strain rate.
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a)
Previous method measured at constant strain rate
Determine
}I:A;assmé ‘ Contact area A ‘ Perform reverse algorithm » Obtain
A Hardness H (Egs. (3) and (4)) ay,n
Elastic modulus F
Input C, S, hm, Er
b)
Modified method measured at constant strain rate
Determine
Measure ' Contact depth h, ' Perform reverse algorithm - Obtain
h,PC Hardness H (Eqgs. (3) and (4)) oy, 1
I Elastic modulus £
Apply § Input C, S, hm, Er
Fig. 2. Comparison of the previous and the modified methods.
Table 1
Chemical compositions of a structural steel, SM490, employed in the present study (in wt%).
Material C Mn Si P §
SM490 0.16 145 040 0.010 0.003

Fig. 3. Specimens of SM490 steel after polishing.

It can also be observed from Fig. 7b that the contact stiffness
was observed to be negative at high indentation strain rates. The
mean contact stiffness value obtained at high indentation strain
rates are not consistent with the above contact stiffness-
indentation strain rate linear relation. Therefore, the contact stiff-
ness might be uncertain at high indentation strain rates. The main
reason for the uncertain contact stiffness at high strain rate inden-
tation lies in the short period of testing time leading to the transi-
tion of dual stages (from loading stage to unloading stage) not to be
correctly recorded. Due to that reason, while the relationship
between contact stiffness and strain rate was found out to be lin-
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ear, the contact stiffness at high strain rate indentation was inter-
polated from that linear relation in this study.

4.2. Hardness-strain rate curves

The hardness can be obtained using Eq. (1) based on the
indented maximum load and the contact depth; subsequently,
the relation between hardness and indentation strain rate is con-
structed and shown in Fig. 8. It can be observed that the hardness
value quickly increases as the indentation strain rates increase
from 0.004 s~! to 0.1 s!, and slightly increases at high indentation
strain rates. The effect of the indentation strain rate on the hard-
ness is distinguishable and quite significant. The results of hard-
ness at various indentation strain rates are used to determine the
strain rate sensitivity value as well as to estimate the coefficient
relating to indentation and uniaxial strain rates.

4.3. Plastic properties-strain rate curves

In order to construct the relationship between the yield
strength and the indentation strain rate curve, at least five yield
strength values were obtained for each indentation strain rate,
and then the mean yield strength values and the corresponding
standard errors were calculated. The plot of the corresponding
mean yield strength value to indentation strain rate is shown in
Figs. 9 and 10.

It can be seen from Fig. 9 that the yield strength quickly
increases from 323.82MPa at a strain rate of 0.004s 'to
368.668 MPa at a strain rate of 0.1s~!. Moreover, the slightly
increasing yield strength value is also seen at strain rates of 0.1-
0.2 s7. The changing trend of the yield strength value is in good
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Fig. 4. Loading system for dynamic tensile experiments.
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Fig. 5. Load-displacement curves at different indentation strain rates.

agreement with that reported in the literature [12], which investi-
gates the strain rate effect on tensile strength at different temper-
atures. Additionally, it can be seen from Fig. 10 that the yield
strength values decrease from 379.05 MPa at a strain rate of 0.2
s~ to 193.34 MPa at high strain rates. The yield strength values
at high strain rates are not consistent with the general trend
reported in the earlier works [11,12], which reports that the yield
strength values evidently increase as strain rates increase. The
main reason for such phenomena is that the uncertain contact stiff-
ness is one of input data of the reverse algorithm. As shown in
Fig. 7b, the values of contact stiffness at high indentation strain
rates are radically different with the values at lower strain rates
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40000
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0.0 0.1 0.2 0.3 0.4
Indentation strain rate (s~1)
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Fig. 6. Plot of corresponding loading curvature to indentation strain rate.

leading to the high contact depth and the low yield strength.
Therefore, the yield strength determined using previous method
is incorrect at high indentation strain rates. The strain rate effects
on the strain hardening exponent were also investigated and are
shown in Fig. 11.

The results observed from Fig. 11 indicate that the strain hard-
ening exponent at the indentation strain rate of 0.004-0.2s7! is
consistent with those previously reported [12]. Another interesting
feature of Fig. 11 is that the strain hardening exponent suddenly
increases 90.7% as the strain rate increases from 0.2s~" to 0.4
s~'. Thus, the strain hardening exponent values determined at high
strain rates might be uncertain. It is, therefore, necessary to apply
the modified method to obtain the actual values of plastic proper-
ties, such as yield strength and strain hardening exponent, at high
strain rates.
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Fig. 8. Correlation between hardness and strain rate of SM490 steel.

5. Discussion
5.1. Strain rate effect on mechanical properties

5.1.1. Strain rate sensitivity

The strain rate sensitivity is an indication of the effects of strain
rate on mechanical properties such as hardness. Fig. 12 shows the
plot of corresponding logarithmic hardness to the logarithmic
indentation strain rate, and this correlation is described using a
logarithmic function as Eq. (10).

InH = 0.042Iné; +7.75 (10)

450

400 -
3501 ; @
af

300 -

250

Yield strength (MPa)

200 -
B Indentation test results

150 T T T T
0.00 0.05 0.10 0.15 0.20
Indentation strain rate (s™)

Fig. 9. Correlation between yield strength and strain rates of 0.004-0.2 5.
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The strain rate sensitivity value is calculated based on the slope
of the fitting line in the logarithmic function plot of hardness ver-
sus indentation strain rate. The strain rate sensitivity value of
0.042 +0.003 for SM490 steel was well determined. Furthermore,
the SRS value can also be determined based on the result of inden-
tation creep tests. Alkorta et al. [26] has proposed a method that
allows determination of the strain rate sensitivity using the corre-
sponding creep displacement to time data as the following
equation:

Aln{hereep) dIn(hereep)
=2 =2 11
AIn(tereep) dIn(tereep) (1
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Fig. 12. Estimation of strain rate sensitivity of SM490 steel using CLR test results.

where fiep is the indentation creep displacement that is described
by the power-law function of time (t.p). Alternatively, an average
value of SRS within a certain time interval from t; to t, can be
obtained as follows:

—, Aln(hmeep) _ In(hy/hy)
Aln(tcreep) dll’l(tz/tl)

(12)

In order to apply Alkorta’s method, the indentation creep test
was performed with a holding time of 100 s by controlling constant
strain rates at room temperature, and the SRS value of 0.04 +
0.0013 was calculated by using Eq. (12) as shown in Fig. 13. The
relative error between the strain rate sensitivity values obtained
using the results of the CLR test and the IC test is +4.76%.

In order to demonstrate the accuracy of the SRS values, the
dynamic tensile tests were performed at different uniaxial strain
rates using the high-speed 250 kN Actuator and Hydraulic system.
At least three dynamic tensile tests were performed for each uniax-
ial strain rate, and the plot of engineering stress versus engineering
strain curve was shown in Fig. 14.

It can be observed from Fig. 14a that, the strain rate effect on
the yield strength is clear, and the yield strength can be expressed
by a power-law equation of strain rate as

oy = A" 13
y (13)

where A of 442.15+5.42 MPa is a material constant and m of
0.0428 +0.005 is the strain rate sensitivity. By comparing the SRS
values from a dynamic tension test, the strain rate sensitivity values
obtained using the nondestructive indentation experiment agree
well with the dynamic tension test results with a relative error of
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Fig. 13. Estimation of strain rate sensitivity using indentation creep test results.
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Fig. 14. Dynamic tensile test results: a) Engineering stress-strain curves achieved
from dynamic tension experiments at different test speeds from 1 mm/s to 1000
mumy/s. b) Estimation of strain rate effects on the yield strength using a power-law
function.

—1.91%. The consistency of the strain rate sensitivity results
obtained from three methods, such as the CSR indentation, creep
indentation and dynamic tension experiments demonstrates that
the reported SRS values of the present study are reliable.

5.1.2. Relationship between the indentation strain rate and uniaxial
strain rate

The correlation between the indentation strain rate (&) and uni-
axial strain rate (€) has not been clearly constructed. Therefore, in
the present study, this correlation was discovered based on the
assumptions as follows: Firstly, the relation of hardness and the
yield strength is constructed based on Tabor's coefficient as
Cy =H/o, where C; is extracted from the hardness and yield
strength values reported in Pham'’s study [18]. Secondly, the corre-
lation between indentation strain rate and uniaxial strain rate is
assumed to be linear as:

€= (14)

By combining Eqs. (13) and (14), and Tabor’ ratio, the coefficient
C, relating these two strain rates can be extracted as:

H
G = \/W (15)

From the corresponding indenting hardness to indentation
strain rate data obtained using the nondestructive indentation
CSR experiments, the plot of logarithmic function of hardness ver-
sus indentation had been used to estimate the coefficient C, as
shown in Fig. 15.

It can be observed from Fig. 15 that an average of 0.15 was
taken as the value of coefficient C, with a high fitting parameter,
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Fig. 15. Estimation of coefficient relating to the linear correlation between
indentation strain rate and tensile strain rate.

R-square of 0.965. This value is appropriately obtained from three
series of the nondestructive indentation experiments.

5.1.3. Indentation strain rate effects on the yield strength

Based on the yield strength values at different indentation
strain rates of 0.004-0.2s7!, the correlation between yield
strength and strain rate is constructed and shown in Figs. 9 and
10. In this study, a power-law function is used to describe the cor-
relation between yield strength and indentation strain rate and
expressed as follows:

oy = ACyEr (16)

It can be observed from Fig. 16 that the proposed equation
describes the correlation between the yield strength and the strain
rate with the R-square value of 0.99. As reported in Pham’s study
[18], the average yield strength value of 339.4 MPa was obtained
at a constant indentation strain rate of 0.03 s~', whereas the yield
strength of 352.50 MPa was obtained using Eq. (16) at a corre-
sponding strain rate. Thus, the results from the present study are
consistent with Pham’s study [18] with a relative error of +3.86%.

To demonstrate the indentation strain rate effects on yield
strength investigated using the nondestructive indentation tech-
nique to be reliable, the dynamic tensile tests were performed at
different strain rates. Moreover, the correlation between both
indentation and uniaxial strain rates was discovered, and the coef-
ficient C, of 0.15 was well obtained. Therefore, these effects of
indentation strain rate on the yield strength using indentation
experiment were verified with the dynamic tensile test result as
shown in Fig. 16. It can be observed that the results of the present
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Fig. 16. Comparison of the strain rate effect on the yield strength using indentation
and tension experiments.

study not only are in good agreement with the quasi-static and
dynamic tensile test results, but also are consistent with the result
reported in Pham’s study [18]. The results also indicate that the
proposed equation properly expresses the correlation between
yield strength and the indentation strain rate with the relative
error between the dynamic tensile test result and proposed equa-
tion is less than 5%. Using the nondestructive indentation tech-
nique combining with the reversed algorithm to investigate the
indentation strain rate effect on the yield strength is more efficient
and economical than the traditional time consuming tensile and
compressive experiments. The strain rate effects on the yield
strength can be directly investigated based on the indentation
parameters extracted from the corresponding load-displacement
curves.

5.1.4. Strain rate effects on the indentation shear stress

Indentation shear stress is an important component of stress
state, and therefore, it is necessary to explore the effect of strain
rate on the indentation shear stress. The indentation shear stress
is determined based on the yield strength value and is expressed
as:

Oy

Tindentation = %

Fig. 17 presents the plot of indentation shear stress versus the
loading strain rate, and this correlation is described by the follow-
ing equation as:

AC™ .
Tindentation = \/_ﬁz S?l (1 8)

(17)

Eq. (18) allows estimating the indentation shear stress based on
the strain rate from 0.004s! to 0.2s7%, not only appropriately
describes the shear stress-strain rate correlation, but also provides
an acceptable value of estimated shear stress. In earlier works, the
indentation shear stress can be calculated based on the hardness
value and the hardness-yield strength ratio, which is extracted
from the correlation between hardness and yield strength [27].
The hardness-yield strength ratio, C;, can be determined using
Eq. (19) as follows:

H

oy = —
y Cl

(19)
. _H
lmienmnnn*—‘c1 \/§

where H is determined based on the indentation test, and g, can be
obtained by using the tensile test. The hardness-yield strength ratio

(20)
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Fig. 17. Indentation shear stress-strain rate correlation.
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(C1), depends on the elastic modulus-yield strength ratio. Then
based on the correlation between the yield strength and shear
stress, the shear stress can be obtained using Eq. (20). It can be seen
that the present study provides a method that allows the determi-
nation of the effect of the strain rate on the indentation shear stress
without considering the hardness values and the correlation
between hardness and yield strength. According to Eq. (18), the
shear stress can be well estimated at various strain rates from
0.004s7! to 0.2s7! using the indentation parameters that are
extracted from the corresponding indenting load to displacement
curves of nano-hardness tests.

5.2. Relationship between yield strength and hardness

Based on the yield strength and hardness values at different
strain rates of 0.004-0.2s” !, the correlation between hardness
and yield strength are constructed and shown in Fig. 18.

In the earlier works, the correlation between hardness and yield
strength was constructed using the results obtained from tensile
and indentation experiments, in which hardness was obtained
from the indentation experiment, and yield strength was obtained
from tensile experiment [27-29]. In these studies, several types of
functions were used to describe the hardness-yield strength corre-
lation [27,28].

In this study, the relationship between hardness and yield
strength is constructed based on the indentation parameters,
which are extracted from the indentation loading, unloading
curves without using the results from tensile tests. Therefore, this
approach could save the cost for preparing tensile specimens as
well as the testing time. In this study, the linear function is pro-
posed for fitting the yield strength-hardness relationship with a
good parameter of R-square and described as follows:

oy=eH+f (21)

where e of 0.18 and f of —5.42 are the dependent material con-
stants. Eq. (21) allows estimating the yield strength based on the
hardness values at the respective strain rate of 0.004-0.2 57",

5.3. Modified method considering the uncertain contact stiffness

The plastic properties obtained using the previous method are
incorrect at high strain rates due to uncertain contact stiffness.
Thus, it is necessary to apply the modified method for improving
the accuracy of determination of plastic properties of structural
steel. The results are shown in Figs. 19 and 20,

Fig. 19 exhibits the relationship between yield strength and the
indentation strain rate after applying the modified method at high
indentation strain rates. The results indicated that the yield
strength value at high strain rate indentation of 0.4 s~! is adjusted

625
550 -

475 A

400 +
325 +

250 A

Yield strength (MPa)

175 4

100 T
1800 1950

2100 2250

Hardness (MPa)

2400

Fig. 18. Relationship between hardness and yield strength.
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Fig. 19. Comparison of the yield strength value obtained using the previous and
modified methods at high indentation strain rates.
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Fig. 20. Comparison of the strain hardening exponent value obtained using the
previous and modified methods at high indentation strain rates.

from 193.34 MPa using the previous method to 395.73 MPa using
the modified method. The values of yield strength obtained from
the modified method strongly agree with the general trend
reported in the earlier works [11,12], whereas the values from
the previous method at high strain rate indentation are radically
different with the values at lower strain rates. Fig, 20 presents
the relationship between the strain hardening exponent and the
strain rate after applying the modified method. The increasing
strain hardening exponent value trend is consistent with the
results in the literature [12]. The strain hardening exponent is
adjusted from 0.428 by using the previous method to 0.24 by
applying the modified method.

To validate this proposed method, the comparison of the yield
strength values obtained using the proposed method and uniaxial
tensile test was constructed as shown in Fig. 19. It can be seen that
the yield strength values at high strain rate indentation obtained
using the tensile test results and the modified method are
391.99 MPa and 395.73 MPa, respectively. The relative error of
yield strength values obtained from the proposed method and
the tensile test results is +0.96%. It is evident that the yield strength
values obtained from the modified method agree well with the
dynamic tensile test result and the general trend reported in the
earlier works [11,12], whereas the yield strength values obtained
from the previous method are quite different from the dynamic
tensile test and the general trend. The consistent results obtained
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from the modified method, therefore, lends assurance to the accu-
racy and reliability of this modified method.

6. Conclusions

In this study, indentation technique was used to explore the
strain rate effects on mechanical properties of structural steel.
For these purposes, nanoindentation experiments were performed
for SM490 steel at the strain rate range of 0.004-0.4 s~'. Dynamic
tensile tests were also performed at different strain rates to
demonstrate that strain rate effects on hardness and yield strength
investigated by using indentation are reliable. The results showed
that the indentation strain rate effect on hardness was significant
and distinguishable. The strain rate sensitivity (SRS) obtained from
constant strain rate and creep indentation experiments were
0.042 £0.003 and 0.004 £ 0.0013, respectively. These SRS values
were in good agreement with the values obtained from dynamic
tensile tests. The results clearly showed higher yield strength
() for higher strain rate condition. Work hardening (n) increased
as indentation strain rate increased. The results of o, and n from
indentation experiment strongly agreed with the results from the
dynamic tensile tests. The relationship between the indentation
strain rate (&) and uniaxial strain rate (€) was proposed and
described by using a linear function as € = 0.15;. The correlation
between the hardness and the yield strength was investigated. A
medified method was proposed to determine the plastic properties
considering the uncertain contact stiffness at high indentation
strain rates. The value of g, from the modified method compared
to the value from dynamic tensile test was reasonable.
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In this study, a series of experiments consisting of low-cycle fatigue, constant loading rate indentation, creep
indentation experiments, optical microscopy examination, and transmission electron microscopy were per-
formed to investigate the strain rate sensitivity behavior of S$400 structural steel under cyclic loading condi-
tions. 400 indentations were conducted in the displacement control mode at different strain rate indentations
varied from 0.025™* to 0.25™! and the effects of strain rate indentation on mechanical properties were in-
vestigated on four fatigue failure specimens. An analytical method was used to estimate mechanical properties of
the structural steel from the loading/unloading curves. The results indicated that the yield strength and the
strain hardening exponent strongly depended on both the strain rate indentation and the strain amplitude. Yield
strength and strain hardening exponent tended to increase when the strain amplitude increased. The strain rate
sensitivity (SRS) was also determined from the yield strength and the creep indentation data, and the de-
pendency of the strain rate sensitivity on the strain amplitude level was examined. The results showed that the
strain rate sensitivity exhibited decrease almost linearly when the strain amplitude increased from 0.4% to 1.0%.
The results of the present study were used to assess and understand the strain rate sensitivity behavior of $$400

structural steel during low-cycle fatigue.

1. Introduction

Structural steel has been extensively used in the construction of
buildings, tunnels, bridges, oil rigs, automobiles, agricultural equip-
ment, frames, and machinery parts, because of its favorable mechanical
properties such as high toughness, strength, stiffness, and ductility
[1-3]. It can also be easily cut, rolled, and turned into a variety of
shapes without changing its composition and physical properties during
the fabrication process. With high durability, energy dissipation capa-
city, and ductility, it is suitable for both static and seismic applications
and the structures made from structural steel have a great ability to
resist seismic loading. Due to these advantages, this material is an ideal
choice for the construction of buildings by engineers and architects.
Several researchers indicated that the mechanical properties of material
depend on both the metallurgy factors and the service conditions con-
sisting of environment, state of loading history, and temperature [4-6].
It has also been indicated that the service properties were observed to
deteriorate progressively with the service time in the case of steel
structures operating under alternating or dynamic loading conditions

* Corresponding author.
E-mail address: sckim@sejong.ac.kr (S.-E. Kim).
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[7]. This degradation of the local mechanical properties of the material
caused by the alternating loading or the dynamic loading was called
fatigue damage, which highly influences the service-safety of the steel
structures or their components [8]. This phenomenon has made it ne-
cessary to investigate the influences of the fatigue damage on the me-
chanical properties of the material, which include elastic modulus,
yield strength, and the strain hardening exponent. However, according
to the knowledge of the authors, systematic studies to characterize the
strain rate-dependent behaviors of mechanical properties as well as to
investigate the strain rate sensitivity behavior of structural steel under
low-cycle fatigue loading have not been well established. Strain rate
sensitivity, which exhibits the influence of strain rate on mechanical
properties, in conjunction with yield strength and strain hardening
exponent are the important material input data in both the static and
dynamic structural analyses as well as in the engineering designs of
steel structures. Therefore, it is important to have a comprehensive
study on the variation in the plastic properties as well as the strain rate
sensitivity behavior of structural steel subjected to low-cycle fatigue
loadings.
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The sharp instrumented indentation experiment (IIE) has been re-
garded as the proposing method for determining the material properties
at both micro- and nano-scales [9-12]. The usage of the nondestructive
indentation experiment in the estimation of material properties is more
useful and economical compared with the traditional compressive and
tensile loading experiments. For instance, the IIE can be used to study
the microstructure as well as to estimate the elastic and plastic prop-
erties of the material, such as fracture toughness, hardness, yield stress,
and strain hardening exponent [13-16]. Thus, the IIE is a good choice
to replace the traditional loading compressive and tensile experiments
in the determination of the material properties, especially for a spe-
cimen in microscale that is too small for griping during the uniaxial
testing [17]. Recently, the IIE was conducted to investigate the effects
of the low-cycle fatigue (LCF) on the static mechanical properties, the
microstructure, and the fracture behavior of 304 stainless steel [6]. Ye
et al. [18] has also used the depth-sensing indentation technique to
determine the fatigue mesoscopic mechanical properties of an auste-
nitic stainless steel. The research indicated that as strain amplitude
increased, the average density of the dislocation tends to increase due
to the reduction of the dislocation cell size, resulting in the increase of
the yield strength of the material. Pham and Kim [8] have reported the
effects of LCF loading on mechanical properties and the microstructure
of a structural steel weld-zone using the IIE. The results showed that as
the strain amplitude level increased, both yield strength and strain
hardening exponent exhibited increasing characteristics in base metal
and decreasing characteristics in the weld metal region. While the yield
strength in the heat-affected zone increased, the strain hardening ex-
ponent in this region is almost unchanged when the strain amplitude
level increased. Besides, the IIE has also been demonstrated to be an
approptiate approach to investigate the dependence of the plastic
properties on the loading conditions as well as to determine strain rate
sensitivity values of structural steel [19].

The aim of this study is to investigate the strain rate sensitivity
behavior, which is an indication of strain rate effect on the mechanical
properties, subjected to the LCF loading of S5400 structural steel using
the IIE. A series of experiments, which include optical microscopy ex-
amination, low-cycle fatigue, constant loading rate, and creep in-
dentation experiments, were performed on room temperature. The in-
fluences of loading conditions on loading/unloading curves and
mechanical properties of four fatigue failure samples were examined,
and the strain rate sensitivity behavior of SS400 structural steel under
the LCF loading was investigated.

2. Methods

2.1. Determination of the basic mechanical properties from the loading/
unloading curve

Fig. 1 shows a typical loading/unloading curve obtained from a
constant loading rate indentation experiment. According to the loading
curve, the powerlaw function, P = Ck*, where C is the lnading cur-
vature, f is the indentation penetration depth, and the exponent index k
is in the range of 1.5-2.0, is normally used to precisely describe this
part. In this study, the values of k = 2 is utilized to describe the loading
part in order to reduce the complexity but still achieve the enough
accuracy in the sharp indentation analysis as demonstrated in the lit-
erature [16,20-26]. The unloading force P, is depicted by a power-law
function as B, = B(h — k)", where &, is the final depth, B and #: are the
constant factors [9]. From the indentation responses, indentation
parametets including the maximum displacement #,,, the maximum
applied load By, the loading curvature C, contact stiffness S, contact
depth A, and final depth h; can be directly determined. The contact
area A., indentation hardness H, and elastic modulus E can then be
estimated using Eqs. (1), {2), and (3), respectively [9].

A, = 24507 )
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h (Penetration depth)

Fig. 1. A typical load-displacement curve (P-h) of the elastoplastic material
after performing the indentation test.

1
A, (2)

1
ks

-1
E= (1—92)[ :ﬁ]

(3

In Eq. (3), E; is reduced modulus, commonly calculated via the
values of S and h, as

E. = V7S "
T pJA: @

Plastic properties of structural steel, including yield strength and the
strain hardening exponent or work hardening, can be estimated from
indentation parameters using a proposed reverse algorithm [22]. Once
indentation parameters iy, By, R, ke, and § are measured, the contact
area A, and the reduced modulus E; are calculated using Eqs. (1) and
{4). The yield strength and strain hardening exponent can be estimated
using two following dimensionless functions:

B v 4 3 el B
=B T T [J w(BY7, ©
M 4 4 3 E -
=1k = byt ln| = ;
Eh, 2 Lo Lo [ " (Uy (6

where ay, and by, are coefficients, and @ represents the plastic plateau
in the stress-strain curves of the structural steel [22].

2.2. Estimation of strain rate sensitivity

The strain rate sensitivity (SRS) shows an indication of strain rate
indentation effects on mechanical properties of the material (ie. in-
dentation hardness or yield strength) [19]. The SRS for the tensile
model (1, can be defined as the change in yield strength {o,) or tensile
strength {g,) divided by the change in strain rate (¢,) as follows [27]:

din(a,)
"y = i
BT EN)

)

Although a reliable SRS value of materials can be easily obtained
from tensile tests, performing the dynamic loading tensile tests at dif-
ferent strain rate levels is a time-consuming task and is uneconomical
due to the high costs involved, leading to the extensive use of in-
strumented indentation testing in the estimation of the SRS values of
materials [28-30]. For the nanoindentation technique, the SRS was
defined as the change in yield strength or indentation hardness divided
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Table 1

Chemical composition of $8400 structural steel {(in wt%).
Material C 8 Mn P s Al Ca Fe
83400 0.05 0037 046 0.013 0.002 0.044 00017 Balance

by the change in strain rate (¢) as [28]

dln (H)
An ()

Mindentation =

{8)

3. Experimental procedure

The investigated material is S$400 structural steel that has a che-
mical composition in the weight percent (wt%) as listed in Table 1. All
the strain-controlled axial low-cycle fatigue tests were conducted on
room temperature using the MTS fatigue machine. The tests were pet-
formed at several strain amplitudes levels named as LCF1 (strain am-
plitude ¢, of + 0.4%), LCF2 (g, of + 0.69), LCF3 (g, of = 0.8%), and
LCF4 {z, of = 1.0%) with the same constant strain rate of 1 X 107 >s™ %,
It is worth noting that the testing procedure and tension fatigue spe-
cimens were conducted following the ASTM standard [31].

The indentation specimens were directly cut out from the middle
regions of the gauge portions of the fatigue failure specimens into
rectangular plates using a water jet. These indented specimens were
then put into the epoxy matrix molds and polished with several silicon
carbide papers to achieve the smooth surfaces. This procedure required
seven stages of fineness, where the last stage must be 40nm, and the
preparation of the indented specimens complied with the standard
[32]. Continuous stiffness measurement (CSM) indentation tests were
then carried out at room temperature on all the fatigue failure speci-
mens. All the CSM constant loading rate experiments were performed in
the displacement control mode with a maximum displacement of
2000nm at different strain rate indentations varied from 0.002s™ ' to
0.2 ! without a holding time [33]. A Berkovich indenter made of an
industrial diamond with an elastic modulus of 1140 GPa and Poison's
ratio of 0.07 was used and at least 20 indentation tests were conducted
for each strain rate indentation. In order to determine the strain rate
sensitivity values of $S400 structural steel via the creep experimented
data, creep indentations were also performed on room temperature at a
constant loading/unloading rate of 300 mN/min with a maximum ap-
plied load of 190mN. During these creep indentations, a holding time
of 100 s was applied for all creep indentation tests. The indentation and
low-cycle fatigue testing systems were shown in Fig. 2. Microstructures
of the tested material were observed by performing transmission
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electron microscopy (TEM). Samples for TEM examination were ob-
tained from the thin slices with 0.3 mm thickness, which were cut at a
distance near the fracture surface. These thin slices were then electro-
polished using the precision ion polishing system (PIPS). TEM ex-
aminations were cartied out using a HITACHI HF-3300 transmission
electron microscope.

4. Results
4.1. Microstructures evolution under low-cycle fatigue

Fig. 3 shows optical microscope images of SS400 steel at a strain
amplitude level of 0.4% after polishing and performing the nano-
hardness testing. It can be seen that the indentations were petformed in
a martrix with x- and y-spacing of 50 wm. Figs. 3b and 3c show the
micrographs of an indentation with a larger magnification.

To understand the basic correlation between the failure micro-
structure and the strain amplitude-dependent behaviors of mechanical
properties of 53400 steel, the dislocation structures of the fatigue
failure samples at different strain amplitude levels were examined using
a transmission electron microscopy. Fig. 4 shows the dislocation
structure of the virgin specimen, and Figs. 5-7 present the most ap-
peared characteristic microstructures in the deformed specimens after
fracture at strain amplitude levels of 0.4%, 0.6%, and 1.0%, respec-
tively. The initial microstructure includes the dislocation lines and the
low density of dislocations can be observed in Fig. 4. At a low strain
amplitude (z,= 0.4%), grains showed a progressive accumulation of
dislocations and the majority of grains included the packet of disloca-
tion debris and poorly developed cells with randomly arranged dis-
locations in the interior regions of the cells {see in Fig. 5). In many
grains, the individual striations penetrated into the poorly developed
cells resulting in the formation of the smaller cell structure.

At higher strain amplitude level (e, = 0.6%), the cyclic deformation
led to the formation of the partially developed cells with irregularly
artanged dislocations in the cell wall as can be seen in Fig. 6. The
dislocation density within the partially developed cells is relatively
higher than those observed at a strain amplitude of 0.49 (Fig. 6b). At
the highest strain amplitude level {&, = 1.0%), the dislocation strue-
tutes including the cells/sub-grains have been fully developed. The
regions between the cells/sub-grains were almost dislocation free.
Fig. 7b illustrates that dislocation density within the cells/sub-grains is
higher than those observed in the deformed specimens at lower strain
amplitudes (i.e. £, = 0.4% and e, = 0.6%). The further reduction of the
dislocation cell size can be observed in Fig. 7, which is attributed to the
appearance of the individual striations in the dislocation cells [18].

m-

Fig. 2. (2) Low-cycle fatigue; (b) Instrument indentation testing systems.
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Fig. 3. (2) Optical micrograph of several indentations made on the tested S5400 steel at strain amplitude of 0.4%; (b) Larger magnification of the indentations; (¢)
Optical microscope image of an indentation after etching.

amplitude level. Fig. 8 shows the influences of the strain rate on the
indentation curves for LCF1 ({strain amplitude ¢, = 04%), LCF2
{g, = 0.6%), LCF3 (¢, = 0.8%), and LCF4 {g, = 1.0%). It can be observed
from Fig. 8 that strain rate indentation highly effects not only the
magnitude but also the shape of the loading/unloading curves. Re-
garding the loading stage, while the maximum displacement was con-
trolled to be constant for all indentations, when the strain rate level
increased, the maximum applied load tended to increase leading to the
increase of the loading curvature. From the indentation responses of
four LCF levels presented in Fig. 8, the relationship of the loading
curvature to the strain amplitude was constructed and shown in Fig, 9.
The results showed higher loading curvature for higher strain ampli-
tude level and the estimated values of C were almost linearly increase.
The observation was highly consistent with the general trend reported
in the previous work for SM490 structural steel [8,20].

4.3. Correlation of the plastic properties to the strain rate under LCF loading

From the indentation responses for four strain amplitude levels, the
plastic properties including yield strength o, and the strain hardening
Fig. 4. Dislocation structure of the virgin specimen. exponent » were then achieved by performing an analytical method
[22]. As a result, the strain rate-dependent behaviors of both yield
strength and the strain hardening exponent were constructed as shown
in Fig. 10, where each data point represents an average of ten values
and the error bars are + 1 standard deviation. It should be noted that
the ¢ values, which represent the plastic plateau stage of structural steel
at four strain amplitude levels, were well estimated via the indentation
experiment data and the help of finite element analysis [8]. The further

4.2, Indentation responses at different strain amplitude fatigue levels

To examine the yield strength-strain rate relationship of the in-
vestigated material, at least 80 CSM indentations were performed at
different strain rates ranging from 0.02s™* to 0.2s~" for each strain
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Fig. 5. Dislocation structures in the deformed specimen after fracture at
g, = 0.4%.

detail of the estimation of the ¢ values for all the fatigue failure spe-
cimens {LCF1, LCF2, LCF3, and LCF4) can be found elsewhere [8].

As is seen in Fig. 10a, the yield strength tends to increase with the
increasing strain rate indentation in the range of 0.02-0.2 s™! for all the
fatigue failure specimens. Furthermore, a higher strain hardening ex-
ponent under a higher strain rate indentation condition is also observed
for all fatigue failure specimens, as can be seen in Fig. 10b. The present
results of both the yield strength and the strain hardening exponent are
highly consistent with the general trend reported for several types of
structural steel in the literature [16,22,34-36].

The strain rate-dependent behavior of the yield strength was then
utilized to investigate the strain rate sensitivity behavior during cyclic
fatigue loading. The relationship between yield strength and indenta-
tion strain rate was generally described by a power-law function as
[19,27,37-41]:
oy = ai™, 9)
where a is a material constant (MPa) and m is strain rate sensitivity.
From the experimental data of yield strength at different strain rate
levels {ie. &= 0.0257%, 0.0ds7}, 0.157}, and 0.257') and corresponding
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Fig. 6. Dislocation structures in the deformed specimen after fracture at
£y = 0.6%.

strain amplitude levels (ie. ¢,= 0.4%, 0.6%, 0.8%, and 1.0%), four
power-law functions were well established from the regression analysis,
as shown in Fig. 10a. It is revealed that Eq. {9) appropriately describes
the relationship between yield strength and strain rate with a good
regression parameter.

Fig. 11 shows the plot of yield strength versus the strain amplitude
for four strain rate levels. The results showed that the yield strength
increased almost linearly when the strain amplitude level increased in
the range of 0.4-1.0%. The observation also demonstrated that the
strain rate-dependent and the strain amplitude-dependent behaviors of
yield strength were significant and distinguishable. In the earlier works,
several authors investigated the variation in mechanical properties of
several steel types subjected to cyclic loading [6,8,18, and 42]. These
researches reported that yield strength not only exhibited the linear
increase with the increasing number of straining cycles but also showed
a slight increase when the strain amplitude increased from 0.4% to
2.0% in the stainless steel [6,18] and from 0.3% to 0.5% in a nickel-
base superalloy [42]. In the case of the structural steel, Pham and Kim
[8] reported that the values of yield strength linearly increase when the
strain amplitude increases. Thus, the strain amplitude-dependent
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Fig. 7. Dislocation structures in the deformed specimen after fracture at
o= 1.0%.

behaviors of the mechanical properties of $8400 structural steel are in
good agreement with the general trend reported in several steel types in
the literature [6,8,18,42].

4.4. Strain rate sensitivity behavior under strain amplitude fatigie
conditions

In this section, the effects of the cyclic loading fatigue on strain rate
sensitivity wete investigated via the data of the yield strength at dif-
ferent strain rate indentation levels. The SRS values of 58400 structural
steel can be calculated using two different methods. The first method
calculates the SRS values from the data of yield strength using Eq. (9)
and the second method was proposed by Alkorta et al. [43], which
estimates the SRS values from the creep indentation responses using the
following equation:

din (hareep)

SRS = m2. A
din (rmep)

a0

which can be derived as
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Zl-n(hmep) = mln(tcreep) +D, (11)

where D is constant and /z,,,, is the indentation creep displacement that
is described by the power-law function of time (4,,.,,). Alternatively, an
average value of SRS within a certain time interval from 4 to t; can be
obtained as follows:

Aln (hcreep) - 21[1 (hq/hl)

SRS = mr2——8— = .
Aln (Ecmp) dln (/)

(12)

where by and %, are the creep displacements at t; and &, respectively.
Further details of this method can be found elsewhere [19,43]. In this
study, creep indentation tests were conducted on room temperature
under a loading/unloading rate of 300 mN/min with a holding time of
100s. From the displacement-time history, the relationship between
creep displacement and time can be obtained. Thus, the SRS value is
easily obtained by fitting the 2In (M) — In(fee) curve using Eq. (11)
as shown in Fig. 12. It should be noted that the symbols P, P, and P in
Fig. 12 are the fitting equations for the indentation point 1, point 2, and
point 3, respectively. The SRS results calculated using Eq. (2) are shown
in Fig. 10a. The values obtained from the creep model are presented in
Fig. 12, and Table 2 shows the comparison of the values calculated from
these two methods. It is visible in Table 2 that the SRS values obtained
from the creep indentation tests are in good agreement with those es-
timated via the values of the experimented yield strength with relative
errors from —7.15-5.08% for all fatigue failure specimens. It is worth
noting that the slight difference between SRS values estimated from the
constant loading rate at different strain rate indentations and via the
creep indentation data may be attributed to the stress states that were
used for estimating the SRS values are substantially different from each
other [44]. However, it was recognized that the creep indentation re-
sponse (Le. the holding stage) slightly depended on the holding time,
which was used to perform the creep indentation testing [45]. Ad-
ditionally, the strain rate indentation highly effected the creep dis-
placement response of the indentation testing [46], resulting in the
variation of the SRS values. Although the creep indentation method can
provide reliable results as presented in Fig. 12 and Table 2, this method
might not guarantee high accuracy in the determination of the SRS
values due to the effects of both the applied holding time and the strain
rate indentation on the creep displacement responses. Therefore, it is
suggested that the constant loading rate method should be used in the
estimation of the SRS values of structural steel to ensure high accuracy
and the reliability of the indentation testing.

The strain rate sensitivity behavior under cyclic loading was in-
vestigated as shown in Fig. 13, where each data point represents an
average SRS value and the error bars are + 1 standard deviation. The
results indicated that the SRS values strongly depended on the strain
amplitude levels and tended to decrease as the strain amplitude in-
creased from 0.49% to 1.0%. The SRS-strain amplitude relationship can
be described using a linear function as, SRS = —0.0333¢, + 0.059, witha
good regression parameter as presented in Fig. 13. It was observed that
the yield strength behavior during the indentation process under low-
cycle fatigue was quite different compared with the strain rate sensi-
tivity behavior. The yield strength tended to increase when the strain
amplitude increased, whereas the strain rate sensitivity exhibited de-
crease almost linearly.

To ensure the accuracy of the obtained SRS results with the general
trend reported for structural steel in the literature, the SRS values at
different strain amplitude levels were compared with the values ob-
tained from generally accepted methods, such as the dynamic loading
tensile or the compressive tests, for several types of structural steel
[27,37-41]. As indicated in [27], the SRS is considered as a function of
the specified minimum yield strength, so a comprehensive plot of the
strain rate sensitivity and the yield strength was employed as shown in
Fig. 14, where the specified minimum yield strength values were esti-
mated at a corresponding strain rate of 0.001 s~ It is visible in this
figure that the SRS value tends to decrease as the specified minimum
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Fig. 8. Load-displacement curves at different strain rate indentations for (a) €, of 0.4%, (b) g, of 0.6%, (c) ¢, of 0.8%, (d) &, of 1.0%.
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Fig. 9. Strain amplitude effects on the loading curvature at different strain rate
indentation levels.

yield strength increases [27] and the SRS results in the present study
are in good agreement with the general trend reported for several
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similar types of the structural steel in the literature [27,37-41]. The
consistency of the SRS values led to the confidence of the reliability and
the accuracy of the results in the present study.

5. Discussion

The micromechanisms responsible for the strain amplitude-depen-
dent behaviors of yield strength, strain hardening exponent, and strain
rate sensitivity of S5400 structural steel during the low-cycle fatigue
conditions in this study may be attributed to the microstructure evo-
lution under the fatigue deformation. As was pointed out in
[8,42,47,48], during the cyclic loading condition, the plastic deforma-
tion generates a large number of dislocations or line defects consisting
of dislocation precipitate interaction {precipitation strengthening),
dislocation-dislocation interaction {working hardening), and surface
defects (grain boundary). Generally, the relationship between the dis-
location density (p) and the mean cell diameter (d) for materials that
have a low-stacking fault energy can be described as d = K/ fp, where
K is a constant factor [49,50]. Moreover, the flow stress {¢) can be
described as a function of the dislocation density [17,45,51-53]:

o= aubJp, 13)

- 194 -



N.-V. Nguyen et al

a) 420

g, = 407.56£002%8

400 A

w
o
o

41152800445

= 0974

w
[2)]
o

W
B
o

Yield strength (MPa)

w
[S]
o

|LCF1 ¢LCF2 4 LCF3 ®LCF4

300

0.05 0.1 0.15 0.2

Strain rate indentation (s ')

0

b) 0.26

2 e e

o] oo o

o [iN] £~
1 I L

(=]

-

o]
L

Strain hardening exponent

BLCF1

¢LCF2 ALCF3 ®LCF4

02

0.05 0.1 0.15

Strain rate indentation (s %)

0

Fig. 10. Strain rate indentation effects on plastic properties at strain amplitude
level of 0.4%: (a) Yield strength, (b) Strain hardening exponent.

450
Increasing strain rate
© 400 -
o
2
=
o
E 350 4
®
-
o
> 300 1
X 00257 a 0045 o 010s* m 020s!
250 T T T T
02 04 06 08 1.0 12

Strain amplitude (%)

Fig. 11. Low-cycle fatigue loading effect on the yield strength at different strain
rate indentation.

where a, ¢, and b are a constant factor, a shear modulus, and a Burgers
vectot, respectively [51]. As a result, the flow stress-the mean cell size
relationship can be expressed by the following equation:

aubK

o=oubJp = 7

14)

Eq. (14) indicates that the flow stress is inversely proportional to the
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mean cell size due to the fact that &, 4, b and K are constant for a given
material. It should be noted that all indentations are performed in the
displacement control mode with a maximum displacement of 2000 nm
corresponding to the indentation size of 15 um (Fig. 3), while the dis-
location cells have a majority of sizes in the range of 0.5-2.5 um as
presented in Figs. 5-7. As a result, the mechanical properties and the
indentation responses from the present indentation tests are the mean
values, since the indentations penetrate many dislocation cells. Ac-
cordingly, it can be deduced from the theory of Holt [50], the strain
gradient model [51], and the microstructure evolution presented in
Figs. 5-7 that the dislocation density tends to increase as the strain
amplitude increases due to the progressive reduction of the mean cell
size, leading to the increase of the flow stress, the yield strength, and
the indentation hardness [18].

The strain hardening in the material is attributed to the motions of
dislocations, for example, the dislocations interact and impede with
each other [18,54]. As previously mentioned, the plastic deformation
generates numerous dislocations during cyclic loading. When subjected
to shear forces, the dislocations travel from one layer of atoms to an-
other with the increasing shear stress [8]. These dislocations impede
and interact with each other, leading to the obstructions of the motions
of dislocations. These obstructions are mainly caused by the grain
boundaries, the movements of dislocations, gliding of dislocations (easy
slip systems) upon other non-easy slip systems, and other defects. More
force is then required to overcome the obstructions of the dislocations.
With the increase in stress, the dislocations may transform to a new
position at the initial point. Based on Holt's theory [50], Ye et al. [18]
indicated that a given dislocation density materials that have a smaller
cell size have higher friction stress for dislocation movements. Thus, the
strain hardening exponent increases when the strain amplitude in-
creases because of the reduction of the dislocation cell size, leading to
the increase of friction stress for the motions of dislocations [18].

‘The SRS behavior of 5400 structural steel, which showed an alimost
linear decrease with the increasing strain amplitude level, is attributed
to the change in the cell size under cyclic loading. Indeed, according to
the indentation testing, the SRS can be expressed as a function of in-
dentation hardness, strain rate indentation and activation volume (I'*)
[44,45,55],

_ dlnH _ 3

_ - i kT
olng;

V*H®

(5)

where ky and T are a Boltzmann's constant and the absolute tempera-
ture. Since hardness can be related to the flow stress of the material
through Tabot's factor ¢ as H = ¢o = MZEK, the SRS can be expressed as
a function of the cell size, ie.

33T

= d =kd.
aubeKV*

(16)

It is obvious that the SRS is proportional to the dislocation cell size
due to the fact that the values of @, y, b, ks, ¢ and V* are positive and
constant for a given matetial. This linear relationship of the SRS to the
cell size is highly consistent with the general trend reported by Kashyap
& Mukhetjee [56] and Jia et al. [57] for several types of steel. Thus, it
can be deduced from the microstructure evolution presented in
Figs. 5-7 that with a further increase in the strain amplitude level, the
mean size of the dislocation cell shows a progressive decrease, resulting
in the decrease of the strain rate sensitivity of the tested material.

6. Conclusions

This study provides a systematic approach to investigate the strain
rate-dependent behaviors of mechanical properties as well as the strain
rate sensitivity behavior of 88400 structural steel subjected to low-cycle
fatigue loadings. A series of experiments consisting of low-cycle fatigue,
constant loading rate indentation, creep indentation experiments,
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Fig. 12. Estimation of the strain rate sensitivity using creep indentation method: (a) LCF1 (¢, = 0.4%); (b) LCF2 (¢, = 0.6%); (¢) LCF3 (&, = 0.8%); (d) LCF4 (¢, = 1.0%).

Table 2
Comparison of strain rate sensitivity values obtained using constant loading
rate and creep indentation experiments.

Strain rate sensitivity (SRS)

Constant loading indentation Creep indentation Error (%)
LCF1 0.045 0.042 5.62%
LCF2 0.040 0.039 4.46%
LCF3 0.032 0.031 3.12%
LCF4 0.026 0.028 —7.15%
0.08
2
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g e
; e 0
o 0.04 RN N}
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g TPl
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R?=0.989
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Fig. 13. Strain rate sensitivity of SS400 steel at several strain amplitude levels.
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Fig. 14. Comparison of strain rate sensitivity of S5400 steel to values for
structural steels from the literature.

optical microscopy examination and transmission electron microscopy
were performed. The results indicated that the indentation response
was highly sensitive to both the strain rate and strain amplitude con-
ditions. For SS400 structural steel, not only the shape but also the
magnitude of the loading/unloading curves changes significantly with
the change in the strain rate and strain amplitude. The strain rate- and
strain amplitude-dependent variations in the mechanical properties in
the fatigue failure samples were observed. The results showed higher
yield strength and strain hardening exponent for higher strain rate
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condition. With increasing strain amplitudes, the loading curvature (),
yield strength (o;) and strain hardening exponent (#) exhibited increase
almost linearly, whereas the strain rate sensitivity m tended to de-
crease. The formation of the cell structure in SS400 structural steel was
observed when the strain amplitude level increased. The dislocation cell
size showed a progressive decrease with the increase of strain ampli-
tude. The strain amplitude-dependent behavior of the microstructures
was in charge of the variation of the mechanical properties as well as
the strain rate sensitivity of the investigated material. The increase of
yield strength, strain hardening exponent and the decrease of strain rate
sensitivity were attributed to the progressive decrease of the cell size
when the magnitude of strain amplitude increased from 0.4% to 1.0%.
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In this study, a methodology to determine constitutive equation at a strain rate level from indentation curves
was proposed. The constitutive equation for structural steel consists of elastic modulus (E), yield strength (o))
work hardening (), and a plastic property (&) that represents the plastic plateau stage of structural steel. Four
dimensionless equations that show the basic relationship between constitutive parameters, strain rate, and the
characteristics of the loading-unloading curve were established. A finite element model to simulate the indenta-

tion process was developed for the necessity of constructing four accurate dimensionless equations in the forms of
third order polynomial equations. The proposed methodology was then used to determine constitutive equations
at a strain rate level from indentation curves for 8400 and SM490 structural steel. The resultant constitutive equa-
tions were validated through loading tensile tests for $§400 and SM490 structural steel. Moreover, the proposed
methodology was used to determine the strain rate sensitivity of SM490 steel via nanoindentation experiments.

1. Introduction

The nondestructive indentation method is generally used to deter-
mine the material properties at the submicron-scale [1-5]. This test is
the most useful for the investigation of the microstructure as well as the
determination of the elastic- and plastic properties, such as hardness
(H), elastic modulus (E), yield strength (ny), and strain hardening expo-
nent {n), compared with the traditional loading compressive and tensile
tests. Due to the fact that indentation is a nondestructive experiment,
the indentation specimen is repeatedly used leading to the savings cost
and time for preparation of specimens. Thus, the indentation method is
an excellent choice to replace the time-consuming methods, such as the
loading tensile or compressive strength experiments, in the determina-
tion of material properties. To estimate H and E from the characteristics
of the indentation curve, the most popular method is that proposed by
Oliver and Pharr [2], while the other methods have been proposed for
the estimation of plastic properties of steel based on the dimensional
analysis [6-10].

Dimensional analysis has been widely known as a practical method
that allows for the estimation of the constitutive equation of material
from loading-unloading curves resulting from indentation experiments
[7,8,10]. Based on this analysis, the basic correlation between the pa-
rameters from loading-unloading curves and constitutive parameters
(i.e. elastic modulus, yield strength, work hardening of the indented

* Corresponding author.
E-mail address: sekim@sejong.ac.kr (S.-E. Kim).

https://doi.org/10.1016/].ijmeesci. 2018.12.023

materials) can be achieved. The constitutive equation of structural steel
illustrated in Fig. 1 is described as follows:

Esle <¢,)
o =<oyle,<E < ey) 163)
ay[l+ Ble —eg)/(wa)] (e 2 )

where « is a plastic property representing for the plastic plateau stage
and is defined as the ratio of the starting point of strain hardening (&)
to the yield strain (sy) [10].

To determine the constitutive equations at different strain rate lev-
els, different methods can be used, such as tensile, compressive, and
indentation tests [11-15]. Many researchers investigated the strain rate
effects on the constitutive equation by using the rraditional loading ten-
sile and compressive tests, and these strain rate effects on yield strength
can be described using the strain rate equation as

0, =ce" =cf, 2)

whete ¢ is constant, ¢ is a strain rate, m is a strain rate sensitivity, and
{ is a strain rate factor [11,12]. However, this approach performing the
loading dynamic tensile test at different loading speeds is uneconomical
because of the high cost invelved. Another approach to determine the
strain rate parameters in Eq. {2) is the use of the indentation method
[10,15]. The yield strength and work hardening values were estimated
from the indentation curve by using the reverse algorithm including two
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dimensionless functions, in which the constitutive parameter « deter-
mined from the tensile test was assumed as a known parameter of input
data. Although this approach provides reliable results, the application of
this approach to determine the strain rate equations is a time-consuming
task due to the determination of the required « values at different tensile
loading speeds.

The main purpose of this study is to propose a methodology to es-
timate the constitutive equation at a strain rate level from indentation
tests. For this purposes, a finite element (FE) model to simulate the in-
dentation process was developed for the necessity to construct six di-
mensionless equations in the forms of third-degree polynomial equa-
tions. The loading tensile and indentation tests are performed to verify
the proposed methodology for both SS400 and SM490 structural steel.
This methodology is then employed to determine the strain rate sensi-
tivity and strain rate factor of SM490 structural steel.

2. Dimensional analysis

There are a lot of successful studies using a dimensional analysis to
determine the constitutive equation from characteristics of an indenta-
tion curve [6,10]. Thus, the dimensional analysis was applied to con-
struct four dimensionless functions for extracting the constitutive equa-
tion from the indentation curve. Fig. 2 shows the plot of the applied load
versus the penetration depth curve (or indentation curve) obtained from
a sharp indentation. According to the indentation technique, the strain
rate (¢) is defined as the change in the loading rate (P = d P/d¢) divided
by the applied load (P) or the displacement rate (h = dh/d:) divided
by the displacement (h) as, £ = % [15]. It is worth noting that the

P _
s=

1
z

364
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strain rate calculated from the loading rate is applied for the indentation
tests performed in the load control mode, while the strain rate calculated
from the displacement rate is used for the indentation tests performed in
the displacement control mode. It was demonstrated that the strain rate
effects on the loading stage of the loading/unloading curves are clear
and distinguishable [16-18]. The research indicated that the strain rate
indentation highly effects not only the magnitude but also the shape of
the loading/unloading curve. The applied load and the loading curva-
ture tended to increase as the strain rate indentation increased in the
case of the same controlled displacement [15,19]. Therefore, the ap-
plied load (P) during the loading stage can be depicted as a function of
indenter and sample properties as follows:

P =P|hEv.E,8,0,n ¢, (3)

where h is the penetration depth, E and v are elastic modulus and Pois-
son’s ratio of the indented material, E; and 9; are elastic modulus and
Poisson’s ratio of the indenter.

Based on the relationship between reduced modulus (E,)
and material properties of the indented sample as E,=
[(1=9%/E+ (1-9%)/E,]"", Eq. (3) becomes
P=P[hE,o0,na¢| 4

The Il-theorem [20] is then applied to make Eq. (4) becoming a di-
mensionless formulation as

P =n‘1‘[ﬂ

,In(é), n. af.
Py o) ]
According to indentation method, the loading stage can be described
using the second-order equation in the case of the sharp indentation as
P=Ch? [6,10]; alternatively, Eq. (5) can be rewritten as follows:

®)

0.

E
L, [—',m(é),n,a]. ©
Ty %y
The total loading work of the process of indentation W, (illustrated in
Fig. 2) can be determined as the area caused by the loading curve from
an initial displacement (h = 0) to a maximum displacement (h=h,,) as

hm
W, = [ Pdh. %
0

Substituting Eq. (5) in to Eq. (7), the total loading work W, can be
derived as the following equation:
W, = 0,3 10| £ 1nge 8

y = oyl ZG—y,H(E),n,!lA (8)

It can be seen that the dimensional unit of W, and Uyhfn are same;
alternatively, Eq. (8) can be expressed in the form of the dimensionless
function as

wi

3
oyh,

E, ‘

=1L [ =2, In(é).m a|. ©)
0,
[

During to the process of the sharp indenter tip moving into the spec-
imen subjected to an indentation strain rate, the applied load during
the unloading stage can be described as a function of the indenter and
material properties, indentation depth, and strain rate as follows:

B, =P(hEv,E.9,

1 815 Oyt 0, ). (10)

As mentioned before, reduced modulus E, can be determined based
on Poison’s ratio and elastic modulus of the indented material as E, =
[(1=$%/E+ (1-8%)/E,]™". Alternatively, Eq. (10) can become a di-
mensionless function by applying II-theorem as

E,
P,=c i L. (&), m, a, A s 11
4= oy -

It is important to note that P, is equal to zero at the residual impres-
sion depth h= h,; thus, Eq. (11) can be expressed as follows:

hr 1 Er .
et LIORA R 12)
m ¥
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Concerning the unloading stage, the elastic indentation work {(W,)
can be determined as the area caused by the unloading curve from h, to
h, as

[
W,= [ Pdh. (13)
h!‘

Substituting Eq. (11) into Eq. {13); alternatively, the elastic indenta-

tion work can be determined by
i E

W,= [ Pdh=o, B I {—*, ln(g), n,a]. (14)
B Oy

Using the expression of the total loading work in Eq. (8) combining
Eq. {14) leads to

E
% =1 [J,ln(é),n, a].

[ Ty

(1)

Using the same expression of the applied load during the loading
stage, the loading curve can be described as follows:
P= £k Epoypéina). (16)

By applying the TI-theorem, Eq. (16) becomes the dimensionless
function as

P o
— =1 | L, ln(e), my | 17
7 -1 |3 e an
Alternatively, Eq. (16) can be written in the following form:
E E
— =1l |—.In(E),n . (18)
€ o,

Four dimensionless functions including Egs. (5), {9), (15), and
(18) are highly consistent with those reported in the literature [9,10,21—
28

As can be seen, four non-dimension functions II; {Eq. (6)), I, (Eq.
(9), W5 (Eq. {15)), and I, {Eq. {18)) show the basic relationships be-
tween the material properties {i.e. E./oy, n, and «) and the strain rate
(2) with the characteristics of the indentation curve (i.e. W, W,, C, and
hy,). These dimensionless functions are established based on the inden-
tation response from FE analyses with numerous combinations of mate-
rial properties and strain rates. From these established functions, yield
strength Oy work hardening n, and the ratio « can be estimated, in which
elastic modulus is assumed as a known parameter.

3. Uniqueness and sensitivity

Three dimensionless functions can be selected to establish the consti-
tutive equation of matetial including yield strength oy, strain hardening
exponent n, and the « ratio at a strain rate level. Since two of four di-
mensionless functions, which include Egs. (6), (9), (15), and (18), are
independent, two combinations of materials can give an identical load-
depth curve as well as identical dimensionless functions [21-24]. Thus,
a single indentation test cannot estimate uniquely the three unknown
material properties. To overcome the limitation of the single indenta-
tion method, the dual indentation method has been created by several
researchers [22,23,25,26]. According to the dual indentation testing,
the two geometries of indenter tips are used to provide two additional
dimensionless functions. Since only three independent dimensionless
functions are needed to estimate three plastic properties of material, and
two different geometries of indenter tips can provide the distinct inden-
tation responses, it is, therefore, possible to estimate uniquely plastic
properties of material from the dual indentation tests [23]. Four dimen-
sionless functions, which include Egs. {6), (9), {15), and (18), can be
used for the first indenter geometry, while two additional dimensionless
functions for the second indenter geometry can be described as follows:

W,

Oyl

E 3
S =T |, ln @), nal, (19)
Uy
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These dimensionless functions including Eqs. (6), (9), (15), (18),
(19), and (20) can be written as:

E £
[r[,(-imegn,q” i=1-6 s=1,2.
U,V

In Eq. (21), superscripts j=1 (i=1—-4) and j=2 (i=5, 6) correspond
to the first and second indenter geometries, respectively. In this study,
both Berkovich and spherical indenter tips were employed to perform
dual indentation tests on the displacement control mode on room tem-
peratute. It is worth noting that both indentation tests {test 1 and test
2) were controlled with the same strain rate level.

In the earlier work; Chen et al. [22] indicated that certain groups of
materials that have low values of the E/o, ratio and low strain harden-
ing exponents can give indistinguishable load-depth responses for dual
indentation testing. The range of such materials (i.e. the E/o, ratic and
n) depends on the geometries of the indenter tips employed in the in-
dentation experiments [23]. Thus, the dual indentation method does not
guarantee the uniqueness of indentation testing for all materials. More-
over, the uniqueness is closely related to the sensitivity of experimental
errors [22,23,25]. To ensure both the sensitivity and the uniqueness of
the indentation testing for all materials, the iso-line method was pro-
posed by Phadikar et al. [23] and was applied for dual indentation tests
with two different half-angles of conical indenter tips. Thus, dual in-
dentation method with Berkovich and spherical indenter tips and the
procedure of the iso-line method were appropriately applied to guaran-
tee the uniqueness and the sensitivity of the indentation testing in this
study. In the following section, finite element analysis will be developed
for the necessity of constructing the accurate dimensionless functions in
the forms of third order polynomial equations.

bt @1

4. Finite element analysis
4.1. Finite element simulation

Finite Element (FE) analysis is widely used to solve such engineering
problems as static, dynamic, and earthquake analyses [6,8,10,27-30]. In
this study, to construct the relationship of the constitutive equation of
structural steel to characteristics of the loading/unloading curves, the
FE analysis was performed to simulate the indentation process by us-
ing the axisymmetric two-dimensional FE model. The matrix of this in-
dentation model used 8600 CAX4R-quadrilateral elements. It is demon-
strated that Berkovich indenter tip has the same contact area with the
conical indenter tip that has a semi-apex angle of 70.3" in the indenta-
tion experiment, and the loading/unloading curves obtained from the
FE analysis of both indenter tips are identical for nano- and micro-scale
[6,31]. To demonstrate the accuracy of this assumption, the 3D FE sim-
ulations of Berkovich and conical indenter tips, and a 2D axisymmetric
FE simulation of conical indenter were performed as shown in Fig. 3.
A comparison of the indentation responses from three models was also
presented in Fig. 3d. The results of the indentation responses from three
models demonstrated the accuracy of the above assumptions. Thus, in
order to reduce the complexity of the analyses as well as the analysis
time, the conical indenter tip was appropriately simulated instead of
the Berkovich indenter tip in this study as shown in Fig. 4. On the other
hand, spherical tip was also used to perform dual indentation tests, and
thus an axisymmetric two-dimensional FE model for spherical indenter
tip that has a radius of 5 ym was simulated as shown in Fig. 4b. In
the deformation region, the mesh-size was designed to ensure that the
contact zone included at least 20 elements underneath indenter tip at
the maximum applied load, whereas other regions were designed with a
larger mesh-size to reduce the analysis time. Fig. 4 shows the designed
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(c) A 2D axisymmetric conical tip

Applied load (mN)

(b) A 3D conical tip
45
40 =0—2D Conical tip
35 ——3D conical tip
30 4 —0—3D Berkovich tip

600 800

400
Indentation depth (nm)

1000

(d) A comparison of the indentation responses

Fig. 3. FE simulation of the indentation process using different indenter tips, and the comparison of the indentation responses obtained using a 2D axisymmetric

conical tip, a 3D conical tip, and a 3D Berkovich tip.

Table 1
Material properties and strain rate used for FE analysis.
E(GPa) o, (MPa) n @ £(s7h)
Poisson’s ratio of 0.3 for all analyses ~ 10~260  235~535 0~0.5 3~23  0.04~0.4

mesh size of the indentation FE models. Due to the symmetrical condi-
tions, the boundary conditions of FE model were designed so the nodes
of the rotated axis (y-direction) could move solely along the y-direction,
and the nodes of the bottom surface were fixed. The loading condition
used in this study was described as follows: the indentation process was
simulated by two subsequent steps including the loading and the un-
loading steps. During the loading step, the indenter tip moved along the
y-axis and penetrated the sample surface of the matrix up to a maximum
displacement of 2.0 ym with a constant strain rate, while the indenter
returned to the initial position during the unloading step. Finally, it is
assumed that the friction between the surface of the sharp Berkovich
indenter and the sample surface is ignored [31-33].

To validate the indentation FE model, the applied load-displacement
curves of S$400 and SM520 structural steel obtained from indentation
tests in the displacement control mode with a strain rate indentation
of 0.02 s~ were used to verify the indentation responses from the FE
analysis as shown in Fig. 4c. It should be noted that several consti-
tutive parameters of both structural steels were referenced from the

366
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earlier works, such as elastic modulus of 210.6 GPa and 212.79 GPa,
yield strength of 306.6 MPa and 423.6 MPa, strain hardening exponent
of 0.204 and 0.201, and the ratio « of 18.1 and 6.2 for SS400 [10] and
SM520 steel [5], respectively. As can be seen in Fig. 4c, the indentation
FE simulation model was validated through the experimental verifica-
tions.

In order to establish the dimensionless relationships (I1y, Ily, I, 14
IT5 and Ils), indentation FE model was conducted for 1280 combination
of material properties and strain rates as listed in Table 1, in which
the ratio of reduced modulus to yield strength varied from 50 to 1200,
work hardening n varied in the range of 0-0.5, the ratio « varied in
the range of 3-23, and the strain rate indentation varied from 0.04 s~!
to 0.4 s~1. It is worth noting that the strain rate range of 0.04-0.4 s™1
was employed to mitigate the effects of both the thermal drift at low
strain rate and the fast testing time at high strain rate on the indentation
responses [15,34,35]. Poisson ratio (8 =0.3) is assumed to be constant
for all analyses in this study due to the fact that 9 is a minor factor during
the indentation process [6,10].
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a)

Deformation region
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b)

| «+— Spherical indenter tip
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Indenter tip

c) 200
180 1 —0—S$5400 FE simulation
_ 160 1 —o—SM520 FE simulation
&
€ 140 — 58400 experiment [10]
o 1201 ——SM520 experimant [5]
3 100 .
8 80
g o0
40
20
0 500 1000 1500 2000
Penetration depth (nm)

Fig. 4. (a) Finite element simulation of the Berkovich indenter model, (b) Finite element simulation of the spherical indenter model, (¢) Comparison of the load-

displacement curves obtained from indentation experiment and FE analysis.

4.2. FE responses

Fig. 5 presents a number of selected indentation curves obtained
from the indentation FE model, where the effects of the strain rate, E/c,
ratio, n, and « on the loading-unloading curves are investigated. Fig. 5a
shows the work hardening effects on the dual stages (loading-unloading
stages) of the indentation curve, where the loading-unloading speeds
and several other material properties are fixed. The results indicate that
the required applied load increases with the increasing work harden-
ing at the same penetration depth during the process of the indenter
tip moving into the surface of a given material. In contrast, when the
loading speed and material properties are fixed, the required indenta-
tion load for the indentation process at the same maximum penetration
depth increases with decreasing the ratio « value as illustrated in Fig. 5b.
Another interesting feature of this figure is that the effect of the ratio «
on the loading stage (loading curvature) tends to decrease with a higher
value of the ratio «. The strain rate effect on the indentation curve is
explored as shown in Fig. 5¢, in which the material properties (i.e. fixed
E/oy, ratio, a, and n) are fixed and the strain rate varies in the range
of 0.04-0.4 s~!. The results show that a higher applied loading speed
leads to higher maximum load and higher loading curvature (C), where
C is defined as the maximum load divided by the square of maximum
penetration depth [6-10].

367

Similarly, the effects of the E/o, ratio on the indentation curves
also are investigated as shown in Fig. 5d, wherein the E/o, ratio varies
from 50 to 1200 and other material properties are fixed. The ratio of
E, /o, strongly affects the loading and unloading stages of the indenta-
tion curve, and the results show a higher E, /o, ratio for higher applied
load and higher loading curvature due to smaller elastic recovery. As
observed from Fig. 5, the strain rate £, work hardening n, and the ratio
« seem to have a slight effect on the unloading curve, whereas the varia-
tion of the E/o,, ratio leads to a major influence on characteristics of the
unloading curve due to the fact that the contact stiffness (or unloading
work) and the elastic modulus of material are proportional [33].

5. Proposed algorithm for estimating plastic properties from dual
indentation tests

5.1. Non-dimension functions

Based on the FE results from 1200 combinations of material prop-
erties, functional forms of II; Eq. (6)), IT, (Eq. (9)), II3 (Eq. (15)), and
14 (Eq. (18)) were constructed and expressed in Eqs. (22)—((25). The
functional forms of II5 Eq. (19)), Il (Eq. (20)) were also established
via the FE results of 1200 material combinations obtained using the
spherical model and described in Egs. (26)-((27). As seen, the left-hand
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Fig. 5. (a) Work hardening effect, (b) plastic properties « effect, (c) strain rate effect, (d) E,/ay effect on the loading/unloading curves.

Fig. 6. (a) Comparison between fitting function and FE analysis results in the case of E,/o,, of 688.86 and ¢ of 0.04 57!, (b) Plot 2D contour of I; versus n and a.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

side of these dimensionless functions are appropriately described using
third-degree polynomial equations of variables (i.e. E,/o,, £, n and «).
Figs. 6-11 present the regression analysis results for the surface fitting
of Ily, Iy, I3, Il4, II5, and Ilg, respectively. It can be noted that the
blue dots in Figs. 6-11 represent the data obtained from the FE analy-
ses. For the best understanding, the two-dimensional views of contour
for corresponding ITy, IT,, 113, I14, IT5, and I were shown in Figs. 6b,

7b, 8b, 9b, 10b, and 11b, respectively. The forms of six dimensionless
functions are used to fit all data from 2400 FE analyses as:

i-1
L. I = {2 Z“U‘ [1“<£>] [In(&)p~! } {
% i=1 j=1 %
(22)

4 4

3 3 et

g=1 k=1
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Fig. 7. (a) Comparison between fitting function and FE analysis results in the case of E/, of 688.86 and 2 of 0.04 571, (b) Plot 2D contour of IT, versus n and o.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. (a) Comparison between fitting function and FE analysis results in the case of E /oy of 688.86 and 2 of 0.04 571, (b) Plot 2D contour of IT, versus 1 and .
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

a)

01
h i’} a

Fig. 9. (a) Comparison between fitting function and FE analysis results in the case of E,./oy of 688.86 and ¢ of 0.04 7%, (b) Plot 2D contour of II, versus n and .
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. (2) Comparison between fitting function and FE analysis results in the case of E. /=, of 688.86 and ¢ of 0.04 571, (b) Plot 2D contour of 15 versus n and .
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. (2) Comparison between fitting function and FE analysis results in the case of E, /o, of 688.86 and & of 0.04 57, (b) Plot 2D contour of Il versus n and e
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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where a; and by, are the fitting coefficients for each third-degree poly-
nomial equation and are listed in Table 2.

5.2, Modified is0-(Pp,/Syuhm) line method

This study provides a modified iso-(?,,/S,/,,) line method to en-
sure the uniqueness and the sensitivity of the indentation testing.
This method is modified based on the iso-line method proposed by
Phadikar et al. [23] and is employed for dual indentation tests with
Berkovich and spherical indenter tips. The procedure of the modi-
fied iso-line method is constructed as: Concerning the single indenta-
tion test, two certain groups of material can give an identical load-
depth relationship as well as identical dimensionless functions if both
of them satisfy two significant conditions as (P,,)marer 1 = Pra) marer, 2 and
(P /S D mater. 1 = P/ Sy dimater. » [23]. Two materials can be made to sat-
isfy both conditions by establishing dimensionless functions involving
S, and P, as:

( P ) = ’[ﬁ,ln(é),n,a]. (28)
S P J LS

u

In Eq. (28}, superscripts j=1 and j=2 correspond to indentation test
1 and test 2, respectively. Accordingly, dimensionless functions G; and
G, for both FE models of Berkovich and spherical indenter tips were
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Fitting regression parameters of the dimensionless functions.

m, m, 1, m, 1, 1, G, G,

@, 13943 1.34E-1  475E41  7.09E41  —413E+1  —6.53E+1  —2.48E+1  1.00E+2
a, —L1O06E+3 -858E-2 -3.11E+1 -569E+1 292E41  378E4l  BI14E40  —367E41
a, 3925E40  —298B-2 1.42E41  1.29E41  —5.54E+1  200E4+2  —8.87E40  2.85E+1
a;  268E41  —875B-3 —3.84B+0 5.02E40  —3.06E+1  L16SE42  —4.69E40  1.69E+L
4y 7.68B40  —865B-4 —145B+0 7.95E-1  —572E+0 205E+1  —7.88E-1  2.86E+0
45,  —397E42  3.80E-2  9.92E-2  —1.93B+1 519E41  —412E42 L150B4l  —3.52E41
4y  —271E42  136E-2  1.66E+l  —7.69B+0 2.58E41  —2.39E42  810B40  —213E+41
@, —501E+l1  1.258-3  3.87E40  —1.21B+0  5.04E40  —4.18E+1  L136E40  —3.56E40
@ 135842 7.81E-3  6.90E40  1.44E41  —3.38E4+0 —6.61E+0 —8.53E-1  4.53E+0
4y, 5.83E1  439E-3  —6.19B+0 -2.75B+0 138E41  —6.71E+1  L67E40  —6.10E4D
@y 28641 1.858-3  —7.36B-1 —L1.O2B+0  7.96E40  —3.91E+1  874E-1  —3.60E+40
a5, 40440  199E-4  6.84E-2  —162B-1 148B40  —6.84E+0 147E-1  —6.12E-1
@, —186E+l —116B-3 —6.256-1 —1.28B+0 581E-1  310E-1  267E-2  —L87E-1
4, —7.83E+0  —304B—4 6.12E-1  188E-1  —808E-1 520E4+0  —1.02E-1 3.96B-1
a;  —375E40  —112B-4 140E-1  6.26E-2  —490E-1 309E4+0  —5.288-2 2.33E-1
a; —564B-1 —118B-5 9.01E-3  100E-2  —9.28E-2 541E-1  —890E3  3.97B-2
b, -253E-2 —1.02E42 —1.05E40 —137E-1 2.07E-1  —L63B+0 —3.90B-2 1.24E-2
b, —5.50E-2 —200E+2 314E+0  337E-1  7.98E-1  678E+0  —515B-2 1.09E-2
by;  7.36E-3  200BE+l  —268E-1 —4.326-2 —7.74B-2 —452B-1 163E-2  —477E-3
By —446E-4 —1.02E4+0 121E-2  269E-3  428E-3  262E-2  —864B-4 303E-4
by  9.20E-6  1.76E-2  -2.24E-4 -572B-5 —8.69E-5 —6.26B-4 151E-5  —6.26E-6
by, —402E-5 B3.56E-3  2.31E-3  203B-4 25383 21882  —166B-3 2.22E-4
by,  3.66E6 —7.56E—4  —2.88E-4 —1.826-5 —3.14E-4 —298E-3 11564  —167E-5
by ~ —946E-8 1.956-5  813E—6  4.69E-7  1I1E-5  110E-4  —249B-6 4.20E-7
by —298E-3 —162B+42 —298E+0 —478E-1 264E-1  —1.09E+1  1.23E— —351E-2
by  —3658-3  B10E+1  —294E-1 1.04B-1  —178B—2 1I2E+0  —4.14B-2 1.20E-2
by,  472E—4  —210B40 5.04E-2  —8.16E-3 —815B—4 —6.60B—2 153E-3  —8.18E-4
by —134E-5 4.62B-2  —1.34B-3 19584  3.87E-5  138E-3  —150B-5 1.76E-5
by  —9.95E-2 —183E42 263E-1  376E-1  1.54E40  6.52E40  —1.31B-1  413E-2
by 2126-2  240B+1  117E40  —9.80B-2 —293B-1 —9.16B-1 3.96E-2  —1.36E-2
bis  —156E-3 —101E40 —1256-1 842E-3  202E-2 57562  —105B-3 9.22E-4
by  357E-5  1.29E-2  3.12E-3  —212B-4 —4.37B-4 —L112B-3 7.66E-8  —1.97E-5
R 0.994 0.995 0.993 0.995 0.995 0.993 0.994 0.994

82 oy

n o 1500 ‘«"’3“‘1

PS8 h_)

Gz=

02
i a1 0 1500 o

Fig. 12. Graph of the function, 7, /S, 4, = G[Z, In(e), n,0a] in case of strain rate level of 0.04 5~1 and a plastic property « of 9 for (a) a Berkovich tip, (b) a spherical
Gy

tip.

constructed as:

P 4 i1 4 4
( i ) Slet {ZZ% ln(_’)} [m(g)]r‘}{ZZ%W‘M*‘}
St /) i=1 j=1 g=1 k=1
(29)
r 4 4 E 1 4 4
( i ) =G, = {ZZ&:U 1n(—’> [1n(g)]f*1}{ZZ@W«*‘W‘}
Syl /3 =1 =1 Iy =1i=1
(39)

In Egs. {29) and {30), a; and bqk are fitting parameters estimated
from 2400 FE analysis results as listed in Table 2. The graph of G, for
the shape function of Berkovich tip and G, for the shape function of
spherical indenter tip are shown in Fig. 12. Since the applied load-depth

relationships can be easily measured by performing the dual indenta-
tion tests at a strain rate level, the quantities (P,,/S,h,,) cotresponding
to each indenter tip are then determined. As a result, two iso-lines in-
cluding G, =(P,,/S N, )ieqi1 and Gy =(P,,/S,h, )ioei » can be drawn in
the E,/o, —n space at the specific value of « as shown in Fig. 13. It can
be recognized from Fig. 13 that the materials lying on the particular
iso-line will have the same (P,,/S,h;,) value leading to the fact that any
selected materials on the iso-(P,,/S,h,) line will satisfy two conditions
for the identical loading/unloading curves. Since both iso-lines corre-
spond to the same material, the intersection of the two iso-lines will
give the values of o, and n for the tested material. This modified iso-
line method will be employed in the proposed algorithm in the following
section.
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Fig. 13. Iso-P,,/S,h,, lines passing through the point E, /o, =665, n=0.22, and
for two geometries of indenters.
5.3. Principle of the proposed algorithm

An analysis algorithm including the accurate dimensionless func-
tions is suggested for extracting mechanical properties of structural steel

International Journal of Mechanical Sciences 152 (2019) 363-377

from the characteristics of the loading/unloading curves. The proce-
dure of the proposed algorithm is shown in Fig. 14. The new analy-
sis begins by performing dual nondestructive indentation tests at the
same strain rate level to obtain the corresponding loading/unloading
curves, and then P, h,, C, S,, W,, and W, can be measured and deter-
mined for each indentation curve. From these above indentation pa-
rameters, dimensionless parameters, such as G, =(P,,/S,h)iest1 and
Gy = (P/S, ) est 25 are determined using Eq. (31). The unknown pa-
rameter « is variated in a wide range of 3-23 with a suitable in-
crement, for example, A¢=0.1 in this study, and then the modified
iso-line method is used to obtain the values of material properties
(o, and n) as follows: Both iso-lines including Gy = (Py,/Syli)iest 1 and
Gy =(Pp/Sym)test 2 are drawn in the same (E, /o), —n) space, and then
the intersection of these two iso-lines can be found out. As a result, yield
strength o, and strain hardening exponent n are determined. The values
of ¢, and n are employed to determine the errors of dimensionless func-
tions related to the indentation measurements using Eqs. (32) and (33).
In this study, an efficient error (EE) determined as the summation of the
square root of ef as described in Eq. (33) is considered for estimating
the plastic property «. Therefore, the values of constitutive parameters
(oy, n, and «) can be determined by variating the value of « in the wide
range of 3-23, leading to the minimum value of EE. There are several
methods that can be used to perform the proposed algorithm, for exam-
ple, the genetic algorithm (GA) option in MATLAB or several feasible

[ Berkovich indentation test ]

[ Spherical indentation test ]

Fig. 14. Flowchart showing how to apply the proposed algo-
rithm.

! !

Obtain the indentation parameters:
C, W, W,, S, hy, and set the ranges
and increments of ?, énand a

&

Obtain the indentation parameters:
C, W, W,,S, h,, and set the ranges

. Er .
and increments of -, €, n and a
(2
Yy

l l

[ Determine: Gy = (Pm/suhm)testl

[ Determine: G, = (Pn/Suhm)test 2 ]

l }
|

[ Set the value of a €[3,23] ]

|

Draw iso-lines G; = (P /Suhm)test 1 a0d G, = (P /Syuhim)test » i the same
(Ey /gy —n ) space and find out the intersection of two iso-lines G; and G,.

Obtain o, and n

l

[ Determine: I1;, f;, i =1-6 ]

}

The set of (g, n and @) leads to minimize the efficient error (EE)

6
eesyiciont = EE = ) [T—Fo)?
i=1

I

[ Obtain the values of @ ]

|

[ Mechanical properties (0y, n, and a) ]
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Fig. 15. 80 material properties and those predicted using the proposed algorithm: (a) n; (b) «; (c) Difference between input material properties n to those predicted
from the proposed algorithm; (d) Difference between input material properties « to those predicted obtained from the proposed algorithm.

optimization methods.
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P, P,
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uh,, uh,,
=T~ f;i=1-6 (32)
6
Cef ficien = EE = Z \/g (33
i=1

5.4. Numerical validation of the proposed algorithm

In this section, the new analysis is validated through the numeri-
cal verification based on the response from the indentation FE model.
Therefore, FE analyses of the indentation process for 80 selected combi-
nations of material properties and strain rates were conducted to reach
the corresponding indentation curves, and then indentation parameters
W, W,, C, P, and h,, were determined and employed as input data of
the proposed algorithm. Figs. 15a and b present a comparison between
80 combinations of input material properties and those predictions from
the proposed algorithm. Figs. 15¢ and 15d show the differences of the
predictions of 10 random input material properties with those original
values for n and «, respectively. It can be recognized in Fig. 15 that the
predictions of all combinations from the proposed algorithm strongly
agree with the original data, in which the maximum errors for n and «
are 3.68% and 2.52%, respectively. It is important to note that the errors
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can be reduced by using smaller increments of E,/c,, n, and « during
the reverse analyses. The material properties presented in Fig. 15 were
obtained using the increments ofEr/oy =5, An =0.002, and Ax=0.1.

5.5. Experimental validation of the proposed algorithm

In this study, the indentation procedure was used as the nondestruc-
tive indentation experiment to estimate the mechanical properties of
structural steel, especially for the ratio «, by using the proposed reverse
algorithm. To validate this algorithm, loading tensile and constant strain
rate indentation tests were performed for SS400 and SM490 structural
steel at strain rates of 0.03 s~ and 0.02 s™1, respectively. The loading
tensile experiments were performed using a high-speed 250 kN actuator
and hydraulic system following the ASTM E8M-13a standard [36]. The
mechanical properties of both structural steel obtained by using tensile
tests are listed in Table 3. It can be noted that the results of the tensile
test for $S400 steel were referenced from a previous work [37].

Non-destructive indentation tests also were performed on room tem-
perature and at least 20 indentations were carried out for each struc-
tural steel (5400 and SM490 steel) by employing continuous contact
stiffness (CSM) hardness testing. In this study, the indenter tips were
employed for all micro-hardness tests and were made of an indus-
trial diamond with an elastic modulus and Poisson’s ratio of 1140 GPa
and 0.07, respectively. Indented specimens that have the same size of
20mm X 12 mm x 8 mm were put in the epoxy matrix molds and then
were polished with poly diamond particles, colloidal silica, and several
silicon carbides. This procedure allows achievement of seven stages of
increasing fineness, where the fineness of the last stage is in the range
of 40 nm. The preparation of the indented specimens complied with the
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Table 3

International Journal of Mechanical Sciences 152 (2019) 363-377

Material properties of $5400 and SM490 steel from loading tensile tests.

Materials Elastic modulus E (GPa) Yield strength o, (MPa) ~ Work hardeningn  Ratio «

$5400 steel ~ 211.5 330.3 0.204 18.1

SM490 steel  210.6 381.5 0.248 12.6

True strain True strain
) n & & Q
0 [N Q° Q NS NS
o T
. 5 _. 700 4 o I
© 3 © L 5
a a
s S 600 -
» I3 [
L Q 1
g 10 & g 500 L 10 §
@ S @ 400 - 5]
2 —o—Tensile test result L1552 —o—Tensile test result £
2 3300 - r 158
= 200 1 —0—Indentation result & F 560 —0—Indentation result &
100 1 —=— Prediction of FE analysis [ 20 506 —*—Prediction of FE analysis [ 20
% Difference % Difference
0 T T T 25 0 T T T 25
0 0.05 0.1 0.15 02 0 0.05 0.1 0.15 02
True strain True strain

Fig. 16. Comparisons of stress-strain curves obtained from tensile, indentation tests and Finite Element analysis for (a) SS400 steel at a strain rate level of 0.03 s~ 1,

(b) SM490 steel at a strain rate level of 0.02s 1.

ASTM E3-01 standard [38]. All nondestructive indentation tests were
performed in displacement control mode with the strain rate level of
0.03 57! for $5400 steel (0.02 s=! for SM490 steel) and the controlled
maximum displacement of 2000 nm without a holding time following
ASTM E2546-07 [39] and I1SO14577 [40].

From indentation curves measured form micro-Hardness tester, in-
dentation parameters including W;, W,, C, P, and h,, were easily de-
termined and were used as input data of the proposed algorithm to es-
timate oy, 1, and «. Therefore, comparisons of the stress-strain curves
obtained from the non-destructive indentation, loading tensile tests, and
FE analysis were constructed for both $S400 and SM490 steel as shown
in Fig. 16.

Fig. 16 consists of three distinct curves named “Tensile test result”,
“Indentation test result”, and “Prediction of FE analysis”, in which pre-
diction of FE analysis is estimated via the characteristics of the applied
load-displacement curve obtained from the indentation FE model. First,
material properties measured from the traditional loading tensile exper-
iment are used as input data of the indentation FE model to reach the
indentation curve. Based on this indentation curve and the proposed
algorithm, the parameters of the stress-strain curve (i.e. 5, n, and «)
are then determined, therefore, this stress-strain curve is referred to as
“Prediction of FE analysis”. It can be seen from Fig. 16 that indenta-
tion results strongly agree with the results obtained from traditional
loading tensile tests and FE analyses. Fig. 16 also shows the difference
between the true stress-true strain curves obtained from both loading
tensile and indentation tests. It can be seen that the average and the
maximum difference between both stress-strain curves for SM490 steel
are 2.84% (2.91% for SS400 steel) and 4.62% (2.80% for SS400 steel),
respectively. It is clear that the maximum difference at all the points in
the plastic plateau and strain hardening stages are less than 5% leading
to the confidence of the reliability and the accuracy of this proposed
algorithm.

6. Application of the proposed algorithm in the investigation of
strain rate effects on plastic properties

In this section, the proposed reverse algorithm was applied to in-
vestigate the strain rate effects on the mechanical properties of SM490
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steel, namely yield strength o, work hardening n, especially for the ra-
tio a. For this purpose, constant loading rate indentation tests were per-
formed on room temperature at the strain rate from 0.04 s™! to 0.4 s71.
Loading work W,, unloading work W,, loading curvature C, maximum
applied load P, and maximum displacement h,, were calculated for
each indentation. These indentation parameters then were employed as
input data of the proposed reverse algorithm to estimate the material
properties as listed in Table 4. Therefore, the relationships between the
plastic properties and strain rate indentation of SM490 structural steel
were constructed as shown in Figs. 17-19. Fig. 17 presents the relation-
ship between the yield strength and indentation strain rate, in which
five indentations are performed for each strain rate. The results show a

450
Tensile testresults
420 1 0y, = 4421560043
= Mrensite = 0.043 + 0.005
© \
% \
~ 390 4
P =
=)
c
o
@ X :
- 360 Indentation test results
;l_’ 0, = 409.85£0045
Mingent = 0.045 £ 0.002
330 A
B Indentation test results
—Tensile test results
300 T

0.15 0.3 0.45 0.6

Strain rate (s71)

Fig. 17. Comparison of the yield strength values obtained from loading tensile
and indentation tests.
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Table 4
Indentation parameters of samples at different strain rates.
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Berkovich indenter tests

Spherical indenter tests Material properties

W, (N.mm) W, (N.mm) C(N/mm2) P, (mN) h, (nm) W, (N.mm) We (N.mm) P, (mN) h, (nm) oy (MPa) n @
(a) SR=0.04571
Test 1 0.1201 0.00307 45,712 181.5 1992.5 0.0993 0.00214 89.88 1999.3 354.49 0.23 13.0
Test 2 0.1197 0.00306 44,699 182.2 2019.0 0.0983 0.00212 88.97 1979.2 355.06 0.20 12.1
Test 3 0.1197 0.00301 44,086 180.6 2024.2 0.0968 0.00206 87.61 1949.0 346.55 0.21 121
Test 4 0.1199 0.00303 45,277 185.2 2022.3 0.1003 0.00213 90.78 2007.4 347.42 0.21 12.1
Test 5 0.1228 0.00315 42,726 174.4 2020.5 0.1008 0.00218 91.24 2018.8 356.59 0.20 12.0
(b) SR=0.1571
Test 1 0.1386 0.00968 46,224 193.2 2044.6 0.1028 0.00249 92.87 1993.0 371.57 0.22 11.0
Test 2 0.1403 0.00894 45,099 189.1 2047.4 0.1038 0.00249 93.77 2023.0 366.63 0.21 11.3
Test 3 0.1451 0.00980 46,259 193.3 2044.2 0.1023 0.00246 92.42 1983.3 370.48 0.21 11.6
Test 4 0.1332 0.00872 44,663 186.2 2041.6 0.1018 0.00240 91.97 1973.6 358.41 0.21 11.6
Test 5 0.1416 0.00788 45,190 188.0 2039.9 0.1023 0.00245 92.42 1983.3 362.68 0.22 10.1
(a) SR=0.2571 0.1028
Test 1 0.1530 0.01145 48,556 209.3 2076.0 0.1065 0.00260 96.41 1998.7 385.41 0.21 10.3
Test 2 0.1512 0.00967 45,722 197.0 2075.5 0.1055 0.00256 95.51 1980.0 382.90 0.21 10.3
Test 3 0.1428 0.00865 45,431 193.7 2064.7 0.1040 0.00251 94.15 1951.8 376.60 0.23 10.1
Test 4 0.1491 0.00902 45,547 194.7 2067.7 0.1075 0.00262 97.32 2017.5 382.82 0.23 10.3
Test 5 0.1479 0.00958 47,468 203.8 2072.1 0.1080 0.00264 97.77 2022.5 384.20 0.23 10.5
(b) SR=0.4s71
Test 1 0.1730 0.00850 48,734 208.1 2066.3 0.1092 0.00280 99.09 1994.9 393.22 0.23 9.6
Test 2 0.1727 0.00197 49,936 217.0 2084.4 0.1102 0.00280 100.0 2013.1 387.80 0.23 9.6
Test 3 0.1747 0.00205 49,429 215.4 2087.7 0.1087 0.00276 98.63 1985.7 387.41 0.24 9.4
Test 4 0.1677 0.00890 48,905 207.7 2060.6 0.1082 0.00273 98.18 1976.6 385.41 0.21 9.4
Test 5 0.1609 0.00900 49,315 210.0 2063.7 0.1087 0.00277 98.63 1985.7 391.93 0.24 9.8
a) 0.4 b) 20 Fig. 18. Strain rate effects on (a) the work hardening
(n), (b) the plastic properties (a).
€ 03 31
g 8
] S 12
2 02 s
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higher yield strength for the higher strain rate condition. It can be seen
that yield strength values are highly consistent with the general trend
reported for structural steel in the literature [11,12,15,41].

To demonstrate the accuracy and reliability of this proposed algo-
rithm in the investigation of strain rate indentation effects on yield
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Fig. 19. Stress-strain curves at different strain rate levels of SM490 steel.

Strain rate (s7%)

strength, a comparison of the yield strength values obtained from both
indentation and dynamic loading tensile tests was established as shown
in Fig. 17. As observed there, yield strength values estimated from the
characteristics of the indentation curves strongly agree with those mea-
sured from dynamic tensile tests with a maximum relative error of
4.86%. From the indentation results, the strain rate equation was con-
structed as

o, = 409.856004%, (34)
where strain rate sensitivity value for indentation model was 0.045 +
0.002. Furthermore, the strain rate sensitivity value estimated via the
loading tensile test results was found to be 0.043 + 0.005 [15]. It could
be seen that strain rate sensitivity determined from the indentation re-
sult was consistent with those obtained from the traditional loading ten-
sile test results with a relative error of 4.35%.

The consistency of yield strength from both indentation and tensile
tests demonstrates that the application the proposed algorithm in the
investigation of the strain rate effect on the mechanical properties of
structural steel is efficient. First, since the proposed reverse algorithm
is constructed based on the strain rate effects on dual stages of the in-
dentation curve, the yield strength is estimated with high accuracy as
shown in Fig. 17. Another innovation of the proposed reverse algorithm
is to allow investigation of the strain rate indentation effects on the ratio
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a. As mentioned previously, since the previous algorithm uses the ratio
a as an input datum [10], the application of this algorithm to access
the strain rate effect on the mechanical properties of structural steel,
especially for «, is uneconomical and a time-consuming task due to the
determination of the required « values for each strain rate level. To
overcome this challenge, the proposed algorithm uses six dimensionless
functions to directly determine oy, n, and « from the results from in-
dented experiment leading to the investigation of the strain rate effect
on the ratio ¢ becoming an easy task.

Fig. 18 shows the strain rate effects on the ratio « and work harden-
ing n. The results indicate that work hardening increases from 0.208 to
0.235 as strain rate increases from 0.04 s7! to 0.4 s~1, whereas the ratio
o decreases from 12.15 to 9.75 as the strain rate increases from (.04 571
to 0.4 571, In the previous work [15], by performing the dynamic ten-
sile tests at different test speeds, the results showed that the ratio «
decreased from 12.6 to 9.2 as the strain rate increased from 0.02 s~
to 2 s~ Furthermore, it was reported that work hardening n increased
with the increasing strain rate from 0.01 s7* to 10 577, and then de-
creased with a strain rate above 10 s™! [41]. Therefore, the strain rate
effects on « and n strongly agree with the results reported in the lit-
erature [15,41]. By having oy, n, and o at each strain rate level, the
stress-strain curves at several other strain rate levels were plotted in
Fig. 19. In this figure, the effects of strain rate on yield strength, work
hardening, and the ratio « of SM490 steel also were investigated.

7. Conclusions

In this study, a methodology was proposed to determine plastic prop-
erties of structural steel including yield strength o, wotk hardening n,
and the plastic property « from the load-depth curves of dual nonde-
structive indentation tests. Material properties and loading strain rate
effects on the indentation response were explored through FE analysis
results of the indentation process from 1280 material property combina-
tions. A proposed algorithm for estimating the mechanical properties of
structural steel was established in the form of six accurate dimensionless
functions. The proposed reverse algorithm was validated through exper-
imental and numerical verifications. The proposed method was applied
to investigate the strain rate effects on the plastic properties of SM490
steel, especially for the ratio z. The consistency of the plastic proper-
ties, strain rate sensitivity obtained from both indentation and dynamic
tensile tests demonstrates the efficiency of the proposed algorithm in
the estimation of plastic properties as well as investigation of strain rate
effects on the plastic properties of structural steel.

As the proposed method was derived based on the FE analyses with
the material properties presented in Table 1, it is obvious that the pro-
posed method can only be used at the limitation of the material property
ranges, such as E of 10~ 260 GPa, and so on. For other limitations, the
proposed method neglected other systematic effects related to either the
performance of the indenter including the blunt indenter tip, the sample
surface oxides, and the size effects, such as grain size and the indenta-
tion size effects. On the submicron scale, plastic deformation frequently
showed a size-dependent phenomenon that can be interpreted via the
strain gradient theory, which includes the rule of dislocation. The recent
works have indicated that the magnitude of the strain-gradient effects
introduces a length scale {f) thar influences both indentation hardness
and mechanical properties at shallow indents {i.e. h < 1000 nm) [42,43].
The loading curvature and hardness tend to decrease, while the contact
stiffness increases as indentation depth increases [44]. To reduce the
strain-gradient effects, the proposed method focused on the larger in-
dents (i.e. 1 > 1000nm). At these depths, the mechanical properties be-
come stable, and the above effects are a minor factor. Despite the above
limitations, this work provided a systematic method to estimate the ma-
terial properties at a strain rate level. The efficiency and the accuracy
of the proposed method were demonstrated with the estimation of the
plastic properties as well as in the investigation of the strain rate effects
on the plastic properties of structural steel.
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